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CLIMATE CHANGE STRATEGIES: ICAR INITIATIVES
Anil Kumar Singh
Introduction
Climate change, as defined by the Intergovernmental Panel on Climate Change (IPCC, 2001),
refers to a change in the state of the climate that can be identified (e.g.using statistical tools) by
changes in the mean and/or the variability of its properties andthat persists for an extended period,
typically decades or longer. It refers to any change in climate over time, whether due to natural
variability or as a result of human activity. The usage differs from that in the United Nations Framework Convention on Climate Change (UNFCC), where climate change refers to a change of climate
that is attributed directly or indirectly to human activity and that is in addition to natural climate
variability observed over comparable time periods (IPCC, 2007).

Changing temperature and rainfall
The 4th Assessment Report (2007) of IPCC reported change on earth’s climate in an unprecedented
manner in past 400,000 years, but greatly accelerated during the last century, due to rapid industrialization and indiscriminate destruction of natural environment. The report categorically projected
that by 2100 earth’s mean temperature will rise by 1.4 to 5.8 0C, precipitation will decrease in the
sub-tropical areas, and frequency of extreme events will increase significantly. As of now, in reality,
in the past 100 years, the global mean temperature has increased by 0.74 0C (Fig 1), which has
already started affecting the climatic phenomenon in different parts of world. Melting of glaciers,
rising sea level are some of the most important manifestations of it.
IPCC (2007) have further reported
change in their frequency and /or intensity of extreme events over the last
50 years. The report makes the following significant observations:
 It is very likely that cold days, cold
nights and frosts have become less
frequent over most land areas, while
hot days and hot nights have become
more frequent
 It is likely that heat waves have
become more frequent over most land
areas.
 It is likely that the frequency of
heavy precipitation events has increased over most areas.

Fig.1. Increase of global mean temperatures during last
100 years (IPCC, 2007)

 It is likely that the incidence of extreme high sea level has increased at a broad range of sites
worldwide since 1975.
However, climate change impacts are already being felt, as the last 60 years were the warmest in
the last 1000 years. Since beginning of 21st century India has experienced droughts in quick succession, of which the 2009 one was the most recent causing significantly affecting kharif crop production. Incidentally, 2009 has achieved the unwanted distinction of being the warmest year in past
several centuries across the world. It was the 2nd largest all India monsoon rainfall deficit since 1972
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(23% below normal). However, the United Nations have recently declared that 2010 was much
warmer that 2009 globally. Again, 2007 was as warm as 1998 in the entire northern hemisphere and
unusual summer rains and floods were experienced in many parts of India. Besides that, the amount
and distribution of rainfall is becoming more and more erratic which is causing greater incidences of
drought and flood globally. The increase in frequency of heavy rainfall events in last 50 years over
Central India (Fig.2) points towards a significant change in climate pattern in India (Goswami, 2006).
Annual mean area-averaged surface warming over the Indian sub-continent is likely to range between 3.5 and 5.5°C by 2080s (Lal, 2001) (Table.1). These projections showed more warming in
winter season over summer. The spatial distribution of surface warming suggests a mean annual
rise in surface temperatures in North India by 3°C or more by 2050. The study also indicated that
during winter, the surface mean air temperature could rise by 3°C in Northern and Central parts,
while it would rise by 2°C in Southern parts by the same period. In case of rainfall, a marginal
increase of 7-10% in annual rainfall is projected over the sub-continent by 2080. Nevertheless, the
study suggests a fall in rainfall by 5-25% in winter, while it would be a 10-15% increase in summer,
Marked variability is seen even in the onset and withdrawal of monsoon over the period.
Table. 1. Projected mean temperature changes over the Indian sub continent (Lal, 2001)
Year

Season

Temperature change (0C)

Rainfall change (%)

2020s

Annual
Rabi
Kharif

Lowest
1.00
1.08
0.87

Highest
1.41
1.54
1.17

Lowest
2.16
-1.95
1.81

Highest
5.97
4.36
5.10

2050s

Annual
Rabi
Kharif

2.23
2.54
1.81

2.87
3.18
2.37

5.36
- 9.22
7.18

9.34
3.82
10.52

2080s

Annual
Rabi
Kharif

3.53
4.14
2.91

5.55
6.31
4.62

7.48
-24.83
10.10

9.90
-4.50
15.18

Impact on water resources
As far water resources concerned, a
warmer climate will modify the hydrologic cycle, altering rainfall, magnitude
and timing of run-off. Warm air holds
more moisture and increase evaporation of surface moisture. With more
moisture in the atmosphere, rainfall
and snowfall events tend to be more
intense, increasing the potential for
floods. However, if there is little or no
moisture in the soil to evaporate, the
incident solar radiation will lead to increase in the temperature, contributing to longer and more severe
droughts (Trenberth, 1999). Therefore,
change in climate will affect the soil Fig. 2. Change in intensity of rainfall over Central India in
moisture, groundwater recharge and last 50 years (Goswami, 2006)
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management practices. Rainfed crops are likely to be worst hit by climate change because of the
limited options for coping with variability of rainfall and temperature. The major crops like wheat and
rice are expected to undergo all the weather aberrations and their sustainability will be determined
by crop’s capacity of natural adaptability as well as appropriate mitigation measures adopted.
The impact of climate change on agriculture may accentuate at regional level creating more vulnerability in food security rather than global level as a whole. The potential impact will be felt in shifts of
sowing time and length of growing seasons, which may necessitate effective adjustment in sowing
and harvesting dates, change in genetic traits of cultivars and sometimes total adjustment of cropping system itself. With warmer environment associated with erratic rainfall distribution, the rate of
evapotranspiration will increase and quick depletion of soil nutrient reservoir would call for much
greater efficiency in use of water and nutrients to sustain crop productivity. Apart from these tackling
with frequent and more intense extreme events like heat and cold waves, droughts and floods may
become a norm of the day for common farming community (IPCC, 2001). Such phenomena will
impact agriculture considerably through their direct and indirect effects on crops, livestock, and
incidences of pest-disease-weeds, increasing deterioration of soil health in totality and thereby threatening the food security like never before.
The Indian Council of Agricultural Research instituted an All India Network Project in 2004 to study in
detail the possible impact of climate change on major crops, livestock, fisheries, soils and other biotic
factors as well as to understand different natural adaptation capabilities of both flora and fauna. The
possible interventions to increase the adaptability of crop-livestock systems and mitigation measures
to minimize the adverse impacts were studied across length and breadth of different agro-ecosystems of India. The output of the studies (Aggarwal, 2009) so far indicated that a marginal 10C increase in atmospheric temperature along with increase in CO2 concentration would cause very minimal reduction in wheat production of India if simple adaptation strategies like adjustment of planting
date, increased fertilizer use, irrigation water availability and varieties are adopted uniformly. But in
absence of any adaptive mechanism the yield loss in wheat may cross 4-5 million tons.

The availability of viable pollen, sufficient numbers of germinating pollen grains and successful
growth of pollen tube to the ovule are of fundamental importance in grain formation. The Network
study on wheat and rice suggested that high temperature around flowering reduced fertility of pollen
grains as well as pollen germination on stigma. These effects are more pronounced in Basmati rice
as well as Durum wheat cultivars. A positive finding of the study was that the Aestivum wheat
cultivars are more or less tolerant to such adverse affects. But differential impact of increasing
temperature is observed with respect to grain quality of wheat where it is found that Aestivum wheat
cultivars are more prone to reduced grain quality due to increasing temperature during the fruit
setting stage than Durum cultivars.
Field experiments using advanced ‘Temperature gradient tunnels’ with different dates of sowing to
study impact of rising temperature on growth and development of different crops revealed that an
increase of temperature from 1 to 40C reduced the grain yield of rice (0-49%), potato (5-40%), green
gram (13-30%) and soybean (11-36%). However, one of the important pulses, chickpea, registered
7-25% increase in grain yield by an increase in temperature up to 30C, but was reduced by 13% with
further 10C rise in temperature.
A significant decrease in average productivity of apples in Kullu and Simla districts of Himachal
Pradesh have been reported which is attributed mainly to inadequate chilling required for fruit setting and development. Reduction in cumulative chill units of coldest months might have caused shift
of apple belt to higher elevations of Lahaul-Spitti and upper reaches of Kinnaur districts of Himachal
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Pradesh. However, results from simulation models suggest that climate change could benefit coconut crop. Coconut yields are likely to increase by 4, 10, and 20% by 2020, 2050 and 2080, respectively, in the western coastal areas of Kerala, Maharastra, Tamil Nadu and Karnataka. But the impact may be negative in east coast areas as they are already facing a much warmer atmospheric
thermal regime than western coast.
The increase in crop productivity due to higher CO2 in the atmosphere is likely to be negated by
rising temperature. The impact of rising temperature and CO2 are also likely to change insect pest
dynamics. Dilution of critical nutrients in crop foliage may result in increased herbivory of insects.
For example, Tobacco caterpillar (Spodoptera litura) consumed 39% more castor foliage under
elevated CO2 conditions than controlled treatments (Srinivasa Rao et al., 2009). The advancement
of breeding season of major Indian carps to as early as March has been reported from West Bengal,
which was extended from 110 to 120 days due to increase in environmental temperature. Enhanced temperature stimulates the endocrine glands of fish and helps in the maturation of the
gonads. This brings about a possibility to breed these fishes twice a year at an interval of 30 to 60
days. Increased heat stress associated with rising temperature may, however, cause distress to
dairy animals and possibly impact milk production. A rise of 2 to 6 0C in temperature due to climate
change is expected to negatively impact growth, puberty and maturation of crossbred cattle and
buffaloes. As of now, India losses 1.8 million tones of milk production annually due to climatic stresses
in different parts of the country. The low producing indigenous cattle are found to have high level of
tolerance to these adverse impacts than high yielding crossbred cattle.
Besides, the nutrient loss from soil through high rate of mineralization, CO2 emissions from soil
could be accelerated as a result of increase in temperature. Low carbon soils of mainly dryland
areas of India are likely to emit more CO2 compared to high or medium carbon temperate region
soils. Simulation of water balance using Global and Regional Climate Models revealed likely increase in annual as well as seasonal stream-flows of many Indian river basins pointing to the need
for adoption of more effective runoff and soil loss control measures to sustain crop production across
the country.

Adaptation / mitigation strategies
A comprehensive strategy of utilization of existing knowledge, strengthening R&D in key areas and
evolving a policy frame work that builds on risk management and providing incentives to sustainable
use of natural resources will be required for successful adaptation by farm sector to climate. The
goal of this strategy is to minimize as risks associated with farming and enable farms to cope with
these risks (Singh et. al., 2009).
The main adaptation strategies include development of new genotypes; intensifying search for genes
for stress tolerance across plant and animal kingdom; intensifying research efforts on marker aided
selection and transgenics development for biotic and abiotic stress management; development of
heat and drought tolerant genotypes; attempt conversion of C3 plants to C4 plants; development of
new land use systems; evolving new agronomy for climate change scenarios; explore opportunities
for restoration of soil health; use multipurpose adapted livestock species and breeds; development
of spatially differentiated operational contingency plans for weather related risks, supply management through market and non-market interventions in the event of adverse supply changes; enhancement research on applications of short, medium and long range weather forecasts for reducing production risks; development of knowledge based decision support system for translating weather
information into operational weather management sources; development of pest and disease forewarning systems covering range of parameters for contingency planning; conducting an integrated
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study of ‘climate change triangle’ and ‘disease triangle’, especially in relation to viruses and their
vectors. Development of a compendium of indigenous traditional knowledge and explore opportunities for its utilization forms an important part of this strategy. While adaptation measures are important, we must also focus simultaneously on mitigation measures so that we contribute to a reduction
in the pace of global climate change (Venkateswarlu and Arun Shanker, 2009). The important mitigation options include efficient water and nutrient management options to enhance use efficiency;
evaluate carbon sequestration potential of different land use systems including opportunities offered by conservation agriculture and agro-forestry; identify cost effective opportunities for reducing
methane emission in ruminants by modification of diet, and in rice paddies by water and nutrient
management.
Building state of the art infrastructure for research and training of scientists in frontier areas and
tools, increasing climate change literacy to different levels of stakeholders, mainly farmers; enhancement of national capacity on decision support systems developing best weather insurance
products for vulnerable areas and farmers and carbon trading in agriculture; and international collaboration are some other key areas through which we can tackle challenges of climate change and
global warming. The Indian Council of Agricultural Research (ICAR) recently formulated a major
project named National Initiative on Climate Resilient Agriculture (NICRA), which includes all these
components of strategic research, strengthening R & D infrastructure, capacity building and technology demonstration on farmer’s fields. Finally, there is a need to make climate change adaptation
and mitigation measures as an integral part of overall planning and development strategy of the
country on long term.
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CHARACTERISTICS OF THE ATMOSPHERE
A V R Krishna Rao
Introduction
The vagaries of weather have profound influence on all aspects of human activities. Agriculture
operations are no exception to this. Crop growth, right from germination stage to the harvesting
stage, is influenced by the variation of the meteorological parameters such as temperature, rainfall
and wind etc. It is estimated that in some countries the losses due to adverse weather conditions
amount to as much as 30% of the annual agricultural production. This type of losses, many times
prove disastrous in the countries whose economy is mainly agriculture based, like that of ours.
While the favorable weather conditions increase crop yield, the adverse weather damages the crop
giving rise to very low yield. The weather elements play an important role in governing the crop
performance. All the weather phenomenon whether beneficial or disastrous are enacted in the natural theatre which is called the atmosphere. Hence to start with one has to study the characteristics
of the atmosphere before proceeding further in meteorology.
The atmosphere is a thin layer of gases surrounding the Earth’s surface, which is retained by the
earth’s gravity. The atmosphere protects life on the earth by absorbing ultra violet solar radiation
and reducing the temperature extremes between the day and night. The atmosphere has no abrupt
cut-off. It slowly becomes thinner and fades away into space. There is no finite boundary between
the atmosphere and space. Three quarters of the atmosphere by mass is within 11 km of the planetary surface. In fact half of the atmosphere is contained within 6km from the surface. The Karman
line, at 100 km is frequently used as the boundary between the atmosphere and space.
The atmosphere contains by volume roughly 78% nitrogen and 21% of oxygen, trace amount of
other gases and water vapour. This mixture of gases is known as air. The amount of all these gases
except water vapour is more or less constant while the water vapour is highly variable and yet its
presence is essential for the development of any weather phenomenon.
Based on the thermal characteristics, chemical composition, movement and density, the atmosphere
is divided into four distinct layers. They are the troposphere, stratosphere, mesosphere and thermosphere.
The first 64–80 km above the earth contains 99% of the total mass of the earth’s atmosphere and is
generally of a uniform composition, except for a high concentration of ozone, known as the ozone
layer, at 12–30 mi (19–50 km). Because of the pull of gravity the density of the atmosphere and the
pressure exerted by air molecules, are the greatest near the earth’s surface. Air pressure decreases
rapidly with altitude, reaching one half of its value at about 5.5 km. The density of air at sea level is
about 1.2 kg/m³ (1.2 g/L). The atmospheric density decreases as the altitude increases. The temperature of the Earth’s atmosphere varies with altitude. The average temperature of the atmosphere at the surface of Earth is 15 °C (59 °F)

Atmospheric Layers
Troposphere
Starting from the earth’s surface, this layer extends upto 9 to 16 km. In the polar regions the troposphere is 9 km high while it is 16 km high at the tropics. The atmosphere is most dense in the
troposphere. The temperature and pressure decrease with height in this layer. The troposphere has
a great deal of vertical mixing due to solar heating at the surface. This heating warms the air layers
near the ground, which then rise being lighter and expands due to falling pressure with height,
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resulting in the cooling and subsequent release
of latent heat in this process. As long as the air is
dry it cools at the rate of 9.80 C/km which is known
as the Dry Adiabatic Lapse Rate (DALR) and the
saturated air cools at the rate of 6.50 C/km which
is known as SALR, the saturated adiabatic lapse
rate (decrease of temperature with height). Almost
all weather occurs in this region.
The International Civil Aviation Organisation
(ICAO) has defined mean conditions for an atmosphere, which is known as the International Standard Atmosphere. They are at mean sea level, the
pressure is 1013.25 mb or hecta pascals, the surface temperature is 15°C and the density of air is
1225 cu/m3. The temperature decreases @ 6.5°
C/km upto 11km where the temperature is constant at -56.5°C. This constant temperature prevails upto 20km and from this level to 32km, tem- Fig.1. Temperature variation with height
perature increases at 1°C/km. These conditions are not very much different from the average conditions in the temperate latitudes. Given the standard mean sea level values for pressure and density, it is possible from a knowledge of the temperature structure, to derive the pressure and density
at any level in the standard atmosphere. The ICAO Atmosphere finds wide application in many
modelling studies in Meteorology. The tropopause separates the troposphere from the next layer,
which is known as the stratosphere. The region below stratosphere is known as the lower atmosphere.

Stratosphere
The stratosphere starts just above the tropopause and extends upto 50 km height compared to the
troposphere, this part of the atmosphere is dry and less dense. The temperature in this region
gradually increases to -30C due to the absorption of ultra violet radiation. The ozone layer, which
absorbs the ultra violet radiation, is in this layer. Ninety percent of the air is located in the troposphere and stratosphere. The stratopause separates the stratosphere from the next layer, which is
known as the mesosphere.

Mesosphere
It starts above the stratopause and extends to 85 km high. In this region as the height increases the
temperature again falls to as low as -93°C. The chemicals are in an excited mode and they absorb
energy from the sun.
The mesopause separates the mesosphere from the layer above, which is called Thermosphere.
The stratosphere and the mesosphere comprise the middle atmosphere.

Thermosphere
Thermosphere starts just above the mesosphere and extends to 600 km height. In this layer, temperature increases with height due to the sun’ energy. Temperatures in this region can go as high as
1730 C. Chemical reactions occur much faster here than on the surface of the earth. This layer is
known as the upper atmosphere. The exosphere starts at the top of the thermosphere and continues until it gradually merges into space. Hydrogen and helium are the only constituents of this
region and are present at extremely low densities.
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Variation of pressure
The weight of the air column over a unit area from any level (surface) to the top of the atmosphere
is known as the atmospheric pressure. Its value is expressed either in hpa (hecta pascal’s), inches
or cm. The numerical value is 1013.2 hpa or 76 cm or 29.94 inches. The pressure at sea level is
14.7 pounds per square inch. If the surface area of the head of an average person with 5’5" in height
and weights 70 kg is taken as 7% of the body surface area, the weight of the atmosphere that he
carries on his head is nearly 26 tons !!! which he is not aware of.
As we go higher, the length of the air column decreases and hence the weight of the air column also
decreases which is why the pressure decreases with height. The air pressure varies with location
and time because the amount of air above the earth varies with location and time. Since the pressure and temperature decrease with height, the density of air also decreases with height. It is for
this reason that half of the atmosphere is contained within first 6 km height. In this connection same
interesting facts can be noted:

• 57.8% of the atmosphere is below the summit of Mount Everest
• 72% of the atmosphere by mass is below the common crossing altitude of commercial air lines
(about 10,000 m or 32800 ft)

• Most of the atmosphere by mass i.e. 99.9999% is below 100 km
Moisture in the atmosphere
Water vapour plays an important role in the occurrence of weather in the troposphere. Since water
is an essential ingredient for the subsistence of life on the earth, the source of water, through
precipitation is due to the presence of water vapour in the atmosphere. Water vapour is highly
variable in the atmosphere, ranging from 0.2% in cold dry climates to as much as 5% in the humid
tropics. These numbers may be looking small but it is estimated that every minute of the day nearly
1 billion tons of water enters the atmosphere. Evaporation from the oceans contributes 80% of the
water into the atmosphere. The existence of life, the distribution of soils and vegetation are largely
determined by the geography of the water on the earth. The following diagram representing the
Hydrologic Cycle clearly explains the role of oceans, vegetation and the atmosphere in determining
the exchange of water among these processes.

Hydrological Cycle
Water undergoes various phases in recycling itself. To start with, evaporation from the oceans,
rivers, soils and lakes and the transpiration from the vegetation cause the transport of water into the
atmosphere in the form of water vapour. As the moist laden air rises up, condensation occurs as it is
cooled due to expansion and clouds form. Water comes from these clouds in the form of precipitation. Some of the precipitated amount would go into the ground as infiltration, thus increasing the
soil moisture and ground water storage and the rest would go as run off into the ocean through the
rivers. Some of the groundwater enters the oceans as seepage, thus completing the cycle.

Phases of water in the atmosphere
The water exists in the atmosphere in all three phases i.e. solid, liquid and in the vapour form. When
it is in the solid phase i.e. in the form of ice crystals, the molecules are arranged in a particular order
and the molecules do not circulate.
When it is in the liquid phase and vapour phase, the molecules circulate freely. Phase changes do
occur very frequently and whenever such a change takes place, a certain amount of heat exchange
is also involved. When the water changes from liquid to gas, latent heat of vaporisation (600 cal/g)
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takes place. This means that water absorbs this much amount of heat to change into vapour form.
Heat is released in the reverse process that is when the vapour condenses and changes into the
liquid form. The heat released is called latent heat of condensation.

Water transmission
The water is transported into the atmosphere by the following process.
Evaporation: The requirements are:

• water source (such as ocean, rivers as lakes etc)
• ample availability of heat energy such as in tropics
• unsaturated atmosphere
• presence of wind which transports the water vapour from the evaporating surface
Transpiration: It is the process of water loss from plants through leaf pores. Transpiration depends
on:

• heat energy - approximately 600 cal/gm of energy is required to transpire water from leaves
• water availability in the plant leaves
• unsaturated air
It is estimated that mature oak tree contributes 100 gal/day, while an acre of corn contributes 4000
gal/day. The combined transfer of water to the atmosphere by evaporation and transpiration is
called evapotranspiration.

Measurements of moisture in the atmosphere
The following are some of the measures to express the content of water vapour in the atmosphere.
Before going into the definition of the measures, it is better to get familiarised with the following
terms:

Dry air : Air that contains no water vapour at all. Although this condition will not be encountered in
practice, it is a convenient assumption for some calculations.

Moist air : Air that contains some water vapour.
Saturated air : Air that contains the maximum possible amount of water vapour at that pressure
and temperature.

Unsaturated air : Air that contains less than the maximum amount of water vapour at that pressure and temperature.

Absolute humidity
The mass of water vapour present per unit volume of air, usually expressed in grams per cubic
meter is known as absolute humidity. It may be thought of as the density of water vapour. Alternately, it can also be defined as the mass of water vapour which is mixed with a given mass of dry
air.

Relative humidity
This is the ratio expressed as percentage between the actual vapour pressure in the atmosphere at
a given pressure and temperature and the saturation vapour pressure. Relative humidity can be
measured using a hygrometer - a device that uses the property of human hair to change its length
as it becomes drier or wetter. A continuous record of the relative humidity can be obtained using hair
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hygrograph. As the relative humidity increases so does the length of the hair. But the rate of increase in length is not uniform throughout the range. For example a change from 90 to 95% gives a
much smaller change in length than a change from 40 to 45%. The measurement with hair hyrograph
is not very accurate and should be used as a guide. Hence meteorologists use another instrument
known as dry and wet bulb psychrometer. The dry bulb is a glass thermometer that measures the air
temperature. The wet bulb is a similar thermometer whose bulb is enclosed in a muslin cloth and
secured with a string that dips into a bottle of distilled water to keep the muslin damp. Using the dry
and wet bulb temperature values relative humidity can be calculated by referring to suitable tables
or a computer program.

Specific humidity
Humidity may be expressed as the mass of water vapour contained in a unit mass of moist air (dry
air plus water vapour). This can also be viewed as the ratio between density of water vapour to the
density of the air. This is called specific humidity and is expressed gram per grams or grams per
kilogram. This value depends upon the measurement of mass which does not change with temperature and pressure, hence the specific humidity of a parcel of air remains constant unless water
vapour is added to or taken out from it. For this reason it remains as a conservative property under
those conditions. The maximum specific humidity that a parcel of air can have occurs at saturation
and depends on both temperature and pressure. Since warm air can hold more water vapour than
cold air at constant pressure the saturation specific humidity at high temperatures is greater than at
low temperatures. Since moist air is less dense than the dry air, at constant temperature, a parcel of
air has a greater specific humidity at saturation if the pressure is low than when the pressure is high.

Mixing ratio
The mixing ratio is defined as the ratio of the mass of the water vapour to the mass of dry air and is
expressed in grams/gm or grams/kg. It differs from specific humidity only in that it is related to the
mass of dry air instead of the total dry air plus water vapour (moist air). It is also defined as the
amount of water vapour that is mixed with 1 kg of dry air. It is nearly equal to the specific humidity but
it is always slightly greater. It has the same characteristic properties as that of specific humidity. It is
conservative (value does not change) for atmospheric processes involving change of temperature.
It is non-conservative for changes involving a gain or loss of water vapour. It is known that air at any
given temperature can hold only a certain amount of water vapour before it gets saturated. The
maximum amount of vapour that air can hold at any given temperature is referred or as saturation
mixing ratio. The following relationship is useful in calculating the relative humidity. Relative humidity is equal to the mixing ratio divided by the saturation mixing ratio multiplied by 100. If any two of
the components are known, the other can be calculated.

Dew point
It is the temperature to which air must be cooled, at constant pressure and constant vapour content
in order to make it saturated. The dew point temperature is conservative and is very useful element.
When atmospheric pressure is constant, the Dew point reflects increase or decrease in moisture of
the air. Saturation can be brought about in two ways. Either the temperature can be decreased to
make a given parcel saturated at constant pressure or more moisture can be pumped into the parcel
for saturation to occur at the given conditions. In the atmosphere, generally the first process takes
place very frequently. If the moisture content is constant on a given day the relative humidity is
generally maximum in the morning hours and minimum in the evening hours. This is the diurnal
cycle.
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the globe

vapour and clouds form. The stability or instability of atmosphere depend on the atmospheric lapse
rate i.e. the rate at which the temperature falls with height which is known as Environmental Lapse
Rate (ELR). The temperature variations with height are plotted on thermodynamic diagrams as t-φ
gram to know the stability conditions of the atmosphere.
The air parcels as long as it is unsaturated it cools at the rate of dry adiabatic lapse rate and at the
Saturated Adiabatic Lapse Rate (SALR) when it becomes saturated. Using these criteria the stability conditions can be known as shown in the diagram below.

If the rising air parcel remains warmer than the environment, it becomes lighter and rises further.
This leads to instability.
On the other hand if the rising air parcel remains colder than the environment, it remains heavy and
sinks back to its original position. This is a stable condition.
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RADIATION LAWS INCLUDING RADIATION BALANCE
P Vijaya Kumar
Introduction
The sun or solar radiation is the primary source of energy for all the physical and biological processes occurring on the earth. The planetary circulation systems of atmosphere and oceans are
driven by solar energy. Exchanges of water vapour and liquid water from place to place over the
globe depend on solar energy. Agriculture is the harvesting of solar energy, made possible by an
adequate supply of water and nutrients to maintain healthy plant growth. Radiant energy from the
sun that strikes the earth is called insolation-a contraction of “incoming solar radiation”. It is transmitted in various wave lengths of electro-magnetic spectrum, mainly in the ultraviolet, visible and
infrared bands. In view of the importance of solar energy for processes of weather, climate and
agriculture, it is important to understand the characteristics of radiation and the physical laws governing it.

Solar radiation
The highly heated incandescent gas that comprises the sun’s surface emits a form of energy known
as electromagnetic radiation. Radiation emanates from the visible surface of the sun, or photosphere, in wave lengths determined by the emitting temperature of about 6000°K. Electromagnetic
radiation can be thought to exist either as waves or as discrete packets of energy. These waves or
packets transmit through space at velocity C, approximately equal to 3X108 m s-1. The frequency of
oscillation υ is related to the wave length, λ by the standard wave equation,
C = λυ
The range of wave lengths known as the solar spectrum, is part of the electromagnetic spectrum of
radiant energy that also includes short wave X-rays and gamma rays and the larger radio waves
(Fig.1). The solar spectrum comprises mainly of three major portions viz., ultraviolet, visible and
infrared wavelengths, which together transmit more than 95 percent of the energy received by the
earth. Different wavelengths within the visible part of the spectrum i.e. between 0.4 and 0.7 μm is
composed of the colours violet, indigo, blue, green, yellow, orange and red-the colours of the rainbow.

Radiation laws
Electromagnetic radiation can be thought
of as discrete units of energy called photon
or quanta. The amount of energy (E) associated with each photon or quantum of radiation is given by:
E = hυ where h is planck’s constant (6.626
X 10-34J.s) and υ is the frequency of radiation (that is, the number of waves passing
through a given point per unit time). The
frequency of a photon is inversely proportional to the wave length and as a result
the energy of a photon is inversely proportional to its wavelength.

Fig.1. Portion of electromagnetic spectrum

Black body radiation
All objects above a temperature of absolute zero emit electromagnetic radiation. A body that emits
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radiation at the maximum possible intensity for every wave length for the given temperature is a
black body. Such an object will also absorb completely all radiation incident upon it. A black body is
a perfect radiator as well as absorber.

Emissivity
Emissivity is defined as the ratio of the emittance of a given object at a specific wave length and
temperature to the emittance of an ideal black body at the same wave length and temperature. Thus
the emissivity ε, of a black body is unity.

Absorptivity
The absorptivity of an object is the ratio of radiant energy absorbed to the total amount incident
upon the object. Thus, the absorptivity of a black body is unity.

Reflectivity
The reflectivity of an object is defined as the ratio of radiant energy reflected to that incident upon
the object.

Transmissivity
Transmissivity is the ratio of transmitted radiation to the radiation incident upon the object.

Kirchoffs law
Any grey object receiving radiation absorbs or reflects or transmits a fraction of that radiation. Kirchoffs
law states that the absorptivity of a material at a specific wavelength is equal to its emissivity at the
same wavelength. It can also the stated as “At thermal equilibrium, the emissivity of a body (or
surface) is equal to its absorptivity.

Stefan-Boltzmann law
A black body at absolute temperature T1 placed in an enclosure at absolute temperature T2, gains or
losses radiant energy at a rate given by
ΔE = σ (T14 - T24)
where σ is the Stefan Boltzmann constant of value 5.67 X 10-8 Jm-2s-1K-4 or 5.67 X 10-8 Wm-2K-4. The
energy flux density E, of radiation from a black body is thus a function of the fourth power of its
absolute temperature.
E = σ T4

Planck’s law
Planck postulated that the energy of single photon E, was proportional to its frequency i.e. E = hυ,
where Planck’s constant, h is 6.63 X 10-34J.s. Planck further defined the energy flux density per unit
wave length emitted by a black body as function of its surface temperature:

E (λ) =

8 π hc
λ5[ exp (hc / k λT) – 1]

where K is the Boltzmann constant, 1.38 X 10-23JK-1. The wave length distribution for black bodies
over a wide range of temperatures is shown in Fig.2. The planck’s law gives a distribution that peaks
at a certain wavelength, the peak shifts to shorter wavelengths for higher temperature, and the area
under the curve grows rapidly with increasing temperature.
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Wien’s displacement law
Wien deduced from thermodynamic principle that the
energy per unit wave length E(λ), should be a function of absolute temperature T, and of ë such that
E (λ) = f(T) / λ5
Thus when spectra from full radiators at different temperatures are compared, the wave length λmax, at which
E (λ) reaches a maximum, should be inversely proportional to T, so that Tλmax is same for all values of T.
The value of this constant is 2897μm K, i.e.,
λmax = 2897/T
Thus, the flux density and wavelength of maximum
emission are a function of temperature of a radiating
body. The Wien’s law gives the wavelength of the peak
of radiation distribution. It explains the shift of the peak
towards the shorter wave lengths as the temperature
increases.

The solar spectrum
The solar spectrum reaching the earth’s surface is similar to that of a black body at 6000 °K, modified by
absorption and scattering by various constituents of
the atmosphere (Fig.3). Most of the solar spectrum is
confined to wave length range between 0.15 and Fig. 2. Wave length dependence of energy
4.0μm, and about 50% of the total energy in the solar emitted by perfect blackbody at various temspectrum is in the visible waveband. Most of the ra- peratures
diation emitted by the earth is confined to the waveband between 3 and 80 μm. Solar radiation is
primarily of shortwave while the earth radiates primarily in the long wave.

Fig. 3. Theoretical and actual spectra of solar radiation at the top of the atmosphere and the actual
spectrum at the earth’s surface, (after Gates, 1962).
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Solar energy receipts at the earth's surface
The amount of solar energy received per unit horizontal area of the earth's surface depends on a
number of factors. These include the intensity of radiation emitted by the sun, the position of sun in
the sky, and the general transparency of the atmosphere. The quality of solar radiation reaching the
earth's surface also depends on the same factors.

Solar constant
At the mean distance of the earth from the sun, which is about 1.50 X 108 km, the irradiance perpendicular to the solar beam is known as the solar constant. The value of the solar constant has been
estimated to be between 1369 and 1375 Wm-2 with a mean of 1373 Wm-2. However, the main factor
determining the energy at the earth's surface is the angle of the sun relative to the earth's surface.
The radiation flux density at the earth's surface varies with the cosine of the solar zenith angle and
this depends on the time of the day, the latitude and season.

Atmospheric effects
The envelop of atmospheric gases surrounding the earth absorbs considerable proportion of solar
energy. The Beer-Bouguer law describes the reduction in flux density of a beam of radiation as a
function of the depth into a homogeneous absorbing medium as,
I
= exp (-kx)
I0
where I0 is the initial flux density of the beam, I is flux density after passage through a depth x of a
medium of extinction coefficients k. This equation is adapted to the extinction of solar radiation Rsc,
for I0 and the flux density of insolation at the earth's surface Rs, for I. The equation is

0

Rs = Rsc Exp (-x ∫ kadx)
x

where Ka, the atmospheric extinction coefficient, is a function of x and must be integrated over the
path length under consideration. Suspended atmospheric gases and dust particles attenuate solar
radiation by absorption and scattering. Water vapour and CO2 absorb in broad bands in near-infrared.
Clouds have a major effect on the amount of solar radiation received at the earth's surface. Middle
altitude clouds generally have a greater influence than the thin wispy cirrus clouds, while low stratus
clouds have strongest effect on reducing incoming solar radiation.
Empirical relationships have been developed for specified locations to predict solar radiation on the
basis of cloud cover.

Rs = 0.803 - 0.348C - 0.452C2
Rso
where Rs is the radiation actually received, Rso is the theoretical amount of radiation reaching the
earth in the absence of an atmosphere and C is the mean monthly cloudiness in tenths of sky
covered (Black, 1956).
Another way to relate radiation to cloud cover is through percent possible sunshine hours, as expensed by the following equation
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Rs = a + b - n
Rso
N
where n is the actual duration of the sunshine and N is possible duration of sunshine and 'a' and 'b'
are empirical constants which can be determined for any location by regression (Glover and Mc
Culloch, 1958).

Qualitative aspects
Atmospheric absorption
The most important qualitative absorptions are due to absorption by CO2, water vapour and ozone.

Sky or diffuse radiation
Sky radiation is that portion of solar radiation that reaches the earth's surface after having been
scattered by air molecules or larger aerosols suspended in the atmosphere. Just before sunrise and
immediately after sunset all of the radiation received is diffuse radiation.

Short wave reflection (Albedo)
A significant fraction of incoming solar radiation is reflected by the earth. Shortwave reflectivity (the
albedo) for various natural and man-made surfaces is given in Table 1. Albedos of most vegetative
surfaces fall within the range of 10 to 20%. Wet surface in general have lower albedos than dry
surfaces, while snowcover increases albedo. The albedo of vegetation, is sensitive to the solar
elevation angle, with minimum values at noon and maximum values near sunrise and sunset.
Table.1. Radiative properties of natural surfaces. Compiled from Sellers (1965), Kondratiev (1969)
and Oke (1978).

18

Thermal or terrestrial radiation
Atmospheric gases and aerosols absorb energy from certain parts of the solar spectrum and reradiate this at longer wavelengths. The atmosphere also absorbs longwave radiation emitted by the
earth. About 90% of infrared energy radiated by the earth is absorbed by the atmosphere. The most
important atmospheric absorbers of thermal infrared radiation are water vapor, clouds and CO2.
Much of this longwave radiation is re-radiated back to earth.
Clouds when present, are the major contributors to the incoming longwave radiation to the earth.
They radiate like black bodies (∈≈1) at their respective cloud base temperature. The difference
between the outgoing longwave terrestrial radiation and the incoming longwave radiation from the
atmosphere is termed as effective terrestrial radiation.
Brunt (1934) presented an empirical equation for the effective terrestrial radiation, RT, as:
RT = σ T 4 [a – b√e] [1 – c C]
where RT is in Wm-2, e is water vapour pressure in k (kilo pascals); a and b are constants, c depends
on cloud type and C is cloud cover in tenths. This equation indicates that high water vapour content
and cloud cover, will decrease the out going longwave terrestrial radiation.

Radiation balance
The net radiation flux Rn, is a balance between the net incoming shortwave Sn, and outgoing
longwave L↑, radiation at the earth's surface and is given by
Rn = Sn + L↑
The radiation balance is explained schematically in Fig. 4. Let us start with 100 units of solar radiation flux incident above the atmosphere. Of these100 units of incident flux 19 units are absorbed
during passage through the atmosphere, 16 by H2O, dust and O3, and 3 units by clouds. A total of 30
units are directly reflected back to space; 20 from clouds, 6 from air and 4 from the earth's surface.
The remaining 51 units are absorbed at the earth's surface. The earth dissipates these 51 units of
incident flux by a combination of thermal emissions and sensible and latent heat fluxes as summarized on the right hand side of the Fig. 4. Of the 21 units of net longwave emissions (longwave
outgoing minus longwave incoming), 15 units are absorbed by the atmosphere and 6 units go out to
space. The remaining 30 units of flux are transferred from the earth's surface to the atmosphere by
a combination of latent and sensible heat fluxes.
Coming to the atmospheric energy balance, there is a loss of 64 units by longwave emissions (38
units emitted by gases and 26 by clouds). This is balanced by absorption of 19 units of shortwave
radiation, 15 units of longwave emissions and 30 units of latent and sensible heat from the earth's
surface. Thus, the net radiative cooling of the atmosphere is balanced by latent heat of condensation and conduction of sensible heat from the underlying surface.
The overall radiation balance Rn can be written as:
Rn = S↓ + S↑ + L ↓ + L ↑
where S↓ is the incoming shortwave radiation and S ↑ is the reflected shortwave radiation and L↓ is
the incoming longwave radiation and L↑ is the outgoing longwave radiation.
The incoming shortwave component S↓, consists of both the direct solar beam and the diffuse sky
radiation. The incoming shortwave radiation is sometimes referred to as insolation. Insolation has
strong diurnal variations (almost sinusoidal) in the absence of fog and clouds. The outgoing shortwave radiation S ↑, is the fraction of S↓ that is reflected by the surface and is given by
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Fig.4. The annual global energy balance for the earth-atmosphere system. (Numbers are given as
percentages of the globally averaged solar irradiance incident upon the top of the atmosphere [Adapted from
Understanding Climatic Changes, U.S. National Academy of Sciences, Washington, D.C., 1975]).
S ↑ = - α S↓
where α is surface albedo. Thus, for a given surface, the net shortwave radiation Sn = (1- α) S↓ is
essentially determined by insolation at the ground and albedo.
The incoming longwave radiation L↓, from the atmosphere, in the absence of clouds, depends
primarily, on the distribution of temperature, water vapour and carbon dioxide and does not show
significant diurnal variation. The outgoing terrestrial radiation L↑ being proportional to the fourth
power of the absolute surface temperature, shows a diurnal variation, with a maximum value at
dawn. The incoming and outgoing components are usually of the same order of magnitude, so that
net longwave radiation Ln, is generally a small quantity.
Under clear skies, |Ln| < Sn during the bright daylight hours and an approximate radiation balance
can be written as
Rn ~ Sn = (1- α) S↓
At night, however, S↓ is negligible and the radiation balance becomes:
Rn = Ln = L↓ + L ↑
At night L ↓ < L↑, so that Rn is usually negative, implying radiative cooling of the surface.
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SCATTERING OF RADIATION
P S N Sastry
Introduction
Solar radiation sustaining human, plant and animal life on the earth undergoes several changes
while passing through the atmosphere surrounding the planet earth. It can be considered as interaction of electromagnetic radiation with matter in the earth's atmosphere consisting of various particulate matter - gas molecules, aerosols, dust particles, pollutants, water vapour etc., These constituents are of different sizes and shapes. When radiation strikes these particulate matter, apart from
the characteristics of matter, magnitude of wavelength of the electromagnetic radiation (EMR) becomes a significant factor for influencing the scattering of radiation. EMR is not affected by transmission (passage) through “space” because this region is nearly a perfect vacuum, but transmission
through earth's “atmosphere” results in an interaction of EMR with matter.
Such an interaction results in several phenomena commonly observed both in the atmosphere and
on earth's surface - Reflection, Absorption, Scattering, Transmission, Emission and Refraction (R.A.S.T.E.R). While all these govern the energy balance in the earth-atmosphere system, in
the past two decades, the phenomenon of scattering has assumed importance since its study has
wide and multiple applications in studies on energy balance, development of radar and remote
sensing techniques. Weather, communications, ocean studies, agriculture, quake and mineral surveys are just a few examples of the fields the phenomenon of scattering is used extensively.

Energy – matter interactions including the atmosphere
Three atmospheric processes modify the solar radiation passing through Earth's atmosphere surface. These processes act on the radiation when it interacts with gases, suspended particles found
in the atmosphere (suspensoids).
Let us briefly discuss the nature of the interaction phenomena (RASTER) as these are all interrelated (Fig.1) in the redistribution of EMR received from the sun.

Reflection
This is the energy that gets redirected by bouncing off objects. EMR is returned from the material
surface with an angle that is equal and opposite, to the angle of incidence. “Reflection” includes
“scattering” (diffuse reflection) as well as “specular (mirror-like) reflection”, which are explained
below.

Refraction
Bending of EMR rays during transmission from one medium to another is termed as refraction. EMR
may also be diverted from its original direction due to refraction. In this case we have the refractive
index.

Scattering
Scattering can be broadly defined as the redirection of radiation out of the original direction of
propagation, usually due to interactions with molecules and particles. Scattering differs from reflection in that the direction associated with scattering is unpredictable, whereas, the direction of reflection is predictable. It is wavelength dependent. Reflection, refraction, diffraction etc., are different
forms of scattering.

Absorption
This is defined as the process in which solar radiation is retained by a substance and converted into
heat energy, resulting in an increase in its temperature. The creation of heat energy causes the
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substance to emit its own radiation (reradiation) at longer wavelength characteristic of the new temperature. This is
known as “Emission”.In contrast to scattering, absorption results in the effective
energy loss to the atmospheric materials. When intercepted, some gases and
particles in the atmosphere have the
ability to absorb incoming insolation.
Absorption is also depends on the wavelength of the spectrum. The most efficient
absorbers of solar radiation are water
vapour, CO2 and ozone; each absorbing
energy in a different waveband - thus we
have what are known as the atmospheric
windows.
Fig. 1. Redistribution of EMR received from the sun
According to Wein's law, bodies with temperatures at atmospheric level or lower would emit their
radiation in the long wavelength band. Further, this emission of radiation is in all directions; so a
sizable proportion of this energy is lost to space. Sunlight after absorption by an atmospheric particle, transferred into heat energy and then the energy emitted from the particle is in the form of long
wave radiations.

Difference between scattering and absorption
Both scattering and absorption remove flux from an incident wave. During scattering process, flux is
not lost from the incident beam but is redistributed over the total solid angle centered around the
scatterer and it does not change the internal energy states (rotational, vibrational and electronic) of
the molecule.

Transmittance/transmission
Transmittance is what is left after the four processes (refraction, reflection, absorption and scattering) interact with EM energy. This is the fraction or percent of a particular frequency or wavelength
of electromagnetic radiation that passes through a substance without being absorbed or reflected.
Dry air and clear skies are most effective in transmitting the energy.
Thus, we have Transmissivity + Reflectivity + Absorptivity = 1

Albedo
Reflection coefficient in case of solar radiation bands is known as Albedo. Reflection from other
parts of the electromagnetic spectrum is referred to as spectral reflectance expressed as a “reflection coefficient” or percent. Albedo is the percentage of reflected energy with respect to the incident
solar radiant energy.

Specular reflection
“Mirror-like” surfaces are called “specular reflectors” We get specular reflection when the surface is
smooth, i.e., almost all light energy leaves the surface in a certain direction. Both reflection and
scattering depend on smoothness and orientation of surface to the incident beam.. If a reflector has
smaller surface-irregularities than the wavelength of the impinging EMR, then it is a specular reflector. If reflector surface “roughness” length is greater than the wavelength of EMR, the surface acts
as a “diffuse reflector” or “scatterer”. In this connection, we can talk of the expression “optically
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smooth” surface. Specular reflectors have surfaces that are smoother than the wavelength of
radiation being reflected. Visually even if a mirror surface appears smooth, it is insufficient for specular
reflection to occur. (e.g.: image distortion occurs in low quality mirrors). It should be smooth with
respect to wavelength of the incident radiation, and provide mirror-like reflection without any angular reflection.

Direct radiation
It is that part of radiation beam from the sun in the short wavelength region that which reaches the
earth without any modification.

Diffuse radiation
Due to interaction with matter in the atmosphere, part of the solar beam gets reflected in all directions—called the diffuse radiation due to scattering. Important scattering agents include: (i) gaseous
molecules (ii) aerosols (suspended particles) (iii) clouds. Diffuse radiation is solar radiation that has
been modified by scattering. If the energy of waves have a shorter wavelength, they are scattered
more than those with longer wavelengths. Diffuse sky radiation reaching the earth's surface after
being scattered from the direct solar beam by molecules or suspensoids in the atmosphere - is also
known as sky light, diffuse sky light / sky radiation. Of the total light removed from the direct solar
beam by scattering in the atmosphere, (25% of the incident radiation), about 2/3rds ultimately reaches
the earth as diffuse sky radiation. In the latitudinal belt 35°N – 45°N or S, the scattering of solar
radiation is significantly increased because of higher latitudes and lower Solar altitude (path length
increases). In nature, most surfaces yield a mixture of specular and diffuse reflection. Detailed
description of 'Scattering' phenomena is as under.

Polarization
The electrical (and magnetic) field strength of an EM wave oscillates perpendicularly versus the
travel direction of the wave. In three dimensions, this means that as the wave propagates in the x
direction then the electrical field strength can oscillate both in y and z directions or vary between
these two directions in an organized or in an unorganized manner. The electromagnetic wave is
then said to have different modes of polarization.If we examine the light emitted by an ordinary
tungsten lamp we will find that the electrical field strength can oscillate in all directions and randomly
in the yz plane. When there is no defined relationship between the time and the direction of the
electrical field strength, the light is said to be un-polarized. An un-polarized wave will oscillate in the
y and z directions over time with the same probability. Consequently we can assume that 50% of the
intensity of an incoming un-polarized wave falls along the y-axis - the other half falls on the z axis (or
directions).

Extinction or “Attenuation” coefficient
Extinction is a term used to account for the depletion, loss or attenuation of radiant energy as light
passes through the atmosphere and includes both scattering and absorption. EMR is attenuated by
its passage through the atmosphere via scattering and absorption. The scattering and absorption
jointly are called “extinction”. Extinction quantifies the amount of atmospheric transmittance. Extinction coefficient or attenuation coefficient is the factor by which radiation passing through a medium
is reduced in traveling a distance equal to one wavelength in the medium. An important parameter is
the ratio between the “roughness” (in terms of length) and the wavelength of the light. If the wavelength is much less than the surface variations or particle size, then diffuse reflection dominates.
Example: fine grain sand is experienced to be “smooth” by microwaves but is experienced as “rough”
by visible light. “Optically smooth” is the concept that should be noted here.
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Single and multiple scattering
In the real atmosphere the particles and air molecules may be randomly distributed and are sometimes separated by distances large compared to their sizes. So each particle scatters independently
(single scattering) and there will not be any coherent phase relationship between the separately
scattered waves.

Multiple scattering
In the actual case of scattering in the atmosphere there are chances that the scattered radiation
from one particle may have been scattered again by other particles. This is called multiple scattering. In such a case, in which the particles are arranged closely (as in a turbid or polluted atmosphere) and / or at equal distance from each other (as in a crystal), then coherence between separately scattered waves are sufficient to produce maxima and minima at certain angles. Multiple
scattering influences are more in turbid or polluted atmosphere.

Forward scatter
Scattering that occurs in the direction of propagation of the incident beam.

Backward scattering or back scatter
Scattering that occurs in the direction opposite to the direction of the incidence (or backward from
the surface behind the object if the molecule or particle is smaller compared to the wavelength) is
known as back scatter. In the radar system, the echo from radar is a form of back scatter. Small
particles with sizes very small compared to the wavelength of incident radiation, scatter almost
equally into both forward and backward direction (Fig. 2).

Fig.2. Forward and backward Scattering
Surface roughness at sastrugi scale has large effect on optical scattering. Smooth surfaces result in
forward scattering; brighter when sun is in front of the viewer. Rougher surfaces result in backscattering: brighter when sun is behind the viewer.
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Scattering
The process of scattering occurs when small particles and gas molecules “diffuse” part of the incoming radiation in random directions without altering the wavelength of electromagnetic energy.
Scattering does however reduce the amount of incoming radiation reaching the earth's surface. A
significant proportion of scattered shortwave solar radiation is redirected back to space (Diffuse
reflection).Thus Radiation scattering is the deflection of electro-magnetic waves from its original
path, as a result of its interaction or collisions with atoms /molecules or larger particles in the atmosphere or other media; between source of radiation and an observation point some distance away.
This phenomenon is present when incident radiation is dispersed unpredictably in many different
directions; occurs at all wavelengths (“spectrally not selective”) in the electro-magnetic spectrum;
occurs when surfaces are “rough” compared to wavelengths of incident radiation. It involves only a
change in spatial distribution, no loss of EM energy and no change occurs in velocity or wavelength.
Scattering can be seen as other forms of reflection, dispersion or emission Scattering process
disperses radiation in all directions. In the electro-magnetic spectrum radiation may be received at
a point from many directions instead of only from the direction of the source. In the process of
scattering, EM radiation can be absorbed and re-emitted by a particle or molecule –emitted in multiple directions. Scattering in the atmosphere is caused by particles that are of various sizes, from
0.1mm diameter and smaller.
The amount of scattering that takes place is dependent on two factors: Wavelength of the incoming
radiation and the size of the scattering particles or gas molecule - decreases with increase in wavelength of radiation. Scattering varies as a function of the ratio of the particle diameter to the wavelength of radiation. In the earth's atmosphere, the presence of large number of particles with a size
of about 0.5 microns results in shorter wavelengths being preferentially scattered.
Type of scattering is function of (i) the wavelength of the incident radiant energy, and (ii) the size of
the gas molecule, dust particle and/ or water vapour droplet encountered. The amount of scattering
depends on several factors including the wavelength of radiation, the abundance of particles or
gases and the distance the radiation travels through the atmosphere. Solar radiation is reflected
and scattered primarily by clouds (moisture and ice particles), particulate matter (dust, smoke, haze
and smog) and various gases.
In the UV, visible and near-IR bands, scattering is the dominant source of radiation along any line of
sight, other than that looking directly at the sun. Note: UV radiation is not scattered by the upper
atmosphere because it is mostly absorbed by the ozone layer.The redistribution of incident energy
during scattering depends strongly on the ratio of particle size (e.g., diameter) to wavelength of the
incident wave. If the particle is isotropic (having same physical properties in all directions), the
scattering pattern is symmetric about the direction of incident wave. As the particle size becomes
comparable with the wavelength of incident radiation, more energy is scattered in the forward direction and secondary maxima and minima appear at various angles. However, the overall scattering
increases with the increase in size of the particle and ultimately depends on the ratio of refractive
index of the particle relative to that of the surrounding medium.When scattering particles / molecules are very small in size compared to the wavelength of incident radiation, the scattered intensity on both forward and backward directions are equal. For larger particles, the angular distribution
of scattered intensity becomes more complex with more energy scattered in the forward direction.

Selective and non-selective scattering
Two major processes involved in tropospheric scattering are determined by the size of molecules
and particles involved and are known as (i) selective scattering and (ii) non-selective scattering.
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Selective scattering
It is so called because shorter wavelengths of energy are “selectively” scattered. (e.g., cases of
Rayleigh and Mie scattering described below). Selective scattering is caused by smoke fumes,
haze and gas molecules that are the same size or smaller than incident radiation wavelengths.
Scattering in these cases is inversely proportional to the wave length and is most effective for
shortest wavelengths. Degree of scattering decreases in the following order: UV>Violet> Blue>
Green > Yellow> Orange >Red >Infrared wavelengths. When the atmosphere is clear and relatively
transparent, selective scattering is less severe than when it is extremely polluted.

Rayleigh scattering
Rayleigh scattering occurs when the wavelength >> the particle size. In other words, it is a case of
molecular scattering and occurs when the diameter of the molecules and particles are many times
smaller than the wavelength of the incident EMR (Fig.3). It occurs at a molecular level-primarily
caused by air molecules i.e., O2 and N2. Here the scattering coefficient varies inversely as the fourth
power of the wavelength. Rayleigh scattering is generally most influential at altitudes above 4.5 km.

Mie scattering
Mie scattering exists when atmospheric particle diameters are equal to or slightly greater than the
wavelengths of EM radiation. For visible light, water vapour, dust and other particles ranging from a
few tenths of a micrometer to several micrometers in diameter are the main scattering agents such
as aerosols--dust and pollutants. The amount of scatter is greater than Rayleigh scatter and the
wavelengths scattered are longer; e.g., Hazy grayish skies during the daytime, Sunrise / sunset
colour enhancement.Mie scattering is more pronounced in the lower 4.5km of the atmosphere.
Particles that have a mean diameter 0.1 to 10 times the incident wavelengths provide this scatter;
e.g., water vapour, smoke particles and salt crystals (Fig.3).

Non-selective scattering
Non-selective scattering is produced when
there are particles in the lower atmosphere
with the particle size more than ten times
the wavelength of incident radiation (beyond the sizes of Rayleigh and Mie scattering). All wavelengths of light are equally
scattered—not just the blue, green or red produces white or gray appearance to fog
and clouds. Clouds made up of water droplets are the largest contributor. Aerosol
particles much larger then EM wavelengths
(> 10 times), ice crystals, pollutant / dust
particles, are a few more examples. Clouds
and fog are the most obvious examples of
non-selective scattering (Fig.4). Clouds,
smog and fog cause the colour of the sky
to go from blue to grayish white.Clouds also
reflect incident solar radiation back into
space—this varies with their thickness and
albedo (ratio of reflected to incident light).
Thin clouds may reflect less than 20% of

Fig.3. Selective and non - selective scattering
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incident solar radiation, whereas thick and dense clouds may reflect over 80%. Absorption of radiation even by thick cloud formation is less than 10%. Whereas gases, water vapour and particulate
matter cause deflection mainly in the short wave regions of the spectrum, atmospheric gases and
clouds deplete absorption at specific wavelength intervals—called the absorption bands. These
occur largely in the longer wavelength region and are in contrast to the intervening regions characterized by their bands or atmospheric windows.

Fig. 4.Wavelength and scatterings

Forms and types of scattering
Depending on how one views the phenomena, besides the above classification, scattering has
been described in other ways.
Elastic scattering : In Rayleigh and Mie types of scattering, the wavelength (frequency) of the
scat tered light is the same as the incident light and hence this type of scattering is known as elastic
scattering.

Inelastic scattering : When the scattered energy contains wavelengths other than incident wavelength (which indicates energy level changes in the molecules) it is known as inelastic scattering.
Stating it the other way, the emitted radiation has a wavelength different from that of the incident
radiation (e.g. Raman scattering, fluorescence).
Quasi-elastic scattering : In this case, the wavelength (frequency) of the scattered light shifts
(e.g., in moving matter due to Doppler effects).
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APPLICATIONS OF THE CONCEPT OF SCATTERING
P S N Sastry
Introduction
The phenomenon of scattering has several applications. It explains the appearing colours of the sky
at different times of the day, extensively used in remote sensing mapping of atmosphere and earth's
resources, identification of crops, acreage, water bodies, in radar imaging, in nuclear radiation problems, medicinal applications of radiation exposure, scatterometry and similar uses. Here a few
everyday observations and applications in relation to vegetation and atmosphere are briefly enumerated. It may be recalled that three types of scattering – Rayleigh, Mie and non-selective scattering explain several atmospheric phenomena observed in nature. These are also important for application of remote sensing techniques. We may recapitulate these:
Rayleigh scattering is a molecular level scattering primarily caused by oxygen and nitrogen molecules. Here particle diameters involved are 0.1 times smaller than the affected wavelengths. Amount
of scattering is inversely proportional to fourth power of wavelength.
Mie (non molecular level) scattering occurs when there are sufficient particles in atmosphere with
mean diameter 0.1 to 10 times larger than the scattered wavelength under consideration. Caused
by water vapour; tiny particles of smoke, dust, volcanic ejecta, salt crystals released from evaporation of sea spray. Clear atmosphere is a key medium for both Rayleigh and Mie scattering.
Non-selective scattering occurs when lower atmosphere contains sufficient number of suspended
aerosols (diameters 10 times larger than wavelengths under consideration). Important agents include larger equivalents of Mie particles, water droplets, ice crystals that compose clouds and fogs.
Scattering is independent of wavelengths (near-UV, visible, near-infra-red). Clouds appear brilliant
white—cloudless water droplets and ice crystals scatter all wavelengths equally well.

Hues of the sky
• Blue sky appearance is due to preferential scattering of blue wavelengths; blue wavelengths
reach our eyes and clear sky appears blue in daylight.

• Brilliant colours of sunrise /sunset –solar beam starts out as white light passes through long
atmospheric path causing shorter wavelengths of sunlight to be scattered away leaving only longer
red wavelengths that reach our eyes.
Blue light (0.4 microns) is scattered 5 times as much as red light (0.6 microns). It is scattered 16
times more than near-infrared light (0.8 microns). This is explained by Rayleigh scattering.. The
short wavelengths (violet/blue) are more efficiently scattered than the relatively longer wavelengths
(orange/red). Thus, as mentioned earlier, Blue sky is a result of the preferential scattering of the
short wavelength light.Scattering of coloured light is also determined by the length of the atmospheric path traversed by sunlight. With the sun overhead at noon, the sky appears white because
little scattering occurs at minimum atmospheric path length. The energy from the sun at noon has
the shortest path to travel, and all wavelengths get equally scattered, Rayleigh scattering also explains red sunrises / sunsets. Since the atmosphere is a thin shell of gravitationally bound gas
surrounding the solid earth, sunlight pass through a longer slant path of air at sunset / sunrise than
at noon. With the long pathway at sunrise, the scattering and absorption of short wavelengths is so
complete that we only see the orange and the red colours. At sunset, shorter wavelengths are
scattered away (blue and green), leaving only red wavelengths to reach our eyes. The status of
atmospheric pollution also contributes to the colours at sunset and sunrise. The greater the amount
of smoke and dust particles in the atmospheric column, the more violet and blue light will be scat-
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tered away and only the long orange and red wavelength light would reach our eyes.Thus nature of
scattering is associated with wavelength, path length, particle size and particle density.

Scattering and Remote sensing technology
Radiative contribution in remote sensing
Remote sensing of the earth-atmosphere system is highly related to the scattering phenomenon.
Short wave radiation from the sun and long wave radiation emitted by different objects on the earth,
ultimately, the radiation balance—all contribute to the observation and successful application of
remote sensing techniques in the study of earth-atmosphere system for multifarious purposes. As
far as solar radiation is concerned, the various sources of electromagnetic signals both in the short
and long wave are listed below.

•

Sunlight that is scattered by atmosphere into sensor FOV (Field Of View).

•

Adjacent ground radiance that is scattered into sensor FOV.

•

Atmospheric emission reflected into sensor FOV.

•

Sunlight reflected into sensor FOV.

•

Direct atmospheric emission.

•

Direct ground emission.

•

Atmospheric emission reflected by ground.

•

Ground emission scattered into sensor FOV.

•

Atmospheric emission scattered into sensor FOV.

Rainfall attenuation
In studies on rainfall patterns and attenuation, scattering phenomenon is used.

To display realistic cloud images, two components are to be considered. One is multiple scattering
due to particles in the cloud. The other factor to be considered is the sky light i.e., light scattering
due to cloud particles illuminated by sky light. The colour of clouds varies according to the relationship between viewing angle and the position of the sun. Intensity of cloud is dependent on absorption /scattering effects close to cloud particles. The spectrum and spatial distribution of skylight are
usually pre-calculated taking into account Rayleigh scattering and Mie scattering by assuming negligible attenuation due to cloud particles.

Vegetation and scattering phenomena
Beer's law variant expressions fail to describe the light passing through the more realistic discontinuous canopy structure, where gaps are non-uniform and light is scattered by the canopy elements. Both single and multiple scattering come into play; other factors like the leaf geometry,
density variations and gaps in the canopy profile are to be considered.

Scattering
When leaves intercept photons they either reflect, transmit or absorb them. The sum of the reflected
and transmitted light is called scattering. Light transmitted through leaves undergo several modes
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of transfer through its optical path. The structure of cells in the mesophyll of leaves is large relative
to the wavelength of light. Visible light is in the 0.4 to 0.7 micron range; cells of plants are in the order
of 15 by 15 by 60 microns. The grana in the chloroplast are small--0.05micron and thus can scatter
light. Light passing through a leaf would undergo:

• Lense effect caused by liquids and oils in the leaves.
• Sieve effect—the heterogeneous distribution of pigments enables light to pass through tissue.
• Optical wave guide—when light is reflected back and forth between two parallel surfaces.
• Light trapping: the refractive index of cuticle (1.45) is greater than air (1.0). So, it can reflect
existing photons back inside the leaf. The scattering of light inside a leaf increases its optical
path. This phenomenon increases the probability of a photon being absorbed.
It was found that palisade parenchyma were also important contributors to scattering. Preferred
absorption and scattering of selected wavebands act to alter the composition of solar radiation with
depth into a canopy. Absorption is high (90%) in the PAR wavebands and low 15-20% in the nearinfrared wave bands (>0.7 micrometers).
Typical optical properties of green leaves

Absorption is high (90%) in the PAR wavebands and low 15-20% in the near-infrared wave bands
(>0.7 micrometers).Typical optical properties of green leaves:The impact of scattering is evident in
production of complementary radiation with depth in a forest canopy: The scattering coefficient of
PAR is relatively low, so its diffuse radiation profile decreases with depth in a semi-exponential
manner. The scattering of near-infrared (NIR) by contrast, is high - over 50%. In the upper quarter of
the canopy, diffuse NIR increases with depth, then experiences an exponential decay with further
depth.

Simulation of radiation scattering in canopies with ellipsoidal leaf angle distribution
Accurate radiation profile and balance simulations in crop canopies by remote sensing techniques
require some assumptions of leaf angle distribution to compute transmissivity, reflection and scattering of radiation within each canopy layer. Multiple layer canopy models must compute the energy
balance for each layer within canopy. A portion of the direct radiation reflected from a leaf surface is
scattered upward, the remainder being scattered downward. This requires computation for downward direct, and both upward and downward diffuse radiation being transmitted, reflected, scattered
and absorbed in each canopy layer. Expressions for transmissivity of diffuse radiation, scattering of
direct and diffuse radiation, the fractions of reflected downward direct radiation scattered upward /
downward within crop canopies were derived by Flerchinger and Quiang Yu (2007). These can be
assimilated into simulation models of radiation transfer in crop canopies.
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Estimation of coherent field attenuation through dense foliage
Single scattering theory is shown to be insufficient for the estimation of effective propagation constant in foliage at high microwave and millimeter-wave frequencies. Clusters of broad leaves and
needles are treated as a unit scatterer whose ensemble forward scattering is used in fold's approximation in estimation of attenuation rate in foliage (Suek Koh et.al., 2003). Single scattering approximation overestimates forward scattering as high as 3-4 dB at 35GHz.In radar remote sensing of
vegetation or estimation of wave propagation through forested environment, an accurate electromagnetic scattering or wave propagation model is required. In such models accurate estimation of
attenuation rate is very important. From an electro-magnetic (EM) point of view, a forest canopy can
be considered as a random medium which consists of many dielectric objects such as branches,
twigs, and leaves. These canopy constituents attenuate and scatter an incident electromagnetic
field in a manner which depends upon the canopy particle size, density, locations, moisture content,
the signal frequency and polarization. For most deciduous stands, broad leaves usually cluster
rather densely at the end of branches, and are the dominant factors for attenuating microwave and
millimeter-wave signals. Considering much larger number of small needles on coniferous trees, it is
viewed that the needle clusters also contribute significantly to the attenuation. (Suek Koh et.al.,
2003). Other constituents such as branches and trunks however are distributed sparsely and therefore single-scattering theory could be applicable for these scatterers. Single scattering theory usually overestimates the attenuation rate. A Method of Moments (MoM) solution includes all multiple
scattering effects.

Scattering of UV and PAR by Sorghum bicolor - influence of epicuticular wax
The optical properties of the S. bicolor canopy vary by the wavebands used. Studies suggest that
the canopies had both (i) a higher UVB transmittance than PAR in the shaded fraction, due in part to
the greater proportion of sky radiation in the global UVB over the PAR waveband and (ii) possibly in
part as a result of differences in scattering by the canopy. Plant species adapted to semi-arid environments in general, reflect more radiation than mesophytic plants. High radiation reflectance by
desert, alpine and mesophytic plants has often been attributed to microscopic epicuticular wax
(EW) particles distributed over plant surfaces (Grant et.al., 1995).
The leaf sheaths and panicle stalks (designated together as the stalks) of S. bicolor are covered
with a highly reflective white EW coating that may provide UVB radiation protection, alter absorbance of PAR and / or reduce heat load in the hot semi-arid tropics. Abaxial leaf sheaths of the
normal S. bicolor line (N-15) appear white in the field while sheaths of a near-isogenic mutant line
(bm-15) appear green. This change in appearance from white to green indicates a reduction of
broad-spectrum radiation reflectance in bm-15. Increased EW deposition on common wheat ears,
sheaths and abaxial flag leaves increased PAR reflectance 8 – 15% over similar near-isogenic
surfaces with reduced EW load. Blum showed that normal EW deposition on S. bicolor caused
higher PAR and near-infrared leaf reflectance than near-isogenic mutants lacking visible EW.
Through these studies, it was hypothesized that stalk EW filaments alter the optical properties of
canopies; possibly providing protection from UVB by enhanced reflection out of the canopy and / or
enhance PAR penetration at low solar elevations. In a study by Grant et.al., (1995), N-15 species
bearing reflective EW elements showed higher backward reflectance than the mutant plants bm-15
lacking EW elements after panicle emergence. In general, EW on sheaths seem to scatter more
incoming solar radiation back toward the direction of incidence.The larger decrease in bm-15 backward/forward reflectance ratio for UVB than for PAR between early panicle emergence to anthesis
was explained by greater UVB stalk specular scattering efficiency compared with PAR because leaf
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reflectance has been shown to be increasingly specular with decreasing wavelengths.
Enhanced scattering of radiation in a canopy results in enhanced penetration of the radiation through
the canopy. The distribution of Tcanopy measurements represents both sunlit and shaded surfaces in
the canopy. We can assume that the distribution of T-canopy-PAR and UVB is primarily the distribution of radiation received on shaded horizontal surfaces, irradiated by scattered radiation directly
from the sky; and indirectly from the leaf and sheath surfaces. Because the sunlit and a shaded
fraction vary by solar zenith angle penetrating the nearly spherical leaf angle distribution canopy,
analysis has conducted after classifying the measurements by solar zenith angle.

Microwave scattering
So far, scattering involving solar radiation has been discussed above. Besides this, in radar and
microwave remote-sensing the phenomenon of scattering is extensively used. This is briefly given
below.
Scatterometry : It is a form of radar remote sensing that can measure various geophysical properties of surfaces and volumes based on the amplitude of microwave electromagnetic pulses that are
transmitted from, and scattered back, to an antenna aboard the spacecraft. Backscatter crosssection is a measure of how detectable an object is, by a radar. When radar-waves are beamed at
a target, a number of different factors determine how much electromagnetic energy returns to the
source. A scatterometer transmits a continuous signal or a series of pulses and the strength of the
returned signal is recorded. The system thus provides a quantitative measure of the backscattering
cross section as a function of the incident angle. Besides several uses, this instrument had been
used in retrieval of wind speeds in the earth atmosphere system. A number of radiative transfer
models exist but because of the importance of sky diffuse radiation to the global UV-B irradiance,
models designed to estimate PAR or total solar radiation may not accurately model the UV-B. Further refinement is needed.
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ENERGY BALANCE - BOWEN RATIO METHOD OVER THE CROPS
V U M Rao
Introduction
The microclimate furnishes the environment in which plants and living beings thrive. As such, plants
themselves are efficient integrators of the environment. Microclimatological studies in the plant
ecosystem are necessary for better understanding of physical interaction between plants and environment. Microclimate of a system, precisely, soil and air near the ground assumes special importance. Energy balance studies in crops assume importance due to the exchange of heat, water
vapour and carbon dioxide between vegetative surfaces and the environment, which govern plant
growth, development and yield. The interception and deposition of solar energy by the crops and
consequent movement of water across, the interface of soil, plant and the atmosphere have profound effect on crop production, which can be quantified by studying the crop microclimate. Measurements of the surface energy balance provide valuable scientific information. These measurements contribute greatly to our understanding of the dynamic transfers of water, energy, and trace
gases at the Earth's surface. Quantifying the spatial and temporal variation in the energy balance
over crop canopies will improve regional-scale estimates of water fluxes. Energy balance studies
require knowledge of the heat flux at the soil surface. Most of the environmental processes acting
near the surface of the earth derive their energy from exchanges of heat between the earth and the
atmosphere above. Much of this heat comes from radiant energy initially provided by the absorption
of solar radiation. The absorbed energy is used to warm the atmosphere, evaporate water, warm
the subsurface along with a host of other processes. Available net radiation is used to do work in the
earth system. The principal use of this energy is in the phase change of water (latent heat), changing the temperature of the air (sensible heat), and subsurface (ground heat), though there are other
uses for net radiation like photosynthesis and miscellaneous exchanges. Energy balance can be
expressed by following equation.
Rn = H + LE + G + P + M

(1)

Where,
Rn= net radiation
H = sensible heat flux i.e. transfer of energy between the air and the earth's surface
LE = latent heat flux i.e. transfer of energy between the air and the earth's surface
G = ground heat flux i.e. transfer of energy between the subsurface (ground) and the earth's surface
P = photosynthesis
M = miscellaneous exchanges
The miscellaneous term includes energy exchanges, which are due to metabolic activity and storage of heat in the plant tissue or volume of the canopy. Since P and M terms are usually smaller
than the experimental error in measurement of the major components, these are generally ignored.
LE, H, and G involve non-radiative transfers of heat i.e. conduction or convection/advection that are
responsible for the transfer of heat. The dominant direction of energy flow is always from warmer to
cooler bodies, or areas of higher energy to areas of lower energy. When two bodies have unequal
temperatures, this creates a thermal gradient (change in temperature over distance). If the air is
warmer than the earth's surface, a thermal gradient exists, and energy flows predominantly from the
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air towards the earth's surface. If the air is cooler than the earth's surface, a thermal gradient exists,
and energy flows predominantly from the surface towards the air. Non-radiative fluxes directed
away from a surface are positive. Conventionally, positive values indicate a loss of heat from the
surface while negative values indicate a gain. Negative signs always indicate flows towards the
earth's surface and positive signs always indicate flows of energy away from the earth's surface.

Sensible Heat Transfer (H)
Sensible heat is heat energy transferred between the surface and air when there is a difference in
temperature between them. A change in temperature over distance is called a "temperature gradient". In this case, it is a vertical temperature gradient, i.e., between the surface and the air above.
The transfer of sensible heat involves a rise or fall in the air temperature. Heat is initially transferred
into the air by conduction as air molecules collide with those of the surface. As the air warms, it
circulates upwards via convection.
If the air is warmer than the surface, the dominant direction of energy flow is from the air to the
surface. If heat is transferred out of the air, the air cools and the surface warms. This situation may
take place at night when the sun goes down and there is no input of solar radiation. At this time, the
ground cools due to long wave emission and the air directly above the surface gets warmer.

Latent Heat Transfer (LE)
When energy is added to water it will change states or phase. The phase change of a liquid to a gas
is called evaporation. The heat used in the phase change from a liquid to a gas is called the latent
heat of vaporization. If the water is liquid at a temperature of 0°C, the latent heat of vaporization is
597 cal/g, compared to 540 cal/g at 100 °C. In between, at 50°C, an input of 569 cal/g would be
required for evaporation. We say it is "latent" because it is being stored in the water molecules to be
released later during the condensation process. We can't sense or feel latent heat as it does not
raise the temperature of the water molecules. When the water evaporates, energy is taken away
from the earth's surface and added to the water. This water vapor is now part of the atmosphere.
Thus, when latent heat flux is positive, this means evaporation is occurring. Evaporation transfers
energy away from the earth's surface and to the atmosphere. When latent heat flux is negative,
condensation is occurring.
Condensation is the phase change from a gas to a liquid. During the phase change, the latent heat
that was taken up during evaporation is released from the water molecule and passed into the
surrounding air. During this process latent heat is converted to sensible heat causing an increase in
the temperature of the air.

Ground Heat Transfer (G)
The third major use of radiant energy is to warm the subsurface of the earth. Heat is transferred
from the surface downwards via conduction. Like in the case of sensible heat transfer, a temperature gradient must exist between the surface and the subsurface, for heat transfer to occur. Heat is
transferred downwards when the surface is warmer than the subsurface (positive ground heat flux).
If the subsurface is warmer than the surface then heat is transferred upwards (negative ground heat
flux). During the day, the available radiant energy is used to evaporate water into the air, raising the
air's humidity. Sensible heat is transferred upwards to warm the air above the surface. Heat is also
conducted down into the subsurface. At night the processes reverse. At night with no incoming solar
radiation there is more outgoing radiation than the incoming one creating a negative value for net
radiation. Under these circumstances the surface cools due to a loss of energy and heat is transferred from the air toward the surface. As air cools through the evening the loss of energy allows
condensation to occur, so long as the air's humidity is at or near saturation. Water is available at the
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LE is shown to be considerably smaller than any error in if the assumption of identity between Kh
and Kv is in error. Indeed, β may be at or very nearly zero when LE is at a maximum, and thus the
energy budget reducesLE = Rn – G
In the case of the advection of sensible heat (i.e., when heat is drawn from the air providing a
second source of energy for evapotranspiration) β < 1 and LE > Rn – G.

Applications of energy balance
• Prediction of surface temperature and frost conditions
• Indirect determination of the Surface fluxes of heat (sensible and latent) to or from the atmosphere

• Estimation of the rate of evaporation from bare ground and water surfaces and evaporatioon from
vegetative surfaces

• Estimation of the rate of heat storage or loss by an oceanic mixed layer or a vegetative canopy
• Study of microclimates of the various surfaces
• Prediction of icing conditions on highways
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INTERACTION OF RADIATION WITH PLANT COMMUNITIES
A M Shekh
Introduction
Solar radiation is the primary source of energy which supports all life on the earth. Crop production
is an exploitation of solar radiation. The shorter than visible wavelength in the solar spectrum is
harmful to the plants when exposed to excessive amounts (Table.1). The ultra violet radiation of this
segment reaching the earth is very low and is normally tolerated by plants. The infra red radiation
has thermal effect on plants by supplying necessary energy for evaporation of water from the plants.
The visible solar radiation is essential for photosynthesis of plants.
Table. 1. Electro magnetic bands with effect on plant

The energy source of earth is radiation emitted by the sun in all wavelengths. A fraction of this
energy is incident on earth and part of that is absorbed by plants. The wave lengths of major interest
in biology are the ultra-violet (UV), PAR (visible) and infrared (IR) (Table.1). Wavelengths below 400
nm are referred to as ultra-violet (UV) radiation, the visible region extends from approximately 400
to 700 nm and is sub- divided into various wave bands (Table.2).
Table. 2. Spectrum of UV, PAR and infra red radiation

There are four main aspects in which radiation is important to plant life.

Thermal Effect: Radiation is major mode of energy exchange between plant and aerial environment. Solar energy provides the main energy input to plants, driving other radiation exchanges and
processes such as transpiration, respiration, and partitioning etc.
Photosynthesis: Solar radiation between 400 to 760 nm is useful for photosynthesis process;
radiation is converted into biochemical energy and stored in chemical bounds.

Photo-morphogenesis : The quantity, quality and duration of short wave radiation also play an
important role in the regulation of growth and development.
Mutagenesis : Highly energetic radiation viz., ultra-violet, X-ray and gamma rays have damaging
effects on living cells. These rays affect the structure of genetic material.
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Effects on plant growth and development
Plant response to radiation varies with quality and duration of radiation. Plant responses to radiation
are shown in Fig. 1. These vary from species to species.

Fig. 1. Plant response to radiation
We can study effect of solar radiation on plant growth and development in three different aspects,
viz. Quality, Quantity and Duration of light.

Quality of light
Though sun radiates energy in wide range of electromagnetic spectrum, the energy emitted in ultra
– violet, visible (PAR) and infrared waveband are only useful for plant growth and development. The
solar radiation received and action spectra for
photo biological responses are shown in Fig.
2. Majority of plant processes have action spectra limited to 0.3 to 0.95μm waveband. The
major portion of radiation for plant growth and
development are UV (0.1 to 0.4μm), Photo synthetically active radiation (PAR) (0.4 to 0.7μm)
and infrared (IR) (0.7 to 2.0μm).

(i). Ultra violet (UV) radiation: The ultra-violet spectrum is further subdivided into three
groups. The UV(C) radiation is completely absorbed by ozone in the stratosphere. UV(A) and
UV(B) radiation are also absorbed by ozone in
atmosphere, but some part of that reaches the
earth. Green house studies showed that UVB
radiation can adversely affect plant growth. The
Fig. 2. Spectral distribution of solar radiaUVB radiation inhibits some reactions in photo
tion and action spectra for physiological
system II reaction center, reduces activities of
responses
Ribulose-1.5 biphosphate carboxylase and nucleic acids. It has also shown adverse effects on
plant height, leaf area and dry matter production. However, under field green crop no significant
differences were observed.

(ii). PAR radiation: Quality of light refers to the distribution of energy in different wavelengths and
relative amount of radiant energy absorption, transmission and reflectance in particular wavelength
by plant. Spectral characteristic of plants varies from species to species and also varies with growth
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stages of plant. Light absorption by plant is not uniform throughout the PAR spectrum. Maximum is
observed in blue region (400 to 460nm), followed by red region and least absorption is in green
region (Fig.3). The idealized relation between the absorbtivity, reflectivity and transmisivity is presented in Fig.4. A linear relationship between solar radiation absorbed and dry matter production
was reported by Russel et al., 1989. Plant growth is controlled by different proportions of blue and
red waveband. The highest leaf carbohydrates concentration was found under red biased treatment
and highest leaf protein concentration under blue bised treatment. In both leaf/shoot and root/shoot
the highest values are recorded under blue than red biased treatments (Warrigton and Mitchell,
1976).
In sorghum significant correlations were observed between reflectance in short wave radiation with
leaf area index (LAI). The LAI was negatively correlated with PAR albedo and positively correlated
with green and NIR wavebands.

Fig.4.Idealized relation between the
reflectivity, transmitivity and absorptivity of a
green leaf

Fig. 3. Average absorptivity for leaves of eight
field grown crop species. (Mc Cree, 1972)

Quantity of radiation
The quantity of radiations directly controls different plant physiological and morphological activities
such as photosynthesis, transpiration, photochrome synthesis and other photo hormone synthesis.
The rate of photosynthesis depends on radiation flux density (Fig.5). During night time no photosynthesis is observed and rate of respiration is higher. When sun rises photosynthesis starts, linearly
increase with increase in light intensity. Similarly, under shade photosynthetic rates are strongly
influenced due to cut off in quantity of radiation.
Dry matter production in plants is dependent on quantity of radiation intercepted by the leaves and
varies vary with different species of crop. The CO2 assimilation rates at various light intensities in
maize (C4) and soybean (C3) are presented in Fig.6. Assimilation rate of C4 plants are almost thrice
than C3 plants at 2000 mol m-2s-1 PAR.

39

Fig. 5. Effect of light intensity on rate of photosynthesis

Fig. 6. Dependence of assimilation rate on (a)different light levels (b) for C3 & C4 plants
The dry matter accumulation in sorghum (Langore, 1995). is a function of cumulative intercepted
radiation (Fig.7).
Duration of light
Duration of light refers to the period (number
of hours) for which light was available for plant
during a day (24h), measured in different ways.
A. Bright sunshine hours (BSS)
B. Photoperiod or day length – Relative response of plants to light and dark period .
Photoperiod or daylength can be computed in
different ways, viz.,

I. Astronomical day length – this is a duration

Fig.7. Effect of cumulative light interception on
dry matter production as affected by different
row spacings

between local sunrise to sunset

II. Smithsonian day length - Determined
from Smithsonian tables.
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III. Physiological effective day length – This is
the duration for which photo sensitive reaction
takes place in a plant.
Though there are different way of measuring
light duration the most important period for plants
are the light intensity above which plant physiological activates start functioning in morning
and stops functioning during evening hours. Day
length has effect on plant growth and development via synthesizing photo hormones. The
phytohormens viz., photochrome, IAA, ABA and
gibberellin – like activity i.e., GA3, GA4/7 and
unidentified “natural” compound follow a diur-

Fig.8. Action spectra for Phytochrome (Pr and
Pfr)
nal cycle in phase with the photoperiod. The net increase in gibberellin – like activity is observed
during night (Williams and Morgan, 1979). Auxin is produced largely during darkness, while gibberellin is produced during light. The P730 form of phytochrome inhibits synthesis of auxin during light
and P660 form of Phytochrome inhibited the synthesis of gibberellin during darkness (Quinby, 1973).
Panicle initiation in crop is controlled by photosensitive “phytochrome“ (Handrick, 1960). Phytochrome is present in two forms, viz., red- absorbing form(Pr) and far-red- absorbing form(Pfr.) Redabsorbing form (Pr) converts into far-red-absorbing form (Pfr) by radiation, and vice versa in dark
(Fig. 8). The limit of effectiveness of radiation for preventing flowering in soybean and piper was
near 720 nm at red end of the spectrum (Parker et.al., 1946). The maximum effectiveness for both
plants is around the region of 480 nm. The effectiveness increased again at shorter wave lengths in
visible portion of the spectrum. The ratios of energy required to prevent flowering were different for
the two plants, i.e., 1:200 for piper and 1:60 for soybean. Effective length of cycle depended on the
ratio of red to far-red energies in the light. As the relative amount of red increased the amount of Pfr
formed and the time required for its reversion in darkness to level infectiveness for flower inhibition
also increased (Borthwick and Cathey,1962). This dark reaction was postulated to be the basis for
the time- sensing mechanism of photoperiodism; Borthwick et.al., 1954 in lettuce seedling; Butler
et.al., 1963 in maize seedling and Zeevaart, 1976 in short day plants. Some phytochrome mediated
photo responses are listed in Table. 3.
Lane (1963) observed that red light was most effective in inhibiting floral initiation in milo. The farred-absorbing form of phytochrome (Pfr) inhibits flowering of short day plants when it is present
during night. During darkness, to change far – red – absorbing form (Pfr) of phytochrome to redabsorbing form (Pr), it needs several hours of dark period; till then Pfr shows continuous inhibitory
action. The Pr stimulates floral induction in the plants.
Table. 3. Phychrome mediated photo responses in plants
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The effect of photoperiod (day length) was on phenology reported in five Indian sorghum genotype
viz, m-35-1, SPV-504 CSH-5, CSH-9 and SPH-388. The duration of panicle initation (PI) is strongly
influenced by different photoperiods (Karande et.al.,1997).

Radiation interception by plants: Radiation incident (I) on a surface is partitioned into three
components namely reflectivity (R), transmissivity (T) and absorptivity (A). R + T + A = 1
Absorbed component of radiation (A) can be computed as A = I-R-T
The same principle is applied to compute A of an individual leaf of plant. Attenuation depends upon
type of canopy, leaf area and LAI and generally follows Beer's law.

Light extinction coefficient (k): Its value is in the range of 0.3 to 0.5 for upright leaves and 0.7
to 1.0 for more or less horizontally distributed canopy.

Radiation Geometry
The flux of direct solar radiation is usually measured either on a horizontal surface/ plane or on a
plane perpendicular to the sun's rays. To estimate the amount of radiation intercepted by the surface of a plant or animal, the horizontal irradiance must be multiplied by a suitable factor depending
upon,
1. the geometry of the surface
2. the directional properties of radiation,
Let Sp = Irradiance of a plane area Ap perpendicular to sun' s rays,
Sh = Irradiance of a horizontal plane area Ah and
Sb = Irradiance of a solid object with surface area A which cast a shadow Ah on a horizontal
plane,
By definition, Ap* Sp = Ah* Sh = A* Sb
Thus Sb = (Ah/A) Sh

Where (Ah/A) = Shape factor

Thus, the irradiance of a surface depends on.

•
•
•
•

Shape factor (Ah/A)
Angle of solar elevation (ß),
Angle of slope of the surface with horizontal (a),
Azimuth angle (θ)

Radiation distribution in canopies
Suppose a thin horizontal layer in a canopy exposed to direct solar radiation contains a small leaf
area index dL. The amount of energy intercepted by dL is given by
dSb = -(Ah/A)Sb dL ; dSb = k Sb dL where, (Ah/A) = k, the shape factor
dSb/Sb = k dL,
On Integration, we get
Sb (L) = Sb (0) exp (-kL)
This is the special case of Beer's Law, where Sb(L) is the direct solar irradiance measured on a
horizontal plane below a leaf area index L measured from the top of the canopy.
Say S (L)= S(0) exp (-kL);
S (L)/S(0)=exp(-kL)
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The ratio S(L)/S(0) is the relative solar irradiance at L, is also the fractional area of sun flecks on a
horizontal plane below L.
Therefore, the area of sunlit foliage between L and L + dL= S(L)/S(0) dL
In a stand with total leaf area Lt, LAI of sunlit foliage,

Total irradiance of foliage
To estimate rates of transpiration and photosynthesis for leaves in canopy, it is essential to calculate
the irradiance of individual leaf surface as distinct from the irradiance of horizontal surfaces. Further,
the total irradiance of the foliage consists of a direct and a diffuse component.
To tal irradiance = Direct + Diffuse irradiance.
Suppose a stand with LAI of Lt is divided into (nLt) no. of horizontal layers each containing a LAI of
1/n.
Let LAI of a sub-layer = 1/n,
Interception of the sub-layer= k/n
Transmitted component from direct radiation = (1-k/n)
Now, the intercepted component (k/n) generates diffuse component, of this a fraction T is transmitted, where τ is the transmittance of the foliage.
Transmitted component from diffuse radiation = τ (k/n)
To tal irradiance = Irradiance due to transmitted component of direct + diffuse radiation
To tal irradiance = (1-k/n) + τ (k/n),
= [1-k/n) (1- τ )]
This is due to one sub layer of LAI = 1/n,
For the entire canopy with LAI of Lt, the no. of sub-layers = nLt
To tal irradiance = [1-(k/n)(1- τ )]nLt
For a continuous canopy as n → α , and 1/n → 0,
To tal irradiance = Lim [(1-k/n) + (1- τ)]nLt
n→α
To tal irradiance = exp[-k(1- τ )Lt]
This resembles Beer's Law.

Radiation interception by intercropping systems
The various components of PAR viz. Incoming (PAR), Intercepted (IPAR), Transmitted (TPAR) and
Reflected (RPAR) are measured with the help of line quantum sensor, which spatially averages
radiation over one meter length and thus minimizes error. All measurements are recorded around
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solar noon between 1130 to 1300 h to eliminate effect of solar elevation (Sivakumar and Virmani,
1984). In general, IPAR increased with increase in the crop age and leaf area index (LAI) up to 70
Days after sowing (Shinde, 1994). The IPAR values decreased thereafter, due to decrease in owing
to senescence of leaves (Hughes and Keatings, 1983 and Sivakumar and Virmani, 1984). The
intercrops like 2SF+2GN and 2SF+2SB (SF- Sunflower; GN – Groundnut; SB- Soybean) showed
more interception of PAR after harvest of sunflower, under closer intra-row spacing (30 cm) than
wider intra-row spacing (45 cm) of sunflower because of early senescence of leaves owing to availability of more light under wide intra row spacing (Shinde, 1994.), Gallo and Daughtry (1986) in corn
and Lakudzode (1992) in sunflower + pigeon pea intercropping. APAR (3.5% less than IPAR) showed
a trend similar to that of IPAR. After harvest of sunflower, the intercropping of sunflower + groundnut
absorbed significantly more PAR than sunflower + soybean intercropping and sole crops of groundnut and soybean owing to faster growth of groundnut during later period under intercropping systems. The absorbed PAR was significantly the lowest in sole soybean because of senescence of
leaves.

Radiation penetration in forest
Forests are mixed species that differ in age, height, colour, leaf shape, density and orientation. The
mixture of coniferous and deciduous species adds further complications. The radiation interactions
are different during different seasons of the year. The amplitude of annual solar radiation wave is
considerably damped within the canopy and the largest share of its radiation is absorbed and/or
reflected by the canopy. The forest floor receives very little radiation during the summer after the
forest is fully leafed out and during winter because of low solar elevation. According to Reifsnyder et
al., (1971) the light extinction coefficient in forest is different in Pine forest and hard wood canopies.
In case of Pine forests canopies show an exponential extinction is appropriate while hard wood
forest canopies follow constant ratio law.

Ideal crop stand architecture for efficient use of radiation
Under low radiation intensity, any departure of the leaves from the horizontal position reduces the
net photosynthesis. At higher radiation intensity, the optimum leaf inclination for efficient light use is
81°; a leaf placed at the optimum inclination is 4.5 times as efficient in using light as a horizontal leaf.
For efficient use of light, the upper leaves in a plant canopy should have near vertical orientation,
whereas the lower foliage should be almost horizontal. For the best performance and in an ideal
arrangement of the plant canopy, the lower 13 % of leaves should be oriented at an angle of 0 to
30°, middle 37% of the leaves should be at 30 to 60° and upper 50% leaves should be at 60 to 90°
with the horizontal.
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MONSOON CONCEPT AND ITS FEATURES
V U M Rao
Introduction
Monsoon affects the livelihood of millions of people in Africa and Asia. Agriculture, irrigation and
power generation are closely linked with the monsoon rains in this part of the world. A study of
monsoon is therefore important for research scientists as well as operational forecasters. The term
'monsoon' is derived from an Arabic word 'mausim', which means season. The word monsoon is
applied to such a circulation, which reverses its direction every six months, i.e., from summer to
winter and vice-versa.
In an agricultural country like India, the success or failure of the crops and water scarcity in any year
is always viewed with the greatest concern. A major portion of annual rainfall over India is received
during the southwest monsoon season (June–September). Regional rainfall has large year-to-year
fluctuations. Monsoon is a large-scale seasonal wind system, blowing over vast areas of the globe,
persistently in the same direction, only to be reversed with change of season. They affect the largest
land masses. Asia is the only continent in the world having regular visits of monsoons of completely
reversing and persistent wind regimes. Australia and Africa are also affected by monsoons, though
not to the same extent as Southeast Asia. North America also shows monsoonal tendencies. But
here monsoon wind is neither persistent, nor the seasonal wind shifts are so consistent.
Following the Great Indian Drought of 1877, H.F. Blanford, who had established the India Meteorological Department in 1875, issued the first seasonal forecast of Indian monsoon rainfall in 1884.
Later, in the early part of the 20th century, Sir Gilbert Walker initiated extensive studies of global
teleconnections which led him to the discovery of Southern Oscillation. Walker introduced, for the
first time, the concept of correlation for long-range forecasting of the Asian summer monsoon and
his findings are relevant even today.
Ramage (1971) for his study prescribed the boundaries of the monsoons to an area enclosed between 35°N and 25°S and between 30°W and 173°E. The phenomena of monsoon is explained by
different theories, such as (a) differential heating of land and water (b) seasonal shifting of the
tropical and inter-tropical wind belts, (c) upper atmospheric wind movements and jet streams and
(d) most recently linked to El Nino and La Nina effects.

Regional aspects of monsoon
Regional features of monsoon occur on a smaller scale but are more often coupled with the planetary scale flow patterns. Broadly the world over, the following four regional components of summer
and winter monsoon have been identified:

Monsoon areas
• Summer monsoon over Indian sub-continent, east and south-east Asia
• West African monsoon
• Winter monsoon over east and Southeast Asia
• Australian summer monsoon.
Indian monsoons
Features of Indian monsoons are:

•
•

Tropical location of Indian sub-continent
Himalayas- the mountain barrier to the north of the land mass, cold and dry air mass

46

•

Monsoon is controlled by high and low centres developed over north-western region of the
Indian sub-continent

•
•

High temperature (about 40-45°C) creates pressure gradient over India

•
•
•

Continental Tropical Convergence Zone (CTCZ) shifts to the northern plains (30°N)

•

North-east monsoon is also accompanied by cyclones causing large scale damage to life and
property along the eastern coast of India

Extreme low pressure points (up to 700 mb) that develop in the NW region, actively attract the
prevailing wind from the Indian Ocean
Series of atmospheric depressions
Retreating monsoon (also called north-east monsoon) starts from northern regions by first week
of october

South-west monsoon
Indian agriculture is a gamble in the hands of monsoon rains. Southwest monsoon prevails from
June to September over India; it gives 70% of Indian annual rainfall. The regions receiving the
largest amounts of rainfall are along the west coast of India and the states of Assam and West
Bengal in north-east India. The summer (south-west) monsoon approaches India from south-westerly direction. The normal date of arrival of the monsoon at Ceylon and the islands in the Bay of
Bengal is towards the last week of May. There after, it reaches the extreme south of the Indian
peninsula about a week later (June 1).

North-east monsoon or winter monsoon
The south-west monsoon period is the principal rainy season over most of India. But over Tamilnadu
in peninsular India, the principal rainy season is from October to December. This is known as northeast monsoon. The spectacular change that takes place between the two monsoons is the change
of the wind direction from south-west to north-east over the Bay of Bengal, the Indian peninsula and
Arabian Sea. An interesting question that is often raised is concerned with the possibility of the
south-west and the north-east monsoon co-existing over the extreme south of the Indian peninsula.
It may be recalled in this context that the winter monsoon sets in over the southern half of the
peninsula in October. Although it may seem theoretically possible for both monsoon systems to
affect peninsular India, in reality, such situations are comparatively rare. The south-west monsoon
is for all practical purposes in the last stages of its withdrawal toward the end of October. The onset
of north-east monsoon is a gradual process. It is often difficult to specify its period of arrival over
Tamil Nadu and parts of Kerala region, which is the main beneficiary of its rainfall. In fact, on many
occasions there is no clear distinction between the withdrawal of summer monsoon over peninsular
India and the onset of winter monsoon. North-east monsoon season is also the season of cyclonic
storms in the Bay of Bengal. Though they are destructive in nature, they give copious rainfall over
the areas in their path. In this respect, they may be considered as necessary evils. Rainfall in the
southern states of Tamilnadu, Andhra Pradesh, Karnataka and Kerala during November and December is attributed by and large to the north-east monsoon and associated cyclone events.

Onset of the Monsoon
As the sun moves northwards across the equator in the northern hemisphere, the continents surrounding the Arabian Sea begin to receive large amounts of heat; not only in the form of radiation
from the sun but also as heat emitted from the earth's surface. As a consequence of this larger input
of heat, a trough of low pressure forms over this region. It extends from Somalia northwards across
Arabia into Pakistan and northwest India. Towards the end of May, the heat low is well established
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and a southwesterly wind spreads northwards over the Arabian sea, the bay of Bengal and the
Indian sub-continent. The onset of southwesterly winds over the west coast of India is often sudden,
it is referred to as the burst of the monsoon over India (Fig.1).

Monsoon onset over Kerala
The guidelines below are followed for declaring the onset of monsoon over Kerala.

Rainfall Criteria: If after 10th May, 60% of the available 14 stations enlisted, viz., Minicoy, Amini,
Thiruvananthapuram, Punalur, Kollam, Allapuzha, Kottayam, Kochi, Thrissur, Kozhikode, Thalassery,
Kannur, Kasargode and Mangalore report rainfall of 2.5 mm or more for two consecutive days, the
onset over Kerala be declared on the 2nd day, provided the following criteria are also in concurrence.

Wind field Criteria: Depth of westerlies should be maintained upto a height corresponding to 600
hPa, in the box equator to Lat. 10oN and Long. 55oE to 80oE. The zonal wind speed over the area
bounded by Lat. 5-10oN, Long. 70-80oE should be of the order of 15 - 20 Knots at 925 hPa. The
source of data can be RSMC wind analysis/satellite derived winds.

Outgoing longwave radiation (OLR) Criteria: INSAT derived OLR value should be below 200
Wm-2 in the box confined by Lat. 5-10ºN and Long. 70 - 75ºE.

Northern Limit of Monsoon (NLM)
Southwest monsoon normally sets in over Kerala around 1st June. It advances northwards, usually
in surges, and covers the entire country by around 15th July. The NLM is the northern-most limit of
monsoon upto which it has advanced on any given day.
The onset of southwest monsoon over Kerala signals the arrival of monsoon rains over the Indian
subcontinent and represents the beginning of rainy season over the region. From 2005 onwards
India Meteorological Deapartment (IMD) has been issuing operational forecasts for the monsoon
onset over Kerala using an indigenously developed statistical model with a model error of ± 4 days.

Advance of monsoon over Andaman Sea
The normal date of advance of monsoon over Andaman Sea is 20th May. It is expected that monsoon flow will start appearing over Andaman Sea by the following week and is likely to cover the
Andaman Sea close to its normal date. Past data suggest absence of any one-to-one association
between the date of monsoon advance over Andaman Sea and the date of monsoon onset over
Kerala.

Forecast for the 2010 Monsoon Onset over Kerala
Recently for predicting the 2010 monsoon onset over Kerala, a model based on Principal Component Regression technique used the following six predictors: i) Minimum Temperature over Northwest India, ii) Pre-monsoon rainfall peak over south Peninsula, iii) Outgoing Long wave Radiation
(OLR) over south China Sea, (iv) Lower tropospheric zonal wind over southeast Indian ocean, (v)
upper tropospheric zonal wind over the east equatorial Indian Ocean, and (vi) Outgoing Long wave
(OLR) over south-west Pacific region.

Progress of monsoon
The subsequent progress of the monsoon current may be conveniently traced in the form of two
branches of the monsoon, namely, the Arabian Sea branch and the Bay of Bengal branch. We first
consider the Arabian Sea branch, which gradually advances towards north to Bombay by June 10.
The advance from Trivandrum to Bombay is achieved in about ten days, and is fairly rapid.In the
meantime, the progress of the Bay of Bengal branch is no less spectacular. It moves towards north
to the central Bay of Bengal and rapidly spreads over most of Assam by the first week of June. On

48

reaching the southern periphery of the Himalayan barrier, the Bay branch of the monsoon is deflected westwards. As a consequence, its further progress is towards
the Gangetic plains of India rather than towards Burma.
The arrival of the monsoon at Calcutta is slightly earlier
than at Bombay. The normal date of arrival at Calcutta
is June 7, while the Arabian Sea branch of the monsoon
normally reaches Bombay by June 10. By mid-June the
Arabian branch spreads over Saurashtra-Kutch and the
Central parts of the country. Thereafter, the deflected
currents from the Bay of Bengal and the Arabian Sea
branch of the monsoon tend to merge into a single current. The remaining parts of West UP, Haryana, Punjab
and the eastern half of Rajasthan experience first mon- Fig.1. Normal onset date of monsoon
soon showers by the 1st July. The arrival of the monsoon over India
showers at a place like Delhi often raises doubts, whether the first monsoon showers will arrive from
the east as an extension of the Bay of Bengal branch or from south as an extension of Arabian Sea
branch.
By mid- July, the monsoon extends into Kashmir and remaining parts of the country, but only as a
feeble current because by this time it has shed most of its moisture. The normal duration of summer
monsoon varies from two to four months over various regions. It begins to withdraw from Punjab
and Rajasthan by the middle of September. The withdrawal of the monsoon is a far more gradual
process than its onset. In general terms, the monsoon usually withdraws from north-west India by
the beginning of October and from the remaining parts of the country by the end of November. Early
or late onset of monsoon does not provide any clue as to its total behaviour in terms of its rainfall. It
also does not give any indication whether the monsoon will progress normally. But it is usually
observed that the progress of monsoon is arrested after its initial northward movement by about 500
km. For further progress a fresh surge is necessary, which is created by low pressure developed
northwards along the coast carrying with it the monsoon current. The sea level trough hardly extends about 100 km westward. High intensity rainfall occurs even in the sector ahead of depressions and cyclonic storms. The extent of area over which rainfall occurs may be of the order of about
800-1000 km around the storm centre. As the system dissipates, the extent of rainfall increases but
with much reduced intensity. The monsoon depressions, even while they are on land, derive necessary moisture either from Bay of Bengal or the Arabian Sea or both, depending on their location and
provide rains.

Break monsoon
The summer monsoon is associated with short period rainfall fluctuations. The hundred-day monsoon over India from 1 June to mid September is characterized by heavy rain followed by lean
periods. A period of lean rainfall is known as a break monsoon.

Monsoon Trough
This is a semi-permanent feature of the monsoon. Monsoon trough over India at surface (1000 h
Pa) runs from Ganganagar to Calcutta, roughly parallel to the southern periphery of the Himalayan
mountains. Vertically this trough extends up to about 6 kilometres. At about 4 km, it runs from
Bombay to Sambalpur. It's position is by no means unique nor stationary. It shows north-south
migrations both at the surface and in depth.
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Withdrawal of the Monsoon
The monsoon begins to withdraw from northern India around mid-September (Fig.2). By the end of
October it has usually withdrawn from the region north of 15°N and from Bangladesh and Myanmar.
Finally it withdraws from the extreme south of the Indian Peninsula and Sri Lanka by December.About
the time of the monsoon withdrawal, the subtropical weserly jet stream again reappears over the
northwestern end of the Himalyas. Thereafter, it moves southwards to its usual location south of the
Himalyas by the end of October. The easterly jet which has a feature of the onset disappears rapidly
after the recession of the monsoon by early October.Withdrawal from extreme North-western parts
of the country is not visible before 1st September. After 1st September, the following major synoptic
features are considered for the first withdrawal from the western parts of NW India.

• Cessation of rainfall activity over the area for continuous 5 days.
• Establishment of anticyclone in the lower troposphere (850 hPa and below)
• Considerable reduction in moisture content as inferred from satellite water vapour imageries and
tephigrams

Further Withdrawal from the Country
• Further withdrawal from the country is declared,
keeping the spatial continuity, reduction in moisture
as seen in the water vapour imageries and prevalence of dry weather for 5 day periods.

• SW monsoon withdraws from the southern peninsula and hence from the entire country) normally
after 1st October, when the circulation pattern indicates a change over from the south - westerly wind
regime.

Monsoon forecast in India
A 16-parameter power regression and parametric
model developed by Gowariker et al. were introduced operationally by IMD in 1988. A minor modification was made to the model in 2000, involving
the replacement of four parameters as with time, Fig.2. Normal withdrawal date of monsoon over
they had lost their correlation. The year 2002 turned India
out to be an all-India drought year with an overall rainfall deficiency of 19%, while IMD had predicted
a normal monsoon resulting in a lot of attention being focused on IMD's prediction methodology.
This highlighted the need to review the current longrange forecast models and attempt to develop
new credible models. In 2003, IMD introduced several new models for long range forecast of southwest monsoon season (Jun–Sep). IMD's new statistical models were introduced in 2007. Long
range forecast is scheduled as 1st stage forecast in April and 2nd stage forecast in June. In addition,
forecast for date of monsoon onset over Kerala in May. Specifically three major issues were addressed to improve the models. (i) A smaller but more physically linked predictor data set was used.
Search for new predictors. (ii) Ensemble Method was used instead on relying on a single model. (iii)
A New non-linear technique was adopted. The statistical models for preparing quantitative and
probabilistic forecasts of the south-west monsoon rainfall (June – September) for the country as a
whole are:
a. A 5- parameter statistical ensemble forecasting system requiring data up to March, for the first
forecast in April.
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b. A 6- parameter statistical ensemble forecasting system requiring data up to May for the forecast
update in June. Three of these 6-parameters are same as that used for April forecast. The parameters used in long range forecast are given in below

July is the rainiest month of the southwest monsoon season and the lack of rain in July have the
most critical impact on agriculture, that's why a separate 8-parameter power regression model for
July rainfall was developed by IMD and had been in use for giving longrange forecast for four broad
homogenous regions of India which are given below

As a part of ongoing efforts to improve the long range forecast capabilities, IMD has initiated
experimental dynamical forecast system for the 2009 south-west monsoon rainfall. For this purpose, observed sea surface temperature data of March have been used. In addition, IMD prepares
operational long range forecasts for the Winter Precipitation (Jan to March) over Northwest India
and Northeast Monsoon rainfall (October to December) over South Peninsula. For this purpose,
separate statistical models have been developed.
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RETRIEVAL OF BIOPHYSICAL PARAMETERS FROM SATELLITE
DATA
Introduction

V K Dadhwal

Estimation of biophysical parameters has been a topic of active research because of their significant role in impacting the global ecosystems that influence the mankind. Parameters like leaf area
index, fraction of absorbed photosynthetically active radiation, phenology, biomass, soil moisture
and the net primary productivity is of immense use in monitoring the ecosystems and understanding
their interactive roles. Conventional procedures to estimate and monitor these parameters, despite
being more accurate, are very tedious demanding huge resources. Earth observation satellites play
a key role in collection of the parameters in a more object oriented manner and timely estimates can
be made in a reliable manner. This lecture note covers briefly some of the widely used approaches
for the estimation of these parameters from satellite data. As the list of biophysical parameters is
large, only the most important parameters viz., the leaf area index, the net primary productivity and
soil moisture, for which the techniques are relatively well established are discussed.
Leaf Area Index (LAI) is a dimensionless variable and is expressed as a ratio of leaf area per unit
ground surface area. This ratio can be related to gas – vegetation exchange processes such as
photosynthesis, evapotranspiration, rainfall interception and carbon fluxes. Long term monitoring of
LAI can provide an understanding of dynamic changes in productivity and climate impacts on forest
and agro-ecosystems. LAI is an important input in crop growth simulation (Moulin, 1998) and hydrology models (Wiegand and Richardson, 1984 and Kergoat, 1999). Further, LAI serves as an indicator of stress. The ability to accurately and rapidly measure leaf area index (LAI) is a very essential
component of process -based ecological research. However, it is difficult to measure LAI directly for
large spatial extents. Such efforts have significantly been improved by the emergence of optical and
active remote sensing techniques.

In situ measurement
Canopy analyser is a portable instrument for LAI estimation, measuring simultaneously diffuse radiation by fish-eye techniques, with the optical sensors arranged in concentric rings in 5 distinct
angular bands, having central zenith angles of 72,33,853 and 68 degrees. An in-built filter rejects
the incoming radiation above 490 nm, which minimizes the error due to scattering of radiation by the
canopy. The control unit of the instrument records sensors' output and performs necessary calculations for the determination of LAI and mean tilt angle of the foliage. The basic technique of measurement involves measuring the sky brightness from a leveled sensor above the canopy and the second measurement below the canopy, with the sensor viewing towards the sky (Welles and Norman,
1991). The ratio of each ring's signal (below to above) is equal to the canopy gap fraction. A structural information about the canopy is obtained by the inversion of gap fraction.

Satellite-data derived techniques
Studies were carried out to estimate LAI using multi-spectral data form Landsat Multispectral Scanner, coarse resolution NOAA-AVHRR and MODIS Terra, and IRS-1D LISS-III data. LAI estimation
using remote sensing data are broadly classified as (a) empirical and (b) physical. The former is
based on the regression between LAI and vegetation indices (VI). The latter uses inversion of canopy
reflectance model. Other statistical techniques include principal component inversion (Chaurasia
and Dadhwal, 2004) and artificial neural networks (Fang and Liang, 2003) that directly use band
reflectances to predict LAI. Detailed radio transfer models have been used for generating a global
LAI map. Though mostly red and near infrared bands are used for estimating LAI, use of other
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bands have shown an improvement in accuracy (Brown et.al., 2000, Chaurasia and Dadhwal, 2004).
Table.1. Regression model coefficients for LAI-VI relationships

(SR= Simple ratio of NIR/R; NDVI= Normalized Difference Vegetation Index, SAVI = Soil Adjusted Vegetation Index)

Sasmita and Dadhwal (2005) carried out a study to investigate the Principal Component Inversion
(PCI) for the retrieval of leaf area index. The PRO-SAIL model has been used for the forward
analysis, i.e., estimation of reflectance for various combinations of LAI, soil reflectance, leaf angle
distribution, chlorophyll a and b concentration (Cab), etc. Independent test on sample with LAI
range 0.1-7.0 indicated that the retrieved LAI from PCI has higher accuracy (rmse=0.137) than the
classical NDVI-LAI empirical approach (rmse=1.139). Singh et. al., (2005) reported the estimation
of the LAI of wheat crop from IRS-LISSIII data using Price (1993) approach. Empirical approach for
LAI estimation with different NDVI estimation procedures viz., radiance, apparent reflectance and
dark object subtraction based atmospheric correction were also evaluated. Validation of LAI retrieval and NDVI normalizations were carried out using field level measurements of crop LAI and
spectral characters using canopy analyser and spectro-radiometer, respectively, over selected fields.
It was observed that LAI empirical relations are sensitive to the NDVI estimation approach and DOS
method performed better as compared to other two approaches. It was also observed that LAI
estimation from Price algorithm is sensitive to the crop attenuation coefficients. Pandya et al (2003)
carried out a study to relate field measurements of LAI to space borne LISS-III data, prepare sitelevel maps and validation of Modis based LAI (1 km) products. LAI-VI relations were developed and
used to generate 23 m resolution LAI maps. These LAI images were aggregated to 1 km spatial
resolution and used for validation of Modis LAI product. The results indicated significant positive
correlation between LAI derived from LISS-III data and Modis data, with an over estimation of the
Modis product.
Sehgal et.al., (2005) linked RS derived LAI to wheat simulation model (WTGROWS) by adopting a
“modified Corrective Approach”. This method essentially uses an empirical relation of grain yield
and LAI, which was derived from WTGROWS by running the model for a combination of input
resources, management practices and soil types. The LAI –NDVI relation was logarithmic in nature
and significantly positive relations were obtained for yield.
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Net Primary Productivity
Terrestrial Net Primary Production (NPP), the difference between Gross Primary Production (GPP)
and plant autotrophic respiration (Ra), is the net carbon fixed by the vegetation through photosynthesis. Quantification of NPP has socio-economic significance since NPP can directly measure the
quantity of goods (e.g., food, fuel and fibre) provided to human beings by ecosystem. NPP provides
the carbon required for maintenance of the structure and function of an ecosystem. Climate and
terrestrial ecosystems interact with and influence each other. On one hand, climate change and
increasing CO2 can cause changes in NPP and carbon storage in ecosystems (Nemani et.al., 1989)
impacting the well being of humans (Milesi et.al., 2005). On the other hand, terrestrial ecosystems
can affect climate through carbon, water and energy exchange. Understanding the response of
terrestrial NPP and carbon cycle to climate change is therefore critical for predicting future environmental change and mitigating the impacts.Satellite remote sensing data provides us with invaluable
continuous temporal and spatial information, which help us to understand processes, dynamics and
disturbances. Since the application of NOAA / AVHRR data to vegetation studies in the early 1980's,
great progress has been made in understanding the carbon storages and fluxes. The basis for
remote sensing of vegetation is the sharp contrast in reflectivity of visible (0.4 to 0.7 μ m) and the
near infrared (0.7-1.3 μm) spectra caused by the optical properties of chlorophyll and internal structure of green leaf cells. Tucker (1979) evaluated several proposed vegetation indices and found that
NDVI is strongly related to biomass. Justice et.al., (1985) expanded the study to global scale, suggesting that AVHRR NDVI is effective for monitoring phenology of global vegetation. Townshend
and Justice (1986) further analysed NDVI data of several years and found that inter-annual variations in NDVI can reveal the response of vegetation to climate anomalies. Goward and Hope (1989),
first demonstrated the linear relationship between NDVI over the growing season integrated and
ground based observations of NPP for different biomes over North America. Fung was the first to
relate NDVI to annual NPP at the global scale to study the atmosphere-bioshere exchange of CO2.
However, Nemani and Running (1989) found that NDVI can not reflect the reduction on photosynthesis induced by summer drought for water stressed sites, implying that NDVI alone could not fully
represent seasonal photosynthesis.
Monteith was the first to propose the concept of light use efficiency. Montieth (1972, 1977) reported
that the crop production under non-stressed conditions were linearly related to the amount of the
PAR absorbed by the green leaves. Asrar et.al., (1984) found that NDVI can be simultaneously used
to estimate both FPAR and the LAI. FPAR is a linear function of NDVI and LAI is a curvilinear
function of NDVI (Sellers, 1985, 1987). The first global NPP images estimated using satellite NDVI
were generated with Carnegie-Ames-Standford approach (CASA) model by Potter et.al., (1993),
which had a spatial resolution of 1 degree. Despite differences in NPP models, the photosynthetic
Efficiency Models (PEMs) can generally be expressed as:
P= Σ PAR * FPAR * ∈m * f(T) * F(W)
t
Where P is GPP or NPP over a given time interval 't', PAR is photosynthetic active radiation, FPAR
(fraction of PAR) is derived using vegetation indices, ∈m is the maximum of Photosynthetic efficiency, and f(T) and F(W) are the constraints resulting from temperature and water stress. Nayak
et.al., (2010) used CASA model to investigate the spatio-temporal processes of NPP over Indian
sub-continent. The model drivers at 2-min spatial resolution were derived from NOAA-AVHRR NDVI,
weather inputs, soil and land cover maps. The annual NPP was estimated to be 1.57 PgC (2544 g
C / square meter, of which 56% was contributed by crop land, 18.5 % by broad leaved deciduous
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forests, 10% by braod leaved evergreen forests and 8% by mixed shrub and grassland. There was
a good agreement between the modeled NPP and the ground based crop land NPP estimates over
western India. CASA and Modos products also showed good agreement for all land covers of the
nation. Sensitivity analysis showed that CASA model can overestimate the NPP by 50% of the
national budget in the absence of down-regulators and underestimate NPP by 27% by using a
constant light use efficiency of 0.39 gC MJ-1). Thus, the study concluded that CASA model with
varying LUE and downregulators governed by water and temperature stress scalars would provide
improved estimates of monthly and annual NPP of Indian terrestrial biosphere.

Soil Moisture
Soil moisture is a key state variable of the global energy and water cycle, as it controls the partitioning of incoming radiative energy into sensible and latent heat fluxes (Engman, 1991). Numerous
studies have shown the influence of soil moisture on the feedbacks between land surface and
climate, which, in turn, affect the dynamics of the atmospheric boundary layer and have a direct
relationship to weather and global climate (Shukla and Mintz, 1982). Simulations with global climate
models (GCMs) have shown that improved characterizations of surface soil moisture and other
land surface parameters in numerical weather prediction models can lead to both weather and
climate forecast improvement (Beljaars et.al., 1996). By controlling the partitioning of precipitation
into infiltration and runoff, soil moisture also acts as a regulator to one of the most fundamental
hydrologic processes, discharge. Knowledge of the state of soil moisture and its spatial and temporal dynamics is therefore essential for a wide range of meteorological, agricultural and hydrological
applications. Such applications range from weather and climate prediction to early warning systems
(e.g: flood forecasting), climatesensitive socio-economic activities (e.g: agriculture and water management) and policy planning (e.g: drought relief and global warming).
Despite the importance of soil moisture information, widespread and/or continuous measurement of
soil moisture is a rarity. The techniques of in-situ measurements of soil moisture are, in general,
tedious and not performed on a routine basis. In addition, the representativeness of point measurements for regional applications is often questioned (Grayson and Western 1998). Furthermore, the
soil moisture simulation by land surface models are often erroneous due to uncertainties in atmospheric forcing and lack of information on key parameters (land use, vegetation fraction, soil texture,
etc.) at desired spatio-temporal scales (Houser et.al., 2002). These short-comings of traditional
techniques leave ample scope to remote sensing characterized by multispectral observations over
space and time domains.
In the field of soil moisture detection by remote sensing, microwave instruments, in particular, offer
a large potential to measure soil moisture over various space and time scales (Engman and Chauhan
1995, Schmugge, 1998, Singh et.al., 2005). However, poor spatial resolution of passive microwave
and the less temporal frequency and strong sensitivity of active microwave to vegetation cover and
surface roughness limits their applicability in measuring soil moisture (Srivastava et.al., 2003). To
overcome this, a number of approaches have been proposed for indirect evaluation of soil moisture
through radiometric measurement in visible, near-infrared and thermal-infrared wavelengths. Among
them, the indices from shortwave infrared data have limited capability when crop canopy is sparse
(Fensholt and Sandholt, 2003).
In contrast, the thermal-infrared (TIR) range is more sensitive to water stress. Since the early 1980s,
surface temperature (Ts) from the TIR has been established as a water stress indicator, based on a
relationship between leaf temperature and transpiration (Jackson et. al., 1981). Numerous studies
have suggested that a combination of surface temperature, normalized difference vegetation index
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(NDVI) and Ts can provide information on vegetation stress and moisture conditions at the surface.
The scatter plots of remotely sensed surface temperature and the NDVI often exhibit triangular
(Carlson et.al., 1994) or trapezoidal (Moran et. al., 1994) shapes and are called the NDVI–Ts space.
The primary basis for this relationship lies in the unique spectral reflectance–emittance properties of
leaves in the red and infrared regions, in combination with the low thermal mass of plant leaves
relative to soil. The slope of the NDVI–Ts is more or less closely related to surface evapotranspiration (Boegh et. al., 1998), surface soil moisture (Goetz, 1997), stomatal conductance (Nemani and
Running, 1989) and surface bowen ratio (Goward and Hope, 1989).
The NDVI–Ts slope has also been used to derive surface soil moisture at global scales from the
Pathfinder data set (Prince and Goward, 1995). At a local scale, however, vegetation type, topography, net radiation and clouds, which are not directly related to soil moisture status, exert significant
influence on the NDVI–Ts slopes. Recently, Sandholt et. al., (2002) suggested a no moisture index
called the temperature/ vegetation dryness index (TVDI) based on an interpretation of the simplified
NDVI–Ts space to assess surface moisture status. Later, many researchers have demonstrated the
potential of the TVDI from Pathfinder data (8 km) to assess the surface soil moisture status by using
routine measurements of soil moisture at station level or model simulations (Wang et.al., 2004). In
comparison with the NOAAAVHRR platform, the moderate resolution imaging spectroradiometer
(MODIS) instrument, for instance, has higher spectral (36 bands) and spatial (250–1000 m) resolution, better viewing time and better calibration, which make it far superior for parameterizing land
surface properties. Patel et. al., (2008) studied the potential of the temperature/vegetation dryness
index (TVDI) from the MODIS to assess soil moisture status in sub-humid parts of India (western
Uttar Pradesh). The analysis revealed a significantly strong negative relationship between the TVDI
and in-situ soil moisture, particularly when vegetation cover is sparse. The index was also found
satisfactory to capture the temporal variation in the surface moisture status in terms of antecedent
precipitation index.

Conclusion
Advancements in the remote sensing technology to collect spectral information in hyperspectral
and multi-angular mode are expected to enhance the accuracy of the retrieval of the biophysical
parameters. Developments in contemporary modeling techniques ingest these variables that would
enhance our understanding on the response processes of the ecosystem for preparedness towards
climate change.
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AGRICULTURAL DROUGHTS: CONCEPTS, ASSESSMENT AND
MANAGEMENT
A S R A S Sastri
Introduction
The definitions of agricultural droughts are well known now and there is not any confusion to understand what is drought. In general, drought in a crop is defined as a stage when the soil moisture in
not sufficient to meet the evapotranspiration demands of the plants. It is also well known that there
will be drought for crops even though there is no meteorological drought by the definition. Thus,
drought for crops is related not only with quantum of rainfall but also related to its distribution. Not
only that, the agricultural drought, per se, has several specificities like soil type, crop, crop variety,
crop duration, varietal characteristics, time of occurrence, quantity of deficiency, duration of deficiency etc. Thus agricultural drought analysis often is restricted to a specific crop and specific location and also for a specific soil.For example, a given amount of rainfall may result in water stress
conditions in light soils but not in heavy soils. Similarly, a given amount of rainfall may result in
drought conditions in upland (rice) but not in lowland (rice). Therefore, it is necessary to understand
the concept of drought and assess the impact based on the specificities that exist in that area.

Causes of drought
Onset of monsoon
In monsoon driven agricultural regions like India, the onset of monsoon itself indicates the probabilities of the occurrence of drought. For example, under Raipur conditions, the quantum of rainfall
varies with the onset of monsoon. Under normal onset the average rainfall is 1366 mm (Table.1)
while in early onset conditions it is 1607 mm ( that is 17 % extra) and in late onset conditions the
average rainfall reduces to 1044 mm( a decrease of 24 %).
Table. 1. Effect of onset of monsoon on the quantum of rainfall and on the duration of humid period
and its impact on rice yields in Raipur

Thus, it is clear that late onset monsoon results in drought conditions for rice and the yields, on an
average are decreased by 27 per cent.

Soil physical characteristics
It is well known that the water holding capacity of the soils depends upon the field capacity and
wilting point of the soils. In general, heavy soils like clayey soils hold more moisture than light soils
like sandy or sandy loam and hence drought occurs earlier in the light soils as compared to heavy
soils. In view of this, crops with higher water requirement like groundnut, soybean is preferred in
heavy soils rather than light soils.

Varietal characteristics
In a given crop some varieties have deep rooted system and they are considered as drought resistant or drought tolerant as compared to shallow rooted crops. In rice, for example, native genotypes
like safri have deep roots while dwarf varieties like IR 36 have shallow roots. If drought is a recurring
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phenomenon in any given region, varietal recommendations are made considering both the duration as well as their drought tolerance.

Duration of water stress period and crop stage
The duration of water stress period at different crop growth stages also determines the drought
occurrence in any given crop. For example a water stress at seedling stage for a shorter period may
result in drought as compared to the same period of water stress at vegetative stage. It is clear that
the reproductive stage of any crop is more sensitive to water stress than any other stages.

Intensity of water stress
The intensity of water stress at different growth stages also determines the drought conditions. For
example a small duration of severe drought may be more detrimental for any crop at seedling stage
rather than comparatively longer duration of moderate or small intensity of water stress. Similarly,
severe drought of less than a week is more detrimental to the yields of a crop than a small or
moderate drought of week or longer duration. Thus, the drought due to water stress conditions
occurs due to several factors that are related to soils, crop growth and development.

Drought assessment
For assessing the drought situation in any given region, the water requirement of that crop at different growth stages needs to be assessed. The water requirement of any crop can be measured
using a lysimeter. Lysimeters, primarily are of two kinds, i) volumetric and ii) gravimetric. The volumetric lysimeters are used for rice crop with standing water while gravimetric lysimeters are used for
dryland crops. Also several computational methods are developed for assessing the water requirement of crops based on evapotranspiration estimates. The evapotranspiration is estimated indirectly through different weather parameters. However, for assessment of drought, an index called
index of moisture adequacy is used. This is the percentage ratio of actual evapotranspiration to
potential evapotranspiration. As mentioned above the potential evapotranspiration is estimated by
numerical equations using different weather parameters. But the actual evapotranspiration is estimated by adopting water balance procedure. The water balance is mostly a book-keeping procedure where the rainfall is considered as income and potential evapotranspiration is considered as
expenditure. The soil physical characters and the crop rooting characters are considered to determine the soil water holding capacity. Through water balance computations the actual evapotranspiration and thereby the index of moisture adequacy is determined. Usually for agricultural drought
assessment the water balance computations are carried out on daily or weekly basis. Any period
more than a week may not provide a realistic picture of water stress.

Effective rainfall
Often, the rainfall is considered as 100 per cent effective while computing the water balance. However, as mentioned earlier, the water holding capacity of different soils vary and hence, the effective
rainfall is different for different soils and topographies. It is therefore, necessary to determine the
effective rainfall of any given region, time and year while computing water balance for estimating the
actual evapotranspiration.
In a simplest definition effective rainfall means useful or utilizable rainfall as rainfall is not necessarily useful or desirable at the time, rate or amount in which it is received. An individual farmer considers effective rainfall as the quantity which is useful in raising crops in his field. Water which moves
out of the fields as run-off or by deep percolation beyond the root zone is ineffective. But, if run-off
water comes from other fields to his fields it may add to the soil moisture and it is useful (FAO,
1978). Hence, effective rainfall sometimes can be more than 100 per cent.
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Factors determining the effective rainfall
For determining the effective rainfall, several factors of both crop and soils are to be considered
(Table. 2).
Table. 2. Factors influencing the ef fective rainfall through infiltration, surface run-off and evapotranspiration. (FAO, 1978)

Thus, for a realistic assessment of drought for different crops, the estimation of actual evapotranspiration using the effective rainfall is more accurate. Hence, before computing water balance, estimation of effective rainfall is essential.

Components of effective rainfall
The different components of effective rainfall are
• Rainfall and irrigation
• Surface run-off
• Rooting depth
• Deep percolation losses
• Evapotranspiration
For estimation of effective rainfall measurement of the above parameters is necessary. The rainfall
and irrigation can be easily measured. The surface run-off can be measured with wiers etc. The
rooting depth varies not only from crop to crop but also among the varieties within a crop. Rooting
depth can be measured with excavation method. Deep percolation can be measured indirectly by
estimating the water holding capacity of the soil and any amount exceeding water holding capacity
could result in deep percolation losses. Evapotranspiration can be measured using lysimeters. In
fact, the deep percolation losses can also be measured using lysimeters.
The effective rainfall can empirically be estimated using soil moisture changes as
ER = M2 – M1 + KpEo
Where
ER = Effective Rainfall
M1 and M2 are soil moisture before and after rains
Eo = Open pan evaporation
Kp = Pan coefficient
There are several other methods of estimating effective rainfall in different countries and regions
and readers may refer to literature for more information.

Drought management
Whatever, the intensity and whatever be the crop growth stage affected due to drought, after assessment of the drought intensity, frequency as well as duration, it should be managed properly.

61

The different strategies for management of drought are as given below.

It can be understood from the above drought, if it is frequently occurring it could be managed through
varietal manipulation, that is choosing suitable drought resistant or drought escaping varieties to
suit that area. For selection of varieties, knowledge of water availability periods such as humid,
moist-I and moist-II is essential. Based on the water availability periods varieties that are tailor
suited could be recommended. Thus, the crops can escape drought. Otherwise, varieties with better rooting depth and other having others drought resistant traits like low internal water, hairy leaves,
low density of stomata etc. could be selected.
For alleviating drought, techniques for soil moisture conservation such as mulches can be used.
Otherwise rain water harvesting and recycling is one of the best and assured techniques for alleviating drought conditions. The rain water harvesting could be in-situ like farm ponds or ex-situ like
village ponds of minor irrigation projects. This would not only help in alleviating the drought conditions but also in increasing cropping intensity by facilitating raising a second crop with limited irrigations. Ground water utilization is the last source for alleviating drought as this involves governmental
policies including loans and subsidies.

Impact Assessment
The impact of the drought can be assessed if the information about the water requirement or the
index of moisture adequacy requirement at different stages is known. To get information about the
water requirement of crops at different growth stages is relatively difficult than that of index of moisture adequacy (Ima). Hence, the impact of the drought at different growth stages is known. An
example of rainfed rice under Raipur conditions is shown below. In one figure, there was a drought
at reproductive stage and in the others there was drought during early stages while there are almost
no water stress conditions in another case.

Impact of drought at different growth stages of rainfed rice crop
Three typical drought years with drought at reproductive stage, no drought and drought during
seedling stage. Due to early stage drought the productivity of rice decreased from 990 kg/ha to 772
kg/ha. In the other words, the productivity decreased by 22 per cent whereas during reproductive
stage drought the yields decreased to 549 kg/ha, that is a decrease of 44.5 per cent. Thus, a water
stress during reproductive stage for rainfed rice is very detrimental (Fig.1).
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Impact of drought at different growth stages of Soybean crop
In case of soybean the productivity decreased from 714 Kg/ha to 620 kg/ha, due to drought during
seedling stage. However, if severe drought occurs during reproductive stage the productivity of
soybean reduces drastically from 714 kg/ha to 189 kg/ha, a decrease of 74 per cent, which is very
detrimental (Fig.2).

Yield 189 kg/ha

Yield 620 kg/ha

Yield 714 kg/ha

Fig. 1. Impact of drought on rainfed rice

actFig.
of drought
2. Imp on soyabean
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Assessment of water harvesting potential
Rainfall pattern
Information on the rainfall pattern during a drought year in any given region is very important for
management of drought. The average rainfall during a drought year in any given region gives a very
clear idea for crop or crop variety management.
The average annual rainfall under excess, normal and deficit rainfall years in different districts of
Chhattisgarh are shown in Table. 3. It can be seen that in excess rainfall years highest amount of
2160.3 mm of rainfall occurs in Jashpur district and it is closely followed by Bastar district. Similarly
even under excess rainfall conditions the average rainfall in Kawardha district is only 1414.6 mm.
This district comes under rain shadow area and hence records lower rainfall than the other districts.
This is only the average rainfall and under individual years the rainfall figures may exceed these
average figures.
Table. 3. Average rainfall quantum under excess, normal and deficit rainfall years in different of
Chhattisgarh.

Under normal rainfall conditions, the average annual rainfall varies from 1048 mm at Kawardha
district to 1578.7 at Jashpur district. On an average the annual rainfall varies from 1048 to 1600 mm
in different districts. But the situation becomes grave under deficit rainfall conditions. The annual
rainfall under deficit conditions varies from 682 mm Mahasamund district to 1058 mm in Bastar
district, but in most of the districts it is in between 800 to 1000 mm.

Rainfall probability
The probability of occurrences of excess, normal and deficit rainfall pattern are also required for
preparing contingent plans in any given region for mitigating drought conditions. The probabilities of
early, normal and late onset of drought have been worked out for each district and are shown in
Table.4. It can be seen that on an average both the excess and deficit rainfall patterns occur once
each in five years period and in the rest of the three years the rainfall is normal. There are some
spatial variations across the districts. For example, in Bastar district the probability of excess rainfall years is 11% (once in nine years) while in the Mahasamund district the excess rainfall probability
was 25% (once in four years). But the deficit rainfall years occur more or less once out of 4-5 years
in all the districts. It can be seen from table that the probability of deficient rainfall year is more in
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Mahasamund, Dhamtari and Kawardha districts; similarly besides Kanker district, the probability of
excess rainfall years are more in Mahasamund district also. Remaining districts have more or less
same probability of excess and deficit rainfall years.
Table.4. Probability of excess, normal and deficit rainfall years in different districts of Chhattisgarh
region.

Storage Index (SI)
The Water harvesting potentials under different rainfall situations can be assessed through water
balance computations. A 'storage index' can be computed which gives a fairly good idea about the
potential. Storage Index (SI), is a percentage ratio of annual water surplus to average annual rainfall.
Annual water surplus
Storage Index (SI) = ---------------------------------- x 100
Average annual rainfall
Using the climatic water balance technique the storage indices for excess, normal and deficit rainfall
years for different districts of Chhattisgarh have been computed and are shown in Ta ble 5. It can be
seen that the storage index varies considerably with space as well as under different rainfall conditions. For example, under excess rainfall conditions the storage index is 86 % in Dantewara district
while it is only 30% in Kwardha District. Similarly under normal rainfall conditions the storage index
varied from 47.6% in Surguja district to 12.3 % in the Kwardha district. Under deficit rainfall conditions the storage index is high at Korba 27.2% while it is the least in Kwardha district.
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Table. 5. Storage Index (SI) in different districts of Chhattisgarh State during normal, excess and
deficit rainfall years expressed as a percentage of normal rainfall.

Rain water management for village tanks
In many states, there are village tanks which are used for both domestic and irrigation purposes..
The total rainfall that can be collected in the village tanks from a catchment area of 20 ha as per the
storage index under normal rainfall conditions for all the 16 districts have been computed. Assuming that the water depth in the village tank is 3m, the area of the tank as per the run-off from 20
hectare catchment in each district have been worked out and are shown in Table 6. It can be seen
that the optimum tank area under normal rainfall conditions varied from 1.0 ha at Kawardha district
to 4.8 ha in Surguja district. These variations are due to different amounts of surplus water which
again depends upon soil type and rainfall.
Table.6. Optimum tank area under normal rainfall conditions and estimated water depth under Excess and Deficient rainfall conditions for different districts of Chhattisgarh.
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With these optimum tank areas under normal rainfall conditions, the depth of water in each tank
under excess rainfall and deficit rainfall conditions are worked out and are also shown in Table 5. It
can be seen that in Kawardha district under excess rainfall conditions the water depth in one ha
area of tank goes as high as 7.5 m, while in Koriya district the water depth goes up to 4.4 m.
On the other hand under deficit rainfall conditions the water depth in a tank area of 1.9 ha in Durg
district becomes only 0.2 m while at Surguja and Korba district it becomes 1.7 m. Thus under deficit
rainfall conditions the run-off water collected in the village tank is of very shallow depth and it becomes difficult for use either for domestic purposes or for irrigation purposes. This kind of situation
may arise on an average, in one out of five years. Therefore for meeting the domestic water requirements during deficit and normal rainfall years, it is necessary to dig bore wells in the vicinity of tanks
so that under deficit rainfall conditions the small amount of water that percolates to the groundwater
can be utilized during early and mid summer.

Conclusion
Thus for assessment of drought and for developing mitigating techniques, a knowledge of the rainfall pattern, effective rainfall, water balance under different rainfall situations and also assessment
of the water harvesting potentials during the drought years should also be assessed. Such climatic
derived data base can help in developing contingent plans for mitigating the effects of water stress
or drought at different stages of crop growth.
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DROUGHTS AND AGRICULTURAL DROUGHTS CLASSIFICATION
A S R A S Sastri
Introduction
Floods and droughts are known as the two faces of a coin called moisture regime. But the drought
face always comes up more frequently in more areas than flood face. Thornthwaite (1947) defined
drought as a “condition in which the amount of water needed for transpiration and direct evaporation
exceeds the amount available in soil”
According to general concept, droughts can be classified into 3 categories a) permanent droughts
b) seasonal droughts and c) intermittent droughts. These categories are for regional classification
based on the rainfall distribution in relation to potential evapotranspiration demand of the atmosphere.
However, in a given region the droughts can be classified into 3 categories.

1. Meteorological Drought: This is the situation when the quanta of annual rainfall decreases
below a given normal (average) value say 25 percent or less.

2. Hydrological Drought: When meteorological drought persists for a prolonged period it results
in decreased water levels in surface as well as ground water bodies and this situation in called
hydrological drought.

3. Agricultural Drought: It is the situation when the soil moisture status goes below the threshold limit of any specific crop.
Thus, though all these categories of drought are interlinked, agricultural drought situation may arise
even when there is no meteorological or hydrological drought. This situation comes when a prolonged dry spell occurs in a crop growing season.
Studies on drought climatology require long time-series of rainfall and other meteorological data. In
places where rainfall data are only available, meteorological drought concept as defined earlier can
be adopted as follows:

Meteorological drought
There are several methods of classification of meteorological drought. One of the simplest ways is
deviation of annual rainfall quantum from the normal values.

Percentage of normal rainfall
The percent of normal precipitation is one of the simplest measurements of rainfall for a location.
Analyses using the percent of normal are very effective when used for a single region or a single
season. Percent of normal is also easily misunderstood and gives different indications of conditions,
depending on the location and season. It is calculated by dividing actual rainfall by normal rainfall,
which is a 30-year mean, and expressed as percentage. This can be calculated for a variety of time
scales. Usually these time scales range from a single month to a group of months representing a
particular season or year. Normal precipitation for a specific location is considered to be 100%.

Standardized Precipitation Index (SPI)
The SPI was designed to quantify the rainfall deficit for different time scales. These time scales
reflect the impact of drought on the availability of the different water resources. Soil moisture conditions respond to rainfall anomalies on a relatively short scale.
Positive SPI values indicate greater than normal rainfall and vice-versa. Because the SPI is normalized, wetter and drier climates can be represented in the same way, and wet periods can also be
monitored using the SPI.
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Palmer's meteorological drought
Palmer (1967) had developed a meteorological drought index, PI (The Palmer Index) based on
which he proposed a classification of meteorological drought as follows:

The Palmer's drought classification is very popular in United States, Canada and some European
countries.

Water balance approach
After the popularization of Thornthwaite's (1948 & 1955) climate water balance, a strong school of
through came into existence on drought climatology on water balance approach. With the help of
annual distribution of rainfall and Potential Evapotranspiration, climate water balance can be computed using Thornthwaite's book-keeping procedure. Using the water balance parameters,
Thornthwaite proposed an index know as “aridity index” Ia, which is a percentage ration of annual
water deficit to annual water need (or Potential Evapotranspiration).
Ia = WD x 100
PET
Where WD = Water deficit, PET = Potential Evapotranspiration
Using this aridity index over a time-series Subrahmnyam and Subramaniam (1964) evolved a drought
classification based on the deviation of aridity index, Ia, over its mean value with intervals of its
standard deviation. The drought classification is as follows:
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Several researchers have studied the drought climatology of different regions using this concept,
Later, depending upon the locational variability; a few researchers (Sastri & Rama Krishna, 1980;
Ramana Rao et. al., 1982) have slightly modified the classification. This concept is still widely used
in Asia, Middle East and Oriental countries.

Agricultural drought
Unlike meteorological drought, a generalized agricultural drought classification is difficult and is not
in vogue. In India several workers (Krishnan and Thanvi, 1971; George and Krishna, 1969; Goorge
and Kalyana Sundaram, 1969) have assessed the agricultural droughts on the basis of water availability periods and aridity index. But no classification was attempted on a rational approach.

Crop Moisture Index (CMI)
Palmer (1968), recognized that a meteorological drought is not always the same an agricultural
one, proposed drought classification based on “Crop Moisture Index” (CMI), which is a measure of
cumulative transpiration deficit. The “US weekly weather and crop bulletin” includes these values of
CMI regularly. The Crop Moisture Index (CMI) uses a meteorological approach to monitor week-toweek crop conditions. It was developed by Palmer (1968) from procedures within the calculation of
the PDSI. Whereas the PDSI monitors long-term meteorological wet and dry spells, the CMI was
designed to evaluate short-term moisture conditions. It is based on the mean temperature and total
rainfall for each week, as well as the CMI value from the previous week. Because it is designed to
monitor short-term moisture conditions affecting a developing crop, the CMI is not a good long-term
drought monitoring tool. For example, a beneficial rainfall during a drought may allow the CMI value
to indicate adequate moisture conditions, while the long-term drought at that location persists. Another characteristic of the CMI that limits its use as a long-term drought monitoring tool is that the
CMI typically begins and ends each growing season near zero. This limitation prevents the CMI
from being used to monitor moisture conditions outside the general growing season, especially in
long-term droughts years. The CMI also may not be applicable during seed germination at the
beginning of a specific crop's growing season.

Crop specific classification
Looking into the problems of drought classification, Sastri et.al., (1981) proposed a new scheme of
drought classification in which the concept of minimum requirement of index of moisture adequacy,
IMA, a percentage ratio of actual evapotranspiration to potential evapotranspiration, AE/PE, for
obtaining average productivity of a particular region was adopted. For obtaining the average productivity, a minimum value of moisture status is required. Based on the minimum required values of
IMA, the agricultural drought climatology of Indian arid zone for Pearlmillet and Kharif pulses crops
was studied.

Crop and moisture distribution specific classification
Though the above classification is more rational and crop and productivity level specific, it was
found that the intermittent dry spells which affect different crops differently at different growth stage
were not considered.
To overcome this and integrated scheme of drought classification was developed (Ramana Rao
et.al., 1981 and Sastri and Patel, (1984). In this, drought intensity at different growth stage like
seedling, vegetative, reproductive and maturity stage was worked out and integrated to obtain the
over all drought intensity during that particular crop growth season. Based on this, the productivity
trend under different moisture stress levels were worked out to examine the effect of technology
which otherwise was not discernible due to large interannual variability of the productivity (Sastri
et.al., 1983).
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STANDARDIZED PRECIPITATION INDEX (SPI): AN EFFECTIVE
DROUGHT MONITORING TOOL
U S Saikia and Manoranjan Kumar
Introduction
Drought is a complex physical and social process of widespread significance. Many complex factors act independently or in combination within the environment and occurrence or end of drought
are often difficult to distinguish (Wilhite, 2000). The impact of drought varies from sector to sector
depending on their individual water requirements. The same level of drought severity can cause a
wide variety of impacts due to a variety of factors related to the underlying vulnerability of a region.
The relative vulnerability of any sector to drought is governed by the extent of its water requirement,
the availability of possible water resources and corresponding water supplies to meet the demand.
In a country like India where agriculture is mostly rainfed, the output of major cropping practices
solely depends on rainfall and soil moisture. At present, out of 142 million hectares cultivated area in
India, only 58 million hectares is under irrigation. This makes Indian agriculture highly vulnerable
and even drought of shortest possible duration can have a visible negative impact.
The Technical Committees on 'Drought Prone Area Program' and 'Desert Development Program',
constituted by Govt. of India, identified about 120 million hectares of the country's area, covering
185 districts in 13 states as drought prone (Anonymous, 1994). Barring certain pockets the whole of
India is drought prone. The first quarter of the last century recorded 10 drought years out of which 3
years, viz., 1901, 1905 and 1918 were severe drought years. Again the last quarter of the 20th
Century also recorded two severe drought years in 1979 and 1987 (Kulshrestha, 1997). Similarly,
first decade of the current century recorded two severe drought years, viz. 2002 and 2009, which
affected the agricultural production over the country considerably. Over the last 210 years, there
were a total of six phenomenal drought years, viz., 1877, 1899, 1918, 1972, 1987, 2002 and 2009.
In these years nearly 50 per cent of total cropped area in the country was affected by drought (Gore
et. al., 2010).
The impacts of droughts, usually visible in India, are in terms of loss of crops, malnutrition of humans and livestock, land degradation, loss of other economic activities, spread of diseases, and
migration of people and livestock. In eastern India, the loss in production of food grains due to
drought averaged over 1970-96 has been estimated to be $ 400 million, which is equivalent to 8 per
cent of the value of food grain production in the region (Pandey et. al., 2000). The effect of drought
is also equally pronounced on fodder availability causing reduced productivity and high rate of
mortality in livestock. Besides, enhanced livestock pressure due to depletion of forage resources
during drought, overgrazing and indiscriminate cutting of vegetation leads to land degradation (Anonymous, 1994).

Different drought monitoring indices
As drought is spatially variant and context dependent, we should rely on an index which can provide
the best possible information for an imminent drought looming large over any area. A drought index
is a prime variable for assessing the effect of a drought and defining different drought parameters,
which include intensity, duration, severity and spatial extent. It should be noted that a drought variable should be able to quantify drought for different time scales for which a long time series of data
is essential.
Mishra and Singh (2010) presented a comprehensive review of drought indices that are developed
in last several decades and used in different parts of the world. Every index has its own pros and

71

cons and there by it is difficult to devise a single index for monitoring drought over large geographic
area which has their own distinct climate and topographical identities from region to region. Among
different drought indices of the recent times, the Palmer drought severity index (Palmer, 1965) and
standardized precipitation index (McKee et.al., 1993, 1995) are found to serve better in monitoring
drought in effective way. The SPI has a number of important advantages over other indices as it is
simpler to calculate, easier to understand, spatially invariant, and it can be calculated for any period
of interest (Mishra and Singh, 2010). Also, SPI is an easily interpreted and simple moving average
process, more representative of short term precipitation and thus is a better indicator for soil moisture variation and soil wetness. It provides a better spatial standardization with respect to extreme
drought events and can detect onset of a drought earlier than PDSI (Sims et. al., 2002; Hayes et. al.,
1999).

Time scales for effective drought monitoring
The most commonly used time scales for drought analysis are a year, followed by a season or a
month. Although the yearly time scale is long, it can also be used to abstract information on the
regional behavior of droughts. The monthly time scale seems to be more appropriate for monitoring
the effects of a drought in situations related to agriculture, water supply and ground water abstractions (Mishra and Singh, 2010).
The typical time scale of occurrence of drought is in the order of few weeks to months and some
times even years. The consequences of drought, hence, vary with its intensity and duration. Therefore, it is very much important to track drought in smallest possible time increment so that corrective
measures can be taken up at real time. Since the mid-nineties, prolonged and widespread droughts
have occurred in consecutive years, while the frequency of droughts has also increased in recent
times in India (World Bank, 2003). Considering drought proneness of India it is very much needed to
study the pattern of occurrence of drought over time and track the risk of drought, in real time,
arising within the crop season particularly during the monsoon season spreading over four months
from June to September.
McKee et.al., (1993) originally designed SPI to quantify the precipitation deficit for multiple time
scales of 3, 6,12, 24, and 48-month. This made easy to study different aspects of drought such as
soil moisture conditions in response to precipitation anomalies on a relatively short scale, and ground
water, streamflow, and reservoir storage are reflected in the long term precipitation anomalies.
Correlation of SPI with streamflow was the highest on a 2-month timescale, while for groundwater
levels the best correlations were found at widely different time scales. Agricultural drought, which
was reflected by soil moisture content, was explained better by SPI on a scale of 2–3 months. This
flexible time scale has been attributed as the fundamental strength of SPI to study drought over
other indices (Mishra and Singh, 2010).
The objectives of this presentation are to discuss (a) the suitability of gridded rainfall data to estimate SPI in comparison with SPI calculated from actual rainfall, (b) the suitability of weekly SPI over
comparatively longer time scales to monitor drought and (c) the trends of drought, based on SPI,
over the years in different parts of India representing various agroclimatic conditions.

How SPI is calculated
The SPI represents the total difference of precipitation for a given period of time from its climatological mean and then normalized by the standard deviation of precipitation for the same period computed using data over the entire period of the analysis.
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Where, a = current precipitation for a given period; A= long term normal of precipitation for the same
period; sd= standard deviation of precipitation for the given period
Long term precipitation record is fitted to a probability distribution, which is then transformed into a
normal distribution so that the mean SPI for the location and desired period is zero. Positive SPI
values indicate greater than median precipitation, while negative values indicate less than median
precipitation. Because the SPI is normalized, wetter and drier climates can be represented in the
same way, and wet periods can also be monitored using the SPI. McKee et. al., (1993) used a
classification system for SPI values to define drought intensities. SPI of = 1.00 for any given period
was considered as start of reduced rainfall period which may lead to drought, if prolonged, at any
given place. McKee et. al., (1993) also defined the criteria for a drought event for any of the time
scales. A drought event occurs any time the SPI is continuously negative and reaches an intensity
where the SPI is -1.0 or less. The event ends when the SPI becomes positive. Thereby using SPI
duration and intensity of drought can precisely be defined.
Computing of the SPI involves fitting a gamma probability density function to a given frequency
distribution of precipitation totals for a climate station. The gamma distribution is defined by its
frequency or probability density function:

where:

number of precipitation observations
The resulting parameters are then used to find the cumulative probability of an observed precipitation event for the given week and time scale for the station in question. The cumulative probability is
given by:
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McKee et.al., (1993) used the classification of SPI values shown in the following table to define
drought intensities. He also defined the criteria for a “drought event” for any of the time scales. A
drought event occurs any time the SPI is continuously negative and reaches an intensity where the
SPI is -1.0 or less. The event ends when the SPI becomes positive. Each drought event, therefore,
has a duration defined by its beginning and end, and an intensity for each time scale that the event
continues.

Data
At least 30 years of continuous daily rainfall data is required for optimum estimation of SPI. The data may be integrated
to weekly or monthly averages as per
the requirement. In the absence of actual data, gridded rainfall data may be
used for the same (Rajeevan et. al.,
2006).
In this study daily data for both gridded
and actual rainfall datasets were integrated to represent monthly (June, July,
August and September), Seasonal
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(Monsoon, integrating rainfall from June to September) and weekly rainfall from 1st to 52nd standard
meteorological week for each year.

Uses of SPI
SPI offers unique advantage of flexible time scale to understand the severity of dry spell in a given
place. As of now, SPI can be calculated from weekly to 24-months time scale and the purpose of the
study would govern the selection of most suitable time scale. We have observed that among three
different time scales, tested with gridded and measured rainfall data for 19 different agro-climatic
environments of India, the conformity of SPI estimated from the two different data sets increased
with increase in temporal resolution. Weekly SPI could yield as good as 84% and above accurate
estimations (Table.1). As drought or dry spell starts and ends very silently, to detect exact occurrence of such phenomena in real time, weekly SPI may be suggested as best time scale. This, in
turn, would help in increasing awareness on the looming climatic abnormalities and would offer
maximum time to prepare against the adverse effects.

Analysis of SPI in a drought (2002) and a wet (2007) year in India
India experienced one of the severe droughts in 1st decade of 21st century in 2002. Below average
rainfall not only affected the rainfed areas but also irrigated areas through reduction in irrigation
recharge. Approximately, 87 per cent of total rice production comes from the kharif season, and
those areas are mostly dependent on the monsoon rains. In 2002, the Indian monsoon weakened
after a relatively good start in June. The monsoon revived again in August, but rainfall mainly occurred in the central portion of the country and left many rice growing areas with low soil moisture
reserves. Planting was delayed in some areas but the major adverse impact was felt in July when
long break in monsoon affected
Table.1. Conformity (%) of SPI obtained from gridded and acseedling establishment and early
tual rainfall data in two different years under different temporal
vegetative growth due to prolonged
scales
moisture stress. They also faced
higher water requirements due to
continuous sunny conditions and
above normal temperatures.
Analysis of rainfall distribution for
the 2002 monsoon, as a function
of rice productivity, reveals that the
rice producing states of Orissa,
West Bengal, and eastern Bihar
received stabilizing rainfall
amounts. But these localized rains
were not sufficient to offset yield losses in the major producing areas, such as Uttar Pradesh and
western Bihar. Drought of 2002 led to reduced area coverage of more than 15 million hectares of the
rainy season crops and resulted in a loss of more than 10% in food production. Drought of 2002 led
to reduced area coverage of more than 15 million hectares of the rainy-season crops and resulted in
a loss of more than 10% in food production (Samra and Singh, 2002). An analysis using SPI also
suggested 75.47% of total geographical area of India was under dry spell during July 2002 of which
61.18% experienced severe to extreme drought conditions.
Compared to 2002, a better rainfall distribution pattern was observed during 2007, which was mostly
a wet year. Considering the overall rainfall picture, in terms of SPI, during monsoon seasons of 2002
and 2007, it was noticed that in 2002 per cent under normal rainfall was higher (61.65%) than in
2007 (58. 0%) (Table.2). But the major difference was brought about by the equal distribution of
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rainfall during 2007 compared to 2002. The result of that has been reflected when India recorded all
time high foodgrain production of 230.67 million tones in 2007. Many parts of India viz., Gujarat,
Maharastra, Andhra Pradesh, Karnataka and Orissa also witnessed floods during monsoon 2007,
particularly, during September month, which are also clearly reflected in the SPI map of 2007 (Fig. 1).
Table. 2. Per cent geographical area of India under different SPI regimes during monsoon seasons
of 2002 and 200.

Fig. 1. SPI of monsoon seasons (Integrated June to September) for two years viz. 2002 (drought
year) and 2007 (wet year)
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Tracking shift in climatic pattern using SPI
Based on long term SPI values we can find out the trend of climate during south west monsoon. This
helps to understand whether any place is exhibiting shift towards dryness or wetness for any given
time period. Locations that are facing the risk of early drought (late onset/early break); mid season
drought (prolonged monsoon break) and late season drought (early withdrawal of monsoon) can be
demarcated and plans can be put in place to effectively counter the contingencies. The exact time of
starting of a dry spell and ending of it can precisely demarcated and that helps to take up curative
contingency plans accordingly. How much amount of rainfall may be sufficient to break the dry spell,
if received in the next week, can also be estimated through this procedure. This information along
with actual crop water requirement and water holding capacity of soils may help in avoiding agricultural drought by taking up agronomic measures like supplemental irrigation, mulching, weeding etc.
The shift of climatic pattern was observed, following long term trend of SPI, during the monsoon
season (June-September) at two climatically different places of India. Jorhat is a place in North East
India, which falls in traditionally high rainfall zone with annual average rainfall of 172.3 cm and the
other location Anantapur is traditionally a semi-arid region of Andhra Pradesh, with annual average
rainfall of 59.4 cm only, experiences frequent droughts of varying intensities. During 1951-1990 the
monsoon SPI of Jorhat exhibited a highly significant positive trend (wet condition) and had experienced drought like situations in only two years viz., 1951 and 1982. Whereas, in a span of 17 years
between 1991 and 2007, the trend is completely got reversed and drought of varying intensities
were observed. From 1995 to 1998 drought like situation occurred in succession for four years at
Jorhat. In contrast to Jorhat,
Anantapur is exhibiting a tendency to move towards wet regimes during the monsoon
season with positive SPI in
successive years. Though the
regression coefficients are not
significant during both the time
periods, R2 during 1991-2007
is higher than 1951-1990 period suggesting the tendency of
moving towards better monsoon rainfall regimes at
Anantapur. As a result we may
expect lesser frequency of
drought in this place. Where
as, at Jorhat frequency of
drought may increase further in
the coming years.

Fig. 2. Trend of monsoon SPI at Jorhat and Anantapur during 19511990 and 1991-2007
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The usage of SPI in drought
monitoring can further be enhanced by increasing its temporal resolution i.e. instead of
season if SPI is calculated on
monthly basis or in weekly basis. Let us consider the case

of Jorhat for the year 1997. That year the SPI of monsoon season at Jorhat dropped to all time low
of -3.09 indicating a severe dry season. Now we would try to examine in which months of monsoon
(June to September) the impact of dry spell were considerable. This would be done from SPI data
estimated at monthly interval.

Fig. 3. Monthly SPI, from June to September, at Jorhat during 1997

Monthly SPI at Jorhat from
June to September 1997 indicated that all four months were
under dry spell during that year
(Fig.3).The severity was highest during June indicating a
possible late onset of monsoon or early break in monsoon after its normal onset.
The intensity of dryness reduced in July but again in-

creased in August. June and August indicates extreme dry spell with SPI values less than -2.0. The
rice crop might have suffered from the dry spell both during its establishment phase as well as
vegetative and crucial reproductive stages.
To further identify the actual time during which the dry spell was intense, the analysis of SPI done on
weekly mode. From the figure it is clear that the monsoon started with a negative note with weekly
SPI in the 23rd SMW (0.51) and went down to negative side for next five consecutive weeks i.e. up
to 2nd week of July (28th SMW) (Fig.4).This resulted in delay in sowing of rainfed rice by a considerable amount of time. The late onset of monsoon or early break for a longer period had destroyed the
process of seedling establishment of kharif rice, the major food grain crop in the region and necessitated reestablishment of nurseries or transplanting after a prolonged dry spell, which ultimately
reduced the optimum length of growing period for that season and took a toll on final economic
yield.
Fig. 4 . Weekly SPI (23-39 SMW) at Jorhat during 1997
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Considering the extent and intensity of drought 2009, it is necessary to monitor the onset of drought,
its extent and impact at national, regional and at district level. The SPI offers the platform to monitor
drought in flexible temporal and spatial frames on a real time basis. The India Meteorological Department provides weekly rainfall data for all the Indian districts at real time. If that information is
utilized to monitor drought on weekly basis through SPI, the planning and execution of contingency
plans would become much simpler and effective implementation of such plans at local level would
increase by many folds.
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AGRICULTURAL DROUGHT ASSESSMENT & MONITORING
M V R Sesha Sai, C S Murthy and K V Ramana
Introduction
India experiences localized drought almost every year in some region or other. Out of net sown area
of about 142 Million hectares (M ha), about 68% is reported to be vulnerable to drought conditions
of different intensities. In the post independence era, major droughts that affected more than 1/3 of
the country were reported during 1951, 1966-67, 1972, 1979, 1987-88 and 2002-03 (Subbaih, 2004).
Thus, despite significant technological advances since independence, Indian agriculture continues
to be periodically affected by droughts. Abnormally low rainfall in 1979, reported to have reduced
the overall food grain production by as much as 20%. The 1987 drought damaged 58.6 M ha of
cropped area affecting over 285 million people. The 2002 drought had reduced the sown area to 112
Mha from 124 M ha and the food grain production to 174 million tons from 212 in 2001, thus resulting into a decline of 3.2% in agricultural GDP.
Drought is a climatic anomaly, characterized by deficient supply of moisture resulting either from
sub-normal rainfall, erratic rainfall distribution, higher water need or a combination of all the three
factors. In India, National Commission on Agriculture (1976) has categorized drought into three
types, viz., meteorological drought, hydrological drought and agricultural drought based on the concept of its utilization. Agricultural drought is a situation when rainfall and soil moisture are inadequate during the crop growing season to support healthy crop growth to maturity, causing crop
stress and wilting. Agricultural drought could occur in different crop growth stages i.e., early season, peak crop growth stage or terminal drought. When the agricultural drought occurs in the early
part of the crop season, farmers lose a substantial part of the crop growth season and when it
occurs during the critical stages of the crop growth, the impact will be high. Different states are
adopting different indicators/methodologies for drought assessment, preparation of drought memorandums, drought declaration and relief assessment etc. The criteria adopted in different states also
vary depending on the rainfall and crops grown in the region. Widely practiced relief management is
reactive or adhoc in nature, which quite often lead to increased levels of drought vulnerability. Unlike
point observations of ground data, satellite sensors provide direct spatial information on vegetation
stress caused by drought conditions and the information is useful to assess the spatial extent of
drought situation. Satellite remote sensing technology is widely used for monitoring crops and
agricultural drought assessment.

Space technology for agricultural drought monitoring
Unlike point observations of ground data, satellite sensors provide direct spatial information on
vegetation stress caused by drought conditions. Satellite remote sensing technology is widely used
for monitoring crops and agricultural drought assessment. Over the last 20 years, coarse resolution
satellite sensors are being used routinely to monitor vegetation and detect the impact of moisture
stress on vegetation(Batista et. al., 1997, Beneditte and Rossini, 1993, Moulin et. al., 1998, Goward
et. al., 1985, Justice et. al., 1985 and Tucker et. al., 1985). AVHRR on NOAA's polar orbiting satellites has been collecting coarse resolution imagery world wide with twice daily coverage and synoptic view. The NOAA AVHRR NDVI has been extensively used for drought/vegetation monitoring,
detection of drought and crop yield estimation. The Drought Monitor of USA using NOAA-AVHRR
data, Golbal Information and Early Warning System (GIEWS) and Advanced Real Time Environmental Monitoring Information System (ARTEMIS) of FAO using Meteosat and SPOT – VGT data,
International Water Management Institute (IWMI)'s drought assessment in South west Asia using
MODIS data, are proven examples for application of coarse resolution satellite images for opera-
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tional drought assessment(Kogan, 2001; Thenkabail, 2004) and India's National Agricultural Drought
Assessment and Monitoring System (NADAMS) project stands as an example for operational use
of both high resolution and coarse resolution satellite data for drought assessment at different spatial scales (Murthy et. al., 2007).

National Agricultural Drought Assessment and Monitoring System (NADAMS)
In India, National Agricultural Drought Assessment and Monitoring System (NADAMS) was initiated
towards the end of 1986, with the participation of National Remote Sensing Agency, Dept. of Space,
Government of India, as nodal agency for execution, with the support of India Meteorological Department (IMD) and various state departments of agriculture. NADAMS was made operational in
1990 and has been providing agricultural drought information in terms of prevalence, severity and
persistence at state, district and sub-district level. Over a period of time, NADAMS project has
undergone many methodological improvements such as use of high resolution data for disaggregated level assessment, use of multiple indices for drought assessment, augmentation of ground
data bases, achieving synergy between ground observations and satellite based interpretation,
providing user friendly information, enhanced frequency of information etc.
The complete chain of activities of NADAMS project starting from procurement of satellite data till
dissemination of information to user community are currently being undertaken by Decision Support
Centre located at National Remote Sensing Agency, Hyderabad, India under the preview of Disaster Management Support Program (DMSP) of Department of Space, Government of India.
Details of NADAMS project coverage and the satellite data being used are shown in Fig.1. The
coverage of the project includes 14 agriculturally important and drought vulnerable states of the
country. Monitoring of drought is restricted to Kharif season (June-Oct/November), since this season is agriculturally more important and rainfall dependent. Since drought declaration by the State
Government involves the use of a large number of drought indicators, many of which are not amenable to satellite sensing, the emphasis of NADAMS has been limited to agricultural drought conditions. Agricultural conditions are monitored at state/district/sub-district level using daily observed
coarse resolution (1.1 km) NOAA AVHRR data for 11 states. High resolution data from Advanced
Wide Field Sensor (AWiFS) sensor of Resourcesat 1 (IRS P6) of 56 m and Wide Field Sensor
(WiFS) of IRS 1C and 1D of 188 m are being used for detailed assessment of agricultural drought
at district and sub district level in three states namely, Andhra Pradesh, Karnataka and Maharashtra.
Details of satellites/sensors being used for drought assessment are furnished in Table.1.

Drought indices from satellite data
Stressed vegetation has a higher reflectance than healthy vegetation in the visible (0.4-0.7 microns)
region and lower reflectance in the near infrared (0.7-1.1 microns) region of the electromagnetic
spectrum. Vegetation indices take the advantage of this differential response in the visible and near
infra red regions of the spectrum. Among the various vegetation indices that are now available.
Normalised Difference Vegetation Index (NDVI) is an universally acceptable index for operational
drought assessment because of its simplicity in calculation, easy to interpret and its ability to partially compensate for the effects of atmosphere, illumination geometry etc.
NDVI is a transformed index of reflected radiation in the visible and near infrared bands of NOAA
AVHRR and is a function of green leaf area and biomass. NDVI is defined as (NIR-Red) / (NIR+Red),
where NIR and Red are the reflected radiations in these two spectral bands. Water, clouds and
snow have higher reflectance in the visible region and consequently NDVI assumes negative values
for these features. Bare soil and rocks exhibit similar reflectance in both visible and near IR regions
and the index values are near zero. The NDVI values for vegetation generally range from 0.1 to 0.6,
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Table.1. Satellites/sensors being used for drought monitoring in NADAMS

the higher index values being associated with greater green leaf area and biomass.
Time series of NDVI permit monitoring of the dynamic nature of vegetation phenology. In NADAMS,
compositing of NDVI with maximum value compositing approach for the period of 15 days and one
month is being adopted. The severity of drought situation is assessed by the extent of NDVI deviation from its long term mean. The relative greenness i.e., the ratio of current NDVI to the historic
mean NDVI for the same period is a potential indicator of vegetation stress.
NDVI dev = NDVI i – NDVI m
NDVI i is the NDVI in the ith month
NDVI m = long term average for the same month
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Maps produced using relative greenness are quite useful to assess drought situation. (Johnson et.
al., 1993). Kogan's Vegetation Condition Index (VCI) using the range of NDVI is also being used as
one of the indicators for drought assessment (Kogan, 1995).
VCI = (NDVI-NDVI min) / (NDVI max-NDVI min)*100 where NDVI, NDVI max, and NDVI min are
smoothed weekly, NDVI absolute maximum and its minimum, respectively.
The VCI values between 50 to 100 % indicate optimal or above-normal conditions. At the VCI value
of 100% the NDVI value for this month (or week) is equal to NDVImax. Different degrees of a
drought severity are indicated by VCI values below 50%.

Ground data
Ground data on rainfall and agricultural parameters such as crop area and crop condition are required to support the interpretation of satellite data. District/sub-district wise weekly data on rainfall
and sown area during Kharif season (June-October) form the essential ground data for NADAMS.
District/sub district level basic agricultural information on cropping pattern, irrigated areas, crop
calendars, soils etc form important base level data for interpretation of satellite data. Institutional
linkages with state departments of Agriculture and Relief are being established to provide needed
ground data for NADAMS project and to involve the departments in the drought assessment process.

Integration of satellite derived indicators and ground data
In NADAMS, compositing of NDVI with maximum value approach for the period of 15 days and one
month is being adopted. Drought assessment is carried out on fortnightly basis and reporting of
information to the User departments is done on monthly basis. The assessment of agricultural drought
situation in each district/block/taluk takes in to consideration the following factors; (1) seasonal
NDVI/NDWI progression – i.e transformation of NDVI/NDWI from the beginning of the season, (2)
comparison of NDVI/NDWI profile with previous normal years – relative deviation and vegetation
condition index, (3) weekly rainfall status compared to normal and (4) weekly progression of sown.
The relative deviation of NDVI/NDWI from that of normal and the rate of progression of NDVI/NDWI
from month to month gives the indication about the agricultural situation in the district which is then
complemented by ground situation as evident from rainfall and sown area.
The methodology being adopted in NADAMS essentially reflects the integration of satellite derived
crop condition with ground collected rainfall and crop area progression to evolve decision rules on
the prevalence, intensity and persistence of agricultural drought situation. The agricultural drought
warning and declaration procedures being followed are shown in Table. 2. During June to August,
drought warning information is issued in terms of “watch, alert and normal” categories. In case of
'watch', external intervention is required if similar drought like conditions persist during the successive month while 'alert' calls for immediate external intervention, in terms of crop contingency plans.
During September and October, based on NDVI anomalies corroborated by ground situation, drought
declaration is done in terms of mild, moderate and severe drought. The seasonal AWiFS NDVI
progression and drought assessment over Haryana state was shown in Fig. 2.

Drought proneness/drought vulnerability
Vulnerability mapping and hazard zonation are indispensable requirements to evolve more effective
long term drought disaster management strategies. In India, the identification of drought prone
districts and blocks was done by Hanumanth Rao Technical committee in 1994 using the criteria of
percent irrigated area in different climatic zones and found that 1173 blocks representing 185 districts and 13 states, occupying 120 M ha of geographic area was drought prone area. However, the
rapidly changing agricultural scenario with increasing irrigated area on one hand and significant
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Fig. 2. Seasonal NDVI progression and drought assessment over Haryana state – Kharif 2007
Table. 2. Agricultural drought warning and declaration in NADAMS project

climatic changes on the other hand, indicate the need for the development of new set of criteria for
delineation of drought prone areas. Recently to be in tune with changing environmental concerns
and agricultural scenario globally, the Parthasarathy Committee (2005) was asked to re-look into
the criteria related to drought prone areas delineation in the country.
Drought proneness of a given area is largely determined by the response of agricultural situation
and crop condition to the combined effects of causative factors - rainfall variability, irrigation support
and soil type etc. Therefore, drought proneness- its characterization and delineation can be done
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using two approaches – one on the basis of causative factors and the other on the basis of response
factor.

Drought vulnerability based on causative factors
Central Research Institute for Dryland Agriculture (CRIDA) carried out a pilot study to delineate
drought prone blocks in Mahaboobnagar and Anantpur districts of Andhra Pradesh. Long term block
wise rainfall data (for 30 years) and percent irrigated area was the data used in the analysis. A
composite drought index with weighted drought index derived from rainfall data and weighted irrigation index derived from percent of source wise irrigated area was developed. Blocks of the two
districts were delineated using this index in to more prone and less prone classes. The procedure is
being fine tuned with different weighing factors to arrive at more objective criteria for application to
rest of the districts in the country.

Drought vulnerability based on response factors
Vulnerability analysis and hazard zonation from the point of view of response of agricultural situation and crop condition to rainfall variability and irrigation support at sub district level would be
possible using the indicators derived from agricultural area NDVI of the season. NDVI based assessment of drought proneness takes in to account the actual condition of standing crops during the
season and its comparison among different years of normal and abnormal years. The fluctuations of
crop condition as triggered by weather and water supply conditions determine the drought proneness of a given area. Long term NDVI data base consisting of extreme drought events and normal
season facilitates quantification of NDVI variability which directly indicates drought vulnerability.
Pilot studies on drought proneness using agricultural area NDVI data sets from 1999-2005 for kharif
seasons for two districts namely, Anantpur and Mahaboobnagar were undertaken by NRSC. Drought
proneness at block level in Anantpur and Mahaboobnagar districts was identified using a set of
NDVI based indicators namely, relative NDVI differences, inter annual NDVI variability, probability of
occurrence of low NDVI etc. (Murthy et. al., 2008). Based on this study, blocks with more drought
proneness and less drought proneness could be delineated (Fig.3). The NDVI based criteria are
now being integrated with ground parameters such as rainfall, irrigation support to better represent
the drought proneness at sub district level.

Fig. 3. Drought proneness assessment on the basis of historic NDVI
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Institutional frame work

Conclusions
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ally feasible, objective driven and economically viable system for near real time agricultural drought
monitoring and assessment. Geospatial technologies are also useful for hazard and vulnerability
mapping to help development of long term strategies of drought management. The proposed launch
of state of the art indigenous microwave satellite RISAT, in the year 2011 gives scope for studying
cropped area progression and soil moisture in the monsoon season, thereby enhancing the drought
monitoring capabilities. Institutionalization of contemporary technologies, development of spatial
decision support systems, impact assessment and early warning are some of the issues that needs
to be addressed to strengthen the agricultural drought management system of the country.
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WEATHER BASED AGROMETEOROLOGICAL ADVISORIES FOR
DROUGHT MANAGEMENT
K K Singh
Introduction
Indian agriculture has traditionally been tied strictly to South West Monsoon rainfall. Rainfall variability at sub-seasonal scale during monsoon makes the agriculture more vulnerable to natural
disasters such as drought, floods, cyclone, heat and cold wave, hail etc. Weather and climatic
information plays a major role before and during the cropping season and if provided in advance
can be helpful in inspiring the farmer to organize and activate their own resources in order to reap
the benefits. Hence, the Agro-meteorological information may help the farmer make the most efficient use of natural resources, with the aim of improving agricultural production; both in quantity and
quality. It becomes more and more important to supply agrometeorological information blended with
weather sensitive management operations before the start of cropping season in order to adapt the
agricultural system to increased weather variability. Subsequent to this, short and medium range
weather forecast based Agro-meteorological advisories become vital to stabilize their yields through
management of agro-climatic resources as well as other inputs such as irrigation, fertilizer and
pesticides. Agro-meteorological service rendered by India Meteorological Department, Ministry of
Earth Sciences is a step to contribute to weather information based crop/livestock management
strategies and operations dedicated to enhancing crop production and food security. The main
emphasis of the existing AAS system is to collect and organize climate/weather, soil and crop information, and to amalgamate them with weather forecast to assist farmers in taking management
decisions. This has helped to develop and apply operational tools to manage weather related uncertainties through agro-meteorological applications for efficient agriculture in rapidly changing environments. The information support systems, DAAS structure and functioning, farmers awareness,
drought assessment, monitoring, prediction and management are discussed in the following sections.
The information support systems under AAS include:
Provision of weather, climate, crop/soil and pest disease data to identify biotic and abiotic stress for
on-farm strategic and tactical decisions,

• Provide district specific weather forecast (Rainfall, cloudiness, maximum/minimum temperature,
wind speed, wind direction, maximum/minimum relative humidity) up to 5 days with outlook for
rainfall for remaining two days of a week,

• Translate weather and climate information into farm advisories using existing research knowledge on making more efficient use of climate and soil resources through applica tions of medium
range weather forecast to maximize benefits of benevolent weather conditions and alleviate the
adverse impacts of malevolent weather events. A broad spectrum of advisories include weather
sensitive farm operations such as sowing/ trans planting of crops, fertilizer application based on
wind condition & intensity of rain, pest and disease control, intercultural operations, quantum and
timing of irrigation using meteorological threshold and advisories for timely harvest of crops.

• Introduction of technologies such as crop simulation model based decision support sys tem for
agro-meteorologists to adapt agricultural production systems to weather & climate variability and to
the increasing scarcity of input such as water, seed, fertilizer, pesticide etc.,

• Develop effective mechanism to on time dissemination of agro-met advisories to farmers,
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• Effective training, education and extension on all aspects of agricultural meteorology
The Government of India has been focusing on strengthening farmers' knowledge on sustainable
farm practices in their overall efforts to augment food security of the nation. In spite of successful
research on agricultural practices and technologies, Indian farmers are facing a multitude of problems to sustain crop productivity. Many of these problems are linked to variability in weather and
climate. To address this issue effectively, the Government launched District-level Agro-meteorological Advisory Service (DAAS) in June 2008 as one of the flagship programme of Ministry of Earth
Sciences. The DAAS aims to generate agro-meteorological information (weather forecast and agromet-advisories) and develop suitable dissemination system, to the farming community in order to
improve crop/livestock productivity. It enables farmers to take advantage of benevolent weather and
minimise the adverse impact of malevolent weather on crops. Weather based agro-advisory service, has been functioning since 1993 and effectively serving the farming community of villages. It
receives weather forecast from the IMD (Earlier from NCMRWF) twice a week on Tuesday and
Friday for Five days period based on which the expert committee prepares the agro-advisory needed
for that week. Presently, the weather based agro-advisories are disseminated to the farming community at district level through mass media (Radio, Print and TV). But there exists a wide information gap between information generator and user. The outreach of IAAS system to deliver the information at Block and Panchayat (village) level, in a timely manner, needs to be stepped up. The
Common Service Centre (CSC) of Department of Information Technology is a good solution to
bridge the information gap by exploiting advances in Information Technology (IT), which has witnessed incremental use in dissemination of information in the recent past.
The DAAS is a multidisciplinary and multi-institutional project. It involves all stakeholders such as
State Agricultural Universities (SAUs), Indian Council for Agriculture Research (ICAR), Krishi Vigyan
Kendras (KVK), Department of Agriculture and Cooperation, State Departments of Agriculture/ Horticulture/ Animal Husbandry/ Forestry (up to District level offices), NGOs, Media Agencies, etc. This
project is implemented through a five tier structure to set up different components of the service
spectrum. It includes meteorological (weather observing and forecasting), agricultural (identifying
weather sensitive stress and preparing suitable advisory using weather forecast), extension (two
way communication with user) and information dissemination (Media, Information Technology,
Telecom) agencies. The organizational structure and functions of DAAS are shown in Fig. 1. The
critical components of DAAS system is discussed in the following sections:

Weather Observing System
District-level service needs meteorological observations at sub-district levels. The current observation forms the basis for running the Numerical Weather Prediction (NWP) models and also refining
the weather forecast generated at district scale. Also, the historical climate data is needed to support the crop planning. The India Meteorological Department (IMD) has a network of 125 Automatic
Weather Station (AWS) and a large number of manual observatories. IMD is in the process to set up
550 additional AWS and 1350 Automatic Rain Gauge (ARG) stations in the first phase of its
modernisation plan. With this, every district in the country will have at least one AWS and two ARG
stations. In the second phase the network density of AWS/ARGs will be further enhanced so as to
automatically record meteorological observations at near block level. In addition to this, a network of
55 Doppler Weather Radar has been planned of which 12 are to be commissioned in the first phase.
Techniques have been developed to assimilate large volumes of satellite-derived information. A
new satellite INSAT-3D was launched in the year 2009. Through improvement in observing systems, there will be further improvement in defining the initial conditions to run the numerical weather
prediction models which may lead to higher accuracy in weather forecast.
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Weather Forecasting System
IMD has started issuing quantitative district level (612 districts) weather forecast of up to 5 days
from 1st June, 2008. The products comprise of quantitative forecasts for 7 weather parameters viz.,
rainfall, maximum and minimum temperatures, wind speed and direction, relative humidity and cloudiness, besides weekly cumulative rainfall forecast. IMD, New Delhi generates these products based
on a Multi Model Ensemble technique using forecast products available from a number of models of
India and other countries. These include: T-254 model of NCMRWF, T-799 model of European
Centre for Medium Range Weather Forecasting (ECMWF); United Kingdom Met Office (UKMO),
National Centre for Environmental Prediction (NCEP), USA and Japan Meteorological Agency (JMA).
The products are disseminated to Regional Meteorological Centres and Meteorological Centres of
IMD located in different states. These offices undertake value addition to these products twice a
week on Tuesday and Friday and communicate to 130 AgroMet Field Units (AMFUs) located with
State Agriculture Universities (SAUs), ICAR etc.. The value addition is based on the inputs from
very high resolution meso-scale model (WRF) model, synoptic knowledge, bias correction of district
forecast etc. These Centres run the WRF model using initial conditions generated from global
model for detailed analysis of rain-bearing systems at higher resolution (9*9 Km grid). Data used in
these numerical weather modeling are upper air soundings, land surface (including network of
automatic weather stations and automatic rain gauge at sub-district scale), marine surface buoys,
aircraft observations, wind profilers, and satellite-data (wind, radiance, rain-rate, etc.). Besides district level medium range forecast, IMD is also providing weather forecast in extended and long
range. IMD's operational weather observation and forecasting systems has 4 components such as
observations, dedicated communication, analysis and forecasting and dissemination.

Agro-meteorological Field Units (AMFUs) and Agro-advisory
Based on the above forecast products and the crop information available from districts, the AMFU
prepares district-wise agro-advisories. The Ministry of Earth Sciences has set up a network of 130
AMFUs covering the agro-climatic zones of the country. These are operated at State Agriculture
Universities (SAUs), Indian Council of Agricultural Research institutions (ICAR), Indian Institute of
Technology (IIT) by providing grant-in-aid from IMD. These units are responsible for recording agrometeorological observations, preparing medium range weather forecast-based Agromet advisories
for the districts falling under precinct of concerned agroclimatic zone and dissemination of the same.
Concerned universities/institutes have appointed Nodal Officer and Technical Officers, who prepare
the advisory bulletins in consultation with the panel of experts already created at these units. The
Agromet bulletins include specific advice on field crops, horticultural crops and livestock etc., which
farmers need to act upon. Its frequency is twice a week i.e., Tuesday and Friday. Also in case of
untimely development of weather, these units prepare the weather based advisory and warnings
and issue to different users in a timely manner.

Advisory Dissemination Mechanism
AAS has considered different aspects pertinent to the flow and content of information and accordingly evolved a strategy for dissemination of agro-meteorological information. District-level agencies viz., District Agriculture Offices, Krishi Vigyan Kendras, Kisan Call Centres, NGOs etc) are
mainly responsible for information dissemination to farmers. A mechanism has also been developed
to obtain feedback from the farmers on quality of weather forecast, relevance and content of agromet
advisory and effectiveness of information dissemination system. This involves the identification of
weather & climate sensitive decisions and interactions between the weather forecasters from meteorological Centres of IMD and the agriculture scientists from Agriculture Universities and/ or Institutes of Indian Council of Agriculture Research to develop weather based advisories and techno-
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logical. Information is disseminated through multi-modes of delivery including mass and electronic
media. It include, All India Radio, Television, Print Media (local news paper in different vernacular
languages), internet (Web Pages) as well as group and individual relationships through email, telephone etc. The use of electronic media such as e-mail or the Internet is picking up as the access of
these methods to the farming community is on significant rise. The agrometeorological bulletins
always contain dynamic information hence, repetitive dissemination is being made. This reiterative
process also helps to address large temporal and spatial variability having significant influence of
weather & climate on agriculture.
The use of electronic media such as e-mail or the Internet depend on the availability and access of
these methods to the users which is picking up in India particularly through initiative of Department
of Information technology, who is in the process of setting up a very strong net work of common
service centres (CSC). Broadcasting of advisories in vernacular language provides an edge on
other means of communication. Under Integrated Agromet Advisory Service (IAAS) scheme at IMD/
MoES efforts are being made to strengthen the outreach of the agromet advisory as per the need of
the farmers. Under the project advisories are primarily disseminated to the farmers by mass mode,
outreach at village level and human face for advisory dissemination. Advisories are being disseminated to farmers through following the multi-channel system;
All India Radio (AIR) and Doordarshan; Private TV and radio channels; Newspaper; Mobile phone /
SMS; Internet; Virtual Academy / Virtual Universities / NGOs; Kisan Call Centres / ICAR and other
related Institutes / Agricultural Universities / Extension network of State; Krishi Vigyan Kendra (KVKs)

Decision support tools for generating weather based farm advisories
Technological tools are required to translate weather information into agro-management decisions.The
management decisions that can be directly linked to weather forecast are irrigation management,
fertilizer application, herbicide application, pest/disease control, and harvest. For this crop-soil simulation models are employed to predict crop-level responses to different weather situations. Such
models are useful to develop decision making information on weather based crop management. At
a decision making level, a series of short term decisions required to be made on the basis of knowledge or forecast of parameters which are derived from weather forecast e.g. soil moisture, phenological development etc. In such a case, it is important that the farmer is forewarned about the likely
impacts and mitigation of negative impacts through objective understanding of interaction between
various factors influencing the crop growth & development, water and nutrient supply, biotic stresses
and the time of planting and harvesting of the crop. The AAS system has started using crop models
in suggesting decision making for crop management options. CERES and CROPGRO models, for
different crops, incorporated in DSSAT are attempted for its use in crop and irrigation management
in some of the agro-climatic zones.

Farmers Awareness on AAS
Efforts made by Ministry of Earth Sciences, India Meteorological Department (IMD), Indian Council
of Agriculture Research (ICAR), State Agricultural Universities (SAUs), Union/State Departments of
Agriculture and other collaborative agencies through Agrometeorological Advisory Service (AAS)
have demonstrated the role of weather forecast in increasing overall preparedness of farmers,
leading to substantially better outcomes overall in general and under few extreme climatic events –
drought, heat and cold wave, cyclone in particular. Enhancing awareness of information user groups
is done through organizing farmer's awareness programs, also termed as roving seminar that brings
together research and development institutions, relevant disciplines, and farmers as equal partners
to reap the benefits from weather and climate knowledge. Given the current concerns with climate

91

change and it's impacts on crop productivity, there is an urgent need to sensitize the farmers about
the increased weather variability, in their regions, and different adaptation strategies that can be
considered to cope with the extreme weather situations.
Such programs help increase the interaction between the local farming communities and the Meteorological Centres (MCs), AgroMeteorological Field Units (AMFUs) and Krishi Vigyan Kendra
(KVK). Considering above, a large number of such seminars are organized in different agro-climates of the country to sensitize farmers about the weather and climate information and it's applications in operational farm management. These are jointly organized by India Meteorological Department (Ministry of Earth Sciences), Indian Council of Agriculture Research and State Agricultural
Universities, Local NGOs and other stake holders.
The programme for the Seminars consists (i) Weather and Climate of the Farming Region, Climate
Change and Farming Risks, and (ii) Farmer Perception of Weather and Climate Information Provision and Feedback. The Roving Seminars are organized jointly by AMFUs and KVKs under aegis of
IMD, ICAR, and SAUs. Primary emphasis here is placed on free and frank exchange of ideas and
information. The Seminar has been designed in such a way as to engage all the participants in
discussions and obtain full information from the farmers on their needs for weather and climate
information and the ways and means to improve future communication of weather and climate
information to them to facilitate effective operational decision making. So far such seminars have
been organized 90 agro-climatic zones of the country.

Drought Assessment, Monitoring, Prediction and Management
Drought should be considered relative to some long term average condition of balance between
precipitation and evapo-transpiration (i.e., evaporation + transpiration) in a particular area, a condition often perceived as “normal”. It is also related to timing (i.e., delay in sowing, non-occurrence of
rain at water stress sensitive phenophase etc.) and the effectiveness of rains (i.e., rainfall events
and its intensity). Other climatic factors having direct bearing on the components of water balance
such as temperature, wind, humidity etc. exert great influence on the severity of drought.
Operational definitions help people identify the beginning, end and severity of a drought. To determine the beginning of drought, operational definitions specify the degree of departure from the
average of precipitation or some other climatic variable over some time period. In general, droughts
are classified into three main categories viz., Meteorological drought, Hydrological drought and
agricultural drought.

Predicting Drought
Empirical studies conducted over the past century have shown that meteorological drought is never
the result of a single cause. It is result of many causes, often synergistic in nature. A great deal of
research has been conducted in recent years on the role of interacting systems, or teleconnections,
in explaining regional and even global patterns of climate variability. These patterns tend to recur
periodically with enough frequency and with similar characteristics over a sufficient length of time
that they offer opportunities to improve our ability for long-range climate prediction, particularly in
tropics. One such teleconnection is the El Nino/Southern Oscillation (ENSO). Besides, appreciable
statistical works have been accomplished on (i) probability distribution of rainfall amounts and
timings, (ii) beginning and end of growing season and (iii) likely amount of water available for crops
and animals.
After NWP model based medium range weather forecast was started by NCMRWF in 1991, Monsoon 2002 turned out to be worst drought year with the month of July to be driest in the recorded
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history since 1877. Subsequently Monsoon 2004 recorded seasonal rainfall 13% below its long
period average. Such recurring situations of deficient monsoon conditions over the country prompted
NCMRWF to develop rainfall forecast based early warning system on emerging drought situation on
weekly basis in different parts of country. A typical bulletin is presented as under.
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Due to improvement in climate forecast model, the dry spells of monsoon-2009 during almost the
entire June, 1st half of August and second half of September were well anticipated by the many
model forecasts, thus was very useful in the real time forecasting of these dry spells of monsoon
2009 by IMD. Similarly the transition from weak phase of monsoon to active phase of monsoon is
equally important to be captured by model forecasts on real time basis. Using multi-model ensemble approach, IMD is generating rainfall forecast anomaly for week-1, week-2 and extended
range (one month). Forecast are probabilistic in nature like probability of above normal monthly rain
and below normal monthly rain.

Drought Management
Drought management should not be treated as an isolated problem but as an integral and key factor
in sustainable agriculture. Farmers should be encouraged to develop a range of flexible contingency plans that protect the soil, climate, and vegetation. In the field of agriculture in India, the
contingency crop planning strategies at district scale have been developed through research efforts
since mid-1970s to minimize crop losses due to aberrant weather conditions. Contingency crop
planning under extreme events are implemented effectively through weather based Agro-Advsiories
as it is supported by advance weather information (medium, extended and long range) during the
monsoon season and this enables farmers to modify their usual cropping patterns before and during
the crop season. Drought management operations include:
•

Community nurseries at points where water is available

•

Transplantation

•

sowing of alternate crops/varieties

•

rationing or thinning of crops

•

Soil mulching if the break in the monsoon is very brief

•

Weed control

•

In situ water harvesting and/or run-off recycling

•

Broad beds and furrows

•

graded border strips

•

Inter-row and inter-plot water harvesting systems

•

Intercropping systems for areas where the growing season is generally 20 to 30 weeks

•

Alternate land use systems

•

Development of agriculture on the basis of the watershed approach

•

Alley cropping

•

Agro-horticultural systems

•

Watershed approaches for resource improvement and use

•

Water resources development

•

Treatment of lands with soil conservation measures

•

Alternate land use systems

•

Forage production.
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At present bulletins are being issued from three levels as mentioned below.

National Agromet Advisory Bulletin
The bulletin is prepared for national level agricultural-planning & management and is being issued
by National Agromet Advisory Service Centre, Agricultural Meteorology Division, India Meteorological Department. Prime users of this bulletin are Crop Weather Watch Group, (CWWG), Ministry of
agriculture. Bulletin is also communicated to all the related Ministries (State & Central), Organizations, NGOs for their use.

State Agromet Advisory Bulletin
This bulletin is prepared for State level agricultural planning & management. These bulletins are
issued from 22 AAS units at different State capitals. Prime user of this bulletin is State ACWWG. This
is also meant for other users like Fertilizer industry, Pesticide industry, Irrigation Department, Seed
Corporation, Transport and other organizations which provide inputs in agriculture.

District Agromet Advisory Bulletin
This is prepared for the farmers of the districts. These bulletins are being issued from 130 AMFUs
functioning at State Agricultural Universities, ICAR centres and IITs. This contains advisories for all
the weather sensitive agricultural operations form sowing to harvest. It also includes advisories for
horticultural crops and livestock. These weather based advisories are disseminated to the farmers
through mass media dissemination, Internet etc as well as through district level intermediaries. The
advisories are also communicated through multi-channel dissemination system.

Fig. 1. DAAS organizational structure and their functions.
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CONTINGENCY PLANS AND AGROMET ADVISORIES – A CASE
STUDY IN ANDHRA PRADESH
D Raji Reddy
Introduction
In the state of Andhra Pradesh (7.8 million hectare), kharif crops depend mainly on summer monsoon rains. Yields are understood to vary in response to the variable timing of the commencement
and conclusion of the rainy season, prolonged dry spells within the rainy season, and flood damage
to crops from events of high rainfall intensity. Current vulnerabilities to climate are strongly correlated with climate variability, in particular precipitation variability. These vulnerabilities are largest in
semi-arid and arid low-income countries, where precipitation and stream flow are concentrated over
a few months, and where year-to-year variations are high. The number of hydro-meteorological
hazards (droughts, floods, wind storms etc.,) have significantly increased in recent decades, from
195 (1987-1998 average) to 365 (2000-2006 average), indicating that climate-related disaster risk
is increasing. Extreme climate events (droughts, floods, cyclones) regularly affect multiple sectors
including agriculture, food security, water resources and health. More than 70% of farms in AP are
small and marginal and are thus vulnerable to climate variability. Some factors, such as increased
temperatures and longer drought periods, are likely to depress production. Managing climate risks
is a major challenge of today and for the future.
Agromet advisories are one such means to pass on climate risk management information to mitigate the losses incurred by farmers. Unfavorable weather conditions like delayed monsoon, intermittent dry spells, prolonged droughts and extreme weather events like heat waves, floods and
cyclones etc., are major concerns to the Indian farmers. The advance prediction of these weather
events, and dissemination of contingent crop planning measures on real time basis using modem
information and communication technologies would help the farmer immensely in reducing the crop
losses under aberrant weather situations and also taking-up suitable contingency measures. Farmers who incorporate the forecast products in their climate risk management are getting benefited.

Agromet- advisories
Information on impending weather 3-10 days in advance i.e. medium range weather forecast is vital
for effectiveness of farming practices like sowing of weather sensitive high yielding varieties, need
based application of fertilizers, pesticides, insecticides, irrigation and harvest planning.
To extend the period of forecast for 3-7 days i.e., medium range weather forecast for the benefit of
farming community, the India Meteorological Department has been issuing district level medium
range forecast to the 127 agrometeorological field units in the country under the project “Integrated
agro advisory services (IAAS). Under this project, apart from weather forecasts, agro-advisories
based on weather are also being issued for the benefit of farming community by the AMFU's at
district level.
Advisories are farmers bulletin, which take into account the prevailing weather, soil and crop condition, weather forecasts and, suggest measures to minimize the losses (crop or livestock) and effective utilization of inputs (irrigation, fertilizers, pesticides etc.,) and also suggest contingent crop planning.
Presently, the IMD will provide district specific medium range weather forecast valid for coming 5
days on every Tuesday and Friday. Based on the forecast received from IMD the nodal officer or his
associate will prepare the final forecast on quantitative rainfall, tendency in maximum and minimum
temperatures, wind speed and direction, cloud cover and relative humidity valid for next 5 days.
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Agro-advisory services at ANGRAU
ANGRAU is implementing these services and issuing agromet advisories at district level from seven
agro-climatic zones.

Mode of preparation and dissemination of agro-advisory bulletins
The Principal scientist (Agromet) is the Principal Nodal Officer of the Agrometeorological Field Unit
(AMFU) unit of ANGRAU and it is located at Agromet-Cell, Agricultural Research Institute,
Rajendranagar. An expert committee (panel of subject matter specialists) drawn from different disciplines including livestock and poultry has been constituted to help in preparation of Agro-advisories based on impending weather. Taking this into cognizance and considering the location specific
crop information, diagnostic visits of the Scientists, DAATT centres, Rythu chaitanya yaathralu (Farmer
Awareness Programmes), Rythu polallo sasthravethalu (Scientists in Farmers Fields) etc., the expert committee prepares the agro-advisory bulletin.
On the basis of local agro-meteorological and farming information and the weather forecasts from
IMD, the subject matter specialists discuss about the options and consequent effects, and then
decide the advice for the action by the farmers in respect of the items related to their expertise. All
these together constitute the advisory, which is easily understandable in local language by the
farmers.
Currently, in Andhra Pradesh, agro-advisories are being issued for seven agro-climatic zones viz.,
Anakapalli for North Coastal Zone, Chintapalli for high altitude & tribal areas, Lam for Krishna Godavari
Zone, Anantapur for Scarce Rainfall Zone, Tirupati for Southern Zone, Jagtial for Northern Telangana
Zone, Rajendranagar for Southern Telangana Zone, a composite bulletin covering all the regions of
state of AP is also being issued both in English as well as local language (Telugu). These zonal head
quarters will issue AABs for the districts which fall under their agroclimatic zones as shown in the
plate.

Content of agro-advisories
The content of these advisories varies with location, season, weather, crop condition and local
management practices. This may include:
•

Crop wise farm management information tailored to weather sensitive agricultural practices like
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field preparation, time of seeding, irrigation, fertilizer, herbicide or insecticide application, har
vesting, marketing etc.,
•

Special warnings for taking appropriate measures for saving crop from aberrant weather.

•

Location specific package and practices for cultivation of different crops suitable for the
agroclimatic zone relevant to that period.

•

Information or caution on outbreak of pests and diseases under prevailing or

•

Forecast weather conditions

•

Problems related to animal health etc.,

The advisories also serve an early warning function, alerting producers to the implications of various
weather events such as extreme temperatures, heavy rains, floods and strong winds etc.,
The following points are to kept in mind for preparing effective agro-advisory bulletins:
•

Identification of weather sensitive field operations

•

Accurate weather forecast taking into cognizance of local weather

•

Real time information on crops (major crops, varieties, sowing time, phenological stage,
status of pests and diseases etc.,)

•

Reliable source of information

•

Crop weather calendars

•

Easily understandable language

The feedback is collected from the contact progressive farmers, on usefulness of the advisories as
well as suggestions for its improvement. Systematic study conducted by this unit on economic
impact of the project in four villages in Ranga Reddy District revealed that there is a benefit of 9 15% due to adoption of agromet advisories.

Case study - Impact of AAS on minimizing loss due to Botrytis
Cloudy weather and continuous drizzling during spike development favours disease development.
•

Average yield of Castor crop in Rangareddy district = 110.4 kg/acre

•

Average crop loss due to Botrytis disease (30%) = 33 kg/acre = Rs 495/- @ Rs.l500 /per 100 kg.

•

I spray cost of Carbendazim = Rs 300/- including labour cost

•

Net benefit accrued = Yield advantage Rs.495 / acre - cost of chemical Rs.300 = Rs.195/-

Contingency crop plans
In preparation of contingency plans, not only long range and extended range forecast, but also
medium range weather forecasts are taken into consideration and contingency plans are needed if
following conditions prevail:
•

Failure of South- West Monsoon

•

Delayed onset or early withdrawal of monsoon

•

Deficit or erratic rainfall

•

Damage to crops due to cyclones, floods etc.,

98

•

Crop loss due to drought
s

•

Insufficient supply of irrigation water or late release of canal water

•

Long dry spells

•

Heat or cold waves

•

Severe pest or disease outbreaks due to favourable weather conditions

The contingency strategies are to be based on location specific needs and situation based (rainfed
or irrigated). Within the region also they vary with soil types. Acharya N. G. Ranga Agricultural
University has made noble attempt to develop location specific contingency plans by monitoring the
seasonal and crop conditions on real time basis and forecast weather of IMD, for the benefit of
farming community to enable them to respond suitably and save the crops with reasonably good
yields. Some of the contingency measures suggested during Kharif 2009 are as follows:
Monitoring of season during kharif 2009 and suggestions for contingent crops or strategies

Rainfed areas in the state

A model contingency plan for paddy in A.P.
Krishna Godavari Zone
Late release of canal water: Due to late release of canal water the sowing of nurseries and
transplanting of rice are likely to be delayed beyond the cut off date (15th July) and the rice
yield of popular long duration varieties may get reduced by 15 to 30%. The pest and disease
incidence may increase. To get normal yields the following practices are recommended :
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•

If sowings are to be taken short duration varieties are preferred.

•

Shallow planting of 25 days old seedlings @ 4 to 6 per hill and increasing the plant density from
33 to 44 hill/ m2.

•

Increase N level by 50% and its application in three equal splits (Basal, 20 DAT and PI) in case
of long duration cultivars, 2/3rd basal and l/3rd at 25 DAT in case of late planting of aged
seedlings of long duration varieties. Prophylactic plant protection measures to control sheath
blight with Propiconazole / Hexaconazole are to be taken up

•

Application of phosphorus, potassium and zinc in sufficient quantities at planting is necessary

•

Weed control can be achieved with herbicides like 2,4 - DEE, Butachlor or Anilophos

•

Be prepared for timely control of pests like gall midge, stem borer, leaf folder and BPH.
North Telangana and Central Telangana Zone

Late planting beyond August 10 : Short duration varieties like Erramallelu, Jagtiala Sannalu, WGL44, JGL-3844, MTU 1010 and Tellahamsa are preferred for planting over traditional varieties. Also
plant 25 days old seedlings @ 4-6 per hill and increase the plant density from 33 to 44 hill /m2
•

Planting of aged seedlings: When planting of aged seedlings take following care.

•

Nitrogen application in nurseries may be avoided when the seedlings are over-aged.

•

Long duration - up to 60 days old seedlings are preferable

•

Medium duration- up to 50 days old seedlings are preferable

•

Short duration - up to 40 days old seedlings are preferred by taking precautions like maintain
ing 50 to 60 hills per m2, no. of seedlings may also be increased to 4 - 6 per hill, apply phos
phorus, potash and zinc as a basal dose for good stand establishment and growth and two third nitrogen may be applied as basal and remaining one - third nitrogen at panicle initiation.

•

Increase N level by 50% and its application in three equal splits (Basal, 20 DAT and PI) in case
of long duration cultivars, 2/3rd basal and 1/3rd at 25 DAT in case of late planting of aged
seedlings of long duration varieties. Prophylactic plant protection measures to control sheath
blight with Propiconazole / Hexaconazole are to be taken up.

Optimum time for sowing of rice nurseries in different regions of A.P.

Conclusion
Medium range weather forecast is useful in issuing location specific weather based agro-advisories
to tailor the agricultural operations. By closely monitoring seasonal conditions and using medium
range weather forecast an effective contingency cropping strategy is possible. Timely dissemination
of these advisories/contingency crop plans/measures will help the farmers to maximize the yield by
optimum use of inputs and enhance the economic returns to the farmers.
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LAND USE AND CROPPING PATTERN MANAGEMENT FOR MITIGATION OF DROUGHT EFFECTS
G R Korwar
Introduction
Drought is a climatic anomaly, characterized by deficient supply of moisture resulting either from
sub normal rainfall, erratic rainfall distribution, higher water need or a combination of all the three
factors. Drought is an extended period of abnormally dry weather that causes water shortages and
crop damage. Drought starts when total rainfall is well below the average for several days. Other
signs of drought include: unusually low river flows, low groundwater and reservoir levels, very dry
soil, reduced crop yields or even crop failure. Groundwater is not replenished because not enough
rain is falling to wet the soil's entire surface area and to be absorbed properly. Droughts are the
resultant of acute water shortages due to lack of rains over extended period of time. Agricultural
drought is considered to have occurred when at least four consecutive weeks receiving less than
half of the normal rainfall (> 5 mm) during kharif or six such consecutive weeks in rabi. The National
Commission on Agriculture (1976) has categorized drought in to the following three types.

Types of drought
Meteorological drought
This is a situation when there is significant (>25%) decrease from normal rainfall over an area.

Hydrological drought
Meteorological drought, if prolonged, results in hydrological drought with marked depletion of surface water and consequent drying up of reservoirs, lakes, streams and rivers.

Agricultural drought
This type of drought occurs when there isn't enough moisture to support average crop production on
farms or average grass production on range land. Although agricultural drought often occurs during
dry, hot periods of low precipitation, it also occurs during periods of average precipitation when soil
conditions or agricultural techniques require extra water.

Classification of Agricultural Drought
Early season drought
Early season drought occurs when there is delay in the commencement of rains during the cropping
season. Sometimes early rains occur tempting the farmer to sow the crops followed by a long dry
spell leading to seedling and poor stand establishment.

Mid season drought
Mid season drought occur in association with the break in the monsoon. Drought condition during
vegetative crop growth phase might result in the stunted growth, low leaf area development and
even reduced plant population.

Late season drought
Due to early cessation of rains some time crops may encounter moisture stress during its reproductive phase which leads to forced maturity of the crops due to rise in temperature.

Impacts of drought
Impacts of droughts on crop productivity are more intense in low rainfall regions than in regions
receiving higher quantum of rainfall (Ramakrishna et. al., 2000). Periods of drought can have significant environmental, agricultural, health, economic and social consequences. The effect varies ac-
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cording to vulnerability. For example, subsistence farmers are more likely to be affected during
drought because they do not have alternative food sources. Areas with populations that depend on
subsistence farming as a major food source are more vulnerable to drought-triggered famine. Common consequences of drought include:
•
•
•
•
•
•

Decline in crop production and productivity
Decline in the availability of fodder and animal productivity
Decline in investment capacity of farmers
Non-availability of raw material for agro-industries
Degradation of environment
Migration of human / livestock

Management of drought
Late onset of monsoon, prolonged dry-spells during monsoon season or early cessations of rain
was the major characteristics of monsoon aberration. These situations were sought to be managed
through a two pronged strategy, viz., Conservation and efficient utilization of water and suitable
crops and cropping systems in relation to drought.

Conservation and efficient utilization of water
Water conservation implies improving the availability of water through augmentation by means of
storage of water in surface reservoirs, tanks, soil and groundwater zone. It emphasizes the need to
make available water to meet the crop demands which requires conserving and judicious use of
water. Since, agriculture accounts for about 69% of all water withdrawn, the greatest potential for
conservation lies in increasing irrigation efficiencies. The use of sprinkler irrigation saves about 56%
of water for the winter crops of bajra and jowar, while for cotton; the saving is about 30% as compared to the traditional gravity irrigation. An important supplement to conservation is to minimize the
wastage of water.

In situ soil moisture conservation measure
These measures help in conserving as much of the rainfall as possible so that the moisture availability period can be prolonged and can reduce the effect of drought. Some of the soil moisture measures that can be followed for conserving the moisture are: a) broad bed and furrow b) conservation
furrows c) contour cultivation d) use of mulches e) ridge and furrow etc.

Broad bed and furrow (BBF): This technology is suitable for the rainfall range of 700 - 1300 mm
and for medium to deep black soils (Vertisols) with slope up to 5%. The BBF system consists of a
relatively raised flat bed or ridge approximately 95 cm wide and shallow furrow about 55 cm wide
and 15 cm deep. The BBF system is laid out on a grade of 0.4 - 0.8 % for optimum performance. It
is important to attain a uniform shape without sudden and sharp edges because of the need in many
crops and cropping systems to plant rows on the shoulder of the broad-bed. The BBF formed during
the first year can be maintained for the long term (25-30 years). The raised bed portion acts as an insitu 'bund' to conserve more moisture, ensures soil stability and the shallow furrows provides good
surface drainage to promote aeration in the seedbed and root zone; prevents water logging of crops
on the bed. It is suitable for many crops and cropping systems and mechanized operations and
reduces the water erosion and conserves moisture effectively.

Conservation furrows: This technology is suitable for the rainfall range of 400-900 mm for alfisols
and associated soils with a slope of 1-4%. This practice is highly suitable for soils with severe
problems of crusting, sealing and hard setting where early runoff is quite common. In this practice, a
series of furrows are opened on contour or across the slope at 3-5 m apart. These furrows harvest
the local runoff water and improve the soil moisture to the adjacent crop row, particularly during the
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period of water stress. To improve its further effectiveness it is recommended to use this system
along with contour cultivation or cultivation across the slope (Rao et. al., 1981). The spacing between the furrows and its size can be chosen based on the rainfall, soils, crops and topography. The
furrows can be made either during planting time or during intercultural operation using a country
plough. Two to three passes in the same furrow may be needed to obtain the required furrow size.

Contour cultivation or Cultivation across slope: A simple practice of farming across the slope,
keeping the same level, as far as possible (which is technically called contour-farming) has many
beneficial effects. The ridges and the rows of the plants placed across the slope form a continual
series of miniature barriers to the water moving over the soil surface. The barriers are small individually, but as they are large in number, their total effect is great in reducing run-off, soil erosion and
loss of plant nutrients. Apart from conserving the water and soil, contour-farming conserves soil
fertility and increases crop yields. This technology is suitable for the rainfall up to 1000 mm for
almost all soil types with a slope of 1.5-4.0%. Contour cultivation or cultivation across the slope are
simple methods of cultivation, which can effectively reduce the runoff and soil loss on gentle sloping
lands. In contour cultivation all the field operations such as ploughing, planting and intercultivation
are performed on the contour. It helps in reduction of runoff by impounding water in small depressions and reduces the developments of rills. In some situations it is desirable to provide a small
slope along the row (cultivation a cross the slope), to prevent runoff from a large storm breaking
over the small ridges formed during the contour cultivations. On long slopes, where bunding is done
to decrease the slope length, the bunds can act as guidelines for contour cultivation. On the mild
slopes where bunding is not necessary, contour guidelines may be marked in the field.

Mulching: Covering of inter-row or intra-row spaces with the help of any materials is known as
mulching. Mulching reduced the evaporation losses by decreasing the heat load thereby leading to
conserve more soil moisture in the soil profile. There are different mulches like dust mulch, organic
mulches, surfactants, plastic film etc.

Rainwater harvesting and Watershed Based Development Approach
There is a need to recharge aquifers and conserve rainwater through water harvesting structures.
Apart from bridging the demand–supply gap, recharging improves the quality of groundwater, raises
the water table in wells/bore-wells and prevents flooding and choking of drains. One can also save
energy to pump groundwater as water table rises. Based on this realization, the Government initiated a massive programme for integrated watershed development in dry land areas. Further, during
the last two decades, other programmes initiated by Government for mitigating the effects of drought
and ecological restoration like Drought Prone Areas Programme and Desert Development Programme
even though initiated earlier, have undergone considerable transformation in the same direction.
Farm ponds are very age old practice of harvesting runoff water in India. These are bodies of water,
either constructed by excavating a pit or by constructing an embankment across a water-course or
the combination of both. Farm pond size is decided on the total requirement of water for irrigation,
livestock and domestic use. If the expected runoff is low, the capacity of the pond will only include
the requirement for livestock and domestic use. Once the capacity of the pond is determined, the
next step is to determine the dimensions of the pond. To achieve the overall higher efficiency, the
following guidelines should be adopted in the design and construction of farm ponds. High-storage
efficiency of the farm pond can be achieved by locating the pond in a gully, depression, or on land
having steep slopes. Whenever possible, use the raised inlet system to capture runoff water from
the upstream. This design will considerably improve the storage efficiency of the structure. Reduction in seepage losses can be achieved by selecting the pond site having sub soils with low satu-
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rated hydraulic conductivity. As a rough guide, the silt and clay content of the least conducting soil
layer is inversely linked with seepage losses. Therefore, it is best to select the site having subsoil
with higher clay and silt and less coarse sand. Also, reduce the pond wetted surface area in relation
to water storage volume. This can be achieved with a pond of a circular shape or close to that
shape.

Crops and cropping system management in relation to drought
Selection of appropriate crops: Deficit in stored soil moisture stress lead to drought which in turn
lead to affect crop production adversely. One strategy to overcome the deficient stored soil moisture
in dry land area is to identify suitable crops that will require less moisture to complete its life cycle.

Selection of suitable crops varieties: Another strategy to overcome the recurring drought condition
in dry land area is to identify the suitable varieties based on the rainfall.
Selection of suitable crops varieties based on the soil type: Soil moisture holding capacity depends mostly on texture. The moisture holding capacity of sandy soil is less than clay or silt loam
soils. Hence during the period of low or deficient rainfall the crop growing in sandy soils are more
prone to drought effect as compare to crops growing in clay soils. Based on the moisture holding
capacity of soil, long duration rice variety is recommended for fine textured and short duration variety for coarse textured soils.

Selection of suitable crops / varieties based on root characteristics: Some crops have the ability
to withstand drought because of the extensive root system. For example sorghum is more drought
tolerant then maize because of different root concentration. Greater drought resistance is shown in
the plants with deeper and more extensively branched root systems.

Planting practices: Adjusting the plant population (density), depth of seed and time of planting can
help to evade or minimized the consequence of drought.

Plant population management: Ideal plant density fosters optimum development of both root and
top growth without overcrowding. The essence of good drought management is to ensure that a
crop extract less soil water early in the season than later when the plants water needs mount
together with their vulnerability.

Planting depth: While planting depth depends on the size of the seeds, factors such as soil type
and temperature needs to consider. In drought prone areas, planting seeds at the bottom of furrows
has two advantages as water harvesting slopes supplying runoff to the furrows and protect delicate
seedlings and crowns from winds.

Planting time: Usually longer the growth period of crops, the higher the yield, but a long growth
period heighten the risk of damage. As far as possible, crops and cultivars should be chosen whose
climate requirements most closely match the local weather pattern. This usually allows some latitudes in planting dates and opportunity for staggered planting as a further safeguard.

Inter cropping systems: Intercropping with two or more crops with different growth habits, duration, maturity period is an ideal drought mitigation strategy where due to the aberrant rainfall at least
one crop will yield thus avoiding the total crop loss.

Contingency cropping: Contingency or expediency cropping is a means of occasionally modifying
a cropping system to better advantage. Thus, if sufficient rains to moisten the soil profile has fallen
late in the growing season a farmer may opt to planting a second, short season crop or pasture.

Strip cropping: In drought prone area dry land strip cropping can enhance conservation of soil
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moisture especially for small grain production. Each year crops are planted on alternate strips, the
intervening strips being left fallow in the hope of collecting suffiecient soil moisture for grain crops in
the next season.

Agroforestry: Growing of annual crops in arid regions is highly vulnerable to frequent risk posed by
droughts. Under such situation agroforestry provides multiple benefits in terms of providing food,
fodder, fuel, fruits, fibers and high aromatic and industrial products and also provides security against
risk. The following agroforestry systems are common in India in arid and semi arid condition to
minimize the drought effects (Korwar, 1992; Pathak and Solanki, 2002):

•
•
•
•
•
•
•
•

Agri-silviculture (trees +crops)
Boundary plantation (trees on boundary) +crops
Alley cropping (hedges+ crops)
Agri-horticulture (fruit trees+ crops)
Agri-silvi-horticulture (trees fruits trees+ crops)
Horti-pasture (fruits trees pasture/animals)
Agri-silvi-pasture (trees+ crop+. pasture/animals)
Shelter belt (trees+ crops)

Policy Interventions: The government of India over the years comes up with a numbers of policies
based on the experience gained from various drought situation and other impacts during the last
few decades. The drought policies can be classified as: Short term policies: these policies are
carried out at reducing the impact of drought and mitigating the suffering of people from drought e.g.
relief programmes, contingency planning etc.

Medium term policies: These policies are aimed at tackling some of the causes of drought and
aim at corrective measure e.g. soil water conservation measures, afforestation programmes etc.
Long term policies: These measures are aimed at preventing the drought e.g. bringing more area
under irrigation, linking of rivers, etc.

Crop insurance: It was attempted for the first time in India during kharif 1985, when the comprehensive crop insurance scheme was launched. One of the basic objectives of the scheme was “to
provide a measure of financial support to the farmer in the event of crop failure following drought
effects. This was further modified and a Modified Comprehensive Crop Insurance Scheme (MCCIS)
was proposed from kharif, 1999.
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THE PRESENT CONTEXT OF CLIMATE CHANGE, PROJECTIONS
AND SCENARIOS
S K Dash
Introduction
The most important concern for the current generation is the unwanted changes occurring in the
earth-atmosphere-ocean system due to some of our activities. The whole issue of man-made climate change can be looked into from two broad perspectives: emissions of Greenhouse Gases
(GHGs) and damage to the environment. Global warming occurs due to the excessive release of
GHGs into the atmosphere. Primarily, Carbon Dioxide (CO2) is the culprit which is released in excess due to the use of fossil fuels as the main source of energy for industrial growth. This is a global
issue. The country which emits large amount of CO2 due to excessive use of energy resources is not
the only sufferer. Once the GHGs enter the atmosphere, they do not follow any geographical boundary of the nations. They become the cause of worry for the entire globe. Reduction of GHG emissions is closely linked to national economy and hence a matter of global politics. This problem can
only be handled with global negotiations and most importantly through the invention of alternate
sources of energy and clean technology. The global agencies concerned with climate change have
to make heavy investments on climate change sector as in any other technological marvels such as
the space technology. Climate also changes due to over exploitation of Nature. Pressure on the
climate system due to land overuse, deforestation, tapping of vulnerable water sources, destruction
of the ecosystems and environmental pollutions also causes changes in regional sectors in the
short time scale and on the whole global climate in the long run. This second category of adverse
impacts on the climate system is more dangerous, since the recovery procedure may take much
more time.
Some of the important weather related events affecting India are heat waves, cold waves, land
slides, prolonged fog, snowfall, intense rain events, floods, droughts, and cyclonic storms. Peoples'
perception is likely increase in the frequency of occurrence of these weather phenomena. It is very
essential to examine the observed meteorological parameters very carefully in order to categorize
those as scientific evidences. The most important parameter which directly indicates global warming is the increase in the mean surface air temperature of the globe by about 0.7°C in the last
century. India is also experiencing the rise in its surface air temperature. However, due to the heterogeneity in the topography and climatic conditions in India, the rise in the surface temperature
need not be same in all its regions. The climate of the whole of peninsula is Tropical Savana and
that of the West Coast is basically Tropical Rain Forest. On the other hand, the climate of the
northern part of India is Warm with Dry winds and that of western India is Dry Steppe. Due to the
large expanse of India both along north-south and west-east, different parts of the country experience different ranges of temperature and rainfall even during the same month or season. The mountains in the country add to the wide variation in the climate of places located in the same latitudinal
and longitudinal belts. The ecosystems in the coastal belts, the rich biodiversity in the mountainous
regions, and the tropical rain forests form the life line of the climate of India. In addition to this
geographical inhomogeneity, there is the issue of large seasonal variations in weather and climate.
During the four months from June to September, the southwest summer monsoon is predominant
and during October to December, the northeast winter monsoon controls the weather of the country
in general. Farmers mostly depend on the performance of monsoon rain and the others living in
rural tribal areas look to the forests and ecosystems for their daily needs. The socio-economic
conditions of the Indian populace, added to the above scientific issues, make the study of the spatial
and temporal variations in the rise in temperature in India a major problem to understand in detail so
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as to find appropriate adaptation strategies.
First part of this talk is based on the evidences in climate changes in India based on actual observations. After that some future scenarios will be described.

Changes in the surface air temperatures over India
Examination of the trends in the annual temperature anomalies averaged over India during the last
century indicates that the annual mean temperature has increased by about 0.7°C and the maximum temperature has increased by about 0.8°C. On the other hand the annual minimum temperature over India does not show any appreciable enhancement. It may be noted here that the surface
air temperature varies as the sun's position with respect to the earth changes in a day. Normally the
surface temperature is the least in the early morning and it attains its maximum value sometimes in
the afternoon. These values are recorded by the minimum and maximum thermometers. The day
time mean temperature is obtained by taking the average of all the measurements made at a place
during the day. Similarly the night time mean temperature can also be found.

Temperature changes in different seasons
In order to examine the temperature trend over India during different seasons, the entire year is
divided into four seasons namely, winter (January and February), pre-monsoon (March to May),
monsoon (June to September) and post-monsoon (October to December). Analysis of temperature
field reveals that the winter-time increase in the mean temperature over India is about 1.0°C whereas
during post-monsoon months there has been a rise of about 1.1°C in the last century. During premonsoon and monsoon months the mean temperature has increased by about 0.3 and 0.4°C respectively. It may be noted that the temperature rise is the highest in post-monsoon months followed by winter. Also, during winter and post-monsoon months the temperature enhancement is
more than double of that in pre-monsoon and monsoon months. Such large difference in the temperature rise between the two halves of the year may lead to changes in spatial position of heating
sources over the Indian region and adjoining area and hence in the atmospheric circulation patterns. The time series of maximum temperature over India during the four seasons in the last century shows that the increase in the maximum temperature during winter is also 1.0°C and that in
post-monsoon months is 1.1°C. Similar increase during pre-monsoon and monsoon are about 0.6
and 0.4°C respectively. On the other hand, the minimum temperatures during winter and pre-monsoon months show negligible change in the last century. The minimum temperature during summer
monsoon months has decreased by about 0.2°C and that during post-monsoon months of October
to December has increased by about 0.6°C.

Rise in temperature over different regions in India
The impact of climate change may differ from one region to the other, especially for a geographically
complex terrain in India. Hence following www.tropmet.res.in, our country has been divided into
seven zones in order to examine the changes in maximum and minimum temperatures over these
regions. The seven zones are northwest, western Himalaya, north central, northeast, interior peninsula, east coast and west coast. Results indicate that the maximum temperature has been increasing during the last century over all the regions of India. However, the increase in magnitude is not
the same everywhere. West coast shows maximum increase in the maximum temperature by about
1.2°C. Next to the west coast, maximum temperature has increased by 1°C in the northeast, 0.9°C
in the western Himalaya, 0.8°C in the north central, 0.6°C in the northwest, 0.6°C in the east coast
and by the least amount of 0.5°C in the interior peninsula. Unlike the maximum temperature, the
minimum temperatures in four northern regions of India show some peculiar changes. Results show
that there is sharp decrease in the minimum temperature by 1.9°C in the western Himalaya, 1.4°C
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in the north east, 1.1°C in the north central and 0.7°C in the northwest India during 1955 to 1972 and
then equally sharp rise over the past 3-4 decades. The minimum temperatures in southern regions
such as interior peninsula, east coast and west coast show almost equal enhancement during the
last century. Trend lines indicate that interior peninsula shows maximum increase in the minimum
temperature by about 0.5°C. Next to the interior peninsula, minimum temperature increased by
0.4°C in the east coast and by the least amount of 0.2°C in the west coast of India.
The regional and seasonal discrepancies in the rise in surface air temperature has large bearing on
agriculture, water availability and power distribution besides on human comfort, health and effective
working hours. For effective policy formulation and management, each region has to be considered
separately. In addition, the difference in the change in inter-seasonal temperatures will have profound impact on the cropping pattern and hence a challenge to the farmers and agricultural scientists. Occurrences of some diseases, whether of human beings, animals or plants are very sensitive
to small perturbations in the delicate seasonal temperature balance. Since temperature is the most
important parameter controlling the overall weather and climate of a place, once it undergoes nonuniform temporal and spatial changes, the consequences are the likely intensification of the general
impacts of climate change. The spatial and temporal changes in temperature are also accelerated
by the non-sustainable exploitation of natural resources, notably the overuse and misuse of land,
deforestation, destruction of the ecosystems, and environmental and coastal pollutions. Issues related to environmental degradation are local and for their remedies, the direct involvement of the
local communities is essential. Otherwise the consequences can be particularly serious over a few
years within the regions where the over-exploitation occurs. Although corrective measures for GHG
abatement are well understood, measures to decelerate regional environmental damage are more
complex.

Heat wave conditions in the east coast
From the global warming point of view, only the temperature trends may not indicate the severity of
climate change. People are usually concerned with the excesses in heating and cooling. In 1998,
during the period 18 May to 6 June heat wave to severe heat wave conditions prevailed over Orissa
and about 1024 people lost their lives. After five years, in 2003, similar heat wave conditions were
observed during 16 May to 11 June in neighboring Andhra Pradesh where 2033 people died. Based
on the maximum temperature observed by IMD at different observatories all over the country, it is
found that during the heat wave conditions in 2003, the highest maximum temperature in the country was confined to 7 stations in the Andhra Pradesh and Orissa states. During this heat wave period
of 23 days, the highest maximum temperature varied between 45°C to 50°C. The maximum temperature at stations Hanamkonda, Machilipatnam and Gannavaram were 48, 48.2 and 49°C respectively against their respective climatological highest values 46.7, 47.8 and 48°C in the last 100
years. Thus the rise in temperature has been more than 1°C. While citing such extreme events, it is
important to note that in the climatic time scale, such events may reflect the annual fluctuations only.
However, unusually large magnitudes of fluctuation and their persistence for a long time can not be
ignored altogether. Even if such events are considered as isolate and statistically insignificant, considering the disastrous impacts of such extreme cases, one can not ignore these altogether. Scientifically one may examine it under the category of uncertainty in climate change.

Spatial and temporal variations in rainfall
The rainfall values examined here are obtained from http://www.tropmet.res.in and cover the period
1871-2002. Data are available for 29 meteorological subdivisions out of a total of 35 in India. Analysis shows that during pre-monsoon and post-monsoon months there is increasing tendency in rain-
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fall although the magnitudes (0.4 cm and 1cm respectively) are small considering the length of the
period i.e., 132 years. The rainfall in winter months has remained more or less constant in the last
century. ISMR show high variability and decrease by about 1.8 cm during 1871-2002 in addition to
the fact that there is about 30 yr time period in fluctuation. The decrease in ISMR is about 1% of its
long term average value of 86cm whereas the increase in rainfall in pre-monsoon and post-monsoon months are 4.3% and 8.3% of their long term average values of 9.2 cm and 12 cm respectively. These percentages indicate the differences in the inter-seasonal rainfall amounts based on
the mean values over the whole country. As mentioned above the summer monsoon rainfall over
the past few years have shown some reduction and also high variability. On the contrary, in the
warming atmosphere more summer rainfall is expected. This surprising effect can partly be explained by considering the combined effects of climate change and meso-scale influences of the
mountains on the monsoon flow. As the troposphere becomes less stable and the mean height of
the tropopause rises in a warming climate, it enables warmer boundary layer air from lower levels to
flow over the tops of the mountains. This can produce more rain on the slopes of the mountains, less
formation of snow and more melting.

Climate projections and scenarios
Future GHG emissions are the product of very complex dynamic systems, determined by driving
forces such as demographic development, socio-economic development, and technological change.
These emissions are highly uncertain. Projections of emission scenarios assist in climate change
analysis, including climate modeling and the assessment of impacts, adaptation, and mitigation. A
set of scenarios was developed to represent the range of driving forces and emissions which in a
way reflects current understanding and knowledge about underlying uncertainties.
The Intergovernmental Panel on Climate Change (IPCC) published a new set of scenarios in 2007
for use in the Fourth Assessment Report (SRES - Special Report on Emissions Scenarios). The
SRES scenarios were constructed to explore future developments in the global environment with
special reference to the production of GHG and aerosol precursor emissions. They use the following terminology:
Storyline is a narrative description of a scenario (or a family of scenarios), highlighting the main
scenario characteristics and dynamics, and the relationships between key driving forces.
Scenarios are projections of a potential future, based on a clear logic and a quantified storyline.
Scenario family means one or more scenarios that have the same demographic, politico-societal,
economic and technological storyline.
The SRES team defined four narrative storylines, labeled A1, A2, B1 and B2, describing the relationships between the forces driving GHG and aerosol emissions and their evolution during the 21st
century for large world regions and globally . Each storyline represents different demographic, social, economic, technological, and environmental developments that diverge in increasingly irreversible ways.
In simple terms, the four storylines combine into two sets of divergent tendencies: one set varying
between strong economic values and strong environmental values, the other set between increasing globalization and increasing regionalization. The storylines are summarized as follows:

A1 storyline and scenario family: A future world of very rapid economic growth, global population that peaks in mid-century and declines thereafter, and rapid introduction of new and more
efficient technologies.
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A2 storyline and scenario family: A very heterogeneous world with continuously in creasing
global population and regionally oriented economic growth that is more frag mented and slower
than in other storylines.

B1 storyline and scenario family: A convergent world with the same global population as in the
A1 storyline but with rapid changes in economic structures toward a service and information economy,
with reductions in material intensity, and the introduction of clean and resource-efficient technologies.

B2 storyline and scenario family: A world in which the emphasis is on local solutions to economic, social, and environmental sustainability, with continuously increasing population (lower than
A2) and intermediate economic development.
After determining the basic features of each of the above four storylines, including quantitative
projections of major driving variables such as population and economic development the storylines
were further quantified using integrated assessment models. Six groups of scenarios were drawn
from the four families: one group each in the A2, B1 and B2 families, and three groups in the A1
family. The groups in A1 family are based on alternative developments of energy technologies: fossil
intensive (A1FI), predominantly non-fossil (A1T) and balanced across energy sources (A1B).
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GENERAL CIRCULATION MODEL AND REGIONAL CLIMATE
MODEL
S K Dash
Introduction
It is well known that the atmosphere consisting of several gases envelops the earth and rotates
around the earth's axis. Since the earth revolves around the sun, atmosphere as part of the earthatmosphere-ocean system also revolves around the sun. In addition to such rotational motions
along with those of the earth, the atmosphere as any other fluid has its own dynamics. We also
observe weather disturbances of various spatial and temporal scales continuously occurring in the
atmosphere. When one thinks of meteorological phenomena such as tornadoes, cyclones, clouds,
convective motions and several such other weather and climate related events, it is very essential to
first discuss the physical forces experienced in the atmosphere. Understanding of such forces gives
clear ideas about the physical processes in the atmosphere. Also the governing equations of atmospheric processes can be formulated based on these forces.
The various physical quantities which characterize the state of the atmosphere e.g. pressure, density, temperature, moisture and wind velocity and their derivatives are assumed to be continuous
functions of space and time. Hence, the fundamental laws of fluid mechanics and thermodynamics
which govern the motions of the atmosphere can be expressed in terms of some partial differential
equations involving the meteorological parameters. These equations are; the Newton's laws of motion
relating the acceleration to the forces, the thermodynamic law relating the rate of change of internal
energy to the rate of heating, the principle of conservation of mass and the thermodynamic state
relation. While modelling the atmosphere, the detailed mathematical formulation of all the forces
and rates of heating and the appropriate boundary conditions are also to be considered. Today
mathematical models are the best available tools to understand the science of weather and climate.
Further, very sophisticated numerical models are being used to predict the weather with reasonable
accuracy and generate scenarios for the future climate.
The foundation of Numerical Weather Prediction (NWP) lies in the understanding of various forces
of meteorological importance in the atmosphere, formulating the closed set of mathematical equations and finding their solutions by numerical techniques. In this lecture, we will first discuss the
closed set of equations used in NWP. Thereafter a global model and a regional model will be discussed as typical examples and some results obtained from these two models in case of Indian
summer monsoon will be analysed.
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The most important application of the basic equations discussed so far is in the weather prediction
by numerical methods. For numerical weather prediction the following information are required,

• Initial state of field variables and surface boundary conditions.
• The closed set of prediction equations relating the field variables mentioned earlier.
• A method of integrating the equation in time to obtain the future distribution of field variables.
• Physical parameterisation schemes to take care of convection, radiation, planetary boundary
processes etc.
Climate models are integrated for very long time periods either over the entire globe or over a
particular region. In these models the driving forces are basically different concentrations of Greenhouse Gases (GHGs) especially CO2. General Circulation Models (GCMs) are integrated over the
entire globe and are used for short, medium and long range weather forecasting. In such global
models the slowly varying boundary conditions such as Sea Surface Temperature (SST), snow and
other surface features play a very important role. Regional Climate Models (RCMs) are integrated
over fixed domains over the globe and they get their lateral boundary conditions updated using
results from the global models.
In this particular lecture note, spectral GCM of the Indian Institute of Technology Delhi (IITD) and the
Regional Climate Model (RegCM) of Abdus Salam International Centre for Theoretical Physics
(ICTP) are discussed as examples of model simulations sensitive to slowly varying surface boundary conditions.
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Description of spectral GCM of IITD
The IITD spectral GCM is the first model of its kind to be successfully installed in India in 1985. It
was the outcome of the visit of the author to the Department of Meteorology at the University of
Reading and the ECMWF in Reading, U.K. through the Colombo Plan of the British Council during
1984-85. The original version of this model at resolution T21 belonged to ECMWF. Here, the letter
T followed by the numeral stands for the maximum truncation limit in the triangular truncation scheme
in the horizontal direction and the letter L followed by the number represents the number of sigma
levels in the vertical. The original version of the spectral GCM at IIT Delhi belongs to the European
Centre for Medium range Weather Forecasts (ECMWF) at horizontal resolution T21L05. Earlier,
T21 model was successfully used for simulating circulation patterns over India (Dash and Chakrapani,
1989) and its higher resolution version T42L09 was used successfully for several sensitivity studies
(Dash, 1995 & 1999). Considerable efforts have also been made for the parallelisation of the GCM
at different resolutions such as T21L05, T42L09 and T63L09 and the parallel codes have been
successfully implemented on 16, 32 and 48 processors with reasonable efficiency (Dash et. al.,
1993, 1995; Dash and Jha, 1996; Dash 1998, 2001). The earlier model has currently been modified
to higher resolution T80L18. It has 256x128 equivalent grids in the horizontal and 18 sigma levels in
the vertical. The mean orography based on US Navy data has been prescribed in the model along
with 2-dimensional Lanczos filter so as to represent the Himalayas and the Western Ghats realistically.
As in any other spectral GCM, all the prognostic variables such as horizontal components of wind,
temperature, moisture and surface pressure and also orography and geopotential in the horizontal
plane are represented by truncated series of spherical harmonics in the triangular truncation scheme.
A set of semi-implicit equations are finally solved in the spectral domain to produce fields at a future
time step. The details of the equations used in the original version of IITD spectral GCM are given in
Dash and Chakrapani (1989). The source code of the model was subsequently modified to conduct
sensitivity experiments at required higher resolutions. The physical processes in the GCM include
dry and moist adiabatic adjustment, large scale condensation, radiation and fluxes of heat, moisture
and momentum used in the GFDL model. Because of the truncations in the spectral space, there
may be spurious growth of amplitude near the truncation wave number. In order to avoid this, the
transport processes are parameterised through horizontal diffusion. A linear horizontal diffusion of
vorticity, divergence, temperature and moisture has been made on sigma surface of the model. The
vertical diffusion of momentum and moisture is also assumed to be linear. At the surface layer the
fluxes are given in terms of bulk aerodynamic parameterization. The surface boundary layer is
assumed to be at the height of 75 meters and above 2.5 Kms the mixing length is assumed to be
zero. In addition to dry and moist adiabatic adjustments the Kuo scheme has been introduced in the
GCM as a second choice.

Sensitivity experiments using IITD GCM
The IITD spectral GCM at resolution T80L18 has been used to conduct a set of experiments (Dash
et.al., 2006a) with the actual snow depth anomaly obtained (Dash et.al., 2005) from two extreme
cases of (i) high Eurasian snow followed by less ISMR and (ii) low Eurasian snow followed by
excess ISMR. Model simulations confirm the inverse snow-monsoon relationship obtained from the
observed data. Based on the model result it is also inferred that IITD spectral GCM is sensitive to
the land surface processes, especially the snow extent and depth. The model simulated mean
monsoon circulation features for high and low snow depth years have been compared with the
corresponding years of NCEP/NCAR reanalysis. Both the sources indicate the evolution of weak/
strong monsoon circulation from the mid-latitude circulation in response to high/low Eurasian snow
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Table. 1. Salient features of the IITD spectral GCM

depth in April. It is inferred that cooling over the Caspian Sea by about 10°C due to high snow depth
might be responsible for the weak Asian monsoon circulation and deficient rainfall. At 850hPa, the
difference in wind fields in high and low snow dept- years shows an anomalous anti-cyclonic circulation to the north of Arabian Sea and western sector of India which is responsible for weak easterlies
over Indian subcontinent. The difference of wind fields at 200hPa shows anomalous cyclonic circulation over south of the Caspian Sea, which might have contributed to the anomalous easterlies
over the Arabian Sea and Indian subcontinent. Results also indicate that excess of summer monsoon rainfall over the Asian region corresponds to the low snow depth in April over the Eurasia
region. The reverse happens in case of high Eurasian snow depth.
IITD spectral GCM at T80L18 resolution has been integrated for a period of 20 years from 1985 to
2004 in the ensemble mode to generate daily model climatological fields. There are 11-member
ensembles starting from the initial conditions of 25th April to 5th May for integrating IITD spectral
GCM up to the end of September in each case of 20yrs. Daily, monthly and seasonal (June to
September) wind and rainfall values have been examined in detail in order to determine the climate
and climate variability of the IITD spectral GCM. The model has also been used for extended range
monsoon prediction on experimental basis from 2007 to 2010.
The National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) reanalysed data for the period 1985-2004 have been used to integrate the T80L18
GCM for seasonal prediction experiments. These data at resolution 2.5° x 2.5° are obtained from
ftp://nomad3.ncep.noaa.gov/pub/reanalysis-2/6hr/sig/ at 6 hourly intervals for all the months during
1985-2004 in zip format. For comparing the model results, observed rainfall from India Meteorological Department (IMD) at 1°x1° grid resolution and NCEP/NCAR reanalysed atmospheric fields are
utilised.
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Table . 2. Types of sensitive experiments conducted

All the model integrations have been divided into four types of experiments by varying surface
boundary conditions as given in Table. 2 and described below. The 20-year simulations, using IITD
GCM forced with combinations of climatological and observed boundary conditions such as SST
and Eurasian snow are analysed here to examine their relative impact on summer monsoon features. Model-simulated climatologies of circulation and rainfall are compared with respective
reanalysed fields and IMD gridded rainfall data. Qualitatively and quantitatively the dominant features of the monsoon circulations at 850 and 200 hPa levels are well simulated by the model in all
the four experiments.
In Exp4, where observed values of Eurasian snow and SST are prescribed to the GCM, the strength
of the Somali Jet is stronger by 5 m/s compared to those in other three experiments. In general, in
this case, the wind field at 850 hPa is stronger over the Arabian Sea, Peninsular India and the Bay
of Bengal. At 200 hPa the model is also able to capture the stronger core of the Easterly Jet compared to rest of the experiments. GCM simulated ensemble mean JJAS rainfall in Exp4 is closer to
the respective IMD observed value in comparison to the rainfall in all other experiments. Simulated
rainfall is well captured over the monsoon trough area and the Konkan and Goa region. Based on
the above results it is clear that the GCM is sensitive to the combined role of the two most important
surface boundary conditions SST and snow. Both the circulation and rainfall are stronger in response to the observed values of both SST and snow compared to their individual or combined
climatological values.

Description of RegCM3
ICTP has developed a Regional Climate Model (RCM) specifically design to suit the need of scientists. The latest version of the ICTP RCM, named the ICTP Regional Climate Model version 3
(RegCM3), is the third generation of a modeling framework originally described by Giorgi and Mearns
(1999). RegCM3 is a compressible, grid point model with 18 vertical layers and hydrostatic balance.
There are two categories of land use such as MM4 vegetation and Global Land Cover Characterization (GLCC) which determine surface properties like albedo, roughness, moisture etc. at each grid
point. The USGS Global Land Cover Characterization and Global 30 Arc-Second Elevation datasets
are now used to create the terrain files. In addition, NCEP and ECMWF global reanalysis datasets
are used for the initial and boundary conditions. MM4 vegetation has 13 different types and GLCC
has similarly 20 types of lands. The model dynamical core is essentially the same as that of the
hydrostatic version of MM5 (Grell et. al., 1994). The model includes cumulus parameterization
schemes, large scale precipitation scheme, planetary boundary layer (PBL) parameterization, stateof-the-art surface vegetation/soil hydrology package, the Biosphere-Atmosphere Transfer Scheme
(BATS), Ocean flux parameterization, pressure gradient scheme, explicit moisture scheme, the
radiative transfer scheme and the ocean-atmosphere flux scheme.
The complete RegCM3 modelling system consists of four modules: TERRAIN, ICBC, REGCM and
Postprocessor. Terrain and ICBC are the two components of RegCM preprocessor. Terrestrial variables (including elevation, land use and sea surface temperature) and three-dimensional isobaric
meteorological data are horizontally interpolated from a latitude-longitude mesh to a high-resolution
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domain on either a Rotated (or Normal) Mercator, Lambert Conformal or Polar Stereographic projection. Vertical interpolation from pressure levels to the s coordinate system of RegCM is also
performed. s surfaces near the ground closely follow the terrain, and the higher-level s surfaces
tend to approximate isobaric surfaces.
Table. 3. Salient features of RegCM3

Sensitivity experiments using RegCM3
For simulating the monsoon circulation features and rainfall in RegCM3, the central longitude and
central latitude is chosen at 80oE and 20oN with 101 grid points along the latitude circle and 115
points along the longitudinal direction. The domain chosen is 55oE to 105oE and 5oS to 45oN with
horizontal grid distance of 55 km. The original monthly averaged Optimum Interpolation SST from
NCEP available for the whole year are horizontally interpolated into the specified domain and also in
each time step for the model integration. The RegCM3 has been integrated from 1st April to 30th
September in the years 1993 to 1996 using reanalysed data. The experiments are conducted for
two cumulus parameterization schemes such as Kuo and Grell with Arakawa-Schubert as the closure scheme. Here, monthly snow depth data based on NIMBUS-7 SMMR satellite is used for
conducting sensitivity experiments. In the control experiment, snow depth over the Tibetan domain
has been used as surface boundary conditions. In our experiment, we have initially prescribed
10cm of snow depth uniformly over the Tibet on 1st April and integrated the model up to 30th September in the years 1993 to 1996.
Results of Dash et.al., (2006b) indicate that RegCM3 successfully simulates some of the important
characteristics of Indian summer monsoon circulation such as 850hPa westerly and 200hPa easterly flow when Grell convection scheme is used with Arakawa-Schubert as the closure assumption
compared to the Kuo scheme. Also, the seasonal mean summer monsoon rainfall simulated by
RegCM3 is close to the corresponding GPCC values when the Grell convection scheme is used.
Thus, the Grell scheme, which shows a generally good performance in reproducing the basic monsoon circulation and rainfall features, is used to examine the sensitivity of model simulated Indian
summer monsoon circulation and precipitation to changes in Tibetan snow depth.
In the sensitivity (snow) experiment using RegCM3, the prescription of 10 cm initial April snow depth
over Tibet leads to a reduction of All India monsoon rainfall of about 30% in the subsequent monsoon season (Shekhar and Dash, 2005). Simulations also show that lower level westerlies and
upper level easterlies are weakened in the snow experiment than in the no-snow experiment.
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REDUCING GREENHOUSE GAS EMISSION – ADAPTATION AND
MITIGATION STRATEGIES
T K Adhya
Introduction
The atmosphere is the face of the planet. Evidently, following the onset of the industrial age the
atmosphere of the earth has changed since the beginning of the last millennium. Trace gases such
as carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O) and ozone (O3) are continuing to
increase in the atmosphere. All these trace gases trap the outgoing radiation from the surface of the
earth to heat the atmosphere. Because of the increasing concentrations of those radiative or greenhouse gases, there is much concern about the future changes in our climate (Table. 1). Agriculture
being among the most climate sensitive sector, any change in the climatic parameters is expected
to affect the agricultural output and food security of the globe. This is especially true for the agriculture of the tropics that is already stretched to its limits due to the interference of climatic parameters,
poor soil resources and wide array of pests and diseases. Rice and wheat are the two major cereals
contributing to the food security of India. However Indian agriculture, cereal production in particular,
has shown a highly erratic pattern of growth with a measly 1.1% increase. Such decline/stagnation
in yield coupled with the recent evidences of climatic interference, has raised concern about the
impact of climate change on crop production system and national food security. The scenario is
further compounded by the increase in the overall demand for food due to increased population.

Agriculture's role in greenhouse gas emissions and mitigation
Agriculture plays an important role in mitigating three major greenhouse gases, viz., CO2, CH4 and
N2O. Plants absorb CO2 from the atmosphere and sequester some C in the plant tissues. Oxygen
(O2) is released during the process of photosynthesis so also CO2 by respiration. The detritus is
converted to CO2 under aerobic conditions or to CH4 under anaerobic conditions or even remain in
the soils as soil organic matter (SOM) if the material does not decompose faster. Aerobic decomposition takes place where decaying plant material is either on the surface or close to it and exposed
to alternating wetting and drying cycles. Anaerobic decomposition produce and release CH4 and
takes place in soils and sediments that are flooded for long periods as in case of paddy fields.
Some agricultural practices remove CO2 from the atmosphere, release O2 back into the atmosphere
and sequester C in the soil for longer periods. Any practice that moves plant material down into the
soil or reduces exposure of the surface soil to atmosphere, extends the period that C is sequestered. Changes in land and soil use can trigger changes soil C accumulation. The process is dynamic, involving plant growth above the soil surface and organic C accumulation below the soil
surface. Eventually, the system reaches a new soil carbon stock equilibrium or saturation point and
no new carbon is added or lost. This accumulation process can continue for long years, but under a
steady-state condition, the amount of soil organic carbon (SOC) eventually stabilizes. However,
changes in land management practices can bring SOC stocks to a new equilibrium with more or
less carbon sequestered than under conventional practices. Agricultural practices can also sequester carbon above ground in the form of woody biomass. This carbon remains sequestered as long
as the tree remains alive or the products remain in organic form such as lumber or furniture.
Nitrous oxide release is a byproduct of the N-cycling. Plants extract nitrogen from naturally occurring compounds in the soil and from organic manures and inorganic N-fertilizers. During the fertilizer
uptake or utilization, the N – either in the inorganic or organic form can be converted to N2O and
contribute to global warming.
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Emission estimates for 2000 and 2050
Raising crops results in N2O emission from the use of nitrogenous fertilizers and CH4 emissions
from anaerobic decomposition of organic material typically associated with flood irrigation. In addition, groundwater extraction releases small amount of CO2 dissolved in water and much larger
amounts from the energy used to lift the water to the surface.
Overall, N2O emissions from all crop agriculture are the largest source of GHG emissions. This
result is based on a direct application of Intergovernmental Panel on Climate Change (IPCC) standard accounting methodology that is subjected to great uncertainty. Estimates indicate that N2O
emissions from irrigated rice were 26.9 mt CO2 in 2000 and will increase to 34.5 mt CO2 in 2050.
Using the IPCC methodology, estimates of N2O emissions are much lower with only 4.5 mt CO2 in
2000 and 5.8 mt CO2 in 2050. For all other crops, IPCC methodology estimates 85.5 mt CO2 in
2000, increasing to 97.2 mt CO2 in 2050.
Focusing on groundwater pumping for irrigated rice, resulting emissions from use of fossil fuels are
large, with an estimated emission of 58.7 mt CO2 in 2000. Of these 95% comes from electrical
pumps and the rest from diesel pumps. Deep wells powered by electricity are the single largest
source of CO2 missions from groundwater pumping. They accounted for 65% of the total in 2000
and 87% in 2050, as it is assumed that for the irrigated agriculture most of the increase in irrigation
water is obtained from ground water extraction. Finally, CH4 emissions from irrigated rice are substantial with the figure reaching to 61.3 mt CO2 in 2050.
By combining these results, estimates of the total CO2 from these sources in 2000 is 148.7 to 218.9
mt CO2. Total GHG emissions from India as reported by the World Resources Institute in 2004 were
1,853 mt CO2 with agricultural emissions being 375 mt CO2. Thus, estimates from these agricultural
activities range from 8.0 to 11.8 percent of total GHG emissions and from 39.6 to 58.4 percent of
agricultural GHG emissions. It is presumed that without appropriate mitigation policies and programs in place, these sources are anticipated to contribute 237.6 to 327.7 mt CO2 in 2050.
Because of many uncertainties, the IPCC has given quantitative estimates of agriculturally related
economic impacts of greenhouse gas related climate change low confidence. A major source of
uncertainty is our inability to accurately project future changes in economic activity, emissions and
climate. Although, there has been progress in monitoring and understanding climate change, there
still remain considerable uncertainty about the rates of changes that can be expected, but it is clear
that these changes will be increasingly manifested in important and tangible ways. However, in spite
of the fact that the source of uncertainty will always exist, the development of ways to quantify and
categorize its impacts on estimates of economic activity will increase our ability to cope with it.

Tropical rice paddy as source of greenhouse gases
Rice crop has been accredited as one of the important sources of anthropogenic CH4 and a potential source of N2O. In a collaborative study between Central Rice Research Institute, Cuttack and
Space Application Centre, ISRO attempts were made to upscale CH4 flux from the rice lands of India
using an integrated methodology of satellite remote sensing and GIS. Multidate SPOT-4 vegetation
(VGT) S10 product, from composite Normalized Difference Vegetation Index (NDVI) for a total year
were used to map rice area, delineate single/double cropped rice area, crop calendar and growth
stages. Rainfall, digital elevation and irrigation data were integrated to stratify the rice area into
distinct categories related to CH4 emission. Results show that the total emission is around 5.74 Tg
yr-1 with wet season contributing 4.66 Tg yr-1. The spatial pattern showed high emission areas in the
states of Tamilnadu, West Bengal and Andhra. The temporal pattern indicates the peak emission
during the months of August-September.
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Mitigation options
With the knowledge gathered till date, it is possible to consolidate the gains and adapt to changes to
tackle the negative effects of climate change on crop production for assuring food security to the
nation. Environment-friendly cultivation practices would be useful to standardize methods of reducing the contribution of agriculture to GHG accumulation in the atmosphere either through an efficient
water management to control CH4 release or proper utilization of fertilizer-N that could curtail the
emission of N2O. Central Rice Research Institute, Cuttack has worked out several environmentfriendly and farmer-friendly practices to reduce CH4 emission from rice paddy without sacrificing the
yield (Table. 3).
Several practices have been advocated to mitigate GHG emissions based on the principles cited
above. Often a practice would affect more than one gas, by more than one mechanism, sometimes
in contra-acting ways so that the net benefit depends on the combined effects on all gases. Further,
the temporal pattern of influence may vary among practices or among gases for a specified practice.

Carbon dioxide
Historically land-use, land-use change and forestry (LULUCF), residue burning and emission and
removal of C from soils are known to positively contribute to the global budget of CO2. Agriculture
also consumes fossil fuels during the manufacture of equipments, fertilizers and other chemical
inputs as well as during machinery and grain handling operations (e.g. grain drying). Strides have
been made to change agriculture from a net contributor to GHG emission to a net sink via C sequestration.

a. Tillage and residue management: Advanced crop growing techniques now allow many crops to
be grown with minimal tillage (reduced tillage) or without tillage (no-tillage). Since soil disturbance
tends to stimulate soil C losses through enhanced decomposition and erosion, reduced or no-tillage
agriculture often results in soil C gain. At least in the short-term, tillage induces CO2 emission proportional to the volume of soil distrib uted. During the course of 14 years, all tillage and cropping
treatments lost SOC compared to the initial SOC levels and conservation tillage and no-tillage lost
the least. Collectively, these results suggest that C sequestration due to no-tillage or conservation/
reduced tillage depends on depth of soil sampling, crop management and duration of continuous
low-intensity tillage system.

b. Water management: About 18% of the world's croplands now receive supplementary water
through irrigation. Expanding this area or using more effective irrigation measures can enhance C
storage in soils through enhanced yields and residue returns. In a long-term experiment, the long
period of soil submergence under rice cultivation conferred recalcitrant character to the SOC leading to its stabilization in non-labile poolsresulting into an enrichment of the SOC stock and restriction
to the gaseous C loading into the atmosphere. However, some of these gains might be offset by
CO2 from energy used to deliver the water.

c. Land-use change: One of the most effective methods of reducing emissions is to allow or encourage the reversion of cropland to another land cover, typically one similar to the native vegetation. Such land cover change often increases storage of C, e.g. converting arable cropland to grassland typically results in the accrual of soil C owing to lower soil disturbance and reduced C removal
in harvested products.. Similarly, converting drained croplands back to wetland can result in rapid
accumulation of soil C (removal of atmo spheric CO2). Planting trees can also reduce emissions and
may also increase the soil C sequestration. However, since land conversion comes at the expense
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of lost agricultural productivity, it is usually an option only on surplus agricultural land or on crop
lands of marginal productivity.
d. Bioenergy: Agricultural crops and residues are being increasingly seen as sources of feed
stocks for energy to displace fossil fuels. These products can be burned directly, but are often
processed further to generate liquid fuel. Biomass fuels are C-neutral because it releases recently
fixed CO2 (via photosynthesis) which does not shift the C-cycle. The net benefit of atmospheric CO2,
however, depends on energy used in growing and processing bio-energy feedstock.

Methane
Methane contributes about 20% of the estimated anthropogenic radiative forcing, second behind
CO2 at 60%. Enteric fermentation by ruminants, rice cultivation, anaerobic waste processing and
manure managements are the principal sources of CH4 from agriculture. US-EPA estimated that
about 28% of CH4 emission was the result of livestock products. However, a certain amount of CH4
is also consumed by microorganisms in aerobic soils by oxidation, the only known biological sink.

a. Rice cultivation : Methane emission from rice fields to the atmosphere is controlled by CH4

production (methanogenesis), CH4 oxidation (methanotrophy) and CH4 transport process. Thus,
strategies to reduce CH4 emission from rice cultivation may be oriented towards (i) reducing CH4
production, (ii) increasing CH4 oxidation and (iii) reducing CH4 transport through plants. CH4 production from flooded paddy is closely associated with rice growing and different cultural practices commonly used in rice cultivation can influence CH4 production and its emission. Rice cultivation, considered as one of the most important anthropogenic sources of CH4 emission, also appears to be
the most suitable candidate for reducing CH4 in the atmosphere because of the possibility of controlling emissions by selected agronomic practices. Worldwide research indicated that water management, organic amendment, fertilizer management and rice cultivars affect the flux of CH4 from this
economically important agro-ecosystem and can be suitably manipulated for mitigation of CH4 emission from flooded rice fields (Table 3). With current technology, improvements in management of
water and nutrients and other cultural practices could substantially reduce CH4 emission from rice
cultivation. The total potential for reducing CH4 emissions from agriculture amounts to 24 to 92 Tg
year-1 (15 to 65% of current levels) with potential reduction from rice cultivation amounting to 8-35
Tg year-1, depending on effectiveness of proposed options and degree of imple mentations. Potential technologies include water management, fertilizer management, cropping pattern, varietal/cultivar selection and the use of selective inhibitors.

b. Manure management : CH4 is produced from anaerobic decomposition of animal manure in
slurry pits, solid manure piles and from moist soil following incorporation of manure. Methane emission from swine lagoons from North Carolina was 8-62 Kg CH4.ha-1. In a series of four lagoons
designed to successively purify water from a swine pro duction facility, the gas flux from Lagoon I,
directly receiving animal waste was dominated by CH4 (79% of total gas flux) while the gas flux in
subsequent lagoons were dominated by N2 with smaller quantities of CH4. A portion of CH4 emitted
to the atmosphere can be sequestered by aerobic soils. Thus, land application of manure could
significantly decrease the net quantity of CH4 emitted to the atmosphere compared with stockpiling
or long-term storage of manure. Manure applied to pasture land did not appear to impact CH4
emission. On the other hand, net uptake of CH4 under corn from moldboard plowed soils amended
with manure was reduced relative to soils without manure.
c. Animal management : Livestock sources of CH4 are predominantly enteric (i.e., from the breath
of ruminants and flatus of monogastric animals) as a result of feed digestion. Globally, enteric pro-
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duction of CH4 was estimated at ~80 Tg.yr-1, which was 20-25% of the observed increase in atmospheric CH4 concentration. Methane emission can be reduced by feeding more concentrates, normally replacing fodder. Although concen trates might increase daily CH4 emission, emissions per kg
feed intake and per kg product are reduced due to better efficiency. Other practices that can reduce
CH4 emissions include : (a) adding oils to the diet, (b) improving pasture quality and (c) optimizing
protein intake. While dietary supplements in the form of ionophores, halogenated compounds, propionate precursors have been tested, their efficacy is doubtful and their overall environmental impact is under cloud.

d. Consumption of CH4 by soil : Soils have the potential to consume CH4 by the activities of

methanotrophic bacteria and constitute the only known net biological sink for atmo spheric CH4 and
terrestrial emissions, where methanotrophic bacteria are able to oxi dize CH4 for energy purposes
or for building up of microbial biomass. Methane uptake is controlled by the interplay of biotic and
abiotic factors providing proximate limitation on CH4 oxidation. Methane oxidation in rice fields is
assumed to consume about one- third of the CH4 production, although values as high as 90% have
also been reported. There is evidence that agricultural practices have adverse effects on the CH 4–
oxidizing ability of soils. Cultivation appears to decrease net CH4 consumption as CH4 oxidation
potentials of cultivated soils are less than in grasslands. Nitrogen fertilization has also been identified among other factors as an important contributor to this effect. In many cases, NH4 was the most
detrimental form of N to CH4 oxidation. In a long-term fertilization experiment, CH4 consumption was
significantly lowered after application of mineral N. On the contrary, stimulation of CH4 oxidation by
NH4–based fertilizers in soil and around rice roots has also been reported – both in microcosm and
under field conditions. It was suggested that elevated CH4/NH4+ ratio in the rooted soil greatly
reduces the inhibitory effect of NH4+. Methane oxidation in an alluvial soil planted to rice under a
long-term fertilization experiment was stimulated following the application of mineral fertilizers or
compost implicating nutrient limitation as one of the factors affecting the process. Combined application of compost and mineral fertilizer, however, inhibited CH4 oxidation probably due to N immobilization by the added compost.

Nitrous oxide
Nitrous oxide is emitted from agricultural soils by soil microbial processes of nitrification (aerobic
transformation of ammonium to nitrate) and denitrification (anaerobic transformation of nitrate to N2
gas. The main cause of agricultural increases in N2O emission to the atmosphere is the application
of N fertilizers and animal manure management. The major factors controlling soil nitrification-denitrification are soil pH, texture, organic C supply, crop residue management, temperature, soil N
content, soil aeration and water status and certain agri-chemicals.

a. Animal manure management : Animal manures can release significant amount of N2O during
storage, but their magnitude varies. Preliminary evidences suggest that covering manure heaps
can reduce N2O emissions. For most animals worldwide, especially the grazing ones, there is limited scope for manure management as excretion happens in the field. However, emissions from
manure may be curtailed to a limited extent by altering the feeding practices but these mechanisms
and the system-wide influence have not been widely explored. Management options to reduce N
loss from animal manure management should focus on improving N-use efficiency of animals to
reduce N excre tion, retaining that N contained in manure until it is applied to land and applying the
appropriate amount of manure in a timely manner to enhance crop uptake. Nitrous oxide emission
from livestock feces deposited on pasture is dependent on rainfall, quantity and frequency of Ninputs from stocking rate and soil organic C level.
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b. N2O emission management from agricultural field: In general, N2O emission increases with

increased N-inputs. The proportion of applied N emitted as N2O has been estimated at 1.25%. Both
fertilized and unfertilized soils emit N2O. While fertilizer-N is a source of N2O in case of fertilized
soils, mineralization of soil organic-N contributes to the production Nitrous oxide Nitrous oxide is
emitted from agricultural soils by soil microbial processes of nitrification (aerobic transformation of
ammonium to nitrate) and denitrification (anaerobic transfor mation of nitrate to N2 gas. The main
cause of agricultural increases in N2O emission to the atmosphere is the application of N fertilizers and animal manure management. The major factors controlling soil nitrification-denitrification
are soil pH, texture, organic C supply, crop residue management, temperature, soil N content, soil
aeration and water status and certain agri-chemicals.

c. N2O emission from field crops: It is strongly related to the moisture status of the soil. Drying

conditions affect nitrification during which low but significant N2O production occurs. When aerobic
periods are followed by irrigation / flooding, large N2O fluxes are observed. The N2O emissions often
increase with increasing aeration (decreasing water-filled pore space) during drainage of anaerobic
rice soils. Very small N2O flux emits when the rice paddy plots were flooded, but it peaked at the
beginning of the disappearance of floodwater suggesting a trade-off between CH4 and N2O emissions. Substantial N2O emission can occur during freeze-thaw events. Even though the soil temperatures may be near 00C, the emission of N2O is due to microbial activity and since the production of N2O exceeds its reduction to gaseous N2 at low temperature, thus contributing to N2O emission during spring-thaw events.of N2O from unfertilized soils. It has been reported that N2O fluxes
were low to moderate until the N-input exceeded crop needs, after which the flux nearly doubles;
suggesting that prudent management of N-inputs can be an effective strategy to minimize N2O
emitted from croplands. Emission of N2O after application of anhydrous ammonia was 2-4 times
higher than surface applying urea ammonium nitrate or broadcasting urea. Fertilizing with ammonium fertilizers like urea increased the potential for ammonia emission but under anaerobic flooded
soil could minimize gaseous N emissions via denitrification.

Opportunity costs of mitigation options
For the agriculture sector, basic principle of mitigation is to accommodate the process without any
sacrifice in yield and rather keeping the growth rate intact as agriculture has the basic responsibility
of feeding the large population of India that is anticipated to touch 1.5 billion by 2050. As mentioned
in the earlier paragraph, CH4 emissions from irrigated rice can be reduced considerably by midseason drainage. It is estimated that a single midseason drainage would reduce annual CH4 emission by 18 percent with only a 1.5 per cent decline. Appropriate technology like aerobic rice is also
expected to reduce CH4 emission. However, both the two technologies are fraught with the increase
in N2O emission, another important greenhouse gas. Obviously, developing environment-friendly
cultivation practices could come in handy and opportunity costs could be balanced through effective
environmental services.
There are also promising indications that fertilizer type and crop choice influence N4O emissions.
However, statistical results are not strong enough to warrant empirical estimates. Quantitative estimates of the potential benefits of extension efforts in encouraging efficiency of fertilizer use, use of
biofertilizers, manure management and use of compost from agricultural and domestic waste programs are still not available.

Trade-offs and GWP
Assessing the impact of agriculture on global climate change requires converting emission data to
GWP. It is estimated that agriculture has the potential to reduce radiative forcing from 1.2 to 3.3 Pg
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CO2-C equivalents.yr-1. It was estimated that about 32% could be from reduced CO2 emissions,
42% from C offsets through biofuel production on 15% of the existing croplands, 16% from reduced
CH4 emissions and 10% from reduced emission of N2O.
A full-cost accounting of the effects of agriculture on greenhouse gas emissions is necessary to
quantify the relative importance of all mitigation options. Such an analysis shows nitrogen fertilizer,
agricultural liming, fuel use, N2O emissions and CH4 fluxes to have additional significant potential for
mitigation. Net GWP calculations should take into consideration the sum of net GHG emission after
deducting the biological consumption and chemical decay, biomass production and ideally net changes
in soil organic carbon (SOC). It has been estimated that SOC sequestration potentially could offset
~15% of the global CO2 emission. There are potential trade-offs between SOC sequestration with
conservation tillage enhanced N2O emission. It has been reported that SOC storage relative to total
emission determined whether a site would provide a net increase or decease in GWP. Their comparisons included GWP from farm operations (planting, harvesting and applying pesticides), fertilizer, liming, irrigation, N2O, CH4 and change in surface SOC (0-5 or 0-7.5 cm).
Calculating net GWP appears straightforward, sum the GHG emission from all sources (soil, energy
use etc.) and compare with the sum of total GHG consumption (C sequestration, methane consumption etc.). However, such measurements are fraught with high spatial and temporal variability.
Comparing two methods of estimating net GWP, one based on SOC change (0-7.5 cm) and the
other based on soil respiration resulted in highly different estimates of GWP, both qualitative and
quantitative. It is thus important that when reporting GWP that assumptions and calculations are
carefully and clearly delineated.

Policy issues on agricultural GHG mitigation
Recent study has shown that there is significant economic potential for GHG mitigation in agriculture, with total potentials of 1900-2100, 2400-2600 and 3100-3300 Mt CO2-equivalent.yr-1 at carbon prices of 0-20, 0-50 and 0-100 US $ per ton CO2-equivalent, respectively. About 70% of this
potential arises from developing countries with a further 10% from countries with economies in
transition. Despite such significant economic potential there are several barriers that could prevent
the implementation of these measures. Many of these barriers are particularly prevalent in developing countries and include economic, risk-related, political, logistical and education as well as societal barriers.
a. Economic barriers include the cost of land, competition for land, continued economic penury,
lack of existing capacity, low price of carbon, population growth, transaction costs and monitoring
costs.
b. Risk related barriers include the delay on returns from investment, issues of stability (particularly
of C sinks) and issues related to leakage and natural variation in C sink strength.
c. Political barriers include the unclear policies on land use planning and the lack of clarity in
carbon/GHG accounting rules and overall a lack of political will.
d. Logisitical barriers including scattered nature of land holdings and conflict of interest among
landowners, accessibility to large areas and biological suitability of the land areas for GHG farming.
e. The educational and societal barriers include newer legislations governing the sector, stakeholders' perception and the persistence of traditional practices.
Maximizing the productivity of existing agricultural land and applying best management practices
would help to reduce greenhouse gas emissions. Ideally, agricultural mitigation measures need to
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be considered within a broader framework of sustainable development. Policies to encourage sustainable development will make agricultural mitigation in developing countries more achievable. The
barriers to implementation of mitigation actions in developing countries need to be overcome if we
are to realize even a proportion of the 70% of global agricultural climate mitigation potential that is
available in these countries.

Conclusion
Agricultural practices are estimated to account for ~20% of India's total emissions. Hence, costeffective reductions in agricultural emissions could significantly lower India's overall emissions.
Mercifully, great opportunities exist for cost-effective mitigation of GHGs from Indian agriculture.
There are significant opportunities for mitigation of GHG in agriculture however there are large
uncertainties and it is difficult to assess the effectiveness of GHG mitigation measures under the
changing environmental conditions. Many recent studies have shown that actual levels of GHG
mitigation are far below the technological potential for these measures. However, several barriers,
mostly economical, and lack of political will act as deterrent to achieve this technological potential.
The estimated biophysical potential of approximately 5500-6000 Mt CO2 equilvalent.yr-1 would not
be realized due to these constraints. With appropriate policies – education and policy initiatives, it
may be possible for agriculture to make a significant contribution to climate mitigation by 2050.
Many agricultural mitigation options have both co-benefits (in terms of improved efficiency, reduced
cost and environmental benefits) and trade-offs. Many agricultural GHG mitigation options could be
implemented immediately without any further technological development while a few options are
still undergoing technological validation. It is important that policy planners understand the issue of
climate change vis-à-vis GHG mitigation measures or potential opportunities so as to be motivated
to act and the costs and benefits of mitigation actions. The long-term outlook for GHG mitigation in
agriculture suggests that there is significant potential but many uncertainties both price and nonprice related will determine the level of implementation.
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CLIMATE CHANGE AND ITS IMPACTS ON DIFFERENT SECTORS
Y S Ramakrishna
Introduction
Resulting from the increased human activity since the mid 18th century there has been a steady
increase in the build up of Green House Gases (GHGs) in the atmosphere. The acceleration of this
adverse condition has led to increased mean global temperatures. IPCC in its recent report confirmed that global atmospheric concentrations of GHGs like carbon dioxide, methane, nitrous oxide
have increased markedly, more so in the last hundred years. During the 20th century there had been
a significant increase in the concentration of green house gases (GHG) in the atmosphere contributing to the global warming (increase from the pre-industrial value of 280 ppm to 379 ppm of CO2 in
2005). The sharp increase in GHGs has resulted in the warming of the global climate system and
leading to considerable changes in the climates across the various regions of the globe. In India the
increase in mean air temperatures were of the order of 0.74°C for the 100 year period 1906-2005
compared to 0.60oC during 1901-2000. The past 15 years since 1995 are the warmest years on
record, indicating the severity of the global warming and associated climate change impacts. While
the increases in mean temperatures have been higher on land, even the oceans have recorded a
significant increase in sea surface temperatures.
Climate change is a severe threat that can lead to increasing damage to the ecological foundations
of agriculture such as, land, water, forests, biodiversity and the atmosphere (Sivakumar and Motha,
2007). Its impacts are expected to influence various sectors including Agriculture, Water, and Energy. Global warming can influence agriculture through direct and indirect influence on crops, livestock and fisheries sectors, besides the pest complex. Experts fear that if the emissions of the GHG
continue to increase, then it will cause adverse effects on environment and food security of human
beings. The Inter-Government Panel on Climate Change (IPCC, 2007) has projected a possible
increase in temperature between 1.5°C and 5.8°C with the best possible value of 3.8°C by 2100 AD.
The net result of climate change as anticipated could be recurring drought and floods and significant
changes in production environments. The projected impacts of climate change on different sectors
are presented in Fig.1. (IPCC, 2007).
For the Indian region
(south Asia), the IPCC
has projected 0.5°C to
1.2°C rise in temperature
by 2020, 0.88 to 3.16°C
by 2050 and 1.56 to
5.44°C by 2080. Overall,
temperature increases
are likely to be much
higher in winter (rabi)
than in rainy season
(kharif). Precipitation is
expected to increase in all
time slices in all months,
excepting during December-February, when it is
likely to decrease.

Fig. 1. Projected impacts of Climate Change on different sectors.
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Contribution by different sectors to Climate Change
The contribution of different sectors to Green house Gas emissions in India are presented in Table1.
Table. 1. GHG emissions in India

It can be seen that while the energy sector is the major contributor to CO2 emissions followed by
land use, land-use change and Forestry, Agriculture is contributing more of Methane and Nitrous
Oxide.
The future impacts of climate change, identified by the Government of India’s National Communications (NATCOM) in 2004 include:

• Decreased snow cover affecting snow-fed and glacial systems such as the Ganges and the
Bramhaputra. 70% of the summer flow of the Ganges comes from melt-water.

• Erratic monsoon with serious effects on rain-fed agriculture, peninsular rivers, water and power
supply.

• Rising sea levels causing displacement along one of the most densely populated coastlines in
the world, threatened freshwater sources and mangrove ecosystems.

• Increased frequency and intensity of floods. Increased vulnerability of people in coastal, arid and
semi-arid zones of the country.

• Studies indicate that over 50% of India’s forests are likely to experience shift in forest types,
adversely impacting associated biodiversity, regional climate dynamics as well as livelihoods based
on forest products.
India currently has one of the fastest growing economies in the world. With a government target of
8% GDP to achieve developmental priorities, India’s emissions are increasing dramatically. We are
today, the fourth largest emitter of greenhouse gases in the world. Although our per-capita emissions are among the lowest in the world and we are within the permissible limits, our growth rates
imply that we no longer maintain the past growth and consumption rates. India imports large quantities of fossil fuels to meet its energy needs, and the burning of fossil fuels alone accounts for 83%
of India’s carbon dioxide emissions. Further, nearly 70% of our electricity supply comes from coal.
The recent IPCC report suggests that India will experience the greatest increase in energy and
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greenhouse gas emissions in the world if it sustains a high annual economic growth rate. The
International Energy Agency predicts that India will become the third largest emitter of greenhouse
gases by as early as 2015 (IPCC,2007).

Impacts on Water availability
Climate change impacts various sectors. One important sector, next to Agriculture and related to
Agricultural needs, is the water sector. Future water requirements for food production in India are
projected in Fig.2.
It can be seen from the projections of future water requirements (Fig. 3) that
would result due to climate change- that
the current level of water availability is
fast dwindling and may fail to meet the
future water needs. The targets are fast
increasing due to increased population
demands and poverty eradication needs
to be met by 2015, 2030 and 2050. Efficient irrigation and rain water management in Rainfed areas will play a key role
in minimizing the impacts and in improving agricultural productivity and also protect soil environment (Ramakrishna et.al,
2007).
Fig.2. Future water requirements for food production

Impact of Climate Change on Agriculture
Systematic studies on climate change have focused on the quantification of impacts on different
commodities in various parts of the country, and assessment of impacts of recent climatic trends. A
brief summary of the key studies relevant for Indian agriculture are as follows.
The increased carbon dioxide levels can improve the photosynthesis of several crops. Important are
the C3 crops such as rice, wheat and pulses. The yields of these crops, in general, are likely to
increase by 10-15% as CO2 goes up from 370 ppm (almost current level) to a projected level of 550
ppm ( Vanaja et.al., 2007). Despite this, associated increase in temperatures and increased variability of rainfall are likely to considerably impact food production. Studies by IPCC and other global
agencies indicate the likelihood of 10-40% loss in crop production in India with increase in temperature by 2080-2100.However these projections may not hold true in the event of improved crop
varieties, management practices and other adaptive measures.
Estimated crop yield responses to climate change could also vary widely, depending upon the species, cultivation practices, soil properties and pest and diseases. C3 crops could also benefit from
reduced weed infestation. Fourteen of the world's 17 most troublesome terrestrial weed species are
C4 plants in C3 crops (Morison, 1989). The difference in response to increased CO2 , may make
such weeds less competitive. In contrast, C3 weeds in C4 crops, particularly in tropical regions,
could become more of a problem, although the final outcome will depend on the relative response of
crops and weeds to the level of climatic change as well.

Increased temperatures and production
Agricultural productivity is a function of many variables. Under conditions of global warming, different models predict that the temperature and precipitation will increase over the Indian sub-conti-
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nent. There is likely to be a regional variation, in the amount of warming and precipitation. As the
individual crop production is sensitive to different climate variables and in combination with edaphic
conditions like the moisture and nutrient availability, the impact of climate change on ultimate crop
productivity would be regionally variable. Changes in climate will interact with stresses that result
from actions to increase agricultural production, affecting crop yields and productivity in different
ways, depending on the types of agricultural practices and systems in place (Aggarwal, 2009). The
main direct effects on crop growth and productivity will be through changes in factors such as
temperature, precipitation, length of growing season, and timing of extreme or critical threshold
events relative to crop development, as well as through changes in atmospheric CO2 concentration.
Climate change is expected to influence not only the productivity but also the quality of the produce.
High temperature during the grain-filling stage can have deleterious effects on the yield and quality
of crop products. Temperature above certain growth-optimal temperatures impairs dry matter production and a general decrease in grain size. Higher than normal temperatures at the grain filling
stage strongly influences the ultimate grain production and quality. The aroma develops fast in
Basmati rice when ripened at a low temperature (day 250C; night 200C) than that ripened at a high
temperature (day 350C; night 300C). This is one of the prime reasons for the shifts in, production
zones of high quality basmati .
Average climatic (Temperature) database at times, could be misleading in assessing the exact
impacts of increased thermal regime on agricultural productivity. One of the specific studies conducted by Sinha and Swaminathan (1996) revealed that while the mean air temperatures recorded
over the wheat growing regions in
northern India were high by 1.70C
over a period of 15 days (January
16 to February 1), the actual temperature rise was of the order of
2.3 to 4.50C in the major wheatproducing region of Punjab and
Haryana (Fig. 3). Studies show that
wheat yields could decrease by as
much as 130-150kg/ha for each
degree raise in night temperatures
during the reproductive period.
Similarly, in case of rice, the yields
could dip up to 10% for every 10C
increase in minimum temperature
during the critical growing season.
Further, the experiments on rice in
India, reported by Sinha et.al.,
(1998) showed that higher temperatures and reduced radiation
associated with increased cloudiness caused spikelet sterility and Fig .3. Change in temperature in regions of India for an averreduced yields in rice to such an age increase of 1.7oC from January 16 to February 1 in regions
extent that, any increase in dry- delineated by thick lines.
matter production as a result of CO2 fertilization proved to be of no advantage in grain productivity.
In recent past, there are indications to suggest that there are slight shifts in the wheat growing area
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towards northern parts of India due to temperature rise in some parts of central India. Similar trend
was also observed in case of apple production zones where some shifts to higher altitudes are
observed in Himachal Pradesh as the required chilling period which influences the quality of the
apple is not being met in the earlier growing regions as they are now experiencing increased thermal regime.

Impacts on Fisheries
Fisheries and fish production are also sensitive to changes in climate. Thermal regime changes
strongly influence both the fish growth rates and migration patterns. The positive effects of climate
change-such as longer growing seasons, lower natural winter mortality, and faster growth rates in
higher latitudes-may be offset by negative factors such as changes in established reproductive
patterns, migration routes, and ecosystem relationships. Even the increase in sea surface temperatures seems to influence the fish migration and catches. There are indications to show that increased sea surface temperatures over time had influenced the extension in the distribution of the
oil sardine- the important marine fish to northern latitudes along the Indian coast, in the past few
decades (Anon, 2009). Similarly, the impacts of increased thermal regimes on inland fisheries is
seen in northern regions and some of the cold loving fish in the Ganges was observed to have
moved northwards because of increased warm conditions.

Conclusions
Some impacts of global warming have already become visible in India. Monsoon rains are becoming less predictable. There is an increase in flood and drought frequency. The variability in climatic
events is increasing. Further there are evidences that some of our Himalayan glaciers are melting
though there is no concrete evidence on any decrease in snowfall. Our mangrove forests are disappearing at an alarming rate. The resultant of these climate change impacts would adversely impact
our water resources and agricultural productivity. Food security and eradication of hunger and poverty would be critical issues that need to be tackled in the context of climate change. Climate friendly
policies are being envisaged by the government. For example, the government attempts to reduce
the nation's energy intensity by 20 percent per unit of GDP between 2007–08 and 2016–17. Other
Governmental efforts are aimed to create awareness in the farming community and enhancing the
research efforts to understand and develop viable adaptative and mitigation strategies that could
pave way to meet the future challenges of climate impacts on food security, public health, biodiversity,
agricultural production, access to drinking water, and livelihoods.
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CLIMATE CHANGE - TRENDS, IMPACTS AND MITIGATION
STRATEGIES
G G S N Rao, A V M S Rao and V U M Rao
Introduction
Increasing evidence over the past few decades indicate that significant changes in climate are
taking place worldwide as a result of enhanced human activities. The inventions of last few centuries, more so in the last century have altered the concentration of atmospheric constituents that lead
to global warming. The major cause to climate change has been ascribed to the increased levels of
greenhouse gases like carbon dioxide (CO2), methane (CH4), nitrous oxides (NO2), chlorofluorocarbons (CFCs) beyond their natural levels due to the uncontrolled human activities such as burning of
fossil fuels, increased use of refrigerants, and enhanced agricultural activities. The long-term trend
of declining CO2 emissions per unit of energy supplied reversed after 2000. Atmospheric concentrations of CO2 (379 ppm) and CH4 (1774 ppb) in 2005 exceed by far the natural range over the last
650,000 years.
The annual emissions of CO2 grew by about 80% between 1970 and 2004 (Fig.1). The CO2 contribution from various sources namely burning of fossil fuels, deforestation etc. accounts for 76.6
percent of the total green house gas emissions over the globe. 44 percent of the entire GHG emissions over the globe are from the Industry and Energy sectors.

Fig .1. (a) Global annual emissions of anthropogenic GHGs from 1970 to 2004. (b) Share of different anthropogenic GHGs in total emissions in 2004. (c) Share of different sectors in total anthropogenic GHG emissions in 2004
The latest monthly mean CO2 measured at Mouna Loa, Hawaii, USA on September 2009 is at
384.78 ppm (Fig.2). The highest CO2 concentration is observed in month of May and lowest in
October. The average CO2 concentration increased from 379 ppm in 2005 to 385 in 2008.
The Intergovernmental Panel for Climate Change (IPCC, 2007) reported that eleven of the last
thirteen years (1995-2007) rank among the twelve warmest years in the instrumental record of
global surface temperature (since 1850). The temperature increase is widespread over the globe

133

and is greater at higher northern latitudes. thermal expansion, melting
glaciers and ice caps, and polar ice
sheets. Satellite data since 1978
show that annual average Arctic sea
ice extent has shrunk by 2.7 percent
(2.1 to 3.3) per decade, with larger
decreases in summer 7.4 percent
(5.0 to 9.8) per decade. Mountain glaciers and snow cover on average
have declined in both hemispheres.
It has also induced increased climatic
variability and occurrence of extreme
weather events in many parts of the
world. Studies indicate that the years
Fig. 2. Recent Monthly mean CO2 at Mauna Loa, Hawaii
viz., 1997, 1998 and 1999 during the
past century, recorded warmer conditions across the globe, and the process continued in this decade also. Summer 2002 and 2003 were declared as warmest years on record by NOAA especially
in the Asian sub continent and in Europe where the temperatures remained extremely high for long
periods resulting in death of 20,000 people in Europe alone. Scientists attribute this to a long-term
warming trend over the globe. The 100-year linear trend (1906-2005) of 0.74 [0.56 to 0.92]°C is
larger than the corresponding trend of 0.6 [0.4 to 0.8]°C (1901-2000) given in the Third Assessment
Report (TAR). The temperature increase is widespread over the globe and is greater at higher
northern latitudes. Land regions have warmed faster than the oceans.
The increasing trend of monthly temperature of the globe for period 1850 to 2008 and 1965 to
October 2008 shows that the rate of increase in the temperature is more observed in the recent past
from 1980 onwards.
Over the past 50 years it was noticed that cold days, cold nights and frosts have become less
frequent over most land areas, and hot days and hot nights have become more frequent. heat
waves have become more frequent over most land areas, the frequency of heavy precipitation
events has increased over most areas, and since 1975 the incidence of extreme high sea level has
increased worldwide.

Indian Scenario
According to TERI's estimates, India's carbon dioxide emission levels are increasing by 6 percent
per year as a result the total emissions have increased tenfold since 1950. While the CO2 emissions
for India at 1997 level had been 237 million metric tons, it is projected to increase to 775 million
metric tons by the end of the century if coal is continued to be used at the current pace.

Temperature trends
In India, Earlier work of Hingane et. al., (1985) on long-term trends of surface temperature
covering the period of 1900-82 from 73 well distributed gauging stations showed a warming
trend of 0.04o C per decade for the period 1901-82. Using the all-India mean surface air temperatures during 1901-2000 from network of 31 well-distributed representative stations, the trends in
mean annual temperatures over the country were reported by Rupa Kumar et.al., (2002). Warming
trends were observed during all the four seasons with higher rate of temperature increase during
winter and post-monsoon seasons compared to that of annual (Table.1).

134

Table. 1. Trends in Mean Surface Air Temperatures over India during 1901-2000
Season

Trends (°C / Decade)

Annual

0.03*

Winter

0.04*

Pre-monsoon

0.02*

Monsoon

0.01

Post-Monsoon

0.05

* Significant at 95% and more

(Source: Rupa Kumar et al., 2002)

Evaluation of trends in minimum and maximum temperatures for the entire country and also for the
six homogenous regions in the country showed a decreasing minimum temperature trend during
summer monsoon and an increasing trend during the winter season where as an increasing
trend in both the seasons for maximum temperature was noticed which may have influence on
rainfed agricultural production system in kharif and wheat production in rabi. Analysis of observed
spatial patterns of maximum temperature indicate more than 45oC in central India, 35-40oC
along west coast, about 25oC in Himachal Pradesh in North India (NATCOM Report, 2004).
Arora et. al., (2005) reported that annual mean temperature, mean maximum and minimum temperature have increased at the rate of 0.42, 0.92 and 0.09oC/100yr respectively.
The long-term trends in temperature were assessed with the minimum and maximum temperature
data for 47 stations across the country for more than 50 years (DARE report 2008-09). Overall, 55
to 80% stations located across the country showed increasing trends in average annual temperature (Fig.3). About 75, 60 and 54% of the stations in south, east and central India, respectively,
showed increasing trend in maximum temperature, whereas only 8 and 13% of the stations in
central and west India, respectively, showed decreasing trend. Similarly 80, 78 and 75% of the
stations in east, north and south, respectively, showed increasing trends in minimum temperature.

Rainfall
In case of rainfall, the observed southwest monsoon seasonal rainfall at all
India level does not show any significant trend (Rupa Kumar et. al., 1992).
Trend analyses has been carried out
on monthly basis for all the 36 subdivisions of the country and suggest that
contribution of June and August rainfall exhibited significant increasing
trends, while contribution of July rainfall exhibited decreasing trends
(Guhathakurta and Rajeevan, 2006).
June rainfall is getting importance as
its contribution to annual rainfall is increasing in almost 19 subdivisions
while decreasing in the remaining 17
subdivisions. Contribution of July rainfall is decreasing in central and west
peninsular India (significantly in south

Fig. 3. Long-term (> 50 years) mean annual temperature
(oC) trends at 47 locations in India.
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interior Karnataka (95%), East M.P. (90%), Vidharba (90%), Madhya Maharashtra (90%), Marathwada
(90%), Konkan and Goa (90%), and North interior Karnataka (90%). Interestingly, contribution of
August rainfall is increasing in all these subdivisions. Therefore, a major shift in rainfall pattern
spatially and temporally during the recent years was noticed.
Trends analysis of sub-divisional rainfall series for the winter season (January-February), pre-monsoon season (March-May), post-monsoon season (October-December) indicate that rainfall is decreasing significantly over eighteen sub-divisions of the country during the winter season. During
the pre-monsoon, rainfall is decreasing over most parts of the central India especially over the six
subdivisions, viz., Gujarat Regions, west Madhya Pradesh, east Madhya Pradesh, Vidarbha,
Chhattisgarh and Jharkhand. This may indirectly suggests that the convective activity, which is the
main cause for the rainfall activities during the pre-monsoon season, is decreasing over the central
parts of the country. However, during the post-monsoon season, rainfall is increasing significantly in
the sub-divisions, viz., Saurashtra and Kutch, Marathwada and Rayalseema.
However at regional level, variations in rainfall patterns have been observed. Analysis of long-term
rainfall data for over 1100 stations across India show pockets of deficit rainfall over eastern Madhya
Pradesh, Chhattisgarh and Northeast region in Central and Eastern India (Rao et. al., 2007 ) especially around Jharkhand to Chhattisgarh. In contrast, increasing trends (+ 10 to 12%) in rainfall are
observed along the west coast, northern Andhra Pradesh and parts of NW India (Note Action Plan
on Climate Change 2008). However, there are indications of shifts in monthly rainfall patterns in
southern peninsular region. Comparison of the mean annual rainfall since 1991 onwards with the
earlier normal (1961-90) rainfall at Bangalore showed that the peak monthly rainfall had shifted from
September to October. In general, the shift seems to be of about 20-25 days. Similar patterns are
observed at Anantapur and Bijapur also (Fig.4).

Fig. 4. Shifts in monthly rainfall patterns in southern peninsular region

Extreme Weather Events
A perception that is strongly felt is that during the recent decade, the extreme weather events (heat
waves, cold waves, cyclonic activity) have increased. Number of depressions and cyclones were
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decreased but Intensity of cyclones increased. The cyclone that hit Orissa State (India) in October
1999 affected 12.9 million people and resulted in the loss of 1.6 million houses, nearly 2 million
hectares of crops and 40,000 livestock. Human loss of 1,000 people who died in India during an
intense heat wave in May 2002, and the 1,400 deaths in the heat wave in 2003. Continuous floods
in different parts of Andhra Pradesh during 2005, 06 , 07 and 2009 after continuous deficit rainfall
led to significant economic losses.
Though the number of droughts or floods per decade do not show any marked change, the intensities of these events have shown a significant increase. Analysis of rainfall events with intensities of
10, 100 and above 100 mm (Goswami et. al., 2006) indicate that in the recent period the frequency
of rain events with intensities of more than 100 mm have increased (Fig.5) while there had been a
significant decrease in the frequency of moderate rain events over central India during 1951 to
2000.

Fig. 5. Changes in the Frequency Distribution of Extremes during 1951-1970 and 1980-2000

Climate Model Simulations of the Indian Climate
The global atmosphere-ocean coupled models provide good representations of the planetary
scale features, but their application to regional studies is limited by their coarse resolution (~300
km). Developing high resolution models on a global scale is not only very expensive besides time
consuming for climate change simulations, but also suffers from errors due to inadequate representation of high- resolution climate processes worldwide. Instead, regional climate models (RCMs)
can provide an opportunity to dynamically downscale global model simulations to superimpose the
regional detail of a given regions.
High-resolution simulation on climate change has been carried out for India based using the second-generation Hadley Centre regional climate model (HadRM2). HadRM2 is a high-resolution
climate model that covers a limited area of the globe (5,000 km x 5,000 km) with a horizontal
resolution of 50 km x 50 km. Studies on Indian scenarios have conducted by the Indian Institute of
Tropical Meteorology (NATCOM, 2004) on the basis of PRECIS (Providing Regional Climates for
Impact Studies) runs, to assess the spatial patterns of seasonal rainfall over India (Fig. 6).
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Some preliminary scenarios based on
HadRM2, for the IS92a scenario for the future
time slice of 2041- 2060 has been generated.
In the regional climate model, under increasing atmospheric GHG concentrations, the
mean surface temperatures are seen to increase everywhere in the region, in all the seasons (Fig. 7). The warming is more pronounced
over land areas, with the maximum increase
over northern India. The warming is also relatively greater in winter and post-monsoon seasons. The summer monsoon season is marked
by a relatively lower magnitude of warming.
This seasonal asymmetry of greenhouse
warming over India has a remarkable resemblance to that seen in the case of observed
trends in all- India mean surface temperatures
over the past century. However, the spatial
patterns of warming during the monsoon sea-

Fig. 6. Spatial pattern of seasonal rainfall over India as simulated by a regional climate model
(HadRM2; CTL).

son indicate that the maximum
warming occurs over northern
India, with a secondary maximum over the eastern peninsula.
On the basis of PRECIS, monsoon rainfall scenarios for the
various States in India under
two different scenarios (A2 and
B2) were developed. The projected monsoon scenarios for
the period 2071 to 2100 is presented in Fig. 8a & b.
It is observed from the above
figures that except the states
of Punjab, Rajasthan and
Tamil Nadu, the monsoon
rainfall has shown positive
changes over the baseline.
With respect to temperature, Fig. 7. Projections of seasonal surface air temperature for the peall the states have shown in- riod 2041-2060, based on the regional climate model HadRM2.
creasing trend under both the
scenarios and the temperature changes would around 4-50C in Jammu & Kashmir, Punjab, Himachal
Pradesh, Haryana, Uttar Pradesh , Manipur, Mizoram, Orissa and Madhya Pradesh.
Similar attempts for assessing the likely nature of the future climate change in India upto the year
2100, eight AOGCMs (Atmospheric and Ocean Global Models) have been run using the IS92a and
SRES A2 and B2 scenarios (NATCOM Report 2004). These GHG simulations with IS92a scenarios
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Fig. 8a. Monsoon Rainfall Scenarios for States of India, based on PRECIS

Fig. 8b. Annual Temperature Scenarios for States of India, based on PRECIS
(Fig. 9) show a marked increase in both rainfall and temperature by the end of the 21st Century
compared to the current normals (1961-90). There are considerable differences across the model
outputs, which are more conspicuous in the case of summer monsoon rainfall. The projections of
the increase in rainfall from the normal period (1961-1990) to the end of the 21st Century across the
models varied between 15 and 40 per cent. Similarly, in case of the mean annual temperatures, the
projected increases in temperature vary between 3 to 60C. However, the changes in rainfall projected under A2 and B2 scenarios are less than those projected earlier under IS92a scenarios. The
model projections at spatial level indicate that while the maximum changes in rainfall can occur over
the arid and semi-arid regions of northwestern parts of India, there would be very little or no change
noted in the monsoon rainfall over major part of peninsular India. Similarly, warming is projected to

139

increase over all the parts of the country. It may increase by 2 - 40C over the southern regions while
it would be more pronounced (> 40C) over the northern states and in the eastern peninsula of India.
The warming is expected to be higher during winter and post- monsoon months, compared to the
rest of the year.

Impacts of Climate Change on Various Sectors
Climate Change associated with global warming would have profound influence on regional climate
conditions and would impact the future performance on various sectors, viz., water resources, agriculture, land use, coastal ecosystem, livestock and fisheries in many ways. The likely impacts on
these systems are briefly given below.

Agriculture
With rapid increase in population and urbanization, the availability of arable land dwindled considerably from 0.48 ha in 1950 to 0.15 ha in 2005 and is likely to further reduce to 0.08 ha by 2020 (Mall
et. al., 2006). Under the climate change scenario, the impacts on agricultural production in India
are likely to be manifolds and the magnitude may vary greatly by the region. Some of the expected
impacts are:

• The agricultural crops in eastern region in the country are predicted to be most affected by
increased air temperature.

• Major shifts in cropping pattern are expected to take place and the areas under rabicrops are
likely to be reduced and the cropping zones may move northwards to suitable cooler climate regions.

• Reduction in crop yields is more likely in the rainfed areas due to changes in rainfall pattern
during monsoon season and increased crop water demands.

• There would be an increase in extreme weather events (heat and cold waves, high rainfall events)
adversely affecting agricultural productivity.

• Although, increased levels of CO2 may increase net primary productivity of plants, the changes
in temperature associated with the above phenomena may nullify the benefit.

• Potential yields of major cereals crops especially wheat is likely to be reduced due to likely
increase in minimum temperatures during the reproductive period.
• The yield levels of some of the major pulses like pigeonpea in kharif and chickpea in rabi sorghum are to be decreased.

Water Resources
The SWAT Water Balance Model has been used to assess the water availability at river basin level
under projected climate change scenario with an assumption that land use will not change over
time. It was observed that the impacts are different in different catchments. The model outputs
indicate that:
• The projected climate change will disturb the water balance in different parts of India and the
quality of groundwater along the coastal track will be more affected due to intrusion of sea waters.
• The surface water availability in Ganga, Godavari and Krishna showed a general increase.
• The glaciers and the snowfields in the Himalayas will decline. Considerably thereby the Himalayan hydrology gets altered significantly.
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Forests
Impact assessment of climate change on
vegetation was carried out using BIOME4 model. The output of the model under
A2 and B2 scenarios for India indicates
that:
• By the end of the century, 68 to 77 percent of the forest areas are likely to experience shift in forest types with corresponding reduction in forest produces and
livelihood prospects.
• The area under xeric scrublands and
xeric woodlands in central India would increase replacing the dry Savanah regions.
• The northwest region of the country is
likely to witness increased mortality in the
existing vegetation, which may lead to decrease in standing stock.

Natural Ecosystems
NATCOM assessment (2004) on the impacts of climate change on coastal areas
based on expected sea level rise and projected increase in tropical cyclone intensity indicate increase in vulnerability of the
coastal zone population to extreme Fig. 9. AOGCM projections of all India mean summer monweather events. Other expected impacts soon rainfall and annual mean surface air temperature
upto the year 2100, for CTL IS92a and SRES A2 and B2
include:
scenarios.
• Coastal wetlands have serious consequences due to climate change for the livelihoods of the people as well as the integrity of the coastal
environment.
• The composition of plant species in the mangrove wetlands may get affected due to increased
flows of fresh water (due to glacial melt in Himalayas) and increased salinity due to increase in local
temperature and reduced precipitation.
• Increase in sea surface temperature results in bleaching and may even result in death of corals.

Fisheries and Aquaculture
With increase in sea surface temperature (SST) and rise in sea level, the marine life would get
affected considerably. Similarly, the inland aquaculture also would be affected due to changes in
water body temperatures.
• Impacts of increased temperature and tropical cyclonic activity would affect the capture, produc
tion and marketing costs of the marine fish. Also the loss of infrastructure, fishing tools and
housing will be enormous.
• Migration of different marine and inland species to favourable climate regions.
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• In general temperature changes are likely to impact cool water species negatively, warm water
species positively.

Energy
• A major energy demand increase is expected to be for space cooling and heating and transporta
tion.
• Saving in heating energy is expected in winter due to increased temperatures in northern mountai•
nous regions. However, this will be more than compensated by the in creased energy require
ments for space cooling in plains.
• Higher demand of energy for irrigation due to increased crop water requirements.

Mitigation Strategies
All the above projections indicate that the impacts of climate change would have considerable physical
and socio-economic consequences on the country's linked resources and would have a strategic
influence on future livelihood prospects of large percentage of the country's population. There is
already considerable awareness on these issues and the country, at the highest level had initiated
special drive on adaptation and mitigation strategies to face the challenges posed by the climate
change.

India's National Action Plan on Climate Change
On June 30, 2008, Prime Minister Manmohan Singh released India's first National Action Plan on
Climate Change (NAPCC) outlining existing and future policies and programs addressing climate
mitigation and adaptation. The plan identifies eight core “National Missions” running through 2017
and directs ministries to submit detailed implementation plans to the Prime Minister's Council on
Climate Change by December 2008. Emphasizing the overriding priority of maintaining high economic growth rates to raise living standards, the plan “identifies measures that promote our development objectives while also yielding co-benefits for addressing climate change effectively.” It says
these national measures would be more successful with assistance from developed countries, and
pledges that India's per capita greenhouse gas emissions “will at no point exceed that of developed
countries even as we pursue our development objectives.”

National Missions
National Solar Mission : This mission aims to promote the development and use of solar energy
for power generation and other uses with the ultimate objective of making solar competitive with
fossil-based energy options. The plan includes:
• Specific goals for increasing use of solar thermal technologies in urban areas, industry, and commercial establishments.
• A goal of increasing production of photovoltaic to 1000 MW/year.
• A goal of deploying at least 1000 MW of solar thermal power generation.
Other objectives include the establishment of a solar research center, increased international collaboration on technology development, strengthening of domestic manufacturing capacity, and increased government funding and international support.

National Mission for Enhanced Energy Efficiency : Current initiatives are expected to yield savings of 10,000 MW by 2012. Building on the Energy Conservation Act 2001, the plan recommends:
• Mandating specific energy consumption decreases in large energy-consuming industries, with a
system for companies to trade energy-savings certificates.
• Energy incentives, including reduced taxes on energy-efficient appliances.
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• Financing for public-private partnerships to reduce energy consumption through demand-side
management programs in the municipal, buildings and agricultural sectors.

National Mission on Sustainable Habitat: To promote energy efficiency as a core component of
urban planning, the plan calls for:
• Extending the existing Energy Conservation Building Code.
• A greater emphasis on urban waste management and recycling, including power production from
waste.
• Strengthening the enforcement of automotive fuel economy standards and using pricing measures
to encourage the purchase of efficient vehicles.
• Incentives for the use of public transportation.

National Water Mission: With water scarcity projected to worsen as a result of climate change, the
plan sets a goal of a 20% improvement in water use efficiency through pricing and other measures.

National Mission for Sustaining the Himalayan Ecosystem: The plan aims to conserve biodiversity,
forest cover, and other ecological values in the Himalayan region, where glaciers that are a major
source of India's water supply are projected to recede as a result of global warming.

National Mission for a “Green India”: Goals include the afforestation of 6 million hectares of
degraded forest lands and expanding forest cover from 23% to 33% of India's territory.

National Mission for Sustainable Agriculture: The plan aims to support climate adaptation in
agriculture through the development of climate-resilient crops, expansion of weather insurance mechanisms, and agricultural practices.

National Mission on Strategic Knowledge for Climate Change: To gain a better understanding
of climate science, impacts and challenges, the plan envisions a new Climate Science Research
Fund, improved climate modeling, and increased international collaboration. It also encourage
private sector initiatives to develop adaptation and mitigation technologies through venture capital
funds.

Epilogue
It has been noticed that climate change is a reality due to sharp increase in the concentration of
green house gases since the industrial era. This has altered the climatic systems and has influenced the regional climate by way of increased frequency of extreme weather events and change in
moisture and thermal regimes. The resultant impacts are expected to influence various sectors,
viz., water resources, agriculture, forestry, natural ecosystems, fisheries and aquaculture and energy. The impact assessment studies due to projected climatic changes in the next 100 years
provide directions and clues to develop adaptation and mitigation strategies in coping up with the
expected changes in future. Perhaps, this review article may pave way in identifying suitable solutions for minimizing the risk and stabilize the agricultural production in meeting the future food
requirements. More details on the impacts, adaptation and management strategies to meet the
future climate change situations are discussed in detail in the chapters that follow in this publication.

References
Cocheme, J. and Franquin, P. 1967. An agro-climatological survey of a semi-arid area in Africa. South of
Sahara, Tech. Note 86, WMO, Geneva
Fertiliser Association of India. 1994. Fertiliser Statistics 1993-94. New Delhi, India III-21 IV-86.
Ghosh, S.P. (Ed.).1990. Agro-climatic Zone Specific Research. Indian Perspective under NARP. Indian Council of Agricultural Research, New Delhi, India, 539p.
Goswami, B.N., Venugopal, V., Sengupta, D., Madhusoodanan, M.S.and Prince K. Xavier. 2006. Increasing

143

trend of extreme rain events over India in a warming environment. Science. 314(5804):1442 - 1445
Government of India. 1987. Agro-climatic Regions Planning: An Overview. Planning Commission, New Delhi,
India.
Guhathkurta, P. and Rajeevan, M. 2006. Trends in the rainfall patter over India. National Climate Centre,
Report No.2, India Meteorological Department, Pune
Hargreaves, G.H.1971. Precipitation dependability and potential for agricultural production in North-east Brazil. EMBRAPA and Utah State University Publication No. 74-D159,123p.
India's Initial National Communication to the United Nations Framework Convention on Climate Change
(NATCOM). 2004.
Mall, R.K., Ranjet Singh, Akhilesh Gupta, Srinivasan,G. and Rathore, L.S. 2006. Impact of climate change on
Indian Agriculture: A Review. Climate Change. 78: 445-478
National Action Plan on Climate Change. 2008. Prime Minister's Council on Climate Change, Government of
India. 49p.
Papadakis, J. 1975. Climates of the world and their potentials, Buenos Aires.
Rao, G.G.S.N., Kesava Rao, A.V.R., Ramakrishna, Y.S. and Victor, U.S.1999. Resource Characterization of
Drylands: Climate. In:Fifty Years of Dryland Agricultural Research in India (Eds. H.P. Singh et. al.,), CRIDA,
Hyderabad.
Ramakrishna, Y.S. 1994. Sustainable Development of the Indian Arid Zone (Eds. Singh, R.P. and Singh, S.),
Sci. Pub. Jodhpur, 135p.
Ravi Sharma. 2007. India: Status of National Communications to the UNFCCC
Web address http://www.whrc.org/policy/climate_change/alapdf/ala-08-india.pdf
Rupa Kumar, K., Pant, G.B., Parthasarathy, B. and Sontakke, N.A .2002. Spatial and subseasonal patterns of
the long-term trends of Indian summer monsoon rainfall. Int. J. Climatol., 12:257-268.
Sehgal, J.L., Mandal, D.K., Mandel, C. and Vadivelu, S. 1990. Agroecological regions in India. Publication 24,
NBSSLUP, Nagpur. 130p.
Sehgal, J. and Mandal, D.K.1996. Agro-ecological Regions of India and Climate Change. In: Climate Variability and Agriculture. (Eds. Abrol,Y.P., Gadgil, S. and Pant,G.B.). Narosa Publishing House, New Delhi, India, pp.
204-222.
Sikka, D.R. and Gadgil, S.1980. On the maximum cloud zone and the ITCZ over Indian longitudes during the
southwest monsoon. Mon. Wea. Rev. 108 : 1840–1853.
Sikka, D.R. and Dixit, C.M. 1972: A study of satellite observed cloudiness over the equatorial Indian Ocean and
India during the southwest monsoon season, J. Mar. Bio., Asia, India. 14 : 805-818.
Singh, K.K. 2008. Climate Change. In:Climate change and Food security (Eds M. Dutta et al.,).New India
publishing Agency, New Delhi, pp.1-19.
Subba Rao, A.V.M.,Santhi Bhushan Chowdary, Manikandan, N., Rao, V.U.M., Rao, G.G.S.N. and Ramakrishna,
Y.S. 2007. Rainfall trends, periodicities and vulnerable areas to climate change over India. Proceedings of the
National Conference on Impact of Climate Change with particular reference to Agriculture, August 22-24,
2007, Tamil Nadu Agricultural University, Coimbatore.
Troll, C. 1965. Seasonal Climates of the Earth. In: World Maps of Climatology (Eds.Rodenwaldt and H. Jusatz).
Springer Verlag, Berlin, 28p.

144

CROP RESPONSES TO CLIMATIC VARIATIONS
Diwan Singh & Surender Singh
Introduction
The concern on climate variability and its agriculture enthused research, policy and impact interest
on climate variability vis a vis agricultural productivity (Matthews et al., 1996; IPCC, 1996). According to the recent projections of FAO, the global food production, already under strain from the credit
crunch, must double by 2050 to head off mass hunger. Most of the increase in global population will
occur in those areas of the planet less congenial to food production than conditions in northwestern
Europe or North America. Therefore, we can expect weather to play a more determining role in
global yield variability than at present. The yield and quality of food crops is central to the well being
of humans and is directly affected by climate and weather. Initial studies of climate change on crops
focused on effects of increased carbon dioxide (CO2) level and/or global mean temperature and/or
rainfall and nutrition on crop production. However, crops can respond nonlinearly to changes in their
growing conditions, exhibit threshold responses and are subject to combinations of stress factors
that affect their growth, development and yield. Thus, climate variability and changes in the frequency of extreme events are important for yield, its stability and quality.
Climatic variability plays a major role in producing meteorological conditions that deviate substantially from mean conditions, including weather extreme events. The European heat wave of 2003
was characterized by both an increased mean temperature and much larger temperature variability
(Schär et.al., 2004). Crop growth, development and yield are affected by climatic variability via
linear and nonlinear responses to weather variables and the exceedance of well-defined crop thresholds, particularly, temperature. In this context, threshold temperatures for crop processes are found
not to differ greatly for different crops and are important to define for the major food crops, to assist
climate modelers predict the occurrence of crop critical temperatures and their temporal resolution.
Integrating the study of meteorological extremes and crop responses to them lead to an assessment of the possible impacts of changes in climatic variability on crop production and quality. In
Monteith's view the two largest climatic causes of variation in yield are temperature and rainfall and
their independent effects were three to four times larger than caused by variation in how much light
was incident on crops. Current literature addresses the potential consequence of climate change
and exclusively on the effects of a shift in mean weather outcomes (i.e., climate). The paper examines the influence of the occurrence of abnormal weather episodes (part of climate change is increased climate variability) during the growing season or during critical development stages which
may hamper growth processes resulting in yield reduction. A clear understanding of the vulnerability
of field crops as well as the agronomic impacts of climate variability enable us to implement adaptive
strategies to mitigate its negative effects. Recent studies have considered possible changes in the
variability as well as in the mean values of climatic variables. As mentioned earlier, temperature and
rainfall are the two most important weather variables, the variability of which greatly influences
yields and hence the discussion will mainly be focus around them.
The economic implications of mean shifts and changes in inter-annual variance are quiet distinct:
farmers can adapt to shifts in mean weather outcomes by switching to various varieties of the same
crop, by using various planting practices (e.g., sowing densities), or switching to a completely different crop. However, there is considerable quantitative uncertainty concerning how agricultural crops
respond to changes in climate variability, although it is known qualitatively that changes in variability
can have serious effects. There have been noteworthy periods of climatic fluctuations in historical
times, such as the 1930s in the central Great Plains, when the effects of climatic variability on
agriculture were keenly experienced (Worster, 1979; Rosenberg, 1980). Agricultural vulnerability to
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climatic fluctuations has not decreased to any appreciable degree in more recent times (Anderson
and Hazell, 1989). Moreover, in the face of possible climatic change from, for example, increased
greenhouse gas (GHG) concentrations in our atmosphere, there is mounting evidence that changes
not only in climatic mean states but also in their higher order moments will occur. Evidence for this
is particularly strong in regard to precipitation (Gordon et.al., 1992; Whetton et.al., 1993; Mearns
et.al., 1995a), and some evidence for changes in temperature variability has also come to light
(e.g., Cao et.al., 1992; Mearns et.al., 1995b). Agricultural crops experience change in variability
mainly through the frequency of climate extremes; it has been demonstrated that change in variance has a larger effect on changes in extremes than does change in the mean of a given climate
variable (Katz and Brown, 1992).
As mentioned earlier, most climate change agricultural impact studies have analyzed the effects of
mean changes of climate variables on crop production (e.g., Cooter, 1990; Mendelsohn et.al., 1994;
Rosenzweig and Parry, 1994). The focus on mean climate change has provided only limited information on how future changes in climate variability could affect agriculture. Few climate change
scenarios formed for climate change impact analysis have considered detailed, explicit changes in
variability (Mearns et.al., 1992; Mearns and Rosenzweig, 1994; Mearns et.al., 1997; Barrow and
Semenov, 1995). This is partially because there is considerable uncertainty regarding how climate
variability may change in the future, due to greenhouse warming or any other cause. There is also
quantitative uncertainty concerning how agricultural crops respond to changes in climate variability,
but it is known that changes in variability can have serious effects on agricultural yield (Parry
et.al.,1988), though these effects vary regionally (Anderson and Hazell, 1989). One of the main
means by which crops are affected is through changes in the frequency of extreme climate events
(e.g., heat waves, Mearns et.al., 1984); and changes in variance have a greater effect on the frequency of extremes than changes in the mean (Katz and Brown, 1992). The possible role of changes
in variability is an important uncertainty in our knowledge of possible impacts of climate change. The
need for research to determine possible effects of changes in climate variability on crops, is highlighted in the Intergovernmental Panel on Climate Change (IPCC) Working Group II Report (Reilly,
1996).
Further, there has been a series of works exploring the sensitivity of crop models to changes in daily
variability (Mearns, 1995; Semenov and Porter, 1995; Mearns et.al., 1996; Riha et.al., 1996). All
these works share a common methodological background, i.e., climates with different variability
characteristics are generated by manipulating the parameters of stochastic weather generators,
such as that of Richardson (1981) and Richardson and Wright (1984). Semenov and Porter (1995),
using a weather generator based on simulating dry and wet series and applying a crop model for
wheat growth for locations in England and France found that changes in the variability of climate
could have a more profound effect on yield than changes in mean climate. Mearns et.al., (1996) and
Riha et.al., (1996), using modified versions of the Richardson (1981) weather generator, found a
range of effects on several different crop models depending on the location and degree of change in
variability. For example for a location in Georgia, using EPIC crop models Riha et.al., (1996) found
that simulated yields of corn and soybean increased with increasing precipitation variability. Mearns
et.al., (1996), using the CERES-Wheat model found, for example, large decreases in simulated
yield with increased temperature variability at locations in Kansas.

Variability in temperature: Response of crops
An increase in mean seasonal temperature of 2°C in simulations at Rothamsted, UK decreased
grain yield by 7% (cv increased by 90%) largely due to a reduction in crop duration of 24 days (Fig.
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1). Doubling the standard deviation of temperature on
a daily basis, while keeping the mean seasonal temperature same, reduced grain yield to the same extent as a 2°C increase in mean seasonal temperature. The combined effects of a warmer mean seasonal temperature (in this example, +4°C) and a doubling of variability were to reduce yields by 19%; more
than the sum of these two factors separately. Riha
et.al., (1996) combined some functions of the CERES
and EPIC models to investigate the effect of a doubling of temperature variability on soybean, wheat and
maize. A doubling of temperature variability was predicted to reduce yields of all these crops by up to 50%.
Most of this decrease was due to reduced rates of
photosynthesis at cold temperatures. Thus, in all these
simulations of wheat crop under increased temperature variability in temperate environments, exposure
to cold temperatures accounted for most of the effect
of variability of temperature during the season.

Fig. 1. Predicted grain yield of wheat for
Rothamsted, UK with current climate (base),
an increase in mean seasonal temperature
(T+2,T+4), and a change in the variability of
temperature (0.5S.D., 2S.D.). (redrawn from
Semenov and Porter, 1995)

Evidence from crop experiments for the importance
of variability in temperature was provided by one particular year's results in a series of wheat experiments
(Batts et.al., 1997) conducted within temperature-gradient chambers. This technique provides a field-based
system to investigate how whole season CO2 enrichment of crops interacts with differences in mean seasonal temperatures which vary from close to ambient
temperature to +3 to +5°C (Hadley et.al., 1995). The
1992-93 experiment in which winter wheat cv.
Hereward was grown in temperature gradient chambers is of interest to us here, and considered only those
crops grown at ambient (350 ppm) CO2. As expected,
in this experiment, grain yield declined with an increase
in mean temperature (Fig. 2, but note that mean temperature is for the grain filling duration) due princi- Fig. 2. Effects of differences in mean tempally to more rapid crop development at warmer tem- perature from anthesis to maturity on grain
peratures. However, the magnitude of this decline was yield (a) and number of grain per year (b) of
far greater than in the other three seasons of experi- winter wheat grown at 350 ppm CO within
2
ments with the same cultivar of winter wheat. For a a temperature-gradient chamber. Vertical
1°C rise in mean seasonal temperature from sowing bars in (b) are ±1 S.D.
to harvest, grain yields declined by 4.09 Mg ha-1 in 1992/1993 compared with 2.75, 0.26, and 1.43
Mg ha-1 in 1991/1992, 1993/1994, and 1994/1995, respectively (Batts et.al., 1997). The rapid decline in grain yields in 1992/1993 was associated with a reduction in the number of grains per year
at the time of harvest maturity (Fig.3).
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The number of grains in a wheat ear which develop can be reduced by hot temperatures (Al-Khatib
and Paulsen, 1984; Thorne and Wood, 1987; Wardlaw et.al., 1989) and low humidity (Tashiro and
Wardlaw, 1990) at anthesis. Inspection of the daily temperatures for the wheat crops grown within
the temperature gradient chambers in the1992/1993 season at ambient CO2 confirmed that unusually hot temperatures (for Reading at 51°N) coincided with period of anthesis. The analysis revealed
that number of grains per year was stable when maximum temperatures in the 5-day period ending
at 50% anthesis (as defined by Porter et.al., 1987) did not exceed 31°C (Fig.3). However, the
number of grains per year at harvest declined rapidly when Tmax was greater than 31°C during this
period. Hence, grain yields were reduced by much more than would be expected from an advancement of crop development due to the warmer mean seasonal temperature. Effects of hot temperature episodes close to the time of anthesis were of more importance to theyield of these crops than
the effects of the increase in mean seasonal temperature of about +2°C.
Further evidence for importance of brief episodes of hot temperatures has been provided for spring wheat and for soybean.
Ferris et.al., (1998) imposed a range of hot
temperatures (daily Tmax varied from <20
to 40°C) on a field-grown crop of spring
wheat for a 12-day period starting 7–9 days
before 50% anthesis. The crops were grown
in a common environment before and after
this period. Grain yield varied from 3.7 to
9.5 Mg ha-1 as a result of differences in temperature during this 12-day period. Some
97% of the variation in grain yield was explained by differences in grain number m-2
at harvest. Furthermore, grain numbers Fig. 3. Effects of differences in maximum temperature
were closely related to a maximum tem- (Tmax) in 5-day period ending at 50% anthesis on numperature during the 4-day period which en- ber of grains per year at maturity of winter wheat grown
compassed 50% anthesis. Ferris et.al., at 350 ppm CO2 within two temperature-gradient cham(1999) studied the effects of an increase in bers.
temperature by 10°C for 8 days during the early pod filling stage of soybean. Seed yields at harvest
maturity were 29% less due to high temperature episode. Of particular, relevance to future climates
of elevated CO2 concentrations was the observation that the relative effects of the hot temperature
episode on soybean yield was the same at both 350 and 700 ppm CO2 (Ferris et.al., 1999). Thus, it
may be understood that the quantitative nature of the response to a temperature stress event under
current CO2 conditions, these responses may be useful for simulations in future climate scenarios of
elevated CO2.
Variability in temperature can affect yield quality. The effects of episodes of hot temperatures on
wheat grain quality for bread making are reasonably well documented. For example, grain nitrogen
concentration of wheat varieties grown over 27 years in Australia was positively associated with the
number of hours at temperatures >35°C during grain filling and temperatures >35°C are often associated with dough weakening (Blumenthal et.al., 1993). Also, temperatures >32°C were negatively
associated with sodium dodecyl sulphate (SDS) sedimentation volume (Graybosch et.al., 1995),
and with loaf volume. In general, the information on the effects of temperature variability on quality
of produce of annual crops is sparse and requires further investigation.
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The above studies clearly indicate that variability in temperature affects yield of annual crops. Moreover, hot temperatures close to the time of flowering or anthesis appear to be particularly important
to subsequent crop yield. Precisely, when crop plants are most sensitive to hot temperature episodes, and how to quantify the effects of these hot temperature on yield will now be considered.
The time of flowering of many crop plants is sensitive to extremes of temperature e.g. in beans
(Phaseolus vulgaris L.), high temperature (32/27°C day/night) during the period shortly before and
at anthesis reduced pod set substantially (Gross and Kigel, 1994). No pods were set when high
temperatures occurred at sporogenesis, or 10 days before anthesis, and pod set, pod abscission
and seed set were all greatly reduced when high temperatures occurred near or at anthesis. Similarly, in cowpea high temperatures for 6 days before anthesis substantially reduced pod set (Hall,
1992).
Vara Prasad et.al., (1999) used reciprocal transfers of groundnut plants from a near optimal day
temperature (28°C) to a hot (38°C) temperature for 6-day periods to identify period that pegging
was sensitive to hot temperatures. Transfers before 6 days prior to first flowering of groundnut cv.
ICGV 86015 did not affect the number of pegs subsequently produced. However, transfers to 38°C for
6 days during the period from 3 days prior to first
flowering until 15 days after first flowering (3 days
before the onset of seed growth) reduced number of
pegs by up to 27% (Fig. 4). Similarly, cowpea was
sensitive to the effects of high night temperatures
(30°C) during early bud development and at floral
bud development; the most sensitive phase was 7–9
days prior to anthesis (Ahmed et.al., 1992). Two aspects of hot temperature episodes at sensitive stages
of crop development need to be considered: the duration of hot temperature episode, and its magnitude. Fig. 4. Effect of a hot day temperature epiThe effects of duration and magnitude of hot tem- sode of +10°C above a control of 28°C for 6
perature on flower survival of groundnut are not in- days during flowering on number of pods for
dependent. The peg numbers of groundnut cv. ICGV cv. TMV-2 and number of pegs observed un86015 declined from an average of 16.3 per plant at der same growing conditions for cv. ICGV
a day temperature of 28°C, to 5.0 (sed=1.79) at 42°C. 86015 by Vara Prasad et.al., (1999).
However, this average response was affected by an interaction between duration of exposure and
temperature such that peg numbers exposed to a hot temperature were reduced to a greater extent
as duration increased. This interaction between duration of exposure and temperature may simply
result from a confounding of the underlying processes. Two processes determine successful fruit
production in the crop: the rate of flowering and fruit set. The number of flowers produced by cv.
ICGV 86015 was a simple negative function of air temperature between 28 and 48°C. In contrast,
fruit set is a more critical event response. The proportion of flowers which set fruit was not affected
by air temperatures cooler than 37°C (equivalent to a bud temperature of 36°C). However, fruit set
declined rapidly at >37°C until no fruit at all were set at 44°C. Hot temperatures in the morning
(08:00–14:00 h) period of the day accounted for this response. A simple model of these processes
quantified these effects of hot temperature episodes at flowering of groundnut (Vara Prasad et.al.,
2000).
Rice is also very sensitive to hot temperatures close to the time of anthesis, and most sensitive at
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about 9 days before anthesis (Yoshida, 1981). At anthesis, spikelet fertility is reduced from 90 to
20% by only 2 hours exposure to 38°C, and to 0% by less than 1 hour exposure to 41°C. In general,
critical temperature for spikelet fertility (defined as when fertility exceed 80%) is about 32 to 36°C.

Variability in precipitation: Response of crops
Occurrence of El Niño-southern oscillation (ENSO) is one of the most remarkable inter-annual climate phenomena in the world. Dry or wet period tends to occur for 12 months or more, and is
phaselocked to this annual cycle. Lansigan et.al., (2000) while analysing the impact of climatic
variability on rice production in Philippines noted that the amount of rainfall during El Niño years was
less as compared to non- El Niño years (Fig.5). The average annual precipitation values represent
an average of annual rainfall during 1965–1966, 1968–1969, 1972–1973, 1977–1978, 1982–1983
and 1987 years when El Niño were experienced in three test sites studied. The data used to represent the non-El Niño years were averages of annual precipitation between 1961 and 1990 with the
exception of those El Niño years mentioned previously. The average difference among the three
sites, between El Niño and non-El Niño years is about 40 mm of rainfall.
Crop yield is directly influenced by climate variability as exhibited in time series data of Philippine
rice yields. Rainfed rice productivity in Philippines (1970–1994) as affected by El Niño is illustrated
in Fig. 6. It shows how El Niño can negatively influence wet season cropping of rice without any
corresponding effect on the dry season cropping. This condition is due to the late onset and early
termination of the rainy season. This exposes the wet season cropping to unnecessary water stress
resulting in drastically lower yield.

Fig.6. Effect of El Niño on rainfed rice proFig.5. Average annual precipitation (mm)
ductivity in the Philippines from 1970 to 1994
during El Niño and non-El Niño years at
(adapted from PhilRice-BAS, 1995).
three locations
Selvaraju (2003) analysed the impact of El Niño on Indian foodgrain production for the period 1950–
99. The inverse relationship between sea-surface temperature (SST) anomalies from June to August (JJA) over the NINO3 sector of the tropical Pacific Ocean and Indian foodgrain production
anomalies (r = -0.50) was significant at the 1% level. During the warm ENSO phase, the total
foodgrain production frequently decreased (12 out of 13 years) by 1 to 15%. In 10 out of 13 cold
ENSO-phase years, the total foodgrain production increased from normal. The relationship between the ENSO index and the Kharif season (June–September) foodgrain production anomalies (r
= -0.52) was greater than for the Rabi season (October–February) foodgrain production (r = -0.27).
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Interaction effects of temperature and moisture: Response of crops
Drought and high temperature often occur simultaneously, but few investigations have studied the
interactions between the two stresses. Most measures of plant water relations in wheat seedlings –
relative water content, water potential, osmotic potential, and turgor potential - held steady from 15
to 40°C when plants were well-watered but decreased progressively under drought. Temperature
without water stress had little effect on maturing plants, but drought decreased the number and size
of endosperm cells and their content of starch granules, effects that were greatly accentuated at
28°C compared with 23°C. It is unclear whether drought and high temperature interact by affecting
grain-filling processes directly or by reducing photosynthate for grain growth. The amount of sucrose available per endosperm cell was similar for all treatments, and it was unlikely that the supply
of photosynthate was limiting. However, over 80% of the yield of wheat derives from photosynthesis
during maturation, grain growth is affected by a reduction in the photosynthetic process from stress.
Drought (moisture stress) and high temperature are particular problems, occurring episodically in
some regions and ubiquitously in others. Both drought and high temperature adversely affect photosynthesis in crops. Drought rapidly reduces expansion of leaves and stomatal conductance and
may eventually impact primary events in photosynthetic process. Stress during the leaf area remained constant at the low and intermediate temperatures between the first and second weeks
after anthesis when plants received adequate moisture (Fig.7). Leaves senesced slowly at low
temperature during the following weeks, so that plants contained considerable viable leaf area for
photosynthesis. Senescence accelerated during second week at 25/20°C and the first week at 35/
30°C, and little viable area for photosynthesis remained past thrid week after anthesis under either
regime. Moisture stress did not affect viable leaf area at low temperature during first week of treatment (Fig.7). When combined with high temperature, however, drought stress diminished leaf area
rapidly. During the following weeks, moisture stress increased senescence at low temperature,
although some viable area persisted until plants matured. Drought and high temperature together
caused all leaves to reach senescence by third week after anthesis. The total mass of shoots grew
steadily for senesce five weeks after anthesis in plants at15/10°C without moisture stress (Fig. 8).
Plant mass increased slightly at the other temperatures from 1st week to the 2nd week after anthesis but then became constant at both 25/20 and 35/30°C until maturity. Drought stress had a minor
effect during the first week of treatment at 15/10°C, increasing growth slightly compared with no
stress at the same temperature (Fig. 8). Drought stress at the two higher temperatures, particularly
35/30°C, depressed growth significantly between the second week and maturity.
Total water use by the plans increased steadily as the temperature increased when adequate moisture was provided (Table.1). Withholding moisture, on the other hand, decreased total water use, as
expected, and eliminated the effect of increasing temperature. Efficiency of water use for grain
growth decreased from the low to intermediate and high temperature in plants that were not stressed
for moisture (Table.1). Stressing the plants increased water-use efficiency at the low and intermediate temperatures but not at the high temperature. Unlike the effect on total water use, drought stress
did not eliminate the decline in water use efficiency with increasing temperature.

Conclusion
It is clear that changes to the variability of temperature and precipitation, separate to changes in
their mean seasonal values, affect the yield of annual crops. The effects of brief episodes of hot
temperatures accompanied by moisture stress on the number of yield components can be particularly dramatic. However, the impact on crop yield cannot simply be predicted from the absolute
values of these climatic variables. Instead, it is reflected by the combination of the magnitude and
duration of the temperature and moisture stress episode, and coincidence with the development
stage of the crop.
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Fig. 7. Weekly viable leaf area of Len wheat un- Fig. 8. Weekly total plant (shoot) mass of Len
der three temperature and two drought stress wheat under three temperature and two drought
regimes during maturation.
stress regimes during maturation.
Table.1. Effect of day/night temperature and soil moisture regimes during maturation on grain filling
rate, grain filling duration, plant water use, and water- use efficiency of 'Len' wheat
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FARMING UNCERTAINTY IN CHANGING CLIMATE
Diwan Singh & Surender Singh
Introduction
The major challenges in the twenty-first century are rapid increase in the world population, degradation of agricultural land, other natural resources and above all increase in emission of greenhouse
gases (GHGs) in the atmosphere that contribute to climate change. Hence, the growing threat of
food insecurity (FAO, 2007; Brown, 2008), and increase in poor and under-privileged population
lead to increased poverty across the globe (Anon., 2008) and will be exacerbated by the projected
threats to agriculture due to climate change (Cline, 2007). Climate change is no longer a distant
scientific prognosis but is becoming a reality. The anthropogenic increases in emissions of greenhouse gases and aerosols in the atmosphere result in a change in the radiative forcing and a rise in
the earth’s temperature. The atmospheric concentrations of GHGs such as carbon dioxide (CO2),
methane (CH4) and nitrous oxide (N2O) are increasing as a result of human activity (IPCC, 2007).
These GHGs affect the radiation balance of the earth, keeping it warmer than it would otherwise be.
The concentration of CO2, the main anthropogenic GHG, is now 391 ppm, about 37% above the preindustrial concentration of 280 ppm (Petit et.al., 2000). Furthermore, the rate of increase of CO2 is
itself increasing, being larger during the last 10 years (1.9 ppm per year), than it has been since
measurements began in 1960 (1.4 ppm per year). There is strong evidence that these changes in
atmospheric composition are affecting the climate at both global and continental levels (IPCC 2007).
Although meteorological data analysed over the past century suggest that the earth is warming,
there are significant differences at regional levels. Climatic variations and change, caused by external forcing, may be partly predictable, particularly on the smaller spatial scales i.e, continental,
global. Because human activities, such as the emission of GHGs or land-use change, do result in
external forcing, it is believed that the large-scale aspects of human-induced climate change are
also partly predictable. However, the ability to actually do so is limited because we cannot accurately predict population change, economic policy, technological development, and other relevant
characteristics of future human activity. In practice, therefore, one has to rely on carefully constructed scenarios of human behaviour and determine climate projections on the basis of such
scenarios.
Weather systems, which develop in the lower atmosphere, are driven by heat from the sun, the
rotation of the earth, and variations in the earth’s surface. The Earth has been warming since 1910.
As per the Fourth Assessment Report (AR4 of IPCC, 2007), eleven of the last twelve years (19952006) rank among the 12 warmest years in the instrumental record of global surface temperature
since 1850. The updated 100-year linear trend (1906–2005) of 0.74°C is therefore larger than the
corresponding trend for 1901-2000 given in the TAR (Third Assessment Report of IPCC, 2001) of
0.6°C. The linear warming trend over the last 50 years (0.13°C per decade) is nearly twice that for
the last 100 years. Certain gases such as carbon dioxide, methane, and nitrous oxide act in the
atmosphere much as the glass in a greenhouse, trapping heat from sunlight nears the Earth’s
surface. In the proper balance and occurring naturally, these atmospheric gases are essential to life
on earth. The natural greenhouse effect keeps the planet 33°C warmer than it would otherwise be,
allowing the earth to sustain life. With the advent of the industrial revolution, large quantities of
carbon dioxide and other greenhouse gases began to be introduced into the earth’s atmosphere.
Once, all climate changes occurred naturally. However, during the industrial revolution, we began
altering our climate and environment through agricultural and industrial practices.
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Consequence of climate change: Food, fiber and forest production sector
• Crop productivity is projected to increase slightly at mid- to high latitudes for local mean temperature increases of up to 1-3°C depending on the crop, and then decrease beyond that in some
regions.
• At lower latitudes, especially seasonally dry and tropical regions, crop productivity is projected to
decrease for even small local temperature increases (1-2°C), which would increase risk of hunger.
• Globally, the potential for food production is projected to increase with increases in local average
temperature over a range of 1-3°C, but above this it is projected to decrease.
• Increases in the frequency of droughts and floods are projected to affect local crop production
negatively, especially in subsistence sectors at low latitudes.
• Adaptations such as altered cultivars and planting times allow low- and mid- to high-latitude cereal
yields to be maintained at or above baseline yields for modest warming.
• Globally, commercial timber productivity rises modestly with climate change in the short- to medium term, with large regional variability around the global trend.
• Regional changes in the distribution and production of particular fish species are expected due to
continued warming, with adverse effects projected for aquaculture and fisheries.

Concerns in Indian Context
Regional manifestations of global scale climate change processes are very important because of
their close link with the social and economic prosperity of the affected human population (Singh
et.al., 2000). There is, considerable uncertainties in the projected magnitude of change in temperature and rainfall for India (Mall et.al., 2006).
While the climate models predict change in precipitation by -24 to 15 per cent by the end of century
(Lal et.al., 2001) over India, however, the regional change may be somewhat different (Rupakumar
et.al., 2003). Model simulations by Rupakumar et.al., (2006) using PRECIS (Providing REgional
Climates for Impacts Studies) under scenarios of increasing GHGs concentration and sulphate
aerosols indicate marked increase in both rainfall and temperature towards the end of 21st century.
The other findings were:
• The warming is monotonously widespread over the country, but there are substantialspatial differences in the projected rainfall changes. West central India shows maximum expected increase in
rainfall.
• Extremes in maximum and minimum temperatures are also expected to increase into the future,
but night temperatures are increasing faster than the day temperatures.
• Extreme precipitation shows substantial increases over a large area, particularly over the west
coast of India and west Central India.

Impacts on Farm Production
The main climate variables that are likely to be important in terms of their impact on farming systems
are, maximum and minimum temperatures, rainfall, solar radiation, vapour pressure deficit and
wind speed. In particular there are concerns about changes in extreme temperatures, rainfall and
the duration and frequency of drought conditions (Hennessy et.al., 2008). Farming systems are
sensitive to both long-term climatic conditions and year to year climate variability. This is evident in
the crops used, average yields and yield variability, grain quality, what areas are cropped, what soil
types are preferred, the management systems and technologies used, input costs, product prices
and natural resource management. Consequently, if the climate changes, there are likely to be
systemic changes in farming systems. While simulating the impact of climatic change on agricultural
crops, the results have shown a decrease in duration and yield of crops as temperature increased in
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different parts of world including India. Such reductions were, however, generally, offset by the
increase in CO2; the magnitude of these varied. with crop, region and climate change scenario.
• For one of the IPCC scenario (an increase of 1.8oC temperature and 425 ppm CO2 by the year
2030 for India), potential maize yields would be severely effected by 18 per cent. In north India,
irrigated wheat yields decreased as temperature increases, a 2.0oC increase resulted in 17 per cent
decrease in grain yield but beyond that the decrease was very high. These decreases were compensated by increase in CO2 due to latter's fertilizing effect on crop growth. CO2 concentration has
to rise to 450 ppm to nullify the negative effect of 1.0oC increase in temperature.
• Studies found that the overall impacts due to the climate change scenario for a 2.0oC rise in
temperature and a 7 percent increase in precipitation are negative for India. On the whole the
negative impacts due to temperature change more than compensate for the small positive impact
due to precipitation change.
In India, the northern states of Punjab, Haryana and western Uttar Pradesh, which grow predominantly wheat in winter season, experience most negative effects (Singh et.al., 2008). Uprety (2003)
concluded that with the type of climate we have in the northern belt of Indian subcontinent, viz,
variation in temperatures and CO2 concentration, the production of Brassica spp. is likely to increase and is likely to be shifted in some more relatively drier region as than where it is grown
presently. Hundal and Kaur (1996) examined the climate change impact on productivity of wheat,
rice, and maize crop in Punjab using CERES-wheat (Godwin et.al., 1989), CERES-rice (Singh
et.al., 1993) and CERES-maize (Ritchie et.al., 1989) models. They observed that, if all other climate
variables were to remain constant, temperature increase of 1.0, 2.0 and 3.0oC from present condition, would reduce the grain yield of wheat by 8.1, 18.7 and 25.7 per cent, rice by 5.4, 7.4 and 25.1
per cent and maize by 10.4, 14.6 and 21.4 per cent, respectively.

Mitigation options in farming sector to combat uncertainty
The basic options for mitigating climate change effects are reducing and sequestering emissions.
However, before jumping to band-wagon of mitigation strategies, the following points should be
considered for effective implementation of mitigation strategies. The agricultural technologies for
mitigation of GHG emissions and potential reductions of emissions of these gases advocated by
IPCC (2007) are:

Reducing CO2 Emissions
Reduce Fossil Energy Use
•
•
•
•

Reduce tillage
Reduce fertilizer use
Irrigation scheduling
Solar crop drying

Increase C Storage in farm Soils
•
•
•
•

Reduce tillage
Improve residue management
Restore productivity of degraded soils
Increase permanent set aside in temperate regions

Expand Biofuel Production as C Offset
•
•

Dedicated short-rotation woody crops/herbaceous energy crops on existing croplands
Biofuels from crop residues

Reducing Methane Emissions
•

Improve Management of Ruminant Animals
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• Increase feed digestibility
• Improve animal genetics and fertility

Adopt Manure Management Practices for CH4 Collection
•
•
•
•
•

Covered lagoons and biogas generators
Improve Rice Production Practices
Water management
Nutrient management
New low methane cultivars

Increase N Fertilizer Use Efficiency
•
•
•
•

Better application methods
Match N supply with crop needs
Maximize manure use
Optimize tillage, irrigation and drainage

Conclusions
Climatic change variability and occurrence of extreme events are major concerns for farming sector.
There is need to quantify the growth and yield responses of important crops and also identify suitable land use options to sustain agricultural productivity under expected large range of climatic
variations. Our response to global warming should include both mitigation by reducing GHG emissions, and adaptation, learning to live with a changed climate. Some technologies, such as no-till
farming and strategic fertilizer placement and timing, already are being adopted for reasons other
than concern for climate change. Options for reducing emissions, such as improved farm management and increased efficiency of N fertilizer use, will maintain or increase agricultural production
with positive environmental effects. Stokes and Howden (2008) also suggested adaptation options
to safe guard the farming systems under climate change scenarios:
• Altering inputs such as varieties/species to those with more appropriate thermal time and vernalization requirements and/or with increased resistance to heat shock and drought, increased responsiveness to CO2, altering fertilizer rates to maintain grain quality consistent with the prevailing climate, altering amounts and timing of irrigation and other water management
• Wider use of technologies to 'harvest' water, conserve soil moisture (e.g. crop residue retention)
and to use and transport water more effectively where rainfall decreases
• Water management to prevent water logging, erosion and nutrient leaching where rain fall increases. Altering the timing or location of cropping activities
• Diversifying income through altering the integration with other farming activities such as livestock
raising
• Improving the effectiveness of pest, disease and weed management practices through wider use
of integrated pest and pathogen management, development and use of varieties and species resistant to pests and diseases and maintaining or improving quarantine capabilities and monitoring
programs. Developing strong knowledge based decision support system for translating weather
information into operational management practices
Therefore, the adaptation options, such as new crop varieties, better management of existing water
resources, and the ability to respond rapidly to disasters can be seen as necessary in a changing
world. Sensitization of the farming community with the environmental concerns has to be given top
priority. Balanced and conjunctive use of biomass, organic and inorganic fertilizers and controlled
use of agro-chemicals through integrated nutrients and pest management (INM & IPM) will have to
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be promoted to avoid the uncertainty of production in farming sector so as to achieve sustainability.
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ASSESSMENT OF WATER AVAILABILITY IN RIVER BASINS METHODOLOGY, UNCERTAINTY AND DOWNSCALING OF
DATASETS
K V Rao
Introduction
Estimates of the predicted impacts of climate change vary, with assessments of future global temperatures differing between 1.4 and 5.8oC. However, despite these variances, even the minimum
predicted shifts in climate for the 21st century are likely to be significant and disruptive, while changes
at the higher end of the spectrum could be catastrophic. Rising global temperatures will lead to an
intensification of the hydrological cycle, resulting in dryer dry seasons and wetter rainy seasons,
and subsequently increasing the risks of more extreme and frequent floods and drought. Changing
climate will also have significant impacts on the availability of water, as well as the quality and
quantity of water that is available and accessible. Warmer average global temperatures mean greater
evaporation, with a warmer atmosphere able to hold more moisture aloft that can fall as precipitation, increasing the potential for flooding. increased frequency of extreme precipitation events; increased magnitudes of precipitation events of high intensity; and land use changes and surface
degradation (for example, deforestation and urbanisation).
Climate change would significantly affect the temporal and spatial availability of the water resources
in the country. It may lead to the re-allocation of the water for meeting the demands of the different
sectors. As the climate change may change the rainfall characteristics in time and space, the surface runoff and rainfall recharge to the groundwater would also be significantly affected. Further
more, because of adaptation in other sectors due to climate change; there may be other physical
changes in the basin which would influence the hydrological cycle considerably. Thus, the methodologies for the assessment of surface water as well as Groundwater resources are required to be
modified considering all the changes expected in the basin because of climate change.

Rainfall-runoff models for water resources assessment
Physically-based distributed-parameter models are complex in terms of structure and input requirements and can be expected to provide adequate results for a wide range of applications. On the
other hand, simpler models which have a smaller range of applications can yield adequate results at
greatly reduced cost, provided that the objective function is suitable. The distinction between simple
and physically-based distributed- parameter models is not only one of lesser or greater sophistication, but is also intimately linked with the purpose for which such models are to be used. Thus,
choosing a suitable model is equivalent to distinguishing the situation between when the simple
models or complex model must be used. The choice of a model for a particular study depends, on
many factors (Gleick, 1986), amongst which the purpose of study, model and data availability have
been the dominant ones (Ng and Marsalek, 1992; Xu, 1999). For example, for assessing water
resources management on a regional scale, monthly rainfall-runoff (water balance) models were
found useful for identifying hydrologic consequences of changes in temperature, precipitation, and
other climate variables (e.g., Gleick, 1986; Schaake and Liu, 1989;). For detailed assessments of
surface flow and other water balance components, conceptual lumped-parameter models are used.
One of the more frequently used models in this group is the Sacramento Soil Moisture Accounting
Model (Burnash et.al., 1973). Many researchers have used the same model or similar models for
studying the impact of climate change In Nordic countries the HBV model is widely used as a tool to
assess the climate change effects (e.g., Vehvila¨inen and Lohvansuu, 1991). For simulation of spa-
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tial patterns of hydrological response within a basin, process-based distributed- parameter models
are needed (Beven, 1989; Thomsen, 1990; Running and Nemani, 1991; Bathurst and O'Connell,
1992). For estimating changes in the average annual runoff for different climate change scenarios
simple empirical and regression models have been used, as for example, the models by Revelle
and Waggoner (1983) in the United States, and Arnell and Reynard (1989) in the UK. The studies
reported in the literature and discussed above have used one or a limited number of hydrological
models (2 models in some cases) to simulate the impact of postulated climate changes; these
studies represent the results of the selected models only. It is therefore desirable to compare the
differences in hydrological impacts of alternative climates resulting from the use of more hydrological models.
One of the methods being followed to assess the variability in the variability of water resource is to
model the basin with the presently available data for the required output (in this case runoff) with the
current climate data, land use, soils and management factors and standardising the model in terms
calibration and validation and deriving the model parameters and utilising the same parameters
estimating the output (runoff) with different climate change scenarios. Some of the models used to
assess the water resource availability at different regional/sub basin/basin scales includes SWAT,
SIMHYD, MODHYDROLOGIC, SACREMONTO etc which considers the systems and run on daily
steps and are based on physical processes. It is often seen that more than one model is used to
assess the changes in water availability with different scenarios of climate change. Thus the main
objective of using various models is to quantify how large the difference one can expect when using
different hydrological models to simulate the impact of climate change as compared to the model
capabilities in simulating historical water balance components. The studies are performed in two
steps: First, the performance of models in reproducing historical water balance components is evaluated; and second, the differences in the simulated hydrological consequences of changed climate
by various models are evaluated and compared.

SWAT
The climate change impact assessment on water resources in India was performed by using the
SWAT (Soil and Water Assessment Tool) water balance model for different river basins of the country.
Digital elevation model (DEM) represents a topographic surface in terms of a set of elevation values
derived at a finite number of points. DEM has been generated using contours taken from 1: 250,000
scale topographic maps. Delineation of the river basins Automatic delineation of the river basins is
done by using the DEM as input and the final outflow point on the drainage of the river basin as the
final pour/drainage point. The river basins have been divided into sub-basins using an arbitrarily
selected threshold value. The data generated in transient experiments (HadRM2) by the Hadley
Centre for Climate Prediction, UK, at a regional climate model resolution of 0.44° X 0.44° latitude by
longitude grid points was obtained from IITM (Indian Institute of Tropical Meteorology), Pune, India.
The daily weather data on precipitation, temperature (maximum and minimum), solar radiation,
wind speed and relative humidity at all the grid locations were used. The HadRM2 grid has been
superimposed on the subbasins for deriving the weighted means of the inputs for each of the sub
basins. The centroid of each sub-basin is then taken as the location for the weather station to be
used in the SWAT model. This procedure has been used for the present/control (representing series
1981–2000) and the future/GHG (representing series 2041–2060) climate data. Classified land cover
data (13 categories) produced by the University of Maryland Global Landcover Facility, using remote sensing with resolution of 1 km grid cell has been used. Soil layer Soil map adapted from FAO
Digital Soil Map of the World and Derived Soil Properties (ver. 3.5, November 1995) with a resolution of 1:5,000,000 have been used.
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SIMHYD
SIMHYD is a simple lumped conceptual
daily rainfall-runoff model with seven parameters (Chiew et.al., 2002) and has been
used for climate change assessment studies in Australia .The Fig.1 shows the model
structure of SIMHYD and the equations
used to model the rainfall-runoff processes.
SIMHYD has been used successfully
across Australia for various applications, including the estimation of runoff in the National Land and Water Resources Audit
(Peel et.al., 2002), the estimation of climate
change impact on runoff ( Chiew and
McMahon, 2002), and in various
regionalisation studies ( Chiew and
Siriwardena, 2005). A Muskingum routing
algorithm with two parameters (KMUSK and
XMUSK), as described in Tan et al. (2005),
is used to rout the daily runoff simulated by
SIMHYD to the catchment outlet. For the
application here, XMUSK is set to 0 (therefore routing with a linear storage), and the
two relatively insensitive infiltration capac- Fig.1. Model structure of SIMHYD and the equaity parameters, COEFF and SQ, are set to tions
150 and 2 respectively. There are therefore six
parameters in SIMHYD that require optimisation
in the application here.

Sacramento model
The Sacramento model is also a lumped conceptual daily rainfall-runoff model (Burnash et.al.,
1973), but it is considerably more complex than
SIMHYD. Fig. 2 shows the structure of the Sacramento model. The Sacramento model has
been used widely, in particular as part of the river
system model implementations in New South
Wales and Queensland and for flow forecasting
worldwide. The Sacramento model has 17 parameters, but in the application here, only 13
parameters are optimised (ADIMP, LZFPM,
LZFSM, LZPK, LZSK, LZTWM, PFREE, REXP,
SARVA, IZFWM, UZK, UZTWM, ZPERC) plus
one unit hydrograph parameter, with the other
four parameters set to default values (PCTIM=0, Fig.2. Structure model of Sacramento model
RSERV=0.3, SIDE=0, SSOUT=0).
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MODHYDROLOG
A conceptual rainfall-runof f model,
MODHYDROLOG, was used for assessing
the impacts of climate change on runoff and
soil moisture in 28 Australian catchments.
The model structure and the equations used
to represent the various hydrological processes are shown in Fig.3 with the model
parameters highlighted in bold.
A complete description of MODHYDROLOG
can be obtained from Chiew (1990) and
Chiew and McMahon (1994), while Porter
(1972) provides a detailed description of the
origins of the equations used to represent
the catchment processes. MODHYDROLOG
operates on a daily basis using rainfall and
potential evapotranspiration as input data.
Potential evapotranspiration is calculated
from drybulb temperature, wetbulb temperature and sunshine hours.
Six monthly water balance models ( i.e.,
Thornthwaite–Mather model (Alley, 1984),
VUB model (Vandewiele et.al., 1992), the Fig.3. Model structure of MODHYDROLOG
monthly Xinanjiang model (Hao and Su, 2000), Guo model (Guo, 1992), WatBal model (Kaczmarek,
1993; Yates, 1996) and Schaake model (Schaake, 1990)) were used and their capabilities in reproducing historical water balance components and in predicting hydrological impacts of alternative
climates are compared for different basins in Southern China(Tao Jiang et.al., 2007) . The choice of
these six models is based on the following considerations: First, climate change scenarios at a
monthly time scale are easily available and more reliable. Second, water resources management
and planning for a large basin or region are generally on a monthly time scale. Third, large scale
observed hydrological data on a monthly scale are easily available for calibrating and validating
hydrological models, especially in developing countries.

Thornthwaite–Mather model (TM)
The Thornthwaite–Mather model was developed by Thornthwaite and Mather (1955) and a detailed
study of the model was done by Alley (1984). Fig.4 Shows the model with two storages: ‘soil
moisture index’ and ‘water surplus’. The model has two parameters: soil moisture capacity and
storage constant. In this model, the soil is assumed to have a maximum soil moisture capacity, Smax. Moisture is either added to or
subtracted from the soil, depending on whether the precipitation of
montht, P(t), is greater or less than the potential evapotranspiration for the month, PET(t). When P(t) PPET(t), the soil moisture
content is updated byS(t) = min [P(t) _ PET(t) + S(t),Smax], and
the excess precipitation is assumed to contribute to water surplus,
DQ = [P(t) _ PET(t)] + S(t-1)- Smax]. When P(t) < PET(t), the soil
moisture storage is described by
and DQ =
Fig.4. Model structure of TM 0. Actual evapotranspiration is computed by Ea(t) = PET(t), when
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P(t)P PET(t). Otherwise,
Streamflow is derived from the water
surplus. This model assumes that a fraction k of the water surplus remains in the soil and recharges
the groundwater storage. Thus runoff for month t is R(t) = (1 - k)[Q(t- 1) + DQ], and the water surplus
at the end of the month is updated by Q(t) = k[Q(t - 1) + DQ]. Parameter k varies with the depth and
texture of the soil, size and physiography of the basin, and characteristics of groundwater system.

Belgium model (VUB)
Vandewiele et al. (1992) proposed a series of monthly water
balance models on a basin scale. One of the models, referred
to here as VUB model, is selected for use in the study Fig.5.
The model is based on the water balance equation S(t) = S(t1) + P(t)- Ea(t)- R(t). S(t) and S(t- 1) represent the states of
the soil moisture storage at the end and beginning of month t,
respectively. P(t), Ea(t), R(t) are precipitation, actual evapotranspiration, and discharge during month t, respectively. Actual
evapotranspiration
is
computed
as
where a1 is a non-negative parameter and W(t) = P(t) + S(t- 1) is the available water. Monthly

Fig.5. Model structure of VUB

discharge is distinguished between slow runoff Rs(t) = a2[S(t- 1)+]0.5 and quick runoff Rf(t) = a3
(S(t-1)+)0.5N(t), where
is defined as the effective precipitation. The
total runoff is R(t) = Rs (t) + Rf(t). Parameters that need to be calibrated are a1, a2, and a3.

The monthly xinanjiang model (XAJ)
The Xinanjiang model was originally developed on a hourly time scale for flood forecasting or on a
daily time scale for continuous hydrological simulation (Zhao, 1992). Various reported (e.g., Hao
and Su, 2000) according to the characteristics of monthly runoff
hydrograph for basin hydrological modeling and water resources
assessment. In the monthly Xinanjiang model, the soil moisture storage during month t, W(t), is divided into three layers: WU(t) in the
upper layer, WL(t) in the lower layer, and WD(t) in the deep layer, of
which the upper threshold limit values are WUM, WLM and WDM,
respectively. Soil moisture storage is depleted and replenished, respectively, through evapotranspiration and precipitation. Actual
evapotranspiration is related to both potential evapotranspiration
and soil moisture status. In the upper layer, evapotranspiration of
month t, EU(t), takes place at the rate of potential evapotranspiration. Once the moisture content in the upper layer has been depleted, evapotranspiration proceeds to the lower layer, EL(t), depending on the ratio of the moisture content to the storage capacity. Fig.6. Model structure of
When the lower layer storage falls below some pre-set fraction of XAJ
WLM, evapotranspiration is assumed to continue at a rate ED(t). The actual evapotranspiration is
the total of the evapotranspiration of the three layers. Precipitation first satisfies the demand for
evapotranspiration and runoff generation depends on the difference between precipitation and potential evapotranspiration. If the difference is positive, runoff generates; otherwise, there is no runoff
production. It is proposed that the runoff production is based on the partial area concept by considering the non-uniform distribution of soil moisture storage capacity over the basin. The remainder of
runoff production becomes an addition to the groundwater storage. The groundwater storage con-
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tributes to the slow runoff. The simulation procedures of the monthly
Xinanjiang model are outlined in Fig.6. The model has 7 parameters,
of which 4 parameters are sensitive ones and need to be calibrated.

Guo model (GM)
Guo (1992) developed a five-parameter monthly water balance model.
The basic structure of this model is presented in Fig.7. At a monthly
time step, the model divides runoff into surface runoff, interflow, and
groundwater flow. Rainfall first satisfies the demand for evapotranspiration and replenishes soil moisture, and the remaining amount would
become surface runoff and interflow. If precipitation is greater than
potential evapotranspiration then the soil moisture is calculated as
S(t) = S(t-1) + P(t)- PET(t), otherwise
When
precipitation exceeds potential evapotranspiration and soil moisture
storage attains its capacity, the excess water is equal to S(t) minus
Smax, a part of which contributes to surface runoff Rs(t) = c[S(t)- Smax], Fig.7. Model structure of
and c is the surface runoff coefficient. The remaining amount of ex- GM
cess water is determined from WS(t) = (1 _ c)[S(t)- Smax], and the interflow is Ri(t) = k1WS(t).
Where k1is a watershed lag coefficient. Groundwater is assumed to behave like a reservoir receiving a part of the excess water and discharging at a specified rate to the river with a time lag of one
month. The groundwater flow is calculated by Rg(t) = k2G(t - 1), where k2 is a groundwater reservoir coefficient, and G(t - 1) is the groundwater storage at the beginning of the month. At the end of
each month t, groundwater storage is updated by G(t) = G(t - 1) + (1 _ k1)WS(t) _ k2G(t - 1) for
WS(t) P 0, and G(t) = G(t- 1)- k2G(t- 1), for WS(t) < 0. The total monthly runoff TR(t) is the sum of
surface runoff, interflow, and groundwater flow TR(t) = Rs(t) + Ri(t) + Rg(t). Parameters that need to
be calibrated are maximum soil moisture storage, Smax, surface runoff coefficient, c, watershed lag
coefficient, k1 and groundwater reservoir coefficient, k2.

WatBal model (WM)
The WatBal model was originally developed for Colorado Subalpine watersheds (Leaf and Brink, 1973). Sequentially it was modified for assessing the hydrological impact of climate change. The
conceptualization of the WatBal model is shown in Fig.8. The
uniqueness of the WatBal model is the use of continuous functions
of relative storage to represent surface outflow, sub-surface outflow, and evapo- transpiration. Given direct runoff Rd(t) = bPeff(t),
the water balance is written as
; where t is time, b is a direct runoff coefficient,
Smax is the maximum storage capacity, Peff(t) is the effective preFig.8. Model structure of WM
cipitation, Rs(z,t) is the surface runoff, Rss(z,t) is the sub-surface
runoff, Ea(z,t) is the evapotranspiration, Rb is the baseflow, z = S(t)/Smax is the relative soil moisture storage, and S(t) is the soil moisture storage. This differential equation can be solved by using
a predictor-corrector method. Evapotranspiration is a function of potential evapotranspiration and
the relative storage,
Surface runoff and subsurface runoff are calculated as
functions of relative storage and effective precipitation, respectively. The model has four parameters that need calibration, i.e., maximum storage capacity, Smax, direct runoff coefficient, b, a
parameter related to surface runoff, e, and a parameter related to sub-surface runoff, a.
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Schaake model (SM)
Schaake and Liu (1989) developed a simple water balance model for assessing the impact of climate change. Schaake (1990) improved groundwater algorithms of the linear model using a nonlinear reservoir. The enhanced model, referred to as the SM model, has the ability to simulate runoff
over a range of climate conditions. The uniqueness of the model is to introduce soil moisture deficit
in the expression of runoff and evapotranspiration. Runoff is divided into surface runoff and groundwater flow. The schematic representation of the Schaake model is given in Fig. 9. In the SM model,
actual evapotranspiration is assumed to occur at a potential rate when the storage deficit is zero,
whereas actual evapotranspiration is zero in the case when the storage deficit reaches the maximum limit. In the intermediate case, actual evapotranspiration Ea(t) in month t is calculated
and Dmax is the maximum limit of soil moisture storage deficit, and D(t) is the
current deficit. To compute surface flow, the effective precipitation, Pxx δ tÞ, is defined as
H is a parameter representing the proportion of Ea(t) that must be satisfied from
precipitation in the current month before runoff or infiltration can occur; z is a parameter that controls
infiltration of precipitation through the surface of the earth. If Pxx(t) is
positive, surface runoff is calculated as
Groundwater runoff is assumed to vary with deficit D(t). It is assumed
that the groundwater table rises to streams and groundwater runoff
generates when D(t) is less than a certain value. The equation used
to compute groundwater runoff is Rg(t) = kk[Gmax- D(t)], where kk is
a parameter, and Gmax is a threshold value. If D(t) exceeds Gmax,
Rg(t) is zero and streams would percolate to groundwater. However,
no attempt is made in the model to account for such losses from
streams to groundwater. The storage deficit at the end of the month
is computed by mass balance as D(t + 1) = D(t)- Pxx(t) + Ea (t) +
Rs(t) Parameters that need to be calibrated are maximum limit of soil Fig.9.Model structure of SM
moisture storage deficit, Dmax, infiltration parameter, z, proportion of
Ea(t) that must be satisfied before runoff or infiltration can occur, H, groundwater parameter, kk, and
a threshold parameter, Gmax.

Downscaling of datasets
Scenarios of future climate change are usually developed using the GCMs with different scenarios
of GHG emissions. GCMs are complex 3-dimensional models of the land, atmosphere and oceans.
GCMs are invaluable tools for identifying climatic sensitivities and changes in global climate characteristics, the major problem of the current generation of GCMs is the limitation of their spatial resolution. Global Circulation Models (GCMs) are large-scale representations of the atmosphere and its
processes. A GCM reproduces, with certain accuracy, mass and energy fluxes and storages that
occur within the atmosphere, by using an analysis unit. This unit is often called a “cell”. These cells
are three-dimensional objects within which a number of equations are applied by means of high
performance computing units.A single grid of GCM may encompass hundreds of square kilometers
and include mountainous and desert terrain, oceans and land areas. Usually, the output of GCMs is
given for a scale much larger than that of even a large watershed. Given the processing capacity
and time required for applying these equations in a single cell (taking into account its interactions
with neighbor cells), GCM cells cannot be unlimitedly small, they rather are restricted to a size of
100-300km. Currently, more than a dozen centers around the world develop climate models to
enhance our understanding of climate and climate change and to support the IPCC activities (IPCC,
2001, 2007). There are marked ployed, the spatial resolution of the simulation, and the subgrid-
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scale parameters (IPCC, 2001 2007; Govindan et.al., 2002), and due to that, any researcher would
desire to use all climate models and assess uncertainties rather than selecting a subset of GCMs.
Climate change estimates on regional or local spatial scales are burdened with a considerable
amount of uncertainty, stemming from several sources. For estimates based on downscaling of
GCM outputs, different levels of uncertainty are related to: (i) GCM uncertainty or inetrmodel variability (use of different GCMs), (ii) scenario uncertainty or interscenario variability, (iii) different realizations of one GCM due to parameter uncertainty (intramodel variability) and (iv) uncertainty due to
downscaling methods. It is widely acknowledged that disagreements between different GCMs and
scenarios over regional climate changes represent a significant source of uncertainty. Only the first
two sources of uncertainties are considered here to project the future drought scenario and are
modeled with nonparametric approaches.
The RCMs have shown significant improvements over the global models in depicting the surface
climate over the Indian region, enabling the development of climate change scenarios with substantially more regional detail.
Regional Climate Models provide 20 to 50km surfaces by re-modeling GCM outputs and are thus
only applicable to a limited number of GCMs (for which boundary conditions are available), and
require a considerable processing capacity, time and storage for obtaining a single scenario-byperiod output, thus making it barely feasible to get RCM outputs for most assessment offices and
agricultural researchers. Statistical downscaling, on the other hand, provides an easy to apply and
much rapid method for developing high resolution climate change surfaces for high resolution regional climate change impact assessment studies. A simple downscaling method (named delta
method) was developed (Julian Ramirez1 and Andy Jarvis, 2010), based on the sum of interpolated
anomalies to high resolution monthly climate surfaces from WorldClim (Hijmans et.al., 2005). The
method, basically, produces a smoothed (interpolated) surface of changes in climates (deltas or
anomalies) and then applies this interpolated surface to the baseline climate (from WorldClim),
taking into account the possible bias due to the difference in baselines. The method assumes that
changes in climates are only relevant at coarse scales, and that relationships between variables are
maintained towards the future. While these assumptions might hold true in a number of cases, they
could be wrong in highly heterogeneous landscapes where topographic conditions cause considerable variations over relatively small distances. The method was applied over 24 different GCMs
from the IPCC Fourth Assessment Report (2007), directly downloaded from the Earth System Grid
(ESG) data portal, for the emission scenarios SRES-A1B (24 GCMs), SRES-A2 (19 GCMs), and
SRES-B1 (20 GCMs), and for 7 different 30 year running mean periods (i.e. 2010-2039 [2020s],
2020- 2049 [2030s], 2030-2059 [2040s], 2040-2069 [2050s], 2050-2079 [2060s], 2060-2089 [2070s],
and 2070-2099 [2080s]). Each dataset (SRES scenario – GCM – timeslice) comprises 4 variables
at a monthly time-step (mean, maximum, minimum temperature, and total precipitation), and at 4
different spatial resolutions (30 arc-seconds, 2.5 arcminutes, 5 arc-minutes, and 10 arc-minutes).
The data is freely available on http://gisweb.ciat.cgiar.org/dapablogs/dapa-climate/

The process consists in the following steps:
• Gathering of baseline data (current climates corresponding to WorldClim)
• Gathering of full GCM timeseries
• Calculation of 30 year running averages for present day simulations (1961-1990) and 7 future
periods
• Calculation of anomalies as the absolute difference between future values in each of the 3 variables to be interpolated (minimum and maximum temperature, and total precipitation)
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• Interpolation of these anomalies using centroids of GCM cells as points for interpolation
• Addition of the interpolated surfaces to the current climates from WorldClim, using absolute sum
for temperatures, and addition of relative changes for precipitation
• Calculation of mean temperature as the average of maximum and minimum tempera tures
• For each of the 7 future periods, the anomaly or delta with respect to the baseline climate was
calculated for each of the variables and months. These anomalies were then interpolated using a
thin plate spline interpolation (Franke, 1982; Mitas and Mitasova, 1988).
The basic minimum-curvature technique is also referred to as thin plate interpolation. Thin plate
interpolations have been used several times in climatology (Hijmans et.al., 2005; Hutchinson, 1995;
Hutchinson 1984; Hutchinson and de Hoog, 1985). The procedure ensures a smooth (continuous
and differentiable) surface together with continuous first-derivative surfaces. Rapid changes in gradient or slope (the first derivative) may occur in the vicinity of the data points. The spline method
performs a two-dimensional minimum curvature spline interpolation on a point data set resulting in
a smooth surface that passes exactly through the input points.
Another way to downscale the output necessary for application is temporal downscaling. Stochastic
climate generator (CLIGEN) The CLIGEN model is a stochastic daily weather generator (Nicks and
Gander, 1994). It generates the occurrence of daily precipitation (related to precipitation frequency)
using a first-order, two-state Markov chain based on transition probabilities of a wet day following a
wet day (Pw/w) and a wet day following a dry day (Pw/d). The daily mean precipitation (Rd, mm) is
generated using a transformed (skewed) normal distribution. The daily maximum and minimum
temperatures are generated using normal distributions. In this study, means and variances of daily
precipitation depths and temperatures as well as the two transition probabilities are modified to
generate changed climates. Other parameters including skew coefficient of daily precipitation, storm
characteristics such as storm duration, dew temperature, solar radiation, and wind speed and direction, which are generated in CLIGEN, are not adjusted. In CLIGEN, daily weather is generated on a
monthly basis (i.e., no dependency between months), and each variable is generated independent
of other variables. Because each variable is generated independently and for each month, incorporation of GCM-projected monthly changes either with or without an explicit spatial downscaling into
model parameters is straightforward
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IMPACT OF CLIMATE CHANGE ON WATER RESOURCES METHODOLOGY
A K Gosain
Introduction
The advent of Geographical Information System (GIS) has helped many lumped hydrological models to qualify to the distributed hydrological models. Many of these models still rely on the observed
historical data for the calibration whereas there are some models that have realized the need of
using such models on the ungauged areas. They have reduced the calibration requirement to bare
minimum by defining the parameters that are related to observables characteristics. One such model
is SWAT (Soil and Water Assessment Tool) which has been formulated to help in the assessment of
water quantity and quality of a hydrologic system in an integrated manner. A brief description of the
capabilities of the model with respect to water quantity and quality assessment has been provided
here.
The SWAT model is a river basin, or watershed, scale model developed by the Agricultural Research Service (ARS) of the US department of agriculture (USDA). The SWAT model was developed to predict the water, sediment and chemical yields in large complex watersheds with varying
soils, land use and management conditions. The model is physically based, continuous time model
in which the physical processes associated with water movement, sediment movement, crop growth,
nutrient cycling, etc. are directly modeled using readily available inputs. The model is computationally
efficient and enables users to study long-term impacts. Many of the problems currently addressed
by users involve the gradual buildup of pollutants and the impact on downstream water bodies.

Background of SWAT
SWAT incorporates features of several ARS models and is a direct outgrowth of the SWRRB model
(Simulator for Water Resources in Rural Basins) (Williams et.al., 1985; Arnold et.al., 1990). Specific
models that contributed significantly to the development of SWAT were CREAMS (Chemicals, Runoff, and Erosion from Agricultural Management Systems) (Knisel, 1980), GLEAMS (Groundwater
Loading Effects on Agricultural Management Systems) (Leonard et.al., 1987), and EPIC (ErosionProductivity Impact Calculator) (Williams et.al., 1984).
The primary focus of model use in the late 1980s was water quality assessment and development of
SWRRB reflected this emphasis. Notable modifications of SWRRB at this time included: a) incorporation of the GLEAMS pesticide fate component; b) optional SCS technology for estimating peak
runoff rates c) newly developed sediment yield equations. These modifications extended the model's
capability to deal with a wide variety of watershed management problems.
Arnold et.al., (1995) developed a model called ROTO (Routing Outputs to Outlet) which took output
from multiple SWRRB runs and routed the flows through channels and reservoirs. ROTO provided
a reach routing approach and overcame the SWRRB subbasin limitation by “linking” multiple SWRRB
runs together. The input and output of multiple SWRRB files was cumbersome and required considerable computer storage. In addition, all SWRRB runs had to be made independently and then input
to ROTO for the channel and reservoir routing. To overcome the awkwardness of this arrangement,
SWRRB and ROTO were merged into a single model, SWAT. While allowing simulations of very
extensive areas, SWAT retained all the features which made SWRRB such a valuable simulation
model. The interfaces for the model have been developed in Windows (Visual Basic), GRASS, and
ArcView. SWAT has also undergone extensive validation in areas all over the world.
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Overview of SWAT
SWAT allows a number of different physical processes to be simulated in a watershed. These processes are briefly summarized in this section.

Fig. 1.1. The Watershed with landuse and drainage.

Fig. 1.2. Subbasin Delineation of the Watershed.

For modeling purposes, a watershed may be partitioned into a number of subwatersheds or subbasins.
The use of subbasins in a simulation is particularly beneficial when different areas of the watershed
are dominated by land uses or soils different enough in properties to impact hydrology. Fig.1.2
shows subbasin delineation for the watershed shown in Fig.1.1
Input information for each subbasin is grouped or organized into the following categories: weather
or climate; unique areas of land cover, soil, and management within the subbasin (hydrologic response units or HRUs), ponds/reservoirs, groundwater, and the main channel, or reach, draining
the subbasin.
No matter what type of problem is studied with SWAT, water balance is the driving force behind
everything that happens in the watershed. To accurately predict the movement of pesticides, sediments or nutrients, the hydrologic cycle as simulated by the model must conform to what is happening in the watershed.
Simulation of the hydrology of a watershed can be separated into two major divisions. The first
division is the land phase of the hydrologic cycle. The land phase of the hydrologic cycle controls the
amount of water, sediment, nutrient and pesticide loadings to the main channel in each subbasin.
The second division is the water or routing phase of the hydrologic cycle which can be defined as
the movement of water, sediments, etc. through the channel network of the watershed to the outlet.

Land Phase of the Hydrologic Cycle
The hydrologic cycle as simulated by SWAT is based on the water balance equation:

where

SWt

is the final soil water content (mm)

SW

is the soil water content available for plant uptake, defined as the initial soil water
content minus the permanent wilting point water content (mm)
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Qi
ETi
Pi
QRi

is the time (days)
is the amount of precipitation (mm)
is the amount of surface runoff (mm)
is the amount of evapotranspiration (mm)
is the amount of percolation (mm)
is the amount of return flow (mm)

Climate: The climate of a watershed provides the moisture and energy inputs which control the
water balance and determine the relative importance of the different components of the hydrologic
cycle.
The climatic variables required by SWAT consist of daily precipitation, maximum/minimum air temperature, solar radiation, wind speed and relative humidity. The model allows values for daily precipitation and maximum/minimum air temperatures to be input from records of observed data or
generated during the simulation. Solar radiation, wind speed and relative humidity are always generated by the model.

Hydrology: As precipitation descends, it may be intercepted and held in the vegetation canopy or
fall to the soil surface. Water on the soil surface will infiltrate into the soil profile or flow overland as
runoff. Runoff moves relatively quickly toward a stream channel and contributes to short-term stream
response. Infiltrated water may be held in the soil and later evapotranspired or it may slowly make
its way to the surface-water system via underground paths.

Infiltration: Infiltration refers to the entry of water into a soil profile from the soil surface. As infiltration continues, the soil becomes increasingly wet, causing the rate of infiltration to decrease with
time until it reaches a steady value. The initial rate of infiltration depends on the moisture content of
the soil prior to the introduction of water at the soil surface. The final rate of infiltration is equivalent
to the saturated hydraulic conductivity of the soil. The Green & Ampt infiltration model is currently
incorporated into SWAT.

Redistribution: Redistribution refers to the continued movement of water through a soil profile
after input of water (via precipitation or irrigation) has ceased at the soil surface. Redistribution is
caused by differences in water content in the profile. Once the water content throughout the entire
profile is uniform, redistribution will cease. The redistribution component of SWAT uses a storage
routing technique to predict flow through each soil layer in the root zone. Downward flow, or percolation, occurs when field capacity of a soil layer is exceeded and the layer below is not saturated.
The flow rate is governed by the saturated conductivity of the soil layer. Movement of water from a
subsurface layer to an adjoining upper layer may occur when the water content of the lower layer
exceeds field capacity. The upward movement of water is regulated by the soil water to field capacity ratios of the two layers (Fig.2).

Evapotranspiration: Evapotranspiration is a collective term for all processes by which water in the
liquid or solid phase at or near the earth's surface becomes atmospheric water vapor. Evapotranspiration includes evaporation from rivers and lakes, bare soil, and vegetative surfaces; evaporation
from within the leaves of plants (transpiration); and sublimation from ice and snow surfaces. The
model computes evaporation from soils and plants separately as described by Ritchie (1972). Potential soil water evaporation is estimated as a function of potential evapotranspiration and leaf area
index (area of plant leaves relative to the area of the HRU). Actual soil water evaporation is estimated by using exponential functions of soil depth and water content. Plant transpiration is simulated as a linear function of potential evapotranspiration and leaf area index. The model offers three
options for estimating potential evapotranspiration: Hargreaves (Hargreaves and Samani, 1985),
Priestley-Taylor (Priestley and Taylor, 1972), and Penman-Monteith (Monteith, 1965).
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Fig.2. Schematic of pathways available for water movement in SWAT

Lateral subsurface flow: Lateral subsurface flow, or interflow, is streamflow contribution which
originates below the surface but above the zone where rocks are saturated with water. Lateral
subsurface flow in the soil profile (0-2m) is calculated simultaneously with redistribution. A kinematic
storage model is used to predict lateral flow in each soil layer. The model accounts for variation in
conductivity, slope and soil water content. It also allows for flow upward to an adjacent layer or to the
surface.
Surface runoff: Surface runoff, or overland flow, is flow that occurs along a sloping surface. Using
daily rainfall amounts, SWAT simulates surface runoff volumes and peak runoff rates for each HRU.
Runoff volume is computed using a modification of the SCS curve number method (USDA Soil
Conservation Service, 1972). The curve number varies non-linearly with the moisture content of the
soil. The curve number drops as the soil approaches the wilting point and increases to near 100 as
the soil approaches saturation.

Tributary channels: Two types of channels are defined within a subbasin: the main channel and
tributary channels. Tributary channels are minor or lower order channels branching off the main
channel within the subbasin. Each tributary channel within a subbasin drains only a portion of the
subbasin and does not receive groundwater contribution to its flow. All flow in the tributary channels
is released and routed through the main channel of the subbasin. SWAT uses the attributes of
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tributary channels to determine the time of concentration for the subbasin.

Return flow: Return flow, or base flow, is the volume of streamflow originating from groundwater.
SWAT partitions groundwater into two aquifer systems: a shallow, unconfined aquifer which contributes return flow to streams within the watershed and a deep, confined aquifer which contributes
return flow to streams outside the watershed (Arnold et.al., 1993). Water percolating past the bottom of the root zone is partitioned into two fractions each fraction becomes recharge for one of the
aquifers. In addition to return flow, water stored in the shallow aquifer may replenish moisture in the
soil profile in very dry conditions or be directly removed by plant uptake (only trees may uptake
water from the shallow aquifer). Water in the shallow aquifer may also seep into the deep aquifer or
be removed by pumping. Water in the deep aquifer may be removed by pumping.
Land cover/plant growth: SWAT utilizes a single plant growth model to simulate all types of land
covers. The model is able to differentiate between annual and perennial plants. Annual plants grow
from the planting date to the harvest date or until the accumulated heat units equal the potential
heat units for the plant. Perennial plants maintain their root systems throughout the year, becoming
dormant after frost. They resume growth when the average daily air temperature exceeds the minimum, or base, temperature required. The plant growth model is used to assess removal of water
and nutrients from the root zone, transpiration, and biomass/yield production.
Erosion: Erosion and sediment yield are estimated for each HRU with the Modified Universal Soil
Loss Equation (MUSLE) (Williams, 1975). While the USLE uses rainfall as an indicator of erosive
energy, MUSLE uses the amount of runoff to simulate erosion and sediment yield. The substitution
results in a number of benefits: the prediction accuracy of the model is increased, the need for a
delivery ratio is eliminated and single storm estimates of sediment yields can be calculated. The
hydrology model supplies estimates of runoff volume and peak runoff rate which, with the subbasin
area, are used to calculate the runoff erosive energy variable. The crop management factor is
recalculated every day that runoff occurs. It is a function of above-ground biomass, residue on the
soil surface, and the minimum C factor for the plant. Other factors of the erosion equation are
evaluated as described by Wischmeier and Smith (1978).

Management: SWAT allows the user to define management practices taking place in every HRU.
The user may define the beginning and the ending of the growing season, specify timing and amounts
of fertilizer, pesticide and irrigation applications as well as timing of tillage operations. At the end of
the growing season, the biomass may be removed from the HRU as yield or placed on the surface
as residue.
In addition to these basic management practices, operations such as grazing, automated fertilizer
and water applications, and incorporation of every conceivable management option for water use
are available. The latest improvement to land management is the incorporation of routines to calculate sediment and nutrient loadings from urban areas.

Routing Phase of the Hydrologic Cycle
Once SWAT determines the loadings of water, sediment, nutrients and pesticides to the main channel, the loadings are routed through the stream network of the watershed using a command structure similar to that of HYMO (Williams and Hann, 1972). In addition to keeping track of mass flow in
the channel, SWAT models the transformation of chemicals in the stream and streambed. Fig.3
illustrates the different in-stream processes modeled by SWAT.
Routing in the main channel or reach: Routing in the main channel can be divided into four
components: water, sediment, nutrients and organic chemicals.

Flood routing: As water flows downstream, a portion may be lost due to evaporation and transmis177

sion through the bed of the
channel. Another potential
loss is removal of water from
the channel for agricultural
or human use. Flow may be
supplemented by the fall of
rain directly on the channel
and/or addition of water from
point source discharges.
Flow is routed through the
channel using a variable
storage coefficient method
developed by Williams
(1969).

Sediment routing: The
transport of sediment in the
channel is controlled by the
simultaneous operation of
two processes, deposition
and degradation. Deposition
in the channel is based on

Fig. 3. In-stream processes modeled by SWAT
sediment particle fall velocity calculated with Stoke's Law. Stream power is used to predict degradation in the routing reaches. Bagnold (1977) defined stream power as the product of water density,
flow rate and water surface slope. Williams (1980) modified Bagnold's equation to place more weight
on high values of stream power—stream power raised to 1.5. Prior to incorporation into SWAT, the
stream power equation was further simplified to make stream power no longer a function of water
surface slope. Available stream power is used to reentrain loose and deposited material until all of
the material is removed. Excess stream power causes bed degradation. Bed degradation is adjusted for streambed erodibility and cover.

Channel pesticide routing: While an unlimited number of pesticides may be applied to the HRUs,
only one pesticide may be routed through the channel network of the watershed due to the complexity of the processes simulated. As with the nutrients, the total pesticide load in the channel is partitioned into dissolved and sediment attached components. While the dissolved pesticide is transported with water, the pesticide attached to sediment undergoes sediment transport and deposition
processes. Pesticide transformations in the dissolved and sorbed phases are governed by firstorder decay relationships. The major in-stream processes simulated by the model are settling, burial,
resuspension, volatilization, diffusion and transformation.

Routing in the reservoir: The water balance for reservoirs includes inflow, outflow, rainfall on the
surface, evaporation, seepage from the reservoir bottom and diversions.

Reservoir outflow: The model offers three alternatives for estimating outflow from the reservoir.
The first option allows the user to input measured outflow. The second option, designed for small,
uncontrolled reservoirs, requires the users to specify a water release rate. When the reservoir volume exceeds the principle storage, the extra water is released at the specified rate. Volume exceeding the emergency spillway is released within one day. The third option, designed for larger,
managed reservoirs, has the user specify monthly target volumes for the reservoir.
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Sediment routing: Sediment inflow may originate from transport through the upstream reaches or
from surface runoff within the subbasin. The concentration of sediment in the reservoir is estimated
using a simple continuity equation based on volume and concentration of inflow, outflow, and water
retained in the reservoir. Settling of sediment in the reservoir is governed by Stoke's Law. The
amount of sediment in the reservoir outflow is the product of the volume of water flowing out of the
reservoir and the suspended sediment concentration in the reservoir at the time of release.
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FARMER'S PERCEPTION TO CLIMATE CHANGE/VARIABILITY
AND ADAPTIVE BEHAVIOR TO COPE WITH IT IMPACTS – CASE
STUDIES FROM SAT VILLAGES OF INDIA
Naveen P Singh, M C S Bantilan and K Byjesh
Introduction
It is an accepted fact that climate is changing and an increasing variability in weather pattern does
have larger implication on the overall development of the agriculture-based community. Climate
change is one of the greatest challenges humanity faces, consequently adverse and most vulnerable population is immediately at risk (IPCC, 2007). Climate changes in the physical and bio-geochemical environment, either caused naturally or influenced by human activities, contribute to global environmental change. Increases in atmospheric temperature and carbon dioxide (CO2) together with variability in rainfall do have substantial impact on agriculture and the rural population,
which primarily depend on agriculture for their livelihood. Inter-governmental panel on climate change
has predicted a global temperature rise of 1.6 - 4.1oC by the end of this century (IPCC, 2007).
Increase in frequency of extreme events i.e. drought and flood (short and long term) have significant
impact on subsistence farming and there by hasten rural poverty (Sanchez, 2000). The impact of
climate change can be spatially and temporally varied depending upon type, location and period.
Climate change and associated climatic variability do have serious implication in rural livelihood
especially semi arid tropical (SAT) part of the world. There is a consensus that people who live in
arid or semi-arid tropics are in particular vulnerable to climate change (Schulze et.al., 1993). Among
the component of rural communities in the SAT region climate change or variability (CCV) is one
among many factors posing adverse impact on current and future socio-economic development
(Adger et.al., 1999). Low soil productivity, rainfall variability, water shortage or scarcity, poor development in rural infrastructure, institutions and markets are major identified characteristics of the
semi-arid tropics (Bantilan et.al., 2007, Shiferaw et.al., 2004) and the farming is primarily rainfall
dependent. Major SAT region especially in Asian continent, agriculture sector is highly vulnerable to
climate change or variability with immense potential to exacerbate the degradation of natural resource available at their disposal (Wani et.al., 2009). Future climate change projections for Indian
sub-continent had shown disturbing figure of 3-60C with wide variability in quantum, distribution and
onset of rainfall (NATCOM, 2004). In India, climate change impacts on agriculture, and other natural
resources have been studied extensively. It has been predicted to decline in yield of major crops
with global warming and the increment in yield gained by increase in atmospheric carbon dioxide
could be nullified by combination effect of temperature rise and variation in rainfall. There are predictions of loss of about 10-40% in crop production with temperature rise in India (Aggarwal, 2008)
with respect to current level of management. Several studies have undergone to gain insight on
how farmer perceive the impact of Climate Change or Variability's and extent of resilience farmer's
posses to cope with it in different SAT regions of the world viz., West African (Mertz et.al., 2009),
South Africa (Thomas et.al., 2007), Eastern Africa (Bunce et.al., 2010) and to the contrary relatively
less works were carried out for south Asia especially in SAT regions of Indian sub-continent. In this
paper, an attempt has been undertaken to substantiate the extent of climate change or variability,
it's extended and varied impact on rural population, and the perceptional analysis of farmer's adaptive capacity and extent of resilience.

Vulnerability and adaptation context in SAT India
Nearly 60 % of India's agriculture, which is predominantly rainfed, accounts for only 40% to total
agricultural output. The rainfed agriculture is complex, diverse and risk prone. Despite technological
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inputs rainfed agriculture continues to depend on traditional methods of crop husbandry and livestock based farming systems. It follows fragmented precision methods, uses low levels of inputs
and produces dismally poor yields. Left to nature and exposed to vagaries of monsoon, rainfed
agriculture suffers from wide variations in water availability and instability in yields. Poor state of
agriculture is complicated further by the dominance of tribal, small and marginal farmers, who have
less land and more number of dependent household and livestock support system. They have very
limited marketable surplus and hardly any livelihood security for eight out of 12 months of the year.
Poverty and unemployment force them to migrate to cities in large numbers (~ 80% of the population) leaving behind infirm and elderly to look after their meager assets and livestock. Need is to
contribute sustainably for substantial growth in a productive, income and employment generating
stable agriculture leading to overall livelihood security of rainfed farmers. In all, rainfed agriculture
needs to follow multi-institutional arrangement with a system perspective and problem solving orientation for higher productivity, greater income and more employment. Inclusion of farmers' perceptions and responses to ground realities of rainfed agriculture while conceiving and firming up research agenda is necessary.
In addition, it is necessary to understand role of bio-physical and socio-economic players' dynamics
and equip the stakeholders to CCV. Adaptation or coping strategies to climatic and environmental
fluctuations are not new to the rural population of the SAT region. In these regions, farmer's income
is primarily low due to insufficient rainfall and over exploitation of natural resource which are at their
disposal. Over exploitation of existing resources can be critical in the future with increasing population and declining existing available resources. Adaptation to climate change and its vagaries are
imperative and the strategies and option could vary widely among different regions. It requires an
understanding of the adaptive decision and strategies, resilience and livelihood strategies of the
local population who are directly affected by the impacts of climate change and who must cope with
the realities of multiple pressures (e.g. climate variability and change, market and institutional failures, environmental degradation). When analyzing the potential adaptation strategies, it is necessary to take consideration of the production demand, globalization, population growth, socio-economic status and environmental degradation from the window of possible adaptation options. The
livelihood-based decisions is complex and it is important to understand this complex mechanism
how poor people interact with their environment and related variability that determine various factors result in sustainable improvement of the rural poor. It has been understood that capacity to
adapt to climate change by the communities in the tropics is achieved through various biophysical,
socio-economic, demographic and policy trends (Morton 2007). Keeping this view, the focus of the
study is to understand how villagers/farmers perceive the change in climate and adaptive potential
resources available at their disposal to harness the vagaries of risk of CCV.

Study area and methodology
This study was conducted in the semi-arid tropics of India. The selected villages belong to different
districts of Andhra Pradesh and Maharashtra. These villages are Aurepally & Dokur (Mahabubnagar
district, Andhra Pradesh), Kanzara (Akola district, Maharashtra) and Shirapur (Sholapur district,
Maharashtra). The villages are different from one another in agro-ecological and socio-economic
characteristic viz., climate, soil type, cropping pattern, cropping system, average household size,
occupation, farm technologies etc. (Walker et.al., 1990). Villages receive a minimum annual average rainfall of around 750mm and majority of precipitation is received during June to September
months. Kharif (June- October) and Rabi (October- March) season are the major cropping season
of SAT region. Rabi crops are primarily irrigated with minimal rainfall received during this season.
Atmospheric temperature frequently rises to >40oC during summer months (Mar-May) in all these

181

three districts. The major soil type of Aurepally and Dokur is red alluvial (Alfhisols) and major crop
grown in these villages are rice (Oryza sativa L.), sorghum (Sorghum vulgare L.), castor (Ricinus
communis L.), cotton (Gossypium hirsutum L.) and other minor crops. The major soil type of Akola
district is medium black soil (Vertisols) and pigeon pea (Cajanus cajan L.), cotton, green gram
(Vigna radiate L.) and soybean (Glycine max L.) are important crops grown. In Sholapur mainly
consist of heavy deep black cotton soil and it is predominates with crops viz., pigeon pea, cotton,
sugarcane (Saccharum officinarum L.), sunflower (Helianthus angustifolius L.) and black gram (Vigna
mungo L.) are grown. Furthermore, livestock is an important component of farming system in all
these villages irrespective of regions it belong, with varied composition viz., cattle, goat etc. Observed climatic data (Maximum & minimum temperatures and rainfall) from the past 40 years (19712009) were analyzed for trends and variations. A household based questionnaire survey were done
to get qualitative information about on CCV and periodical changes in community accessible resource and its conservation management and other livelihood strategies in the past 40 years. Twenty
five households were selected randomly from each village to capture in farmer's qualitative perception on CCV risks and impacts. An inventory listing of village resource base and extreme climatic
events experienced in the past. The questions were posed referring to limited issues and methodology is of similar approach used that of Mertz et.al., (2009). Key informant interviews, and farmers
group discussion were also undertaken to have a deep insight of the current state of affairs. Key
informants (extension service personal) interviews were conducted to acquire information on farming aspects, village natural resource base, farm management, cropping pattern change and general
socio-economic status of the village households etc. Key farmers focus group discussions for cross
analysis of the information obtained from household surveys and key informant interviews.

Climatic Analysis
Trends and variability analysis of climatic parameters viz., annual maximum and minimum temperatures and rainfall from the past 40 years of observed climatic data sets from all the study regions
corroborated the presence of climate change and variability. The average annual temperatures
showed a positive trend from the past in both maximum and minimum temperatures. The average
annual maximum and minimum temperatures was found to have a positive slope of about 0.01 and
0.014oC year-1in Mahbubnagar, 0.01 and 0.017oC year-1 in Akola and 0.016 and 0.01oC year-1 in
Table. 1. Perception of the people on extremen climatic events relevant to farming in different study
regions
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Sholapur. The annual precipitation varied widely during the period of analysis in the study region
(Fig .1). Rainfall variability varied among the regions with Dokur having (Standard deviation (S.D.)
of 192.5 mm and Co-efficient of variation (C.V.) 24.5 % and Kanzara (S.D 185.8mm, C.V. 25.7%).
Further, Sholapur had the greater variability in precipitation among the study villages. (S.D. 234.3,
C.V. of 32.3 %). Since 40 year Mahabubnagar experienced 13 years of severe to mild drought,
while Akola had 17 years of mild drought, 10 years of moderate drought and 9 years of severe
drought, while in Solapur 11 years of mild drought, 9 years of moderate drought. Mahabubnagar
district had the highest annual average rainy days of 52 than that of Akola with 40 days and Sholapur
with 44 days. The number of rainy days per year indicated a positive trend in Mahabubnagar. However, Akola showed any trend while Solapur had negative trend in number of rainy days per year. All
these villages had a standard deviation of ±5-6 rainy days inter annually. Variability in quantum, and
distribution of rainfall was evident from this analysis irrespective of study villages. The intensity of
droughts as perceived by the farmers is portrayed in Table. 1.

Perception on climate change and variability
From the focus group discussion, it was evident that the respondents had clear memory of years
having extreme events or climatic conditions that led to affect the crop production resulting into
decline in their income level. These years were perceived as extreme/severe/moderate droughts
which had direct and indirect impacts on farming and economic conditions of the population. Analyses of the individual household survey on farmer's perception on climatic parameters confirmed its
unacceptable trends revealed that all the villagers unanimously agreed to the delayed arrival of
monsoon and an increased erraticness in the distribution of rainfall. Increased delayed arrival and
erratic ness of precipitation had lot of implications on their farming decision which resulted in change
in cropping pattern. In addition, all the four villages perceived a significant decrease in the amount of
rainfall and intensity of rainy days during the monsoon season. Household perception corroborated
with group perception on climatic trends among the communities during the focus group discussions. Except in Aurepally, which perceived a minor increase of temperature, other villagers had
experienced a major increase in the temperature and increased extreme harshness due to extremely high temperatures experienced during particularly during summer months.

Perception on adaptation behavior and capacity
The farmer's perceptions and capacity to respond and adapt to the increasing climatic risk and
variability in dryland agriculture was studied. The synthesis of the key observations delving on farmers adjustments against climatic and related variabilities and associated risks are largely governed
by the local/village level conditionalities influenced by the climatic aberrations/variabilities. There is
a strong emphasis on water conservation practices in all four villages. The shift in acreage from food
crops to cash crops because of climatic variability as well as commercial viability does raise some
concerns regarding food security. However, certain behavioral aspects at the institutional and the
community level are posing serious constraints towards adapting to what maybe a more challenging future with respect to climate change. The lack of collective action/ approach in all four villages,
particularly in Aurepalle and Kanzara has resulted in less viable alternate livelihoods options and
lack of remunerative prices at the market. Nonetheless, the issue of governance and allocation of
resources is a concern especially in a country like India. This becomes particularly important when
certain groups are dependent mostly on provisions made by the government and look up to it to
safeguard their adaptive capacities against uncertainties such as climate variability. However, it is
encouraging to realize that the proximity of the villages to the urban and industrial towns, which (ex.
sugar factory, international airport in Shirapur and Aurepalle) stabilizes the livelihood options of
most farmers and non-farmers. The main barriers to adaptation identified were lack of information –

183

presence of inefficient extension advice, lack of access to formal financial services, shortage of farm
labour, shortage of owned land and decrease in ground water level. Farmers or village communities
with better facilities of farming information, capital cushion to impact and improved community infrastructure specifically continuous and efficient water resources can efficiently aid in adapting to climate change impacts.
The diversity and flexibility of required development programs recognizing the adaptive capacities
of the farmers and rural communities as well as the institutional arrangements is warranted which
can take care of technological and institutional options emanating from grass root observations and
responses (bottom-up approach). In case of Kanzara village, it emerged that the small farmer and
the labourers were the most vulnerable group because of their limited resource base, inadequate
governance structure, and limited knowledge of the benefits. The mentioned factors diminish their
capabilities to cope with the challenge of climate change. On the other hand, villagers in Dokur were
unanimous that because of the given present circumstances and prevailing situation, the dry-land
farmers were the most vulnerable as they incur losses in the event of inadequate and untimely
rains. However, they did agree that the labourers though migrating were also equally vulnerable as
they depended a lot on the farm labour which was dependent on the harvest that the farmers
received.
The small farmers and the laborers were the most vulnerable in both villages of Shirapur and Aurepalle
villages, though the degree of vulnerability emerged to be higher in Aurepalle. The lack of access to
formal financial sources and inadequate information about the schemes and benefits available made
the laborers and the small farmers dependent on middlemen and the moneylenders. In both villages
there was a consensus that the vulnerability among the medium farmers was high as well, as the
social conditioning and status prevented them from taking up other alternative means of livelihood
and excluded them from most government schemes as these were centered towards small and
marginal farmers. Across scales of farmers, there was a growing concern that the income from farm
sources is on the decline and there is an increased dependence on non-farm sources of Income.
Moreover, the adaptation behavior and strategies adopted by the farmers were different for various
categories of farmers and villages due to the varying adaptive capacity. Among the coping mechanism to climate change impacts, reduction in consumption expenditure, availing loans, shift to new
crops/varieties, change in date of operation and use of savings were the important strategies adopted
by majority of households. Presence of SHG's, Banks, government projects, Public distribution
systems (PDS) and farmer's co-operatives could be improved for institutional level potential adaptations. Prioritizing coping strategies with farmer's perception and its efficiency is crucial in structuring
future policy dialogue.

Constraints to adaptation
Although farmers are responding to climate variability, however, this cannot be isolated from other
changes over the past 20-25 years, such as soil degradation, wild boar attacks, and decreasing
numbers of livestock. These are not related to climate variability directly, but accentuate its impact.
Farmers are and have been perceiving variability in climate for at least 20 years, with this variability
becoming more obvious in the past five-six years. Farmers saw the climatic shocks that they have
experienced over these years as evidence of variability. Some of these shocks are in the form of
extreme events like prolonged dry spells or unprecedented floods. As a result of these perceptions,
they have been adapting and have developed coping strategies to shield themselves against climate uncertainties. Diversification into short duration crops, experimenting with vegetable growing,
indigenous methods of soil conversation, the involvement of women in farm activities, and caste-
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based professions have emerged as effective strategies that have come to be accepted socially and
culturally at the local level. Climate, alongside commercial incentives, has also played a role in the
shift from food crops to cash crops, which raises concerns regarding food security. At the institutional and the community level, however, there are serious constraints towards adapting to what
may be a more challenging future resulting from climate change (Table 2). The lack of collective
feeling and action (particularly in Kanzara) has hindered bargaining for better market prices and the
development of alternate livelihood options. At the same time, the viability of agriculture as a profitable livelihood option was reported to be going down.
The issue of governance
was apparent as a key concern with political connections and influence acting
as major factors that determine whether community
members will derive benefits from existing opportunities and entitlements. This
becomes particularly important when certain groups
are dependent mostly on
provisions made by the
government and look up to
it to safeguard their adaptive capacities against uncertainties such as climate
variability. The contrast between Kanzara and Dokur
in terms of implementation
of government's schemes

Table.2 Constraints to Adaptation in the all study domain locations

demonstrates that although inherent capabilities exist, external factors like lack of accountability and politics of distribution become major
impediments to develop
a community's adaptive capacity. This becomes important as the capabilities are understood as
both mutually supportive and all of central relevance to social justice.
It was seen in Aurepalle that the respondents felt that there was a dearth in the formal information
sources and the guidance in terms of the kind of seeds available, shorter varieties which were both
drought resistant yet profitable. There was a need expressed as the respondents believed that
because of lack of government's initiatives in this regard, most people were ignorant and were
continuing farming practices without being aware of what they were using. Similarly, in Shirapur,
one of the reasons that the respondents were using excess of chemical fertilizers and pesticides
was because there was unawareness and lack of guidance from formal sources on the appropriate
time and the quantity of the use of them; thus harming the crops that they were growing and soil

185

more than being useful. With respect to storage facilities, both the villages had no formal
storage facilities and the community had been
using their respective houses as temporary
ones. Though the government was providing
subsidies on seeds for growing fodder, both
the villages did not have any facilities for storage of fodder. Like Kanzara, the issues of
governance were more manifested in
Shirapur as compared to Aurepalle. Though
amongst the villages studied so far, Shirapur
seems to have the most advanced sources
of irrigation, there were complaints of malpractices and mismanagement of the water distribution when it came to the village. Inspite of
representation at the local level in the Water
User's Association, the respondents felt that
the influence of the central authorities was
most often conflicting with the needs of the
locals, which was influencing the water being
released from the dam to the canal and being diverted for industrial use. There was a
feeling among the respondents that because
of the politics of water distribution it could have
an adverse effect in the near future on the
Fig.1. Residual annual rainfall in mm of study
production of sugarcane, which was presently
location during 1971-2009 (Solid line indicates
the major crop in Shirapur. Common percepthe moving average of the residual rainfall)
tions on barriers to potential coping mechanisms observed were a) lack of information – presence of inefficient extension services, weather
advisories, improved varieties, technologies and improved efficient management options b) lack of
access to formal financial services – complex procedures to avail formal credits from banks, dependent on informal credit system and self help group's. c) Shortage of farm labour – with government
programmes viz., NREGS, etc., a prominent shift to non farm sector and continuous source of
income. d) Shortage of owned land (fragmentation) due to increase in population. e) Decrease in
ground water level - Increased competition for water for supplementary irrigation at instances of low
rainfall f) lack of governance – Impropriety in implementation of governmental developmental
schemes, target stake holders.

Conclusion
Village communities in the semi-arid tropical region of India are concerned of climate change or
variability (CCV) having immense direct and indirect implication on the bio-physical and socio-economic components of the rural community build-up and their decision making processes. Farmer
perceived undesirable changes in rainfall and temperature over the years. Drastic reductions in
quantum, skewed and delayed onset of monsoon are perceived climatic features of the study villages. However, farmers perception on significant changes took place in the village are purely socioeconomical where CCV have covert role to play in these villages.
In all the villages the overall village economy is growing due to increase in the livelihood options.
Migration has been the most adaptable practice in the drought villages. Government initiatives have
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also been significant in the villages of Andhra Pradesh. Various water and soil conservation practices initiated by the Government have been successful. Increase in the livestock particularly hybrid
cattle is another observed change in the study villages. A bottom up approach could help to create
more job opportunities and soil and water conservation in the villages. Awareness to the villagers
could also encourage them for natural resource conservation by individual initiatives. For community action and mass awareness the SHG groups could be helpful. Further studies and proper
documentation, would be a useful support in framing of future adaptation policies and planning. A
better understanding of farmer's perceptions, current adaptation measures and their determinants
will be important for further mainstreaming of successful adaptation strategies in the agricultural
development agenda along with better targeting of research in crop improvement and management.
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CLIMATE CHANGE, EXTREME WEATHER EVENTS AND INDIAN
AGRICULTURE
R P Samui
Introduction
In several parts of the world increase in amplitude and frequency of extreme weather events were
noticed, which are likely to increase in the future as a result of climate change. Climate change has
gained momentum due to inadvertent anthropogenic disturbances. These changes may culminate
in adverse impact on human health and the biosphere. The multiple interactions among the humans, microbes and the rest of the biosphere, have resulted in an increase in the concentration of
greenhouse gases (GHGs) i.e., CO2, CH4 and N2O, causing warming across the globe along with
other cascading consequences in the form of shift in rainfall pattern, melting of ice, rise in sea level
etc.
Vulnerability is the degree to which a system is susceptible to, or unable to cope with, adverse
effects of climate change, including climate variability and extremes. Vulnerability is a function of the
character, magnitude, and rate of climate change and variation to which a system is exposed as well
as the system's sensitivity and adaptive capacity (IPCC, 2001). Vulnerability to climate change
varies across regions, sectors, and social groups. Understanding the regional and local dimensions
of vulnerability is essential to develop appropriate and targeted adaptation strategies. At the same
time, such efforts must recognize that climate change impacts will not be felt in isolation, but association with multiple stresses.
Climate change is expected to bring more intense and more frequent extreme weather events including droughts and floods. Indian climate is dominated by the south-west monsoon, which brings
most of the region's precipitation. It is critical for the availability of drinking water and irrigation for
agriculture. Agricultural productivity is sensitive to two broad classes of climate-induced effects (1)
direct effects from changes in temperature, precipitation, or carbon dioxide concentrations, and (2)
indirect effects through changes in soil moisture and the distribution and frequency of infestation by
pests and diseases. Rice and wheat yields could decline considerably with projected climatic changes
(IPCC 1996; 2001) unless adaptation measures are effectively implemented.

Climate Change Vulnerability of India
The highest vulnerability is associated with the semi-arid districts of India and with regions of high
run-off, such as the Kerala and north-eastern districts of India. Areas that are highly vulnerable to
climate change and climate variability include much of Rajasthan and Karnataka and significant
portions of Bihar, Madhya Pradesh, Maharashtra, Gujarat, and Assam. It is notable that the IndoGangetic plains – often referred to as the food belt of India –exhibits low vulnerability. The global
climate change is characterized by increase in surface temperatures by 0.6 ± 0.20C over the twentieth century with a projected rise in the range of 1-3.50C by 2100 (Houghton et.al., 2001). There
has been agreement that the global climate change would modify the hydrological cycle hence
increasing the possibility of droughts and floods globally, though with uneven distribution of impacts
over the continents (McCarthy et.al., 2001). The climate change study in India indicates an increase in the temperature of 0.570C in 100 years (Kumar et.al.,1994; Singh et.al., 2001). The
climatic projection studies indicated a general increase in temperatures in the order of 3-6°C over
the base period average, with more warming in the northern parts than the southern parts of the
country (Lal et.al., 1995; Lonergan 1998). At the regional level, extreme summer rainfall events
were observed in northwest India during recent decades (Singh and Sontakke, 2002). Roy and
Balling (2004) computed the extreme daily precipitation indices in India and found upward trend in
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114 weather stations and downward trend in 61 weather stations across India. The climate models
predicted a change in precipitation by 5-25% over India by the end of the century with more reductions in the winter rainfall than in the summer monsoon rainfall (Lal et.al., 2001). In West Himalayan
(WH) region there was a significant decrease in number cold days. In WH and North East there was
decrease in number of cold nights in pre-monsoon season. It is projected that the extreme rainfall as
well as drought events are likely to increase. Increase in temperature will reduce the amount of
snowfall, there by reducing the water flow in snow-fed rivers during the summer months. During the
monsoon period, excessive rainfall leading to more intense flooding and landslides will result in
variation in agricultural production and livelihoods of both as well as mountain communities 407
million people living in the Gangetic basin. All four dimensions of food security are predicted to be
affected by climate change: food availability, food accessibility, food utilization and food systems
stability. Increasing temperatures would result in a change in the agricultural zones and shift in the
growing seasons. Apple yield in mid-altitude apple growing areas will decease, with its cultivation
shifting to higher altitudes.

Projected Climate Change Impacts
Large scale shifting and change of forest biomes is predicted for India. Studies indicate shifts in area
and boundary of Dry Savanna in semi arid region. The shift will have adverse implications on
biodiversity, forest-dependent communities, affecting markets, water supply, and energy production. Arid and semi arid regions will particularly be vulnerable to climate change impacts due to
comparatively natural drier characteristics. Around 68 per cent of the country is prone to drought in
varying degrees. Reduction in frequency of rainfall event and increase in intensity of rainfall are
expected. All these will result in frequent droughts and floods. Climate change will impact the economy
of arid and semi-arid regions due to increase in overall water stress. Degrading natural resource
base and land degradation is further adding to the problem. Semi arid and arid region have comparatively low adaptive capacity (agriculture sector) based on biophysical, social and technological
indicators. Water stress is likely to be a major concern due to climate change, with flows of some of
major Indian rivers projected to fall by as much as a quarter. Potential impacts of global warming on
water resources include enhanced evaporation, geographical changes in precipitation intensity,
duration and frequency rainfall, soil moisture, and the frequency and severity of droughts and floods.
Relatively small climatic changes can have huge impact on water resources, particularly in arid and
semi-arid regions of western India.
This will have impacts on availability of drinking water, agriculture productivity leading to food insecurity. Climate change will act as a multiplier of existing threats to food insecurity in India. By 2050,
the risk of hunger is projected to increase by 10 – 20 per cent, and child malnutrition is anticipated
to be 20 per cent higher compared to a no-climate change scenario. In the past 50 years, there have
been around 15 major droughts, due to which the productivity of rainfed crops in those years was
affected. FAO (2008) report for India indicates that level of food insecurity is highest for states
falling under arid and semi-arid regions of India

Extreme Events
Extreme weather events can be defined as those short term perturbations of the weather that provide magnitudes much outside the normal spectrum or range within the typical averaging period.
Usually more than twice the standard deviation is assumed to define an extreme event. Predicting
the effects of climate change on the magnitude, frequency, timing and duration of extreme weather
events is very difficult. However, even a small change in the local weather of the fragile mountain
ecosystems can bring about large scale changes in the form of soil erosion, landslides and flashfloods
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(Singh and Sen Roy, 2002). One of the most significant consequences of global warming would be
an increase in magnitude and frequency of extreme precipitation events. These increased extreme
precipitation events can be attributed to increase in moisture levels, thunderstorm activities and
large scale storm activity (Joshi and Rajeevan, 2006.)
Goswami et.al., (2006) using high resolution gridded rainfall data of IMD examined long term trends
of extreme rainfall events over India. They found that frequency of intense rainfall events (more
than 15 cm) has increased over a large area of Central India. However, frequency of moderate
rainfall events (less than 15 cm) had decreased, so that the annual rainfall does not show any
significant trend. The time series of annual mean surface temperature averaged over India for the
period 1901-2007 shows that 2002 was the warmest year. The year 2006 was the second warmest
and 2007 was the fourth warmest year on the record. Along with the increase in annual temperature, the frequency of heat waves over central India and Northwest India also has increased. The
analysis of Dai et.al., (2004) showed an increase in severity of droughts over most of the northern
parts of India. This is due to increase in annual temperature and decrease in monsoon rainfall.

Climate Change and Indian Agriculture
Agriculture sector contributing 23 per cent of India's Gross National Product (GNP), plays a crucial
role in the country's development and shall continue to occupy an important place in the national
economy. It supports the livelihood of nearly 70% of the population. Several uncertainties limit the
accuracy of current projections. One uncertainty relates to the degree of temperature increase and
its geographic distribution. Another uncertainty pertains to the concomitant changes likely to occur
in the precipitation patterns that determine the water supply to the crops, and the evaporative demand imposed on the crops in carbon dioxide enriched and higher temperature regimes.
The mean temperature in India is projected to increase by 0.1–0.30C in kharif and 0.3–0.7°C in rabi
by 2010 and by 0.4–2.0°C in kharif and by 1.1–4.50C in rabi by 2070. Similarly, mean rainfall is
projected have no change by 2010, but to increase by up to 10% during kharif and rabi by 2070. At
the same time, there is an increased possibility of climate extremes, such as changes in the timing
of onset of monsoon, higher intensities and frequencies of drought and floods.

The Impact on Agriculture Productivity
Increase in atmospheric carbon dioxide has fertilization effect on crops with C3 photosynthetic pathway and thus, promotes their growth and productivity. On the other hand, an increase in temperature can reduce crop duration, increase crop respiration, alter photosynthetic partitioning to economic products, effect the survival and distributions of pest populations thus developing new equilibrium between crops and pests, hasten nutrient mineralization in soils, decrease fertilizer use
efficiency, and increase evapotranspiration. Indirectly, there may be considerable effects on land
use pattern due to lesser availability of irrigation water, increased frequency and intensity of interand intra-seasonal droughts and floods, and availability of energy. All of these can have tremendous
impact on agricultural production and hence, food security of any region.
Using WTGROWS crop simulation model, a strong linear decline in wheat yield was noticed with the
increase in January temperature. For every degree increase in mean temperature, grain yield decreased by 428 kg/ha. Increase of 1°C temperature without any increase in CO2 resulted in 5, 8, 5
and 7% decrease in grain yield in north, west, east and southern regions, respectively. Increase of
2°C temperature resulted in 10–16% reduction in yield in different regions, while a 4°C rise led to
21–30% reduction. Sinha and Swaminathan (1991) reported that a 2°C increase in mean air temperature could decrease rice yield by about 0.75 t/ha in the area with high yield potential and by
about 0.06 t/ha in the coastal regions having low yield potential Further, a 0.5°C increase in winter
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temperature would reduce wheat crop duration by seven days and reduce yield by 0.45 t/ha. An
increase in winter temperature of 0.5°C would thereby cause 10% reduction in wheat production in
the high yielding states of Punjab, Haryana and Uttar Pradesh. The reduction was lower in eastern
India compared to all other regions. Mean grain yields of cereal crops in eastern region were 7.9 t/
ha as compared to 8.7–9.9 t/ha in other regions. This was because of relatively higher temperatures
in east (32.2/25.30C) both during grain formation and filling phases, accompanied by lower radiation. As a result, these crops had fewer grains and shorter grain filling period. Although temperatures were high in northern India as well (33.8/25.00C), the region also had more radiation, which
resulted in higher grain yields.
Aggarwal and Mall (2002) studied the impact of climate change on grain yields of irrigated rice with
two popular crop simulation models – Ceres-Rice and ORYZAIN at different levels of N management. Higher CO2 concentration in the atmosphere has a positive effect on crop biomass production, but its net effect on rice yield depends on possible yield reductions associated with increasing
temperature. For every 75 ppm increase in CO2 concentration rice yields will increase by 0.5 t/ha,
but yield will decrease by 0.6 t/ha for every 1°C increase in temperature (Sheehy et.al., 2006). In a
separate study, the simulated yield reduction from a 1°C rise in mean daily temperature varied from
5-7% for major crops, including rice (Matthews et.al., 1997). Crop productivity in India is very sensitive to variability in monsoon rainfall and temperature within kharif season. For example, large reductions in crop yield occur when there is long break in the monsoon or unseasonal storms. Changes
in rainfall due to global climate change may affect the surface moisture availability, which becomes
important for germination and crop stand establishment in the rainfed areas. Modifications in the
surface and groundwater availabilities with the rainfall variability are difficult to be predicted when
the land use and land cover are so rapidly changing. Farmers have several agronomic management
options to face the situation of water scarcity, through choice of crops, cultivars, adoption of suitable
irrigation, nutrient and pesticides application schedules.

Impact on Socio-Economic aspects
Land use and land cover in our country is changing rapidly due to several driving forces. World Bank
report (1998) analyzed climate change effects on Indian agriculture, through annual net revenues.
Sanghi et.al., (1998) also attempted to incorporate adaptation options while estimating agricultural
impacts. They calculated that a 20C rise in mean temperature and a 7% increase in mean precipitation would reduce net revenues by 12.3% for the country as a whole. Kumar and Parikh (1998)
showed that economic impacts would be significant even after accounting for farm-level adaptation.
The loss in net revenue at the farm level is estimated to range between 9% and 25% for a temperature rise of 20C–3.50C. Agriculture in the coastal regions of Gujarat, Maharashtra, and Karnataka
was found to be the most negatively affected. Small losses were estimated major food-grain producing regions of Punjab, Haryana, and western Uttar Pradesh. On the other hand, West Bengal,
Orissa, and Andhra Pradesh were predicted to be benefited- to a lesser extent – from warming.

Adaptation Strategies
It is important to develop formal measures of vulnerability and their application for planning adaptation measures and strategies. The income and on - farm and off-farm employment potential of
farming can be improved only through integrated farming systems, based on crop-livestock-fishtrees combinations. Agro-climatic analysis and vulnerability analysis using secondary data in selected semi-arid locations of the country is needed. Micro-level analysis of weekly, monthly, seasonal and annual data of selected weather parameters (rainfall, temperature, wind speed) is necessary to ascertain micro level climatic variability and extreme events and to estimate length of growing period (LGP). There is a need to assist farmers in coping with current climatic risks. Remedial
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measures can be taken to intensify food production systems, improve land and water management,
sequester carbon in soils, strengthen research for enhancing adaptive capacity and mitigation potential, improve collection and dissemination of weather related information, establish an early warning
system of climatic risks/disasters, enable policies and regional cooperation. It is also desirable to
promote weather-based insurance for climatic risk management. Strengthening pest surveillance
and forecasting mechanisms, facilitating establishment of community partnership in food, forage
and seed banks, increasing the penetration of resource conserving technologies, providing financial incentives for resource conservation, integrating adaptation perspectives in current policy considerations, raising capacity in global climate change assessments will play a vital role to cope up
with the adverse effects of climate change. GIS based maps of vulnerable areas and zoning them
for different adaptive measures and making it available in the public domain will be beneficial. Sustainable livelihood options including low-input aquaculture that is environmentally safe, socially acceptable, and techno-economically viable be in promoted coastal areas.

Government Response Measures
The Government response measures include various plans/programmes or schemes like (i) National Action Plan on Climate Change (NAPCC) - National Mission for Sustainable Agriculture - dryland agriculture has been identified under the mission as one of the important areas (ii) Drought
Prone Area Programme (DPAP) (iii) Desert Development Programme (DDP) (iv) Integrated Watershed Management Programme (IWMP) (v) Swajaldhara (The Rural Water Supply Program) (vi)
Social welfare schemes (vii) The Mahatma Gandhi National Rural Employment Guarantee Scheme
(MG-NREGS), Self Help Groups income scheme, Swarna Jayanti Gram Sarojgar Yojana, Bhoomi
Sangragshan Yojana and Hariyali Yojana.

Conclusion
The climate change, as realized through trends of temperature rise and increased CO2 concentration, is a major concern. Accuracy in assessing the magnitude of climate change on higher spatial
and temporal resolution scale is the prime requirement for accurate estimates of the impact. Identification of suitable agronomic management practices can be a potential solution to optimize agricultural production in the changed climate. Increased frequency of droughts and floods caution to
identify suitable “no regrets and no risks” management options to face the situation. The adaptation
to climate change will be carried out in various forms, including technological innovations, changes
in arable land, changes in irrigation, etc. As the global climate has a tendency towards warming, a
significant change in the irrigation requirement agricultural crops is expected.
Crop simulation technique offers an opportunity to link the climate change with other socio-economic and bio-physical aspects. These models can effectively work out the impact and also suggest
suitable mitigation options to sustain agricultural productivity. With increasing pressure of human
population and livestock the natural resources are getting depleted at a faster rate. Hazard risk
maps are of great help in proper planning of economic activities in different areas and prevention of
hazard related disasters resulting from climatic extremes.
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CLIMATE CHANGE IMPACTS AND ADAPTATION STRATEGIES
FOR INDIAN LIVESTOCK
R C Upadhyay, Rita Rani, Syma Ashraf, Ashutosh, S V Singh
Introduction
Agriculture and allied sectors contribute nearly 20 per cent of India's Gross Domestic Product and
about 70 per cent of the population is dependent on agriculture for their livelihood. India owns 57 per
cent of the world's buffalo population and 16 per cent of the cattle population. It ranks first in the
world in respect of cattle and buffalo population, third in sheep and second in goat population. The
sector utilizes crop residues and agricultural by-products for animal feeding that are unfit for human
consumption. Livestock sector has registered a compounded growth rate of more than 4.0% during
last decade, in spite of the fact that a majority of the animals are reared under sub-optimal conditions by marginal and small holders and milk productivity per animal is low. Since livestock sector
plays a crucial role in sustaining rural economy and livelihood of Indian poor resource farmers, a
more balanced development of the rural economy is essentially required for reduction and alleviation of poverty.
The demand-driven growth of livestock products and foods in future is likely to stretch the existing
production and distribution systems in India. At the same time we are facing a change in the global
climate change that causes shifts in local climate which influences livestock production. Therefore,
a strategic planning for the progress of this sector should be a national priority with proper quality
inputs to meet future demand of milk and milk products and also compete globally. The emphasis
need to be given on scientific livestock management, housing, feeds, feeding, water quality, breed
improvement, disease prevention and health care. This will also help in reducing poverty, migration
to cities and also generate economic wealth, self-employment and entrepreneurship.

Indian livestock production system
Livestock productivity and rearing
Livestock farming in India is a part of mixed farming combined with food crops production. One or
more livestock species like cattle, buffalo, small ruminants, pigs etc are reared to support agriculture
production system. Farmers involved in crop-livestock mixed farming system maintain 2-3 large
animals (cattle and buffaloes) mainly for draught power and milk production. Farmers with very
small land holdings and low- income groups maintain small ruminants (sheep and goats) mostly. In
general goat flocks are small in size (2 to 20 animals), but sheep flocks are comparatively large (50100 per family). Small farmers and landless particularly low-income groups raise small ruminants as
subsidiary employment and more than 80% of small ruminants' population is raised by low- income
groups in India. The pig production is based mostly on scavenging and economically weakest section of population rears them. However, the poultry production is mostly in backyard, but in recent
years it has grown and has assumed a status of industry.
The livestock productivity per animal, considered on the basis of their multi-utility, is much higher
than single utility livestock. However, milk productivity per indigenous cow is low in different
agroclimatic regions of India. The non-descript/Indigenous cows maintained under sub-optimal stressful tropical conditions produce around 2 kg of milk and improved cows and buffaloes produce about
3 kg. Crossbred cattle and Murrah buffaloes in optimal or improved management produce between
6-7 kg of milk per day. Similarly, productivity of meat from indigenous tropically adapted livestock is
also low and is estimated at 100 kg in buffaloes, 9 kg each in sheep and goats and 40 kg in pigs. It
purely realized to strict hygienic measures & proper implementation of HACCP (Hazard Analysis
Critical Control Point) protocols.
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Feed and fodder resources
The major feed resources for livestock in India are grasses, agriculture crop residues, cultivated
fodders, and leafy fodder from trees. The quantity of fodder obtained through grazing varies in
different agroclimatic zones and on the extent of the forest areas. The crop residues of cereal and
pulse crops constitute major source of fodder for livestock. The crop residues are unable to meet
minimum maintenance needs of livestock and often require supplementation with greens and/or
concentrate for maintenance and production (Upadhyay, 1996). There is a deficit of dry, green
fodder and concentrates for livestock feeding and more than 20% livestock population do not get
minimum dry matter requirement in different parts of India.
Livestock production system in India is already under stress due to extensive land-use, resource
demands, over population, their extent and pattern of distribution under fragmented land holdings.
Climate change could act as another driving force that could change pattern of livestock production
in India. Many goods and services they provide may be adversely affected. The recent evidences
demonstrate that climate change and variability adversely impacts animal body growth or weight
gain, physiological functions, reproduction and livestock productivity. The temperature rise and variability suggests a possible decrease in the livestock productivity due to increase in thermal stress
level and threshold. Livestock species with low resilience and or sensitive to the thermal stress are
likely to be impacted by temperature variability and rise. The development of animal shelter
systems suitable for specific tropical climatic conditions may help in reducing impacts of variability
and temperature rise due to climate change.
The impact of climate change on the decision of Indian farmers to engage or not to engage in
livestock activities varies in different agroclimatic zones and the choice of different livestock species
also varies. The cross-sectional household level information collected under selected villages of
Haryana revealed that small farmers with less number of lactating animals are reluctant to adopt
dairy farming due to greater labour and capital investments. Large farmers with assured feed and
fodder supply have a higher probability of engaging in livestock activities to climate change. The
results suggest that Indian farmers adapt livestock management decisions to climate change. At
low levels of temperature increase, the probability of engaging in livestock activities is likely to
remain unaffected or decline, but at higher levels of temperature rise, the livestock farmers preference rises towards buffaloes disfavoring crossbreds due to their higher susceptibility to tropical
climate and management problems. Therefore with a change in climate and global warming farmers
are likely to change their livestock.

Climate change and heat stress on livestock
As per IPCC reports, over the past century the global mean ambient temperature has increased by
0.3-0.6°C. Due to global warming the sea level has risen by 10-25 cm. The causative factors of
climate change are green house gases, viz., carbon dioxide, methane, ozone and nitrous oxide.
The concentration of carbon dioxide in atmosphere has also increased by more than 20 percent and
methane by 145 percent over pre-industrial levels. The Intergovernmental Panel on Climate Change
(IPCC) based on the climate models predicts that over the coming century average world ambient
temperature will increase by 1 to 3.50C and sea level by 15 to 95 cm. over 1990 levels. The central
estimates suggest a warming of 20C and a sea-level rise of 45 to 50 cm by 2100. The rate of
warming in future will be faster than that seen over the whole of human history. The annual mean
temperature for the India as a whole has risen to 0.510C for the period 1901-2005. The annual mean
temperature has been consistently above normal (normal based on period, 1961-1990) since 1993.
Stress level on Indian livestock due to climate change has been worked out using Thermal Humidity
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Index (THI). Livestock begin to suffer from mild heat stress when THI reaches higher than 72,
moderate heat stress occurs at THI 80 and severe stress is observed after THI reaches 90. In
India, a huge variation in THI are observed throughout the year (Table I & II). In most of the agroclimatic zones of India and the average THI are more than 75. More than 85% places in India
experiences moderate to high heat stress during April, May and June. THI ranges between 75 and
85 at 2.00 PM at most part of India. The THI increases and exceed 85 i.e. severe stress levels at
about 25% places in India during May and June. Even during morning THI level remains high during
these months. On an average THI exceed 75 at 75-80% places in India throughout the year. As can
be seen from data, the congenial THI for production i.e. 70 is during Jan and Feb at most places in
India and only about 10-15 % places have optimum THI for livestock productivity i.e. during summer
and hot humid season. Climate change scenario constructed for India revealed that temperature
rise of about or more than 4°C is likely to increase uncomfortable days (THI>80) from existing 40
days (10.9%) to 104 days (28.5%) for Had CM 3 - A2 scenario and 89 days for B2 scenario for time
slices 2080-2100. The results further indicate that number of stress days with THI >80 will increase
by 160 %.

Based on Indian Meteorological Department,
Pune metrological table (1930-60) for 103 stations
of India

Based on Indian Meteorological Department, Pune metrological table (1930-60)
for 103 stations of India

Impact of climate change on livestock production and economic
Livestock production system in India is already under stress due to extensive land-use, resource
demands, over population, their extent and pattern of distribution under fragmented land holdings.
Climate change could act as another driving force that could change pattern of livestock production
in India. Increase in THI due to change in climate negatively impacts the all aspect of livestock
production (Fig.1).
Temperature rise and high level of THI increase physiological responses of livestock species. The
most affected functions are cardiopulmonary and both intensity and capacity factors are affected. In
an attempt to dissipate body heat, pulmonary frequency is increased and tidal volume is changed to
attain required ventilation to match oxygen demand and heat dissipation. Thermoregulation efforts
are supported by increased peripheral blood flow and cardiac output redistribution in favour of skin.
The peripheral vasodilatation occurs for permitting greater heat flow to surface for exchange by
convection and conduction processes and velocity of wind plays a crucial role. The processes of
thermoregulation particularly during thermal stress require extra energy. Several of body tissues
and metabolic pathways are impacted by heat stress and free radicals are generated that in turn
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lead to oxidative stress at cellular and tissue levels. The level of epinephrine, norepinephrine and
cortisol in blood changes with temperature rise. Thermal stress affects lymphocyte proliferation,
interleukine production and immune functions. The change in physiological and cellular functions
affects milk synthetic activity in mammary gland, other productive and reproductive functions.

Economic impact of climate change
The economic impact of temperature rise and variability due to climate change on livestock production are likely to be observed both due to direct effects and indirect effects. The direct effects on
livestock functions may vary in severity in different livestock species due their adaptation to thermal
stress. At present an estimated annual loss in milk production due to heat stress at the all-India level
is 1.8 million tones, that is, nearly 2 percent of the total milk production in the country. In value terms
this amounts to a whopping Rs.2661.62 crores (at current prices). The economic losses are observed to be highest in UP (>Rs.350 crores) followed by Tamil Nadu, Rajasthan and W. Bengal
(Upadhyay et.al., 2008). If we look only at the milk production loss due to climate change in near
future then it has been estimated that in 2030 if THI increased by 1 unit then milk production will be
decreased by about 7.85 million tones. The increase in mean THI by 2 units could further increase
the production losses to 9.65 millions tons. In value terms, aggregate losses are Rs. 140.65 billion
and 172.85 billion at the current price (Sirohi and Sirohi, 2010). These losses are only due to thermal stress experienced by the livestock but losses due to animal deaths and diseases etc. are much
more.

Coping with climate change- Adaptation strategies
The major challenge faced by the livestock keeper is to ensure the sustainable livestock systems
that could cope with the various challenges posed by climate change impacts and vulnerabilities.
Therefore, adaptation is seen as a viable option for reducing negative impacts of climate change on
livestock production. Adaptation methods are those strategies that enable the livestock to cope with
or adjust to the impacts of the climate in the local areas. Many adaptation strategies are available for
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the livestock to cope up with the present and future climate change (Fig. 2). Although the adaptation
strategies are many, but their combinations in various ways will be required in any given location.
The process of adaptation is very complex and dynamic therefore depends upon the local and
temporal conditions including resources availability.

Fig. 2. Various coping strategies to combat the impact of climate change on livestock production
The main strategies for coping with climate change are related to livestock suitability to a climate
and changed situation. The modification in management practices being adopted in some places
may help them cope better and a change in species for survival or use of alternative livelihood
prepositions.

Livestock management strategies
Micro-environment modification
Environmental modifications to alleviate heat stress include first providing shade to decrease direct
solar radiation exposure and then to either increase convection with fans or to decrease air temperature by evaporative cooling or to directly cool the cow through use of sprinklers and soakers
(Knapp and Grummer, 1991).

Animal shelters
The most obvious environmental modification to reduce the thermal stress of livestock in hot climate
is the use of proper shade and animal shelters. Provision of shade may reduce the incoming solar
radiation up to 30% for the livestock and may reduce heat loads of livestock (Wiersma et.al., 1984).
Adequate protection or a provision of shade is essential in all locations where livestock are kept or
spend a significant amount of time. Tree (banayan, neem, peepal etc.) shade is an ideal option
under most tropical and subtropical climatic conditions. Shelters made of straw and other locally
available materials like bamboo can also be used to provide shade. In absence of trees or shelters
cloth or gunny bags shades may be provided for protection from solar radiations. The three main
locations where tree shade may be desired are a) holding pens, b) confined feeding areas and c)
resting areas.
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Ventilation in shelters
Provision of ventilation in animal shed is another micro-environment modification to reduce the
thermal stress on animals. In animal shed, air movement should be free in all the section and air
flow may be increased by the structural modification of the shed to permit use of normal air wind
velocity and flow of air in a building. Most animal sheds with proper orientation may increase ventilation by making use of natural ventilation. The ventilation in animal houses may be increased by the
fans. Installations of fans inside the shed system increase the air speed around the animals and
thus decrease the heat stress.
Another new option is the high volume low speed (HVLS) system. HVLS system put a lot of air
across animals for considerably less electricity than traditional stir fans. Along with fan system timeintegrated variable control (TIV) system can also be used. The TIV ventilation controller tracks air
temperature during the day and when heat stress occurs, keeps ventilation rates elevated and
cooling systems operating longer into the evening to help animals cool off.

Heat alleviation by water cooling or sprinkle system
In addition to shade and ventilation, water is also used to reduce the thermal stress on livestock.
Sprinklers system can be used for the evaporative cooling. The main purpose of sprinkler system is
to maximise the amount of heat removed from the animal through evaporative cooling at a reduced
water cost. In addition, the ambient air temperature is lowered in the area immediately surrounding
the animal, increasing the heat gradient and increasing the effectiveness of non-evaporative cooling mechanisms. Four major categories of sprinkles can be used: a) sprinklers, b) drippers, c)
misters, and d) foggers.

Animal feeding and nutritional modification
In adequate availability of feeds and fodders to livestock besides their low nutritive value are the
main reasons for the low productivity of Indian livestock. Improvement in nutritive value alone can
help in raising livestock productivity and their efficiency of production. Present milk production capacity of Indigenous cattle and buffaloes can be increased by 10-15% through adequate feeding
and management. Proper and balance feeding of meat producing animals can help in improving
meat quality and their efficiency of meat production under tropical unfavorable environment conditions.
During the period of heat stress dietary feed intake of livestock decreased and its impacts on livestock production are well documented. Therefore, some simple feeding and nutritional strategies
can be implemented to reduce the negative effects of heat stress on livestock production. The
composition of the diet is believed to be important in alleviating heat stress.
• The first nutritional approach to decrease the effect of heat stress is to decrease dietary fiber
intake to the levels where the rumen can function properly.
• Feeding dietary fat remains an effective and common strategy of providing extra energy during
a time of negative energy balance. Fat has a much lower heat increment in the rumen and thus
provides energy without a negative thermal side effect. For high producing animals fat content of 67% of diet DM has been suggested.
• Cattle suffering from heat stress often have a negative nitrogen balance, because of reduced
feed intake. Both the quantity and quality of protein in the diet need to be considered when feed is
being provided for heat-stressed animals.
•

Minerals, sodium (Na) and potassium (K) are important in the maintenance of water balance, ion
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balance and the acid-base status of heat-stressed cows. Livestock utilize potassium (K+) as their
primary osmotic regulator of water secretion from their sweat glands. As a consequence, K+ requirements are increased (1.4 to 1.6% of DM) during the summer, and this should be adjusted for in
the diet. A good loose mineral containingpotassium, sodium, magnesium, copper, selenium, zinc,
and phosphorus etc. shouldbe available 24 hours a day every day during the summer.
• In hot weather, the level of milk fat is usually low. Supplementation with buffers such as sodium
bicarbonate (NaHCO3) and magnesium oxide (MgO) is common. Adding so dium bicarbonate to the
diet may help to maintain the pH of the rumen. Heat stress also induced the respiratory alkalosis. So
the feeding of acetogenic agent (ammonium chloride or ammonium sulfate) along with sodium
biocarbonate help in maintaining the blood acid-base homeostasis and rumen pH.
• Along with the major dietary nutrients feed additives can also be used to alleviate the heat
stress. Niacin (nicotinic acid) can be used as potentially useful supplement be cause it induces
vasodilation, therefore transferring body heat to the periphery.
• Feeding of antioxidant (Vit-A & E, selenium, Zinc etc) reduce the heat stress and serve as a
good strategy to prevent mastitis, optimize feed intake and reduce the negative impact of heat
stress on milk production. Antioxidants enriched yeast also help reducing the impact of heat stress
on the oxidative balance.
• In order to improve the DMI during the heat stress less amount of ration should be given at
multiples time during the day. Having fresh feed in the mangers after milking increases DMI. More
frequent feeding is therefore advised.
• Providing enough access to clean water during summer period reduce the thermal stress on
livestock. During heat stress water requirement increase to about 2 times.

Breed improvement
The Indigenous breeds of India have co-evolved in the crop- livestock systems over several thousand years of domestication and have adapted to the challenges of climate and diseases. In recent
time these animals are under substantial pressure due to their low productivity and land-use changes.
So there is need to improve productivity traits while maintaining adaptive traits. Current animal
breeding systems are not sufficient to meet this need and the improvement of breeding programs
under different livestock production and marketing is required. Such programmes should include: (i)
identifying and strengthening local breeds that have adapted to local climatic stress and feed sources,
(ii) improving local genetics through cross-breeding with heat and disease tolerant breeds and iii)
need to conserve the indigenous breeds in their home tracts and in other areas having similar geoclimatic conditions.
Heat stress significantly impairs reproductive efficiency of the livestock. High environmental temperature result in to silent estrus, short estrus, poor semen quality and hence less conception rate
(Upadhyay et.al., 2009) in the summer. Therefore, alterations in the reproduction protocol also help
in reducing the impact of thermal stress on reproduction. The use of fixed timed A.I. (TAI) to avoid
the deleterious effects of reduced estrous detection has been well documented. Utilizing some type
of TAI (i.e., Ovsynch, Cosynch72, or Ovsynch56), either coupled with or without estrous detection,
can improve fertility during the summer.
In addition to this modification in genome can also be used to improve the livestock. With the recent
advancement in global expression technologies (whole genome arrays, RNA sequencing etc) it is
now possible to select particular genes that control the traits related to thermotolerance and makes
it possible to select the animal for thermal resistance without inadvertently selecting against milk
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yield. Among the various protein the expression of heat shock protein 70 is strictly stress inducible
and can only be detected following a significant stress upon the cell and organisms (Satio et.al.,
2004; Khoei et.al., 2004). The Heat-stock proteins (HSP70) help in conferring the thermo adaptability and high level of thermo tolerance. A recent study has shown that intracellular HSP70 expression
in buffaloes is similar to the other livestock species. Higher intensity and duration of thermal exposure cause the higher HSP70 induction in buffalo lymphocytes to maintain cellular homeostasis with
a threshold of thermal dose for maximum HSP70 expression (Patir and Upadhyay, 2009). A few
isolated studies have been carried out on heat-stress associated genes/transcripts (Moran et.al.,
2006; Collier et.al., 2008). Therefore, by knowing the various genes responsible for thermo tolerance we can change the genetic structure of animal and drift herds toward superior thermo-tolerant
ability.

Animal Health
In order to improve the livestock health preventive health care service should be strengthened
along with curative health services. In this regard vaccination is the most cost effective mean for
controlling the animal infection and infestation. There should be improved diseases surveillance
and monitoring system. This system involves the early identification of emerging diseases and trends
and help in resource planning and measuring the impact of control strategies. Geographic information systems can be used for monitoring the level of stress and how our climate is changing and
monitoring the spread of disease. A global approach to epidemiological surveillance may be adopted
involving and developing collaboration among professionals involved in human, animal and environmental health. Likewise, laboratory and field research can also help us in illuminating how climate changes influence pathogen characteristics, and models will help researchers and producers
predict and plan for pathogen threats.

Role of Indigenous Technical Knowledge
Some of the housing system and mange mental practices being followed by the Indian farmers are
able to cope with the thermal stress and challenges of the environment. Farmers under rural conditions supplement feeding with green concentrates and oil cakes containing tanins, phenolic compounds and oils. Such practices are able to reduce methane emissions from livestock maintained
on low quality fibrous feed and fodders. In addition to this various interventions are also required to
meet the future challenge posed by climate change.
• An imbalance between livestock system and ecosystem is occurring in different agroclimatic
zones that require urgent attention for correction.
• An understanding of ecosystems and their links with livestock production systems would help in
developing corrective measures and decision making,
• Intensification of livestock production systems, wherever possible, will help system in reducing
number of livestock
• A clear understanding about aims of keeping livestock, and combination of output required with
available inputs
•

Assessment of whether intensification possible, justifiable and beneficial?

•

Efforts to promote stall-feeding, and crossbreeding

•

A good understanding and information on the consumer side are also required
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Conclusion
In conclusion we can say that there is an urgent need for improving productive functions per unit of
livestock in terms of yield/animal/day and creation of a disease free environment for sustainable
livestock production. There is need to identify the various adaptation options, like what we can do
for strengthening animal bio-capacity to cope with the adverse impacts of climate change; and what
herders (livestock keepers) can do to ensure the better management to enhance the livestock production.
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CLIMATE CHANGE AND PLANTATION CROPS
G S L H V Prasada Rao
Introduction
The monsoon behaviour in 2007 over Kerala was totally different to that of previous years and
heavy rains were noticed from June to September, leading to floods in low lying areas. The length
of rainy season was also extended. To some extent, the length of rainy season was also extended
in 2010 due to continuous and excess rains during October and November. In both the above
years, the crop losses in Kuttanad and Idukki regions were considerably high. In contrast, the
monsoon rainfall deficit was unprecedented in 2002 (37.7%) and 2004 (36.7%) against the normal
monsoon rainfall across the State of Kerala. Severe summer droughts were not uncommon in the
northern districts of Kerala, where coconut and other perennial crops experience soil moisture stress
and crop yields are adversely affected. Such severe droughts across the state of Kerala were noticed in summer1983 and 2004 during which the surface water resources became scarce, led to
hydrological droughts during summer and the state's economy was hit very badly. The wetlands or
paddy lands in Kerala are the rich water source during summer and act as sink during the rainy
season and such wetlands were declining very fast. Decline in wetlands might be one of the reasons for frequent floods and droughts in recent years. The recent drought during summer 2004
over Kerala, led to increase in maximum temperature of 1-3oC from January to March and thermosensitive crops like black pepper, cocoa, cardamom, coffee and tea across the high ranges and
several other perennial crops in the state suffered to a larger extent. Even sunburns were reported
in Palghat District during March 2010, which was unique in this part of India. Such weather abnormalities like monsoon uncertainties, occurrence of floods and droughts, landslides, heat stress during summer under rainfed conditions and scarce water resources could be attributed as a part of
climate variability/change and global warming.
Global warming is the result of the rising atmospheric concentration of carbon dioxide mainly owing
to the burning of hydrocarbons or fossil fuel such as petrol and diesel. Deforestation and degradation too have contributed to the rise in carbon dioxide levels. 93 per cent of greenhouse gas emission over Kerala is due to burning of petroleum products and firewood. Out of this, the share of
carbon dioxide emission from burning fuel is 80.47 per cent. Methane emission in terms of global
warming potential accounts for 17.58 per cent while two per cent in the case of nitrous oxide emission in Kerala. The total consumption of petroleum products in the state in 2003-04 was 30.88 lakh
tonnes, out of which 85 per cent is carbon. Methane is emitted from water bodies including paddy
fields and during coir retting. A total of 13.6 lakh tonnes of husk is processed annually through
retting in the state.
Ozone depletion is also taking place at faster rate due to man made interventions in the form of
chlorofluorocarbons (CFCs). The CFCs are used in a variety of industrial, commercial, and household applications. These substances are non-toxic, non-flammable and non-reactive. They are used
as coolants in commercial and home refrigeration units, aerosol propellants and electronic cleaning
solvents. The diurnal variation of UV-B radiation recorded at KAU, Vellanikkara revealed that the
UV-B filtered radiation (>1MED) reaches the ground surface between 1030 hrs and 1430 hrs, which
may be detrimental to biological activities. The ozone loss, means more UV radiation reaching
earth, has the potential to increase incidence of skin cancer, cataracts and damage to people's
immune system. In addition, mosquito transmitted diseases are increasing year – after – year due to
global warming. Little is known on impact of ozone depletion and increasing UV-B radiation on
ontogeny of tropical plants and human and animal diseases since studies in this direction are lack-
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ing. Because CFCs remain in the atmosphere for100 years, continued accumulation of these chemicals pose ongoing threats, even after their use is discontinued.

Landslides
High rainfall and manmade interventions lead to landslides in Kerala as it consists of undulated
topographical features like plains, valleys, slopes and mountains, where agriculture is intensively
practiced. It results in damage to crops and lands in addition to human and infrastructure losses.
As projected, the landslides are likely to be more frequent in ensuing decades. In 2002, 2005, 2007
and 2010, the number of landslides noticed across the State was more due to heavy rains received
during both the monsoon seasons. Indiscriminate construction of checkdams and rainwater harvesting systems could have triggered the destructive landslide in Vadakara and Koilandy taluks of
Kozhikode District in early July in 2005. It resulted in destruction of standing crops about large
tracts in the downhill areas. Rainwater harvesting pits, in the absence of adequate run off, may lead
to landslides as water retained may lead to saturation of the slope. At the same time, the checkdams
overflow during the rainy season. Increase in rain in catchment areas lead to the formation of
under-ground reservoirs, which exert pressure on the dam, causing it to burst. The strategy to
mitigate landslides should be a two pronged one to improve slope stability.
•

Terrain specific guidelines for construction of rainwater pits and checkdams

• Dewatering the slope before every monsoon to reduce the vulnerability. It can be done by
opening up all the streams, filling up the soak pits and checking all the contour bunds for waterlogging
• The landslide prone areas are to be identified. Those areas can be avoided for domestic and
agricultural purposes thereby human and crop losses can be minimized.

Wayanad and Idukki agro - ecosystems
The normal average annual rainfall over the Wayanad District is 3417 mm, having 2760 mm in the
southwest monsoon, 340 mm in northeast monsoon and the rest in other months. Since last 20
years, the annual rainfall and rainfall during the monsoon were declining in the Wayanad District.
The District had a deficit of 55 per cent (1860 mm) in 2003 and 35 per cent (1910 mm) in 2002. In
2000 and 2001, it was only 2550 and 2070 mm, respectively as against the normal rainfall of 3417mm.
Continuous decline in rainfall and rise in temperature in addition to severe summer drought in 2004
led the ecosystem of Wayanad is in peril. Rainfall decline and temperature increase are projected
over Ambalavayal. Several black pepper gardens were wiped out during summer 2004. There was
a time when oranges were plenty in Wayanad District. At present such agro-eco systems are extinct. It was attributed to change or variability in climate and deforestation. Conversion of large tracts
of paddy fields into banana garden in addition to excessive use of chemical fertilizer and pesticides
and large-scale mining of sand from rivers which began in the 1980s, has now been identified as
the causal factors for severe drought with continuous decline in annual rainfall. Introduction of
banana in paddy lands has deprived the District of large areas of wet lands that are needed to store
water. With banana cultivation so extensive, nature lovers said the very name of the District (Wayanad
means land of paddy fields) has lost its meaning. Groundwater depletion is so much (25%) due to
over exploitation. The natural habitat of cardamom under the forest eco-system is also in peril over
Idukki district due to climate variability. Rise in maximum temperature and fall in minimum temperature are projections over Pampadumpara. Widening temperatures may be detrimental to cardamom, coffee, tea and black pepper in addition to deforestation that is taking place at the faster rate.
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Deforestation and groundwater depletion
At present, forest utilize about 686 gigatonnes (Gt) of carbon - about 50 per cent more than atmosphere - and are being cleared at an average rate of about 13 million hectares per annum over the
World. It makes deforestation responsible between 20 and 25 per cent of global greenhouse gas
emissions. As many as 572 fires broke out in the forest of Kerala during 2004 summer and the
average loss of forest per year during the 12 - year period (1991-2003) came to about 2,093 ha. It
was more than two-and-a-half times the average annual loss that used to occur in the early eighties.
The average area damaged by fire annually was only 831 ha, between 1981 and 1986. The higher
incidence of fire (9152 ha) during summer 2004 was attributed to severe drought. Catchment and
coastal areas are too ecologically sensitive areas in Kerala. Land use planning of catchment areas
with afforestation of native species through natural growth, shola protection and aerial seeding with
native seeds and closing the area from human interference for varying periods can help develop
natural forests without much expenditure. This would enhance the biodiversity of the area, allow soil
conservation and increase the discharge of rainwater without siltation into manmade dams.
The forest cover over Kerala declined from 70% to 24% over a period of one-hundred- and-fifty
years. The share of carbon dioxide emission from burning fuel, emission of methane and nitrous
oxide resulting in global warming over Kerala is accounted for 80.4 %, 17.5 % and 2%, respectively.
The main causes of forest fires are lightning, self-combustion and man-made. Out of these, lightning is the major cause of forest fires due to dryness of soil-plant-atmosphere continuum.
Over exploitation of groundwater in addition to the lack of water discharges from major surface
reservoirs led to severe hydrological drought in 2004 resulted in severe crop losses and the State's
economy was adversely affected. As the opportunity for natural percolation of rainwater is on the
decrease, only negligible portion of rainwater is recharged by natural percolation from available
open area. As a result the major portion of rainwater is wasted as run off through drainage into the
ocean. Because of heavy extraction of groundwater, the water level has fallen alarmingly. The
destruction of forest in the catchments areas had led to the drying up of reservoirs and the extensive
sand dredging has drastically reduced the rivers' water holding capacity and percolation to groundwater.

Rainfall over Kerala
The long – term mean annual rainfall of the State is 2817 ± 406 mm. The coefficient of variation of
animal rainfall is only 14.4 per cent, indicating that it is highly stable and dependable though the
monthly coefficient of variation varied from 28.4% in June to 146.1% in January. The monthly rainfall
is also relatively stable in June (CV -28.4%) and July (33.2%) during the Southwest monsoon while
October (CV-37.5%) in northeast monsoon as the coefficient of variation is relatively low. June and
July are the rainiest months while January and February receive the least rainfall. July is the rainiest month in the northern districts while June is the rainiest month in the southern districts. The
season-wise rainfall contribution over Kerala indicated that 68 per cent of annual rainfall is received
during the monsoon, followed by post-monsoon (16%). The least is seen in winter. The seasonal
rainfall during monsoon is dependable as the CV is 19.7%. At the same time, the rainfall during
winter is undepend-able as the CV is very high (91.8%), followed by summer (41.5%). The highest
rainfall (5883.8 mm) is recorded at Neriamangalam (Ernakulam Dist.) and the lowest (651.3 mm) at
Chinnar (Idukki Dist.). The annual rainfall increases from 1479 mm at Parassala in the South to
3562 mm at Hosdurg in the North of Kerala. The annual rainfall increases from the Coast to the foot
hills and then decreases on the hill tops. This trend is partially dis-rupted in the Palakkad region.
Though the annual rainfall in the northern region is more, the effective rainfall is relatively high in the
southern region due to even distribution of rainfall. The southern parts extending from Ponnani to
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Thiruvananthapuram (except Devikulam) show bimodal monthly rainfall due to the influence of both
the monsoons viz. South-west and Northeast monsoons. The northern districts, especially Kasaragod
and Kannur, show only uni-modal monthly rainfall (Southwest monsoon only) and experience a
prolonged dry spell if the pre-monsoon showers fail.
The monthly high rainfall distribution during the monsoon season is favourable for paddy cultivation
in Kerala under rainfed conditions and no irrigation is required at any stage of the crop under wetland situations and more than 90 per cent of paddy growing area is rainfed during Virippu (kharif)
while it could be grown only under assured irrigated conditions during Mundakan (rabi). Many of the
plantation crops also require irrigation, starting from December to May. The above situation is more
prevalent in northern districts of Kerala where predominantly unimodel rainfall is noticed. This is
true in Palakkad and Thrissur Districts also. Heavy winds from November to January across the
above two districts due to Palakkad gap are detrimental to crops.

Rainfall trends
Rainfall in June and July was in declining trend. A decrease of 142.5 mm and 102.5 mm of rainfall
was noticed in June and July, respectively over a period of 140 years (1871 to 2010). In contrast, a
marginal increase was noticed in rainfall of August and September. The trend in monsoon and
annual rainfall of Kerala was declining since last 60 years though it is stable if we consider annual
rainfall since 1871 onwards (140 years). The monthly rainfall in October and November was in
increasing trend while December was in decreasing trend. An increase of 51.7 mm and 42.9 mm of
rainfall was noticed in October and November, respectively over a period of time. Overall, there was
an increase of 96.7 mm in northeast monsoon rainfall over a period of 140 years.

Temperature trends
During the last 43 years, the mean maximum temperature has risen by 0.8°C, the minimum by 0.2
degree Celsius and the average by 0.5 degree Celsius over Kerala according to India Meteorological Department in the wake of the Intergovernmental Panel on Climate Change (IPCC). February
and March are the hot months in Kerala, with a mean maximum of 33°C. Palakkad recorded the
highest temperature of 41oC on April 26, 1950. This was 8°C more when compared to the normal
maximum temperature in March. Similar temperatures were recorded over the Palakkad region in
February and March of 2004, which was one of the severe summer droughts in Kerala. The year
1987 was the warmest year over Kerala. The lowest temperature recorded was 12.9°C at Punalur
on January 8, 1968. Kerala experienced severe summer droughts in 1983 and 2004 while recent
floods during monsoon season in 2005, 2007 and 2010. The crop losses were considerably high
during the above weather extremes. The length of rainy season was extended in 2007 and 2010,
which led to floods and crop losses were noticed to a considerable extent.

Climate shifts
The State of Kerala falls under the climatic type of "B4-humid" based on the moisture index. The
moisture index shifted from B4 to B3 - humid climatic type during the study period. It revealed that
Kerala state moved from wetness to dryness since last 140 years within the humid type of climate.

Climate variability / change and plantation crops
The habitat of plantation crops is different as they are perennials traditionally grown in the humid
tropics under the rainfed conditions. Within the tropics, crops like coffee, cardamom and tea prefer
cool-temperate climate as they grow along the highranges. Interestingly, black pepper is in the
buffer zone as an intercrop between warm and cool climates, stretching between tropical and temperate climates within the tropics due to its adaptability. The forests exert a domineering influence

206

on soil, water resources and microclimate of the above crops. In the turn of twenty-first century,
forests constituted only 24% when compared to 70% in the middle of nineteenth century in Kerala.
The fast-dwindling forest cover and its consequence over climate are the concern across highranges
of the Western Ghats, where cardamom, coffee and black pepper are predominant. The bean yield
in coffee is better if blossom and backing showers are received during summer and at the same
time, they may not be conducive to black pepper as flushing commences and thereafter berry
formation may not be seen depending upon the rainfall distribution. The prolonged summer droughts
from December to May are not conducive for coconut as nut yield declines in the following year due
to drought. Sometimes, such weather conditions favour for better performance of black pepper
while not so in the case of cardamom. The soil moisture stress during the summer may adversely
affect the cardamom yield. High temperature with prolonged dry spell is a constraint in cardamom.
Increase in maximum temperature of 1-3oC in summer 2004 in the absence of summer showers
adversely affected the cocoa yield up to 40% depending upon other environmental factors. The crop
simulation models indicate that rise in temperature of 2oC may adversely affect the area of coffee
and tea to a large extent while increase in coconuts in the humid tropics.

Conclusions
Rainfall and number of rainy days showed declining trend during the southwest monsoon (JuneSeptember) while increase in post monsoon (October-November) across Kerala. Rise in maximum
and minimum temperatures were also noticed. The State of Kerala also shifts from wetter to drier
side within the humid climates. The climate projections indicated that rainfall during southwest monsoon is likely to decline while temperature showing an upward trend. It shows that performance of
thermo-sensitive crops like cocoa, black pepper, coffee, tea and cardamom may not be consistent
with technological inputs due to weather abnormalities and deforestation as these crops are grown
under the influence of peculiar forest - agro - ecosystems. Cashew is another crop under threat as
the area, production and productivity are in declining trend in recent years. It could be attributed to
weather abnormalities in addition to tea mosquito incidence as the reproductive phase of cashew is
weather sensitive. It is also evident that there is a change in cropping systems across the State of
Kerala as the index in foodgrain crops was declining while increasing in index of non- foodgrain
crops due to various reasons. Deforestation, shift in cropping systems, decline in wetlands and
depletion of surface water resources and groundwater may aggravate the intensity of floods and
droughts in excess and deficit rainfall events under the projected global warming and climate change.
The frequency of occurrence of floods and droughts is likely to increase under the projected climate
change scenario. If that is the case, the crops like coconut and rubber are the worst sufferers. At the
same time, climate change/ variability may lead to shift in crop boundaries which are thermo-sensitive and adversely affect the plantation crop production to a considerable extent, reflecting on the
State`s economy. It is more so across the high ranges, where thermo-sensitive crops are grown,
followed by the coastal belt of Kerala.
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TRADITIONAL KNOWLEDGE AND AWARENESS PROGRAMS ON
CLIMATE CHANGE
K Ravi Shankar
Introduction
Vulnerability of Agriculture to climate change will put millions of people in developing countries at
greater risk of poverty, hunger, and malnutrition. A new report from the International Food Policy
Research Institute, quantifying the costs of agricultural adaptation to climate change, provides projections for decreased crop yields, higher food prices, and increased child malnutrition by 2050, as
compared to a scenario without climate change. It estimates that an additional US $7-8 billion per
year must be invested to increase agricultural productivity to prevent these adverse effects. Climate
change causes temperature, wind and precipitation to vary, with profound effects on natural systems. These in turn have effects on the health, safety and livelihoods of people, especially poor
people. Nowhere in the world are as many people affected by climate change as in Asia and the
pacific (Asian Development Bank Report, 2009).

Traditional Knowledge
Indigenous People from all regions of the world depend upon the natural environment for their
livelihood and existence. They observe climate and environmental changes first-hand and use traditional knowledge and survival skills to adapt to these changes as they occur. Moreover, they must
do so at a time when their cultures and livelihoods are already undergoing significant changes due,
in part, to the accelerated use of natural resources from their traditional territories, stimulated by
trade liberalization and globalization. Traditional knowledge is generally defined as the “Knowledge
of people of a particular area based on their interactions and experiences within that area, their
traditions, and incorporation of knowledge emanating from elsewhere into their production and economic systems” (Boef et.al., 1993). It is culturally appropriate, holistic and integrative. Incorporating
indigenous knowledge is less expensive than providing aid for populations unprepared for catastrophes and disasters, or than importing adaptive measures, which are usually introduced in a topdown manner and difficult to implement, particularly because of financial and institutional constraints.
Indigenous people that live close to natural resources often observe the activities around them and
are the first to identify and adapt to any changes. The appearance of certain birds, mating of certain
animals and flowering of certain plants are all important signals of changes in time and seasons that
are well understood in traditional knowledge systems.
Indigenous people have been confronted with changing environments for millennia and have developed a wide array of coping strategies, and their traditional knowledge and practices provide an
important basis for facing the even greater challenges of climate change.
Indigenous knowledge saves lives: Just before the Indian Ocean tsunami struck in 2004, numerous people were attracted to the shoreline by the unusual spectacle of fish flopping on the sea floor
exposed by the sea's withdrawal. But not the Moken and Urok Lawai people of Thailand's coasts
and islands, the Ong of India's Andaman Islands and the Simeulue community of Indonesia; as
they all knew to head rapidly inland to avoid the destructive force of the sea. The small villages of
the Moken and Ong were completely destroyed, but their inhabitants escaped unscathed. Even
more striking was the displacement of more than 80,000 Simeulue people beyond the reach of the
tsunami; only seven people died. This surprisingly efficient response, striking in its contrast with the
frightening losses suffered elsewhere in Indonesia, was acknowledged by the granting of a United
Nations Sasakawa Award for Disaster Reduction to the Simeulue people.
Source: Elias, Rungmanee and Cruz, 2005.
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Integrated Knowledge Systems
Participatory research and farmer-back-to-farmer models of technology transfer are examples of
attempts towards establishing a bridge between traditional knowledge and scientific knowledge.
Participatory farmer workshops, which introduce scientific forecasts by building on farmers' own
knowledge and experience, have proven to be more effective in facilitating understanding and use
of forecasts than outreach efforts through govt. extension and mass media. (Phillips and Orlove
2004; Patt et.al., 2005; Roncoli et.al., 2005).

Research study
A sample of 180 farmers @60 each from Anantapur, Mahbubnagar and East Godavari districts was
selected randomly in a study conducted by this author in 2009. Data was collected using a pretested interview schedule from the farmers. The objective of the study was to identify farmers'
perceptions towards climate change along with their farm-level adaptation measures with a view to
suggest appropriate research/policy issues which help in facilitating farmers' adaptation to climate
change.
Table. 1. Farmers' Perceptions regarding Climate Change in Ananthapur

Table. 2. Farmers' Adaptation Measures towards Climate Change in Ananthapur

*Multiple responses
From table 1, it is clear that rise in temperatures followed by prolonged dry spells, change in monsoon patterns, delayed and shorter rainy season and ITKs for weather forecast failing are the major
farmers' perceptions in that order of magnitude regarding climate change in Ananthapur.
It is clear from table 2, that buying insurance, planting contingency crops, changing planting dates of
groundnut, increase water availability through improved storage, construct water harvesting structures, improve drought forecasting and working as labour in that order of magnitude are the major
adaptation measures followed by farmers' towards climate change in Ananthapur. This finding is
consistent with that of Swanson et.al., (2008) who reported that crop insurance was widely used by
farmers in Foremost and Coaldale regions of Canada and the common feeling was that even though
it might not provide sufficient returns for losses incurred it does offer some protection. It has allowed
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them to continue farming.
In Mahbubnagar, in general, the kharif crop (Castor, Sorghum and Redgram) is exposed to drought,
whereas the rabi crop (Groundnut and Paddy) experienced severe flooding. Prolonged dry spells in
kharif are followed by high intensity rains. Previously rain that was distributed over two months time
period is now recorded in ten days. In this district the amount of rainfall has decreased and temperatures have increased. ITKs for weather forecasting are not becoming valid as before and are failing
to happen. Diversification to livestock, sheep and goats is an important adaptation measure followed by farmers. Field bunding and contour cultivation are the adaptation measures followed by
individual farmers in case of drought.
In East Godavari, paddy in both kharif and rabi with summer pulses is a predominant cropping
pattern. Irrigation is assured through Godavari canal water. Change in temperatures and late, heavy
rains are the chief perceptions of farmers' regarding climate change. Kharif paddy is subjected to
floods and water logging because of cyclonic rains at the end of season. Farmers' are ineligible for
crop insurance because majority of them are tenant farmers. The only adaptation measure followed
by farmers' is spraying salt water to avoid regermination of paddy seeds after cyclonic rain. Insecure
property rights are the barriers to climate change adaptation.
Adaptation is widely recognized as a vital component of any policy response to climate change.
Studies show that without adaptation, climate change is generally detrimental to the agriculture
sector; but with adaptation, vulnerability can largely be reduced (Easterling et.al., 1993; Rosenzweig
and Parry, 1994; Smith, 1996; Mendelsohn, 1998; Reilly and Schimmelpfennig, 1999; Smit and
Skinner, 2002). In Asia, farmers have traditionally observed a number of practices to adapt to climate variability. For example, intercropping, mixed cropping, agro-forestry, animal husbandry, and
developing new seed varieties are some measures to cope with local climate change. Various water
use and conservation strategies including terracing, surface water and ground water irrigation and
diversification in agriculture are adopted to deal with drought. Preserving indigenous knowledge
that is relevant to community level responses, studies on coping strategies, and gender specific
vulnerability assessments were highlighted as important elements to determine adaptation options
(UNFCC, 2007).

Farmers quote
• “Timing of rainy seasons and patterns of rains within season are changing; Rains felt to be more
violent and intense interrupted by dry periods”.
•

“Absence of prolonged rainy periods i.e., less continuous rains”.

•

“Prevalent wind directions have also shifted”.

• “Weather events typical of one season are occurring in another and weather patterns becoming
unpredictable”; “Unseasonal and anomalous”.
•

“Transition periods between seasons fast disappearing”

•

“Drought at beginning of season and at harvest time, it is water logging”.

•

“I suppose, we want, early maturing, heat tolerant and drought resistant crops”.

•

“Access to more appropriate crops and varieties would help alternate risk by diversifying”.

•

“Seasonal Planting will soon be a thing of the past”.

Climate change is causing cultural shocks, threatening the beliefs and relationships between young
and elders, demoralizing, disorienting people and affecting their lives.
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Research insights from the author's story
• Short term coping strategies for drought are insurance; whereas, long term strategies are crop
diversification, changing planting and harvesting schedules, community water management.
• Short term coping strategies for heavy rains and floods are insurance, pumping water off the
land, changed harvest practices; where as, long term coping strategies are building efficient drainage systems, crop diversification and crop rotation.
• Farming experience, income, education increases the probability of uptake of adapta
tion options.
• Barriers to adaptation are lack of information, lack of credit, and insufficient access to inputs and
markets.

Adaptation strategies
• Strengthen stakeholder understanding and public awareness through educational and awareness raising programs such as seminars, workshops and training courses and encourage community participation in public awareness programs.
• Increase media campaigns through TV, websites, radio and newspapers, documentaries, quizzes/competition in schools and colleges, video presentation to increase public awareness and education.
•

Provide educational and awareness raising aids/kits and materials to support school curricula.

•

Focus on special target groups such as women, youth and students.

•

Promote national awareness events such as the National Climate Change Awareness Day.

Conclusion
Lack of resource rights and insufficient access to markets, finance, information, and technology are
often greater determinants of vulnerability for the poor than climate change itself (Schipper, 2007;
Ribot, 2009). Capacity building at local, national and regional levels is vital to enable developing
countries like India to adapt to climate change. Education and training of stakeholders, including
policy-level decision makers, are important catalysts for the success of assessing vulnerabilities
and planning adaptation activities, as well as implementing adaptation plans. Enhanced funding is
required for adaptation projects in developing countries and needs to be increased in national budgets as well as in multilateral funds. It is also important to ensure integration of climate change risks
into national development policies. For example, in Cuba, hurricane and disaster risk reduction is
taught in schools and training is carried out for the entire population every year (Cuba, 2001).
The different policy options include raising awareness about climate change and the appropriate
adaptation methods, facilitating the availability of credit, investing in yield increasing technology
packages to increase farm income, creating opportunities for off-farm employment, conducting research on use of new crop varieties and livestock species that are better suited to drier conditions,
encouraging informal social networks, and investing in irrigation. Additional information about farmers' awareness of climate change and current adaptation approaches would assist policymakers in
their efforts to decrease the country's vulnerability to the adverse impacts of climate change (Temesgen
Deressa et.al., 2008). Govt. policies designed to promote adaptation at the farm level will lead to
greater food and livelihood security in the face of climate change. As national and international
policy makers turn their attention to climate change adaptation, they should keep in mind that constructing an enabling environment that minimizes these vulnerabilities will be central to any meaningful and lasting increase in the adaptative capacity of the rural poor.
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USE OF CROP SIMULATION MODELS IN ANALYSIS OF VULNERABILITY TO CLIMATE CHANGE
S Naresh Kumar
Introduction
Eleven of the last twelve years (1995–2006) ranked among the 12 warmest years since 1850. The
rate of warming has been much higher in recent decades, resulting in increased average temperature of the atmosphere and ocean causing sea level rise, decline in glaciers and snow cover. It is
also likely that tropical cyclones will become more intense, with larger peak wind speeds and heavy
precipitation. Himalayan glaciers and snow cover are projected to contract. Hot extremes, heat
waves, and heavy precipitation events will continue to become more frequent. Increases in the
amount of precipitation are very likely in high-latitudes, while decreases are likely in most subtropical land regions, continuing observed patterns in recent trends. The warming is more pronounced
over land areas, with the maximum increase over northern India. The warming is also relatively
greater in winter and post-monsoon seasons. All these projected changes in climate will have
immense impact on agriculture production and thereby food security. Therefore, it is important to
assess the impact of climate change on crops in order to have better preparedness for adaptation to
minimize the adverse impacts.

Approaches for quantification of impacts
Currently, the quantification of impact of major climate change parameters such as increased temperature and CO2 on crops is being studied using two approaches, viz., field or controlled environment experiments and simulation models. In field experimentations, quantifications are done by
growing crops in Open Top Chamber (OTC) or in Free Atmospheric Carbon dioxide Enrichment
(FACE) and Free Atmospheric Temperature Elevation (FATE) facilities. These studies provide vital
information on crop response to elevated CO2 or temperature or to both, in spite of being costly and
time taking procedure. However, the information generated cannot be generalized for regional/
state or national level. The other approach is to use well validated simulation models. Simulation
models are strong tools which provide opportunity to use various climate change scenarios in combination with different management parameters for analyzing the regional impacts (Naresh Kumar
and Aggarwal, 2009). Apart from these, well developed crop simulation models provide opportunity
to assess the impacts of climatic variability on crop growth. Further, crop simulation models coupled
with GIS prove to be strong tools for not only impact and vulnerability assessments, but also for
adaptation such as land use change and land use plan.

Crop simulation models
Crop growth simulation models are based on quantitative understanding of the underlying processes, and integrate the effect of soil, weather, crop, and pest and management factor on growth
and yield. The processes could be physiology of crop, crop meteorology, or physic-chemical and
biological properties of soil. Depending upon the objective, knowledge base of various agricultural
disciplines can be integrated in a crop model. Globally more than 120 crop models are available.
Many of these models need input data that mimic 'genetics' of a crop/variety. Further, the actual
productivity of a variety; its response to water-, nutrient-, pest-limited conditions; knowledge base of
several additional disciplines are tapped and integrated into the model. Once the integration, calibration and validation is successful, crop simulation models can help us in analyzing the effect of
various climatic factors on crop growth and yield considering the interaction with edaphic, biotic and
agronomic factors. Such an analysis is normally not possible with conventional experimental methods.
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In recent years, agricultural system models have shifted from being mainly research oriented to
tools for guiding resource management and policy-making. The linkage of these models to geographic information systems (GIS) and decision support systems (DSS) has added new dimensions
to model applications. Agricultural system model has gone through more than 40 years of development and evolution. Prior to the mid-1980's, most of the modeling work focussed on individual
processes of agricultural systems, such as soil hydraulic properties, evapotranspiration, photosynthesis, plant growth and soil nutrients. The earlier models have served as a foundation for the
development of agriculture system models in the last 20 years. Earlier examples of systems models
have focused, for example, PAPRAN for pasture systems, CREAMS for soil, chemical and nutrient
run-off from cropping system, EPIC for soil erosion and soil productivity, CERES for crop growth,
GLEAMS for ground water pollution, AquaCrop and CRPWAT for crop water requirement analysis
and CENTURY for plant production, nutrient cycling and soil organic matter dynamics. Physiological growth and production models have shown to be very useful for guiding improvements in cropping systems of various annual crops. There have been several crop models available for number of
crops. Examples include DSSAT, InfoCrop, EPIC, APSIM, BRASSICA, ORYZAI, SOYGRO etc.
Recently, simulation models for perennial crops such as coconut (InfoCrop-COCONUT) (Naresh
Kumar et al., 2008) and cocoa are developed.

Calibration and validation of simulation models
Although the simulation models are flexible enough to perform under a variety of environments and
farming conditions, calibration of model is necessary before running the model for study area. For
this, results from the detailed experiments on varietal performance, fertilizer trials, multi-location
trails can be made use of. The calibrated model can then be used to simulate the crop growth
performance in other set of experiments consisting of various treatments for validating the model
performance under a range of conditions. This validated model can be used for simulating impacts
in that region. Model performance can be assessed using various statistical parameters viz., model
bias error (MBE), root mean square error (RMSE), index of agreement (IA) and model efficiency
(ME). The typical calibration and validation of models is illustrated in Fig.1a and 1b.

Application of Crop Simulation models
Crop growth simulation models
are agricultural systems models
which provide a means to quantify the effects of climate, soil and
management on crop growth,
productivity and sustainability of
agricultural production. These
tools can reduce the need for expensive and time-consuming
field experimentation as they can
be used to extrapolate the results
of research conducted in one
season or location to other seasons, locations, or management.
The development and application of system approaches and
decision support methods can

Fig. 1a. A typical calibration approach
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Fig.1b. A typical validation approach
help to identify strategies for optimising resource use, increasing productivity, identifying yield gaps
and reducing adverse environmental impacts.
Crop models are increasingly being used for environmental characterization and agro-ecological
zoning, defining research priorities, technology transfer, estimating potential production, strategic
and anticipatory decision making. Models are also used for predicting the effects of climate change
and climate variability.

Simulating climate change impacts and adaptation for vulnerability assessment
Well validated models are used for
several purposes and simulating climate change impacts and adaptation capability is one of them. Impact analyses can carried out for
individual and interaction effects of
elevated temperature, rainfall, CO2,
etc. However, these studies indicate the individual parameters irrespective of temporal scale and their Fig. 2. Input-framework for simulating the impacts of climate
interactions. Global Climate Modchange on crops
els (GCM) project climate change scenarios for various regions of world keeping in view of i) socioeconomic aspects, ii) technological and population growth and iii) green house gas emissions due
to the above two aspects. Thus, using scenario outputs of GCM becomes imperative in climate
change research. This can be done only through crop simulation models. The GCM outputs on
baseline and scenarios (A1,A2, B1 and B2 for 2020, 2050 and 2080) are downscaled using Regional Climate Models and these out puts on climate scenarios are used as inputs (Fig. 2) into the
crop models for deriving the impacts on economic yield. The relative difference between yields from
baseline period and scenario period will provide the quantified impacts.
The adaptation analysis can be done by quantifying the response of different varieties, sowing time,
nutrient management, water management, introduction of new crops, shift in cropping sequences,
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altered resource management and introduction of new technologies, etc. in various climate change
scenarios so as to derive the best suitable technology package for reducing impacts of climate
change at regional level then up-scaling to state and national level. These are called adaptation
gains. The net difference between impacts and adaptation gains is called net vulnerability of crop/
system to climate change (Fig. 3).

Fig. 3. The steps of climate change vulnerability assessment
Since climate change is projected to increase the climatic variability, causing more frequent events
of droughts, floods, frosts, heat waves, cold waves, etc., seriously affecting the livelihood security of
the farmers, particularly resource-poor farmers, it is important to quantify the climatic variability
related risk and to have an early warning system of environmental changes and their spatial and
temporal magnitude. Such quantification could help in determining the potential food insecure areas
and communities given the type of risk.

Coupling with socio-economic models
The relationship between yield or productivity and climate has been investigated since late 1950's.
These studies are based on crop models and extrapolated relationships between biomass and
environment to a regional or global scale. The global model focusing productivity and dry matter
production by Lieth (1975) is a forerunner of these studies. Other models are more sophisticated,
for example, Parry et.al., (1999) combined crop models, such as CERES-Wheat, and a world food
trade model, i.e., Basic Linked System (BLS), and evaluated the risk of hunger. This model is quite
scientific and well organized, however, it is difficult to understand the estimated impacts of climate
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change in their model and it is likely that there are some problems of aggregation or scale-up in
moving from field-level models and data to national or global models. But this gap has been filled by
measuring the economic impacts of climate change on China's agriculture based on the Ricardian
model.

Other applications of crop simulation models
Crop simulation models are effective tools for the assessment of growth and yield of crops. They
are also useful to suggest optimal resource management options (Kalra and Aggarwal, 1994); desired cultivar characteristics (Aggarwal et.al., 1997) and performance evaluation of weather forecasters (Kalra and Aggarwal, 1996; Singh et.al., 1997). Apart from these, crop simulation models
are now being seriously investigated as creditable tool for regional yield prediction (Chipanshi et.al.,
1997; Nain et.al., 2000; Nain et.al., 2002) and integration of crop simulation model with remote
sensing data for farm level wheat yield prediction (Nain et.al., 2001).

Linking crop models with GIS
The strength of GIS tool for agricultural management decisions and planning at various spatial
scales has been well appreciated (Curry et.al., 1990; Ahuja et.al., 2002). Geographical Information
System (GIS) provides a useful means for organizing spatial information. Linkages between simulation models and GIS system provide a powerful tool for the spatial modeling. Alternatively, spatial
interpolation of point data from simulation analysis can provide sufficient resolution for some applications such as assessing regional production potential. In crop simulation models coupled GIS for
regional planning and productivity analysis, crop model provides information on yields and other
crop related outputs for different homogenous soil, weather and management combinations. GIS
aggregates information from individual units and results are displayed as maps or in tabular format
for the study region. Other systems have been described, using a variety of models and GIS software (Singh et.al., 1993), like DSSAT-GIS coupling (Lal et.al., 1993), DSSAT- ARCVIEW (Tsuji
et.al., 1994). Thus crop simulation models coupled with GIS prove to be strong tools for providing
policy guidelines at regional, state and national level.
In conclusion, climate change impacts, adaptation and vulnerability analysis is best analysed by
using simulation models as they are capable of simulating the system as whole, while taking care
of various interactions that take place in climate change scenarios. Coupling crop simulation models with GIS gives advantage for providing policy inputs for various regional, state and national level
action plans.
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CLIMATE CHANGE SCENARIOS AND IMPACT ON AGRICULTURE
S Naresh Kumar
Introduction
The CO2 concentration has increased from a pre-industrial value of about 280 ppm to 393 ppm in
2010. Similarly, the global atmospheric concentration of methane and nitrous oxide and other important GHGs has also increased considerably. According to the IPCC, this has resulted in warming
of the climate system by 0.74°C between 1906 and 2005. In the instrumental recording period of
global surface temperature since 1850, out of a total 12 warmest years, 11 years fell in the 1995–
2006 period. Global average sea level rose at an average rate of 1.8 mm per year over 1961 to
2003.

Trends of past climate in India
In Indian context, analyses done by the Indian Meteorology Department and the Indian Institute of
Tropical Meteorology generally show the same trends for temperature, heat waves, glaciers, droughts
and floods, and sea level rise as by the IPCC, even though magnitude of the change varies in some
cases. Analysis of long-term weather data by Central Research Institute for Dryland Agriculture
indicates a general warming trend across the country but with spatial variations and differences in
magnitude of change in annual mean-maximum, mean-minimum and average temperatures. Similarly, analysis of long-term monthly rainfall data of 1200 stations for varying periods from 1871 to
2004 spread across the country for the rainfed areas indicated significant negative trends in annual
rainfall in the eastern India and in parts of North-west India, while increasing trend in rainfall was
noticed in Jammu and Kashmir and in some parts of southern peninsula. The probability of occurrence of deficit rainfall conditions have increased between 1991 and 2003. In large parts of India,
the probability of occurrence of mild droughts is higher than that of moderate and severe droughts
(Rao et.al., 2009a). Recent analysis by Indian Institute of Tropical Meteorology indicated that maximum temperature increased @ 0.71°C/100 year period during 1901 to 2005 period while the minimum temperature increased` @ 0.27°C/100 years during the same period. However, the rate of
increase in minimum temperature accelerated post 1970 period @ 0.2°C per every 10 years as
against 0.17°C per every 10 years for maximum temperature. As far as the rainfall is concerned,
during the 1871-2009 period, 25 years received deficit rain while 20 years received excess rain.
However, post 1970s has seen as many as 10 rainfall deficit years whereas as against five years
that received excess rainfall (INCCA report, 2010). Himalayan glaciers have shown an overall
deglaciation of 21% with immense implication on irrigated agriculture in Indo-Gangetic plains.

Projected climate scenarios for Indian region
For Indian region (south Asia), the IPCC has projected 0.5 to 1.2°C rise in temperature by 2020,
0.88 to 3.16°C by 2050 and 1.56 to 5.44°C by 2080 depending on the scenario of future development (IPCC 2007b). Apart from increase in temperature, climate change is projected to cause variations in rainfall, increase the frequency of extreme events such as heat, cold waves, frost days,
droughts, floods, etc. A significant increase in runoff in many parts of the world including India is
projected (IPCC, 2007b). The increased melting and recession of glaciers associated with global
climate change (IPCC 2007) could further change the runoff scenario.
It is projected that by the end of the 21st century, rainfall over India will increase by 15-40% and the
mean annual temperature by 3-6°C (NATCOM 2004). The warming is more pronounced over land
areas with the maximum increase over northern India. Projections for Indian region as per PRECIS
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(IITM, Pune), a regional climate model with HadCM3 as the global climate model, were analysed at
IARI for spatio-temporal variations. Analysis indicates that in general, increase in temperature is
likely to be more during winter (rabi) than in monsoon (kharif), particularly towards the end of the
century. Precipitation is likely to increase in all months, except during December-February period
when it is likely to decrease. Coupled to these changes in mean values, the climatic variability is
also projected to increase causing increased frequency of heat and cold waves, frost and heavy
precipitation events, and flood and drought events. These stresses may occur even in single season
as experienced in some parts of India during 2009. It is also likely that tropical cyclones will become
more intense with larger peak wind speeds and heavier precipitation events.
Spatio-temporal variations also are projected for increase in temperature and change in rainfall. For
A1b-2030 scenario, seasonal minimum temperature is likely to increase more in Uttar Pradesh,
Bihar, Rajasthan, Maharastra and peninsular India, while the seasonal maximum temperature is
likely to increase more in UP, Bihar and peninsular India. Kharif rainfall is likely to increase more in
eastern and central parts of the country. During rabi, increase in seasonal mean minimum temperature is likely to be more in central and western parts of India, while the mean seasonal maximum
temperature is likely to be more in central India. Rabi rainfall is likely to increase in North India, parts
of Andhra Pradesh and Maharashtra.

Impacts of climate change on agriculture in India
There have been several instances and events where adverse climate has affected the crop production. Methods which have been used to record the climate related losses include surveys, analysis of historical data and of course the review of literature. Past events include, for instance, drought
of 2002 led to reduced area coverage of more than 15 million ha of the rainy-season crops and
resulted in a loss of more than 10% in food production (Samra and Singh 2002). High temperatures
during March in 2004 in the Indo-Gangetic plains caused > 4 million tonnes reduction in wheat
production (Samra and Singh 2004). Losses were also very significant in other crops, such as
mustard (Samra and Singh 2004). Similarly, irregular monsoon in 2009 caused significant reduction
in rice production. Declining trend in rice yields in the Indo-Gangetic plains during last three decades is partly attributable to the gradual change in weather conditions (Aggarwal et.al., 2000).
Horticultural crops have been more sensitive to climatic variability. For instance, apple productivity
declined in Himachal Pradesh up to 1500 m mean sea level (MSL) to the tune of 40-50% due to
warmer climate during winter and warmer summers at lower elevations resulting into shifting of
apple production to higher altitudes of 2700 m MSL (Bhagat et.al., 2009). Cold wave during December 2002-January 2003, caused considerable damage to horticultural crops such as mango, guava,
papaya, brinjal, tomato, potato (Samra and Singh, 2003). Occurrence of frost during January in
Rajasthan has affected cumin resulting in total crop failure. High temperature and moisture stress
resulted in sun burn and cracking in apples, apricot, cherries and litchi, dehydration injury to panicles
and low fruit set in mango (Samra and Singh, 2004). Unseasonal rainfall during March 2008 has
affected cashew yields and quality in northern districts of Kerala. In potato, frost damage reduced
tuber yield by 10-50% depending on intensity and its coincidence with sensitive stage, while yield
loss due to high temperature was to the tune of 10-20% depending on its coincidence with sensitive
stage. High temperatures reduced marketable grade potato tuber yield to the extent of 10-20%
(Singh et.al., 2010). Consecutive drought years in Coimbatore district of Tamil Nadu and Tumkur
district of Karnataka caused not only severe reduction in yield but also left about 2 lakhs palms
dead in both the districts (Naresh Kumar et.al., 2007). In Godavari districts of Andhra Pradesh,
cyclone in 1995 badly affected coconut yields. The yields drastically reduced in 1995-96 and then it
took four to five years for the recovery of affected gardens. Reduction in coconut yields was to the
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tune of 3350 lakh nuts/year for six years. (Naresh Kumar et.al., 2008).
The above examples have been observed the impacts on the crop production due to climatic stresses.
Since climate change is projected to increase the mean changes in temperatures and change in the
rainfall amount and distribution, the efforts have been to quantify the impacts of these changes in
climate and influence of CO2 enrichment on the growth, yield and quality of the crops using various
approaches.

Projections on the impacts of climate change on crop production
As crop growth is closely linked to its environment, especially climate, all these projections in climate change and climatic variability will have profound influence on agriculture and thereby food
security. Hence it is important to assess the impact of climate change on crops to derive the vulnerability of the system to climate change and climatic variability. Global studies indicate a probability
of 10 - 40% loss in crop production in India with increases in temperature by 2080-2100 (Rosenzweig
and Parrey, 1994; IPCC 2007b).
Analysis carried out at the Indian Agricultural Research Institute indicate the possibility of loss of 45 million tonnes in wheat production with every rise of 1oC temperature throughout the growing
period even after considering carbon fertilization but no other adaptation benefits (Aggarwal, 2008).
With 3oC increase in temperature, the loss is projected to be 19 million tonnes and with 5oC increase, the loss could be as high as 27.5 million tonnes (Aggarwal and Swaroopa Rani, 2009). It
also assumes that irrigation would remain available in future at today's levels. Impacts of climate
change on Indian agriculture are recently documented (Aggarwal et.al., 2009; Naresh Kumar and
Aggarwal, 2009; Naresh Kumar et.al., unpublished data).
Recent simulation analysis indicated that maize yields in monsoon are projected to be adversely
affected due to rise in atmospheric temperature; but increased rainfall can partly offset those loses
and the spatio-temporal variations in projected changes in temperature and rainfall are likely to lead
to differential impacts in the different regions (Byjesh et.al., 2010). Analysis on sorghum also indicated that, the yield loss due to rise in temperature is likely to be offset by projected increase in
rainfall. However, complete amelioration of yield loss beyond 2oC rise may not be attained even
after doubling of rainfall (Srivastava et.al., 2010). Studies conducted on soybean using CROPGROsoybean model have projected 50% increased yield for a doubling of CO2 in central India (Lal et.al.,
1999). However, a 3oC rise in surface air temperature almost offsets the positive effects of doubling
of CO2concentration. The future climate change scenario analysis showed that mustard yields are
likely to reduce in both irrigated and rainfed conditions. However these reductions have spatial
variation in different mustard growing region of India (Bhoomiraj et.al., 2010).
Although many studies indicate adverse impacts of climate change, there are certain beneficial
effects of climate change such as projected improvement in coconut yields in west coast of India
(Naresh Kumar et.al., 2008a; Naresh Kumar and Aggarwal, 2009). Analysis on impact of climate
change on coconut using coconut simulation model (Naresh Kumar et.al., 2008b) indicated that
under all scenarios of HadCM3 projections, coconut productivity on all India basis is likely to increase up to 4% in 2020, up to 10% in 2050 and up to 20% in 2080 over current yields due to climate
change. In West coast, yields are projected to increase by up to 10% in 2020, up to 16% in 2050 and
up to 39% by 2080 while in East coast yields are projected to decline by up to 2% in 2020, 8% in
2050 and 31% in 2080 scenario over current yields (Naresh Kumar, 2008). Yields are projected to
go up in Kerala, Maharastra and parts of Tamil Nadu and Karnataka while they are projected to
decline in Andhra Pradesh, Orissa, Gujarat and parts of Tamil Nadu and Karnataka. However, situations may vary if future irrigation sources are limited particularly in currently irrigated areas such as
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in Tamil Nadu and Karnataka (Naresh Kumar, 2008). More number of such potential benefits need
to be analyzed for maximizing the positive impacts.
In summary, the climate change is projected to increase the temperatures, change in rainfall fall
pattern, cause sea level rise and increase the frequency of climatic extreme events with spatiotemporal variations. These changes will challenge the sustainable food production. The past events
of climatic extremes in India caused considerable losses to several field and horticultural crops. The
controlled environment experiments indicate that the growth, yield and quality of crops will be affected in the event of rise in temperature, while the CO2 will benefit the crops, particularly C3 crops.
Simulation analysis projects spatial variations in impacts of climate change on crops. The analysis
indicates reduction in cereal production at national level while some areas may gain in productivity.
Horticultural crops like potato and coconut are projected to be affected in some areas while in some
regions the yield of these crops is likely to increase. Overall, the variability in agricultural production
is likely to increase due climate change, challenging the sustainable livelihood of farmers. More
regional analysis on several other crops is required.
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IMPACT OF CLIMATE CHANGES ON WATER RESOURCES –
MODEL RESULTS
A K Gosain
Introduction
The general impacts of climate change on water resources have been brought out by the Third
Assessment report of the Intergovernmental Panel on Climate Change, (IPCC, 2001). It indicates
an intensification of the global hydrological cycle and affecting both ground and surface water supply for domestic and industrial uses, irrigation, hydropower generation, navigation, in-stream ecosystems and water-based recreation. Changes in the total amount of precipitation as well as in its
frequency and intensity have also been predicted which shall in turn affect the magnitude and timing
of runoff and soil moisture status. The impacts of climate change are also predicted to be dependent
on the baseline condition of the water supply system and the ability of water resource managers to
respond not only to climate change but also to population growth and changes in demands, technology, and economic, social and legislative conditions. The coping capacity of the societies shall vary
with respect to their preparedness. The countries with integrated water-management systems may
protect water users from climate change at minimal cost, whereas the others may have to bear
substantial economic, social and environmental costs to do the same.
Thus, the climate change impacts are going to be most severe in the developing world, because of
their poor capacity to cope with and adapt to climate variability. India also comes under this category. The NATCOM study (Gosain et.al., 2003) was the first attempt to quantify the impact of the
climate change on the water resources of the country. This paper presents detailed results of the
study on two extreme river basins of the country affected with respect to the drought and flood
severities on account of the climate change.

Methodology
The SWAT (Soil and Water Assessment Tool) water balance model has been used to carry out the
hydrologic modeling of the river basins of the country. The SWAT model (Arnold et.al., 1990), developed by the Agricultural Research Service, Blackland, Texas, USA, simulates the hydrologic cycle
in daily time steps. The SWAT Model has the capability to route water from individual watersheds,
through the major river basin systems. SWAT is a distributed, continuous, daily time interval hydrological model with an ArcView GIS interface (AVSWAT) for pre- and post-processing of the data and
outputs.
The study determines the present water availability in space and time without incorporating any
man made changes like dams, diversions, etc. The same framework is then used to predict the
impact of climate change on the availability of water resources (future) with the assumption that the
land use shall not change over time.

Data used for study
The SWAT model requires the data on terrain, landuse, soil and weather for assessment of water
resources availability at desired locations of the drainage basin. These data (1:250,000 scale) for all
the river basins of the country have been used. The following sections provide the description of
data elements used and preprocessing performed on them, wherever required.

DEM (Digital Elevation Model)
DEM represents a topographic surface in terms of a set of elevation values measured at a finite
number of points. DEM for the study areas have been generated using contours taken from 1:250,000
scale ADC world topographic map.
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Stream Network Layer
There is an option to use the actual stream network in the absence of large scale contour/DEM data,
which has been used in the present study. This option helps in conforming to the shapes of the sub
basins in the absence of large scale data availability by guiding the generated stream networks.
Appropriate threshold values have been used for generating the stream networks for various river
basins which primarily decides the density of the stream network and consequently the number of
sub basins in each of the river basins.

Delineation of the River Basins
Automatic delineation of each of the river basins is done by using the DEM as input and the final
outflow point on the river basin as the final pour/drainage point. The Fig.1 depicts the modeled river
basins (automatically delineated using GIS). The river basins have been divided into sub-basins
depending on the selection of the threshold value.

Weather Data
The data generated in transient experiments by the Hadley Centre for Climate Prediction, U.K., at a
resolution of 0.44° X 0.44° latitude by longitude RCM (Regional Climate Model) grid points (Fig. 1)
has been obtained from IITM (Indian Institute of Tropical Meteorology), Pune, India. The daily weather
data on temperature (maximum and minimum), rainfall, solar radiation, wind speed and relative
humidity at all the grid locations were processed. The RCM grid has been superimposed on the subbasins for deriving the weighted means of the inputs for each of the sub basins. The centroid of each
sub basin is then taken as the location for the weather station to be used in the SWAT model. The
procedure has been used for processing the present/control (representing series1981-2000) and
the future/GHG (representing series 2041-2060) climate data.

Fig.1. The modeled river basins along with the RCM Grid Locations
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LandCover/LandUse Layer
Classified land cover data produced using remote sensing by the University of Maryland Global
Landcover Facility (13 categories, Source: Global Landcover, University of Maryland Global Landcover
Facility) with resolution of 1 km grid cell size has been used (Hansen et.al.,1999).

Soil Layer
Soil map adopted from FAO Digital Soil Map of the World and Derived Soil Properties (ver. 3.5,
November 1995) with a resolution of 1:5,000,000 have been used (FAO, 1995)

Hydrologic modelling of the river basins
The AVSWAT distributed hydrologic model has been used on each of the river basins given in Table
1. The basins have been sub-divided using the threshold values given in Table 1. These values
were adapted to divide the basin into a reasonable number of sub-basins so as to account for the
spatial variability. After mapping the basins for terrain, landuse and soil each of the basins has been
simulated imposing the weather conditions predicted for control and GHG climate.

Control Climate Scenario
Each of the river basins has been simulated using the SWAT model firstly by using generated daily
weather by the HadRM2 control climate scenario (1981- 2000). Although the SWAT model does not
require elaborate calibration, yet, in the present case, any calibration was not meaningful since the
simulated weather data is being used for the control period which is not the historical data corresponding to the recorded runoff. The SWAT model has been used on various Indian catchments of
varied sizes and it has been observed that the model performs very well without much calibration
(Gosain et.al., 2004). Presently, the model has been used with the assumption that every river basin
is a virgin area without any manmade change incorporated, which was reasonable for making the
initial national communication to the UNFCCC (the basic objective of this study).
The model generates detailed outputs on flow at sub-basin outflow points, actual evapotranspiration
and soil moisture status at daily interval. Further sub-divisions of the total flow into components
such as surface and subsurface runoff are also available. It also provides the recharge to the ground
water on daily basis.

GHG Climate Scenario
The model has then been run on each of the basins using GHG climate scenarios (2041 – 2060)
data but without changing the land use. The outputs of these two scenarios have been analyzed
firstly at the basin level with respect to the possible impacts on the precipitation, runoff, soil moisture
and actual evapotranspiration. Subsequently, detailed analyses have been performed on two of the
river systems, namely Tapi and Brahmini to demonstrate the impacts at the sub-basin level. Incidentally these are the river basins which have been identified to have effect with respect to droughts
and floods respectively.

Summary Results of River Basins Modelled
The Fig. 2 shows the plot of the percent change in water balance components from the Control to
GHG climate scenarios for the 12 river basins. Table. 2 depicts comparison of change in water
balance components of rainfall, runoff and actual evapotranspiration for GHG scenarios. It can be
observed that the impacts are different in different catchments. A close examination of the table also
reveals that the increase in rainfall due to climate change is not resulting always in an increase in
the surface runoff as may be generally predicted. For example, in the case of Cauvery River basin
an increase of 2.7% of rainfall has been observed but the runoff has in fact reduced by about 2%
and the actual evapotranspiration has increased by about 7.5%. On the contrary, a reduction in
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rainfall in Narmada has resulted in increase in the runoff, which is again contrary to the usual expectation. It is important to note that these inferences have become possible because of the fact that
daily computational time step has been used in the distributed hydrological modeling framework
that has been able to simulate the natural processes in a realistic manner so as to represent the
complex spatial and temporal variability inherent in the natural systems. Due to paucity of space,
Fig. 2 presents only three major components (that too aggregated over time and space) of the water
balance.

Fig. 2. Percent change in mean annual water balance for Control and GHG climate scenarios

Detailed results of two river basins
Detailed results for two of the river basins, one with resulting drought conditions and the other one
with pronounced flood conditions have been selected. These are Tapi and Brahmini river basins
respectively.

Tapi River Basin
The Tapi river basin has been sub-divided into 21 sub-basins as depicted in the Fig. 3

Fig. 3. Tapi River Basin showing sub-basins
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The water yield has been simulated by the SWAT model over the Tapi basin for control and GHG
scenarios. Fig. 4 presents the annual average precipitation, actual evapotranspirarion and water
yield as simulated by the model over the sub-basins of the Tapi basin for Current and GHG scenarios. The variation in mean annual water balance components from Current to GHG scenario,
both in terms of change in individual values of these components as well as percentage of change
over Current, show that there has been reduction in the annual precipitation, yet there is a marginal
increase in the annual water yield. However there is a decrease in actual evapotranspiration.

Fig. 4. Sub-basin water balence components for current to GHG for Tapi

Drought Analysis
Drought indices are widely used for the assessment of drought severity by indicating relative dryness or wetness effecting water sensitive economies. The Palmer Drought Severity Index (PDSI) is
one such widely used index that incorporates information on rainfall, land-use, and soil properties in
a lumped manner (Palmer 1965). The Palmer index categorize drought into different classes. PDSI
value below 0.0 indicates the beginning of drought situation and with a value below -3.0 as sever
drought condition.
Recently, a soil moisture index has been developed (Narasimhan and Srinivasan, 2002) to monitor
drought severity using SWAT output. This formulation has been employed in the present study to
focus on the agricultural drought where severity implies cumulative water deficiency. With this in
mind, weekly information has been derived using daily SWAT outputs which in turn have been used
for subsequent analysis of drought severity. The soil moisture index has been computed for all the
subbasins of the River Tapi.

Fig. 5. Number of drought weeks in Sub-basins of Tapi for Current to GHG scenarios
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The Fig. 5 depicts the number of drought weeks in the sub-basins of Tapi consisting of the weeks
with SMI of less than or equal to -3.0, for both Current and GHG scenarios. The SMI for GHG
scenario has been computed using the soil moisture deficit ratio parameters of Current scenario. It
may be observed from Figure 5 that the numbers of drought weeks have considerably increased
during GHG scenario barring about three sub-basins. Analyses have also been performed with
respect to drought conditions over monsoon and non-monsoon periods separately but could not be
presented here due to lack of space.

Brahmini River Basin

Fig. 6. Brahmini river basin showing sub-basins

The Brahmini river basin has been sub-divided into 19 sub-basins as depicted in the Fig. 6.
The water yield has been simulated by the model over the total Brahmini basin for control and GHG
scenarios. Fig.7 presents the annual average precipitation, actual evapotranspirarion and water
yield as simulated by the model over the sub-basins of the Brahmini basin for Current and GHG
scenarios. The variation in mean annual water balance components from Current to GHG scenario,
in terms of change in individual values of these components over Current show that there has been
an increase in precipitation, water yield and evapotranspiration which has been predicted in all the
sub-basins of Brahmini.

Fig. 7. Sub-basin Water Balance components for Current to GHG for Brahmini
The impact of the climate change on the dependability of the water yield of the river system has
been analyzed with respect to four arbitrarily selected levels of 25, 50, 75 and 90%. Fig.8 depicts
the flow duration curves for the Current and GHG scenario.
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Fig. 8. Flow Duration Curve for Brahmini River for Control and GHG scenarios
It may be noticed that the flow for all the dependable levels has increased for the GHG scenario
over the corresponding Current flow magnitude.

Flood Analysis for Brahmini Besin

Fig. 9. Annual maximum daily peak discharges for Brahmini sub-basin number 9 and 16 for
Control and GHG scenarios
The worst affected sub-basins in Brahmini (Sub-basins 9 and 16) have been analyzed for flood
severity (Fig. 9). In the sub-basin number 9, the annual maximum peak has increased from the
present level of about 6000 cumecs under Current scenario to a maximum level of about 15000
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cumecs under GHG scenario, whereas in sub-basin 16 the annual maximum peak has increased
from the present level of about 15000 cumecs under Current scenario to a maximum level of about
28000 cumecs under GHG scenario. Moreover, it may also be observed that it is not only the
magnitude of the peak but the frequency of these flood events has also increased in the GHG
scenario. Such an increase in flood peak may be detrimental to a large number of structures on
these drainage systems.

Conclusions
It has been one of the challenging studies for quantifying the climate change impact wherein the
water balance simulation modeling approach has been used to maintain the dynamics of hydrology
and thereby make assessments of vulnerability which are more authentic and reliable. Usefulness
of such handling has been proved by the fact that the results of the GHG scenarios have been
dictated by temporal variability at daily level as well as the spatial state of the land mass in terms of
its moisture conditions and landuse.
The initial analysis has revealed that the GHG scenario may deteriorate the conditions in terms of
severity of droughts and intensity of floods in various parts of the country. However, there is a
general reduction in the quantity of the available runoff in the GHG scenario.
It may be appropriate to reiterate that the study has been carried with some assumptions. Some of
the major ones are, the landuse does not change over time. The river systems have been assumed
to be in virgin conditions i.e., no manmade change such as reservoirs etc., have been incorporated
at this stage due to lack of data on their capacities and the operation rules.
There are definite impacts that may induce additional stresses and shall need various adaptation
strategies to be taken up. The strategies may range from change in land use, cropping pattern, to
water conservation, flood warning systems etc.
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RAINFALL INTENSITY EXTRAPOLATION AND ENERGY COMPUTATION USING RCA SOFTWARE
Prasanta Kumar Mishra
Introduction
Information on rainfall is the single-most important parameter for almost all hydrological studies.
But, statistics providing point rainfall (depth) does not serve all the purposes. Besides, rainfall
amounts recorded during particular time interval, the intensity of rainfall, have to be estimated for
understanding the rainfall runoff processes; and for planning and designing the hydraulic structures.
Even during a single rain storm , rainfall of varying intensities are recorded. The runoff producing
characteristics of watersheds are directly co-related with the intensity – duration relationship of a
particular storm (Schwab et.al., 1966). As rainfall erosivity is a product of rainfall intensity and
rainfall kinetic energy, it is of significant value for erosion index estimation and soil loss prediction.
The analysis of rainfall intensity is more important in the context of climate change scenario where
frequent high intensity rainfalls are expected in future. This will have a significant effect on the crop
production as well. The most practical and traditional way for computing the intensities in a particular storm is by analyzing the chart of a recording rain gauge. Rainfall parameters like depth,
duration and intensities can be determined using a recording type rain gauge whereas, the nonrecording type rain gauge only records rainfall depth in 24 hours. The rainfall recorders (recording
type) generally record cumulative rainfall curve with respect to time and the slope of this curve is
proportional to the intensity of rainfall (Millette and Sharma,1986). By analyzing the rain gauge
chart, maximum rainfall intensity values can be worked out for different durations. These values are
used in deriving equations for predicting design intensities for a particular duration, depending on
the desired return period (recurrence interval). Also the rainfall intensity can be recorded by programming the output of a weather station. But, the intensity output from a weather station does not
represent the time of change of rainfall intensities as the intensities are programmed for a given time
interval unlike analog chart of the recording rain gauge. Further, in the automatic weather station
there is no provision to record rainfall data separately; however, with such instrumentation, all the
meteorological parameters are printed at set time intervals simultaneously. Thus, it is not practically
possible to program for recording weather data at smaller time intervals, like 5 minutes in spite of
making un-limited efforts and using any amount of stationery. Therefore, the interpretation of rainfall
intensity for different desired durations is difficult from usual automatic weather station data presently available. This system of intensity calculation has to be integrated in the software of the automatic weather station.
So far, limited rainfall intensity data have been reported in India. Standard tabulation sheets are
being used (Ullah et.al., 1972) for analyzing the rain gauge chart to derive information on rainfall
depth, duration and intensities, using an electronic calculator, the maximum depth of rainfall for a
specified duration is found out manually by drawing a trace of the chart boundary and drawing
vertical lines at spacing equivalent to the selected time intervals. The tracing having pair of vertical
lines is moved horizontally on the graph (rain gauge chart) and the maximum rainfall depth for the
time intervals is recorded. This procedure is repeated for all time intervals like 5, 15, 30, 60 minutes,
etc. The maximum rainfall depth estimated in this manner is then converted into intensity of rainfall
(mm/hr). Apparently, this process is cumbersome as well as time consuming. The attempt has
therefore been made to computerize the process in Rain Chart Analysis (RCA) software with the
provision to compute rainfall intensities for some set durations within the storm period.
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Rain gauge chart reading and tabulation
The smallest division of a daily rain recorder chart along X-axis corresponds to 15 minutes time
interval. The full depth of chart in Y-axis equals 10 mm rainfall and each small division reads 0.5
mm. The intervals of less than 15 minutes and depth intervals of less than 0.5 mm are determined
by linear interpolation. The procedure adopted for marking the rainfall chart and recording information for feeding to computer is as follows:
Step 1: Complete the information on all items given on heading as time, data, location, etc.
Step 2: Mark off all points on the chart indicating change in slope of the trace. The time and depth
(or cumulative depths) of rainfall corresponding to these points are entered as input data. The
change in slope represents the change in rainfall intensity.
Step 3: In data entry/input file, fill the time of start and then subsequent timing of all the marked
points serially. The corresponding values of cumulative depth of rainfall from all the points are tabulated simultaneously. Thus the Clock time (Hr: Min) and cumulative depth of rainfall (mm) are inputs
from the rain gauge chart using simple text editor or excel file.

Software development
The sample analysis of a rain gauge chart (Computer output) is presented in appendix A. Considering the real time (Hr:Min) and cumulative depth, the time interval in minutes between two successive markings is calculated and recorded in column under duration (min). In case of cumulative
depth, corresponding depth of rainfall (mm) is recorded from the difference of successive cumulative rainfall values. The grand total of all the entries under duration determines the total duration of
the particular storm. Using the figures of rainfall duration and amount, intensity of rainfall (mm/hr) is
calculated for each time interval and recorded in the column under intensity. The input and output
files are presented at the end.
The software scans the data of clock time and cumulative depth completely (minute wise) to compute the maximum depth of rainfall for any desired specific duration by the method of linear interpolation. The desired duration of rainfall is also worked out in real time. Then the corresponding intensity values are calculated. The outputs of all the above analysis and computations are obtained on
the computer screen/printer.

Rainfall erosivity
As suggested by Brown & Foster (1987), the unit rainfall kinetic energy in S.1, unit is computed
from:
Em = 0.29 [1-0.72 Exp. (-0.05 Im)]

....

(1)

Where, Em = Unit kinetic energy of rainfall, MJ/ha/mm and
Im = rainfall intensity, mm/hr.
Em values, thus arrived at, are printed on the output table. Then total energy is estimated by multiplying Em with the corresponding rainfall depth; the sum total gives the total storm kinetic energy (E).
From this the storm erosivity (Ex130) can be calculated by using the maximum 30-minute intensity,
obtained from chart analysis, by scanning the input data. The energy of each storm (MJ/ha) can be
added to get the annual rainfall energy.
RCA software can save the analysis time to a great extent and it computes intensities for all desired
durations. The estimation of storm erosivity is of considerable value for the user, particularly for
carrying out erosion index computation.
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Software detail Help Menu

Sample rain gauge chart
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Sample output
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CROP GROWTH SIMULATION MODELS VIS-A-VIS CLIMATE
CHANGE IMPACT AND ADAPTATION STRATEGIES
A V R Kesava Rao & Suhas P Wani
Introduction
Agricultural production is highly sensitive to climate because it depends on rainfall, temperature and
solar radiation, all climate variables. Global Circulation Model (GCM)-based assessment of the Inter
Governmental Panel on Climate Change (IPCC) contemplates higher global surface temperature
rise of 1.5 to 4.5°C by the year 2050, as a result of enhanced contribution from greenhouse gases.
Climate change predictions for India based on a family of GHG emission scenarios indicate that
warming is likely to be above the global mean and fewer very cold days are very likely. Change in
the monsoon rainfall quantity and distribution increases the risks in agriculture, the sector that contributes almost to a fourth of the national income. New areas might become vulnerable to the monsoon aberrations. In the semi-arid tropic (SAT) regions of India, agriculture sector is highly vulnerable to climate variability and change, and with potential to exacerbate the loss of biodiversity in the
region. SAT ecosystems, where most rural poor live, are characterized by extreme rainfall variability, recurrent but unpredictable droughts, high temperatures and low soil fertility. Projected impacts
on agriculture are expected to be adverse and widespread and farmers will need to adapt with
layers of resiliency in their farming practices and investment decisions. Crop growth simulation
models help in understanding the effects of genotype, climate, soil and management practices on
crops and thus help in assessing the impacts of climate variability and change on crop production.

Crop growth simulation models
Crop growth simulation models are mathematical, computer-based representations of crop growth
and interaction with weather, soil and other nutrients. These models play an important role in scientific research and resource management, and have been used to help students understand, observe and experiment with cropping systems. The greatest use of crop growth simulation models for
researchers primarily is for organizing knowledge gained in experimentation and to evaluate the
models. These models allow the researchers to find out relevant solutions for the problems in the
real world. The models have a useful role to play as tools in education, both as aids to learning
principles of crop and soil management, and also in helping students to develop a 'systems' way of
thinking to enable them to appreciate their specialty as part of a larger system. Strengths of models
include the abilities to:
• Provide a framework for understanding a system and for investigating how manipulating
it affects its various components
• Evaluate long-term impact of particular interventions
• Provide an analysis of the risks involved in adopting a particular strategy
• Provide answers quicker and more cheaply than is possible with traditional experimentation

Crop simulation modeling tools
Development of crop simulation tools started in the 1970's. The most important and most used
models are DSSAT models which were developed by a team of researchers from University of
Georgia, Florida, Hawaii, Guelph and Iowa State under the hood of International Benchmark Sites
Network for Agro-technology Transfer (IBSNAT). The DSSAT models simulate 26 different crops.
The Agricultural Production Systems Simulator (APSIM) is a modular modeling framework that has
been developed by the Agricultural Production Systems Research Unit (APSRU) in Australia (McCown
et.al., 1996). Many other tools are also available like Cropsyst developed by Washington State
University, Gossym for cotton, Glycim for soybean and ORYZA 2002 for rice simulations.
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InfoCrop, a generic crop model developed at the Indian Agricultural Research Institute, simulates
the effects of weather, soils, agronomic management (planting, nitrogen, residues and irrigation)
and major pests on crop growth, yield, soil carbon, nitrogen and water, and greenhouse gas emissions (Aggarwal et.al., 2006a and 2006b).

Decision Support Systems for Agro Technology Transfer (DSSAT)
The Decision Support System for Agrotechnology Transfer (DSSAT) is a software package integrating the effects of soil, crop phenotype, weather and management options that allows users to ask
"what if" questions and simulate results by conducting, in minutes on a desktop computer, experiments which would consume a significant part of an agronomist's career. It has been in use for more
than 15 years by researchers in over 100 countries.
DSSAT is a microcomputer friendly software product that combines crop, soil and weather data
bases into standard formats for access by crop models and application programs. The user can
then simulate multi-year outcomes of crop management strategies for different crops at any location
in the world.
DSSAT also provides for validation of crop model outputs; thus allowing users to compare simulated
outcomes with observed results. Inputting the user's minimum data, running the model and comparing outputs, accomplish crop model validation. By simulating probable outcomes varied of crop
management strategies, DSSAT offers users information with which to rapidly appraise new crops,
products, and practices for adoption.
The release of DSSAT Version 4 incorporates changes to both the structure of the crop models and
the interface to the models and associated analysis and utility programs. The DSSAT package
incorporates models of 27 different crops with new tools that facilitate the creation and management
of experimental, soil, and weather data files. DSSAT v4 includes improved application programs for
seasonal and sequence analyses that assess the economic risks and environmental impacts associated with irrigation, fertilizer and nutrient management, climate change, soil carbon sequestration,
climate variability and precision management. As on December 2010, the latest and official version
is DSSAT v4.0.2.0 and version 4.5 is to be released soon.

The Minimum Data Set (MDS)
The minimum data set (MDS) refers to a minimum set of data required to run the crop models and
validate the outputs. Validation requires:
• Site weather data for the duration of the growing season,
• Site soil data, and
• Management and observed data from an experiment.

MDS Weather Data
The required minimum weather data includes:
•

Latitude and longitude of the weather station,

•

Daily values of incoming solar radiation (MJ/m²-day), maximum and minimum air temperature
(0C), and Rainfall (mm).

•
Accessory data sets, such as daily dry and wet bulb temperatures and wind speed, are optional.
The period of weather records for validation must, at a minimum, cover the duration of the experi-
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ment and preferably should begin a few weeks before planting and continue a few weeks after
harvest so that "what-if" type analyses may be performed as desired.

MDS Soil Data
Desired soil data includes soil classification (e.g. USDA/NRCS), surface slope, soil color, permeability, and drainage class. Soil profile data by soil horizons include:
•

Upper and lower horizon depths (cm)

•

Percentage sand, silt, and clay content

•

1/3 bar bulk density

•

Organic carbon

•

pH in water

•

Aluminum saturation and

•

Information on abundance of roots.

Management and Experiment / Observed Data
Management data includes information on planting date, dates when soil conditions were measured
prior to planting, planting density, row spacing, planting depth, crop variety, irrigation, and fertilizer
practices. These data are needed for both model validation and strategy evaluation.In addition to
site soil and weather data, experimental data includes crop growth data, soil water and fertility
measurements. These data are needed for model validation.
DSSAT version 4 allows consistent access to the crop models, data, input and output tools, and
analysis programs. The hierarchy is commodity-based within a tree structure where model inputs
can be created and results analyzed. The basic menu structure of DSSAT version 3.5 is maintained
for backward compatibility. A suite of tools is supplied for data management and analysis. XBuild is
used to create and modify experiment files (X-Files). The suite of tools includes (but is not limited to)
ATCreate (observed data), Weatherman (Weather data), GBuild (Graphing of outputs), and SBuild
(Soil database). XBuild can be used to create various climate change scenarios by increasing or
decreasing temperature and rainfall.

Crop growth simulations for assessing climate change impact
Chaudhari et.al., 2009 used regional models of yield response to temperature (minimum, maximum
and its diurnal range) and precipitation developed for meteorological (met) sub-divisions of India to
study the impact of future climate change on major food crops. A negative response of yields to
increased minimum temperatures was observed for all the crops. Based on A2 scenario of temperature and precipitation change, as derived from PRECIS (Providing Regional Climates for Impact
Studies) regional climate model, it was found that, during the period 2071-2100, the rice yields in
irrigated regions would reduce up to 32% in Haryana followed by 18% in Punjab while it may increase in rainfed regions up to 28% in Orissa followed by 18% in Madhya Pradesh. Reduction in
wheat yields will be 21% in East Rajasthan followed by 18% in West Rajasthan and 14% in East
Madhya Pradesh. The climate change scenario may lead up to 39 % reduction in rapeseed-mustard
and 19% reduction in potato yields.
A study (Srivani et.al., 2006) was conducted in Tamil Nadu to evaluate the impact of future climate
change on the productivity of major cereal crop, rice at different time periods of 21st century (2020,
2050 and 2080) using InfoCrop. Future changes in temperatures and precipitation for the years
2020, 2050 and 2080 were acquired from HADCM3 model run outputs and integrated with the base
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year (2000) data. Results indicated that the crop duration, days to anthesis, LAI and DMP of rice
crop steadily decreased from 2000 to 2020, 2050 and 2080 due to increase in temperature under
enriched CO2 levels. The magnitude of decrease from 2050 to 2080 is expected to be more than
that of from 2000 to 2020 and 2020 to 2050. Similarly model recorded lesser number of grains per
square meter over years. There might be inefficient translocation of photosynthates, reduction in
yield attributing characters and in turn huge reduction in the productivity of the crops. It is necessary
to tailor the management options such as shifting sowing window, growing heat tolerant varieties
etc., to overcome the ill effects of changing climate.
Singh and Lal (2009) concluded that in India, without adaptations, potato production under the
impact of climate change and global warming may decline by 3.16 and 13.72 % in the year 2020 and
2050, respectively based on results from InfoCrop. Possible adaptations like change in planting
time, breeding heat tolerant varieties, efficient agronomic and water management and shifting cultivation to new and suitable agro-climatic zones can significantly arrest the decline in the production.
The International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) is one of the 15
Future Harvest Centers of the Consultative Group on International Agricultural Research (CGIAR).
It recognizes that opportunities for sustainable productivity increases in the SAT will be firmly anchored on Integrated Genetic and Natural Resource Management (IGNRM) strategies, improved
input-output market delivery systems for agricultural produce, and knowledge dissemination through
capacity building. ICRISAT's Strategic Plan to 2020 is targeted towards Inclusive Market Oriented
Development (IMOD) for smallholder farmers in the tropical drylands. In rainfed areas, rainwater
management at watershed / catchment scale is used as an entry point for increasing agricultural
productivity (Wani et.al., 2003). Integrated watershed management with focus on productivity enhancement and livelihoods approach is one of the high priority areas identified and promoted for
producing both tangible and non-tangible benefits to the individuals as well as for communities as a
whole.
Singh et.al., (2009) have studied the yield gaps of important crops in various countries by simulating
potential yields of sorghum, pearl millet, maize, soybean, groundnut and chickpea using DSSAT.
They used InfoCrop software for rice and cotton and APSIM for pigeonpea potential yield estimations. They showed that the actual yields of food and other crops obtained by the farmers are much
below the potential yields that can be obtained with improved management. Crop yields can be at
least doubled from their current levels by the promotion and adoption of existing 'on-the-shelves'
technologies available with the national and international research institutes. The governments need
to provide more suitable policy environments and institutional support to promote greater adoption
of new and improved technologies to benefit the poor farmers of rainfed areas and to meet the
challenge of greater food needs of the future.
Global warming is likely to reduce 'days to maturity' resulting in crop yield reduction. ICRISAT's
Integrated Genetic and Natural Resource Management (IGNRM) philosophy is to help farmers mitigate the challenges and exploit the opportunities that are posed by climate change through (i) the
application of existing knowledge on crop, soil and water management innovations, and (ii) through
the re-deployment and re-targeting of the already available germplasm of ICRISAT's mandate crops
viz., sorghum, pearl millet, pigeonpea, chickpea and groundnut. Simulations on sorghum at
Aurangabad (Maharashtra state) using the DSSAT software considering treatments of low input
farming, improved practices, enhanced temperature and better variety have indicated encouraging
results (Cooper et.al., 2009).
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Fig.1. Sorghum yield (Kg / ha) simulations (DSSAT) at Aurangabad, India 1955 - 1983
The simulations show that the impact of projected climate change on the yields of low input agriculture is likely to be minimal, as other factors will continue to provide the overriding constraints to crop
growth and yield. Adoption of existing recommendations for improved crop, soil and water management practices, even under projected climate change conditions, will result in substantially higher
yields than farmers are currently obtaining in their low input systems. This Hypothesis of Hope being
advanced by ICRISAT could result in addressing the current climate variability and almost complete
mitigation of projected climate change effects.

Way forward
Simulation modeling has great scope in assessing the climate change impacts on crops. Cropgrowth simulation modeling is complex and needs team work. Choice of climate change scenario,
crop and cultivar, soil and water management options affect individually and in combination, the
simulated and the actual impact of climate change. Impact of CO2 fertilization is still complex and
several uncertainties exist. There is need for experiments on major crops and cultivars in which high
CO2 concentration is combined with water and nitrogen stress for a clear understanding of impacts
of elevated CO2 levels on crops. Long-term daily weather data is a pre-requisite for crop-growth
simulation studies, which is an issue at many locations. Though weather generators are useful,
however, they cannot replace the observed data. Quality radiation data is not available at many
locations. Calibration of models for various popular crop cultivars based on field experiments in
varied agroclimatic zones is the need of the hour for simulating future climate change impacts.
Capacity building in the country on crop-growth simulation modeling needs to be taken up on highpriority.
Future climate change is likely and we will have to develop strategies to adapt to these changes.
Adaptation involves adjustments to decrease the vulnerability of agriculture to current climate variability and future changes. Production losses may be averted or at least mitigated through the
concerted efforts of agricultural research and policies aiming to improve crop varieties and accompanying management strategies. Integrated Watershed Management has been identified as the
engine for sustainable agricultural production even in the projected climate change scenarios.
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IMPACT OF ELEVATED CO2 ON INSECT HERBIVORE AND HOST
INTERACTIONS
M Srinivasa Rao
Introduction
Human activities have increased the atmospheric concentrations of greenhouse gases and aerosols since the pre-industrial era. The atmospheric concentration of greenhouse gases reached their
highest recorded levels in the 1990s, primarily due to the combustion of fossil fuels, agriculture and
land use changes. Global atmospheric CO2 concentration has increased by approximately 30%
since the industrial revolution and is believed to be responsible for an increase of ~0.6°C in mean
annual global surface temperature. If no climate policy interventions are made, the concentrations
of atmospheric CO2 may increase up to 405-460 ppm, 445-640 ppm and 540-970 ppm by 2025,
2050 and 2100, respectively. Similarly, global mean temperature may increase by 0.4-1.1°C, 0.82.6°C and 1.4-5.8°C for corresponding periods, respectively. It is very likely that 20th century warming contributed significantly to the observed rise in global average sea level and increase in oceanheat content. Snow covers and ice extent decreased. Precipitation was very likey increase by 5 to
10% over most mid and high latitudes of the northern hemisphere continents. Changes in stream
flow, floods and droughts were observed (IPCC, 2001). Apart from the effects mentioned above,
agriculture including plants-insect-parasitoid systems is likely to be affected by the climate change.

Effect of elevated CO2
Phytochemistry of plants
Among the host plants, forest trees and grasses have been extensively studied for insect-plant
interactions under elevated CO2 (Table1). A few studies are available on cultivated crops. In majority
of studies, the elevated CO2 mentioned ranged from 530 ppm to 1050 ppm. Nitrogen concentration
decreased in European white birch, Betula pendula, quaking aspen, Populus tremuloides; condensed tannin increased levels in European white birch trees, quaking aspen; and tremulacin levels
increased in birch trees. Starch concentration increased in paper birch and pine trees, pinus taeda.
As in the case of forest trees, nitrogen decreased in many of the grasses except annual blue grass
in which there was no effect on nitrogen concentration. In erect brome (Brumus erectus), vernal
sedge (Carex caryophylla) and Fescue (Festuca sp.), increased CO2 concentration resulted in increase in nonstructural carbohydrates and condensed tannins. C:N ratio increased in red fesue
(Festuca rubra), As in the case of forest trees and grasses, a decrease in nitrogen was observed in
cultivated plants like cotton (Gossypium hirsutum), mungbean (Vigna radiata), spring wheat (Triticum aestivum) and birdsfoot trefoil (Lotus corniculatus). C:N ratio increased in cotton and birdsfoot
trefoil. Starch concentration increased in mungbean, wheat and common beet (Beta vulgaris). There
was an increase in sugars in mungbean, wheat and birdsfoot trefoil.

Effect on insects through host plants
The impact of elevated CO2 on host plants and insects is comprehensively reviewed and presented
in Table 1. Among the orders of class Insecta, Lepidoptera was mainly studied with gypsy moth
(Lymantria dispar) and forest tent caterpillar (Malacosoma distrria) were studied exclusively. Elevated CO2 had negative effect on performance of gypsy moth infesting an array of trees. Relative
growth rate declined by 30% on sessile oak (Quercus petraea) and it increased by 29% on hornbeam (Carpinus betulus). Decline in relative growth rate was more on yellow birch (Betula
allegheniens) compared to gray birch (Betula populifolia) the pupal mass declained by 38% under
elevated CO2 conditions, on gray birch. There was no effect on pupal mass on yellow birch. The
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differential response was attributed to greater decline in nutritional quality of yellow birch than gray
birch. The studies conducted with forest tent caterpillar (M. disstria) indicate that larval feeding
varies with host plant. Faster development time and 20% decrease in growth rate was observed on
quaking aspen. Larvae preferred aspen to paper birch under elevated CO2 conditions. No effect on
the performance of the larvae was noticed on quaking aspen and white oak. Slower larval growth,
increased lipid concentration and higher number of ovaries were observed in small heath
(Coenonympha pamphilus) feeding on grasses. Increased consumption by common blue butterfly /
Polyommatus icarus larvae , Shorter development time and increased pupal weight were noticed
when feeding on birdsfoot trefoli, lotus corniculatus. Increased consumption by Spodoptera spp.
was observed on mungbean, upland cotton Gossypium hirsutum and tall fescue (Festuca
arundinacea). Greater larval survival on common beet beta gulgaras longer development time on
upland cotton (Table.1).
Among the Homoptera members, the family Aphididae was widely studied, and mixed response of
aphids was reported under elevated CO2. As is evident from Table.1, fecundity of cotton aphid
(Aphis gossypii) significantly increased on cotton. Local populations of grain aphid (Sitobion avenae)
on spring wheat (Triticum avenae) and green peach aphid (Myzus persicae) on annual blue grass
(Poa annua) increased under elevated CO2. Myzus persicae population on bittersweet (Solanum
dulcamara) increased by 120%. Spittle bug (Neophilaenus lineatus) nymphal population was reduced by 20% and delayed development when they were fed on heathrush (Juncus squarrosus)
grown under elevated CO2. Among five aphid-plant interactions tested, there was no effect of elevated CO2 on three aphid-host plant interactions viz. Aphis nerii on common milkweed (Asclepias
syriaca), Aphis oenotherae on common evening primose (Oenothera biennis) and Aulacorthum
solani on white shooting star (Nicotiana sylvestris).
Similar studies have also been conducted on insects belonging to other orders. Red headed pine
sawfly (Neodiprion lecontei) belonging to Hymenoptera showed increased consumption, increased
nitrogen utilization efficiency and overall larval growth, when reared on loblolly pine (Pinus taeda)
grown under elevated CO2. Decreased consumption and assimilation, 15 times slower growth of
cranefly (Tipula abdominalis) belonging to Diptera was observed when exposed to elevated CO2grown quaking aspen. Chrysanthemum leafminer (Chromatomyia syngenesiae) grown on common
sowthistle (Sonchus oleraceus) developed slowly and had low pupal weight. In Thysanoptera, thrips
(Frankliniella occidentalis) density decreased, their food consumption increased and leaf area damage increased by 33% when fed with elevated CO2 grown common milkweed as shown in Table.1.

Direct effect on insects
Insects have been shown to respond directly to carbon dioxide concentrations. Wireworm larvae
can locate a food source from distances of up to 20 cm and respond to as small increase as 0.002%
of CO2 concentration. Ability to locate host plants of some herbivores may be affected. Fluctuations
in CO2 density as small as 0.14% or 0.5 ppm were detected by the labial palps of Helicoverpa
armigera. Other insects are able to locate their plant hosts following the plume of slightly higher CO2
concentrations, as does the moth Cactoblastis cactorum (Bergoth) with its host plant Opuntia stricta.
Diabrotica virgifera virgifera (Le Conte) used CO2 concentrations in soil to locate corn roots.

Effect of elevated temperature
Plants
The consequence of rising atmospheric CO2 would be an increase in ambient temperature. But they
are usually treated separately because of experimental difficulties of varying both independently
(Whittaker, 1999). However, there are a small number of studies in which both temperature and
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elevated CO2 were considered.
Elevated temperature is known to alter the phytochemistry of the host plants and affect the insect
growth and development directly or indirectly through effect on host plants. The effect of temperature on different host plants is reviewed hereunder.
Differential response was noticed due to elevation of temperature in different species. Temperature
caused a decrease in foliar nitrogen in Q. robur, increased in Cardamine hirsuta, Poa annua, Senecio vulgaris and Spergula arvensis and had no effect on red maple (A. rubrum) and sugar maple (A.
saccharum). The concentrations of Cinnamoylquinic acids decreased and salidroside decreased in
white birch, Betula pendula leaves under elevated temperature conditions. Leaf water content of
sugar maple leaves declined and condensed tannin content increased in Q. robur.

Herbivorous insects
Temperature is identified as dominant abiotic factor directly affecting herbivorous insects. Temperature directly affects the development, survival and abundance of insects. The influence of elevated
temperature on various insect species is presented below.
There was no effect of elevated temperature except early pupation on larvae of winter moth,
Operophtera brumata feeding on oak leaves, Q. robur. Larval development and adult fecundity of
O.brumata was adversely affected by increased temperatures on Q. robur. The long-term exposure
to a 3.5°C increase in temperature shortened insect development but had no effect on pupal weight.
The larvae reared on elevated CO2 grown leaves had reduced growth. Development time of the
beetles Octotoma championi and Octotoma scabripennis feeding on Lantana camara was accelerated by approximately 10-13 days at higher temperature. There was substantial mortality of the
larvae under high temperature/ambient CO2 treatment due to premature leaf loss by L.camara. The
temperature enhancement increased the relative growth rate (RGR) of the larvae of chrysomelid
beetle, Phratora vitellinae feeding on S. myrsinifolia.
The impact of elevated CO2 on the phytochemistry of the plants was well documented. The results
indicated that most of the studies have been concentrated on the array of plant species. The impact
of elevated CO2 conditions across types of plants was significant. In majority cases, decrease in
nitrogen, increase in levels of condensed tannins, tremulacin, starch, dry matter production and root
shot ratio was observed. The changes in phytochemistry of plants lead to deterioration of nutritional
quality of plants.
The majority of the insects studied belong to nine families of Lepidoptera. Of these, economically
important noctuids have received the most attention. Most other orders are represented by only one
or two species, nearly all of which are economically important agricultural pests. Interestingly, only
three species in two families have been examined in the largest order, the Coleoptera whereas in
Diptera, only two species in two families have been studied. The review on effect of elevated CO2 on
insect-pests revealed that the performance of the same insect varied from host to host-indicating
host species specificity. The effect of elevated CO2 was significant across various species of lepidopterans. The response of insects varied differently and was not consistent across host plants
(effects of elevated CO2 on gypsy moth) while the response of different insects feeding on same
host was different (differential response of insect feeding on birch tree). The information on the
response (increase, decrease and no effect) on the population size of the aphids was observed due
to elevated CO2.
Various experiments were conducted at CRIDA to study the effects of elevated CO2 on insect-pests
of castor. The experimental results show that larvae of Achaea janata and Spodoptera litura con-
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sumed significantly higher quantity of castor foliage obtained from plants raised under elevated CO2
conditions than those raised under chamber and open ambient conditions. The final dry weights of
larvae fed with foliage of castor raised under elevated CO2. The effects of CO2 on insect performance indices significantly varied across CO2 concentrations. Higher significant approximate digestibility (AD) of foliage and relative consumption rate (RCR) were observed in larvae fed with
elevated CO2 foliage. Lower efficiency of conversion of digested food (ECD), efficiency of conversion of ingested food (ECI) and relative growth rate (RGR) of larvae were noticed that were fed on
elevated CO2 foliage than chamber and open ambient grown foliages. The estimated exponential
trend equations of growth rate of both species of larvae indicated that larvae consumed slowly on
elevated CO2 foliage as noticed by lower coefficients with an increase of two days larval duration
than those of chamber and open ambient. Changes in A.janata and S.litura growth rates can be
attributed to variation in food processing efficiencies. Foliage of castor plants grown under elevated
CO2was found to be nutritionally poorer with lower N concentration, higher C, C/N ratio and
ployphenols (TAE). It can be seen that consumption and larval weights were positively related with
carbon, TAE and C: N ratio and negatively with nitrogen content of leaves. The sequential sum of
squares associated with each of the independent variables indicated that nitrogen is more important
in determining consumption and weight gain of the larvae. Nitrogen was found to contribute to 75 to
96 per cent of the explained variation.

Conclusions
Geographic distribution of insects will be affected by shifts in host plant range. Scenarios like local
extinctions, changes in endangered species status and altered pest status can be predicted. Plants
and insects exposed to modified environmental conditions may lead to a better understanding of the
mechanisms of responses by both insects and plants. However, such studies need not necessarily
predict the outcome of such interactions in real-time ecological changes in the open field, where
expected change in plant-insect interactions may be buffered by many unknown interactions and
other factors. The following points are noteworthy.
•

Majority of insect-plant interactions studies are from forest trees and grasses.

•
Very few case studies on cultivated plants and further with no studies so far on impor tant global pest like Helicoverpa armigera.
•
Herbivores respond to increased levels of CO2 through increased food consumption, prolonging development time, reduced growth rates & food conversion efficiency.
Changes in the performance of herbivorous insects, usually in the larval stages, are correlated with
changes in the nutritional quality of the plants such as nitrogen level, C:N ratio, concentration of
phenolics. In general, host plant quality declines in elevated CO2 with decrease in leaf nitrogen and
increase in phenolics. While changes in nitrogen content are correlated with changes in food consumption, changes in phenolics have been correlated with changes in food digestibility. Leaf chewers (14 species) are generally able to compensate for quality of food by increased food consumption
(30%) without adverse effects on pupal weight. Leaf miners (4 species) also show increase in food
consumption but only to maintain pupal weight. Sap feeders (11 species) are the only group to show
positive responses to elevated CO2.
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IMPACT OF CLIMATE CHANGE ON CROP DISEASE INTERACTIONS
Suseelendra Desai
Introduction
Modern commercial agricultural systems are constantly under threat of outbreak of disease epidemics. In conventional agricultural systems, crops and their pathogens established a harmony and
hence, equilibrium was established through a natural evolution process over decades. This equilibrium also included biocontrol systems wherein other living organisms were parasitizing the plant
pathogens. This equilibrium helped in minimal crop losses due to diseases. However, increasing
pressure on food security demanded increased agricultural output and there by disturbing the equilibrium. Hence, the global agriculture started experiencing the outbreak of epidemics of crop diseases leading to severe losses. While this development took place on one side, the environmental
pollution has become additional variable to be reckoned with which had impacts on all biological
systems. The elevated CO2 levels coupled with increasing temperatures do affect host-pathogen
interactions.

Elevated CO2 and host-pathogen interactions

Under elevated CO2 levels, the morpho-physiology of the crop plants is significantly influenced. The
available data clearly suggests that atmospheric CO2 enrichment asserts its greatest positive influence on infected as compared to healthy plants. This influence in turn will modulate the balance of
co-evolution between the host and the pathogen as well as pathogen and biocontrol agent. Elevated carbon dioxide [ECO2] and associated climate change have the potential to accelerate plant
pathogen evolution, which may, in turn, affect virulence. Plant–pathogen interactions under ECO2
have the potential to disrupt both agricultural and natural systems severely, yet the lack of experimental data and the subsequent ability to predict future outcomes constitutes a fundamental knowledge gap. Furthermore, nothing is known about the mechanistic bases of increasing pathogen
aggressiveness. Under ECO2 mobilization of resources into host resistance through various mechanisms such as reduced stomatal density and conductance, (Hibberd et.al., 1996a, 1996b); greater
accumulation of carbohydrates in leaves; more waxes, extra layers of epidermal cells and increased
fibre content (Owensby, 1994); production of papillae and accumulation of silicon at penetration
sites (Hibberd et.al., 1996a); greater number of mesophyll cells (Bowes, 1993); and increased biosynthesis of phenolics (Hartley et.al., 2000), increased tannin content (Parsons et.al., 2003) have
been reported. Malmstrom and Field (1997) reported that CO2 enrichment in oats may reduce losses
of infected plants to drought and may enable yellow dwarf diseased plants to compete better with
healthy neighbors. On the contrary, in tomato, the yields were at par (Jwa and Walling, 2001).
Similarly, Tiedemann and Firsching (2000) reported yield enhancement in spring wheat infected
with rust incubated under ECO2 and ozone conditions. Chakraborty and Datta (2003) reported loss
of aggressiveness of Colletotrichum gloeosporioides on Stylosanthes scabra over 25 infection cycles
under ECO2 conditions. On the contrary, pathogen fecundity increased due to altered canopy environment. McElrone et.al., (2005) found that exponential growth rates of Phyllosticta minima were
17% greater under ECO2. Simultaneously, in the host Acer rubrum, the infection process was hampered due to stomatal conductance reduced by 21-36% and thereby leading to smaller openings for
infecting germ tubes. Under ECO2 reduced incidence of Potato virus Y on tobacco (Matros et.al.,
2006), enhanced glyocellins (phytoalexins) after elicitation with ß-glucan in soybeans against stem
canker (Braga et.al., 2006) and reduced leafspot in stiff goldenrod due to reduced leaf nitrogen
content that imparted resistance (Strengbom and Reich, 2006) have been mentioned. Lake and
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Wade (2009) have shown that Erysiphe cichoracearum aggressiveness increased under elevated
CO2, together with changes in the leaf epidermal characteristics of the model plant Arabidopsis
thaliana. Stomatal density, guard cell length, and trichome numbers on leaves developing postinfection were increased under ECO2 in direct contrast to non-infected responses. As many plant
pathogens utilize epidermal features for successful infection, these responses provide a positive
feedback mechanism facilitating an enhanced susceptibility of newly developed leaves to further
pathogen attack. Furthermore, screening of resistant and susceptible ecotypes suggests inherent
differences in epidermal responses to elevated CO2. Gamper et.al., (2004) noted that colonization
levels of arbuscular mycorrhizae tended to be high and on Lolium perenne and Trifolium repens
which may help in increased protection against stresses.

Impacts of changed temperature and rainfall intensity
With the climate variability and change, two types of scenarios are possible that could have bearing
on crop diseases. Under low moisture and high temperatures, organisms such as Macrophomina
phaseolina that cause dry root rots may cause severe yield losses. Under low temperature and high
humidity conditions, Pythium and Phytophthora could of serious concern for many field crops. On
pigeonpea, it was observed that during high rainfall years, intensity of Phytophthora blight was also
very severe. In sugarbeet, humid conditions favoured Cercospora and Ramularia significantly. Low
temperature and high humidity may also promote wilt pathogens. Excessive irrigation, which can be
compared to that of frequent and high intensity rainfall effects, led to the increased intensity of sugar
beet leaf and crown wart. It was also presumed that Rhizomania virus, a major concern for sugar
beet crop in the Europe, has spread due to irrigation, which can be equated with excess moisture
conditions, because Polymyxa betae (Soil borne fungus) which is the vector for the beet necrotic
yellow vein mosaic virus, prefers wet conditions. On the other hand, Pleospora betae fungus causing blackleg was highest under drought conditions. Differential response of wheat leaf rust resistance genes was noticed at different temperatures. Minor or unknown pathogens may also become
more aggressive such as alternaria blight of pigeonpea. Meaningful scenarios could be arrived at
through a holistic analysis of response of host-pathogen-biocontrol system to the changing climate
scenarios. Increasing temperature coupled with increasing moisture will favour the proliferation of
Ralstonia, the causal agent of bacterial wilt across different crop species. The pathogen which is
already playing havoc in S.E. Asia could be a threat to groundnut in India, where it is hitherto
unknown.
Alternaria spp. and powdery mildew could be major concerns for various crops. Fungal species
causing powdery mildews prefer dry and cool weather. In recent years, extended cloudy weather
often prevails during crop season and these conditions are congenial for powdery mildew. It has
been observed that Alternaria, hither too known as a minor pathogen on pigeonpea, could be an
emerging disease in the years to come. Similarly, Alternaria alternata that causes leaf spot in many
crops like groundnut, potato, cotton, castor becomes severe during long and hot dry spells. The
fungus has been reported to sporulate three times more on plants cultivated under elevated CO2
conditions. This increased spore density is not only harmful to the crops but also directly to human
beings as an allergen. In recent years, increased occurrence of alternaria leafspot has been observed in groundnut. Rice plants grown in an elevated CO2 concentration were more susceptible to
leaf blast than those in ambient CO2 as indicated by the increased number of leaf blast lesions.
Higher number of tillers observed under elevated CO2 concentrations might increase the chance for
sclerotia of Rhizoctonia solani to adhere to the leaf sheath at the water surface. Consequently, the
potential risks for infection of leaf blast and epidemics of sheath blight would increase in rice grown
under elevated CO2 concentration.
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Hannukkala et.al., (2007) reported increased and early occurrence of epidemics of late blight of
potato in Finland due to climate change and lack of crop rotation reported differential response of
host resistance in wheat against Puccinia recondita at differential temperatures. Under drought
stress, the disease symptoms may be reduced but at the same time the resistance of the host can
also be modified thus leading to higher disease incidence. Drought impacted disease resistant plant
types showed loss of resistance. Some pathogens could also enhance their ability to exhibit variability with which their fitness to the changed environment is enabled. Such kind of variability has
also been suggested as an early indicator of environmental change because of their short generation times.

Research needs
Impact of climate change on plant diseases is poorly understood due to the paucity of studies in this
area. Research has started only recently to understand the impacts of climate change on agricultural systems. A process-based approach is required to quantify the impact on pathogen/disease
cycle is potentially the most useful in defining the impact of elevated CO2 on plant diseases. The
projections for the future depict that appropriate adaptation and mitigation strategies should be
developed to meet worst possible scenarios.
In view of these opposing changes in pathogen behavior at elevated levels of atmospheric CO2, it is
difficult to know the ultimate outcome of atmospheric CO2 enrichment for this specific pathogen-host
relationship. More research, especially under realistic field conditions, will be needed to clarify the
situation; and, of course, different results are likely to be observed for different pathogen-host associations. Similarly, the relationships between biocontrol agents and the pathogens need to be studied in relation to enhanced CO2 to assimilate the ultimate effects on a systems basis for different
climatic conditions.

Climate change impacts on plant pathogens: Indian Initiative
The Indian Council of Agricultural Research launched a national Network project entitled ‘Impacts,
Adaptation and Vulnerability of Indian Agriculture to Climate Change’ in X Plan.
Under this umbrella project, at Central Research Institute for Dryland Agriculture, studies are being
conducted to understand the impacts of elevated CO2 and temperatures on major soil-borne plant
pathogens viz. Sclerotium rolfsii, Macrophomina phaseolina, Fusarium oxysporum f.sp. ricini, Botrytis
ricini and Rhizoctonia solani. Similarly, impact studies are also being conducted on Pseudomonas
and Trichoderma isolates which are commonly used as biocontrol agents. On pathogens, the focus
is on variability in pathogencity and morho-physiological changes over generations. In biocontrol
agents, the thrust is being laid on biocontrol ability, plant growth promoting traits and morpho-physiological parameters such as growth, sporulation and enzyme production patterns. So far, it has
been observed that after exposure for 30 generations, sporulation increased in Trichoderma considerably. Similarly, enhanced chitinase production was observed. The strains of Pseudomonas differed for their plant growth promoting traits. The studies are in progress with regard to pathogenicity
of the test organisms on their respective hosts. Efforts are also being made to build probable scenarios for major pathogens and biocontrol agents under modified climate change conditions. With
changing crop behavior, it is also expected that host-pathogen interactions will be affected. These
aspects are also being studied.

Conclusion
To conclude, the available data clearly suggests that atmospheric CO2 enrichment asserts its greatest positive influence on infected as opposed to healthy plants. Moreover, it would appear that
elevated CO2 has the ability to significantly ameliorate the deleterious effects of various stresses
imposed upon plants by numerous pathogenic invaders. Consequently, as the atmosphere’s CO2
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concentration continues its upward climb, earth’s vegetation should be increasingly better equipped
to successfully deal with pathogenic organisms and the damage they have traditionally done to
mankind’s crops, as well as to the plants that sustain the rest of the planet’s animal life.
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MODELING INSECT POPULATIONS
Y G Prasad
Introduction
Insect pests are influenced by both macro and micro-weather parameters: temperature, rainfall,
humidity, sunshine hours, wind speed and direction. The rates at which insects complete their life
cycles depend mainly on temperature, so that the times of activity of a given pest insect can vary
greatly both from region to region and from year to year. In addition to influence of weather, insect
pest appearance and regulation of numbers are governed by other interactions with the availability
of susceptible plant hosts and their natural enemies such as parasitoids and predators. Parameters
along with the type of influence they exert on insect abundance are given in Table.1.
Table.1. Parameters influencing insect abundance

Insect population modeling – approaches
Important points for consideration in any model development are: the level of detail at which a given
model is to be d eveloped as the level of detail is linked to the objective and data availability to
develop and run the model. Models can range from strictly empirical to most complex and sophisticated descriptive models. A model may be discrete or continuous, static or dynamic, and deterministic or stochastic.

Empirical approaches
Empirical approaches involve estimating pest and disease incidence and intensity through experimentation and surveys on crops not subjected to control interventions and establishing relationships with concurrent, prevailing weather and/or past weather factors. The studies could be conducted at single stations in which the emphasis is on delineation of differences in meteorological
conditions in epidemic and non-epidemic years or multi-station studies in which the emphasis is on
delineation of meteorological conditions leading to changes in periods and intensity of infestations.
A multi-station study is preferred as it facilitates corroboration of the general surmises and leads to
maximization of data in a short period if observations are recorded on crop stands sown at periodic
intervals at a number of stations (Venkataraman and Krishnan, 1992). It should be noted that find-
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ings from empirical field studies can straight away be applied in climatologically analogous areas
but can give misleading results when applied to other areas.
Development of an empirical forecast model is not an end in itself. Even the simplest model must be
tested to be proven, but validation over a wide range of conditions will be most important for models
based on empirical rather than biological and physical processes, or where there is insufficient
understanding and quantification of how interactions change under varying environmental conditions. Any type of forecast model needs to be fully described for running the model, correct interpretation of the output and its effective dissemination and operational use. Synthesis of model elements into a computer program would be an ideal logical step to make available a product for
operational use in agro-advisories.
Many empirical models use various types of pest/disease incidence data (trap catches, population
counts and crop damage assessments). Many research articles published on pest-weather relationships used pest monitoring data from light traps (for example yellow stem borer in rice), pheromone
traps (for American bollworm) and sticky traps (for whitefly) apart from population counts and damage assessment data. Long-term data is preferable as it better captures the patterns in relationships. These models also require access to weather and climate data, in addition to pest and plant
data. Models usually require as inputs, measurements of temperature, rainfall and humidity, although other variables may be required either as direct inputs or in computing values for variables
not measured. Weather variables need to be measured at the field level, at regional stations, or on
a broader scale depending on the need. For many farm management actions, data representative
of the field conditions are expected and hence data is taken from automatic weather stations or the
nearest observatory.

Insect phenology models
Insect phenology modeling is based on insect life cycles. These models are developed using temperature data to forecast timing of insect activity. Insects have different development stages, the
developmental durations of which are based on temperature above a lower developmental threshold known as base temperature. Different insect stages can have different lower thresholds (Table
2). A day-degree is defined as one degree of average temperature above a base temperature over
a 24 h period. The duration of the insect stage is expressed in day-degrees. Once the required daydegrees are completed, the insect moves into the next stage in its development. Hence, expression
of insect development in day-degrees gives it a mathematical expression and is better than using
calendar days. Relatively crude methods of computing day-degrees are sufficient for many applications. Most forecasting models on diurnal variation rely on approximations using sine waves. Degree days are accumulated from a start date known as 'bio-fix'. These start dates are generally
based on the first adult trap catch using pheromone traps or first notice of eggs in field or planting
date etc. The degree day approach allows the prediction of the biological events in the insect development using temperature data. The stage-specific thermal constants are arrived at by studying
insect development at several constant temperatures. Often the lower threshold is an approximation by extrapolating the linear portion of the development rate curve. Day-degree forecasts, in
general, cannot readily predict insect populations that have overlapping generations in a year. In
this case day-degree approach may be restricted to the first or second generation of the pest. In
temperate countries with clear start and end of cropping seasons, insect modeling is majorly through
insect phenology models, However, in the tropics where cropping is year-round and winter is not
very severe (except in North India), phenology models can be accurately be applied mostly to insect
pests with one or few distinct generations in a year.
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Table. 2: Threshold temperatures and degree days for completion of different life stages of Groundnut leaf miner life cycle

Data mining approaches
Many times when statistical correlations and regressions are attempted through step-wise regression or multiple regression models and applied to pest data and corresponding weather data from
several years, it is observed that in different years different weather parameters show significant
influence. The criteria for best fit model selection is based on the Co-efficient of determination (R2)
which explains the extent of variability in the insect population explained with the independent factors (weather parameters) chosen. The R2 values in many models are low and hence poor explain
the variation and instill low confidence in the model for prediction purposes. Data mining is a useful
technique to bring out patterns in when long-term data has been collected on pests, crops, their
sowing times, cultivars, cropping pattern, insecticide use along with weather factors. Similar to regression models, data mining technique also gives two measures which help in fine tuning the
assumptions or association rules made. One is the measure of support and another is the measure
of confidence. For example, we applied data mining technique to study yellow stem borer population relationship with weather parameters. An association rule was developed as “When rainfall is
less than 8 mm and sunshine hours greater than 8 hrs, possibility of moth catch greater than 100
has got a support of 40.2 percent and
confidence of 75.4 per cent”. In other
words, nearly forty per cent of the
cases in the data set supported total
weekly moth catches of more than
100, when the prevailing total rainfall
in that particular week was less than
8 mm and mean sunshine hours were
more than 8 h. The high confidence
value (75.4%) showed that YSB adult
emergence was strongly influenced
by rainfall and sunshine hours. Neural network model was developed by
training the network with weekly moth
catch data and corresponding lag
weather data from 1975 to 1996. Validation of neural network model was carried out with the data of
subsequent years i.e. 1997, 1998, 1999 and 2000 for kharif (Fig.1) and 1998, 1999 and 2000 for
rabi. The time of occurrence of peaks and trend in pest dynamics was well predicted in all the four
years of study though the intensity of peaks was not estimated accurately. This information could be
very useful to forewarn peak moth emergence activity of yellow stem borer in rice for the specific
location.
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Modeling soil mositure for estimating sowing times and influence on insect
populations
A soil-moisture model was adopted for estimation of leaf miner severity in Karnataka. In the model
it is assumed that leaf miner populations are always present at a low level. Whenever favorable
weather conditions occur in the appropriate growth stage of the crop, population builds up rapidly.
However, if a drenching shower (> 2 cm/day) occurs in the first 14 leaf miner days (starting 35 days
after sowing), it is assumed that the leaf miner is eliminated. A leaf miner day has been defined as
a non-rainy day with dry soil (< half of the available soil moisture). In this model the loss in crop yield
due to leaf miner incidence is taken to depend upon the number of leaf miner days. The soil moisture model estimates the sowing dates in a given region based on rainfall and soil data and then
estimates the leafminer days 35 days after sowing based on model assumptions.

Process based modeling of insect populations – dymex software
A review of research articles that were published in pest forecasting related aspects since 1980
within and outside India in rice and cotton, two crops of global importance, was undertaken. A
significant percentage of research effort has been directed towards studies on monitoring and seasonal occurrence followed by studies that establish insect pest relationships with weather in India in
both the crops (Prasad, 2005). Despite the availability of a variety of information that can become
input to building reliable process forecast models, the trend reflects a lack of concerted and directed
research to develop process based models and decision support systems in India vis-à-vis the
trend abroad particularly in crops like cotton and rice where pesticide use is still the highest in the
country. The main limitation is the availability of appropriate indigenous software packages that can
consider dynamics of animal and plant populations that are influenced by many factors, and understanding the response of a population to a multitude of external factors can be very difficult.
Simulation models are a powerful means of representing such systems and allowing users to interact with them. These models help to summarize our understanding of a species' population dynamics, identify gaps in knowledge and enable rapid evaluation of management options. Building population models, however, can be expensive in time, and may require specialist programming skills.
The DYMEX package is designed to overcome the bottleneck caused by inadequate computer
programming resources and modeling expertise. DYMEX enables the user to build a class of ecological models referred to as mechanistic or process-based models, without the need to know a
computer programming language. It is a modular modelling software package that consists of two
parts: a Builder and a Simulator. The Builder is used to create and modify the model, while the
Simulator is used to run a completed model, and display the results of simulations.
DYMEX is a computer software package that enables you to interactively build and then run models
of fluctuating populations of organisms in changing environments. Models are structured around
lifecycles, which in turn consist of the stages that individuals pass through during their life. A DYMEX
lifecycle describes cohorts of individuals and the processes that affect the size, age and number of
individuals in the cohort (individuals of same stage and age). Models created within DYMEX consist
of a series of modules, with each module responsible for a particular task. Modules use information
from other modules as input, and supply information to other modules. DYMEX comes with a library
of modules that can be incorporated into any model constructed with the Builder. Each module
performs a specific function (for example, MetBase is used to read a standard set of meteorological
variables from a file). Models created in the Builder can be opened in the Simulator within which
simulations can be run. The results of these simulations can be displayed in tables, graphs and
maps as well as exported to other programs. Models will normally be developed around one or more
Lifecycle modules. Other modules provide data to the lifecycle modules, or manipulate lifecycle
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output in some way. Many modules have multiple uses (e.g. Function module) and may be used in
several places in a model, while others are more specialised (e.g. the Soil Moisture module). Most
modules receive input fromanother module or from an outside source.

Decsion support systems and agrometeorolgoical networks for pest forecast
and advisory services
East Germany began developing forecasting procedures for the occurrence of important crop plant
diseases and insect pests by designing simulation models (system PROGEB) (Gutsche, 2001) in
the 1980's. Later after the German re-unification the project was run under the name PASO which
resulted in introduction of a number of forecasting models in practice throughout Germany. To ensure stable operation of the forecast and decision support system by the state crop protection service an keep the system open for innovations, the federal states set up a 'Central Service for Decision Support Systems and Programmes in Crop Protection' which is successfully being operated
since 1998.
The Slovenian plant protection forecasting service runs an agrometeorological network of 94 uniform weather stations in 7 centres to collect meteorological information (temperature, humidity,
precipitation and leaf wetness) automatically by radio. The data is analysed at the central data
collection facilities to determine pest risk and other farm operations. In addition to weather station
measurements, information from field monitoring, insect and spore traps, observations of crop phenological phases was used in forecasting models for pests and diseases processed by software
(AgroExpert, ProPlant). The warnings were disseminated to growers by a variety of means (Knapic
et.al., 2001)
Yonow et.al., (2004) developed a cohort-based life cycle model for the population dynamics of the
Queensland fruit fly using DYMEX model (Maywald et.al., 1999), a process-based, modular modelling software package that contains a library of modules. The model is primarily driven by weather
variables, and so can be used at any location where appropriate meteorological data are available.
DYMEX model helped to improve the understanding of fruitfly population dynamics and relative
abundance, and in so doing, identify critical gaps in knowledge.
Using climatic modeling, risk of establishment of invasive species has been successfully defined a
priori in Europe (Sutherst et.al., 1991). Samways et.al., (1999) used the CLIMEX model (Sutherst
et.al., 1995, 1999) and it's associated 'Match Climates', climate-matching algorithm to make their
predictions of species geographical ranges. The CLIMEX model is a simulation model of moderate
complexity for inferring the responses of a species to climate from its geographical distribution.
Once response functions have been fitted, the model can be run with meteorological data from
other parts of the world to estimate the species response to new climatic environments. The potential range, as determined by climate, can then be estimated. The model parameter values constitute
the hypotheses on the climatic factors that determine the species population growth, and survival
during adverse seasonal conditions, and so limit the geographical distribution. Alternatively, the
meteorological data base can be manipulated to create scenarios of climate change.
Decision support systems are widely accepted in the Australian cotton industry for assisting with
integrated pest management, crop nutrition and other aspects of information transfer. Uses of
EntomoLOGIC, part of the CottonLOGIC software suite, select sample areas in their cotton fields
and collect information on the types of beneficial and pest insects present, their stage of development and quantity. The hand held electronic device facilitates data entry process, running models of
pest development, generates in-field reports of pest status, access to historical data on insects and
crops. The software is then used to predict future pest numbers, using weather data, and indicates
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when pest numbers are over defined economic thresholds for crop managers to decide on appropriate pest management interventions (Bange et.al., 2004).

Conclusions
Modeling insect populations requires adequate understanding of their life cycles and the multitude
factors that affect their population dynamics. Empirical models developed from long term data capture the fluctuations in populations over seasons and years better than short period data. These
models are highly location specific and generally cannot be applied to other locations except those
which are climatologically and ecologically analogous. In contract models based on insect life cycles
such as phenology models are simple to construct and once established can be run with temperature data. However, their application is limited to monocyclic pests and regions which have distinct
cropping seasons such as those in temperate regions. Simulation models that are again based on
life cycles and also take into account several factors along with weather data are generally costly to
develop. However, once developed they can be used across locations for modeling the timing and
intensity of pest attack.
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CARBON SEQUESTRATION STRATEGIES IN RAINFED CROP
PRODUCTION SYSTEMS OF INDIA
Ch Srinivasa Rao
Introduction
Attempts are urgently needed to enrich global soil organic carbon (SOC) stocks through sequestration of atmospheric carbon to reduce the impacts of climate change and global warming. Optimum
levels of SOC can be maintained through adoption of an appropriate crop rotation (Writht and Hons
2005) fertility management including use of inorganic fertilizers; organic amendments (Sehuman
et.al., 2002, Mandal et.al., 2007, Majumder et.al., 2008) and tillage. Enriching soil carbon levels or
at least arresting depletion is directly related to soil quality and food security of mankind particularly
in scarce rainfall environments. Such enrichment is more important for tropical, sub-tropical, arid
and semi-arid regions of the world where soils are inherently low in carbon and imbalance of nutrient application is widespread. Crop cultivation is known to adversely affect the distribution and
stability of soil aggregates and reduces organic carbon stock in soils (Kong et.al., 2005). The magnitude of such reduction in SOC due to cropping, however, varies depending upon the climatic
conditions and intensity of cropping (Lal et.al., 2004). Because of high temperature, the soils of
tropical regions are expected to be contributing more oxidative products (particularly CO2) per unit
SOC to the atmosphere as against the soils of temperate and cooler regions. Crop species that are
cultivated may also play an important role in maintaining the stock because both quantity and quality of their residues that are returned to the soils vary greatly affecting their turnover or residence
time in soil (Mandal et.al., 2007).
Within a particular cropping sequence, duration and timings of “fallowing” can also affect the amount
of SOC (Halvorson et.al., 2002). The information regarding the effects of intensive cultivation in
different cropping systems and their management practices on dynamics of SOC is necessary to
identify the pathways of carbon sequestration in soils. Once identified, this may lead to evolving
suitable agricultural strategies that have the potential to improve SOC stocks and thus attenuate
CO2 loading into the atmosphere and curb global warming (Lal et.al., 2009). Further, most of the
research so far done on carbon sequestration in agricultural soils is confined to cooler and temperate climatic regions (Velayutham et.al., 2000, Lal 2004).
Rainfed crop lands meet about about 60 % of the food and nutritional needs of the world's population covering 1.132 billion ha (Biradara et.al., 2008). The United States of America, Russia, China,
Brazil and India, account for the highest rainfed cropland areas in the world. Rainfed agro-ecosystem occupies an important place in Indian agriculture also, constituting nearly 67% of the net cultivated area covering 110 million ha. It covers areas falling in arid, semi-arid and sub-humid climatic
zones. Erratic rainfall, degraded soils with poor infrastructure are common features of rainfed areas
in India. Rainfed regions cover various types of soils viz, Alfisols, Vertisols, Entisols, Inceptisols,
Aridisols and Oxizols. Water storage capacity of these soils is low due to light texture and shallow
depth. The hard topsoil and structural instability makes them vulnerable to crusting. Alfisols support
only a single rainy season cropping (kharif) with productivity levels of 0.7 to 0.8 t ha-1 under arid
conditions. Soils of India, like most soils of the tropics, have been categorized as low in organic
carbon and nitrogen although there are variations in cropping system, soil type, rainfall, temperature and other management practices such as manuring and fertilization. Carbon stocks determined
in 21 locations across rainfed regions of the tropical India covering eight production systems, these
soils are low in organic carbon (<5 g kg-1) profile based SOC stocks varied from 20.36 to 96.90 Mg
ha-1 (Srinivasrao et.al., 2009).
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Figure. 2. Carbon stocks in different soil types under diverse rainfed production systems

Figure. 3. Carbon stocks in the soil under diverse rainfed production systems

Maintaining soil and crop productivity in the long term in rainfed regions of India under continuous
mono cropping systems is a major challenge. Low crop yields, returning low or no biomass residue
coupled with long fallow periods to the extent of 7 months in a year, result in environments unfavorable for maintaining soil organic carbon levels. However, the magnitude of decline or enhancement
of SOC due to continuous cultivation depends on the balance between the loss of carbon by oxidative forces of tillage operation, the quantity and quality of crop residues that are returned and organics added to the soils. Therefore, crop and soil management practices have to be tailored to ensure
long term sustainability of crop/cropping systems. Application of plant nutrients and organic amendments, inclusion/cultivation of legumes favour improvement of SOC and sustainability. The availability of organic crop residues is a major problem in India due to their competing alternate use but
some crop by-products like groundnut shells are available for soil application, as they do not have
major alternate uses. Therefore, various locally available organic manures were applied along with
chemical fertilization and examined carbon sequestration potential of various nutrient management
options under tropical conditions in India and the relationship between carbon sequestration and
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sustainable yields in long term manurial trail was evaluated. Details of carbon sequestration strategies under six production systems with varied management options are explained here.

Carbon Sequestration in Groundnut Production System (Anantapur, Arid,
Alfisol)
Long term (1985-2004) cropping, fertilization, manuring (groundnut shells, FYM) and integrated
nutrient management (INM) practices improved the soil organic carbon in a groundnut mono cropping system under arid conditions. Carbon buildup and organic carbon sequestration rate was higher
with addition of FYM and crushed groundnut shells along with 50% RDF (Srinivasa rao et.al., 2009).
Groundnut shell application was found equally good as the FYM treatment and in some cases better
than FYM in terms of pod yields and carbon buildup in the soil. Groundnut shells could also be used
as organic manure, which is a renewable source in the groundnut growing regions of Andhra Pradesh
for maintaining and building of soil organic carbon. Thus, regular additions of locally available groundnut shells or FYM along with inorganic fertilizers can maintain or improve soil organic carbon stocks
even under arid conditions. This practice can be extended to similar groundnut growing regions of
India where groundnut shells can be used as source of organic manure.

Carbon sequestration in Fingermillet Production System (Bangalore, Semiarid, Alfisol)
Under fingermillet production system, with both sequences (groundnut-fingermillet and fingermilletfingermillet) after 27 years of (1978-2005) cropping, FYM 10t ha-1 +100% NPK and FYM 10 t ha-1 +
50% NPK showed higher build of soil organic carbon (Srinivasa rao et.al., 2009). Under both the
sequences, organic carbon sequestration rate was positively influenced with application of FYM.
Under semi arid conditions where Alfisols are predominant, regular addition of FYM at 10 t ha-1 or
FYM inorganic fertilizers can maintain soil organic carbon. Fingermillet being deep rooted crop with
lot of root biomass can improve soil carbon with proper integrated nutrient management practices.

Carbon Sequestration in Rabi Sorghum Production System (Solapur, Semiarid, Vertisol)
After 21 years of cropping (1985-2006), soil organic carbon levels improved from 0.38% (1985) to
0.58 (2006) with regular additions of crop residue, FYM and luecaena along with 25 kg urea. Profile
carbon stocks also improved substantially with different organic manure additions. Net soil organic
carbon sequestration rate was positive under different nutrient management options. Under rain
shadow areas of Maharastra where Vertisols are predominant soil types, various options of integrated nutrient management involving regular addition of crop residue or green manuring could
maintain and improve soil organic matter. Since rainy season is not cropped in these regions, some
legume crops can be taken and incorporated as a source of organic matter.

Carbon Sequestration in Pearlmillet Production System (S.K. Nagar, Arid,
Aridisol)
After 18 years of cropping (1988-2006), there was a reduction of organic carbon from initial value
(0.31%). Various management options showed the depletion of soil organic carbon to the extent of
0.07% to 0.16%. Regular addition of FYM for 18 years could not influence organic carbon status
positively under arid conditions of Gujarat (Srinivasa rao et.al., 2009a). Addition of FYM to the
extent of 50% N equivalent was not sufficient to maintain organic carbon similar to initial levels due
to rapid oxidation of added organic manures. Net organic carbon sequestration rate also was negative in all the treatments. Therefore, it is suggested that addition of FYM to equivalent to 50 % N is
not sufficient to maintain soil organic carbon, therefore addition of higher amounts of organic matter
such as green manuring or crop residue along with enhanced amounts of N is required to maintain
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soil organic carbon levels under arid conditions for light textured Aridisols. Otherwise, these soils
will further be degraded with reduction of organic carbon and associated soil properties like moisture holding capacity and nutrient availability.

Carbon Sequestration in Soybean Production System (Indore, Semi-arid,
Vertisol)
Continuous cropping for 15 years (1992-2007) with nutrient management options including soybean residue and FYM along with N and P application improved soil organic carbon from 0.50%
(initial) to 0.67% (FYM 6t ha-1+N20P13). Addition of soybean residue (5t ha-1+N20P13) also improved
soil organic carbon to 0.64%. However, continuous soybean cropping with inorganic fertilizers showed
the depletion of organic carbon while integrated use of organic manures (soybean residue/FYM)
along with inorganic fertilizers improved carbon stocks in the profile and net soil organic carbon
sequestration rate. Therefore, addition of soybean residue with N and P should be continued in
soybean production system on Vertisols of central India under semi-arid conditions to maintain or
improve soil organic carbon.

Carbon Sequestration in Rice Production System (Varanasi, Humid, Inceptisol)
Long term rice-lentil cropping sequence for 21 years (1986-2007) with organic manure (FYM) showed
improvements in organic carbon from initial level (0.25%). Continuous cropping with out any manure/ fertilizer (control) resulted in depletion of organic carbon while application of only inorganic
fertilizers maintained organic carbon at the initial level. However, combined addition of FYM and
RDF improved the carbon levels. Similarly regular addition of FYM improved the profile organic
carbon stocks and carbon sequestration rate in surface layer of the profile. Under upland rice production systems in Indo-Gangetic plains covering light textured Inceptisols in humid conditions,
continuous cropping with out any input deteriorates soil organic carbon, addition of organic or inorganic inputs are essential for maintaining it. However, for further improving it requires integration of
organic and inorganic inputs.
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METHANE EMISSION FROM LIVESTOCK AND ITS MITIGATION
R C Upadhyay, Ashutosh, S V Singh, Rita Rani, Syma Ashraf, Anil Kumar
Introduction
Global warming due to increased concentration of green house gases has drawn worldwide attention of scientists, policy planners and administration. The main gases which affect energy trap and
responsible for global warming are carbon dioxide, methane and nitrous oxide. These anthropogenic gases are produced by human activities in the process of developments in different sectors.
The process of industrialization, agriculture production, and livestock production are some of the
major activities that contribute to production of these gases in large quantities.
According to the United Nations Food and Agriculture Organization, “the livestock sector generates
more greenhouse gas emissions as measured in CO2 equivalent – 18 percent – than transport. It is
also a major source of land and water degradation”. “Livestock are one of the most significant
contributors to today's most serious environmental problems. “With increase in prosperity and purchasing power particularly in developing nations people are likely to consume more livestock products (meat and milk products). Global meat production is projected to more than double from 229
million tonnes in 1999/2001 to 465 million tonnes in 2050, while milk output is also likely to rise from
580 to 1043 million tones.
India emitted 1727.71 million tons of CO2 equivalents (CO2 eq.) in 2007 with Land Use Land Use
Change and Forestry (LULUCF) CO2 eq. is the sum total of CO2, CH4 and N2O emitted in terms of
their respective global warming potentials(INCCA report #1). The total GHG emissions without
LULUCF have grown from 1251.95 million tons in 1994 to 1904.73 million tons in 2007 at a compounded annual growth rate (CAGR) of 3.3% and with LULUCF the CAGR is 2.9%. Between 1994
and 2007, some of the sectors indicate significant growth in GHG emissions such as cement production (6.0%), electricity generation (5.6%) and transport (4.5%). Agriculture sector emitted 334.41
million tons of CO2 equivalent, of which 13.76 million tons is CH4 and 0.15 million tons is N2O.
Enteric fermentation in livestock released 212.10 million tons of CO2 eq (10.1 million tons of CH4).
Enteric fermentation constituted 63.4 % of the total CO2 equivalent emissions from this sector, 21%
of the emissions were from rice cultivation. Crop soils emitted 13% of the total CO2 equivalent
emission from agriculture. Rest 2.7% of the emissions are attributed to Livestock manure management and burning of crop residue. Thus, GHG emissions from the agriculture sector arise from
enteric fermentation in livestock, manure management, rice paddy cultivation, agricultural soils and
on field burning of crop residue.
Livestock sector is one of the significant contributors of methane gas in agriculture sector followed
by rice and the biomass. The methane is produced in the rumen of large animals and a small
amount in cecum of non ruminants from enteric fermentation activity. The methane is produced as a
result of anaerobic microbial activity in gastro-intestinal tract of animals for degradation of cellulosic
feeds and roughages. The rumen microbes, fungi, protozoa help in fiber digestion, degradation and
breakdown of complex lingo-cellulosic structures of cells and cell wall. Methanogenic bacteria in
process of removing carbon dioxide and hydrogen produce methane and it is released through
eructation of gases in expired air and flatus. Animals waste 3 -8 % of gross feed energy in methane.
This paper presents information on methane emission from enteric fermentation in livestock and
different approaches for its mitigation.

Emissions (million tonnes CH4/year)

Global methane emissions from enteric fermentation, 2004 are presented below.
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Methods and methodologies for methane measurement
Different techniques are in use for monitoring methane emission form livestock and have been
reviewed in a recent publication (Makkar and Vercoe, 2007). Methodology of IPCC is also being
used for estimating emissions from livestock sector. Methane production can be measured with
both in vitro and in vivo techniques. A brief note on the methodologies employed for monitoring
methane emissions in livestock are given in the following figure.
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In recent years there has been an increased interest in the development of in vitro technologies for
simulating rumen fermentation. In vitro techniques are mainly used to test methane inhibitors because uniform experimental conditions can be maintained in an easier way than in vivo trials and
they are cheaper and less time-consuming (Bhatta et.al., 2006).
In vivo techniques are often preferred as they show what actually happens in the animal. The fermentation equipment RUSITEC (Rumen Simulation Technique) is a simplified model of the rumen
which simulates the conditions inside the rumen, enables to keep the normal microbial population of
the rumen for a long time under strictly controllable conditions, and enables a permanent monitoring
of fermentation processes. Methane production can be determined in the in vitro cultures when
different diets are fermented with mixed ruminal microorganisms. It is assumed that fermenters are
able to maintain a functional microbial community structure similar to rumen. Gas produced during
incubation is collected and taken for subsequent analysis. Methane can be determined using different analytical methods (Czerkawski & Breckenridge, 1977). In Batch cultures, methane measurement can be performed using gas-tight culture bottles for incubation. The bottles are filled with
culture medium containing all the necessary elements, closed with rubber stoppers and crimped
with aluminum caps and finally placed in an incubator at 39°C. Once the incubation is finished, the
gas accumulated in the head space is measured and subsequently analyzed (Moss, 1994). Other
techniques use isotopic and non-isotopic tracers.
One of the most important non-isotopic tracer techniques used for the measurement of methane
emission of cattle is the SF6 tracer technique (Johnson & Johnson, 1995).In the SF6 method, a small
permeation tube containing SF6 is inserted into the rumen. The release rate of the SF6 from the
permeation tube is known prior to placement in the animal. A halter fitted with capillary tubing is
placed on the animal's head and connected to an evacuated sampling canister. A sampling valve is
opened and as the vacuum in the sampling canister slowly dissipates, a sample of the air around
the mouth and nose of the animal is collected at a constant rate. The collection vessel is allowed to
fill to a pressure of about 0.5 atm. By varying the length or diameter of the capillary tube, the
duration of the sampling may be regulated. After collecting a sample, the canister is pressurized
with nitrogen to slightly more than one atmosphere. Methane and SF6 concentrations are then determined by gas chromatography. Methane emission rate is calculated as the product of the permeation tube emission rate and the ratio of the CH4 to SF6 concentration in the sample. Isotopic dilution
methods involve the use of [3H-] methane or [14C-] methane and cannulated animals and in principle
(Murray et.al., 1976) are similar to SF6 method. The isotope is introduced into the rumen continuously at a constant rate leading to the rise in the specific radioactivity (SR) of ruminal methane to a
constant 'plateau' value (MBq/g methane carbon). Arithmetic division of the methane on plateau
provides a measure of the flux rate of methane (g methane carbon/d). Its main weakness is the
difficulty of the preparation of the infusion solution because the methane gas has a very low solubility.
A tunnel system for measuring CH4 release from grazing systems was developed by Lockyer &
Jarvis in 1995. In order to determine the net CH4 release from the grazing system it is necessary to
take at least two air samples, one from the outlet of wind tunnel and one ambient sample taken up
wind of the tunnel. Methane concentrations in air entering and leaving the tunnel can be measured
through an automatic sampling and injection system connected to a gas chromatograph (GC) fitted
with a flame ionization detector (FID).
Indirect calorimetry is yet another way of quantifying methane production and estimates heat production from quantitative measurements of materials consumed and produced during metabolism
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(Mc-Lean& Tobin, 1987). Indirect calorimeters are categorized into (i) open-circuit, (ii) confinementtype and (iii) closed-circuit according to the design of apparatus involved. In open circuit systems
animals are housed so that they breathe into a one – way stream of air passing across the face or
body. Airflow is typically measured in the outlet side of the animal cage and a sub-sample of air
collected for analysis using an on-line gas analysis system. The ventilated-hood type calorimeter is
the most common type of open-circuit calorimeter (Mc-Lean, 1972). In the confinement- type systems, animals are housed in sealed chambers and changes in gas concentration are measured
(Blaxter et.al., 1972). Similarly, in the closed-circuit system, animals are housed in a completely
sealed chamber and the water vapour and CO2 produced by the animal is measured with the help of
absorbers. The quantity of oxygen needed to replace that used by the animal is measured as it is
admitted to the system.
The Revised 1996 IPCC tier-2 approach given below has been recommended for cattle and buffalo.
The details of methodology are available in IPCC guidelines (IPCC, 2006). The equation used is
given below:
GE = [((NEm + NEmobilized + NEa + NEl + NEp) / {NEma/DE}) + (NE/ {NEga/DE})] / (DE / 100)
Where: GE = gross energy (MJ/day)
NEm= net energy required by the animal for maintenance (MJ/day)
NEmobilized = net energy due to weight loss (mobilized) (MJ/day)
NEa = net energy for animal activity (MJ/day)
NEl= net energy for lactation (MJ/day) or net energy for work
NEp= net energy required for pregnancy (MJ/day)
Nema / DE}= ratio of net energy available in a diet for maintenance to digestible energy consumed
Neg = net energy needed for growth (MJ/day)
{NEga / DE}= ratio of net energy available for growth in a diet to digestible energy consumed
DE = digestible energy expressed as a percentage of gross energy (percent)

Strategies for methane reduction in livestock
Increasing the efficiency of livestock production
The productivity and efficiency of Indian livestock is low. The Indigenous or local breeds are adapted
to harsh living conditions and perform well in adverse climatic conditions like high temperature,
drought and feed scarcity. These breeds co-evolved in the systems over millennia have adapted to
the prevalent climatic and disease environments. But in recent time these animals are under substantial pressure arising from the need for increased production and efficiency as well as land-use
changes. Under these circumstances widespread cross-breeding of animals, mostly with “improver”
breeds from temperate regions, crossed with local animals, has occurred – often with poor results.
So there is need to improve productivity traits and efficiency while maintaining adaptive traits. Current animal breeding systems are not able to improve efficiency at desired rate and meet the need
of environment. Therefore, an improvement of breeding programmes under different livestock production system at farm level is required. Such programmes should include: (i) identifying and strengthening local breeds that have adapted to local climatic stress and feed sources and (ii) improving
local genetics through cross-breeding with heat and disease tolerant breeds iii) need to conserve
the indigenous breeds in their home tracts and in other areas having similar geo-climatic conditions.
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Nutritional Strategies for methane reduction in livestock
Change in Frequency of feeding: Low frequency of feeding has been observed to increase propionate and reduce acetic acid and CH4 production in dairy cows. This was attributed to the lowering
of methanogens as a result of high fluctuations in ruminal pH, since low frequency of feeding increase diurnal fluctuations in ruminal pH that can be inhibitory to methanogens. On the other hand,
more frequent feeding was shown to increase the A: P ratio (Sutton et.al., 1986). In India, generally
dairy farmers are encouraged to increase their frequency to reduce the fluctuations in ruminal pH
and to ensure efficient digestion, milk production and optimum milk composition. The two times
feeding i.e. evening and morning feeding practice of livestock is very common under field conditions
and low frequency feeding is a practical approach followed by farmers to reduce CH4 production
under rural conditions.

Change in diet and composition: Methane generation in rumen depends upon microbial type and
its population. Various feed factors like the level of feed intake, digestibility of feed consumed and
total easily degradable carbohydrates in the ration also contribute to methane generation. The ratio
of cell wall components and easily fermentable carbohydrates is equally important for methanogenesis
in the rumen The partitioning of fermentable dry matter between microbial protein synthesis and
fermentation products alters the pattern of hydrogen production and hence methane generation.
Methane production increase as the proportion of dry matter fermented to short chain fatty acids is
increased. The degradation of lignocellulosic feeds is slower as compared to starch and high sugar
containing diets and the poor qualities feeds yield more methane (Czerkawski, 1969). Methanogenesis
decreases with improvement in the quality of feed either increasing the digestibility of lignocellulosic
feeds by some chemical (Moss et.al., 2000) or microbiological treatment or by replacing these feeds
with good quality concentrate feeds (Cecava et.al., 1990). The inhibition in methanogenesis is accompanied with increased propionate levels and decreased acetate to propionate ratios and better
feed conversion efficiency.
Therefore, methane production can be lowered by improving nutritional quality of feed. The treatment of paddy straw with urea resulted in a significant improvement in digestibility of nutrients and
a significant depression in methane generation by the animals (Sahoo et.al., 2000). Even the different roughage sources like paddy straw, sugarcane bagasse and wheat straw caused different levels
of methane production. Paddy straw has been observed to produce more methane than the other
two roughage sources tested (Chatterjee et.al., 2006). Therefore proper selection of roughage source
in the ration of ruminant may help in reducing methane production.

Proper forage species and stage of growth: The methane production in rumine increase with maturity of forage, and legume forages in general produce lower methane than from grass forages
(McAllister et.al., 1996; Moss et.al., 2000). The lower CH4 loss observed with legumes compared to
grasses can be attributed to the lower proportion of structural carbohydrates in legumes and faster
rate of passage that shift the fermentation pattern towards higher propionate production (Johnson
and Johnson, 1995). Different proportions of berseem (Singh and Mohini, 1999), maize and concentrate mixture (Singhal and Mohini, 2006) with wheat straw decreased CH4 production in vitro.

Supplementation of limiting nutrients: Management of the hydrogen production in the rumen is
the most critical factor for the development of strategies for the control of methane emissions (Joblin,
1999). The methane emission to an extent may be reduced by inhibiting hydrogen liberating reactions or by promoting alternative hydrogen using reactions or routes during process of fermentation
(Boadi et.al., 2004).
The process of fermentation of fibrous material in rumen, both nature and rate of fermentation,
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influences the proportion of individual VFA production and gases produced in the rumen. Johnson
et.al., (1996) reported that fermentation of cell wall carbohydrates produces more methane than
fermentation of soluble sugars. This is a consequence of decreased rates of ruminal fermentation
and passage out of the rumen that favour a higher A: P ratio. High grain diets are associated with
high rates of ruminal digestion and passage that favour higher propionic acid production. Therefore
optimization of ruminant diet to match production level is likely to reduce methane production and
must take into account the level of production and its importance.
The ruminant diets normally contain very limited amount of oils. Oils are rich source of energy and
contain anti-fibrolytic, anti-microbial activity and therefore oils are not fed to ruminants beyond a
certain level. Use of oil cakes is very much prevalent in different parts of India particularly at the time
low quality feed and fodder is offered to productive livestock during summer. Since oil cakes are a
better source of feed ingredients and increase energy content and act as rumen modifier, there
feeding help to sustain production during stress period. In vitro methanogenesis studies on substrate of wheat straw and oil cake in the ratio of 75:25, respectively, indicated that gas production is
lowest in castor bean cake and highest in soya bean cake (Kumar et.al., 2007). The methane
production was observed to be highest with soybean cake followed by cotton seed cake, groundnut
cake, mustard seed cake, castor bean cake and karanj cake. The feed with soybean cake showed
significantly higher number of holotrichs in comparison to the other groups. Castor bean cake and
karanj cake inhibited methanogenesis significantly, but these two oil cakes also affected IVDMD of
feed adversely, which might be due to the presence of anti-nutritional factors.

Complete feed blocks / Total mixed rations: Feeding complete feed blocks comprising 70 percent
roughage and 30 per cent concentrate ingredients could be an alternate approach as it ensures
nutrient balancing leading to better productivity and lowering methane production by 10 per cent.
Similar effects have been observed when animals are provided total mixed rations blended with
roughage and concentrate feeds. This approach could be best suited under our conditions as it
helps in better utilization of unconventional feeds, reduces wastage and helps in lowering methane
production.

Use of plant secondary metabolites: Plant secondary metabolites (PSM) such as saponins, tannins,
essential oils and many other metabolites have potential to inhibit methane production in rumen
ecosystem by affecting rumen microbes. Besides inhibition of methane production, many of these
plant metabolites have been demonstrated to modulate rumen fermentation favourably and improve production. Of the several PSM in plants, tannins, saponins and essential oils are some of the
most common and most abundantly present and likely to modify rumen fermentation and feed efficiency. These plant metabolites may be potentially used either through feeding plant parts rich in
required metabolite or feeding the extracts of such plant parts at proper stage of growth.
The beneficial effects of plant extracts are due to synergistic and/or antagonistic interactions of
several secondary metabolites acting at single or multiple target sites (Cordell, 2000). The potential
benefits of using plant metabolites in livestock nutrition are: increased feed intake, increased growth
performance, improved feed efficiency, stimulation of digestion, reduced digestive disturbances,
methane inhibition, increased reductive acetogenesis and immune modulation.

Opportunities and challenges
Indian livestock sector due to large methane emissions offer great opportunity for carbon trading
and more than 190 million Ton/ year CO2 emissions can be capitalized. A reduction of enteric methane emission by 10% is capable of generating 2 million carbon credits/ annum (@ US$ 10/ ton)
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worth 20 million US$. Use of nitrogenous supplements need to be advocated to reduce methane
emissions (Leng, 1991) and improve animal productivity from Indian livestock (Upadhyay, 1996).
Indigenous Traditional Knowledge of farmers make use of oil seed based crop residues and oil
cakes with saponins and phenolic compounds to reduce methane emissions from lactating buffaloes and crossbred cattle producing higher quantity of methane compared to indigenous stock. A
perusal of total livestock production system with specific emphasis on enteric methane emissions
revealed that ITK practices are extensively used to reduce emissions from livestock. Indian farmers
have a great deal of Indigenous Technical Knowledge to address methane mitigation options. Some
of the ITK's related to livestock management can help in reduction of methane emissions and play
an important role in designing and implementing climate change adaptation and mitigation measures. Therefore, the ITK's used by Indian farmers must be fully recognized and valued. The active
involvement of farmers and use of traditional knowledge in scientific livestock production system will
help optimization of milk production in addition to reduction of methane emission per unit out put for
sustainability of livestock production system, poverty alleviation and food security.
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RETOOLING AGROMETEOROLOGY RESEARCH:
MANAGING FUTURE CHALLENGES
S M Virmani
Introduction
The closing decades of the last century witnessed a relatively stable period of agricultural growth.
But, in the last decade we have noted that the agricultural growth is on the decline. The projections
of the food demand relative to supply for the coming decades are deeply disquieting. The productivity of the staple food crops is either declining or is stagnating, particularly in on the highly productive
core food-bowls of India. As an example, the irrigated wheat and rice producing eco-regions of the
Indo-Gangetic plains are showing signs of fatigue. The green agriculture techniques which have so
successfully sustained our agricultural growth and food security and have ensured welfare of our
population, have, unfortunately became unduly dependant on the over-exploitation of our natural
resources. These have resulted in the harmful environment impacts. The Indian Council of Agricultural Research (ICAR) and the National Academy of Agricultural Sciences (NAAS) in a recent study
estimated for India from harmonized remotely sensed and ground observed data that some 120
million ha of arable soils and open forest lands are degraded. Out of this, about 84 mha are exposed
to erosion by water. These lands are losing over 10 tonnes of surface soil per ha per year. In fact, the
loss of plant nutrients by erosion exceeds the fertilizer nutrients applied per unit of cultivated land.
Professor M.S. Swaminathan in an article published in the Hindu of 20 December, 2010 has warned
that a global food crisis is in the offing. Proactive action is needed to meet the challenges of degrading land and environment, climate change, food (and water) insecurity, job-led future agricultural
growth and bridging the yield-gap (between crop yields harvested at the research station and the
farmer-level average yields). Professor Swaminathan further advocated: that there is an urgent
need to minimize the adverse impacts of unfavorable changes in climate and monsoon behaviour,
and we need to take steps to take full advantage by maximizing the benefits of favorable weather in
good rainfall years.

The way forward
Over the past one decade or so, it has been amply demonstrated and has been realized at all levels
of agricultural governance, that one approach available on the horizon, that can potentially, sustain
green-ever agriculture, in the times ahead is the large scale adoption of conservation agriculture
(CA). CA is characterized by four principles which are inter-linked in a mutually reinforcing manner.
These principles are: (1) no-till or minimal mechanical soil disturbance on a continuous basis (sometimes also referred to as zero-till or minimum tillage system) (2) in CA crops are either directly drilled
or broadcast at the soil surface with straw or stubbles of the previous crop/s (3) a permanent organic
matter soil cover, especially by crop residues, and (4) diversified crop rotations are the norm of land
use.
In places, where CA has been incorporated in farm technologies and related practices, the abiotic
stresses to crops have been reduced, the biological activity of the soil has been rebuilt, the use of
fertilizer has been optimized (and reduced in many cases), and natural resources have been better
conserved. The crop yields from diversified agriculture have been sustained and the need for energy (particularly for cultivating the land) has been substantially reduced.

Retooling needs of Agro-meteorological research
The sciences of meteorology (and climatology) are a part of earth sciences. These describe and
systematically present environmental information both in time and space to be used by a large
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variety of users. Climate has a pervasive impact on the performance of agriculture both in terms of
its sustainable production and maintenance of the quality of natural resource base and its use.
Climate therefore, has a production function and an environmental service function. And since the
needs of climate information (or weather) and its forecasts (both in real terms and its delivery to
users); linking of climate (and weather forecasts) to crop production and length (and quality) of the
growing season and for farmers to make informed cropping decisions have increased. The increased
use of crop-simulation-models as agricultural risk management tools has substantially shown their
value. Therefore, the retooling needs of agrometeorological observations and their importance in
advancing conservation agriculture have critically increased. Some areas of immediate concern
and importance are described here:

First: Weather (and climate) must be treated as a natural resource and climate information should
be used as a decision-tool. Enlarged and measured data on temperature, wind profile, solar radiation, dew-point, soil moisture are needed on a much shorter term basis. As an example, wind data
(for use as renewal resource) is needed on 15 min intervals upto a height of atleast 20 meters or
more on a continuous basis for all the year. Solar radiation data are similarly needed not only to run
the crop models but also to harness solar energy for the production of power. Temperature data are
needed to calculate degree-days for running crop models and in measuring diurnal temperature
variations. Therefore,

• The network of automatic weather stations must be enlarged;
• Data must be stored in data-loggers attached to a computer systems;
• Soil climate and soil moisture data should be measured (upto 2-m depth). It could be observed
remotely (in cooperation with space agencies, and
Rain data must be observed at shorter spatial intervals by placing automatic rain gauges which
transmit rainfall data to central computers via cell phones (also called as telemetric rain gauges).
Further, currently end-users of weather data encounter difficulties in understanding the relevance of
data to their particular enterprise. The data must be transformed into information, especially the
nature of uncertainty. Users' generally are not familiar with the distinction between weather and
climate forecasts. Therefore, a complete renewal and recast of agro-meteorological observations is
needed to meet the requirements of conservation agriculture in the climate change era and to measure carbon foot-print.

Second: in order to speed-up adaptation of conservation agricultural practices, soil temperatures
at the surface of the soil and upto 15 cm depths, cm by cm, would be required under continuously
untilled lands. Soil moisture measurements, at the same time, would be needed. Temperature and
moisture determine the rate of CO2 or methane release, which are related to soil quality and global
warming, and also for the depth of seed placement. Therefore, capacity building of agro-meteorologists on the one hand and the provision of sensitive instrumentation on the other are needed to
measure temperature (by thermocouples) and soil atmosphere samplers and analyzers to meet the
climate research and development needs.

Third: the agro-meteorologists should be able to guide the farmers and society at large on the
actions to be taken to minimize the adverse impacts of unfavourable changes in weather (and
climate) and monsoon behaviour. Professor Swaminathan suggests that we should establish 'Climate Risk Management Code' for each of the agroclimate subdivisions. This code should define
alternative land use patterns to suit different weather probabilities based on historical climate data.
Similarly, a 'Good Climate Weather Management Code' should be prepared to maximally use the
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rain water and favourable environment for crop production., Professor Swaminathan further suggests that agro-meteorologists should work as 'Climate Risk Managers' and educate the farmers
and farm level workers in the science and art of climate change adaptation and mitigation so that the
crop yields are sustained at higher levels and the conservation agriculture practices are progressively adopted.
Finally, the agro-meteorologists should keep a track of the proposed National Monsoon Mission
which will be taken up with the participation of the scientists from the United States of America. The
expertise of the US scientists, Professor Swamnathan says, will certainly help to refine the prediction of weather as well as the status of crops. Meteorological vigilance particularly for the rainfed –
dryland regions can provide early warning for initiating proactive measure to sustain our food and
water security. The task for agro meteorologists is well cut-out in the years to come – let's rise to the
occasion.
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CROP INSURANCE AS SAFETY-NET FOR CLIMATE RISKS
K N Rao
Introduction
Agriculture in India despite its relatively diminishing contribution to Gross Domestic Product (GDP),
accounts for over 50 percent of employment, and sustains close to 70 percent of the population. In
addition to satisfying all the food and nutritional requirements of the nation, agriculture also provides
important raw materials to some major industries and accounts for significant share of total exports.
Another feature of the Indian agriculture sector is the large number of small sized landholdings. Of
the estimated total 120 million farm-holdings, 63 per cent of farm-holdings were less than one hectare in size, with average holding size of merely 0.4 hectares. As a consequence, the performance of
agriculture in the near future will be crucial not only for the Indian farmers and the Indian agribusiness
entities, but also for the Indian economy as a whole.

Climate of India and Climate Variability
The India Meteorological Department (IMD) was established as a National agency in 1875 merging
various provincial meteorological services which existed in the 19th century. However, instrumental
data and records for a few stations in India existed since 18th century. Basically, the climate of India
is dominated by the South-West Monsoon (June to September), and accounts for nearly 3/4th of the
annual rainfall received in the country (IMD). Floods and droughts over India are the two aspects of
the weather associated with the abundance or deficit of monsoon rains. A large number of studies
are available on various aspects of floods and droughts, and one of the studies ranks the year 1918
as the worst drought year of the 20th century, a year when about 68.7 percent of the total area of the
country was affected by drought (De et.al., 2005 )
In India nearly 2/3rd of the land is rain-fed, and almost 20 percent of India's total land area is perennially drought prone. The Ganges-Brahmaputra and Indus river systems are highly prone to flooding. The magnitude of flooding has increased in recent decades, from approximately 19 million
hectares affected 50 years ago to 40 million hectares in 2003, about 12 percent of India's geographic area. Agriculture though faces risks including price risks, financial risks, institutional risks,
personal risks etc., production risk however is the most important one. Indian agriculture is often
and rightly termed as 'gamble of monsoon' and is characterized by high variability of production
outcomes. Many external and internal factors during crop cycle make it almost impossible for farmers to predict with certainty the amount of output that the production process will yield.
Agriculture sector is, thus subject to a lot many uncertainties. Uncertainty of crop yield is thus one of
the fundamental risks, which every farmer has to face, more or less, in all countries, whether developed, or developing. These risks are particularly high, in developing countries particularly in the
'tropics' as in most of these countries, the overwhelming majority of farmers are poor, with extremely
limited means and resources. Given these limitations, they cannot bear the risks of crop failure of a
disastrous nature.

Crop Insurance
Agriculture, particularly prone to systemic and co-variant risk, doesn't easily lend itself to insurance.
Lack of historical yield data, small sized farm holdings, low value crops and the relatively high cost
of insurance, have further made it more difficult to design, a workable crop insurance scheme (Rao
K N). Despite these constraints, India debated the feasibility of crop insurance schemes, since early
part of 20th century, and could settle for 'yield index' based crop insurance on a country-wide basis
since 1985. A brief evolution and present status of Indian crop insurance is presented below:
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Crop Insurance Evolution
(i) Program based on 'individual' approach (1972-1978): The first ever crop insurance program
started in 1972 on H-4 cotton in Gujarat, and was extended later, to few other crops & states. The
program by the time its wound up in 1978, covered nearly 3,110 farmers for a premium of Rs.454,000
and paid claims of Rs 37.90 lakhs.

(ii) Pilot Crop Insurance Scheme – PCIS (1979-1984): PCIS was introduced on the basis of
report of Prof. V.M. Dandekar and was based on the 'Homogeneous Area' approach. The scheme
covered food crops (cereals, millets & pulses), oilseeds, cotton, & potato; and was confined to
borrowing farmers on a voluntary basis. The scheme was implemented in 13 states and covered
about 627,000 farmers, for a premium of Rs 197 lakhs and paid indemnities of Rs 157 lakhs.

(iii) Comprehensive Crop Insurance Scheme – CCIS (1985-1999): The scheme was an
expansion of PCIS, and was made compulsory for borrowing farmers. Sum insured which was
initially 150 percent of the loan amount, reduced to lower to a maximum of Rs.10,000 per farmer.
Premium rates were 2 percent of the sum insured for cereals & millets and 1 percent for pulses &
oilseeds, with premium and claims, shared between the Centre & States, in 2:1 ratio. The scheme
when wound up in 1999, was implemented in 16 States & 2 Union Territories and cumulatively
covered about 763 lakh farmers, for a premium of Rs 403.56 crore and paid indemnities of Rs 2319
crore.

National Agriculture Insurance Scheme – NAIS (1999)
NAIS replaced CCIS starting from Rabi 1999-00 season, presently administered by Agriculture
Insurance Company of India Limited (AIC), that provides coverage to approximately 35 different
types of crops during the Kharif season and 30 during the Rabi season.
Till Rabi 2008-09, NAIS cumulatively covered 134.66 million farmers with cultivated area of 210.90
million hectares for a premium of Rs 4426 crore and paid / finalized indemnities of Rs 15230 crore.
The overall loss cost (indemnities to sum insured) stands at 10.27 percent. NAIS is the world's
largest area yield index insurance programme, which during 2009-10 insured about 24.5 million
farmers cultivating crop on over 35 million hectares for a sum insured of approx. Rs. 42,000 crore
(Source: Agriculture Insurance Company of India Limited).
NAIS though best suited for Indian conditions, but not without shortcomings. The most important
one is 'basis risk' as the area (insurance unit) is rarely homogenous. Presently efforts are made to
lower the size of the area in order to minimize the basis risk. As the index is based on yield, the
insurance cover primarily operates from 'sowing till harvesting', and for this reason pre-sowing and
post-harvest losses are not reflected in the yield index. Yet another challenge is the infrastructure
and manpower required to conduct over a million crop cutting experiments across the country to
estimate the yields of each specific crop in an area. The process also contributes to delay in settlement of indemnities as the yield estimates' compilation takes almost two to three months after the
harvest season. Moreover, yield index based insurance can be designed for only crops with at least
10 years' historical data at insurance unit level. Despite these shortcomings, area yield index is still
considered very important insurance programme in Indian conditions.
The government announced a pilot scheme on improved version of NAIS w.e.f. Rabi 2010-11 season for experimentation in 50 districts. The new version has to a large extent taken care of the
irritants in the existing NAIS. Some salient features are as follows:

•
•

Insurance unit for major crops is village panchayat or any other equivalent unit
In case of prevented / failed sowing, claims upto 25% of the sum insured is payable, while
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insurance cover for subsequent period gets terminated

•

Post harvest losses caused by cyclonic rains are assessed at farm level for the crop harvested
and left in 'cut & spread' condition upto a period of 2 weeks

•

Individual farm level assessment of losses in case of localized calamities, like hailstorm and
landslide

•

On-account payment up to 25% of likely claim as advance, for providing immediate relief to
farmers in case of severe calamities

•

Threshold yield to be based on average yield of past seven years, excluding upto two years of
declared natural calamities

•
•

Minimum indemnity level of 70% is available (instead of 60% as in NAIS)
Premium rates would be actuarial, supported by up-front subsidy in premium. Insurer would be
responsible for the claims liabilities

Weather Index Insurance
Weather index based insurance caught the imagination of the policy makers at the beginning of 21st
century, and international financial institutions like the World Bank encouraging the pilots in low
income countries where traditional crop insurance could not take off for various reasons, including
lack of historical yield or loss data. The basic purpose of 'weather index' insurance is to estimate the
percentage deviation in crop output due to adverse deviations in weather conditions. There are crop
modeling and statistical techniques to precisely workout the relationships between crop output and
weather parameters. This gives the linkage between the financial losses suffered by farmers due to
weather variations and also estimates the payouts that will be payable to them.
It’s worth mentioning that the pioneering work on weather index insurance commenced as far back
as 1912 by J.S. Chakravarthi, as a mechanism to compensate crop losses. It was between 1912
and 1920, Chakravarthi of Mysore State (India) published technical papers on the subject of 'Rainfall Insurance' and a book entitled 'Agricultural Insurance: A Practical Scheme Suited to Indian
Conditions', in 1920, describing how rainfall index could be used to guarantee payouts to farmers
due to adverse deviations. He used rainfall data from 1870 to 1914 from India Meteorological Department (IMD) to demonstrate the utility of the index. Surprisingly, this piece of pioneering work,
which is probably one of the earliest monographs on the subject, does not appear to have been
taken into account in the analytical literature on agricultural insurance (Mishra P K). It was some 85
years later that the policy makers of the modern world started advocating the very same index for
low income countries.

Weather Index – Key Advantages
One key advantage of the weather index based crop insurance is that the payouts could be made
faster, besides the fact that the insurance contract is more transparent and the transaction costs are
lower. Because index insurance uses objective, publicly available data it is less susceptible to moral
hazard (IRI, 2009). Most importantly there are many low income countries where no historical data
whatsoever is available, except weather data, affording an opportunity to try out some sort of index
insurance. There is now available a large amount of literature on weather index insurance, mostly
commissioned by the World Bank.
Thanks to the advocacy role played by the World Bank, many countries are piloting the weather
index based crop insurance. Countries like Mexico, India, Ukraine, Malawi, Ethiopia and China
have been piloting weather index based crop insurance for some years, while others like Tanzania,
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Nicaragua, Thailand, Kazkhastan, Senegal, Morocco, Bangladesh, Vietnam, Caribbean Islands the
weather index products are in development stage (Mahul & Barnett).

Weather Index – Indian Experience
Thanks to availability of historical weather data for a large number of locations, dependence of
agriculture on rains, and huge pool of scientific resources, India is in the fore-front of piloting different models of weather index insurance. The government realizing the need for encouraging the
pilot, supporting the programme since 2007 by providing financial support in terms of up-front subsidy in premium. Consequently private sector insurers, besides AIC have been running pilots in
various parts of the country. The weather parameters so far indexed include rainfall (deficit, excess,
dry-spell, wet-spell), temperature (minimum, maximum, mean), humidity, wind speed etc.

Pilot Weather Risk based Crop Insurance
In order to address some of the shortcomings of NAIS, Agriculture Insurance Company of India
(AIC) developed a pilot weather risk index-based insurance product in 2004. Building on the existing
weather risk insurance products, the Government asked AIC in 2007 to design the Weather riskBased Crop Insurance Scheme (WBCIS) as a pilot.
AIC through WBCIS, introduced a location-specific (Tehsil / Block) and crop-specific pilot on weather
risk index-based insurance product on rainfall outputs for the Kharif season, and a composite weather
risk index-based insurance like rise in temperature, un-seasonal rainfall, humidity, frost risks, etc.
during Rabi season, as a substitute for NAIS during 2007-08. AIC availed technical assistance from
Indian Agriculture Research Institute (IARI) to design weather risk insurance products on Crop
Growth Simulation Modeling platform. AIC has been using various dimensions of weather parameters, an illustration of it is shown below in Table.1.

AIC developed parametric weather risk based crop insurance for a variety of crops ranging from
seasonal to perennial crops and low value to high value crops. The details of the crops presently
covered under Weather risk Insurance by AIC are listed in Table. 2:
AIC during 2009-10 piloted weather index based crop insurance for over 35 different crops, insuring
1.98 million farmers with acreage of more than 2.68 million hectares for a sum insured of approx. Rs
4000 crore for a premium of Rs 355 crore (AIC's Provisional figures as of 31st March 2010). During
Kharif 2010 alone, Rs 4366 crore risk was insured covering 5.95 million hectares for a premium of
Rs 450 crore.

Weather Risk Insurance – Challenges
The two biggest weaknesses and challenges of the present weather risk index-based insurance
product are (i) Designing a proxy weather risk index with predictive capability to realistically mea-
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Table-2: Crops covered by AIC under Weather Risk Insurance

sure crop losses and (ii) Basis risk. Basis risk results if the actual experience of weather risk (rainfall) in the neighborhood significantly differ the data recorded at the weather station. The two aspects lead to compounding of the problem: both may not trigger a payout despite the occurrence of
damages at an individual farm, or these may trigger a payout when loss did not occur. The combined effect of the two challenges represents a significant barrier to the scale up of the product.
Nevertheless, weather risk index-based insurance performs well on data accuracy, transparency
and quick claims settlement, which are very attractive to both farmers and the reinsurance market.
Insurers have to find a way to offer a technically sound product that is, at the same time, simple and
easily accessible to farmers. Farmers must be able to understand the program sufficiently in order
to calculate claims and expect realistic payouts. The lack of benchmarking for weather risk indexbased insurance products further complicates its promotion and distribution for insurance companies willing to distribute the product. In addition to these constraints, price calculation, frequency of
payout, data calibration and subsidy are also aspects that need to be addressed for the diffusion of
weather risk index-based insurance.
AIC has found weather risk index-based insurance to be specifically useful for insuring crops that do
not have adequate historical yield data. Many of these crops do not lend themselves to ‘individualbased insurance' due to either low value or high complexity. Weather risk index-based insurance,
thus, can be part of an insurance program in which it is combined with an area yield index-based
insurance. That is, in a double-trigger relationship, weather risk index-based insurance provides a
trigger to release early payout with a provision that the balance payment se will be made against
final yield estimates. Additionally, weather risk index-based insurance can be an ideal alternative for
protecting a large portfolio at the macro level against drought or floods.
Ultimately, the success of weather risk insurance program in India will depend on: product design;
minimizing the basis risk; adopting reliable and sustainable pricing (including governmental subsidies); adequate product servicing; and, ensuring timely payouts. Weather risk insurance can neither
modify weather conditions, nor can it eliminate weather risk. However, it can certainly help manage
weather risks in a more efficient way, if designed and used appropriately.
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Catastrophic Insurance: Universal Coverage of Farmers
Despite over 25 years' of existence of country-wide crop insurance programme, only about 1/5th of
the farmers or cropped area could be insured. Only a minority of non-loanee (institutional 0nonborrowers) who constitute about 60% of the total farmers participate in crop insurance despite high
level of premium or claim subsidies. Moreover, there are many crops particularly vegetables & fruits
etc. for which insurance products are not available. At present, though there are provisions to extend relief to such farmers in case of catastrophic weather events or crop disasters, but the quantum
of such relief is largely ad-hoc, limited and subject to availability of funds. In order to protect the nonborrowing farmers from extreme financial distress and provide basic economic security, and other
farmers cultivating crops which do not have insurance products the Government can introduce
'Catastrophe Protection' or 'Non Insured Crop Loss Assistance' for farmers, drawing inputs from a
similar program in the USA. Box-1 gives details of such programs in USA:
Box-1: Catastrophic Risk Protection (CAT) and Non Insured Crop Disaster Assistance Program
(NAP) in USA

Catastrophe Risk Protection (CAT)
Catastrophe Risk Protection in USA is the lowest level of Multiple Peril Crop Insurance (MPCI)
coverage. Premiums for the CAT portion of all crop insurance policies are fully subsidized by
the Federal Government, although most farmers will pay an administrative fee for document
processing of approx. US $ 50. Farmers with limited resources may be eligible for a waiver of
the administrative fee for CAT coverage. Any crop insurance agent can assist producers in
determining if they are eligible for a fee waiver.
CAT is a 50/55 coverage, meaning the losses exceeding 50 percent are payable @ 55 percent. In other words, in the event of 100 percent of loss, CAT cover pays a maximum of 27.5
percent loss to the farmer (55 percent of 50 percent loss).

Non Insured Assistance Program (NAP)
NAP covers crops not insurable under typical crop insurance programs. These can be any
crops, including those for feed. The program protects against yield losses and prevented
plantings due to catastrophic events such as drought, excessive rain, floods, earthquakes,
and other adverse natural occurrences. Conditions related to these events such as fires or
insect problems are also covered by NAP. Producers, landowners, and tenants with shares
are eligible for the program. Protection is offered at the basic unit level.
NAP coverage pays an indemnity if the expected crop yield drops below 50 percent or where
the producer is prevented from planting more than 35 percent of the insured acreage. The
indemnity payment is calculated by multiplying the approved yield times the amount of production loss covered.
Such protection in India can also become an effective conduit for channelizing calamity and disaster
relief funds from central and state governments. By linking relief funds to Catastrophe Protection or
Crop Disaster Assistance, the benefit of such relief can be passed on to the targeted groups with
greater efficiencies and transparency.

Crop Insurance as Safety-net in Drought Mitigation Tool: Key Policy Directions
Crop insurance like any other insurance cannot prevent economic losses, but can certainly help the
farming community in reducing its financial losses. Crop insurance given the context of increasing
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uncertainties of climate has to play an important role as an integral part of overall risk management
of agricultural risks. Some key policy directions are outlined below towards making crop insurance
effective and meaningful:

Agriculture Risk Protection Act: Agriculture insurance is specialty insurance, and different from
traditional general insurance in many respects. As an illustration, agriculture insurance, particularly
crop insurance programme is conceived as a 'multiple-agency' approach in which Rural Financial
Institutions (RFIs), State government, Central government etc. are actively involved, with the government providing significant financial support. Moreover the programme is compulsory for loanee
farmers. The programme, thus is seen more as a social instrument of the government rather than a
commercial instrument. A programme of this nature and magnitude is unlikely to be effectively administered unless backed by a statute. It may be worthwhile to note that the countries like United
States of America, Canada, Spain, Japan, Philippines etc. where crop insurance is being used as an
integral part of 'agriculture risk management' a separate statute is in force, and facilitating smooth
implementation of the programme.
A number of countries also have clearly articulated their policy commitment through specific legislations for agricultural protection. It may be interesting to note that many countries in European Union
have specific guidelines delineating the role of agriculture insurance vis-à-vis ad-hoc and disaster
relief. The status w.r.t. a few countries in European Union is provided in the Box-2 below:
Box-2: European Union: Agriculture Risk Protection

Defining the role of Agriculture Insurance: Agriculture insurance has been used by the government as a tool of risk management though since 1985, its role vis-à-vis other risk management
tools, particularly (ad-hoc) 'relief' is not clear. Consequently there are many government programmes
operating almost with similar objectives, leading to duplicity and lack of accountability. It's time the
role of agriculture insurance is clearly defined, and possibly channelize a portion of the funds going
into agriculture sector using other programmes through agriculture insurance, This would on one
hand, avoid duplication and maximize value of the government's funds, and on the other, will also
help in minimizing the competition between agriculture insurance and government's (ad-hoc) relief.
It would be an important policy initiative if eligibility or access to the government's subsidies and
extension services in this sector is linked to participation in agriculture insurance.

Financial Literacy: Despite Agriculture insurance existing in the country for over 25 years, its
awareness levels are poor not only among the farmers, but also in the policy makers and key
government functionaries. Only a sustained capacity building for stakeholders and financial literacy
programme aimed at the farming community could help in understanding the merits of agriculture
insurance, which in-turn could help in increase in adoption rate of agriculture insurance.

Appropriate mix of Insurance Models: Experience of index based insurance products in India
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suggest that the various index products are not substitutes for each other, but largely complementary in nature. For example, between yield and weather index products, each have their strengths
and weaknesses. Yield index insurance provides nearly all-risk cover, where as weather index insurance quick and timely payouts. A combination of these indices like 'double trigger' or 'multiple
trigger' insurance products can bridge the 'gap' in indemnity and lower the basis risk.

Weather Station Density: India Meteorological Department (IMD) though rapidly increasing its
network of weather stations, it would not be adequate to meet the growing demands of weather
insurance. For weather insurance to be effective and realistic, a rain gauge should be placed for
every 5 km radius. Similarly a weather station for every 10 KM radius. This would require about
35,000 rain gauges and 10,000 weather stations to cover the country. Given the enormity of task, it
may be good idea to bring all public and private weather stations on a 'weather grid'. However its
equally important to ensure that the equipment is sound and required levels of security and accuracy of data is maintained before allowing a particular weather station on to a 'weather grid'. This
would help in public-private investment in the sector while meeting the requirements.

Technology: Technology is expected to play a crucial role in creating a robust decision support
system to increase the adaptability of agriculture insurance and to mitigate the risk. The main technologies would involve satellite imagery to estimate yields, provide early warning on crop loss minimization measures and weather & disease forecasts, etc. In other words, these technologies have
to play an important role in increasing the adaptability of agriculture to the changing profile of agricultural risks.

Incentives for Sustainable Agriculture Practices: While subsidies are must in agriculture insurance, it would be equally important to build risk management stipulations and incentives into the
programme for sustainable agricultural practices, like integrated pest management, low Green House
Gases (GH) crops, etc.Annexure 1
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WEATHER-BASED INSURANCE IN AGRICULTURE AND ALLIED
SECTORS
R P Samui
Introduction
Climate is the most important single factor in crop production and determines the appropriate timing
for important agricultural operations like sowing, transplanting, irrigation, fertilizer application and
use of pesticides. Climate variability in recent past and also in future in the context of climate change
has posed many challenges to the farming community.
Rainfed agriculture is often characterized by high variability of production outcomes i.e., production
risk. Agricultural risks are related to natural disasters and are widespread. Those are neither completely independent nor correlated with any of the discernible events. It is absolutely necessary to
manage such risks if impossible to mitigate them. Rainfed agricultural production totally depends
upon monsoon performance. Therefore, bad weather condition and some natural disasters also
affect the agricultural production.
Though farmers are perceived to know their risks better than the Government or other institutions,
it is surprising that both farmers and decision makers tend to underestimate the risk of agriculture
especially due to unpredictability of the nature's adversity. Insurance is a means of financially managing device for protection against probable hazard and its associated losses. Crop insurance is
one of the special forms of non-life insurance. There are mainly two forms of crop insurances viz.
crop-yield insurance and crop revenue insurance. Crop insurance safeguards the farmers to protect the agricultural products from future losses due to the occurrences of disasters. Agriculture
Insurance Company of India Limited (AIC) currently offers area based and weather based crop
insurance programs in almost 500 districts of India. It covers almost 20 million farmers, making it
one of the biggest crop insurers in the world. The Indian government's most recent crop insurance
scheme, viz., the National Agriculture Insurance Scheme (NAIS), has been implemented since the
Rabi season of 1999-2000. The most prominent shortcomings of previous crop insurance schemes
were that of 'group insurance schemes' aimed at farmers taking crop loans from banks and the risk
were shared among Central Government, State Governments and the General Insurance Corporation, which has its own limitations. Twenty-two states/union territories participated in the Centre for
Comparative Immigration Studies (CCIS), while only 16 are participating in the NAIS.

Weather based crop insurance
Weather Based Crop Insurance Scheme (WBCIS) is a unique weather based insurance product
designed to provide insurance protection against losses in crop yield resulting from adverse weather
incidences. Weather Based Crop Insurance aimed to be used as hedging instrument against any
vulnerability of crops or any other damage incurred in agricultural activities due to erratic and irregular weather. It is also denoted as 'weather based index insurance' and 'weather event insurance'. In
provides payout against adverse rainfall incidence (both deficit and excess) during kharif and adverse weather like frost, heat, relative humidity, un-seasonal rains etc during rabi season. It is also
denoted as 'weather based index insurance' or 'weather event insurance'. 'Rainfall contracts' are an
example of weather insurance. Rain fall is relatively simple to monitor and the history of rainfall in
most areas is well known and farmers would be compensated if the rainfall in an area would go
below or above a benchmark level, with varying levels of payment depending upon the level of
rainfall. However, the benefits are significant, including reduction of moral hazard, adverse selection
and transaction costs (Skees, 2000).
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Weather insurance products are new to India and success of these products depends on close
network of weather stations which can capture/record weather data at a micro level. Satellite imagery of Normalized Difference Vegetation Index (NDVI) data can be used to assess crop growth
stages, stress due to moisture, pest and diseases attack, etc. and possible loss in production during
harvest. NDVI coupled with weather data can be used to offer insurance cover for various crops.
The insurance is linked to biomass triggers. Trigger events could be measured using modern technologies like satellite imagery from remote sensing technology which are accurate and could be
independently verified and measured. It allows for speedy settlement of indemnities even before the
crop is ready for harvesting (Singh, 2010). However, this requires substantial research and demands collaboration amongst interdisciplinary institutions, insurance companies and other organizations functioning in this domain.
In India, hundreds of small farm holders stated to be showing interests in buying insurance policies
that protect them against extreme changes in weather patterns. Many insurers have agreed to
reinsure weather elements especially rainfall insurance portfolio. The schemes are based on the
reliable models acceptable to strike a deal in international reinsurance markets, in itself doubtlessly
speaks on the potential for weather insurance around the world. A recent survey highlights that
farmers understand and appreciate the structure of the insurance policy as it directly reflects their
experience that the distribution of rain throughout the season, sudden large variability of weather
elements and occurrence of extreme weather events matter a lot for the yield.
AIC introduced rainfall insurance known as “Varsha Bima” which came into effect on June 1, 2005.
For the first time, the Government had come out with weather insurance in the form of rainfall
insurance. The scheme offers farmers quick compensation and it aims to be a buffer against 'erratic
rainfall and crop failures'. Varsha Bima 2005 aimed to insure the kharif crop against rainfall inadequacies in 142 rain gauge districts in 10 Indian states - Andhra Pradesh, Karnataka, Chhattisgarh,
Gujarat, Madhya Pradesh, Maharashtra, Orissa, Tamil Nadu, Uttaranchal and Uttar Pradesh. AIC
has also introduced weather insurance pilots on wheat insurance, mango insurance and coffee
insurance during 2005-06. For the year 2009-10 as many as 27 million farmers growing crops over
38 million hectares were insured under various crop insurance programs of AIC (Golait et.al., 2008).
It is often considered that 'weather insurance' is same as the 'crop insurance' and weather insurance is only based on the 'rain fall index'. However, rainfall index is one of the parameters required
for measuring the overall weather impact on the agriculture and weather insurance includes other
parameters such as temperature, high wind speed, frost, hail etc.

Characteristics of weather based crop insurance
The weather based insurance schemes are quite easy to administer as claim payment is triggered
by more transparent, objective and scientifically determined weather parameters. It provides greater
scope of flexibility in terms of indemnity level and coverage also. It is less costly and gives high level
of comforts to clients. The clients from their own age old experience try to understand better risk
factors as well as payout structure. That is the reason why the claim settlement is relatively hasslefree process, which the beneficiary considers as the most important advantage as he is not required
to file a claim for losses. The concept of index-based contracts for the broad-based 'natural disasters' in place of crop insurance has been recently introduced. Farmers would purchase a contract
and be compensated when a certain event or natural disaster occurs or with the failure of monsoon,
rainfall below or above the required level.

Advantages of WBCIS
Weather based crop insurance scheme has many advantages which make it beneficial for cultivators in their production risk management such as :
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•

Trigger events like adverse weather can be independently verified and measured based on
observation.

•
•

It allows speedy settlement of claims.

•
•

Government provides subsidy in premium thus making it affordable.

•
•

Insured is not required to submit claim form or other documents as proof for loss.

WBCIS is inexpensive and easy to operate, since very few agencies would be involved in
monitoring and implementation.
It provides transparent, fully objective, efficient and direct payouts for adverse weather incidences. This is unlike regular insurance, which would only cover physical damage and production
loss.
Since the weather data decides the compensation the insured is willing to put extra efforts for
getting better yield of crop.

•

Insurance generally pays based on actual damages while weather insurance pay based on the
difference between a negotiated “strike price” and the actual weather experienced during different
growth stages.
In introducing the weather based crop insurance, the private banks such as KBS Bank and ICICI
Lombard opted for a weighted and capped rainfall index, which means that the maximum rainfall
counted per sub-period is limited to 200 mm and that more critical periods for plant growth are
weighted more heavily than others. It is even more interesting and startling to note that a survey on
the farmers' opinion revealed that the farmers were stated to have well aware of the rainfall-based
index, nature of the contracts and the associated risk. Nevertheless, the farmers seem to value the
quick payout of the rainfall policy.

Seasonality discipline could vary from State to State as recommended by AIC and adopted by
State level Coordination Committee i\on Crop Insurance (SLCCCI). The broad cut-off dates are
indicated in table 3.
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Premium sharing & subsidy
Reference Unit Area
Weather Based Crop Insurance Scheme (WBCIS) operates on the concept of area approach. That
is, for the purposes of compensation, a 'Reference Unit Area (RUA)' is deemed to be a homogeneous unit of Insurance. The RUA is notified before the commencement of Kharif season by the
State Government and all the insured cultivators of a particular insured crop in that area are deemed
at on par in the assessment of claims. Each RUA is linked to a Reference Weather Station (RWS),
on the basis of which current weather data and the claims would be processed. Adverse weather
incidences during the season entitle the insured a payout, subject to the weather triggers defined in
the 'Payout Structure' and the terms and conditions of the scheme.
For Rabi season the weather triggers are broadly fixed to capture the adverse incidence of weather
parameters on yield. Claims arise when there is a certain adverse deviation in actual weather parameter incidence in RUA as per the weather data measured at RWS. The actual may be more or
less than compared to what has been specified in the Benefit Table leading to crop losses. In such
case all the insured cultivators under a particular crop are deemed to have suffered the same
adverse deviation and become eligible for claim subject to terms and conditions of the scheme. The
claim settlement is automatic process based on weather readings at the RWS. Insured cultivators
are not required to make a claim. In a given RUA the payout given per unit area is the same for all
cultivators under the same RWS. Weather insurance payouts are assured within 45 days from the
end of insurance period. For traditional crops where payout is linked to yield estimates claim processing may take more time (Singh, 2010).

Sum Insured
The amount of insurance protection is broadly the cost of inputs expected to be incurred by the
insured in raising the crop. Sum insured is pre-declared per unit area by AIC at the beginning of
each crop season in consultation with the experts in state government, and it may be different for
different crops in different RUA. Sum insured is further distributed under key weather parameters
used in the insurance in proportion to the relative importance of the weather parameters. For a
loanee the sum insured per crop is calculated by multiplying per unit area value of inputs with crop
specific acreage declared in the loan application form by the loanee cultivator for the purpose of
maximum borrowing limit fixed for him by the lending bank. For the non-loanee the acreage figure is
the expected area sown / planted under the particular crop as declared in the insurance proposal
form.
Of the full premium, only a part shall be payable by the insured cultivator and the balance shall be
borne by the Central Government and State Government on 50:50 basis and paid up-front to AIC as
premium subsidy. It may be mentioned that, as far as AIC is concerned, risk incepts only upon
receiving of FULL PREMIUM by it as detailed hereunder (Table 4).
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Weather based crop insurance scheme (WBCIS) illustration of payout structure
[This illustration is only indicative]
State: Karnataka:: district: Haveri :: Hobli: Haveri
Crop: groundnut
Deficit Rainfall:
Triggers have been fixed keeping in mind the moisture/water requirement of a particular crop to
produce a normal yield. For Groundnut, the four key crop- stages identified are: (i) sowing and
germination; (ii) vegetative phase; (iii) flowering and pegging; and (iv) pod formation & maturity.
Sum insured for deficit rainfall (i.e. the maximum pay-out) has been distributed over the four key
crop-stages keeping in mind the relative importance of each stage.
Table 5 shows the crop-stage and corresponding calendar period, Weather-Trigger (i.e. the minimum amount of Rainfall below which Pay-out starts), Exit (Rainfall at which full Pay-out is given).

Table. 5. Pay-out for each mm of rainfall below the Trigger and the maximum Pay-out for each cropstage
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The Pay-out under “Vegetative phase” is the average of the 2 fortnights between 1st July and 31st
July.
Similarly, the Pay-out under “Flowering & Pod formation” phase is the average of the 2 fortnights
between 1st to 31st August.
The Maximum Pay-out under “Deficit Rainfall” is Rs. 11000 per hectare.

Excess Rainfall
An excess rainfall event takes into account the occurrence of rainfall magnitude that to detrimental
for the crop during a particular crop-stage. The insurance considers two-day rainfall during the key
crop growth stages. For Groundnut, the two key crop- stages identified with respect to excess
rainfall are (i) flowering and pegging and (ii) pod formation and maturity.
Triggers (2-days excess rainfall) have been fixed separately for each of the 2 crop-stages. These
are 200 mm & 150 mm for the “flowering and pegging” and “Pod Formation & Maturity” respectively.
Maximum Pay-out under excess rainfall is fixed at Rs. 4000 per acre. The details of Pay-out are
given in the Table 6.
Table . 6. Payout structure

Total sum insured - Rs. 15000 per ha
Premium rate - 12.22%
Total premium - Rs. 1833 per ha
The term sheet for weather Index insurance is illustrated in Table. 7.
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Thus, index-based weather risk insurance contracts in agriculture have emerged as an alternative
to traditional crop insurance. They are linked to the underlying weather risk defined as an index
based on historical weather data and crop damages. As it is objectively measured and is the same
for all farmers, the problem of adverse selection is minimized. Weather-indexed insurance can help
farmers protect their overall income, improve their risk profile enhancing access to bank credit and
hence reduce overall vulnerability.
Some of pilot schemes and delivery models operated in India are:

• ICICI Lombard pilot scheme for groundnut in Andhra Pradesh
• ICICI Lomabrd loan portfolio insurance
• KBS pilot scheme for soya farmers in Ujjain
• Rajasthan government insurance for orange crop
• IFFCO-TOKIO monsoon insurance
• AIC Varsha Bima Yojana (rainfall insurance scheme)
• AIC Sooka Suraksha Kavach (drought protection shield)
• AIC coffee rainfall index and area yield insurance
Conclusion
Extreme weather events like storms, floods, long and frequent dry spells and droughts are increasing worldwide. There is increasing evidence that global warming has influenced the increasing trend
of hazardous weather events and will cause more frequent such extreme weather in future. Agriculture is especially vulnerable to the changing weather patterns, specially the extreme weather if no
adaptation measures are taken (new seeds varieties, state-of-art production techniques). Proper
insurance systems would help farmers to cope with the increasing chance of their losses. The
performance and successful story of the KSB in the selected districts of Andhra Pradesh and
Karnataka can be replicated in other parts of the country. Weather based insurance provides a long
term sustainable solution, a market-based alternative to traditional crop insurance, which overcomes challenges of high monitoring and administrative cost as well as moral hazard and adverse
selection. Its transparency replaces human subjective assessment with objective weather parameter. It is a scientific way of designing product with simple terms of insurance delivery and speedy
claims settlement process. In any case weather insurance seems to be superior, transparent broad
based and easy to operate.
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LOCAL SOLUTIONS TO COPE WITH CLIMATE CHANGE EFFECTS ON RAINFED AGRICULTURE: INNOVATIVE NRM INTERVENTIONS
Sreenath Dixit & B. Venkateswarlu
Introduction
Around 2200 BC, a shift in the Mediterranean westerly winds occurred and it resulted in a reduc tion
in the Indian monsoon leading to three centuries of lower rainfall and colder temperatures. This
phenomenon hit agriculture from the Aegean Sea to the Indus River. This change in climate brought
down Egypt's pyramid-building Old Kingdom and Sargon the Great's empire in Mesopotamia (Weiss,
and Bradley, 2001). After only a few decades of lower racities lining the northern reaches of the
Euphrates, the breadbasket for the Akkadians, were deserted. At the city of Tell Leilan on the northern Euphrates, a monument was halted half-built. (Ristvet and Weiss, 2000). With the city abandoned, a thick layer of wind-blown dirt covered the ruins for ensuring exciting job for the future
archeologists! Even intensively irrigated southern Meso-potamia, which boasted of one of the most
sophisticated bureaucracies of its time, could not react fast enough to the new conditions. Without
the shipments of rainfed grain from the north, and faced with parched irrigation ditches and migrants
from the devastated northern cities, the empire collapsed.
Societies have always depended on the climate but are only now coming to grips with the fact that
the climate depends on their actions. The steep increase in green-house gases since the Industrial
Revolution has transformed the relationship between people and the environment. The fact that
climate and development affect each other has come to be known widely during recent times. Left
unmanaged, climate change will reverse development progress and compromise the well-being of
current and future generations. It is certain that the earth will get warmer on average, at unprecedented speed. Impacts will be felt everywhere, but much of the damage will be in developing
countries. Millions of people from Bangladesh to Florida will suffer as the sea level rises, inundating
settlements and contaminating freshwater. Greater rainfall variability and more severe droughts in
semiarid Asia and Africa will hinder efforts to enhance food security and combat malnourishment.
The hastening disappearance of the Himalayan and Andeanglaciers, which regulate river flow, generate hydro-power, and supply clean water for over a billion of people on farms and in cities- will
threaten rural livelihoods and major food markets.
Increasing people's opportunities and material wellbeing without undermining the sustainability of
development is still the main challenge for larger part of the world, as a severe financial and economic crisis wreaks havoc across the globe. Stabilizing the financial markets and protecting the real
economy, labor markets, and vulnerable groups are the immediate priority. But can the civilization
use this moment of crisis as an opportunity for better cooperation among societies and tackle the
rest of development's problems. Among them, and a top priority, is climate change.

Acting Locally: An intelligent option for the divided world
The recent failure of Copenhagen Climate Change Summit is only a symptom of the deep divide
among the international community. No path-breaking outcome can be expected from a world so
divided. The need of the hour, hence, is not to wait for miracles to happen, but to act locally, intelligently and consistently. For, small and consistent efforts bring big and lasting change. The most
important primary industry that sustains the world is agriculture and its allied sectors. It is this sector,
which has the potential that largely decides the future of human civilization. It can make or break the
very existence of humanity depending on how the communities engage in this sector and conduct
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themselves during these testing times. There are plenty of opportunities here, if only one took them
seriously. This article brings forth just one such bright opportunity in rainfed agriculture, where water
is going to be a serious limiting factor as a climate change impact.

Enhancing rainwater use efficiency: Key to Sustainable Production
Water is crucial to the very existence of life, more so in arid and semi-arid ecosystems where rain is
the only source of water for agriculture, and human and livestock consumption. With climate change
having become a reality, the management of rainwater as a resource for agriculture and livestock
production is proving to be very challenging. One of the prominent symptoms of climate change has
been frequent high intensity rains interspersed with long spells of droughts. The Meteorology Department has recorded increasingly higher number of such events in the last decade as against
previous ones. Extreme weather events like these have caused havoc in the fragile rainfed ecosystem. In parts of the dry Anantapur district of Andhra Pradesh for instance, during the year 2008, a
high intensity rainfall of 114 mm (more than a fifth of its average annual rainfall of 500 mm) occurred
in fewer than 3 h after a prolonged drought spell of over 25 days. This event devastated groundnut,
the only profitable commercial crop of this region, causing heavy economic losses. Such events are
being increasingly reported from across the rainfed regions in the recent years. The consequences
of such events may vary anywhere from loss of livelihood and agrarian unrest to farmer suicides.
The sustainability of rainfed agriculture therefore depends upon managing drastic changes in weather
patterns by local adaptations, which need consistent policy and institutional support.

Institutional and Policy support for Local Adaptations
National Agricultural Innovation Project implemented by the Central Research Institute for Dryland
Agriculture (CRIDA-an institute of the Natural Resource Management division, Indian council of
Agricultural Research) lays vital emphasis rainwater management in the 8 drought-prone districts of
Andhra Pradesh. In each of these districts a cluster of villages is selected as an action research field
laboratory. Each cluster represents a unique agro-ecology with opportunities for rainwater harvesting and its efficient use. The rainfall ranges in these clusters from just around 500 mm (in Pampanur
cluster Ananthapur) to over 1100 mm (Thummalacheruvu cluster Khammam). Similarly, soil types
vary too, from deep black soils (Seethagondi, Adilabad) to medium and shallow red soils (Pampanur,
Ananthapur). Hence, the runoff and infiltration rate and therefore the rainwater harvesting potential
also vary. The overall strategy for harvesting runoff and using the same has been thus: in farm
ponds and tanks in high rainfall black soil areas while allowing the runoff harvested in percolation
ponds, trench cum bunds and continuous contour trenches (CCTs) to infiltrate and recharge groundwater resources in shallow red soils.
The Seethagondi cluster of villages in the tribal Adilabad district is blessed with fairly high rainfall
(above 1000 mm) and deep black soils. Besides these, the undulated topography in this area provides ideal opportunity for harvesting the runoff to tiding over brief spells of drought during cropping
season. The technical and economic feasibilities of runoff harvesting through farm ponds for profitable crop production and diversification was amply proved over two years (2007 to 2009). Emphasis is also being laid on upscaling farm ponds through convergence with MGNREGS as an option
for enhancing productivity (Box-1).
The Pampanur cluster of Anantapur being very arid prefers to harvest rainwater through percolation
ponds and recharge groundwater, as it is not feasible to store it in the porous red soils of this region.
The groundwater is then judiciously used through sprinklers and drip irrigation systems, which have
been deployed across the cluster by converging with development programmes such as Andhra
Pradesh Micro Irrigation Project (APMIP) and National Horticulture Mission (NHM). Besides, the
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custom hiring centers at Pampanur and Y.Kothapalli have been equipped with sufficient sprinkler
sets and pipelines. Farmers hire the sprinkler sets and pay user fee to a committee of fellow farmers
(called salaha samiti meaning advisory committee). The amount thus collected is used for maintenance and repair expenses of the equipment.
In B.Yerragudi cluster of Kadapa district in the dry Rayalaseem region, attempts are on to augment
water availability through de-silting of the Gajulakunta tank near Konampeta village. This work was
undertaken in convergence with MGNREGS in which the participation of the households of the
clusters was ensured. The de-silting initiative was moved by the project staff after the villagers
expressed the need for increasing the volume of the silted up tank. The project team assisted the
villagers with systematic survey and a detailed estimate of the work which helped them to approach
the District Water Mangement Agency (DWMA), the nodal agency for implementing the scheme
with a concrete proposal. The community is now feels empowered to articulate and interface with
MGNREGS and get assets created for the village common good. Says a small farmer Veeranna,
'We knew that the Government is spending a lot of money to help us, but we were unable to get that
and use for creating good facilities for our villages'.
Thummalacheruvu cluster of Khammam district has unique features. The rainfall is around 1100
mm and the topography is undulated with good forest cover. There are a number of tanks across the
villages, which cater to the needs of the farmers. However, a long-standing demand of Bheemavaram
was to have an aqueduct constructed across the Bandlavagu cheruvu (tank) so that the spill away
water could be effectively used for irrigating an additional 120 acres. This dream was realized when
the Bandlavagu aqueduct work was executed by empowering the local Rythu Mithra (farmer friends)
group to construct the aqueduct (see Box-2).
Jamisthapur cluster of Mahbubnagar is highly drought-prone with an average annual rainfall of just
around 600 mm. The soils are shallow and gravelly with poor water holding capacity. The rainwater
harvesting strategy here comprised digging a series of percolation ponds, trench cum bunds and
repair of old check dams and other water harvesting structures. Besides, promotion of nursery and
plantation activities to green the barren hillocks in the ridge area was pursued. An old leaking check
dam, was not able to arrest the runoff for recharging groundwater, was repaired at a small cost of
Rs.38,000/- with people contributing their labour towards the repair. Trench cum bund was dug in
the ridge area to a length of over 5200 m spending about 670 man-days and planting of tree species
was taken up along the bunds. Two percolation tanks were dug in the cluster to enhance groundwater resources. Local youth have been trained to monitor the groundwater level periodically so that
the community knows for itself the relation among rainfall, conservation measures and groundwater
recharge. The custom hiring center here also is equipped with sprinklers for efficient use of groundwater. The farmers are being motivated to go for irrigated-dry crops in place of paddy during rabi
season for enhancing water productivty. Zero till maize is being promoted in paddy fallows by careful training and capacity building activities.
Dupahad cluster, Nalgonda is one of the most drought-prone areas of Andhra Pradesh. The groundwater resources are meager and soils are porous and shallow. Agriculture for ages here was dependent on water harvesting structures like tanks and open wells. However, the tanks are highly silted
up while the open wells are dry as a result of breakdown of people's institutions and indiscriminate
digging of bore wells. A two-pronged strategy was adopted to augment water resource in the cluster.
As first approach, the Jalamalakunta (kunta meaning tank) was de-silted by mobilizing people's
participation under MGNREGS. A detailed survey and the estimate of the work was carried out by
the project staff and the village community was encouraged to submit the same for including the
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work in the shelf of works of MGNREGS. An amount of Rs.2.5 lakh amounting to 2500 man-days
was sanctioned for completing this work. The work was taken up during the summer of 2009. Though
there was severe drought during kharif 2009, the rains at the end of the season helped harvest
some runoff, which in turn has pushed the water table up in this land of parched fields and dried up
wells. In the second strategy, after a detailed topo-survey, out of about 50 abandoned dried up open
wells, five open wells were selected for recharging by using low cost techniques. The technique
involved diverting the runoff from a nearby waterway into a silt trap (a pit filled with loose pebbles)
and then leading the clear water into the open well through a PVC duct, the whole appendage
costing just around Rs 1500/-. The initial results have been encouraging, as farmers were able to
take up short duration vegetable crops by lifting the harvested water from the open wells.
An entirely different approach was adopted in the Ibrahimpur cluster of Rangareddy district, which is
abetting the peri-urban areas around the mega city of Hyderabad. The intervention involved increasing the use efficiency of available groundwater by networking six bore wells belonging to
different farmers and distributing the same to about 18 farmers (45 acres) with the help of sprinklers.
The detailed process of linking and networking the bore wells required more of social engineering
than irrigation engineering (Box-3).
Jaffergudem cluster, Warangal is progressive in terms of agricultural practices adopted by farmers.
However, the shallow and gravelly soils have poor water holding capacity and need protective irrigation support for better productivity. Thus, the farmers resort to groundwater for irrigation support.
The strategy for rainwater harvesting and use in this cluster is mainly through farm ponds and
percolation ponds coupled with appropriate cropping options. The entire soil conservation and rainwater harvesting interventions in this cluster are being carried out in convergence with NABARD
funded watershed project. The farmers owning bore wells generally cultivate paddy in kharif and
rabi as well leading to the impairment of water balance. While the technical support for watershed
activities were provided to the NABARD project, simultaneous training and capacity building initiative were launched for educating farmers about importance of water balance. The farmers who
were taking two crops of paddy, one each in rabi and khairf, were counseled over time to practice
change of crop atleast during rabi. Out of of five farmers who initially agreed to take up zero till
maize in paddy fallow during rabi, only one replaced paddy with zero till maize in rabi 2007. A
sustained campaign and farmer-to-farmer training and interaction facilitated by the project team
resulted in this practice spreading to 20 farmers during rabi 2008. Now zero till maize has been
accepted as not only a viable water conservation option but also a remunerative alternative.
The success of proofing rainfed agriculture for climate change lies in the judicious use of scarce
resources like water, nutrients and biomass by facilitating a support system and developing people's
capacity. The project is documenting evidences and experiences to show that technologies need a
favourable environment to work and produce results. For, technologies themselves are inert and
cannot perform in vacuum; they need catalysts in the form of community capacity to make them
work and supporting institutions, which can sustain changes even beyond the period of project
implementation. The project also shows way how the synergy between different development
schemes can be harvested to bear upon sustainable development. These need-based and site
specific local solutions, innovations and methods show how these can be more suited to climate
change than the technology-intensive solutions pushed in a top-down approach.
Box-1: Farm Ponds: Upscaling and Converging with Ongoing Initiatives like NREGS
Farm ponds as an option for harvesting and recycling of rainwater has been recommended for over
two decades now. The harvested water is essentially meant for providing life saving irrigation during
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midseason drought for a small patch of crop, which is very common in rainfed agriculture. However,
this technology has not really taken off, for many reasons. The two important reasons are either
non-retention of water in the ponds and thereby non-availability of water when needed or too small
pond size leading to very little water just not enough to drench even a small patch of land. Keeping
these in mind, several options like lining the pond with different materials have been tried. However,
these options were too expensive for a farmer to invest. In the absence of public assistance this
option did not find acceptance. Black soil regions with rainfall around 800 mm are ideal for rainwater
harvesting and reuse where the water stays for longer. Despite this, farm ponds did not take off in a
big way even in these regions. Keeping this in mind, an attempt was made in Seethagondi cluster of
Adilabad district to impound large quantity of rainwater by digging large (20m x 20m x 4.5m) farm
ponds which were double the recommended size (10m x 10m x 2 m). Initially, it took a lot of persuasion to convince farmers to part a piece of their land for digging a farm pond. Finally, one farmer by
name Mr.Namdev reluctantly agreed. The farm pond was not only a big success but also pulled out
Mr. Namdev from debt trap. This success was featured as a lead story on the ICAR website for a
long time.
This generated a lot of interest among farmers as well as line departments in the district. Mr.Namdev
who was until then not known to many became a household name in the surrounding villages.
Several farmers who were earlier reluctant for digging farm pond in their fields, started approaching
the project staff. This was due to a systematic awareness programme undertaken by the project.
The programme included inviting key officials of the development departments and encouraging
them to arrange for farmer exposure visits to the Garkhampet site in the cluster. This success story
was widely shared with the media and posted on websites and shared during many discussions,
meetings and seminars. This effort resulted in many more farmers showing willingness to adopt
farm ponds on their fields. Then, a detailed ground survey was carried out in all villages of the
Seethagondi cluster and a proposal was prepared for 30 suitable sites for farm ponds, costing
Rs.20.00 lakhs was approved by DWMA.
Under the MGNREGS, most of the work is carried out manually and farm ponds of 10 m x 10 m x 2.5
m are generally dug by labour. But the experience of the project has shown that there is a better
rainfall potential in the district and hence the ponds need to be almost double the size prescribed
under NREGS. However, manual labour is inadequate to dig the farm ponds of bigger size (say 17
m x 17 m x 4 m). This matter was dealt in a separate proposal seeking permission to enlarge the
manually dug farm ponds to the desired size by using machines. After obtaining the permission to
use machines, 5 farm ponds were enlarged into bigger ponds of 17 m x 17 m x 4 m so as to harvest
more rainwater. Once this was successfully demonstrated, the DWMA was once again approached
with a proposal to permit use of machines for enlarging all the remaining 25 farm ponds and sanction funds for the same.
Box-2: Increasing groundwater use efficiency through social regulation
The project, right from the beginning, is committed to judicious use of scarce resources such as
groundwater by investing in technology as well as community capacity. The efforts in this direction
started in the Ibrahimpur cluster, Rangareddy district, involved a series of consultations with the
bore well owning farmers and the neighbouring ones who did not have water source to irrigate their
lands. Initially, the two tube well owning farmers did not like the idea at all. The project then got a
defunct bore well repaired as a goodwill gesture and again approached the farmers who had mellowed down by then and agreed to share water, provided the project assisted the community for
digging a few more bore wells so that there was enough water to share it across a large area. This
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time, the project contacted NABARD for assistance who came forward with financing the digging of
two tube wells in that area under their comprehensive land development programme (CLDP). This
raised the hopes of several farmers including those who owned bore wells initially because with the
pooling of water they could now irrigate other patches of their dry fields where they could not have
taken water. Thus, the one-year long negotiations with the community to implement social regulations for groundwater usage finally yielded results. Over 60 acres of land belonging to 18 households was brought under protective irrigation by laying out a network of pipelines and bore wells at
Malkaipet Thanda in Ibrahimpur cluster, Rangareddy district. The entire group of farmers has agreed
not to cultivate rabi paddy but to share bore water among themselves for growing irrigated-dry
crops.
Box-3: Farmers build aqueduct to augment water availability
Bheemavaram tank in Tummalacheruvu cluster (Khammam) serves as a source of irrigation for
about 120 acres. However, the excess water that flows out of the tank every year during the rainy
season into a drain and thus not available for fields downstream. Therefore, one of the first demands of the community, when the project team interacted with them through PRA, was construction of aqueduct across the Bandlavaagu drain. In order to make this dream come true, project team
along with a group of consulting engineers took up the issue and started planning for a low cost
aqueduct across the drain to help farmers utilize the over flowing tank water.
The group, after careful study, recommended for construction of an aqueduct across the stream and
discussed with the farmers, if they could take the responsibility of laying the aqueduct under the
guidance of project staff and engineers. Since the area is very remote and generally no contractor
takes up work in such a hinterland, the farmers agreed to take up the laying of aqueduct on their
own. The farmers were encouraged to formulate a user group and open a joint account in the bank
so that financial assistance could be directly delivered to the group without much delay. The farmers
contributed labour and a committee of the user group and project staff monitored the construction of
aqueduct under the guidance of engineers. This approach involved empowering user group to take
up construction of assets required by the community under expert guidance with the financial support of the project. Besides, the construction also involved latest low cost technology involving
continuous HDPE pipes supported by steel columns instead of cement pipes and RCC columns,
which brought down the cost almost by 40%. Since the rainfall during the kharif this year was
inadequate, the Bheemavaram tank did not overflow. As a result, the efficacy of the structure could
not be ascertained during the year. The farmers however, are upbeat and are working to dig distribution channels downstream so that the entire potential of the overflowing water could be harnessed.
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CLIMATE CHANGE ADAPTATION STRATEGIES THROUGH LAND
USE PLANNING
G Ravindra Chary
Introduction
The projected climate change scenarios indicate that there could be a marginal increase of 7 to 10
per cent in annual rainfall over Indian sub-continent by 2080. However, there could be a reduction in
rainfall by 5 to 25 percent in winter; while it would be 10 to 15 percent increase in summer over the
country (IPCC, 2001). The rainfed agriculture and its productivity totally rely on agro-climate and its
changes over time. Among the various parameters of agro-climatic conditions, rainfall is of paramount importance in its immediate influence. Amount and distribution of rainfall are important factors that directly influence various cultural practices; any change in rainfall would affect the performance of adaptability and sustainability of cropping systems apart from soil moisture regime, soil
resilience, soil quality and groundwater level. The distribution of rainfall influences the selection of
crops, water management, integrated nutrient management, integrated pest management and alternative land use. In a Farmers’ Awareness program on Climate Change across India at 25 centres
each of All India Coordinated Research Project on Agrometeorolgy (AICRPAM) and All India Coordinated Research Project for Dryland Agriculture (AICRPDA), majority of the farmers identified rainfall as the most important parameter affecting agriculture followed by temperature (Rao et.al.,
2009). India may experience a rise of temperature of 1oC by the year 2050 (IPCC, 2007; Sivakumar,
2008). By the end of the century, there will be a change in precipitation by 5-25% over India with
more reductions in the winter rainfall than the summer monsoon leading to droughts during summer
months (Lal et.al., 2001).
A likely impact of climate change on agricultural productivity in India is causing a great concern to
the scientists and planners as it can hinder their attempts for achieving household food security.
Climate variability studies in India indicate that there were observed changes and greater spatial
variability in temperature across regions and seasons, shifts in monthly rainfall, and occurrence of
extreme events like droughts, floods, cold wave, heat wave etc. Further, the expected changes in
climate for India indicated that increase in temperature is likely to be less in kharif than in rabi
season and the rabi rainfall is largely uncertain whereas as kharif rainfall is likely to increase by as
much a 10 per cent.
Tibig and Lansigan (2007) reviewed seven types of management strategies to cope with risks and
uncertainties in agrometeorology. These include: options for use of resources (crop diversification);
use of appropriate cultivars (varietal diversification); improved cultural/farming practices (flexible
calendar to fit weather/climate, i.e., farm afforestation, land topography change); local indigenous
knowledge (coping mechanisms of farmers to various environmental and natural challenges); technological innovations (direct seeded rice to increase net income); and, farmers can opt to reduce
their production area if conditions so warrant. Local indigenous knowledge has been blended with
specific and important weather patterns in a cultural tradition in many poor rural areas. Introducing
new scientific weather/climate forecast services, which provide accurate and reliable outlooks into
this cultural system may help farmers to develop alternate land use systems as adaptation strategies that cope with risks. These adaptation strategies will allow assessing alternate crop management options in the backdrop of the nation's food security and farmers' economy especially when
the critical inputs are not available or delayed considerably. In view of the above, scientific land use
planning becomes important as one of the approaches to identify and develop adaptation strategies
to address climate change/variability. Land is the basic natural resource with agricultural production
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function. Any kind of climate change adaptation intervention identification and/or development viz.
rainwater management, crop/contingency planning, crop diversification etc. need a basic understanding of the land resources for optimizing the land use planning.

Land Use Planning: An approach for identification and or developing strategies for climate change adaptation
Land is a delineable area of the earth's terrestrial surface encompassing all attributes of the biosphere immediately above or below this surface including those of the near surface climate, the soil
and terrain forms, the surface hydrology (including shallow lakes, rivers, marshes and swamps), the
near surface sedimentary layer and associated ground water reserve, the plant and animal populations, the human settlement pattern and physical results of past and present human activity (terracing, water storage or drainage structures, roads, buildings, etc.). Thus, a natural unit of land has
both a vertical aspect i.e. from atmospheric climate down to ground water resources and a horizontal aspect i.e. an identifiable repetitive sequence of soil, terrain, hydrological, and vegetative or land
use elements. Land Use Planning (FAO, 1993) is the systematic assessment of physical, social and
economic factors in such a way as to encourage and assist land users in selecting land use options
that 1) it is an interactive and continuous process of development, 2) requires flexibility, 3) does not
have a clear end-product, 4) is problem oriented, 5) is area specific, and 6) involves all stakeholders. The principles involved in are appropriateness to local context, flexibility, transparency, participative approach, gender-specific and inter-disciplinary.
Land use planning (LUP) is not just crop/farm planning on a different scale, but it has a further
dimension, namely, the interest of the whole community. LUP may mean differently to different
stakeholders. For researchers, it is the systematic assessment of land and water potential for
alternative land use under existing economic and social conditions in order to select and adopt the
best options. For small farmers, it is the effective utilization of land and water resources for crop
production in order to minimize crop failures & risks and to sustain family needs. The farmers expect
family sufficiency and profit with or without sustained use of natural resources. For large Farmers, it
is an effective utilization of resources to maximize profit from the whole farm based on principle of
comparative advantage.

Climate change/ variability scenarios: Emphasis on Land Use Planning
The 20th century historical rainfall data (1901-2000) pertaining to 21 research centers of AICRPDA
indicate that spatial trends in annual rainfall over India exhibited two distinct trends viz., (a) decreasing annual rainfall with stable variability and (b) increasing rainfall with increasing variability. The
trend (a) is more predominant than (b). Trend (a) is more prevalent in Central India and South India
covering Andhra Pradesh and parts of Tamil Nadu whereas trend (b) was more prevalent in Karnataka,
Kerala, Western Ghats of Tamil Nadu, major parts of Maharashtra, Gujarat, and Rajasthan, Haryana,
Punjab and Jammu & Kashmir. At present, this anlaysis is more pertinent to arid, semi arid and dry
sub-humid regions where rainfed agricultural land use is more in practice. Based on the emerging
rainfall variability scenarios and possible priorities for land use (Ravindra Chary et.al., 2010a) indicated below:

Decreasing rainfall
This condition creates more uncertainty on the productivity. Coincidence of decreasing rainfall and
increasing variability is a precarious condition, which calls for immediate attention by changing the
microclimate for providing a land cover. A balanced and integrated approach for developing the land
on watershed basis for in situ conservation, rainwater harvesting and deep percolation becomes the
adaptation strategy.
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Decreasing rainfall and stable variability: (Agra in south–western semiarid zone of Uttar Pradesh;
Akola in western Vidarbha Zone of Maharashtra; Anantapur in scarce rainfall zone of Andhra Pradesh;
Indore in Malwa Plateau Zone of Madhya Pradesh; Jhansi in Bundhelkhand zone of Uttar Pradesh;
Rewa in Keymore plateau and Satpura Hill zone of Madhya Pradesh): Reducing amounts of rainfall
received over time with increasing aridity probably shortens the length of crop growing period. The
surface storage and supplementary irrigation to reduce the mortality of trees for further reducing the
effect of dry spells on annual crops will be helpful along with in situ conservation. It is beneficial for
future to seek ways for groundwater recharge. Careful examination and selection of cropping system to match the rainfall pattern is essential. Improving the soil fertility and curtailing the erosion
losses may stabilize production.

Decreasing rainfall and increasing variability: (Varanasi in eastern plains and Vindhya zone of
Uttar Pradesh; Bangalore in central, eastern and southern dry zone of Karnataka; Rajkot in northern
Saurashtra zone of Gujarat): This is a highly precarious condition, leading to irreversible aridity,
length of cropping season is being adversely affected. A fast action is needed to be taken up for
altering the micro- climatological condition. Agroforestry systems like forestry (silvi) based system,
silvi-agri- pastoral systems, and pastoral system would need attention. Integrating soil fertility buildup along with rearing of suitable livestock species may delay the oncoming aridity. Permanent steps
should be taken up to conserve every raindrop and utilize by in situ conservation, runoff harvesting
and also by possible groundwater recharge.

Rainfall stagnant
The water balance will be a status quo. Not much change is expected.
Stagnant rainfall and stable variability: (Bhubaneswar in eastern and south-eastern coastal plain
zone; Kovilpatti in southern zone of Tamil Nadu; Hyderabad in southern Telangana zone of Andhra
Pradesh; Ranchi in western plateau zone of Jharkhand): In a condition where the rainfall continues
to be same with stable variability, the current rainfed agriculture scenario needs to be continued with
tailoring to minor modifications. Identifying an efficient cropping system for increased water use
efficiency including cultivars of short duration will be helpful. Depending on the amount of rainfall
and runoff, the water management system needs to be built up. Efforts may be made for increasing
the deep percolation to recharge groundwater. Integrated nutrient management for stabilizing the
productivity in the improvement of soil quality needs always to be a precursor. Integration of alternate land use may help in improving profits. There is a possibility of pest build up with an increase in
the humidity.

Stagnant rainfall and increasing variability: (Bellary in northern dry zone of Karnataka; Hisar in
south-western dry zone of Haryana): In case of continuing amount of rainfall but increasing variability, the season is highly prone to dry spells. Inclusion of pulses and oilseeds in the cropping system
reduces the risk factor. The productivity under the present system is less assured. Stabilizing the
production through water management becomes the priority apart from in situ conservation. It is
essential to harvest water and also add to the percolation for groundwater recharge. The next step
in reducing the effect of drought would be crop based INM with in situ generated green manure
endogenous inputs and with more short duration and stress resistant cultivars. Under the increasing
variability, the weather advisories acquire more importance and will be highly beneficial. Inclusion of
perennial component as a part of integrated alternate land use may be considered.

Increasing rainfall
When the rainfall is on the increase, the rainy days are on the increase resulting in soil moisture
storage. Hence, the length of growing period may increase and would require tailoring of cropping
systems without foregoing the season.
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Increasing rainfall and stable variability: (Bijapur in northern dry zone of Karnataka; Udaipur in
sub-humid southern plain and hill zone of Rajasthan): In this condition of high rainfall coupled with
wet and dry spells as in the past will help in creating a condition for increasing cropping intensity
including diversification. The productivity of the system is more assured compared to increasing
variability. The selected cropping system needs the support of integrated nutrient management.
Water management including drainage (wherever necessary), by in situ conservation and water
harvesting may aid for short term carry over of moisture. Due to increased rainfall and stable variability, the possibilities for higher rainfall intensities may lead to increased runoff and cumulative
erosion. The land needs to be protected with mechanical structures and vegetative barriers. A permanent canopy cover using multi-purpose trees as a part of alternative land use system would be
helpful. Groundwater recharge may be more effective using percolation tanks and other deep percolation measures.
Increasing rainfall and increasing variability: (Jodhpur in aid western zone of Rajasthan; Solapur
in scarce rainfall zone of Maharashtra): With both rainfall and its variability increasing with time, the
assured condition of rainfall is vitiated by increased aridity. There is a possibility for cropping system
diversification supported by water management including in situ conservation and water harvesting
and drainage to overcome dry spells especially terminal and mid season drought. In view of an
increased variability, measures are needed to be taken up for increasing deep percolation to recharge groundwater. Under the present scenario, the rainfall may happen to be more intense. It is
desired that a permanent canopy cover, as a part of integrated alternative land use shall help in
reducing the drought effect by improving soil quality and resilience in nutrient supply. Weather advisories will be highly beneficial and need to keep up promise. Weeds and pests build up may occur.
Increasing rainfall and decreasing variability: (Ludhiana in central plain zone of Punjab;
Rakhdhiansar in low altitude subtropical zone of Jammu and Kashmir): There is a possibility of
increasing length of growing period and reduced dry spells. This desired trend of rainfall pattern
without stress, an ideal condition, is the expectation on long term basis. This helps in increasing the
cropping intensity through sequence/relay cropping with an assured output. Thus, the priorities will
be identification of efficient cropping systems and supporting integrated nutrient management. In
view of low stress, water management acquires less importance. Drainage may need to be tackled.
Alternative land use may not be attractive to the farmers due to fewer dividends. However, in view of
an increased rainfall and exceptional increase of intensity and a perennial canopy cover integrated
with cropping system may be helpful. Multi-purpose trees may be introduced complimentary to
native vegetation. Groundwater recharge may be an assured norm. Weed and pest control need
utmost attention.

Climate variability and Land use change - A study in Bhilwara district,
Rajasthan
A study on assessment of climate change / variability (during 1960-2009) at micro level i.e. Bhilwara
district in Rajasthan indicated impacts on climate, drought and rainfed agricultural land use (Ravindra
Chary et.al., 2010b). Out of the 45 years (1960-2004) the climate was found to be arid for 21 years
and semi-arid for 23 years. There was a reduction in number of rainy days (both in kharif and rabi
season), increase in frequency of dry spells in last 10 years and the probability of drought was 50%
in different tehsils of Bhilwara district. Rainfed maize has been replaced in last five years by sesame,
clusterbean and fodder sorghum. Area under sesame, clusterbean, and sorghum fodder and kharif
pulses has increased. Maize-fallow, kharif pulse-fallow, sorghum-fallow, groundnut-fallow and fallow-gram/mustard are the main cropping systems in the rainfed areas of the district. In last 10 years,
area under fodder sorghum/blackgram/sesame-fallow system has increased and area under maize-
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wheat has reduced while area under maize-mustard/taramira system increased. In last 15 years
(since 2004-05) there has been a change in time of the onset of monsoon. Earlier, the sowing time
for maize was in the last week of June or first week of July which now shifted to 7 to 20th July during
last 15 years resulting in high frequency of mid-season and terminal droughts and preference of
farmers from traditional long duration varieties to sathi local and short duration high yielding composites and hybrids of maize. During low rainfall years, small farmers, as adaptation strategies are
practicing mixed cropping of blackgram, greengram, cowpea, and kachari, vegetables in maize and
sesame in groundnut. Due to scarcity of water, deepening of Nadi (local water harvesting structure)
and number of water harvesting and storage structure has increased at a faster rate in last 10 years.

Conclusions
Climate risk management in agriculture includes mechanisms like identification of vulnerability of
regions prone to climate extremes and their probability of occurrence, scientific land use planning
with emphasis on suitable diversification of crops and cropping systems, and a suitable farming
system approach. Other mechanisms include agricultural insurance for diverse agricultural land
uses by development of products, minimum support price system and futures markets (Rao et.al.,
2010). In the process of climate resilient rainfed agriculture, strategic research is needed for developing land use systems focusing on resource inventories (weather, water, land, cropping systems,
livestock etc.), in situ and ex situ moisture / water conservation to harvest and increase the rainwater use efficiency of crops, groundwater recharging strategies, renovation of existing water storage
structures, crop diversification with less water demanding crops and risk resilient agroforestry systems.

References
FAO. 1993. Guidelines for Land-Use Planning. FAO Development Series 1. FAO. Rome, 96p.
IPCC. 2001. Climate change. 2001. Impacts, adaptation and vulnerability. Inter-Governmental Panel on Climate Change.
Report of the Working Group II. Cambridge, UK, 967p.
Lal, M., Nozawa, T., Emori, S., Harasawa, H., Takahashi, K., Kimoto, M., Abe-Ouchi, A., Nakajima, T., Takemura, T. and
Numaguti, A. 2001. Future climate change: Implications for Indian summer monsoon and its variability. Current Science. 81:
1196-1207.
Rao, G.G.S.N., Rao, V.U.M., Vijaya Kumar, P., Rao, A.V.M.S. and Ravindra Chary, G. 2010. Climate Risk Management and
Contingency Crop Planning. Lead Paper. National Symposium on Climate Change and Rainfed Agriculture. Organized by
Indian Society of Dryland Agriculture and CRIDA during 18-20 February 2010 at CRIDA, Hyderabad.pp. 27-32.
Rao, G.G.S.N., Rao, V.U.M., Rao, A.V.M.S., Venkateswarlu, B., Mishra, P.K. and Gogoi, A.K. 2009. Farmers Awareness
Program on Climate Change in India. AICRPAM Tech Bul. No.1/2009. AICRP on Agrometeorology. Central Research Institute for Dryland Agriculture, Hyderabad.
Ravindra Chary G., Maruthi Sankar, G. R., Vittal,K.P.R., Mishra, P.K., Venkateswarlu, B. and Pratibha, G. 2010a. Assessment
of changing rainfall trends in Agro-Climatic Zones of India: Strategies for prioritization in Rainfed Agriculture. In Extended
Abstracts. National Symposium on Climate Change and Rainfed Agriculture. Organized by Indian Society of Dryland
Agriculture and CRIDA during 18-20 February 2010 at CRIDA, Hyderabad.
Ravindra Chary G., Sharma, S.K., Subba Rao, A.V.M., Mishra, P.K.,.Rao, V.U.M., Venkateswarlu, B.,Solanki N.S., Pratibha,
G., Maruthi Sankar, G. R. and K.A. Gopinath. 2010b. Climate Resilient Rainfed Agriculture: Emphsis on Land Use Systems.
In Extended Abstracts. XIX National Symposium on Resource Management approaches towards Livelihood Security. Organized by Indian Society of Agronomy, 2- 4, December, 2010 at UAS, Bangalore.
Sivakumar, M.V.K. 2008. Climate Risk Management in Agriculture. In Souvenir : International Symposium on Agrometeorology
and Food Security. 18-21 February, 2009. CRIDA, Hyderabad, India.pp.10-17.
Tibig, L . and Lansigan, F. 2007. Coping Strategies with Agrometeorological Risks and uncertainties for Crop Yield. In:
Managing Weather and Climate Risks in Agriculture. (Eds. Sivakumar, M.V.K. and Motha, R). Springer, Berlin Heidelberg.

299

MICROCLIMATE MODIFICATION AGAINST WEATHER HAZARDS
IN PLANTATION CROPS
G S L H V Prasada Rao
Introduction
The unit area production of coconut and coconut based farming system or other plantation production systems may be relatively low in the humid tropics where two climate extremes are seen viz.,
high rainfall during the southwest monsoon and no significant rainfall in summer (December to
April). These plantation production systems including coconut and coconut based cropping system
receive very low amount of bright sunshine during the southwest monsoon due to high rainfall with
heavy cloudiness while it experiences abundant sunshine during winter and summer with insignificant rainfall. The failure of pre-monsoon showers may also lead to severe drought in plantation
crops. The unit production of plantation production farming systems could be increased significantly
if the plantation crops are suitably manipulated with life saving summer irrigation as increase in soil
moisture could help in better nutritional management under abundant solar radiation that is available to the cropping systems. The coconut production is high in non-traditional areas under irrigated situation where the solar radiation is abundant. High rainfall may cause to serious waterlogging problems during the southwest monsoon severe moisture stress during summer. Thermal regime is another inhibit factor which affects root zone under rainfed situations in the absence of soil
moisture during summer. A significant difference can be noticed in root zone temperature at the
same location depending upon the soil type under a given weather situation. All these indicate that
the radiation, thermal and moisture regimes are very important as a part of microclimate for both
crop management and sustenance of cropping systems under projected climate change scenario.
The malevolent effects of abnormal weather on crops can be minimised through better agronomic
practices if the ill effects of the same are known. The major weather abnormalities and meteorological factors which can affect the plantation crops adversely are: Droughts and floods, heat and cold
waves, cyclones and high winds, excessive or deficit insolation, thunderstorms, lightning and hailstorms.

Radiation regime
The mean daily solar radiation just above the coconut canopy (56 feet height) was 618 W/m2 in
summer as against 444.6 W/m2 in southwest monsoon while 433.4 W/m2 and 312 .6 W/m2 at 10 feet
level (inside the coconut) during summer and southwest monsoon, respectively. The net radiation
at canopy level (38 feet) was 454.0 W/m2 during summer while 297.4 W/m2 in southwest monsoon.
The percentage decline in solar radiation just above coconut, inside the coconut and the net radiation at coconut canopy level between summer and southwest monsoon was 28.0, 30.1 and 34.4,
respectively. It indicated that the depletion of solar radiation as well as net radiation inside the
coconut garden was higher during the southwest monsoon when compared to that of the depletion
took place in solar radiation just above the coconut. The percentage decline in solar radiation varied
between 29.9 and 31.9 at 10 feet level (inside coconut) in summer and southwest monsoon, respectively. The percentage decline of net radiation at coconut canopy to the solar radiation received
just above the coconut varied between 26.5 and 33.1 during summer and southwest monsoon,
respectively. It also indicated that the percentage decline in net radiation was high during the southwest monsoon when compared to that of summer while there was less difference in percentage
decline of solar radiation inside the coconut between summer and the southwest monsoon. The
high percentage decline in net radiation during southwest monsoon was due to the fact that the
emitted energy is relatively less in wet environment when compared to that of dry environment. The
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potential photosynthesis may be reduced during the rainy season as the decline in solar radiation as
well as in net radiation was around 30 per cent. In fact, the depletion in solar radiation and net
radiation was around 51 per cent inside the coconut garden during the southwest monsoon when
considered the amount of solar radiation received just above the coconut garden during the summer. De Wit (1965) has reported that there could be 50 per cent of reduction in potential photosynthesis when light intensity get reduced to only 20 per cent of the intensities on clear days in the
tropical areas at 10°N.

Thermal regime
Thermal regime of coconut root zone and open
The range in soil temperature was high in open (31.5-33.6°C) when compared to that of coconut
root zone (29.0-30.7°C). The difference in soil temperature between open and coconut root zone
varied from 2.5 to 3.8°C. The soil temperature profile in coconut root zone followed the same profile
to that of open. That means, the soil temperature decreased till 20 cm depth from the surface and
thereafter increased till 90 cm depth. The soil temperature profile as a whole showed an increase of
2.9°C in open when compared to that of coconut root zone. It also revealed that the coconut root
zone temperature in laterites was intermediary when compared to that of the coconut root zone in
laterite loam and sandy loam. An increase in the difference of soil temperatures between coconut
and open was noticed after cessation of monsoon and further increase was seen till summer (1.9°C
in monsoon and 4.2°C in summer). The seasonal soil temperature range in coconut root zone was
4.1°C (27.9 to 32.0°C) while it was 6.4°C in open (29.8-36.2°C). The seasonal profile of coconut
root zone temperature was the same as in the case of open. The coconut root zone temperature
could be brought down by providing locally available leaves as mulch under rainfed conditions.
Under laterite loam soils, a decrease of 0.4-0.6°C was noticed under the mulch of coconut husk.

Thermal regime of coconut root zone during the drought years
Soil temperature in coconut root zone in loam/sandy loam is one of the inhibitant factors during
summer under rainfed conditions when compared to that of other soils if pre-monsoon showers fail,
which was the case in summer 1983 and 2004. The mean thermal regime in coconut root zone
varied between 32 and 37°C in sandy loam while between 30 and 34°C in loam soils during the
drought year in 1983. At the same time, it varied between 31-33°C and 29-31°C in sandy loam and
loam, respectively.

Vertical temperature profiles in coconut
The mean monthly air temperature decreased (27.6-26.8°C) with height in the open while no definite pattern was seen inside the coconut garden due to its canopy architecture. The difference in air
temperature between the open and inside the coconut was the highest at the ground level than at
the crown level. The differences were marked in the afternoon (2.25pm). The same vertical profile
in air temperature was maintained (decreasing with height) in the afternoon but differed in the morning in the open space. Interestingly, the air temperature in coconut garden was high in the morning.
Though the vertical profile of vapour pressure decreased with height inside the coconut garden and
the open, a second maximum was noticed after 120 cm height from the surface in both the cases.
The second maximum of vapour pressure may be due to the influence of surrounding coconut
gardens. The vapour pressure was high inside the crop and tended to increase in the afternoon.
This is probably due to high rate of transpiration in the afternoon hours. The semi-diurnal variation
of air temperature (°C) at different heights in the open and in the coconut gardens indicated that
higher amplitudes in air temperature were noticed at lower levels in the open as well as in the
coconut gardens, but the magnitude of air temperature was high in the open. Air temperature in the
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open decreased with height when the time progressed from morning to evening except in the early
morning hours (6am). This was probably due to higher re-radiation cooling of the earth surface
when compared to that of air layer just above the ground. In the coconut garden, such a definite
pattern was not noticed. A complete air temperature inversion was noticed by 9 am inside the
coconut garden which explains a quick rise in air temperature due to the presence of coconut
leaves. By noon, there was a drastic decrease in air temperature from the ground level to 60 cm
above the ground and then increased from 60 cm to 240 cm. A similar pattern was seen above the
height of 240 cm. It shows that the middle whorl of crown acted as a surface. By evening, the
temperatures were low at the ground level when compared to that of the layer just above the ground
and from there it decreased.

Weather and climate modification
This is one of the important areas in agricultural research. To maintain optimum environment and to
increase crop production, some of the techniques used in weather and climate modification may be
quite useful. However, great efforts are required to evolve the techniques in weather and climate
modification as the modified environment itself poses several other problems. The following are
some of the techniques through which better crop yields can be harvested.

Heat-evasion
During summer or in the absence of rains, the heat load on some of the plants is above the tolerance limits in tropics and sub-tropics. Shading of plants is a common method of evading solar
radiation. A number of opaque shade structures are used can be from wood or fibre. The material
acts as a thermostat and can be applied or removed as required. It keeps the temperature low and
retards evapotranspiration. The coconut palms and some other horticultural crops are regularly
pasted with lime at the base of the stem before summer commences. The application of lime has an
advantage of controlling termites in addition to heat evasion.

Heat-trapping
The opposite of heat evasion is the heat trapping which is extremely beneficial in temperate climates. Planting trees on slope and sunny slopes and erecting alternate rows of low stone walls.
These low stone walls reflect the light back toward the lower portions and shaded sides of the trees.
Additionally, the thermal capacity of the wall material will increase the local source of heat by night.
Heat sensitive crops can be covered with plastic enclosures during the night. These enclosures
retard the loss of heat from the surroundings of the crop. This is an effective measure against cold
damage.

Mulching and ploughing
Mulching and ploughing are effective methods to retard heat from the soil and to save crops from
successive cooling. Though mulches have many advantages, there are some harmful effects as
well. The major limitation is that they are unable to save aerial sections of plants from heat loss
through thermal radiation. Proper soil and water conservation practices like ploughing before the
receipt of southwest monsoon and immediately before the cessation of the north east monsoon,
opening basins of crops like coconut before south west monsoon, covering the basins before north
east monsoon, organic manuring, organic mulching and husk burial can definitely conserve the
available moisture in the soil.

Wind breaks and shelter belts
Wind influences plants physiologically and mechanically. As high winds increase evapotranspiration loss, erection of wind breaks (any structure that reduces wind speed) and shelter belts (rows of
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trees planted for wind protection) can reduce evapotranspiration also. Reports also indicated that
this will help in increasing crop yields.
In addition to the above, in situ soil moisture conservation technique helps in increasing amounts of
water stored in the root zone.
The beneficial effects of wind breaks may be stated as follows:
• Checking air movement and thus affording protection to fields and orchards
• Checking top soil erosion. This is more effective in sandy soils.
• Evapotranspiration is reduced over the crop field by reducing wind speed.
• Providing shade to the farm shed.
• Providing timber and fuel as older trees are replaced by younger ones.
However, it is possible to harvest the winds for driving wind mills for pumping water and generating
power.

Organic farming
The indiscriminate use of fertilizers and plant protection chemical and weedicides are polluting the
soil, air and water beyond the tolerable limit. This is true in case of certain areas in Kerala where the
practice is creating problem. There was drastic decline in the use of organic manure since last so
many years. Awareness has been created on the use of organic manures among the farmers with
the reasonable use of chemicals without affecting productivity. There are certain crops and areas
where organic farming can be practiced in Kerala. Organic farming plays an important role as an
alternative food production process. It is a crop production system that avoids or largely excludes
the use of synthetically produced fertilizers, pesticides, growth regulators and livestock feed additives. As far as possible it relies on crop rotations, crop residues, animal manures, legumes, green
manures, organic wastes, biofertilizers and aspects of biological pest control to maintain soil productivity and tillage to supply plant nutrients and to control insets, weeds and other pests. Input
availability, productivity, premium price and marketing aspects have to be considered. In other
areas, good agricultural practice with the minimum dependence of agrochemicals will definitely
reduce the pollution of soil, air and water and reduce its influence in greenhouse gas emissions. It
will improve the soil moisture status to a large extent.

Rainwater harvesting /groundwater recharging
Efforts are needed for effective rainwater harvesting in our farm lands. Wherever water is running
we should make it walk. This is done by terracing, contour bunding and increasing the soil vegetative cover. All walking water should be lie down. Rain water harvesting is a unique and traditional
system of recharging of the under groundwater bodies for sustained water availability. There are
several techniques in rainwater harvesting which can be practiced in house hold (roof top rainwater
harvesting) as well as fields. Traditional sources of water like very shallow, small diameter wells
known as 'keni' in Waynad district, horizontal wells/ tunnels called 'Surangams' in Kasaragod district, natural wells, ponds, tanks, springs, lakes, wind breaks etc. should form an integral part of the
watershed development programme. Groundwater utilization has to be based on location specific
investigations and over exploitation has to be avoided.

Summer irrigation on coconut
The productivity of coconut is much higher in non-traditional areas when compared to that of traditionally coconut grown state like Kerala. The flood irrigation or basin irrigation through field chan-
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nels from palm to palm is the main reason for better yield in non-traditionally coconut grown states
like Tamil Nadu, Karnataka and Andhra Pradesh though the rainfall is scanty and dry weather prevailed throughout the year shooting surface air temperature beyond 40°C during summer in these
areas. Even in Kerala, the experiments conducted at Nileswar farm in Kasaragod district indicated
that the palms under flood irrigation during summer gave much higher yield when compared to that
of palms irrigated through basin Several studies (Bhaskaran and Leela, 1978; Nelliat and Padmaja,
1978; Santhamalliah et.al., 1978 and Prasada Rao and Gopakumar, 1992) indicated that the coconut palms respond very well to irrigation depending upon the quantity of water irrigated, soil type,
genotype and yield groups within the same variety. Though it is clear that summer irrigation results
in better yield, the availability of water is scarce during summer in mid and high lands of Kerala
where coconut is mostly grown. Hence, a rational approach in deciding quantity, duration and methods of irrigation are of paramount importance for optimum utilisation of available water for maximising
coconut productivity. Keeping this in view, a field experiment was taken up at RARS, Pilicode,
Kasaragod where the palms were provided basin irrigation at the rate 450 litres/palm/week till water
is available during summer and leaving the palms without watering further till the onset of monsoon.
The results indicated that it was not detrimental to coconut yield when irrigation is provided as long
as water is available during summer as it improves the soil moisture status during summer. The
quantity was arrived at 450 litres/palm/week based on the evapotranspiration of coconut as 5 mm
per day and the radius of coconut palm is 2 m. Some farmers practice sprinkler irrigation in coconut
gardens during summer to regulate temperature in addition to soil moisture increase. It creates a
different type of microclimate like air conditioning during summer and yields obtained in coconut
gardens are much better. Coffee growers too practice sprinkler irrigation in the absence of blossom
and backing showers to get better flowering in coffee. Such traditional practices like liming, soil
mulching and sprinklers create less heat load in plantations and yield to better results.

Conclusion
Natural calamities like floods, droughts, landslides, lightning, heat and cold waves are not uncommon now a days. The frequency of weather hazards is likely to increase in the ensuing decades
under the projected climate change scenario. Better crop management practices, in the form of
modification of microclimate, are likely to mitigate the ill effects of weather related disasters to some
extent and minimize the crop losses. However, both crop and farmer are to be safeguarded against
these calamities. Often, the farmer who takes loan is not able to repay it due to crop failure leading
to hardships and suicides. Insuring farmers as well as crop become necessary against weather
abnormalities through weather insurance. In this context, precise and accurate information on
weather changes are necessary. Short, medium and long range forecasting will definitely help in
weather-tuned-farming so as to minimize the adverse effect of weather abnormalities taking suitable precautionary measures to lessen the harmful effects. The meteorological network has to be
strengthened to disseminate agro advisory service based on integrated weather forecasting. Proactive measures against weather aberrations will go a long way in minimizing the crop losses under
the projected climate change scenario.
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ADAPTATION AND MITIGATION STRATEGIES FOR MANAGING
CLIMATE CHANGE WITH SPECIAL REFERENCE TO TAMIL
NADU
V Geethalakshmi
Introduction
The impact of climate change is proving to be one of the biggest challenge facing agriculture, water,
food and livelihood security. Agriculture and Climate change interaction is two way, that is agriculture influenced by as well as influences climate change. Agriculture is both directly (by change in
temperature and precipitation patterns) and indirectly (by change in pest and diseases dynamics of
crops) influenced by climate change. Agriculture influence climate change as it is also a source of
greenhouse gases. Thus identifying and framing suitable adaptation and mitigation strategies are
mandatory in agriculture in the context of climate change. Understanding the vulnerability of the
farming community in the erratic and fragile ecosystem is prime requisite to make them more climate-resilient by enhancing their adaptive capacity. Occurrence of droughts and floods due to climate change has become a frequent phenomenon in several areas and small farmers often are not
well prepared to take the risks. This leads not only to loss of livelihoods, but also a loss in overall
production and food insecurity.
Adaptation to climate change requires integrated solutions that simultaneously address livelihood
improvements and environmental sustainability. Proactive measures for adaptation to climate variability and change can substantially reduce many of the adverse impacts, and thus contribute to
livelihood security of the vulnerable rural population. While climate change will affect the nation’s
economy as a whole, its impact will be more severely felt by the poor who also have the least
adaptive capacity. Recognizing this, the National Action Plan on Climate Change (NAPCC) clearly
outlines its first principle as “protecting the poor and vulnerable sections of the society through
inclusive and sustainable development strategy, sensitive to climate change”.
Adaptation measures or strategies should be supported by an overall framework including measures that should be environmentally sustainable, socially acceptable, supported by a proper institutional, legal and policy framework identifying present vulnerabilities. Mitigation measures developed should be holistic and eco-friendly in approach, integrating concepts like carbon sequestration
and carbon trading in agriculture. According to many research reports agriculture stands to be greatly
affected by projected climate change, it is also a potential source of greenhouse gases contributing
to climate change. Agriculture and associated land use changes emit about a quarter of the carbon
dioxide, half of the methane and three-fourths of the nitrous oxide. Possible mitigation approaches
in agriculture should concentrate on key components such as sequestration of atmospheric carbon
in agricultural soils, resulting in increased soil organic carbon (SOC) pools and reduction of greenhouse gas emissions to the atmosphere from agricultural operations. Rice fields have to be considered as a significant source of greenhouse gases (CH4 and N2O) and the emission from rice ecosystem is likely to increase in the days to come due to intensification of rice cultivation. Because of the
greater global warming potential (GWP) of CH4 compared to CO2, mitigation of non-CO2 greenhouse gases in agriculture in particular from paddy ecosystem can be quite significant.

Adaptation measures to mitigate climate change impacts
Assessing the regional impact of climate change on agriculture through multi-disciplinary approach
is essential to facilitate the identification of adaptation technologies. Integrating the issue of climate
change adaptation measures in policy decisions reduces risk and enhances the adaptive capacity
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of the agrarian sector. Promoting identified climate proofing
adaptation technologies requires financial incentives.
Grass root level short term adaptations are important as the
results are immediate and the
demonstrable benefits thus obtained forms the base for developing and implementing the
long-term adaptation strategy.
Some studies realize the importance of the individual and societal adaptation measures that could contribute to future climate change needs (FAO 2007; IPCC,
2007: Kane and Shogren, 2000; Smithers and Smit, 1997). At the individual level, it is mostly the
autonomous or short term measures that are taken up locally by farmers to address the impacts of
extreme climate variability and change. Any change in land use and agricultural practices will have
a direct bearing on the farmers’ income and their livelihoods. Practices such as changing the cropping pattern, new planting techniques such as direct seeding of rice / aerobic rice cultivation will
help in adapting to the new climatic conditions.
In Tamil Nadu, the information collected from the farmers under climate change awareness program
revealed that reduced tillage, changing sowing dates, change of variety, water management, switching
to perennial crops and farm diversification as adaptation measures.

Changing cultivation practises
Many evidences shows that cultivation of rice through system of rice intensification (SRI) can increase rice yields by two to three fold compared to current yield levels. Aerobic rice cultivation
where fields remain unsaturated throughout the season like an upland crop offers an opportunity to
produce rice with less water (Bouman et.al., 2002). The projected changes in the climate and water
availability are expected to reduce the productivity of rice crop besides altering water requirement
and water use efficiency.
To minimize Water application and increase Grain Productivity amidst Changing Climate, different
cultivation practices were adapted in Tamil Nadu viz., direct seeding method, System of Rice Inten-
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sification, Alternative wetting and drying and Aerobic rice. Under SRI, 5% increase in grain yield and
14.5% water saving were noticed compared to transplanted rice. The water productivity was also
maximum under SRI method of rice cultivation (0.43 kg/m3), followed by AWD and aerobic rice
cultivation. The conventional rice cultivation (0.36 kg/m3), and direct sown rice produced lower grain
yield per unit quantity of water used (Geethalakshmi et.al., 2009).

Varying fertilizer doses
Increasing the fertilizer use efficiency is one among the prime parameters in crop management. At
present farmers are practising calendar based application as against need based application in
case of fertiliser and pesticides. This creates lot of problems including environmental pollution. If
sufficient care is given for continuous solubilization of fixed phosphorous from the soil reserves, the
quantum of phosphatic fertilizer application can be reduced significantly. This minimises not only the
cost towards fertilizer bill but also helps in eco-preservation.
The SWAT model result indicated that of the analysis the reduction in the application of fertilizer
phosphorous (single super phosphate) did not influence the yield of rice. The soil phosphatic bacterial consortium help in the solubilization of fixed tri-calcium phosphate into soluble form that can be
utilized by the standing rice crop. Here the single super phosphate dose can be reduced to 50 %
without influencing the crop yield. Further, the dose would be sufficient to conserve the reserve
Phosphorous and reduce the water pollution.

Soil and water conservation
As the increase in water stress projected with changing climate scenarios, every drop of water
accounts for food security. More water storage infrastructure need to be developed for the effective
harvesting of rain water. Number of check dams, farm ponds and rainwater harvesting structures
has to be increased to facilitate effective recharging of ground water. Area under micro-irrigation
systems like drip and sprinkler system need to be increased for minimize water losses. Regular
strengthening of irrigation channels is mandatory for minimizing water losses and soil erosion. Application of humus rich farm-yard manures, green manures and vermicompost improves the soil
texture and thereby increases the water holding capacity of the soil.

Calibrating and validating crop weather models
Crop weather models facilitates the study impact of projected climate change on different crops in a
region and helps in developing the adaptation strategies. There are some crop weather models
such as DSSAT and INFOCROP takes into account of transpiration, photosynthesis and organ
development processes to simulate the crop productivity. However the performance of the model
depends on the input crop and weather data, its calibration and validation. Further, these models
can be used to simulate the impact of climate change on crop productivity and to develop adaptation
strategies.

Lab to Land – Transfer of Technologies
The impacts of elevated CO2 and elevated temperature on growth phenology and productivity of the
important agricultural crops should be assessed using controlled environmental facilities and the
experimental results should be used for calibration and validation of the hydrological and crop weather
models. Based on the model outputs, various adaptation technologies must be designed to improve
the water and nutrient use efficiencies. These adaptive technologies should be field tested in the
farmers' field distributed in various agro climatic zones. The tested adaptive technologies must be
up scaled and disseminated to larger area by government institutions like KVKs under state universities.
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Holistic farming approach
Holistic approaches like integrated farming system, integrated pest & disease management strategies, integrated nutrient management and sustainable farming strategies have to be followed at
field level. The Integrated Farming System (IFS) is becoming popular among farming community
and many experiences in IFS related with climate change. As Changing climate influences pest and
diseases dynamics of crops and so eco-friendly package of crop protection strategies for major
crops have to be formulated. Adaptive capacity of farmers should enhanced by encouraging weatherbased / responsive farming among them. Usage of bio-fertilizers and bio-control agents should be
increased in order to minimize the over dependence on fossil fuel based chemicals. Natural resources should be used in sustainable manner by the farming community as a whole. For example,
following community nursery in rice cultivation that would minimize the water and other inputs requirement besides ensuring uniform planting in the region and would further help in crop management, harvest and post harvest operations.

Mitigation of climate change by minimizing Green House Gases emission
from paddy field
Rice fields have to be considered as a significant source of greenhouse gases (CH4 and N2O)
(Bronson et.al., 1997) and rice field eco systems account for about 60 Tg CH4 per year or about
12% of the global annual CH4 emission (IPCC, 1996).

Facultative Methylotrophs – to reduce methane emission
The Azolla and Cyanobacteria systems in combination indirectly minimized the global warming
potential in flooded paddy which was identified based on dissolved oxygen and redox potential
measurement. The dissolved oxygen content of the water impounded in Azolla and Cyanobacteria
fields was found to be higher than the field without azolla (Lakshman et.al., 2009). The Mycorrhiza
and Methanotrophs application indirectly helped to reduce the green house gas emission in flooded
paddy, which was confirmed with the analysis of methanogen population, total anaerobes,dissolved
oxygen and redox potential (Lakshman et.al., 2009).
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MICRO-CLIMATE MODIFICATION TO REDUCE THE IMPACT OF
EXTREME WEATHER EVENTS
V U M Rao & P Vijaya Kumar
Introduction
The microclimate furnishes the environment in which plants and living beings thrive. Plants themselves are efficient integrator of the environment. Microclimatological studies in the plant ecosystem
are necessary for better understanding of physical interaction between plants and environment. The
success or failure of crop production depends and its sustainability on local weather and their climatic conditions, and year-to-year variations. Climatically induced stress is alleviated through modifications of microclimate. They include any artificially introduced changes in the composition, behaviour
or dynamics of the atmosphere near the ground to improve the environment in which crops grow. In
other words, microclimate modification is an intended change in the soil-plant-atmosphere system
for alleviating stress improving yields. Modifications of microclimate are intended to bring about
changes in one or more of the meteorological parameters depending upon the technique being
used for alleviation of climatic stress. In order to understand interaction of plant community and
microclimate, it is required to have basic weather information like solar radiation, light intensity, soil
temperature, relative humidity, temperature and wind speed etc. at the micro-level along with topography, vegetation, drainage, cultural practices etc. Here, we discuss modifications of microclimate
to reduce the impact of extreme weather events.

Windbreaks
Windbreaks probably go far back to the era of pastoral and agricultural civilizations. Wind problems
have been of major importance in determining the characteristic agriculture in many regions. In the
lower Rhone Valley of France, for example, almost all agricultural enterprises require some degree
of protection against the force of the cold dry winds. This has led to the culture of small fields
protected by a dense network of windbreaks.
We observe that grazing animals seek shelter form strong winds. This is a response, no doubt, to
physical discomfort caused either by the chilling in cold wind, by desiccation in hot winds, or simply
by the mechanical pressure on the animal. Plants, too, are subjected to damage caused by excessive chilling, high temperatures, desiccation, or direct mechanical injury. Windbreaks (any structure
that reduces wind speed) and shelter belts (rows of trees planted for wind protection) by reducing
these stresses be profoundly beneficial to the growth of plants in their lee.

Soil temperature
Growing plants live in two media- in the air near the ground, and in the upper layer of the soil. The
soil is the only medium for most plants in their first stage of life, before the seeds have germinated
and emerged above ground. Soil temperature can be a limiting or critical factor for seed germination, root elongation, tuber development, decomposition of organic matter within the soil, and thus
for the amount of CO2 passing from the soil into the plant-air layer and into the atmosphere. The
optimum and minimum soil temperature for seed germination for some crops are given below:
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The range of temperature for germination of a crop defines its sowing date. Soil management which
results in increase/decrease of soil temperature so as to be above the minimum but close to the
optimum will be desirable. Soil temperature is also important for plants whose harvestable parts lie
below soil surface. For example, the tubers of potato develop best at temperatures about 18°C but
their growth is reduced at temperatures above 20°C, and it is stopped completely at about 28°C.
Some techniques to modify soil temperature are described below:

Soil cultivation and treatment
Cultivation may increase the porosity of the soil and consequently improve its aeration and increase
its temperature, besides improving drainage. Cultivation of the soil also influences agrometeorological
conditions in soil and air – evapotranspiration, air temperature near the ground and its daily variation. Such changes in the state of soil are brought about by changes in surface albedo as a consequence of soil cover, shallow mulch, and reshaping of the soil surface as ridges and furrows.

(a) Effect of colour of soil surface on soil temperature
Differences in soil colour imply differences in coefficient of reflection of short wave solar radiation
and hence different amounts of solar energy absorbed by the surface. So, net radiation of the soil
surface can be changed by altering surface colour. This method is used in agriculture to warm the
uppermost layers of the soil or to prevent high temperatures, which are dangerous for young plants
and seedlings. For instance, use of a thin layer of white powdered lime on a black cotton soil reduces the surface temperature up to 15°C. Similarly, during cooler period, in temperate areas, dark
materials can be applied to increase the soil temperature for facilitating earlier germination.

(b) Effect of ridge-furrow system on soil temperature
Some agronomic practices such as sowing of crops on directional ridges can be used to alleviate
cold stress especially during early growth stages, sensitive to low temperature (Fig.1). Soil temperature at the surface as well as at shallow depths has been found to be higher by several degrees
on south facing slopes of the east-west drawn ridges or beds. This benefit is being exploited in
winter maize and sunflower cultivation to encourage early crop establishment during winter months
in Punjab where the seeds of the crop are sown on south facing slope of the ridges.
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The shelterbelt affects the radiation balance. Solar and net radiations are reduced significantly in
the areas shaded by windbreaks. In the northern hemisphere, the east-west oriented windbreaks
are more effective than the north-south oriented windbreaks. Areas to the north of an east-west
windbreak will be shaded for a longer time while to the south there will be increased irradiance
throughout the day due to reflection from the barrier.
The shelterbelt affects air temperature and humidity. The data in Table-1 shows a comparison of
mean daytime air temperature and relative humidity at 0.5 m height in a sugarbeet field on several
days in the open and sheltered plots with corn rows serving as shelterbelt. Generally the daytime
temperatures are greater in sheltered fields than in open fields due to the reduction of wind speed
and consequent reduction of mechanical turbulent mixing. At night time the reduction of windiness
and turbulence in the sheltered fields causes temperature inversions to intensify. Therefore, the air
is often colder at night in sheltered fields than in open fields with the increased incidence of dew and
frost. In the sheltered field the amplitude of diurnal temperature changes is also higher which can
influence the sheltered crops.
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Table.1. Mean daytime (0600-1800) air temperature and relative humidity at 0.5m height in open
plots and in plots of sugarbeet sheltered by corn rows.

Mulching
Mulching is the application, or creation, of some soil cover, which reduces vertical transfer of heat
and of water vapour. Mulching may consist of

• A loose layer of top soil (ploughing/hoeing produce a mulch)
• Cut or gathered vegetation material such as grass, weeds, straw, tree leaves etc.
• Crop residues or stubble
• Manufactured materials such as paper and plastic
Mulching can have a marked effect on the soil environment. Mulching of soil surface

• Reduces evaporation. Evaporation is reduced because of decrease in availability of vaporization
energy below the mulch. Most mulches are effective barriers to upward flow of water vapour.

• Reduces diurnal amplitude of soil temperature
• Indirectly increases moisture content of the soil
• Raises heat capacity of the soil
In the summers, the aim of mulch is to conserve soil water while in winters, it is used to conserve soil
heat and prevent frost damage. Different kinds of mulches and their effects are described below:

(a) Pulverized soil : The simple, shallow cultivation of a soil surface creates a loose mulch of dry
soil which reduces the thermal conductivity of the soil, because the air between soil particles acts as
insulation. The surface temperature of such loose soil is likely to be higher than a soil surface, which
is left undisturbed. The loose top soil layer also decreases evaporation because of rupture of soil
capillary connections, inhibiting upward movement of soil water from deeper layers.

(b) Straw mulch: Straw or similar materials have a greater insulating effect than an equivalent
depth of pulverized soil. On hot days, soil temperature under straw can be lower by several degrees
than without mulch. Straw mulch also helps to insulate the soil on cold days.
(c) Plastic mulch: Clear or colored plastic can be used to provide insulation. Clear plastic warms
the soil more than the black plastic. Plastic also prevents loss of moisture from the soil. Black plastic
mulch is also effective in controlling weeds.
(d) Asphalt or petroleum mulch: Water emulsion of asphalt has been shown to be effective as
clear polyethylene in insulating the soil. However, asphalt mulch is economical only when petroleum
is inexpensive. A comparison of soil temperature under different mulch materials is shown in Table2.
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Table. 2. Effect of asphalt and plastic mulches on soil temperature

Irrigation and moisture

(a) Frost protection by flood irrigation: Protection from frost can be provided prior to frost incidence. The flood water and moist soil keep the soil warm during periods of freeze damage by
increasing the heat capacity of the soil, increasing heat conduction, and releasing some latent heat
if freezing occurs. This is one of the practical options for the farmers to adopt when frost incidence
is forecasted by the weather man. The soil should be kept moist by frequent but light irrigations
during expected periods of frost occurrence.
(b) Sprinkler irrigation for heat stress reduction: Sprinkler irrigation which wets the crop surface
helps in reducing the heat stress. The application of water to the leaf surface decreases the leaf
temperature by evaporative cooling of the applied water. Sprinkling for heat stress reduction can
increase crop quality and yields.

(c) Sprinkler irrigation for frost and cold protection: Cold protection is achieved by overhead
sprinkling of water, which then freezes on contact with the crop, with accompanying release of heat
of fusion from the freezing ice-water film. Sprinklers are also useful in providing cold protection to
fruit buds in orchards. The common practice is to use sprinklers to supply heat (from the heat of
fusion) to the orchard for protection during freezing conditions particularly when the buds have
grown to a vulnerable stage of development.

Artificial rainmaking
Cloud seeding by injecting artificial substances into the clouds was discovered in the experimental
laboratories of General Electric company on 12-7-1946 by Vincent Schafer who sprinkled dry ice
crystals at -78°C into the super cooled droplets of the artificial clouds produced in his laboratory
experimental chamber when the ice crystals were found to transform by freezing the super cooled
water droplets into ice crystals that precipitated as snowfall on the bottom of the cloud chamber.
Thus the scientific basis for artificial precipitation was established. Cloud-seeding experiments were
being conducted in about 40 to 50 countries for more than 4 to 5 decades.

Principles of cloud seeding: Clouds are made up of millions and millions of water droplets or tiny
particles or both. They are formed around microscopic particles of dust, smoke, soil, salt crystal and
other chemical aerosols, bacteria and spores that are present in the atmosphere. These particles
are classified as “cloud condensation nuclei”(CCN) on which water vapour condenses to form cloud
droplets and a few of them are classified as Ice Nuclei (IN) on which condensed water freezes or ice
crystals form directly from water vapour. The types of nuclei and their sizes and concentrations
present in the air play a significant role in determining the efficiency with which a cloud system
precipitates.
Warm and cold clouds seeding: Precipitation forms in clouds by two mechanisms namely
“warm rain” and the “cold rain” processes. The term warm was coined bythe scientists because the
rain in tropical countries often fell from clouds whose temperature was warmer than the freezing
level of 0°C.Rain occurs in these clouds when larger droplets collide with smaller droplets and
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absorb them in a process known as “coalescence”. The cold rain occurs in clouds whose temperature in all or part of is cooler than the freezing level of 0°C. The regions of the clouds below freezing
level are super cooled and contain both water droplets and ice crystals and sometimes only the
former. The ice crystals which form in the super cooled regions of the cloud grow very rapidly by
means of drawing the moisture from the surrounding cloud droplets and this growth continues until
their weight overcomes the gravity forces and causes them to fall to the ground. While falling from
cloud these ice crystals coalescence with other smaller droplets and fall from the cloud as snow or
rain .The atmospheric nuclei that play a key role in cloud formation exert a strong influence on the
efficiency with which the warm and cold rain processes operate. Seeding the cloud with very large
condensation nuclei can be done to accelerate the warm rain process and seeding with proper ice
nuclei such as silver iodide to supply naturally nuclei-deficient cold clouds with optimum concentrations of ice crystals which substantially increase rainfall through the cold rain process.

Chemicals used for cloud seeding: The substances like dry ice, silver iodide and hygroscopic
salts are used as cloud seeding agents. Silver iodide is very similar in structure to the naturally
occurring ice, which forms in cold clouds. In order to treat warm clouds, hygroscopic salts such as
sodium chloride and calcium chloride are used. These chemicals were injected by using aeroplanes
and ground generators.
Artificial rainmaking is conducted mostly to increase availability of water in a region by augmenting
substantial rainfall in addition to the normal rainfall. By increasing the annual rainfall from 10% to
20%, the additional water will be used for raising the water levels in the rivers and lakes, agriculture
and hydropower generation. These operations are also used for minimizing adverse impact of hailstorms which cause severe damage to crops. Artificial rainmaking is as also used to augment the
water storage in reservoirs for use in the subsequent years of drought. After reviewing the results of
cloud seeding operations for several years, the world meteorological organization predicts about
5% to 20% additional rainfall from clouds over the continents and 30% from the maritime clouds. On
an average the benefits are estimated at about 20 times the cost incurred for the operations.
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CLIMATE RESILIENT AGRICULTURE: TECHNOLOGY AND
POLICY OPTIONS
B Venkateswarlu
Introduction
Climate change is likely to threaten the food security and livelihoods of millions of people in India.
Global Circulation Models generally predict that rising temperatures, increased climate variability
and extreme weather events could significantly impact food production in the coming decades.
Climate change impacts on agriculture are being witnessed all over the world, but countries like
India are more vulnerable in view of the high population depending on agriculture, excessive pressure on natural resources and poor coping mechanisms. The warming trend in India over the past
100 years was estimated to be 0.60°C. The projected impacts are likely to further aggravate yield
fluctuations of many crops thus impacting food security. There are evidences of negative impacts on
yield of wheat and paddy in parts of India due to increased temperature, increasing water stress and
reduction in number of rainy days. Modeling studies project a significant decrease in cereal production by the end of this century. Parts of western Rajasthan, Southern Gujarat, Madhya Pradesh,
Maharashtra, Northern Karnataka, Northern Andhra Pradesh, and Southern Bihar are likely to be
more vulnerable in terms of extreme events. Irrigation requirement in arid and semi-arid regions is
estimated to increase by 10% by every 1°C rise in temperature.

Long term trends
Significant negative impacts have been projected with medium-term (2010-2039) climate change,
eg. yield reduction by 4.5 to 9 percent, depending on the magnitude and distribution of warming.
The impact of long-run climate change (2070-2099) would be even more detrimental, with predicted
yields falling by 25 percent or more if no adaptation measures are taken. Since agriculture makes
up roughly 16 percent of India's GDP, a 4.5 to 9.0 percent negative impact on production implies a
cost of climate change to be roughly up to 2 percent of GDP per year. Since maintaining agricultural
productivity is critical for all, in particular the resource poor small and marginal farmers that would be
affected most. In the absence of rapid and full adaptation, the consequences of long-run climate
change could be even more severe on livelihood security of the poor.
Consistent warming trends and more frequent and intense extreme weather events have been
observed across India in recent decades. Several areas have been recognized as being predominantly risk prone to the impacts of climate change. Among these are the most productive coastal
areas, Indo-Gangetic plains and the frequently drought and flood prone regions of the country.
Recent climatic events like cold wave, heat wave, drought, and floods have demonstrated the significant potential of weather factors to influence the production of food crops like rice, wheat and
pulses, eventually leading to shortages and increased prices. Even the production from the marine
ecosystem is likely to be affected due to warming of sea surface temperatures. It is, therefore
important that we enhance the resilience of Indian Agricultural Production System to climatic variability and climate change.

Climate Resilience to Agriculture
Resilience refers to ecosystem's stability and capability of tolerating disturbance and restoring itself.
If the disturbance is of sufficient magnitude or duration, a threshold may be reached where the
ecosystem changes state, possibly permanently. Sustainable use of environmental goods and services requires understanding and consideration of the resilience of the ecosystem and its limits.
However, the elements which influence ecosystem resilience are complicated. For example various
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elements such as the water cycle, fertility, biodiversity, plant diversity and climate, interact fiercely
and effect different systems. There are many areas where human activity impacts upon and is also
dependent upon the resilience of terrestrial, aquatic and marine ecosystems. These include agriculture, deforestation, pollution, mining, recreation, overfishing, dumping of waste into the sea and
climate change. On the whole resilience is the capability of the production system to resist the
negative impacts of climate change and also the capacity to recover quickly after the damage. Both
application of improved technologies and new policies will contribute to resilience.
Indian farmers have evolved many coping mechanisms over time, but these mechanisms are often
unable to cope with the high extreme weather events being witnessed in recent times. Therefore,
there is a need for using modern science combined with indigenous wisdom of the farmers to enhance the resilience of Indian agriculture to climate change. We need improved technologies that
enhance the resilience of agriculture to climate change as well as dissemination of location-specific
best-bet practices (based on available scientific information) to farmers.
There has been a significant rise in the frequency of extreme weather events in recent years affecting the productivity and income at the farm level and also impacting the availability of staple food
grains at the national level. Within the same year, the country is experiencing severe droughts and
floods in the same region posing serious problems to the farmers, agricultural scientists and extension staff. There is also abundant traditional wisdom among our farmers to cope with climate variability which need to be captured and documented in the project. Since climate change poses
complex challenges like multiple abiotic stresses on crops and livestock, shortage of water, land
degradation and loss of bio-diversity, a focused and long term research is required to find solutions
to the problems specific to our country and at the same time apply the available technologies in the
field. Following are some key adaptation strategies and future research needs.

Adaptation / mitigation strategies
A comprehensive strategy of utilization of existing knowledge, strengthening R&D in key areas and
evolving a policy frame work that builds on risk management and providing incentives to sustainable
use of natural resources will be required for successful adaptation by farm sector to climate. The
goal of this strategy is to minimize as risks associated with farming and enable farms to cope with
these risks (Singh et.al., 2009).
The main adaptation strategies include development of new genotypes; intensifying search for genes
for stress tolerance across plant and animal kingdom; intensifying research efforts on marker aided
selection and transgenics development for biotic and abiotic stress management; development of
heat and drought tolerant genotypes; attempt conversion of C3 plants to C4 plants; development of
new land use systems; evolving new agrotechnique for climate change scenarios; explore opportunities for restoration of soil health; use multipurpose adapted livestock species and breeds; development of spatially differentiated operational contingency plans for weather related risks, supply
management through market and non-market interventions in the event of adverse supply changes;
enhancement research on applications of short, medium and long range weather forecasts for reducing production risks; development of knowledge based decision support system for translating
weather information into operational weather management sources; development of pest and disease forewarning systems covering range of parameters for contingency planning; conducting an
integrated study of 'climate change triangle' and 'disease triangle', especially in relation to viruses
and their vectors. Development of a compendium of indigenous traditional knowledge and explore
opportunities for its utilization forms an important part of this strategy.
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ute to a reduction in the pace of global climate change (Venkateswarlu and Shanker, 2009). The
important mitigation options include efficient water and nutrient management options to enhance
use efficiency; evaluate carbon sequestration potential of different land use systems including opportunities offered by conservation agriculture and agro-forestry; identify cost effective opportunities for reducing methane emission in ruminants by modification of diet, and in rice by water and
nutrient management. Renewed focus on nitrogen fertilizer use efficiency with added dimension of
nitrous oxide mitigation. However, we need to assess the socio-economic implications of proposed
mitigating options before developing a policy frame work.
Building state of the art infrastructure for research and training of scientists in frontier areas and
tools, increasing climate change literacy to different levels of stakeholders, mainly farmers; enhancement of national capacity on decision support systems developing best weather insurance
products for vulnerable areas and farmers and carbon trading in agriculture; and international collaboration are some other key areas through which we can tackle challenges of climate change and
global warming. The Indian Council of Agricultural Research (ICAR) recently formulated a major
project on climate resilient Indian agriculture which includes all these components of strategic research, strengthening R&D infrastructure, capacity building and technology demonstration on farmers fields.
Finally, there is a need to make climate change adaptation and mitigation measures as an integral
part of overall planning and development strategy of the country on long term. (Venkateswarlu and
Shanker, 2009).
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MITIGATION OF GREEN HOUSE GAS EMISSIONS THROUGH
CLEAN DEVELOPMENT MECHANISM
Introduction

J V N S Prasad

Warming of the climate system is an established fact, which is evident from the increase in global
average air and ocean temperatures, widespread melting of snow and ice and rising global average
sea level. The warming trend in India over the past 100 years (1901 to 2007) was observed to be
0.51°C with accelerated warming of 0.21°C per every 10 years since 1970. Global green house gas
(GHG) emissions due to human activities have grown since pre-industrial times, with an increase of
70% between 1970 and 2004 where as the emissions of Carbon dioxide (CO2) have grown by
about 80% between 1970 and 2004, from 21 to 38 gigatonnes (Gt), and represented 77% of total
anthropogenic GHG emissions in 2004 (IPCC 2007). With the current climate change mitigation
policies global GHG emissions will continue to grow over the next few decades. A warming of about
0.2°C per decade is projected for a range of emissions scenarios for the next two decades. Even if
the concentrations of all GHGs and aerosols had been kept constant at year 2000 levels, a further
warming of about 0.1°C per decade would be expected (IPCC, 2007). Climate change impacts on
agriculture are being witnessed all over the world, but countries like India are more vulnerable in
view of the high population depending on agriculture and excessive pressure on natural resources.
The projected impacts are likely to further aggravate yield fluctuations of many crops with impact on
food security and prices. Cereal productivity is projected to decrease by 10-40% by 2100 and
greater loss is expected in rabi. There are already evidences of negative impacts on yield of wheat
and paddy in parts of India due to increased temperature, increasing water stress and reduction in
number of rainy days. Water requirement of crops is also likely to go up with projected warming and
extreme events are likely to increase. In view of the widespread influence of climate change, there
is a need to reduce the emissions of green house gases which are the main drivers of climate
change.

Climate change, Kyoto protocol and Clean Development Mechanism
In response to the concerns of increasing concentrations of GHGs, as early as 1992, more than 150
nations came together to sign the United Nations Framework Convention on Climate Change
(UNFCCC) at The Earth Summit in Rio. A part of the agreement is that the developed nations would
reduce the GHG emissions to 1990 levels by the year 2000. This led to the establishment of a
protocol in 1997 at Kyoto, Japan that would be binding for the developed nations, which is popularly
called as the Kyoto Protocol. The Kyoto Protocol was adopted in December 1997. The Protocol
creates legally binding obligations for 38 industrialized countries, including 11 countries in Central
and Eastern Europe, to reduce their emissions of GHGs to an average of approximately 5.2 percent
below their 1990 levels as an average over the period 2008-2012. The targets cover the six main
greenhouse gases: carbon dioxide, methane, nitrous oxide, hydrofluorocarbons (HFCs),
perfluorocarbons (PFCs), and sulphur hexafluoride. The Protocol also allows these countries the
option of deciding which of the six gases will form a part of their national emissions reduction strategy. After more than four years of debate, governments finally in 2001 agreed to a comprehensive
rulebook—the Marrakech Accords—on how to implement the Kyoto Protocol.
The Protocol established three mechanisms designed to help industrialized countries (Annex I Parties) to reduce the costs of meeting their emissions targets by achieving emission reductions at
lower costs in other countries than they could domestically.
• International Emission Trading permits countries to transfer parts of their 'allowed emissions'
(“assigned amount units”).
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• Joint Implementation (JI) allows countries to claim credit for emission reductions that arise from
investment in other industrialized countries, which result in a transfer of equivalent “emission reduction units” between the countries.
• The Clean Development Mechanism (CDM) allows emission reduction projects that assist in
creating sustainable development in developing countries to generate “certified emission reductions” for use by the investor.
The mechanisms give countries and private sector companies the opportunity to reduce emissions
anywhere in the world—wherever the cost is lowest—and they can then count these reductions
towards their own targets. It is envisaged that through emission reduction projects, these mechanisms could stimulate international investment and provide the essential resources for cleaner economic growth in all parts of the world. The CDM, in particular, aims to assist developing countries in
achieving sustainable development by promoting environmentally friendly investment from industrialized country governments and businesses. The funding channeled through the CDM should assist developing countries in reaching some of their economic, social, environmental, and sustainable development objectives, such as cleaner air and water, improved land use, accompanied by
social benefits such as rural development, employment, and poverty alleviation and reduced dependence on imported fossil fuels.

Emissions of GHGs from agriculture in India
Agriculture sector is one of the main sources of GHG emissions throughout the world and in India as
well. In India, agriculture contributed about 17% of the CO2 equivalent emissions for the base year
2007 (INCCA 2010). Details of GHG emissions from agriculture are given below:
a. CH4: The agriculture sector dominates the total national CH4 emissions, within which emissions
due to enteric fermentation (63%) and rice cultivation (21%) were the largest. Methane emissions
from various categories of animals range from 28 to 43 g CH4 / animal. The methane emission
coefficient for continuously flooded rice fields is about 17 g/ m2. Burning of crop residue is a significant net source of CH4 in addition to other trace gases.
b. N2O: Agriculture sector accounted for 71 percent of total N2O emission from India in 2007. Emissions from soils are the largest source of N2O in India followed by manure management. Emissions
of N2O results from anthropogenic nitrogen input through direct and indirect pathways, including the
volatilization losses from synthetic fertilizer and animal manure application, leaching and run-off
from applied nitrogen to aquatic systems.
c. CO2: CO2 emissions from agriculture are due to the consumption of diesel for various farm operations and due to the use of electricity for pumping of groundwater. Land use conversion from forests
to agriculture due to shifting cultivation and on-site burning results in CO2 emissions.

Mitigation options in agriculture
Agriculture can help mitigate climate change by reducing GHG emissions and also by sequestering
CO2 from the atmosphere.

• In irrigated rice cultivation, management practices such as water management, nutrient management, selection of suitable variety, spacing, stand establishment, crop sequence were found to
reduce methane emissions by 7 to 68%. Mid season drainage also found to reduce the emissions of
methane substantially in lowland paddy. Application of nitrification inhibitors, matching nitrogen supply with crop demand, tighten N flow cycles, use advanced fertilization techniques, optimum tillage,
irrigation and drainage, etc. found to reduce the N2O losses up to 80% (Adhya, 2008).

• Conservation agriculture practices such as reduced tillage, retention of crop residues on the surface, application of optimum quantum of nutrients and suitable crop rotation contributes to reduction
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of CO2 emissions and contributes towards carbon sequestration. Application of organic manures,
fertilizers and integrated nutrient management practices improves the crop growth and also sequesters substantial quantities of soil carbon. The potential of carbon sequestration due to adoption
of recommended package of practices on agricultural soils is about 6 to 7 Tg C/y. In addition, the
potential of soil inorganic carbon sequestration estimated at 21.8 to 25.6 Tg C/y (Lal, 2004).

• Restoration of degraded lands by establishing suitable vegetative cover not only arrest further
erosion from these soils but also increases carbon sequestration through enhanced biomass recycling. Trees should be integrated with arable cropping where ever possible and emphasis needs to
be given to horticulture and short rotation forestry to meet the demands of the economy. Large scale
tree planting can be integrated in to the employment guarantee program by which it can be made as
a community led development initiative. Degraded forest lands which are under joint forest management (JFM) and community forest management (CFM) can also be brought under this kind of community initiative and this can be linked to the CDM of UNFCCC where the community will get the
benefit of the afforestation activity and also the benefits of the tree produce.

• Organic agriculture reduces soil erosion, restores organic carbon content, reduces nitrogen fertilizer use and energy requirement. Organic agriculture reduces the usage of nitrogen fertilizers substantially and thus emissions and contributes to carbon sequestration.
There is significant scope to reduce the emissions by using energy efficient pumps for irrigation,
reducing the number of tillage operations and adoption of energy efficient devices in agricultural
operations.

• Improved management of livestock feed, and research on dietary supplements, balanced nutrition, feed mixtures needs to be further investigated.

Agriculture and CDM
Large number of CDM projects developed so far relates to energy sector and industrial processes
with high global warming potential. Landfill gas and HFCs (Hydro Chloro Flouro Carbon) together
account for much of the CERs (Certified Emission Reductions) in the CDM pipeline. In agriculture
sector, the number of projects registered was 87 (6.08 %). However, majority of these projects are
related to manure management in large-scale livestock / animal production units and not related to
core agriculture activities of small sized holdings. Similarly the number of projects in Afforestation/
Refforestation (A/R) sector is only five out of 1430, representing less than 1% percent. Projects
related to agriculture and afforestation and reforestation will ensure greater participation of farmers/
communities in the emission reduction activities resulting in sustainable development benefits. Properly designed CDM projects in these two sectors can provide useful additional revenue to rural
communities, which will be independent of existing streams of revenue from the forestry plantations
besides contributing to the emission reduction or carbon sequestration.

Potential CDM projects related to agriculture
The prerequisites for a CDM project is that they should be project based and the proposed activity
should have an approved methodology. Two kinds of activities are possible in agriculture in the first
commitment period. They are energy efficiency projects and carbon sequestration projects. Activities which reduce the green house gas emissions through improving energy efficiency can be taken
up in CDM. In sink projects, only afforestation and reforestation related activities are allowed, and
the maximum use of CERs from A&R projects should be less than 1% of the 1990 emissions of the
Annex 1 party during the first commitment period of the Kyoto protocol. Soil carbon sequestration is
eligible only as a part of land use change and afforestation and reforestation activities, during the
first commitment period of Kyoto Protocol. Other sinks related activities like revegetation, forest
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management, cropland management and grazing land management are not allowed under the
CDM but only as joint implementation projects in Annex-I countries. Hence clean development projects
exclusively on soil carbon sequestration in arable lands are not forthcoming during the first commitment period. However few CDM projects are under implementation in afforestation and reforestation sector which considers soil carbon pool.

Energy efficiency (Emission reductions)
Substantial quantities of energy are being consumed in various agricultural operations and also at
the household level. Activities which can reduce emissions by introducing energy efficiency measures are eligible in CDM. Some of the possible activities could be, reducing the number of tillage
operations in agriculture, installing capacitors to agricultural pump sets, using pump sets operated
by solar energy for water lifting, replacing the incandescent lights with the compact fluorescent
lights in the houses, farms, streets, installing energy efficient equipment, etc. All these interventions
have supporting methodologies which can be used for the CDM project preparation. Some of the
methodologies that can be used for energy efficiency in rural sector are as follows:
Table1. Approved methodologies related to energy efficiency which can be used for agricultural/
household related interventions

Carbon sequestration
Agroforestry systems like agri-silvi-culture, silvipasture and agri-horticulture offer both adaptation
and mitigation opportunities. Agroforestry systems buffer farmers against climate variability by
modifying the microclimate. Agroforestry systems are better land use systems for arresting land
degradation and also improves the productivity of degraded lands and can sequester carbon and
produce a range of economic, environmental, and socioeconomic benefits. The extent of carbon
sequestration by these systems is given below.
Sole tree plantations produce large quantities of biomass in a short time and they provide fodder,
timber, pulpwood and props for commercial use. The carbon sequestered by these systems is
presented in table 3.
There are a\many approved methodologies in CDM which support agroforestry interventions. Many
of these methodologies were developed in the last two years and support introduction of trees in
various landscapes which perform various roles. Some fo the approved methodologies for A/R are
given in table 4.
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Table 2. Carbon storage (Mg/ha/ year) in different agri silvicultural and silvi pasture systems
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One of the above methodologies can be used for preparaing CDM project depending on the category of the land and also the kind of tree systems.

Conclusions
The contribution of the agricultural sector towards the reduction in GHG emissions and sequestration depends largely on the farmers' adoption of environmentally friendly land use and management
practices. Adoption of these practices in a wider scale largely depends on, to what extent farmers
are compensated for the additional global benefits and payments for the environmental services
besides the on-farm benefits such as increased crop yields. The quantum of benefits from the
carbon sequestration services depends on the extent of reductions of GHGs/ sequestration achieved,
the extent of allocation of land for the mitigation activity, the market price of the CERs and the
project arrangement between the farmers and the proponents of the CDM project and the demand
for the CERs in the international market. The quantum of carbon sequestered under rainfed situations and also the small scale nature of holdings associated with rainfed agriculture, the returns
from the sequestration activity may not be attractive at the current carbon prices but the associated
benefits in terms of the balanced nutrition, reduced erosion, better crop growth and performance,
stabilised and enhanced yields and better soil quality under rainfed situations will be remarkable.
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