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Preface
Knowledge of plant atmospheric interactions is needed for sustainable crop production and its management. In the

changing climatic scenario, there is ample evidence that the proportion of atmospheric green house gases have
undergone major changes in global climate. Although the details of these changes are still the subject of debate, yet
the understanding plant atmosphere feedback system is an important aspect in weather based agro advisories.
Keeping in view the future demand, a training course on “Plant-Atmospheric Interactions” has been organized to
enhance the knowledge and skills of the scientific personnel participating in climate change research programs in
the country.
The contributions in this volume deal with several key aspects of the plant atmospheric - interaction from different
angles. The training program was carefully planned with both classroom lectures and practicals in field. The
proceedings of the training is brought out in six chapters. The information contained in these chapters is quite
relevant in the context of climate change research. The key chapters deal with general meteorology, soil plant
atmospheric continuum (SPAC) viz., advective transfer of heat on evaporating surface, heat load on leaf surface,
energy balance, radiation utilization and its profiles in plants, importance and application of boundary layer in
plant canopies, physiological and drought tolerance mechanism in plants, microclimate of hilly region and different
cropping systems, different types estimation of evapotranspiration and computation of crop co-efficient and crop
water requirements.
Climate change related lectures are included in the third chapter and chapter four covers micrometeorological
aspects of plant disease management, weather based pest prediction models, expert system for pest & disease
management and elevated CO2 impact on insect herbivore and host interactions. The topics related to crop modeling
are included in the fifth chapter. The final and sixth chapter includes applications of remote sensing and GIS
technique for crop inventories and crop suitability assessment, new concepts in agrometeorology, crop-weather
relationship techniques, future challenges in rainfed agriculture and weather based agro-advisories for crop planning.
I wish to acknowledge with thanks the financial support received from DST, New Delhi in organizing the
training program at CRIDA, Hyderabad.
The effort made by the editors in compiling and editing this volume based on inputs from resource persons is
commendable. I am sure that this publication will be of great use among the scientists working in the fields of
agriculture and atmospheric sciences.

Dr. B. Venkateswarlu
Director
CRIDA
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Chapter - I
General Meteorology
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CHRACTERIZATION OF THE ATMOSPHERE
V.U.M. Rao

1.0 Introduction
The earth is surrounded by a layer of gases, which is retained by the earth’s gravity. This layer is known as the atmosphere.
The atmosphere protects life on the earth by absorbing ultra violet solar radiation and reduces 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 6 km 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 atmosphere also contains water vapour in smaller quantities. The
amount of all these gases except water vapour is more or less constant while the water vapour is highly variable. Based
on the thermal characteristics, chemical composition, movement and density, the atmosphere is divided into four distinct
layers. They are troposphere, stratosphere, mesosphere and thermosphere.

Fig.1. Temperature variation with height

2.0 Atmospheric layers
2.1 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 the 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 expand due to falling pressure with
height, 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 9.80C/km which is known as the Dry Adiabatic Lapse Rate (DALR) and the saturated air cools at the rate of
6.50C/km which is known as Saturated Adiabatic Lapse Rate (decrease of temperature with height). Almost all weather
occurs in this region. The tropopause separates the troposphere from the next layer, which is known as the stratosphere.
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2.2 Stratosphere
The stratosphere starts just above the tropopause and extends upto 50km 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. The region below stratosphere is known as the lower atmosphere.

2.3 Mesosphere
It starts above the stratopause and extends to 85km high. In this region the temperature again falls to as low as -930C as
the height increases. The chemicals present here 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.

2.4 Thermosphere
Thermosphere starts just above the mesosphere and extends to 600 km height. In this layer, the 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 is the only constituent of
this region and are present at extremely low densities.

3.0 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), 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" height and weight 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 some
interesting facts in this respect are:
 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 100km

4.0 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 look small but it is estimated that every minute of
the day nearly one 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 Hydrologic Cycle clearly explains the role of oceans, vegetation and the
atmosphere in determining the exchange of water among these processes.

4.1 Hydrologic cycle
The Fig.2 explains how the 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 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 the 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 .
4

Fig.2. Hydrologic Cycle

4.2 Plant - atmospheric interactions
A link between climate and vegetation has long been recognized by farmers and play wrighters for hundreds, if not
thousands, of years. The physical status of the atmosphere is defined by its temperature, humidity, wind speed, and
pressure. But how does the atmosphere maintain its physical state? To answer this question we must assess the fluxes of
heat, energy and momentum into and out of the atmosphere. Plants intercept sunlight and the intercepted sunlight heats
the soil and vegetables and drives transpiration and evaporation. Plants also exert drag on the wind. This alters turbulent
mixing and the transfer of moisture from the surface to the atmosphere. The role of different weather elements on crop
growth and development differs for each crop and the influence of some weather parameters on crop is discussed in
brief below.
4.2.1 Solar radiation
Solar radiation has great importance in the establishment and growth of plants. Radiation is captured by canopies and
its energy is used to convert carbon dioxide into sugar-like structures in a process called photosynthesis. The region of
the solar spectrum that is important to photosynthesis is the visible band, also known as Photosynthetically Active
Radiation (PAR), which consists of wavelengths between approximately 0.4 and 0.7 µm.
4.2.2 Temperature
Together with light, water and nutrients, temperature is a key environmental factor controlling plant function. Temperature
is a measure of the concentration of heat energy within a medium, such as air, water or soil. Changes in environmental
temperature manifest primarily through changes in air temperature, driven by seasonal and diurnal variations in incident
solar radiation, coupled with downwelling longwave from the atmosphere and clouds, which drive surface heating of
vegetation and soils. Temperature is the most critical weather variable for insect pests. It controls all facets of their
development and activity. Phenological responses such as the timings of cambial activity (i.e., onset of growth, leaf
emergence and flowering)., each plant growth stage require species-specific critical “heat sums” that is called growing
degree days. Phenology is often estimated using growing degree days. The timing of leaf out is one of the most distinct
phenological events and can cause dramatic switches in atmospheric humidity, surface energy balance and carbon
uptake. Many new studies are showing that global warming is causing length of growing season to hasten, hence a
feedback of temperature on phenology, besides Kinetics. Plant atmosphere interactions are crucial to the maintenance of
plant growth and survival.
5

4.2.3 Wind
Wind couples vegetation to the atmosphere, mixing air from above the turbulent boundary layer with that close to the
leaves and stems. In the process, it transfers momentum energy into the canopy, while reducing concentration gradients
of atmospheric constituents, including oxygen and CO2, water vapor and heat, between vegetation surfaces and the
atmosphere.

REFERENCES
Rao, G.S.L.H.V.P. 2005. Agricultural Meteorology. Second Edition. Kerala Agricultural University, Thrissur, Kerala, p.326
Samra, J.S., Singh, G. and Ramakrishna, Y.S. 2004. Cold wave during 2002-03 over north India and its effect on crops. The Hindu. Jan.10 p.6
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MONSOON ORIGIN AND ITS FEATURES
V.U.M. Rao

1.0 Introduction
Monsoon affect the livelihoods of millions of people in Africa and Asia. Agriculture, irrigation and power generation is
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.
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. Asia is the only continent in the world having regular visit 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, or the seasonal wind shifts are so consistent.
Ramage prescribed the boundaries of the monsoons to an area enclosed between 350N and 250S and between 300W and
1730E. 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.

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


Summer monsoon over Indian sub-continent, east and Southeast Asia



WestAfrican monsoon



Winter monsoon over east and Southeast Asia



Australian summer monsoon

2.1 Indian monsoons
Features of Indian monsoons are : a) Tropical location of Indian sub-continent, b) Himalayas- the mountain barrier to the
north of the land mass, cold and dry air mass c) monsoon is controlled by high and low centres developed over northwestern region of the Indian sub-continent, d) high temperatures (about 40-450 C) creates pressure gradient over India,
e) extreme low pressure points (up to 700 mb) that develop in the NW region, actively attract the prevailing winds from
the Indian Ocean, f) Continental Tropical Convergence Zone (CTCZ) shifts to the northern plains (300N), g) series of
atmospheric depressions, j) retreating monsoon (also called north-east monsoon) starts from northern regions by first
week of October, k) north-east monsoon is also accompanied by cyclones causing large scale damage to life and
property along the eastern coast of India.
2.2 Southwest monsoon
Indian agriculture is a gamble with the monsoon. Southwest monsoon prevails from June to September over India and 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 Sri Lanka and the islands in the Bay of
Bengal is towards the last week of May. Thereafter, it reaches the extreme south of the Indian peninsula about a week
later (June 1). The subsequent progress of the monsoon may be conveniently traced in the form of two branches of the
monsoon, namely, the Arabian Sea branch and the Bay of Bengal branch.
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We first consider the Arabian Sea branch, which gradually advances towards north to Mumbai by June 10. The advance
from Trivandrum to Mumbai 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 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 Kolkata is slightly earlier than at Mumbai. The normal date of
arrival at Kolkata is June 7, while the Arabian Sea branch of the monsoon normally reaches Mumbai 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 monsoon
showers by the first of July. The arrival of the monsoon 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 rainfall amount. 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. 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 800-1000km 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.

2.3 Monsoon trough
This is a semi-permanent feature of the monsoon. Monsoon trough over India at surface (1000 h Pa) runs from Ganganagar
to Kolkata, 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 Mumbai to Sambalpur. It’s position is by no means unique nor stationary.
It shows north-south migrations both at the surface and in depth.
2.4 North-east monsoon or winter monsoon
The south-west monsoon period is the principal rainy season over most of India. But over Tamil Nadu in peninsular
India, the principal rainy season is from October to December. This is known as north-east 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 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, 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 Tamil Nadu, Andhra Pradesh,
Karnataka and Kerala during November and December is attributed by and large to the winter or north-east monsoon.

3.0 Monsoon forecast in India
A 16-parameter power regression and parametric model developed by Gowariker et al. was introduced operationally by
IMD in 1988. A minor modification was made to the model in 2000, involving the replacement of four parameters as
8

with time they had lost their correlation. The year 2002 turned 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 longrange forecast models and attempt to develop new
credible models.
In 2003, IMD introduced several new models for long range forecast of south-west monsoon season (Jun–Sep). IMD
developed 8-parameter power regression and probabilistic models for the longrange forecast and issues forecast in
April. Both the models use the same 8 regional and global parameters as the predictors. These models need data up to
March. In 10-parameter power regression model there are eight parameters, which become known by March end and the
remaining two need data up to June to update the southwest monsoon forecast in the last week of June. 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 is developed by IMD and has been used long
range forecast for three broad homogenous regions of India, viz. northwest India, northeast India and the peninsula.
IMD’s new statistical models were introduced in 2007. Long range forecast schedule 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 parameters used in long range forecast are given in the table.
S.No

New Predictors

Used for forecasts in

1

North Atlantic Sea Surface Temperature (December +January)

April and June

2

Equatorial SE Indian Ocean Sea Surface Temperature (February + March)

April and June

3

East Asia Mean Sea Level Pressure(February + March)

April and June

4

NW Europe Land Surface Air Temperatures (January)

April

5

Equatorial Pacific Warm Water Volume(February +March)

April

6

Central Pacific (Nino 3.4) Sea Surface Temperature Tendency
(Mar+Apr+May) – (Dec+Jan+Feb)

June

7

North Atlantic Mean Sea Level Pressure(May)

June

8

North Central Pacific wind at 1.5 Km above sea level (May)

June

4.0 Second stage forecasts: method
1)

Forecast update for the southwest monsoon season (June-September) rainfall over the country as a whole
using a 6-parameter ensemble statistical model with a model error of ± 4%.

2)

Forecast for the monthly rainfall over the country as a whole for the months of July and August using separate
principal component regression models with a model error of ± 9%.

3)

Forecasts for the southwest monsoon season (June-September) rainfall for the four broad geographical regions
of India using separate multiple linear regression models with a model error of ± 8%.

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.
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FORECASTS FOR AGRICULTURE: OPPORTUNITIES
AND CHALLENGES
R. Jagannathan

1.0 Introduction
The farmers require precise weather forecasts to plan and organize their field activities. If farmers had better weather
predictions that are made sufficiently ahead of time, it may be possible to modify decisions to decrease unwanted
impacts and take advantage of favourable conditions. Weather forecasting is considered vital for development of sustainable
and economically viable agricultural systems, land use management, increase efficiency in the use of water, increase in
the area of agriculture production, improve production and quality of yield, reduce losses and risks, decrease costs of
inputs, labour and energy, conserve natural resources, and decrease pollution by judicial use of agricultural chemicals or
other agents that contribute to the degradation of the environment.

2.0 Weather forecasts for agriculture
2.1 Medium range forecasting
It is a forecast and warning of weather elements valid for 3 to 10 days. This forecast includes cloud amount, rainfall,
maximum and minimum temperatures, average wind speed, wind direction and weekly cumulative rainfall. This is the
most opted forecast for tactical farm decision making, if it can be disseminated in time.

2.2 Long range forecasting
It is a forecast for more than 10 days, a month and for a season. Long range forecasting could provide the indications of
monsoon rainfall variability. There are atleast four significant aberrations in rainfall behavior viz., early or late start of
rains, prolonged “breaks” during the cropping season, spatial or temporal aberrations and rains may terminate considerably
early or continue for longer periods which could upset established crop calendars and yields. These forecasts influence
the strategic farm decisions and most warranted forecast for policy makers.

3.0 Opportunities
To predict the weather in advance, knowledge of prevailing weather circulation pattern over an extended region covering
forecast area and adjoining parts is required. However, during a period of a week or so, such patterns would have
travelled several thousands kilometers, and interacted with each other and got modified with atmospheric flow in some
areas due to fresh developments. Hence aiming at medium range weather prediction, we need data from entire globe and
use them in the global atmospheric circulation models.
Sl.

Name of the Model

Organisation

Country

1.
2.

Integrated Forecast System (IFS)
Global Environmental Multiscale Model (GEM)

ECMWF
Meteorological Research Branch
and Canadian Meteorological Centre
National Oceanic Atmospheric
Administration
UK Met Office
US Navy

UK

3.
4.
5.
6.
7.
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Global Forecast System (GFS)
Unified Model (UM)
Navy Operational Atmospheric
Prediction Systems (NOGAPS)
Global Spectral Model
T254L64 Model (NCEP GFS) with Gridpoint
Statistical Interpolation (GSI) Analysis

Japan Meteorological Agency (JMA)
National Centre for Medium
Range Weather Forecast (NCMRWF)

Canada
USA
UK
USA
Japan
India

The National Meteorological and Hydrological Services (NMHS) of any country who is a WMO member has access to
the Global Telecommunication System (GTS). Through GTS these services gets weather information of the globe for
integration of global atmospheric data in operational mode on real time. Hence the need arose for a high-end super
computer and a state of the art General Circulation Model (Global Circulation Model - GCM) . GCM divides the planet
into a number of vertical layers representing levels in the atmosphere and depths in the oceans, and divides the surface
of the planet into a grid of horizontal boxes separated by lines similar to latitudes and longitudes. In this way, a threedimensional grid of boxes covers the planet. The following are some of the General Circulation Models available.
These models are run by the respective agencies for providing medium range forecast to the respective countries.
Except for the GFS data none of their model initial and boundary data are made available to open and GFS is used
world wide including the commercial organization within US. The TNAU is also using the same data for developing
weather forecast for four days in advance. The GFS is provided at 0.5 x 0.5 degree resolution. To improve regional
detail in circulation models, it is desirable to reduce the spacing between grid points. However, due to the complexity
of global climate modeling, computational requirements become prohibitive which warranted the use of Regional
Climate Models (RCM).

4.0 Regional climate models
The regional models uses the GCM outputs as initial and boundary and are built on finer spatial topography details,
incorporating vegetation indices, which are considered vital in influencing the local weather. The RCMs are expected to
produce forecast at a spatial resolution of even 10 m and are made available as open source. Some of the regional
models available worldwide is briefly discussed here. Most of these models are used for weather prediction as well as
for climate prediction at regional global levels depending on the computing both facilities available.

4.1 Weather Research Forecasting (WRF) model
The WRF system is in public domain and is freely available for community use (http://www.mmm.ucar.edu/wrf/users/).
The Mesoscale and Microscale Meteorology (MMM) division of National Centre for Atmospheric Research (NCAR) is
maintaining and supporting the WRF code. It is also being adopted by many of the meteorological services worldwide.
The WRF model is a specific computer program with a dual use for forecasting and research. It was created through a
partnership that includes the National Oceanic and Atmospheric Administration (NOAA), National Center for Atmospheric
Research (NCAR), and more than 150 other organizations and universities in the United States and abroad.
4.2 MM5 community model
The MM5 is a regional mesoscale model used for creating weather forecasts and climate projections. It was developed
by Pennsylvania State University and the National Center for Atmospheric Research, USA. The model details are
available at http://www.mmm.ucar.edu/mm5/. The same group, which maintains WRF, is maintaining this model. However,
unlike WRF the improvement of the model is stopped from 2005 and the present version available is MM5 V3.
4.3 North american mesoscale model (NAM)
The North American Mesoscale Model (NAM) refers to the numerical weather prediction model run operationally by
National Center for Environmental Prediction for short-term weather forecasting. Currently, the Weather Research and
Forecasting Non-hydrostatic Mesoscale Model (WRF-NMM) is run as the NAM, thus, three names (NAM, WRF, or
NMM) typically refer to the same model output. The model information and users guide is available at http://
www.dtcenter.org/wrf-nmm/users/docs/overview.php.
4.4 ICTP regional Climate Model (RegCM3)
The RegCM3 is 3-dimensional model and the details are available at http://users.ictp.it/~pubregcm/. The model
was originally developed by NCAR and now supported by International Centre for Theoretical Physics (ICTP), Italy.
This model is mostly used for dynamical downscaling of climate data and to study the climate change. However, it is not
being used for operational purpose.
4.5 UK Met Office Unified Model (UM)
The Met Office Unified Model (UM) is the numerical modelling system developed and used at the Met Office. The
information is available at http://www.metoffice.gov.uk/science/creating/daysahead/nwp/um.html. It is unique, because
it has been designed to allow different configurations of the same model to be used to produce all our weather forecasts
and climate predictions. The UM is highly versatile, capable of modelling a wide range of time and space scales including
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kilometer-scale mesoscale nowcasts, limited-area weather forecasts, global weather forecasts (including the stratosphere),
seasonal forecasts, global and regional climate predictions as well as being run as part of an ensemble prediction system.
This is not openly available and there is possibility for organizations to get the model for collaborative use.
Many of the countries have their own GCM and RCM for their use and all are not available for the public except the few
described above. However, the NMHS of one country with their relationship can get the source codes of other countries
model for their use. It depends on the political obligations of the countries involved and the relationship between them.

5.0 Seasonal Climate Forecast (SCF)
Seasonal forecasting is the attempt to predict the probability distribution of weather for several months or more into the
future. The emphasis is on averages over a month or season, and how the probability distribution differs from “climatology”.
Seasonal forecasting is possible, although the details of individual weather systems are not predictable on these time
scales, the statistics of them are determined by various factors, some of which can be predicted. The most important
factor is sea surface temperature, especially in the tropics. The SCFs are produced by statistical methods, dynamical
models and some times both are employed. The discription of few of the statistical tools and dynamical models are given
below.

5.1 Statistical tools
There are lot of statistical tools that can be employed to predict the climate provided if you have historical time series
data using simple regression to neural network technique. One can use worldwide weather associated phenomena to
correlate the historical weather events and produce forecast of their own as done in India by IMD using 8 parameter
power regression model. Lot of methods also described by Daniel S.Wilks in the book on ‘Statistical Methods in
Atmospheric Sciences’. Long-term future scenarios are also being developed using statistical techniques. Some of the
direct software tools available are briefly discussed here.
5.1.1 Climate Predictability Tool (CPT)
The Climate Predictability Tool (CPT) provides a Windows package for constructing a seasonal climate forecast model,
performing model validation, and producing forecasts given updated data. Its design has been tailored for producing
seasonal climate forecasts using model output statistic (MOS) corrections to climate predictions from general circulation
model (GCM), or for producing forecasts using field of sea-surface temperatures. Although the software is specifically
tailored for these applications, it can be used in more general settings to perform canonical correlation analysis (CCA) or
principal components regression (PCR) on any data, and for any application. You can download the tool from International
Research Institute for Climate and Society (http://portal.iri.columbia.edu/portal/server.pt) and can be installed in windows
desktop for predicting seasonal climate. For other machines source codes are available and you can use those codes and
install in your computer and do the same thing without any GUI.
5.1.2 Rainman (Australia)
The rainman software was developed by the Department of Primary Industries and Fisheries, Queensland, Australia.
The latest version is Rainman StramFlow V 4.3. The cost of the software is Australian $ 125/- per license. The Tamil
Nadu Agricultural University was provided with copies of the Rainman software free of cost for location specific
forecasts. It requires monthly weather information of a location for atleast 30 years period. It uses SST and SOI values
of previous month for seasonal climate prediction. With the latest version you can also predict the maximum and minimum
temperature and stream flow.
5.1.3 Indian power regression model
A new 8-Parameter Power Regression Model requiring data only up to March, is used for giving a qualitative forecast
replaced the 16-Parameter Power Regression Model which required data up to May. This has enabled IMD to advance
the date of issue of the Long Range Forecast from May 25 to April 16. The existing Power Regression models for longrange forecast of monsoon rainfall over the 5 broad homogeneous regions of the country have been refined and these
forecasts will be issued by July 15. IMD alone runs this forecast and disseminates to the public.

5.2 Dynamical models
Many of the countries use their own atmospheric (AGCM), Oceanic (OGCM) or coupled atmospheric-oceanic General
Circulation Models (AOGCM) for predicting the seasonal climate forecast. Along with GCM they also run RCM for high
resolution forecast and subject them to statistical interpolations for fine-tuning the forecast. Sometimes various dynamical
model forecasts are made, ensemble and weights are assigned to each of the forecast based on the accuracy and a super
ensemble forecast was developed as proposed by Dr.T.N.Krishnamurthy. However, these techniques require model outputs
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from the same models otherwise the technique will be failure in the event of the any one of the forecasted model used in the
ensemble was improved. No dynamical model is freely available except two models and are described below.
5.2.1 Weather Research Forecasting (WRF) model
The WRF system described earlier can also be used as GCM. The present version of the model has capability to run the
global circulation through which one can make long runs if they posses suitable computing resource to develop seasonal
forecasts. With the initial condition taken from NCEP GFS model data, it is possible to run WRF for a season and
forecast can be produced.
5.2.2 Global-Regional Spectral Model (G-RSM)
The Regional Spectral Model (RSM) was originally developed at the National Center for Environmental Predictions
(NCEP) to provide regional details for the Global Spectral Model (GSM) and is combined into a single system for both
global and seasonal run. The Experimental Climate Prediction Center (ECPC) in Scripps Institution of Oceanography,
University of California, San Diego, USA develops and supports the G-RSM and its home page is at http://ecpc.ucsd.edu/
projects/RSM/. For user support you have to access the wikispaces at http://g-rsm.wikispaces.com/. The model can be
obtained by writing to them and we can run RSM with the GSM seasonal climate forecast produced by ECPC. At
present IMD has also generated experimental forecast for the 2009 southwest monsoon rainfall using observed global
sea surface temperature data of May.

6.0 Challenges
With the present day advanced computing technology, a good internet bandwidth connection and a workstation, high
resolution forecast can be developed for their region. However, these requires computational skills in compiling the
open source models and taking output in user friendly format which may not be possible for everyone.
Most of the NMHS do not keep their observed data in the public domain and are being sold. It is very difficult to access
the real time weather and satellite information of Indian origin while same products are available freely elsewhere.
There is need for good linkage between the research community in India engaged in forecast research and the IMD to
promote the knowledge transfer.
Although most of the short and medium-range weather forecast products are readily available to all National
Meteorological and Hydrological Services (NMHS) world-wide through the efforts of WMO and other institutional
linkages, many developing countries still do not have adequate capacity to make use of the available products through
further adaptation and post processing.
The skill of a deterministic forecast is limited by the uncertainity in the initial conditions and the model errors. An
ensemble prediction system, which involves the generation of multiple forecasts as a function of the uncertainity in the
initial stages, need to be developed.
Furthermore, most of the regional/local scale downscaling techniques require good knowledge of the local/regional
climate processes, which are still lacking in many developing countries due to the serious limitations of the basic local
meteorological research.
The downscaling to specific farm level appears to be unrealistic in the foreseeable future as most of the techniques will at
best only incorporate generalised regional characteristics. Eg. Monthly vegetation fraction in the USGS geography data.
Some of the countries like USA, UK, and Japan are much ahead in this regard and have quite high resolution models.
There is an urgent need to have state of the art high resolution global and meso-scale models to further improve the
forecasting skill in the country.
Although NCMRWF has recently acquired a high end computer SV1 for running the operational global model; it is still
not adequate enough for running very high resolution global models. We need to upgrade this computer system to cater
to future computing requirements
There is strong need to reduce the time in forecast dissemination and outreach to larger groups. To achieve this all
modes of mass communication viz., television, radio, print media, internet need to be employed more vigorously. The
forecast products available on real time are hosted in the website as charts and a common man may not be able to
understand what are the probabilities for his location.
The science of weather forecasting is an ever-evolving process. With the improvements in the observing techniques and
man’s understanding of the various processes, which are taking place in the atmosphere and the increase in computational
power, there is always a scope for improving the weather forecasts further.
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MODERN TECHNIQUES FOR WEATHER FORECASTING
S.C. Bhan

1. Introduction
Agro-meteorological services in India have to shoulder greater responsibilities due to the population pressure and changing
modes of agricultural practices. The application of technology and knowledge in agriculture is linked to the availability
and accuracy of weather forecasts with appropriate space and time scales. The requirements range from accurate details
of short-range weather forecasts (up to three days), medium range forecasts (four to ten days); and the seasonal to
climate scale forecasts. These temporal ranges are intimately related with the spatial scales of meteorological systems to
be predicted. For example, a system of localised convective scale (less than 10 km) can be predicted only few hours in
advance. On the other hand a system of synoptic scale (100-1000 km) e.g., tropical cyclone, monsoon depression,
troughs in middle and upper tropospheric westerlies etc can be predicted in short and medium ranges. The long range
predictions include those planetary scale circulations which are long persisting and quasi permanent in nature, e.g.,
monsoon circulation, changes in the global circulations and the general weather associated with these circulation patterns.
A farmer requires the weather and climatic information for planning different operations. The short and medium range
weather forecasts are helpful in day-to-day operational activities. The medium range forecasts are useful for taking
measures to offset ill effects on crop in the field and for planning routine operational activities. The long-range forecasts
help in planning of future cropping system and in arranging the required inputs. Extreme weather events, and climatic
anomalies, have major impacts on agriculture. Of the total annual crop losses in world agriculture, many are due to
direct weather effects such as drought, flash floods, untimely rains, frost, hail, and storms. High preparedness and prior
knowledge of the timing and magnitude of weather events and anomalies and effective recovery plans may do much to
reduce their impact on production levels and resource use.
The medium range forecasts (MRFs) are considered to be the most useful of all the temporal ranges of the forecasts for
the reason that the short range forecasts provide too little lead time whereas the long range forecasts are too generalized
as of now.

2. Techniques of medium range forecasts
The basic techniques used for medium range forecasting can be categorized as follows:


Statistical techniques



Synoptic (Physical)-cum-statistical techniques



Numerical Weather Prediction (NWP) techniques

Of all these, the NWP techniques are the most widely used one and are considered to be the most suited for the MRFs.
The process of Numerical Weather Prediction is described briefly in the following sections.

3. Numerical Weather Prediction (NWP) techniques
The numerical weather prediction (NWP) process starts with providing the initial state conditions of the atmosphere to
a numerical weather forecast model. The model is essentially a computer simulation of the processes in the Earth’s
atmosphere, land surface and oceans which affect the weather. Once current weather conditions are known, the changes
in the weather are predicted by the model.

3.1. Processes involved in NWP methods
Observation processing — extracting all the observations that have been received, quality controlling them
and finally reformatting them into a form ready for use by the model.
Before we can make a weather forecast, good quality observations must first be collected from all over the globe so that
we can make a good estimate of the current atmospheric conditions. Observations are vital to the process of creating
i.
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forecasts. Data sources are always changing and improving and now include observations of the atmosphere taken from
over 36,000 kilometres above the Earth, and of the ocean taken from 2,000 metres below sea level. Currently the main
sources of observations are:

ii.



weather satellites



balloon profiles



surface data



marine data- ships, buoys and depth probes



aircraft observations

Reconfiguration (for some runs) — incorporating data fields from external files, such as the sea-surface temperature, or to update a climatological field.

iii. Data assimilation— adjusting the model background field, a forecast from a previous model run, towards the
new data received from the observations
The process of ingesting the raw observational data into a numerical representation of the atmosphere in the forecast
model is known as assimilation. Since even tiny changes in the atmospheric conditions can lead to drastically different
weather patterns after only a short time it is vital that the current state of the atmosphere is represented as accurately as
possible. This process is highly mathematical and today it takes the supercomputer longer to accurately estimate the
current atmospheric state than it does to actually make the forecast. The model, after the data assimilation provides the
best analysis of the fields of various parameters such as temperature, pressure and wind at different levels in the vertical.
The examples of the analysis of mean sea level pressure and the winds at 850 hPa are given in Figures 1 and 2, respectively.
iv. Main forecast run — the length varies according to the particular run of the model
The models start from a snapshot of the current atmospheric conditions in the area of interest from the surface to the
upper atmosphere at fixed points (known as grid points) on a three-dimensional grid. The wind speed, temperature,
pressure, moisture and cloud in each grid box are then stored in a computer. A set of equations, which describe all of the
relevant atmospheric processes, are solved for each grid box to predict the values at that point several minutes later. This
process is repeated many times, producing a forecast, whether that is a weather forecast for the next few days or a
climate prediction of the coming 100 years. Producing even a short-range numerical weather forecast requires billions
of calculations. This is a time-consuming process; therefore powerful supercomputers are needed in order to produce
forecasts in a time period that is useful. The forecast data are written into files known as ‘fieldsfiles’. Using these,
various plotted charts and maps are produced, which forecasters then use to produce the weather forecast. The examples
of the forecasts of mean sea level pressure and the winds at 850 hPa at a lag of 72 hours from the analysis are given in
Figures 1 and 2, respectively.

4. Producing forecasts from the NWP output
Running a numerical weather prediction model is only part of the process in producing a weather forecast. Before a
forecast is issued, the output from the model is studied by a forecaster.
For short ranges (hours ahead), the forecaster is able to compare a model field against actual observations. This means
they can identify any possible errors, make appropriate allowances and possibly add extra detail to the model forecast
things like summer showers are often too small for the computer to pick up. The forecaster is also able to respond
quickly and amend a forecast should the situation warrant it.
For medium-range forecasts (days and weeks ahead), the forecaster is able to compare the results with those from other
centres such as ECMWF (European Centre for Medium-Range Weather Forecasts), NCEP (National Centers for
Environmental Prediction), UKMO (United Kingdom Met. Office), JMA (Japan Meteorological Agency) etc. If all
models are producing approximately the same solution, confidence in the forecast would be high. Confidence is also
decided by the consistency between model runs. If the model is consistent then confidence may be high but if it suddenly
changes then confidence falls rapidly. In these situations the solutions of other models may be crucial. Sometimes,
alternative forecasts may be issued with probabilities assigned.
This human-machine partnership is very important in producing accurate weather forecasts.
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5. Tools for preparation of location specific weather forecast
The accuracy of the forecast decreases with increase in temporal scale. For example a forecast made in the very short
range may be more accurate then a forecast produced in the long range. However, this does not guarantee the usefulness
of the forecast. A forecast made in the short range may prove less beneficial to a farmer as the lead time may not be
enough to plan the operational activities. On the other hand an extended range prediction may have some value in it
even if it has a chance of 50-70% accuracy. Hence, it becomes necessary to introduce hierarchy of compatible models.
Today global, regional and mesoscale models are available to forecast weather elements such as temperature, pressure
and wind at the grid points on different space and time scales. Even so, most of the effort and success has been in the
prediction of large-scale features of the atmosphere. Small scale features, those only a few tens of kilometers in extent,
and surface (or near-surface) weather variables such as temperature, height and amounts of clouds, visibility, and wind
are many a times not predicted directly by the NWP models, and when they are, the accuracy may be fairly low. This is
because NWP models are known to have errors because of coarse representation of model topography and deficiencies
in model physics. Despite continuing enhancements of their resolution and complexity, NWP models are far from being
perfect when it comes to predicting regional weather. Hence, there is a need for downscaling to get location specific
weather forecast. The forecasts for the agriculture sector in India are produced by th India Meteorological Department
using a combination of models through a technique called multi-model ensemble technique in which the forecasts
produced by different models are assigned different weights based on their performance in the past. The forecasts so
generated are provided to the state meteorological centres for value addition based on the current conditions and the
expertise of the forecasters. These forecasts are then provided to the agrometeorological field units for preparation of
the agromet advisories. Empirical techniques known as model output statistics (MOS) using past NWP analysis/forecast
are also effective tools in downscaling the forecasts to a desired location.

Fig. 1. Analysis (top panel) and 72 hours forecast (bottom panel) of mean sea level pressure
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Fig. 2. Analysis (top panel) and 72 hours forecast (bottom panel) of wind at 850 hPa (~ 1.5 km above sea level)
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ATMOSPHERIC STABILITY AND USE OF TEPHIGRAM
N. Pandharinath

1.0 Introduction
The composition of the atmospheric gases are in the same proportion up to an altitude of 80 km, namely Nitrogen 78%,
Oxygen 21% and 1% remaining trace gases. Atmosphere contains water vapor (as gas, liquid or solid), Ozone and
Carbon dioxide in variable quantities. The non-gaseous constituents like dust, sand, smoke, salt particles from sea-spray
are all variable.
All living organisms are composed of Carbon, Nitrogen, Oxygen, Hydrogen, which are also basic chemical elements of
water and air shells of the earth. A large part of living matter is in green plants, which entrap solar energy and construct
complex compounds by photosynthesis. The main sources of plant feeding are carbon dioxide and water. Plants use
about 2% of the incident solar radiation for photosynthesis process (about 7 w/m2 or 0.01 ly/min is consumed by plants).The
plant kingdom provides about 1017 kg of biomass annually and an equal quantity of Oxygen. An average size of tree
supplies about 3500 kg of Oxygen per year, which is sufficient for three people. A man requires about 3.2 kg of Oxygen
or 15 kg of air daily. Because of this the plant kingdom is called Green Lungs of the Earth.
At any location water vapor in the atmosphere varies from nearly absent to above 4% by volume, due to continuous
interchange in the hydrologic cycle in a year. Water vapor is fed to the atmosphere by evaporation and transpiration,
which is transported upwards by turbulence or convection current. The volume of water vapor in the atmosphere is about
14x1012 m3. Changes in the moisture concentration in lower levels (below 6 km altitude) create all weather.

2.0 Stability of the atmosphere
Stability of the atmosphere (local) is determined by the comparison of Environmental Lapse Rate (ELR) with that of
Dry Adiabatic Lapse Rate (DALR) and Saturated Adiabatic Lapse Rate (SALR). Lapse rate means rate of change of
temperature with height. ELR is a real or actual lapse rate of the environment determined by daily radiosonde observations.

2.1 Adiabatic process
A thermodynamic process is one in which the pressure, temperature and volume of a gas can change but no heat is added
to or removed from the gas (that is heat content of the process remains constant).
2.2 Condensation process
If more water vapor added to a space which is already saturated at a given temperature, condensation of water vapor
takes place. Condensation also depends on the atmospheric minute particles, which help in condensation are called
condensation nuclei (such as dust, smoke, sea-salt, ions etc.). The nuclei which have strong affinity for water are called
hygroscopic nuclei. Generally condensation begins on nuclei at RH 100%, but in case of hygroscopic nuclei it begins
even at 78% RH.
Atmospheric processes are mostly adiabatic for three reasons
 Air is a poor conductor of heat
 Air parcel mixing with the environment is slow and
 Effect of radiative process is small in short periods

2.3 Dry Adiabatic Lapse Rate (DALR)
The rate of fall of temperature with height in dry air (RH less than 100%) is about 3oC/ 1000 ft or 9.8o C / km, this is
called DALR.
2.4 Saturated Adiabatic Lapse Rate (SALR)
If the saturated air parcel moves up adiabatically, some moisture will condense due to expansion cooling and this
releases latent heat (about 580 cal/gm), which counters the cooling in ascent. Thus SALR in general is less than DALR.
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SALR is variable; at sea level it is about 6o C/km or 1.8o C/1000 ft. At temperatures below -40oC, SALR is equal to
DALR.
Consider an air parcel, given an initial displacement which is at a state of equilibrium. After the initial displacement if
the parcel sinks back, then the layer of atmosphere is said to be stable. If the parcel remains at the place where it is left,
then the layer of atmosphere is said to be neutral. But if the parcel continues to move upward in the atmosphere, then the
layer of the atmosphere is said to be unstable.

It will be seen that there will be three cases for dry air and three cases for saturated air as below:
For dry air
 If ELR is less than DALR, the atmosphere is stable
 If ELR is equal to DALR, the atmosphere is neutral
 If ELR is greater than the DALR, the atmosphere is unstable
For saturated air
 If ELR is less than SALR, then the atmosphere is stable
 If ELR is equal to SALR, then the atmosphere is neutral
 If ELR is greater than SALR, then the atmosphere is unstable
If SALR is less than ELR is less than DALR, then the atmosphere is conditionally unstable

3.0 Some definition / explanation of terms
3.1 Vapor pressure (e)
The partial pressure of water vapor or simply vapor pressure is denoted by “e”
3.2 Saturation vapor pressure (es)
At any given temperature there is a limit to the density of water vapor in the in the air, with consequent maximum limit
to the vapor pressure. This maximum limit is called saturation vapor pressure, denoted by “es”.
3.3 Humidity mixing ratio (or mixing ratio)
It is the mass of water vapor present in grams per kilogram of dry air.
3.4 Relative Humidity (RH %)
It is the ratio of vapor pressure to saturation vapor pressure at the same temperature, multiplied by 100
3.5 Dew Point temperature (Td)
The temperature to which air has to be cooled isobarically (at constant pressure) to reach saturation.
3.6 Wet bulb temperature (Tw)
This is the temperature attained by the thermometer-bulb from which free evaporation of water taking place.
If T= Dry bulb temperature, then
T > Tw > Td, when RH is less than 100 %, and
T= Tw= Td when RH is 100%

3.7 Lifting Condensation Level (LCL)
The level to which a sample of moist air / unsaturated air (RH less than 100%) to be lifted adiabatically to begin
condensation.
Note: If more water vapor enters a space which is already saturated at a given temperature, condensation of water vapor
takes place. Condensation also depends on atmospheric minute particles, which help condensation is called condensation
nuclei.
Generally condensation begins on nuclei at RH 100%, but on hygroscopic nuclei (which have strong affinity to water)
condensation begins even at 78% RH.
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4.0 Tephigram
The Tephigram is a thermodynamic diagram / nomogram in which x-coordinate is temperature and y-coordinate is
entropy.

4.1 Entropy
Entropy is a physical quantity which describes the availability of a system to do work. Scale given joules/kg/deg C.
4.2 Potential temperature (Theta)
It is the temperature attained by a sample (or parcel) of air when compressed or expanded adiabatically from a given
state of pressure level to 1000 hPa.
The relation between phi and theta is given by
Phi = Cp Ln (theta) + Constant, where Cp = specific heat of a gas at constant pressure.
The description of various lines on IMD Tephigram given below









Horizontal lines are equipotential temperature or DALR
Entropy scale is in joules per kilogram per degree Celsius (C)
Vertical lines are equal temperature, marked in degrees Celsius at the bottom and in degrees Kelvin or
Absolute at the top
Sloping lines rising towards right and nearly straight are isobars (in h Pa)
Curved lines rising towards left are SALR
Dotted lines rising from top to the bottom inclined to the isotherms are dew-point lines (given in grams per
kilogram of dry air) or Water Vapor Content.
Thickness of layers between standard isobaric levels given in geo-potential meters, along the mid-level
isobars
Area is proportional to energy

4.3 Normands theorem
It states that the DALR line drawn from surface temperature (surface pressure level ), the SALR line drawn from
surface Wet-bulb temperature and isohygric or water vapour content line drawn from the surface dew-point temperature
all meet at a point (called Normands Point), which is the theoretical cloud base or Lifting Condensation Level
(LCL).Tephigram is useful in finding stability and instability of the atmosphere at a location with the local radiosonde
observations of that location. It is very useful for local weather forecast.
4.4 Dew Point Lapse Rate (DPL)
In a tephigram, the dew-point on 1000 hPa surface is about + 1o C (on 4g) and at the 700 hPa level is -4o C. In ICAO ISA
the height of 700 hPa is about 10000 ft. DPL = 5o C / 10000 ft or 0.5o C/1000ft (or 1.6o C / km). Surface level is 1000
hPa.
Given surface temperature To C and surface dew-point Tdo C, the theoretical cloud base can be calculated as below.
At cloud base level RH = 100% and T= Tw = Td
Let the height of cloud base be “h” ft, at h ft height the dry bulb temperature would be (temperature fall 3h / 1000o C) =
T – 3h/1000
And the dew-point temperature at h ft height would be (dew-point fall 0.5 h /1000o C) = Td – 0.5h/1000.
At h ft level if it is cloud base RH = 100 % and DB = DP.
It follows

T—3h/1000 = Td – 0.5h/1000

T-Td = 3h/1000 – 0.5h/1000
T-Td = 2.5 h/1000 or h/400
That is (T – Td) 400 = h
Using this empirical formula, we can find the height of cloud base.
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WEATHER AND CLIMATE MODIFICATION
G.S.L.H.V. Prasada Rao

1.0 Intorduction
Crop husbandry (tillage to harvest) depends on optimum weather conditions. As the optimum weather conditions vary
from crop to crop, they are to be worked out for each crop to obtain benevolent effects. However, crops are subjected
to abnormal weather conditions during its process of development which adversely affect the crop production. 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 crops adversely in
India are: Droughts and floods, duststorms, heat and cold waves, cyclones and anticyclones, excessive or defective
insolation, strong winds, thunderstorms, lightning, forest fire outbreaks and hailstorms

2.0 Droughts and floods
Years in which actual rainfall is “above” the normal by twice the mean deviation or more are defined as years of floods
or excessive rainfall and those in which it has been “below” the normal by the same amount are defined as years of
drought or deficient rainfall. These definitions are mostly arbitrary and vary depending upon the agroclimatic situations.
The impact of drought on Indian foodgrain production is much more when compared to that of floods. 1877, 1899,
1918, 1965, 1966, 1974, 1977, 1979, 1987, 2002 and 2009 are the drought years during which the Indian foodgrains
production was adversely affected to a greater extent. Monsoon breaks or failure result in droughts over almost all parts
of India as seen in 2009. Lack of summer rains results in droughts in Kerala as plantation crops grown round the year.
The effect of drought can be minimised by providing irrigation during summer. Even without irrigation, the ill effects
of droughts can be mitigated through selection of drought tolerent varieties and better agronomic practices as a part of
modification of microclimate. Floods and their effects on crop can be mitigated through early flood warning, growing
tall trees / plants along with coastal belts, selection of suitable crops and varieties and construction of protective dams
and other structures or through inter river linkage as a part of long term strategy.

3.0 Heat and cold waves
Heat and cold waves can be classified as weather related disasters as many deaths occur among weaker sections of
society who cannot afford to ensure protection against extreme heat or cold. May-June is the period when the heat wave
occurs over northern and central India. As per the Indian convention, departure of the maximum temperature of the
order of 6 to 7 oC above the normal is termed as ‘moderate’ and 8 or above 8 oC as ‘severe’ heat waves. Once the
monsoon sets in, the centre of high frequency shifts towards Northwest India.
Heat wave develops over Rajasthan and Punjab due to these being in the interior. The strong northwesterly winds along
with land trajectory over hot region inhibit the setting of sea-breeze over the eastern coastal belt. There is high incidence
of heat waves and their persistence over coastal Orissa and Andhra Pradesh. Southeast Tamilnadu is another centre of
high frequency of heat waves during the months of July and August.
Cold wave is defined with respect of the normal minimum temperature experienced over a given area. Minimum
temperatures 6 to 7 oC below normal are considered as moderate cold waves and those of 8 oC and more as severe cold
waves. Every year a number of deaths are reported during cold wave spells. Ground frost which adversely affects
various crops is experienced under cold wave conditions. Nearly 75 percent of cold waves in the country occur during
January to February. Excluding the extreme south peninsular region, the country is susceptible to cold waves.The
northwestern parts of the country and areas further north are more favourable regions for the genesis of cold waves and
the incidence of 5 to 20 days of frost in each month during the cold season is common.
The cold wave in 2002-03 and the heat wave in 2004 adversely affected the wheat production over northern wheat
growing states across the country to a greater extent. For the first time, the European Union suffered due to heat wave in
2003 and huge losses were reported. It is generally possible to give prior warning of the incidence of cold waves from
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the daily charts prepared by the IMD. On receipt of the warning messages, a farmer or horticulturist will know that a
cold wave is approaching and protection steps have to be taken up to save his crops from frost damage. Slopes are less
liable to frosts as the cold air current collects on these and are therefore to be preferred for horticultural garden. Frost
album, wind breaks and heating can save the crops to a greater extent from the frost damage.

4.0 Cyclones and anti-cyclones
The more serious cyclonic storms usually form in the bay of Bengal and in the Arabian sea in the transition months April to May and October to November. They enter inland and cause heavy rainfall and widespread destruction of life
and property due to high winds and occasional tidal waves. Their effects are most severe in the coastal tracts. The eastcoast of India is effected more frequently when compared to that of west-coast. On an average one or two severe
cyclones may be expected in the pre-monsoon period and two or three in the post-monsoon periods. One of the features
of the meterological phenomena like cyclonic storms and depressions is that their normal directions and speeds of
movement are generally understood so that the expected time of their affecting a particular locality and the associated
heavy rains and squally weather can reasonably be predicted a day or two ahead. On receipt of the warning, precautionary
measures are to be taken up and damage is prevented.
Anticyclones are opposite to cyclonic characteristics and composed of subsiding air. No condensation and cloud formation
are seen in anticyclone areas. The anticyclone that forms in the upper atmosphere over West Rajasthan is one of the
reasons for not getting enough rains in Rajasthan during rainy season.

5.0 Strong winds
Wind transports moisture and heat of the atmosphere from one location to another and therefore has some effect on crop
production. The wind constitutes a hazard to agriculture in different ways.


Wind can mechanically damage if speed is too high



Hot wind will encourage high rates of evapotranspiration



Wind may accelerate soil erosion



Wind may promote the chilling of plants under conditions of low temperature.

Crop damage by winds may be minimised or prevented by the use of wind breaks/shelter belts. These are natural or
artificial barriers to wind flow to shelter animals and crops. Wind has its most important effects on crop production
indirectly through transport of moisture and heat in the air. Wind dispersal of pollen and seeds is natural and necessary
for native vegetation and may be helpful for certain crops. Wind breaks composed of trees, shrubs, hedges or fences are
widely used to protect both crop and animals from the winds. The permanent wind breaks are rows of trees planted
perpendicular to the prevailing winds.

6.0 Forest fire outbreaks
The main causes of forest fires are lightening, self-combustion and man made. Out of these, lightening is the major
cause of forest fires. However, there are instances when fires have occurred during dry summer due to self-combustion.
Fire inducing weather conditions are the lack of rainfall, low humidity and high wind speed. The types of trees, their
moisture content and the stage of foliage also contribute to forest fires. The humidity and wind velocity within the
forest, and the air temperature immediately outside the canopy are also contributing factors. Fire-weather forecasts can
be given based on climatic indices.

7.0 Weather insurance scheme
Even when are all steps are taken up to minimise the damage of crops to adverse weather, failure can happen when
natural calamities such as droughts, cyclones and floods, strong gale winds, hailstorms, lightning and thunder are
severe. The only remedy is weather insurance scheme. Realising the necessity, the Govt. of India has recently declared
the weather insurance scheme. The benefits of the same to the farmers are yet to be extended further.

8.0 Weather and climate modification
This is one of the 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.
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8.1 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 shade structures are used
and they are opaque. The shade 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.
8.2 Heat-trapping
The opposite of heat evasion is the heat trapping which is extremely beneficial in temperate climates. 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.
8.3 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 limitations is that they are
unable to save aerial sections of plants from heat loss through thermal radiation.
8.4 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 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 sand 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.

8.5 Cloud seeding
Rain making through artificial cloud seeding is another technique used in summer to get rains if clouds are present in
coastal States of India. It was initiated in 1980s over Tamil Nadu. At present, cloud seeding is taken up in Andhra
Pradesh. The results appear to be positive. In addition to the above, in situ soil moisture conservation techniques help in
increasing amount of water stored in the root zone. However, all the techniques should be used with caution to increase
crop production as they have advantages and disadvantages.
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CLOUD SEEDING
G.S.R. Sharma

1.0 Introduction
Water is an essential part of life. If we look back to history, all major civilizations and cities grew around rivers. We
have in our history that capitals have been abandoned due to lack of water. Water scarcities are a reality today and inter
state confrontations for water is very common. Cloud seeding is a technology that was evolved in the past half century
to mitigate to a certain extent the problem of water. Cloud seeding is not a new phenomenon in India. Our nation has
been experimenting with cloud seeding over the past 50 years. The intention is to cover the basics of Cloud Seeding so
that questions and queries that exist can be addressed comprehensively. Basic knowledge of cloud seeding and the
history of cloud seeding, have to be understood before going into the technicalities of the cloud seeding.

2.0 Cloud seeding
Cloud seeding is the process of injecting nuclei into the cloud to enhance a cloud’s ability to produce more rain. To
understand this, one needs to know the composition of rain drop. It is common belief that rain drop is pure and does not
contain any impurities. In reality Raindrop is not pure. It contains an impurity of the size of 0.1 to 0.3 microns. This is
called nuclei. Cloud droplets require such a nuclei to form a raindrop. Pictorially, it is represented below:

Rain Drop

(This is not the exact composition of a raindrop)

Average raindrop size is about 2-3 mm.

(Raindrop has a small impurity in the middle)

Nuclei are shown in this picture above. In technical parlance, this is called Cloud Condensation Nuclei (CCN). This
nuclei is provided naturally by Industries, Vehicle Pollution, Volcanic eruptions, Windblown dust from Deserts, Salt
from Sea Spray, Fossil Fuels & Bio mass burning. Pollution is a major contributor, especially in the industrialized
world.

3.0 Reasons for cloud seeding
In the natural process of rain only about 15-20% of the water comes down as rain. Balance remains in the atmosphere as
vapor or cloud droplets, which cannot come down as rain. By increasing the CCN in a suitable cloud, Cloud seeding
ensures enhancement of the water extracted by about 15-20%. This figure has been arrived after years of carrying out
cloud seeding by expert agencies in the western world. So in short, “Cloud Seeding enhances the quantum of rainfall
from a cloud.” It is pertinent to mention, “not all clouds are seedable”. Seedable clouds must have certain defined
25

parameters such as minimum up- draught, enough water content etc. This measurement is done by a combination of a
ground weather radar and instrumentation in the aircraft. Delivery of CCN (Nuclei) into the cloud is essentially using
aircraft.

3.1 Cloud seeding methodology
The integrated system for cloud seeding today consists of a weather radar with state of the art equipment and software,
aircraft, which are capable of reaching the clouds in time, proven pyro techniques for generating nuclei for injection
into the clouds, and elaborate ground infrastructure to verify the results. The most effective and optimal method is by
using aircraft. Nuclei to the cloud can be delivered at the right place in the cloud and that too after measuring the
parameters to establish its suitability for seeding. Process is given below.
Qualified meteorologists make a forecast of the weather using data from various satellites, and also based on radiosonde data
available nearby. They use mathematical modeling to forecast the likely weather in the areas of interest. This forecast is
augmented by real time data from the weather radar. Aircraft and crew remain on standby based on the forecast weather.
Flight clearances are filed based on the forecast for the day, Radar detects the clouds and the cloud parameters and its
extent is analyzed by the state of the art software on board the radar processing system. Radar data of the cloud is then
analyzed and decision to launch the aircraft is taken. Aircraft are ordered to reach the cloud location and after obtaining
necessary Air Traffic Control clearances, aircraft takes off for the assigned cloud. Aircraft measures the parameters of
the cloud and decision is taken to seed the cloud based on pre-determined criteria and also aviation safety regulations.
The final decision to seed rests with the pilot. After effective seeding of the cloud, aircraft is directed by the meteorologist
to the next best cloud for seeding. This process continues till aircraft uses all the flares (pyro-techniques) considering
fuel / weather limitations. Thereafter the aircraft returns to base. Ground rain gauge stations are informed to gather data
on the extent of rainfall, collect water samples and this is analysed. This verification activity is undertaken by the
Customer.
Cloud seeding requires an integrated solution using sophisticated weather radars, aircraft, ground infrastructure and
experienced personnel. Diagrammatic representation of the process is illustrated below:

Typical Cloud Seeding program infrastructure
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3.2 Types of seeding : There are essentially 2 types of seeding done by Aircraft. One is base seeding and the other is top
seeding.
3.2.1 Base seeding : Aircraft seeds the cloud from the base of the cloud, after ascertaining that there is adequate updraught, which will be able to carry the nuclei into the cloud. As the nuclei climb up, it becomes a water drop through
collision and coalescence processes. This type of method is used for warm clouds and in some cases in cold clouds in
glaciogenic mode.
3.2.2 Top Seeding : Top seeding is done for cloud clouds wherein, nuclei are fed into the cloud from the top. This
method is carried out exclusively for cold clouds and the aircraft should be capable of climbing to those heights to do top
seeding.

3.3 Seeding agents
The seeding agents to be used will be as described below.


Burn-in-place and ejectable (BIP & EJ): High-performance glaciogenic flares, tested at the Colorado State
University Cloud Simulation and Aerosol Laboratory (SimLab) will be used and have demonstrated their
capability to consistently produce large numbers of fast-acting ice nuclei at temperatures as warm as –4oC.



Burn-in-place hygroscopic flares (HYGROs): will be used for treatment of warm clouds. These highperformance hygroscopic flares have been tested at National Center for Atmospheric Research in Boulder,
Colorado, and have demonstrated their capability to consistently produce large numbers of hygroscopic CCN.
These flares have been effectively used in operations in Mexico, Burkina Faso, Morocco, and France.

3.4 Ground infrastructure
Verification is an essential requirement of cloud seeding. Even though the technology and the concept have been proven
for many years, it is necessary to verify the effects in a methodical and scientific manner. The physics of cloud seeding
has been widely accepted, but the quantified effects of it are point of debate across the world till such time both statistical
and physical evidence are subjected to scientific scrutiny.
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4.0 Aircraft as seeding medium
It has been established over a half a century of cloud seeding that aircraft is the most effective, efficient and optimal
medium to conduct cloud seeding. Using the aircraft, it is possible to measure the parameters of the cloud and find the
best area inside a cloud to undertake seeding. The nuclei can be injected also precisely in the correct location in a cloud
using aircraft. Fixed wing aircraft can cover large areas, can be redirected after take off unlike rockets and is safer than
helicopters to operate under adverse weather conditions.

5.0 Summary
Cloud seeding operations have been conducted since 1946. Over 60 countries in the world carry out cloud seeding
today. India started cloud seeding in 1958. Since 2003, Andhra Pradesh has been carrying out cloud seeding, continuously.
It is a viable technology and has to be carried out continuously to derive benefits. As per data from USA, the cost benefit
ratio varies between 5 to 26 times.
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Chapter - II
Plant Atmospheric Interactions
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SOIL-PLANT-ATMOSPHERE-CONTINUUM (SPAC) AND
AGROMETEOROLOGY
A.S.R.A.S. Sastri

1.0 Introduction
Soil-plant-atmosphere-continuum (SPAC) can be explained in simple terms as movement of water from soil through
plant on to the atmosphere. Water within the whole plant forms a continuous network of liquid columns through hydraulic
connectivity from the soil particles to the atmosphere through the absorbing surfaces (roots) and evaporating surfaces.
The plant water is important for transpiration which is tightly linked with productivity. Also transpiration is primary leaf
cooling mechanism as the plants are directly exposed to the solar radiation and as a result the leaf temperature increases.
It is always a question of curiosity that how the water moves from soil to the plants through roots, stem and leaves and
finally to the atmosphere. Sometimes plants are described as a pump which pumps the soil water to the atmosphere. But
it is not true. In fact, the plants pull water for transpiration. For pulling the water there must be some suctioning mechanism
through tension gradient. The water flux from the leaves to the atmosphere is driven by the water vapour concentration
or in agrometeorological terms it is called ‘vapour pressure gradient’. In the other words the water potential plays an
important role for the movement of water from roots to the atmosphere through the plant. As it is mentioned earlier, the
plants suck or pull water from soil for transpiration and the suction or pull dependent on negative water potential. For
movement of water there are two major resistances in the SPAC system. One is from root-soil water interface and the
second one is leaf-atmosphere interface. In the first interface the water moves in liquid phase while in the second system
it moves from liquid in the leaf cells to vapour form in the atmosphere. Hence, the gradient of leaf water potential should
be very high in the second interface. The water potential at different components is as follows.

2.0 Water movement in ecosystems
Water moves along a gradient from high to low potential energy (or, water moves from higher to lower water potentials)
So, what is water potential?
 energetic state of water


availability of water



potential energy



Capacity for water to do work

Water potential is abbreviated with the Greek symbol Psi, ψ
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2.1 Water movement in the plant
The movement of water through SPAC is a function of potential gradients (Δψ) at different levels. The water
potentials at soil, plant and atmosphere vary at different soil water availability conditions. For example at field capacity
under turgid conditions, the leaf water potential -1.2 Mpa and as the soil dries, the potential decreases ( -ve value
increases). The approximate magnitudes of potentials in turgid and wilting plants in the 3 levels of SPAC are as follows.

Component

Turgid

Wilting Point ( Mpa)

Soil

-0.1 to -10.0

-10.0 to -20.0

Leaf

-5.0 to -15.0

-15.0 to -30.0

Atmosphere

-100.0 to -2000.0

-100.0 to -20,000.0

2.2 Ohm’s law
The process of water movement through soil can be explained with the help of Ohm’s law which is
I = V/R
where I is the current, Voltage (potential difference) and R is the resistance. Hence, in SPAC the potential difference
between two parts of the system is the voltage and the movement of water is current. This can be further explained by
considering the potential at different levels like
Ψg = Soil water potential, ψr = Root water potential, ψl = Leaf water potential and
Ψa = Atmosphere water potential.
The different resistance can also be designated as rg, rr, ri, ra. The different flow rates can be given as
Soil to root
( ψg –ψr)/rg
Root to leaf
(ψr – ψl)/( rr+rx), here rx is the xylum resistance
Leaf atmosphere ( ψl – ψa) / (rs+ra), here rs is the stomatal resistance

3.0 The development of plant water deficit
Plant water deficit develops as the demand exceeds the supply of water. The supply is determined by the amount of
water held in the soil to the depth of the crop root system. The demand for water is set by plant transpiration rate or crop
evapotranspiration, which includes both plant transpiration and soil evaporation. The plant functions within a physical
system consisting of the soil-plant-atmosphere continuum. During the day the plant is under heavy energy load consisting
mainly of the received solar radiation and the ambient air temperature. While some of this energy is important for
photosynthesis, most of it is not utilized and it must be dissipated. It is partly dissipated by radiation emitted from the
plant in the form of heat, but most of it must be dissipated by transpiration (‘latent heat’). Henceforth the term
“transpirational cooling” was coined. Transpiration cause leaves to cool relative to ambient temperature when the
environmental energy load on the plant is high. The rate of transpiration is also affected by air vapour pressure deficit (or
relative humidity) and wind.
As mentioned earlier water is driven through the plant from the soil to the atmosphere by the difference/ gradient in
water potential between the atmosphere (very low potential) and the soil (relatively high potential when wet), analogical
to the flow of electrical current under the differences in electric potentials (‘Ohm’s law’). Like electrical current through
a wire or diffusion of CO2 into a leaf, water flow depends on the driving force and the resistance to water movement:
Js = Ls Δ ψt/ l
Where Js is the rate of water flow
Δψt is the gradient in water potential (the driving force)
Ls is the hydraulic conductivity and l is the path length, together defining the resistance to water movement.
Flow is also influenced by hydraulic resistances in the plant, such as the resistance regulated by stomata in the leaves or
by the conductive system (root and stem xylem elements) of the plant, or by the resistance of cells and cell walls
between soil and the root xylem vessel.
As water transpires from the leaf, leaf water potential (LWP) is reduced (becoming more negative). If water is available
in the soil (at high soil water potential) then water will flow into the leaf to replenish the loss with only a small
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reduction in LWP. As soil water potential (SWP) reduces LWP must be further reduced in order to create the necessary
gradient differential, which would drive the water up from the drying soil to the leaf.
The leaf cells contain various organic and inorganic solutes, which determine the leaf osmotic potential (OP). OP is
generally lower (more negative) than LWP and the difference between the two is turgor potential. Turgor is lost (null
value) when LWP=OP
Leaf turgor is associated with cellular growth and function. When turgor becomes null cells collapse and the leaf wilts,
though it is not dead. Stomata are responsive (among other factors) to turgor, closing to reduce transpiration. The
reduction in stomatal conductance causes also a reduction CO2 fixation and photosynthetic assimilation and an increase
in leaf temperature. The increased leaf temperature may reach a level causing heat damage to the leaf especially under
hot conditions.
Turgor maintenance and transpiration are therefore crucial to plants under drought stress. Turgor can be sustained by
keeping a high LWP through water uptake from the drying soil or by reducing OP through solute Turgor can also be
maintained by cell wall hardening during the development of water deficit. While cell wall hardening helps to sustain
turgor it impedes cell growth. This is only one of the many examples where the maintenance of plant water status under
drought stress is partly achieved by reduced growth.
Besides the factors controlling transpiration at the single leaf level, a most dominant factor in controlling whole plant
and crop transpiration is total leaf area. When grown in a pot a large plant will require irrigation more frequently than
a smaller one for the same pot.

4.0 Measuring soil water stress and water status
Sensing and estimating plant stress at the whole crop level is difficult mainly because of the need to integrate an
estimate based on the whole canopy. Remote sensing technology enabled to develop the Crop Water Stress Index
(CWSI). This index is developed mainly from measuring the canopy temperature with an infrared thermometer. Infrared
remote measurement of leaf temperature is based on a relationship between leaf temperature and transpiration. Generally,
as transpiration rate is reduced due to plant water deficit so does leaf temperature rises relative to air temperature.
CWSI is mainly applied to irrigation scheduling, but can be applied to non-irrigated conditions. Infrared thermometry
is also being used in selection work towards breeding for drought resistance.

4.1 Stress degree days
The role of Agrometeorologists extends to study the drought in plants and develop relationship between physical and
physiological parameters for identifying drought tolerant genotypes. For this purpose stress degree day (SDD) concept
is used. The SDD is nothing but the cumulation of the difference between daily (or hourly) air temperature and canopy
temperatures during crop growing season.
SDD = Σ ( Ta – Tc)
where Ta is the air temperature and Tc is the canopy temperature. The canopy temperature can be measured using
infrared thermometers.
As discussed, the role of transpiration is also for maintenance of leaf temperature and in case of water stress, the Tc
becomes more than Ta. Thus, the cumulated values of SDD start decreasing from the time the water stress started in a plant.

4.2 Leaf water potential (LWP)
Leaf water potential (LWP)can be measured in detached leaves or tissues by quickly sampling the leaves and putting the
sample into the measuring instrument. Measurement can be done by the pressure chamber which is suitable also for
fieldwork. When a leaf (or a stem) is cut off a plant, the sap is sucked back into the xylem, since it is under tension. That
tension is broadly equal to LWP. The detached leaf is therefore sealed in a steel chamber with only the cut end (petiole)
protruding out. Pressure is applied to the chamber (from a pressure source such as a compressed nitrogen cylinder).
When the sap meniscus appears at the xylem surface the pressure is recorded and taken as the xylem (leaf water)
potential. Typical LWP of live transpiring leaves range from about -0.3 MPa to –2.5 MPa.
The pressure probe for measuring turgor pressure is limited to work with singular cells. With this method a small
capillary tube filled with oil is used to puncture a cell. The oil is pushed back into the tube in proportion to the cellular
turgor pressure. Applying and measuring a balancing pressure to the probe estimate pressure.
4.3 Relative water content (RWC)
Relative water content (RWC) is a veteran method that has recently gained favour over LWP as a very relevant
physiological measure of plant water deficit. Its advantage is that it accounts for the effect of OA in affecting plant water
status the state if plant stress. Two plants with the same LWP can have different RWC if they differ for OA.
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4.4 Osmotic adjustment (OA)
Osmotic adjustment (OA) is defined as the net accumulation of solutes after the plant has been exposed to a predetermined
rate of water deficit. The reduction in OP during water deficit is not an estimate of OA because it is caused by both
cellular water loss (and a mere concentration effect) and real cellular solute

5.0 Measuring transpiration
There are numerous methods for measuring transpiration from single detached leaves, whole plants and whole canopies
in the field. Methods vary in applicability, accuracy, cost and speed. Many methods are simply gravimetric, based on the
amount of water lost from a plant grown in a container or from a detached leaf, with known leaf area. Transpiration is
expressed as mass of water lost per unit leaf area per unit time (e.g. g cm-2 h-1). Field methods are often based on
measuring the amount of water lost from the soil profile. Various porometers were developed to measure transpiration
from intact leaves in the field or the laboratory. The most common principle of their function is the exposure of a
humidity sensor to the transpiring leaves under standard cuvette conditions. Porometers vary in function and specifications,
where some constitute only a part of a more elaborate system of monitoring total leaf gas exchange.
The sap flow method is becoming popular with large trees, in which transpiration is difficult to measure by other
methods. This method estimates transpiration by the velocity of a heat pulse applied to the trunk and measured above the
point of applications.

6.0 Measuring soil moisture
Soil moisture content (by volume) and status (by potential or tension) is a major variable affecting plant water status and
crop water-use. Extractable soil moisture is the amount of water that a given crop can extract from the soil to a given soil
water potential and soil depth. Generally, different crops can use 50% to 80% of the extractable soil moisture before
crop transpiration is reduced and plants present symptoms of water deficit. These values change with crop, soil and
atmospheric conditions. The determination of soil moisture content or methods of testing soil moisture vary from feeling
the soil by hand to remote sensing it from aerial or even space platforms. Methods vary in accuracy, cost, convenience
and purpose. The major methods used in farming or in research are detailed in the sites noted below. The basic method
is the ‘gravimetric’ where soil moisture content is determined by weighing the soil before and after drying in an oven.
More advanced methods are represented by the ‘Time-Domain Reflectometry’ (TDR) method, which has developed in
recent years into a relatively accurate and convenient method for measuring soil moisture at different depths through soil
access tubes.

Root/shoot dry weight ratio increase as plant water stress develops. The increase is mostly due to a relative reduction in
shoot dry weight. However there were rare cases where an absolute amount of root dry weight increase was observed
under drought stress. ABA may have a role in promoting root growth under drought stress. Osmotic adjustment has also
been found to improve deeper root growth under stress. Most certainly root distribution within the soil changes as stress
develops, in a way that helps the plant to explore deep soil moisture. In the cereals, dry topsoil inhibits the formation and
establishment of new roots in the topsoil while assimilates partitioned to the root are used in furthering the growth of
existing roots into deeper soil . In the small grains and rice tillering is associated with the development of new roots from
tillers. Therefore, extensive tillering is generally associated with dense and shallow roots while limited tillering is
associated with sparser and deeper roots. This is one of the reasons why most cereal crop cultivars developed in dry
regions tend to have a limited tillering habit.
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TRANSFER OF HEAT AND ENERGY BALANCE
B.V.Ramana Rao

1.0 Introduction
The heat energy is transferred from a body at higher temperature to a body at lower temperature. The transfer of heat is
governed by three different processes viz., conduction, convection and radiation.

1.1 Conduction
The process by which heat is transferred from one point to another point through a material medium between the two
points without actual movement of the particles. Ex: A metal rod heated at one end becomes hotter at the other end also
after some time. The transfer of heat in between the upper and lower layers of the soil column takes place through
conduction.
1.2 Convection
The process by which heat is transferred from one point to the other point within a material medium through the actual
movement of the particles. Ex: Heating of the air layers above the ground in the atmosphere.
1.3 Radiation
The transfer of heat from a hot body to a cold body without any material medium between both of them is called
radiation. Ex: Transfer of heat from sun to the earth.

2.0 Insolation
Insolation is the abbreviation for the incoming solar radiation and it is expressed as the amount of solar radiation
received on a unit area in unit time. After the solar radiation reaches the outer surface of the earth’s atmosphere, the
amount of radiation reaching the earths surface depends upon the transparency of the atmosphere. During the morning
and evening times, the intensity of radiation reaching the earths surface is less as the sun’s rays are inclined at an angle
to it. During the noon time, the sun’s rays reach the earth’s surface in perpendicular direction and the intensity of the
radiation is more.
The solar radiation reaching the earth’s surface also gets depleted due to presence of pollutants in addition to the angle
at which the suns rays reach the earth’s surface. The water vapour present in the atmosphere absorbs more solar radiation.
The cloud tops present in the atmosphere also reflect the solar radiation coming from the sun. In addition, some of the
solid particle like dust suspended in the atmosphere scatter the radiation of particular wavelengths.

2.1 Solar constant
The amount of solar radiation received on unit area at the top of the atmosphere in one minute time held perpendicular
to the sun’s rays when the earth is at its mean distance from the sun is called solar constant. The value of solar constant
is estimated as 1.94 cl/sq cm/min.
2.2 Short and long wave radiation
The solar energy covers a wide spectrum of electromagnetic radiation ranging from electric waves (wavelength of
several hundreds of meters) to the ultra violet and cosmic radiations of very short wavelengths and high energy which
are capable of destroying life. The wave length solar radiation is generally expressed in the following units
1 micron

=

10-6m

1 milli micron

=

10-9 m

1 Angstrom unit

=

10-10m

Bodies at higher temperature emit more of short wave radiation and bodies at lower temperature emit more of long wave
radiation. The surface temperature of the sun is about 6000°K. The sun emits mostly short wave radiation with the
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wavelengths ranging from 0.15 to 4.0 microns with its peak at 0.483 microns. The radiation emitted by the earth’s
surface is called terrestrial radiation ranging from wavelength of 4.0 microns to 9.6 microns when the earths surface
temperature is about 300°K. Thus, the earth emits long wave radiation.

2.3 Visible radiation
The solar radiation emitted by the sun within the wavelengths ranging from 0.4 microns to 0.76 microns is known as
visible radiation, which is very important for plants in their photosynthetic activity. The visible radiation is approximately
0.45 times the incoming solar radiation.

3.0 Principles governing heat radiation
The nature of heat radiation emitted by any body can be assessed using what are called laws of heat radiation. The
wavelength of radiation
Velocity of light
=

Frequency
The frequency of radiation is expressed as number of waves per second and velocity of light is 3x1010cm/sec.

3.1 Srefan-Bolzman’s Law
The Stefan-Boltzman’s law can be used to find the total radiation emitted by a body depending upon the temperature of
the radiating body. The law states that the total radiation is emitted by body is directly proportional to the fourth power
of the absolute temperature of the radiating body. It is expressed as
E =  T4 where
E = total radiation
 = Stefan-Boltzman’s constant
(5.673watts/sq.meter/K4)
T = Absolute temperature of the radiating body i.e; 273+temparture in Co

3.2 Plank’s Law
Electromagnetic radiation consists of a stream of particles or quanta and each quantum will have an energy content
directly proportional to the frequency of radiation..
The energy received for a particular frequency = h x frequency of electromagnetic radiation
Where h = Plank’s constant (6.62x10-34 joules/sec)
If the frequency of radiation is more the wavelength of radiation is less and vice versa. Thus bodies at higher
temperature will emit short wave radiation of high intensity and bodies at lower at temperature will emit long wave
radiation of low intensity.

3.3 Wien’s Displacement Law
The wavelength of maximum intensity radiation is inversely proportional to the temperature of the radiating body
The maximum intensity radiation =

2897
microns. Where T = Absolute temperature of the radiating body
T

3.4 Kirchoff’s Law
The law states that the ration of emitted energy to the absorbed energy is a function of wavelength of radiation and
absolute temperature of the body.
E emission
= F(wavelength, temperature of radiating body)
E absorption
In case of a perfect black body, it emits as much radiation as it absorbs.

4.0 Radiation Balance
Radiation balance accounts for the various processes involved starting from the radiation received at the outer surface of
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the atmosphere until it reaches the earths surface.
Suppose 100 units of radiation is received at the earths surface,
 30 units of it is returned to space (4 units from earths surface, 20 units from clouds and 6 units through
scattering by air)


16 units of it is absorbed by water vapour, dust and ozone



3 units if it is absorbed by clouds

The remaining 51 units of it reaches the earths surface. The difference between the radiation received at the outer surface
of the atmosphere and that reaches the ground is called net radiation (Rn). Thus, the radiation balance can be stated as
Ro -Re = Rn + S + A + R
Where Ro = radiation received at the outer surface of the atmosphere
Re = radiation received at the earths surface
Rn = net radiation
S = radiation scattered in the atmosphere
A = Radiation absorbed by the constituents of the atmosphere
R = Radiation reflected back into the atmosphere

5.0 Surface energy budget
The radiation received at the earth’s surface heats it. Therefore, the earth also emits radiation of longer wavelength
which is called terrestrial radiation. The long wave radiation is absorbed by the air layers above the ground in the
atmosphere and consequently, the air temperature also increases. The transfer of heat within the air layers in the atmosphere
above the ground is called sensible heat flux (H). There is transfer of heat between the different layers in the soil from
the earth’s surface through conduction and it is called soil heat flux (G). Some of the heat energy is used for evaporating
the water from the soil and vegetation and it is called latent heat flux. A small portion of energy is used for photosynthesis
(PS) and maintenance respiration (M) by the vegetation. Thus, the surface energy budget is stated as
Rn = G + H + LE + PS + M
The energy used for photosynthesis and maintenance respiration is about 1 percent or even less and therefore it can be
neglected thus
Rn = G + H + LE
Thus the energy used by the vegetation (LE) can be determined by measuring the net radiation, soil heat flux and
sensible heat flux.
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RADIATION UTILISATION AND ITS EFFICIENCY
B.V.Ramana Rao

1.0 Introduction
Crops are generally grown for their storage organs like tubers, pods or grains and not for the total biomass. The storage
organs grow only during the later part of the growth cycle after roots, leaves and stems have been produced. Therefore,
crop growth models are expected to describe not only crop growth but also its development as well. The distinction
between growth and development can be recognized by the fact that growth represents the increase in weight or volume
of the total plant or the various plant organs while development represents the consecutive phenological stages through
which it passes. The two processes growth and development are inter related. The factors influencing crop production
can be divided into three major groups.


Yield defining factors like radiation



Yield limiting factors like water availability and nutrients



Yield reducing factors like weeds, pests and diseases

Therefore crop growth modelers usually consider the following two situations as relevant.


Crop is optimally supplied with water and essential nutrients and grows without inference from weeds, pests
and diseases. This gives the potential production depending upon the type of the crop, level of irradiance and
thermal regime.



Crop is optimally supplied with all nutrients and grows without interference from weeds, pests and diseases,
but is subjected to limited water avialibilty.

2.0 Phases of crop growth
Generally the crops can be considered to pass through three important phases which can be distinguished from each
other clearly under ideal conditions.


During the first phase, the crop consists of individual plants which do not shade each other and the growth
rate increases. A major part of the assimilates are invested in the leaf growth and increase in leaf area is
proportional to the energy intercepted. The plant weight increases by constant proportion.



During the second phase the crop covers the soil completely and growth rate is constant. A major part of the
drymatter accumulation is achieved during the second phase. Therefore, the total dry matter accumulation
during the phase depends upon the growth rate and duration of the phase.

 The crop is maturing and the growth rate is decreasing.
The major environmental factors influencing phonological development are temperature and day length. The crops will
have a threshold temperature below which no growth takes place. By adding the average daily temperatures over the
threshold value during a particular phase, the number of thermal units (also referred to as degree days) required for the
completion of the phase can be obtained. The fraction of thermal units made available to the crop compared to the
thermal units required for a particular phase will give a numerical value of the development stage.

3.0 Radiation interception by the crop
If the crop canopy does not form a closed cover, only a portion of the incoming radiation is intercepted as given by the
formula.
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Fn

Ib
 (1  e kc*LAI )
Ia

Where Fn = Fraction of the radiation intercepted by the crop
Ia = Radiation received above the crop canopy
Ib = Radiation received below the crop canopy
Kc = Extinction coefficient
LAI = leaf area index of the crop i.e., the leaf area of the crop per unit area of the ground
Generally, the radiation interception increases with the increase in leaf area index of the crop until the crop completely
shades the ground and thereafter there will be very little or no increase in the radiation interception.
The fraction of radiation intercepted by the crop will be unity when the LAI is more than 3.5 for most the crops.

4.0 Radiation use and dry matter production
The total dry matter produced by a crop during its life cycle is directly proportional to the total solar radiation intercepted
by the crop. However, the crops are not just grown for total dry matter only as storage organs of the crop like grain/pods
etc are economically important. Therefore, the ratio of the grain yield to the total dry matter production is called harvest
index.

Harvest Index 

Grain yield
Total dry matter production

The harvest index generally ranges from 0.3to 0.4 for most of the crops.

5.0 Water limitation on production
The carbon dioxide required for assimilation process by the plants is drawn from the atmosphere. The rate of supply of
carbon dioxide depends upon the difference in concentration between the atmosphere and the sites in the plant and the
resistance offered for carbon dioxide transport by the stomata in the leaves of the plant. The stomata of the plant starts to
close when the amount of water lost through transpiration exceeds the uptake of water through the roots. The closure of
stomata continues until the balance of uptake and transpiration is restored through reduction of water potential within
the leaf. Therefore, an interrelationship exists between transpiration, assimilation and water supply of the soil which
controls the productivity ultimately.
Thus, the total dry matter production of the crop depends upon the water used by the crop for its evapotranspiration and
is directly proportional to it.
Stewart et al. (1977) observed that the actual possible yield that can be obtained from a crop can be related to the
potential production i.e., the maximum possible production; as follows:

1

ya

E Ta
 ky (1  E Tm )
ym

Where
Ya = actual possible yield
Ym = maximum possible or potential yield
Ky = Crop yield response factor
The radiation use efficiency of the crops depends upon the water availability when it is grown with adequate fertilizer
application and the crop is protected from biotic interference.
Van Kulen (1975) considered that the evaporation from the soil surface (Em) depends upon the potential evapotranspiration
(ETo) and shading effect of vegetation (RA) which is the complementary fraction of light interception (fn) as given by
the equation.
39

Em = ETo(1+RA) = ETo * Fn
The maximum transpiration rate of the crop can be estimated using the relationship

Tm  (1  e

0.8 LAI

) ( E To  0.1Em)

Where
Tm = maximum transpiration rate
LAI = leaf area index
ETo = evapotranspiration ratte
Em = potential evaporation rate
ETa = actual amount of water used for evapotranspiration
ETm = maximum possible water use through evapotranspiration
K = crop response factor
The water used by the crop through evapotranspiration depends upon the net radiation and it can be estimated using
surface energy budget. The evapotranspiration is also directly proportional to the saturation vapour pressure deficit. If
the air layers adjacent to the crop canopy are saturated with water vapour, the amount of water used by the crop for
evapotranspiration will be minimum and it increases with the decrease in moisture content of the air.

7.0 Radiation use efficiency
The radiation use efficiency RUE can be stated as
RUE =

Total drymatter production per unit area
Radiation used by the crop

In general, the radiation use efficiency increases with the increase in water use until optimum water requirements are
met. Beyond that the radiation use efficiency decreases with increased water use. Rao et.al (1984) studied the energy use
efficiencies of desert grasslands in relation to water availability. They observed that higher energy use efficiencies of
native grasslands were observed in their, vegetative stage of growth when the ratio of actual evapotranspiration to the
potential evapotranspiration is about 0.75. They concluded that optimum production from the grasslands may be obtained
in these species if water supply could be regulated with relative evapotranspiration rate from 0.55 to 0.75. in arid and
semi-arid regions, the energy use efficiency values are mostly governed by the quantum of water availability.

8.0 References
Rao, G.G.S.N., Ramana Rao, B.V. and Bhati, G.N. 1984. Influence of water availability on water and energy use efficiencies of semi-arid
grass species. Tropical Ecology 25(91):117-124
Stewart, J.I., Hanks, R.J., Danialson, R.E., Jackson, E.B., Pruitt, W.O., Franklin, W.I., Ripley, J.P. and Hagan, R.M. 1977. Optimizing crop
production through control of water and salinity levels in the soil. Utah Water Lab PRWG 151-1, Logan, Utah. p.191
Kulen, H. Van. 1975. Simulation of water use and herbage growth in arid regions. Simulation Monographs. Pudoc. Wageningen. p.176

40

SURFACE ENERGY BALANCE OVER THE CROPS
V.U.M. Rao

1.0 Introduction
Most of the environmental processes acting near the surface of the earth derive their energy from exchange 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. The
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. transfers of energy between the air and the earth’s surface
LE = Latent heat flux i.e. transfers of energy between the air and the earth’s surface
G = Ground heat flux i.e. transfers 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 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. Thus
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 (Fig. 1).

Fig.1. Direction of different energy fluxes
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2.0 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 is warmer.

3.0 Latent heat transfer (LE)
When energy is added to water it will change its state 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 0C, the latent heat of vaporization is 597 cal/g, compared to 540 cal/g at 1000C. In between, at 50 0C,
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. 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.
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.

4.0 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 surface for evaporation and latent
heat transfer into the air at moist locations. Without available water, no transfer of latent energy occurs, hence the
absence of an LE flux for the dry surface, most of the available energy (Rn), is allocated to sensible heat transfer creating
warm air temperatures.

5.0 Energy balance under cropped field
Immediately following irrigation, energy is dissipated primarily as latent heat. However, as the soil dries, latent heat
loss rapidly decreases, while soil heat and sensible heat flux increase. ET was about 92 per cent of net radiation (Rn)
under favourable soil moisture conditions and it was about 62 per cent of Rn for wheat in dry conditions (Brun, 1985).
After complete ground cover was established (vegetative and flowering stages), soil heat flux is around 7 per cent. Even
though LAI is changing over this period, it will have little effect on the amount of radiation reaching the soil surface. soil
heat flux increased to about 10 per cent at the ripening stage (Luchiari et al.,1997)
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6.0 Bowen ratio
Bowen (1926) recognized that soil heat flux S constitutes only a small fraction of Rn when soil moisture is not limiting.
He thus partitioned Rn between the latent and sensible heat. Evaporation (LE) and sensible heat (A) were expressed as
functions of the exchange coefficient as follows:
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Where,
Kh=Heat transfer coefficient m2s-1
Kv= Mass transfer coefficient m2s-1
ρa= Atmospheric density Kg m-3
P= Atmospheric pressure N m-2
Є= Ratio of mol. Wt. of water and mol. Wt. of air=0.622
L= Latent heat (2.436 x 106 J Kg-1)
Cp= Specific heat of air at constant pressure 1008 J Kg-1°C-1
A simplifying assumption known as similarity hypothesis required to compute the Bowen ratio is

Kh = Kv
The validity of this assumption has been the subject of considerable disagreement among proponents of both aerodynamic
and energy budget methods of ET estimation. Despite this apparent difficulty, the Bowen ratio has been shown to the
accurate for practical applications and is widely used. For example, Suomi and Tanner (1958), using the energy balance
equation and
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R  LE - G
H
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LE
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(1.4)

solved for LE as follows:

LE 

Rn  G

(1.5)

1 β

The error in LE is shown to be considerably smaller than any error in  if the assumption of identity between Kh and Kv
is in error. Indeed,  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)  and LE > Rn –G.
43

7.0 References
Bowen, I.S. 1926. The ratio of heat losses by conduction and by evaporation from any wet water surface. Phys. Rev. 27:779-787
Jeng-Lin Tsai., Ben-Jei Tsuang., Po-Sheng Lu., Ming-Hwi Yao., Hsiang-Yun Hsieh. 2006. Surface energy components, CO2 flux and canopy
resistance from a rice paddy in Taiwan. Proceedings of 27th Conference on Agricultural and Forest Meteorology, 21-25 May, 2006
Luchiari, A., Riha, S. J. and Gomide. 1997. Energy balance in irrigated wheat in the Cerrados region of Central Piraciaba. Sci. Agric 54: 7888
Suomi, V. E. and C. B. Tanner. 1958. Evaporation estimates from heat- budget measurement over a field crop. Trans. Amer. Geophys. Union
39: 298-304
Rao, V. U. M., Singh, Gurmeet. and Bishnoi, O.P. 1986. Radiation balance over pigeon pea and moong canopies. Haryana Agric Univ J. Res.
16 (2):150-155
Taylor, J. R. and Dyer, A. J. 1958. An instrument for measuring evaporation from open surfaces. Nature. 181:408-409
Dyer, A. J. and Pruitt, W.O. 1962. Eddy flux measurement over a small irrigated area. J. Applied Meteorology 4:622-625

44

THE HEAT LOAD ON LEAF SURFACE
P.S.N. Sastry

1.0 Intorduction
We are all aware that plant leaves play an important role in crop growth. Leaf-air interface is the site for the
photosynthetic and transpiration processes. Energy received at the site leads to the dynamical features of potentials and
resistances in the soil-plant water-atmosphere continuum. In turn, these factors govern the various rate processes in the
system, which determine the water, radiation, and assimilation efficiencies in plant communities.
Proper evaluation of the significance of any leaf characteristic must thus include the primary meteorological and edaphic
parameters solar and thermal radiation, air temperature, atmospheric vapour pressure, wind speed, atmospheric gas (like
CO2) concentration and availability of soil moisture.
Biological parameters include absorptivity of radiation, stomatal and mesophyl resistance to uptake of gases and soil
moisture, size, shape and orientation of the organism (leaf) and the temperature range critical to survival. Leaf dimension
has a direct role to play in influencing the energy exchange at the leaf surface. The thickness of the boundary layer, that
determines the magnitude of the exchange of heat and diffusion of water vapour at the leaf-air interface depends on wind
speed and leaf size.
The various components are briefly presented in the sketch below.

The total radiant energy that is absorbed by the leaf of a plant had been extensively discussed by Gates (1965).
If a horizontal leaf is in full sunlight over sand on a clear day
The incident radiation on the upward facing surface is the sum of direct and diffuse sunlight and the counter radiation
from the atmosphere to the earth.
The downward facing surface receives sunlight reflected from the ground and Infrared thermal radiation emitted upward
by the ground surface
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It will absorb a total radiant energy of 2.4 cals / cm2 of surface per minute, considering 1cm2 on the upper surface and 1
cm2 on the lower surface of the leaf
Obviously this is greater in magnitude than the maximum amount of radiation received on a single horizontal surface
facing upwards. This limit is popularly known as ‘Solar Constant’. Over a 24- hour period, the contribution to heat load
due to infrared thermal radiation from the atmosphere and the ground, is comparable to that due to the direct and diffuse
solar radiation.
If all this energy received by the leaf surface were to be utilized in increasing the leaf temperature, it would reach
enormously a high value of the order of 136 0C. This is governed by the expression of the type:.
 / t = Q / t * A / M C
Where,

ΔT / t = Rate of change of temperature with time (t)

Q = Radiant flux in calories/cm2/minute
M / A = Mass of leaf per unit area
C = Specific heat
Under natural conditions this heat load is dissipated in various ways to keep the leaf temperature around the temperature
of the surroundings.

2.0 Dissipation of heat load
The leaf must get rid off this heat load and there are three ways by which this can be accomplished.

(i)

Re-radiation: As a black body at leaf surface temperature. About half of the heat load is removed through
re-radiation governed by the Stefan-Boltzman’s law. However, if all the heat were to be lost by re-radiation
alone, the leaf temperature in the above case would have reached only about 79 0C.

(ii)

Transpiration: A substantial amount of heat load is dissipated through transpiration. To maintain leaf
temperature around 400C as observed under natural conditions, as determined by Gates (1965), the
transpiration rate required is, 0.0816gm/cm2/hour that is equivalent to water loss at 19.6mm/day.

This is also very high. In addition to re-radiation and transpiration, heat transfer by convection also plays a significant
role in reducing the heat :load to keep both the transpiration rates and leaf temperature at the levels usually observed in
the field conditions.
(iii)Convection: Convective transfer could be small or large depending on air
.

temperature and wind — Small (a) if air temperature is low,
(b) If air air-leaf temperature difference is also low

3.0 Heat transfer by convection
For a heat load of 2.0 cal/cm2/minute and for a leaf of 1 cm dimension, and 100C above the ambient temperature, the
energy transfer by convection could be as high as 1.2 cal/cm2/ minute (Table 1).
Table.1. Rate of heat transfer (cals/cm2/minute) for forced convection across a flat surface as a function of surface-air
temperature difference T, wind speed v and dimension of the leaf surface L. (after Gates, 1965).
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L

T= 1

1 cm
5 cm

0.085
0.038

1 cm
5 cm

0.180
0.054

1 cm
5 cm

0.208
0.093

5 0C
v = 5 mph
0.425
0.190
v = 10 mph
0.600
0.270
v = 30 mph
1.040
0.465

10

0

C

0.850
0.380
1.200
0.540
2.080
0.930

The convection coefficient hc (cal/cm2/sec/ 0C) is related to the boundary layer thickness by the expression hc = k/s,
where k is the coefficient of thermal conductivity. The value of hc is thus dependent on many factors such as shape and
orientation of the surface, the physical properties of the fluid i.e., density, viscosity specific heat and thermal conductivity
of air and whether the flow is laminar or turbulent. In this situation, apart from wind speed, availability of soil moisture
also plays a dominant role in determining the leaf temperature finally attained. These results are more relevant while
interpreting experimental observations on single leaf or plant and need to be recorded in such experiments. Both forced
and free convection are present during daytime, and a stable stratification through radiation cooling, being the nocturnal
circulation pattern of the atmosphere near the ground.

Practical aspects: An example of the heat budget of the leaf
Short wave radiation budget: (Cals/cm2/minute)
Daytime

nighttime

From direct solar radiation

0.80

0

From sky radiation

0.15

0

From ground reflection

0.15

0

Total

1.10 (remains in the leaf)

Long wave radiation budget:
Incoming radiation

+0.63

+0.54

Radiation from ground surface

+0.98

+0.67

Radiation emitted by leaves

-1.61

-1.39

Long wavelength balance

0.0

-0.18

Total budget in a day

1.10

(from atmosphere)

For deriving heat budget of the leaf, the above components of radiation both in the short and long wave regions need to
be recorded along with other parameters on temperature, wind speed and soil moisture.

4.0 Other cases of leaf exposure
Apart from exposure to full sunlight over sand discussed above, it would be useful to mention the cases of leaf exposure
occurring in nature (a) over grass surface and (b) under a forest canopy, which show slight variation in the radiation
budget components to be considered.

4.1 The horizontal leaf surface is over grass
The amount of sunlight reflected by grass is lower than that reflected by sand. The energy absorbed by the leaf
correspondingly decreases about 2.2 cals /2cm2 / minute.
4.2 The horizontal leaf is in a forest environment
The downward stream of radiation is of quite different nature, in terms of its wavelength and magnitude, than that of a
leaf exposed to direct sunlight. The amount of solar radiation flux would be greatly reduced, and almost negligible in
terms of energy contribution. The infrared thermal energy from the atmosphere (counter radiation) will also be negligible,
since it is assumed that the forest canopy above will cut off most of the radiation.
The leaves exposed under a forest environment will receive thermal radiation emitted by leaves of the forest canopy at
some mean temperature of the canopy and the thermal radiation emitted by the ground surface. This was computed to be
of the order of
at

35 0C

1.43 cals per 2 cm2/minute.

at

25 0C

1.25 cals per 2 cm2/minute
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Thus it is evident that the airflow near the earths surface, and the microclimate within and above the crop canopy which
determine the eddy transfer of momentum, heat, moisture and carbon dioxide play an important role in determining the
dissipation of heat load and the transport of water from the leaf surface to the atmosphere through the stomata.

5.0 Heat transfer by convection
Heat is transferred from the surface of an object by convection in the boundary layer near the surface and then it is
carried away either by forced or free convection caused due to pressure differences and temperature differences in the
fluid respectively. In forced convection, the smaller the surface dimension, along the direction of the wind flow, the
greater would be the rate of energy transfer and the transfer rate is proportional to the square root of wind speed and does
not linearly increase with it. The transfer of energy in a plant with small leaves is thus much more rapid than in a plant
with larger leaves. The case of leaf tearing in banana crop is an example.
In forced convection, the heat transfer rate increases linearly with the temperature differences between leaf surface and
surrounding air whereas in the case of natural or free convection, the temperature difference has a much weaker influence.

6.0 References
Gates, D.M. 1965. Energy Exchange in the Biosphere. Harper and Row, New York. p.150
Tayler, S.E. 1974. Optimal leaf form. Perspectives of Biophysical Ecology. (Eds. Gates, D. M. and Rudolf B. Scjmerl). Springer Verlag, New
York
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ADVECTIVE HEAT TRANSFER OVER EVAPORATING SURFACES
P.S.N. Sastry

1.0 Introduction
Heat is transferred by means of conduction, convection and radiation. Net radiation represents the energy available for
work. In crop stands, it is the source for latent, sensible and soil heat fluxes. Latent heat flux represents the amount of
heat used in evaporation/transpiration. Sensible heat flux represents the energy used in heating the surroundings and the
soil heat flux represents the energy that flows into the soil. Energy utilized for photosynthesis is minimal and for estimating
energy balance over a day or longer, it can be considered as negligible.

2.0 Advenctive heat transter
‘Advection’ means horizontal transport of heat energy from surroundings, mostly transferred by wind. Thus this energy
is not part of the net radiation balance at place but additional energy that flows to this place.
Lysimetric measurements often showed water loss to be at rates higher than those, that could be explained by net radiant
energy alone. Studies at IARI initiated in the 1970s showed that energy gain by evaporating surfaces through heat
transfer from surroundings could be indirectly assessed by a simple comparison of the net radiant energy with water loss
from pan evaporimeter.
It is seen that energy gain conditions could occur in different weeks in the monsoon season, and also, they make their
presence felt even during winter weeks. Energy gain conditions occurring in summer are easily understandable
How to identify presence of advection: Assuming that all of the net radiation available at a place were to be utilized as
latent heat (measurable as evaporation), if observed evaporation rates at a place are higher than those that could be
accounted for by net radiant energy available (measured by a net radiometer or estimated) at a place, then it means that
energy is advected from outside and transferred to the evaporating surface.
In the energy balance equation this can be expressed as:
Rn = LE + H + G. where: Rn = net radiation, LE = latent heat flux
H and G are sensible and ground heat fluxes respectively
If G is ignored over a 24 hour period, the equation reduces to: Rn = LE + H
Since under advective conditions, observed LE > Rn, we can write this as
LE – Rn = -H i.e., Evaporating surface is receiving energy from surroundings.
Advective heat transfer from surroundings coinciding with crop growth phases sensitive to moisture stress, whether in
summer or winter, may result in reduced grain yields although in irrigated crops total plant biomass may not be severely
affected.

3.0 Influence of advective conditions on crop growth and yield
Both irrigated and rainfed crops are influenced by advective heat transport. Crop growth rates, biomass production,
grain growth and yield can be influenced by advective conditions. A case study of paddy crop is illustrated in the table 1
below.
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Table 1: Grain yields in irrigated paddy in advective and non-advective seasons

Kharif season
Cumulative pan evaporation mm/day
Grain yield (Q/ha)
Total biomass (Q/ha)
Harvest Index
1977:

No Advection

1978:

Advection at grain maturity stage

1979:

Advection in post-vegetative stage

1977
351
44
92
0.48

1978
372
31
86
0.30

1979
532
23
99
0.23

This table shows that


Advective conditions can occur during kharif season



Advective conditions influence an irrigated crop also



Grain yield, biomass and harvest index are affected



Yields depend on the growth stage of occurrence of Advective conditions



Under irrigated conditions, grain yields are much influenced, but biomass levels are maintained

Typical differences were observed in energy gain between two seasons and rainfall, temperature variations for recent
years in the Delhi region. Growth stages were affected by advective conditions in three varieties of Brassica species,
sown under irrigated conditions on three different dates at fortnightly intervals, in the same growing season, due to
energy gain.
Such information helps in explaining yield variations in crops raised with all recommended agronomic practices, but
influenced by high evaporative situations for a week or two, due to short period adverse weather affecting the grain
yields. Shelter belts and wind breaks and microclimate modification through mulches or irrigation are some of the
ameliorative measures that can be taken to reduce the effect of advective heat transfer, to some extent, over evaporating
surfaces.
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TECHNIQUES FOR ESTIMATING HEAT TRANSFER PROCESSES
A. M. Shekh

1.0 Introduction
When a physical body (object, fluid, etc.) is at a different temperature than its surroundings or another body, transfer of
thermal energy, also known as heat transfer, occurs in such a way that the body and the surroundings reach thermal
equilibrium. The transfer of heat is normally from a high temperature object to a lower temperature object. Heat transfer
always occurs from a hot body to a cold one. Heat transfer changes the internal energy of both systems. Transfer of
thermal energy occurs mainly through radiation, conduction or convection.

2.0 Radiation
Radiation is the process of transmission of energy by electro magnetic waves and is the means by which energy emitted
by the sun reaches the earth.
All materials radiate thermal energy in amounts determined by their temperature, where the energy is carried by photons
of light in the infrared and visible portions of the electromagnetic spectrum. When temperatures are uniform, the radiative
flux between objects is in equilibrium and no net thermal energy is exchanged. The balance is upset when temperatures
are not uniform, and thermal energy is transported from surfaces of higher to surfaces of lower temperature.

2.1 Solar constant
The sun is the source of more than 99 per cent of the thermal energy required for the physical processes taking place in
the earth atmosphere system. Every minute, the sun radiates approximately 56 x 1026 calories of energy.
In terms of the energy per unit area incident on a spherical shell with a radius of 1.5 x 1013 cm (the mean distance of the
earth from the sun) and concentric with the sun, this energy is equal to
56 x 1026 cal. Min-1
S = —————————— = 2.0 langely min-1
4  (1.5 x 1013 cm)2
The solar constant (S) is a true constant, but fluctuates by as much as 3.5 percent abut its mean value, depending upon
the distance of earth from the sun
(Langley = gram calories cm-2).
Solar constant = 2.0 gram calories cm-2 min-1
Solar constant is defined as the rate at which solar radiation is received on outside the earth’s atmosphere on unit area
perpendicular to the sun’s rays when the earth is at an average distance from the sun. The Smithsonian Institute, USA has
come to the conclusion that the standard value of solar constant is 1.94 gram calories per cm2/minute.
Since there is fluctuation in the amount of radiant energy emitted by the sun due to periodic disturbances on the solar
surface, the amount of solar constant, therefore, registers a slight increase or decrease. However, this variation hardly
exceeds 2-3%.
The amount of insolation received on any date at any place on the earth is governed by


The solar constant which depends on (a) energy out put of the sun and (b) distance from the earth to sun.



Transparency of the atmosphere.



Duration of the daily sunlight period.



Angle at which the sun’s rays strike the earth.

The distance between the earth and the sun varies between 94.5 million miles (157.5 m km) at aphelion (July 1st) and
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91.5 million miles at perihelion (January 1st). The amount of radiation received is seven percent greater at perihelion
than at aphelion. This is a consequence of the inverse square law which states, in effect, that the radiation received on
any unit area decreases in proportion to the square of the distance to the source.
1
Intensity α ——
d2
The transparency of the atmosphere has a more important bearing upon the amount of insolation which reaches the
earth’s surface. The areas having heavy dust, clouds, water vapour and cloudiness or polluted air will receive less direct
insolation. The transparency of atmosphere depends on the latitude of a place. At middle and high latitudes the sun’s
rays must pass through thicker layers of reflecting / scattering material and it is not so at tropical latitudes.
Albedo: It is the capacity of any surface to reflect the incoming radiation (light) or it is the ratio of incoming radiation
to the outgoing radiation.
The total reflectivity is known as earth’s albedo. Average albedo value for earth is 34%. The total energy coming to the
earth over a considerable period of time is equal to the total outward losses. If this were not so, the earth would seen
become either very hot or very cold. Actually there is a deficit of heat at higher latitudes and surplus in low latitudes.

2.2 Instruments used for measuring solar radiation
 Bellanis pyranometer
 Sunshine recorder
 Line quantum sensor
 Photometer
 Lux meter measures the light intensity


Radiometer

2.3 Radiation budget
The primary source of heat/ energy is net radiation over earth surface for various processes. The energy of net
radiation distributed in different systems by heat transfer processes. The equation of radiation balance near the surface
for unit area of a surface can be expressed as :
Net radiation

= Net short wave radiation + Net long wave radiation
= (Short wave incoming - Short wave outgoing) + (Long wave incoming - Long wave
outgoing)
= (SW1 - SW2) + (LW1- LW2)

3.0 Energy fluxes over vegetation
Net radiation (Rn) is the main source of energy at a place. The net radiation is partitioned into different components of
energy given by
Rn = H + L + S + M
Where

H = Sensible heat flux
L = Latent heat flux
S = Ground or soil heat flux
M = Miscellaneous energy used in photochemical activities by plants

3.1 Sensible heat
If the addition or subtraction of energy to a body is sensed as a rise or fall in its temperature then it is referred as sensible
heat.
3.2 Latent heat
To enable a substance to change from liquid at given temperature to vapour at the same temperature requires the additional
heat. This heat which is not sensed as a temperature change is called latent heat. These energy components (flux)
derived by measurements of various parametric gradients by sensors mounted on meteorological masts.
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4.0 Energy fluxes
An energy flux involves the transfer (or flow) of energy from one system to another. In the energy balance, the earth’s
surface acts as an interface for energy flow. Thus, whether we’re looking at sensible, latent or ground heat flux, all of
these involve transfer (or flows) of energy between the earth’s surface and either the air or the subsurface (ground).

4.1 Sensible heat flux
Transfer of energy between the air and the earth’s surface. Sensible heat flux is influenced primarily by wind speed
and air-sea temperature difference. High winds and large temperature differences cause high fluxes. If sensible heat flux
is negative, the dominant direction of energy flow is from the air to the surface; this means that the air is loosing energy
and the surface of the earth is gaining energy. And if sensible heat flux is positive, the dominant direction of energy flow
is from the earth’s surface to the air; this means the air is gaining energy and the surface of the earth is loosing energy.
Sensible heat is given by
H = - ρ Cp kh z2 (δι/δz)
Where,

ρ

= Air density

Cp

= Specific heat of air at constant pressure

kh

= Turbulent exchange coefficient

δι/δz = Vertical gradient of potential temperature
In the first 23 m above the ground δι/δz can be approximated by δT/δz, the vertical gradient of actual temperature.

4.2 Latent heat flux
Transfer of energy between the air and the earth’s surface. Latent heat flux is influenced primarily by wind speed and
relative humidity. High winds and dry air evaporate much more water than weak winds with relative humidity near
100%. When latent heat flux is negative, condensation is occurring. Water vapor that was once part of the atmosphere
condenses on the earth’s surface. In the process, energy is removed from the atmosphere. The air, however, does not cool
because the energy is latent heat energy; the air temperature stays the same. The energy lost by the atmosphere is gained
by the earth’s surface. In the process of condensation, the stored heat energy is released and becomes sensible heat.
Thus, the earth’s surface temperature does increase.
4.3 Ground heat flux
Transfer of energy between the subsurface (ground) and the earth’s surface. It is mainly influenced by soil properties. If
ground heat flux is positive, the earth’s surface will cool and the subsurface will warm. If ground heat flux is negative,
the earth’s surface will warm and the subsurface will cool.
Momentum flux and water vapour flux will also occur in the atmosphere with energy fluxes.
Momentum flux τ =  ρ km (Δu/Δz)
Water vapour flux E = ε /P(ρ km (Δea/Δz))
Where, km and kw are turbulent exchange conficient for momentum and water vapour.
ε
= Mw/Ma
Mw and Ma are molecular weights of water vapour and air
ρ
= Air density
P
= Atmospheric pressure
Cp
= Specific heat of air at constant pressure
Δu/Δz = Vertical gradient of wind speed
Δea/Δz = Vertical gradient of vapour pressure

4.4 Reynold’s analogy
As per the Reynold’s analogy exchange coefficients for momentum, sensible heat and water vapor are assumed to be
equal.i.e. km = kh= kw. This equality in exchange coefficient is valid only when atmosphere is in condition of nearly
neutral stability. This condition prevails only for very limited period in the morning.
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5.0 Convection
Convection is the process of the transfer of heat, through movement of a mass or substance from one place to another.
Convention is possible only in gases or fluids, for they alone have internal mass motions. In solid substances this type
of heat transfer is impossible. Convection is the most active vertical heat transfer mechanism in the atmosphere.
5.1 Free convection
Free convection is due to the parcel of air being at a different density than the surrounding fluid. If for example a parcel
is warmer than its surroundings, it will be at lower density and will tend to rise. Conversely, if it is cooler it will be denser
and tend to sink. If the state of the atmosphere is conducive to free convection it is said to be unstable and if it inhibits
such motion it is stable.
As a result of gravity-induced pressure gradients, the expanded air parcel becomes buoyant and displaces, thereby
transporting heat by fluid motion (i.e. convection) in addition to conduction. Such heat-induced fluid motion in initially
static fluids is known as free convection.
5.2 Forced convection
The atmosphere near earth surface may also be physically thrown into motion when it flows over obstacles. This is
forced as mechanical convection and depends upon roughness of the surface and the speed of the horizontal flow. For
cases where the air is already in motion, heat conducted into the air will be transported away chiefly by air convection.
These cases, known as forced convection, require a pressure gradient to drive the fluid motion, as opposed to a gravity
gradient to induce motion through buoyancy. Often free and forced convection co-exist giving mixed convection.

5.3 Advection
The net horizontal convective heat transport (both sensible and latent) is called advection. We use the term advection as
synonymous with the transport of energy or mass in the horizontal plane in the downwind direction.

6.0 Evaluation of convective fluxes
Sensible heat flux and Latent heat flux are the chief heat transfer processes operating at earth surface and in lower
atmosphere. Various approaches used to estimate sensible heat flux and Latent heat flux are as follows:

6.1 Aerodynamic method
The sensible heat flux (H) and Latent heat fluxes can be calculated by
H =  ρ Cp k2 z2 ((Δu/Δz).(ΔT/Δz))
L =  ρ Lv k2 z2 ((Δu/Δz).(Δq/Δz))
Where, ρ = air density
k = turbulent exchange coefficient
z = vertical coordinate/height
Δu = wind speed gradient
ΔT = temperature gradient
Lv = latent heat of vaporization
Δq = vapour pressure gradient

6.2 Bowen’s ratio method
The energy balance approach to estimation convective fluxes seeks to apportion the energy available (Rn - S) between
the sensible and latent heat terms by considering the ratio, β
H = β (Rn – S) / (1 + β)
Bowen’s ratio β = H / L
= γ (ΔT/ Δq)
Where γ is psychrometric constant
L = - (Rn – S)/ (1 + β)
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6.3 Eddy correlation method
Eddy correlation method can be used for computing the heat (H) and water vapour (L) fluxes respectively.
H = ρ Cp w’ q’
L = (ρ λЄ/p) w’ q’
Where, λ = Latent heat of vaporization
Є = Ratio of molecular weights of water vapour and dry air (0.662)
P = Air pressure

6.4 Resistance method
In this method, it is assumed that the flux of sensible heat is a process analogous to the flow of electrical current. In an
analogy to Ohms law
Temperature gradient (driving force)
————————————————————
Aerial resistance to the flow of sensible heat flow

Heat =

H=

ρ Cp (Ta –Ts)
——————
ra

Where, Ta and Ts are the surface and air temperatures, respectively and ra is the aerial (aerodynamic) resistance to the flow of
sensible heat.

7.0 Conduction
Conduction is the process of heat transfer through matter by molecular activity. In this process heat is transferred from
one part of a body to another or between two objects touching each other. Conduction occurs through molecular
movement.
In general pure molecular conduction is negligible in atmospheric applications, except within the very thin laminar
boundary layer. On the other hand it is very important to the transport of heat beneath the soil surface. The conduction of
heat is dependent on the thermal properties of the substrate.
Heat transfer in the soil is conduction process in heat balance of earth surface.

8.0 Soil properties and heat transfer in soil
The surface of the soil is exposed to the direct radiation and air movement. It gains heat during the day time and losses
some parts during the night to the atmosphere.

8.1 Soil temperature profiles
The pattern of soil temperature profiles changes rapidly during a normal day (figure). The soil surface is coldest in early
morning and warmest in early afternoon.
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8.2 Diurnal variation of soil temperature
The pattern of decreasing amplitude of soil temperature wave is illustrated in figure.



As depth of soil increases temperature increases up to 40 cm/ remains unchanged beyond 80 cm.



Surface temperature is doubled in the afternoon compared to morning due to insolation.



Variation but morning and afternoon temperature beyond 30cm depth is negligible.



Variation beyond 30 cm is only seasonal changes / variation.



The time lag between two levels is given by
t2-t1 = [(Z2-Z1)/2](P/ π α)1/2

Where, t2 and t1 are times at which maxima (or minima) are detected at depths Z2 and Z1
P is period of oscillations in seconds
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Thermal properties of the soil govern heat transfer process in the soil; The important soil thermal properties:






Volume specific heat (Cv) – of the soil is the amount of heat required to raise the temperature of a unit volume
of soil by 1°C. Unit = J L-1 K-1
Mass specific heat (Cs) – is the amount of heat required to raise the temperature of 1 Kg of soil through 1°C.
Cv = δ Cs Unit = J Kg-1 K-1
Where, δ is the density of the soil
Thermal conductivity (K) – defined as the quantity of heat which flows through unit area of thickness in uit
time, under a unit temperature gradient. Unit- J m-1 S-1 K-1
Thermal diffusivity (α) – is the ratio of thermal conductivity to thermal capacity (Cv).
α = K/ Cv

Unit = m2 S-1

8.3 Evaluation of conductive flux
It is the quantity of heat flowing into or out of unit area of soil in unit time, it is given by the equation
S = - K (d T/d Z)
Where, d T/d Z is the temperature within the soil.

Soil heat flux involves exchanges of energy between the earth’s surface and the subsurface. These energy flows also
affect temperature. If ground heat flux is positive, the earth’s surface will cool and the subsurface will warm. If ground
heat flux is negative, the earth’s surface will warm up and the subsurface will cool. Because the ground (soil, rock) is not
very good at conducting energy, ground heat flux values are generally quite low regardless of where we are or what the
season is; thus the impact of ground heat flux on temperature patterns is minimal.
Soil heat flux depends on temperature gradient and conductivity. Soil heat flux measured is with the soil heat flux plates
placed at different depths in soil. A differential thermopile is connected between top and bottom portion of the sensing plate
and the temperature drop is measured across known thermal impendence. The heat fluxes to the surface are positive and
away from it are negative.

8.4 Penetration of heat in to the ground
Thermal diffusivity of the soil is small, considerably less than that of air at rest. Thus, soil temperature will change
slowly and will be observed as waves during the course of day. The amplitude of temperature waves at the ground
surface will be great but it will diminish with depth below the surface. The range of temperature at any depth in soil
(assuming the soil properties including porosity, water content, organic matter etc. are uniform with depth) is given by
TRZ = TRs exp[Z(π/αP)1/2]
Where, TRZ = Temperature range at depth Z
TRs = Temperature range at surface
α = Thermal diffusivity
P = Period of oscillations in seconds

9.0 Heat transfer processes over the surface
Heat passes to the colder body as long as the temperature difference exists. Thus, the land is absorbing radiation and is
warmed up above the temperature of the air. At this stage conduction of the heat to the air takes place. If the land is
cooler than the adjacent air, the heat transfer is reversed and air is cooled. The latter phenomenon is common at night
and in winter in subtropical and temperate countries. Air is heated by contact with the warm earth surface expands and
becomes less dense. The light air is replaces cooler heavier air from above and a convectional circulation is established.

10.0 References
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Rosenberg, N. J., Blad, B.L. and Verma, S.B.1983. Microclimate: The Biological Environment. Second Edition. Wiley-Interscience, New
York
Oke, T. R. 1987. Boundary Layer Climates. Methuen, New York
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RADIATION, THERMAL AND MOISTURE REGIMES IN
COCONUT PLANTATIONS UNDER THE HUMID TROPICS
G.S.L.H.V. Prasada Rao

1.0 Intorduction
The unit area production of coconut and coconut based farming system 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). 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 coconut and coconut based farming system could be increased significantly if the coconut
gardens are provided summer irrigation as increase in soil moisture could help in better nutritional management under
abundant solar radiation that is available to the cropping system. That is why, the coconut production is high in nontraditional areas under irrigated situation where the solar radiation is abundant. High rainfall may also cause serious
waterlogging problems during the southwest monsoon in addition to the severe moisture stress during summer. Thermal
regime is another inhibit factors which affects coconut root zone under rainfed situations in the absence of soil moisture
during summer. A significant difference can be noticed in coconut 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 for both crop management and sustenance of cropping systems.

2.0 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 indicates 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 seasons 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 indicates 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 season
was due to lesser emitted energy in wet environment when compared to that of dry environment. The 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 season compared to solar radiation received just above the coconut garden during
the summer. There could be 50 per cent of reduction in potential photosynthesis when light intensity gets reduced to
only 20 per cent of the intensities on clear days in the tropical areas at 10°N Latitude.

3.0 Thermal regime
3.1 Thermal regime of coconut root zone and open
The range in soil temperature was high (31.5-33.6°C) in open when compared to that of coconut root zone (29.030.7°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. The soil temperature decreased till
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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 in between to that of the coconut root zone in laterite loam and sandy loams. 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 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.

3.2 Thermal regime of coconut root zone during the drought years
Soil temperature in coconut root zone in loam/sandy loam is one of the inhabitant factors during summer under rainfed
conditions when compared to that of other soils if pre-monsoon showers fail. 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 a drought year 1983.
At the same time, it varied between 31-33°C and 29-31°C in sandy loam and loam, respectively.
3.3 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 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 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.

4.0 Moisture regime
4.1. Water requirement of coconut
In the humid tropics like Kerala, the water requirement of coconut could be met during the southwest monsoon as
rainfall exceeds the water need of coconut. As the monthly rainfall from December to May is scanty and the distribution
is highly erratic, coconut palms need irrigation during summer for which information on water requirement of coconut
is essential.
The water requirement of coconut for optimum growth is 20 mm of water at IW/CPE ratio of 1.0. Rajagopalam et al.,
(1988) also observed the same in the case of young TxG coconut hybrids, but irrigated the palms at 30 mm CPE.
Jayakumar et al., (1988) reported that the consumptive use of water for six years old coconut palms ranged from 2.7 to
4.1 mm per day. Rao (1989) reported that the evapotranspiration increased from 2.9 mm per day in December to 5.5
mm/day in May. The mean annual water requirement of coconut was 1126 mm as reported by Saseendran and Jayakumar
(1988).

4.2 Irrigation requirement for coconut
The irrigation requirement of coconut was worked out at RARS, Pilicode using the reference evapotranspiration (modified
Penman method has been generally accepted as a reliable method to determine evapotranspiration from climatic data)
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and crop coefficient. The irrigation requirement varied from 1106 litres/palm/month in December to 1488 litres/palm/
month in April. The total irrigation requirement from December to May was worked out as 7807 litres.
Coconut growers can very well adopt the irrigation during summer as recommended above wherever water is available
which will improve coconut yield significantly as the yield per palm is well below the normal under rainfed conditions
due to prolonged dry spell from November to May.

4.3 Effect of 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 channels 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 (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, 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. Such studies need to be undertaken in various environments as a part
of scarce resource water management. The soil-plant-atmosphere interaction studies in terms of radiation, thermal and
soil moisture balances will go a long way in sustenance of crop production to a large extent through judicious management
of natural resources.
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RADIATION PROFILES IN CROP CANOPIES - CASE STUDIES
P.K. Chakraborty

1.0 Introduction
“Nunam Janah Suryena Prasutah”
(All that exists was born from the sun) – Brhad-devata, I: 61.
The sun is the sole source of energy in the planet earth. It radiates 3.86 X 1033 ergs of energy every second through
nuclear reactions (nuclear fusions). This solar radiation reaches the earth and is utilized for the following purposes:


Supplying latent heat for evaporation and evapotranspiration.



Creating temperature profile in the atmosphere and



Photosynthetic carbon fixation by the autotrophs.

Autotrophs in an ecosystem utilize solar energy for the above three purposes directly or indirectly. The agriculture is
primarily related to the harvesting of solar energy through the cultivated crops. Approximately some three thousand
plants are cultivated as human food in the course of his history and nearly two hundred of these have been domesticated.
When radiation falls on crop, it is subjected to face three fates – absorption, transmission and reflection – all these
components significantly affect the growth and yield of the crop. One should be aware of the fact that the green plant
absorbs only a specific wave band (400-700 nm) of the solar spectrum. This wave-band is called as photosynthetically
active radiation or PAR. Besides absorption, transmission, reflection and interception of PAR also plays a crucial role in
determining the growth and yield of the crop. In the present discussion, the measurement of different components of
PAR viz. absorption, transmission, reflection and interception within the different crop canopies will be highlighted.
Moreover, the light extinction co-efficient in different crops will also be illustrated with the help of field experimental
data. The whole discussion has been converged on the case studies avoiding background information and measurement
procedure.

2.0 Case studies
Radiation distribution in different crop canopies and its resultant effects on crop growth, development and productivity
have been discussed in this subsection. A few cases have been cited in respect to some of the important crops. These
cases have been cited from the experiments of different researchers.

2.1 Cereals
Solar energy utilization by cereals is an important factor determining the growth and yield of the crop. The flag leaf in
case of rice and wheat plays an important role in the absorption of PAR and total solar radiation.
2.1.1 Rice
The pattern of day time variation in incident and intercepted PAR at the different phenophases of the crop at Mohanpur
showed that the incident PAR at 7.30h was maximum during flower emergence, whereas at 11-30 h highest incident
PAR was observed at 50% anthesis . Percent interception of PAR increased from maximum tillering to panicle initiation,
thereafter remained almost constant. Interception was higher at 7-30 or 15-30h at flower emergence and 50% anthesis
stages incomparison to 11-30h. The intercepted PAR influenced the yield of rice significantly (AICRP on Agromet
2007-08).
The total integrated solar radiation during transplanting to harvesting of rice varieties differed widely. Varietal differences
in the efficiency of solar energy utilization and efficiency of solar energy utilization for grain production were remarkable
as was observed from the experiments of Yamamoto et al. (2003). Average absorption hovered around 50% and the
radiation use efficiency ranged from 1.85 to 1.98g/MJ for three promising rice cultivars .
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2.1.2 Maize
The fraction of PAR intercepted by the maize crop remained almost similar in 4 years out of 5 year experiment conducted
by Lindquist et al. (2005). The mean extinction coefficient (K) was 0.67 (± 0.04). There was a trend of increasing K
values during grain filling period. This was the result of an increasing proportion of dead leaves intercepting radiation.
The crop growth rate is a function of absorbed PAR .
2.1.3 Wheat
Wheat responds to intercepted PAR significantly even under different dates of sowing (Sharma et al. 2000). Dry
matter increased linearly with the increase in intercepted PAR.
The principal component regression analysis showed that the absorbed PAR at flowering and tillering significantly and
positively affected the grain yield of wheat, whereas at the CRI stage. Absorbed PAR negatively affected the grain yield
of wheat (Table 1; Parya, 2009).
Table 1: Principal Component Regression analysis results (stepwise) keeping principal component score of absorption of PAR as predictor and grain yield as dependent variables.[after Parya,M,(2009)]
Variables

Unstandardized
Coeff.
B
SE

(Constant)

2.75

0.05

APAR PC-1 (Flowering)

0.49

0.06

APAR PC-1 (CRI)

-0. 26

APAR PC-1 (Tillering)

0.204

Standardized
Coeff.

t value

Sig.

R

R2

Adjusted

S.E (est.)

R2

Beta
56. 77

0.00

0.83

8.66

0.00

0.07

-0. 45

-4. 08

0.00

0.064

0.348

3.216

0.003

0.85

0.72

0.69

0.33

Dependent variable : Grain yield.

3.0 Oil seeds
The pattern of PAR interception by the total canopy and at 50% height of the canopy and albedo remained almost similar
in spite of increasing nitrogen fertilization to the mustard crop. However, light use efficiency of mustard crop increased
with the nitrogen doses (Table.2.) (Sastri et al., 2000).

Table.2. Light use efficiencies (DM m-2 MJ-1) in mustard crop at two growth stages
(After Sastri et al., 2000).
Growth Stage

Light Use Efficiency
N0

N30

N60

Vegetative

0.50 ± 0.01

0.60 ±1.2

0.67±0.14

Reproductive

2.27 ± 0.12

2.36 ± 0.01

2.44 ± 0.11

Vegetative

0.38 ± 0.07

0.55 ± 0.15

0.59 ± 0.16

Reproductive

2.90 ± 0.10

3.72 ±0.10

3.62 ± 0.10

First Rabi season (1988-89)

Second Rabi season (1989-90)

Absorptions of both TSR and PAR by the sesamum canopy were maximum at 12-00 h; alteration of dates of sowing did
not alter the pattern in a remarkable way. Pattern of diurnal variation in extinction coefficient (K) for TSR and PAR did
not vary remarkably due to alteration of dates of sowing. The K value decreased with the advancement of crop age
(Biswas, 2008). Absorption of PAR significantly affected the seed yield of sesamum when the crop was sown on 7th
March under W.B. condition (Table 3).
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Table.3. Estimated means of Yield due to ANCOVA based General Linear Model (GLM) for absorption of PAR.
[After Biswas,M (2008)]
DOS

Mean

SE

D1 (22 Feb)

133.47 ab

14.13

D2 (7 Mar)

147.91 a

5.69

D3 (22 Mar)

111.17 b

13.82

V1 (BT-894-3)

130.11

1.91

V2 (Rama)

132.50

2.48

V3 (BT-893-1)

129.94

2.26

VAR

*Evaluated at covariates appeared in the model: AB% 8h30dae = 82.38, AB% 10h30dae = 85.82, AB% 12h30dae =
86.26, AB% 14h30dae = 84.72, AB% 16h30dae = 78.59, AB% 8h45dae = 90.26, AB% 10h45dae = 91.65, AB%
12h45dae = 88.93, AB% 14h45dae = 90.64, AB% 16h45dae = 85.54, AB% 8h60dae = 90.09, AB% 10h60dae = 92.40,
AB% 12h60dae = 93.05, AB% 14h60dae = 90.37, AB% 16h60dae = 87.26.
** (a, b, c) set used for comparing dates of sowing and (x, y, z) set are used for comparing variety within each time of
study. Similar alphabets denote homogeneous means due to LSD test at 5% level of significance
Light penetration in the soybean canopy is a function of LAI. Significant positive correlations between solar radiation
interception with LAImax, with dry matter at LAImax and seed yield were observed (Praharaj and Dhingra, 2002).
The radiation use efficiency of green gram varied between 0.09 and 0.2412 8 MJ-1 (Antony et al., 2003). Radiation
interception may be improved by spraying some chemicals like salicyclic acid etc. under receding soil moisture condition.

4.0 Other crops
The interception of PAR within the tomato crop decreased from the morning hours to the noon and then showed an
increasing tendency during afternoon hours. Varietal variation exists in the PAR interception (Mukherjee and Sastri,
2003). Radiation use efficiency varies due to variety and seasons.

5.0 Intercropping
Intercropping creates an interesting situation regarding the absorption, transmission and reflection of radiation within
the canopies of component crops. Let us see the absorption, transmission and reflection pattern of sesamum and green
gram crops under sesamum-green gram intercropping system (Jena, 2008).
Absorption of PAR by sesamum under 4:1 sesamum: green gram row ratio was maximum, whereas absorption of PAR
by green gram crops was maximum under sole crop stand and absorption decreased when more number of sesamum
rows was sown with one row of greengram. Transmission of PAR was the maximum under sole sesamum whereas
transmission of PAR was more in case of greengram when it was grown with four rows of sesamum. The reason may be
multiple scattering under intercropping system. The reflection of PAR by sesamum decreased gradually as number of
sesamum rows was increased and the reverse was observed in case of green gram crop under sesamum green gram
intercropping.

6.0 Conclusion
The information on radiation profile under different crop canopies, cited above has indicated that pattern of partition of
radiation within the crop canopy depends on a number of factors and analysis of profile may give an insight to increase
crop productivity by management of radiation within a crop canopy through the adoption of different cultural methods.
Radiation interception within an intercropping system invites more research to find out some kind of mathematical
modeling.
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MICROCLIMATE OF CROPS AND CROPPING SYSTEMS
K.K.Nathan

1.0 Introduction
Microclimate is the study of physical processes in the atmospheric boundary layer, usually few metres above the ground.
There are climate variations near the soil surface both horizontally and also vertically which influences the plant growth
and development. Microclimatological studies are very important in field of applied climatology for better in understanding
of physical interaction between plants and the environment, plant ecosystem. In microclimate of cropping system, soilplant-water-atmospheric relations assumes special importance. In microclimate studies, the energy balance in the crops
gained importance due to exchange of heat energy, water vapour, CO2 between vegetative surface and environment. This
has a good bearing on the growth and yield of crops. The inter relations need to be studied for to root-shoot development,
their source-sink for growth and storage that use photosynthesis. The interception and deposition of solar energy by the
crops the movement of water between the interface of soil, plant and atmosphere have special significance in the crop
production under the microclimate system. For these type of studies, the basic weather inputs like temperature, humidity,
solar radiation, sunshine/light hours, wind speed etc. at micro levels along with the topography, vegetation, drainage,
cultural practices etc. are very much needed to understand the system better. In phytoclimate, it is the meteorological
conditions produced among the plant stand is a modified climate. It is controlled by the structure of the plant cover like
height, canopy density, thickness etc. Phytoclimate of identical crops vary depending on the crop structure but the
phytoclimate is similar in different crops having same structure.

2.0 Stages of crop microclimate
It is believed that there are four important crop stages to understand the microclimate of crops. The first stage is called
the ‘Emergence stage’ in which the diurnal energy exchange takes place at the surface of the soil only. The soil is bare in
the beginning and gradually gets shaded by crop cover. At this stage, as the plant growth is sparse, practically bare soil
microclimate exists. However, if shading is there it may moderate the wide variations in temperature due to diurnal
variations of temperature and heat.
During the second phenological stage, which is vegetative crop growth stage, there is optimum vertical crop growth.
The soil is covered and shaded by crop leaves and hardly any direct insolation is possible. Here, the diurnal heat
exchange is confined between soil and near the soil layer. During the third stage, flowering is maximum with crop
growth gaining good height. Also plants have good foliar thickness. The main layer of diurnal heat/temperature exchange
is the upper part of plant canopy. At this phase, the crop canopy shields the soil surface and encloses air layers between
soil and crop canopy. The microclimate factors in this phase are different from previous two stages. During the fourth
and final phase, the vertical crop growth stops. There is lateral crop growth which expands horizontally to the maximum.
Here, the crops exhibits canopy, stem, with distinct intervening air layers. The crops and the soil surface becomes active
in exchanging heat and moisture. If the crop coverage is poor, only the insolation reaches the soil surface.

3.0 Canopy architecture
The size and shape of the plant canopy as well as the distribution in space and time, determines the physical climate of
the canopy structure. Simplification is made by assuming that the plant stand is horizontally uniform and its properties
may vary only with height above the ground. One important parameter of canopy architecture is the average height or
thickness of plant stand which determines the roughness parameter, source-sink relations, moisture etc. Another important
factor being the cumulative Leaf Area Index(LAI) which is related to foliage area density. Canopy within a vertical
cylinder of unit cross section and height ho LAI is dimensionless and related to foliage area density function A(z)
LAI = SOA(z)dz
Where A(z) is local character of canopy architecture with canopy height z. More conventional LAI is given by
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LAI(Z)  zho A(Z)dz

which represents leaf area per unit horizontal area of the canopy above height z.

4.0 Interception of solar radiation by plants
Solar radiation interception by plants as well as the radiation profile depends on the canopy architecture and the ground
surface. At any particular level in the canopy , the incoming solar radiation may vary horizontally due to sun flecks and
shadow areas called penumbra. Spatial average is needed for radiative flux density as a function of height.
Photosynthetically Active Radiation (PAR) is the visible portion of the solar spectrum(wave length 0.40.7 µ) is an
important component of climate for vital functions of the plant. Plant leaf strongly absorbs blue and red wave lengths,
less strongly green and very weakly near infra red regions of solar energy but very strongly far IR region. Foliage in a
canopy not only attenuates the radiative flux density but changes the spectral composition. Selective absorption reduces
photosynthetic values of radiation as it penetrates through greater depth of canopy. The decrease of PAR with depth is
governed by Beer’s law. If F is the average cumulative LAI, F being zero at the top of the canopy and has maximum
value at the ground level. Let PAR be I immediately above the canopy be Io. Thus at any level say x within the canopy,
the rate of change is given by the equation dI/dx = -kIo, where k is dimensionless factor, called the extinction coefficient
or foliar absorption coefficient. After integration, I at the level x is ln(Io/Ix) = kF. The value of k varies from 0.3 to 1.3
for majority of leaf canopies. For grass leaves, since they are vertical, k is very low as light/radiation penetrates to the
lower depths easily. Plant canopies with leaves in the horizontal plane are called Planophile where as in the vertical
plane are known by Erectophile.
The k value vary with sun inclination with higher at lower angles during late afternoon and early morning. At noon,vertical
leaves absorb less radiation per unit leaf area than horizontal ones. Leaves tend to be vertical near the top in certain
plants, but may be more horizontal near the base, reduces the foliar absorption coefficient of the upper leaves. Hence
more radiation incident is available for lower leaves. This type of plant architecture tend to have higher photosynthetic
rates than with uniform leaf inclination. Optimum radiation utilization occurs when the incident radiation is distributed
uniformly over the leaves. More erect type leaves should be more efficient at lower latitudes where the sun angle is high.
Therefore, canopy architecture and solar angle dominate the amount of penetration, radiation trapping and mutual
shading with the canopy. The longer the of path attenuation, the greater the amount of radiation to be trapped and less
reflected. The Albedo of most of the plant canopies is a decreasing function of both canopy height and solar angle.

5.0 Temperature and humidity/vapour pressure profiles
It is obvious that the temperature and humidity inside the crop is quite different that of outside as well as above the
canopies. Due to energy fluxes, there are significant variations. In Soyabean crop when irrigated during the course of the
day, there is temperature maximum near middle and upper level of the canopy. The sensible heat exchange inside the
canopy is expected to be downward and diverge from the source. This coincides with the level of maximum leaf area
density where most of the solar energy gets absorbed. The temperature inversion in the lower canopy is a typical character
of daytime temperature variation as canopies trap most of the outgoing radiations. Often the minimum temperature
occurs not at the ground level but just below the crown. The nocturnal temperature inversion extends above this level.
The daytime water vapour pressure profiles show a decrease with crop height. A small increase in the humidity value
may be due to the transpiration of the leaves. Both soil as well as the foliage are the source of moisture. The nocturnal
vapour pressure profile gets complicated if dewfall as well as guttation are present. Temperature and vapour pressure
profiles in the forest tree canopies are almost similar to that of tall field crops. The main difference may be the gradients
which are weaker and diurnal climatic variations are small in the forest tree canopies. Even during hot summer season,
air is cool and also humid inside the forest area. Both temperature and humidity profile shows maximum value at the
high foliar density. Dew fall if any, is largely confines to upper part of the canopy just below the crown. In the absence
of dew, specific humidity is a decreasing function with height.
Monitoring and recording of relative humidity/vapour pressure are important in plants due to its transpiration. It is
estimated that about 75 to 90% of solar energy is absorbed by the field that is ploughed. The differential absorption
and the reflection of soil leads to microclimate variations in temperature, RH etc. In a developed stand of tall crops
like corn, sorghum, sugarcane etc. the intensity of illumination on the soil surface may be 10 to 20% less than the
stand itself. Under dense tapered leaves, the air temperature at noon on a hot summer day is 4 to 5°C lower. The soil
temperature at the surface is about 15 - 25°C lower than the unshaded bare soil. At the same time the humidity factor
increases by 10 - 20%.
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5.1 Wind profile in crop microclimate
Wind speed plays vital role in crop miroclimate which increases the transpiration rate of the crops. Uneven wind flow
over the crop surface induces turbulence effect. In a standing crop, the mechanical turbulence is common. Wind system
over tall and short crops vary significantly. Greater roughness causes lowering of temperature as well as turbulence
transfer of heat. It is found that taller crops show greater water demand or ET due to greater roughness parameter. Table.
2. shows the wind pattern in jowar and sugarcane crops during two temperature epochs.
Table.2. Mean wind speed (km/hr) profile in crops
Height above
the ground (cm)

During

Minimum

Open

Jowar

Temperature
Sugarcane

During

Minimum

Temperature

Open

Jowar

Sugarcane

7.50

0.80

0.60

0.50

3.80

1.20

0.60

15.00

0.96

0.50

0.50

4.30

1.00

0.60

30.00

0.60

0.50

0.40

4.70

1.20

0.70

90.00

1.40

0.40

0.40

6.20

1.50

0.90

180.00

1.80

0.40

0.75

7.80

2.00

0.40

240.00

1.90

not available

8.50

not available

Depending on the atmospheric stability, wind profile above the plant canopies follow the Log Law. Just above and
within crop canopy, the wind profile deviates systematically. The actual flow around roughness parameters being three
dimensional, we need to think some generalized vertical profile of wind. Since the mechanical mixing is dominating
within the canopy, the stability effects may be ignored. The major difference of wind flow within and above the plant
canopy is that the momentum gets absorbed over the canopy depth in the form of drag due to various canopy factors.
Hence the horizontal wind flow within a crop canopy involves drag coefficient, effective aerodynamic surface area of
vegetation per unit volume and the prevailing wind speed. The horizontal wind flow in a canopy is given by
-1/2 Cd A U², where Cd is average Drag Flow Coefficient
A is the effective aerodynamic surface area of the vegetation per unit volume
Cd ,the drag coefficient is equal to k² [ln(zr/zo)]²
Here k is Van Karman Consatnt
Zr is the reference height of the crop
Zo is the roughness parameter and given by a (u2/g)
Ux is the frictional velocity
g is the acceleration due to gravity
a is the empirical constant 0.018
Both Cd and A are functions of crop height and canopy structure. In well developed canopy such as matured forest
trees, most of the momentum gets absorbed in the upper part of the canopy where the leaves are concentrated maximum.
Further down, as the leaf area density decreases to zero, the pressure gradient becomes significant. Consequently, wind
speed may decrease with increasing heights inside the crop, unless ground friction recovers it. This may suggest low
level wind maximum which may appear in lower part of certain plant canopies.

6.0 Microclimte in some crops
The study of microclimate of sugarcane crop is of special interest. The average height of the crop being 3-4 metres gives
the advantage as a wind break system with an efficiency of 90% along with its thick foliage. This crop has a dense stand
and effective canopy. Hence sunshine/radiation reaches the ground in patches only. Sugarcane crop in the open there is
a fall of temperature with height above the ground which are associated with instability and turbulence. The temperature
inside the crop at the maximum temperature epoch with height forms inversion and thus stable conditions are created.
67

The water vapour pressure found to be decreasing upwards inside crop upto two metres. Thereafter the vapour content/
humidity shows increasing trend due to transpiration by thick foliage. Hence, the stability factor due to inversion and
increased humidity makes spraying of chemicals convenient and conducive.
In crops like jowar, there are significant variations in microclimate when it is irrigated. The short crop like tobacco
shows little deviation. In general, the air inside contains more moisture than outside the crop ambience. Also inside air
temperature during night time is more than the open. The significant microclimate difference in banana plantation and
betel vines is that the sunshine penetrates between the interspaces in the former crop than the latter. It is believed that
there is accumulation of heat inside the plantation due to the wind break conditions. Table 3 gives some information on
microclimate in some crops in general. Pearl millet crop as compared to maize exhibits more temperature and RH. But
sunflower crop as compared to grass has high temperature and less LAI. Also tall grasses are less prone to frost compared
to shorter ones.

Table.3. Microclimate variation in some crops
Crops

Height

LAI

Temperature Range

cms

Humidity,

CO2 content,

ºC

gm/m³

ppm

Millet

250

7.1

34.44

17.21

NA

Maize

210

3.6

20.25

9.14

7

Sunflower

140

1.8

29.30

6.80

6

Grass

25

4.1

26.34

8.14

6

It was found that paired row system in pearl millet use solar energy more efficiently. Due to favourable microclimate, closer
row spacing resulted in good grain yield. The energy absorbed was four times greater than the conventional system. Low
vapour pressure deficit and canopy temperature during flowering as well as grain filling stage led to lower evapotranspiration
(ET). Broad tree leaves grown with good irrigation in sandy regions improve the microclimate parameters as well as good
vegetation under shelter belt zones.

7.0 Microclimate of intercropping system
Inter cropping done during rainy period needs good assessment of microclimate modification. Intercropping could also
affect the microclimate of crop stand through its shade and produce favourable environment for pests. The maize –
cowpea system modify the thermal conditions which influence corn rootworm. Pearmillet and groundnut combination
modified leaf wetness and humidity. Pigeon pea and sorghum inter crops produce decrease in temperature and there is
reduction of pests.
The canopy temperatures vary significantly in the pigeon pea with inter crops. The variation was in the range of 2 - 6°C.
Canopy temperature was also found to be higher in pigeon pea with castor and sorghum as inter crops. Medium and long
duration pigeon peas record higher canopy temperature. Field experiments shows that canopy temperature, canopy air
temperature deficit and RH in crop canopy varied with duration of growing season of pigeon pea and in various cropping
systems.

8.0 Evapotranspiration (ET) and crop microclimate
ET and evaporation is a special important climatic factor which directly or indirectly influences the crop microclimate.
In most of the crops experimented, ET and evaporation shows increasing trend with height of crops. Table.4. shows
general tend of evaporation in some of the crop profiles. The percentage of evaporation to that of open pan evaporation
is least for betel vines and maximum for Rabi jowar crop.

Table.4. Evaporation in crops at Micro levels(as a percentage of open pan)
Height above
the ground, cm
30
60
120
68

Rabi Jowar
37
43
62

Sugarcane
27
30
34

Betel Vine
20
22
25

9.0 Conclusions
Microclimate studies help us to understand the Soil-Water-Plant-Atmosphere relations in a better way as it influences
the physiological process of plant growth and development. Also we understand better the water use efficiency of crops
from. The microclimate profile studies right from root zone to top of the canopy level which is significant for the Energy
Balance studies. As such the subject requires the basic understanding of various exchange mechanisms and monitoring
of various parameters using precision microclimate instruments for generating primary data bank as well as data base.
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IMPORTANCE OF SURFACE BOUNDARY LAYER IN ATMOSPHERE
K.P.R. Vittal Murthy

1.0 Introduction
The earth’s surface is the lowest boundary of the atmosphere. Transport processes associated with the transfer of heat,
mass and momentum modify the properties of the lowest few kilometers of the atmosphere. A distinct aspect of the
planetary boundary layer is its turbulent nature. Boundary layer is defined as the layer of fluid in the immediate vicinity
of a material surface in which significant exchange of momentum, heat or mass takes place between the surface and the
fluid. Sharp variation in the properties of the flow also occurs in the boundary layer. Atmospheric boundary layer is that
part of the troposphere that is directly influenced by the presence of earth’s surface and responds to surface forcing with
a time scale of about less than an hour to a few hours. The forcing includes frictional drag, evaporation and transpiration,
heat transfer, pollutant emission and terrain induced flow modification. The boundary layer thickness varies in time and
space, ranging from hundreds of meters to few kilometers. Atmospheric dynamics defines boundary layer as that layer
near the surface of the earth where viscous force is at least of the same order of magnitude to that of the pressure gradient
force.
The boundary layer can be further subdivided into Surface layer and Ekman layer. Surface layer is defined as that part of
the boundary layer where viscous force is one order of magnitude higher than the pressure gradient force. The height of
this layer is about one tenth of the planetary boundary layer. The lowest few mm to 1 cm of the surface layer is known as
the laminar sublayer. In this layer momentum and heat transport mechanism is molecular transport. In the remaining part
of the surface layer the transport process is eddy transport. In the Ekman layer the viscous force is of same order of
magnitude to that of pressure gradient force. Above boundary layer viscous force is negligible compared to other forces
and the atmosphere is known as free atmosphere.

2.0 Surface boundary layer
A layer of air of order tens of meters thick adjacent to the ground where mechanical (shear) generation of turbulence
exceeds buoyant generation or consumption. Also called constant flux layer or surface layer. The different ways in
which the surface interacts with the boundary layer or the boundary layer responds to the surface are called surface and
boundary layer processes.
The Earth has many types of surfaces - mountains, hills, lakes, seas, plants and manmade structures. Each of the surfaces
differs in how it interacts with the atmosphere. For example, more water will typically evaporate from a lake than from
a pasture of the same size, and dark barren soil will absorb much more solar radiation than a bright snow surface.
Surface and boundary layer processes determine how much heat, water, gases, and particles are exchanged between the
surface and the boundary layer and between the boundary layer and the free atmosphere. Some investigators limit the
scope of micrometeorology to only the so called atmospheric surface layer which comprises the lowest one-tenth or so
of the planetary boundary layer. Such a restriction may not be desirable because the surface layer is an integral part and
is affected by planetary boundary layer as a whole and top of the surface layer is not physically as well defined as the top
of the planetary boundary layer.

2.1 Boundary layer depth and structure
Over oceans, the boundary layer depth varies relatively slow in space and time. The sea surface temperature changes
little over a diurnal cycle because of tremendous mixing within the top layers of the ocean. Also, water has a large
capacity, meaning that it can absorb large amounts of heat from the sun with relatively little temperature change. Most
changes in boundary layer depth over ocean are caused by synoptic and meso-scale processes. Over both land and
oceans the general nature of the boundary layer to be thinner in high pressure regions than in low pressure regions. The
subsidence and low level horizontal divergence associated with synoptic high pressure moves boundary layer air out of
high towards lower pressure regions. The shallower depths are often associated with cloud free regions. If clouds are
present they are often fair weather cumulus or strato-cumulus clouds. In low pressure regions the upward motion carries
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boundary layer air away from the ground to large altitudes throughout the troposphere. It is difficult to define a boundary
layer top for these situations. Thus, the region studied by boundary layer meteorologist may actually be thinner in low
pressure regions than in high pressure ones.

3.0 Importance of surface boundary layer in atmosphere
The role of the boundary layer on our life is put into perspective when we compare the characteristics of the boundary
layer and free atmosphere.


People spend most of their lives in Boundary Layer



Daily weather forecasts of dew, frost and maximum and minimum temperature are really boundary layer
forecasts



Pollution is trapped in the boundary layer



Fog occurs within the boundary layer



Air masses are really boundary layers in different parts of the globe that have equilibrated with their underlying
surface. Baroclinicity is generated in this way



The primary energy sources for the whole atmosphere are solar radiation, which for the most part is absorbed
at the ground and transmitted to the rest of the atmosphere by boundary layer processes. About 90% of the net
radiation absorbed by oceans causes evaporation of about 1m of water per year over all the earth’s ocean area.
The latent heat stored in water vapour accounts for 80% of the energy that drives atmospheric motions



Crops are grown in boundary layer. Pollen is distributed by boundary layer circulations



Cloud nuclei are stirred into the air from the surface by boundary layer processes



Virtually all water vapour that reaches the free atmosphere is first transported through the boundary layer by
turbulent and advective processes



Thunderstorm and hurricane evolution are tied to the inflow of moist boundary layer air



Turbulent transport of momentum down through the boundary layer to the surface is the most important
momentum sink for the atmosphere



About 50% of the atmosphere’s kinetic energy is dissipated in the boundary layer



Turbulence and gustiness affects architecture in the design of structures



Warm and cold fronts separate boundary layer of different temperatures



Wind turbines extract energy from boundary layer winds



Wind stress on the sea surface is the primary energy source for ocean currents



Turbulent transport and advection in the boundary layer move water and oxygen to and from plants



Better representation of relevant surface features and their temporal variations in models



Accounting for the complete surface energy balance over various land surfaces. Thus, the boundary layer
processes affect our lives directly or indirectly
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APPLICATIONS OF SURFACE BOUNDARY LAYER
IN PLANT CANOPIES
K.P.R. Vittal Murthy

1.0 Introduction
The structure of a plant canopy is not static with time. The physical and physiological attributes of a canopy can vary in
space (vertically and horizontally) and in time (seasonally and decadally).It can vary over the course of a year and over
the course of the plant’s lifespan. Physical attributes of a canopy include leaf area index, canopy height and leaf size.
Understanding complexity in canopy structure and function are key to quantifying carbon dioxide and water vapor
exchange of plant stands. Traditionally, the main motive for studying turbulent flow in the plant environment has been to
understand the process governing momentum, heat and mass exchange between the atmosphere and the biologically
active canopy. This exchange regulates the microclimate in which plants grow, provides them with carbon dioxide for
photosynthesis and removes the water vapor produced in transpiration. An understanding of its mechanism is essential
for variety of applications in biology, agriculture and forestry as well as being relevant to wider questions concerning the
global balances of carbon and nitrogen.
Any study on canopy microclimate or mass and energy exchange is essentially worthless, unless it is accompanied with
information on canopy architecture, plant structure and function. Growth form and geometry of a canopy or group of
plants affects mass and energy exchange by how it traps photons, exerts drag and alters physiological functioning. Tall
plant stands are aerodynamically rougher, so turbulent mixing and transport is more efficient.

2.0 Turbulence spectra within a canopy
Turbulence in the atmospheric surface layer is comprised of a spectrum of eddies ranging in size from hundreds of
meters to millimeters. This spectrum exists because turbulent energy must flow from large to small scales in order to
dissipate turbulent kinetic energy into heat. Within plant canopies, the turbulent kinetic budget and its spectrum are
modified by interactions between wind and plant parts. Until the advent of modern turbulence instruments, the conventional
wisdom was that turbulence inside canopies was fine scaled because of the shedding of eddies by leaves, stems and
twigs. Wind and turbulence inside vegetation has many unique and distinct attributes, as compared to wind and turbulence
observed in the surface layer as indicated below:


The mean wind velocity profile experiences great shear and an inflexion point in the upper canopy. This
behavior is reminiscent of mixing layer flows



A secondary wind maximum is observed in the stem space of vegetation



Turbulence inside a canopy is highly non-Gaussian. It is skewed



The statistical moments (variances of w, u and v) are vertically inhomogeneous in a vegetated canopy. u is
positively skewed, w is negatively skewed and the integral length scales are on the order of the canopy height,
rather than the scale of the canopy leaf and stem elements



The turbulence spectra experiences a short circuiting of the inertial sub range, as a result of interaction between
turbulence and leaf elements



Turbulent transfer is associated with events many times the mean that occur a small fraction of the time



Wind and turbulence in plant canopies shares many similarities with mixing layer theory

3.0 Applications of surface boundary layer
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Transfers heat, momentum and mass (water vapor, carbon dioxide, biogenic gases, pollutants) between the
biosphere and the atmosphere diffuses pollutants in the atmosphere



Imposes drag forces on plants, causing them to bend and break



Mixes the air and diffusing air parcels with different properties, thereby forming spatial gradients



Gusts place loads on the surface, which can erode soils and eject dust, spores, pollen, seeds, bacteria/viruses
and insect eggs into the atmosphere



To understand and quantify the land-surface-vegetation interaction with the atmospheric boundary layer and
validate or improve upon the existing surface flux parameterization schemes in various weather forecast models



Information of surface boundary layer processes that is used in models to predict and diagnose weather, climate,
biogeochemical cycling and forest dynamics
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SHEAR STRESS, FRICTIONAL VELOCITY AND THEIR
RELATIONSHIP IN CROPS
O.P. Bishnoi & M.L. Khichar

1.0 Introduction
Knowledge of wind distribution in boundary layer has several applications in micrometeorology particularly wind’s
momentum, heat and mass transfer between atmosphere and biological physical elements in order to utilize surface
resources. In these studies there are certain basic assumptions and principles involved to interpret results. Wind profiles
have been analyzed by many workers (Lemon, 1960; Monteith, 1965).

1.1 Fick’s law of molecular motion
Normally wind moves in horizontal layers with increasing wind speed with height above the surface. Wind speed
gradients lead to absorption of wind momentum and produces wind force in downward direction generating eddies
motion within air layers. This viscous force per unit area is proportional to rate of transfer to change of velocity (u) with
height (z) expressed in terms of Fick’s law as:

 ( z )

du
dz

(z )  

 d(u )
for momentum transfer..............(1)
 dz

Where,  u is wind’s momentum per unit volume of air,


is kinematic viscosity,,  is density of air..


Similarly heat, water vapour (mass transfer), CO2 transportation in atmospheric layers can be expressed as:

A(z)  K

dT
for heat transfer..............(2)
dz

E ( z)   D

d
for water vapour or CO2 transfer ………………. (3)
dz

1.2 Similarity hypothesis
In order to express equations (1) to (3) in similar dimensional units, it is useful to interpret them as:

 ( z )  

A(z)  

d
dz

( u )

k d
d
(CpT)  K (CpT)..................(4)
pCp dz
dz

E( z)  D

d
dz

Where, D, K and u are molecular diffusion coefficient, thermal diffusivity and kinematic viscosity and CpT is volumetric
heat concentration, c is CO2 concentration, rm is momentum per unit volume of air. Dimensionally eddy diffusivity of
momentum (Km), sensible heat (KH) and latent heat or molecular transfer (Kv) as same (L2T-1). Thus for molecular motion
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Km = KH = Kv

1.3 Analogous relations to Ohm’s law
Eq (4) can be expressed analogous to Ohm’s law as


(u1 u 2 ) (u1  u 2 )

for momentum transfer
z dz
ra M

zi 

A

Cp (T1T2 )
for convective heat transfer..................(5)
ra H

E

X1 X 2
for water vapourtransfer
rav

Therefore so long as molecular motion exists the laminar boundary layer can be treated in terms of resistances as the
diffusion coefficients remain constant. However, influences the diffusion mechanism and their diffusion coefficients are
much higher than molecular diffusion coefficients.

2.0 Shear stress
There will be interchange of molecules between adjoining horizontal layers due to differences of horizontal momentum
of particles and will develop a force proportional to the rate of transfer of momentum in downward direction called drag
force (t) per unit area it is responsible for the vertical turbulent exchange of air flow over the surface (Fick’s law) called
eddy velocity or frictional velocity (u*).

Therefore 
  K M

d
 
dz

du
, where KM is eddy diffusivity of momentum
dz

Demonically  can be expressed in different forms

MLT 
2

t

L2

or

1
MLT

 
 2 
L T



(momentum for unit area per unit time)

or

1)2 
M(LT

 
 3
L 
 

(density x square of velocity term)

So, shearing stress dimensions are equivalent to momentum flux causing wind drag on the surface due to continuous
downward transport of horizontal momentum from air flow to the surface which is responsible for providing momentum
flux in turbulent boundary layer flow for frictionally driven eddies.
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Also, dimensionally shearing stress is product of density of air in motion with surface and the square of velocity term
which is related to the rapidly with which horizontal momentum from air flow finds its way towards the surface i.e. to
the effectiveness of vertical turbulent exchange in the air flow over the surface. Thus shear stress can be expressed as:
u, where u* is called eddy velocity, associated with momentum flux. Practically u* is proportional to the tagential
rate of rotation of frictionally driven eddies in the flow so it is also called frictional velocity.

3.0 Wind profile shapes
Vertical transport in upper air of atmosphere takes place due to free convection, but near the ground surface turbulence
exists due to mixture of free and forced mixed convections. Free convection amplifies the forced convective eddies due
to vertical wind shear alone and vertical transfer processes are enhanced. At night temperature increases with height
(inverse conditions) and with decreasing density serves to damp down the frantically driven eddies resulting in decrease
of effectiveness of turbubent exchange process (Thom, 1965).
In neutral stability the wind profile is logarithmic and eddies structure are of circular type with-diameter given by mixing
du 

length (l=kz), rotating at a uniform tagential speed equal to frictional velocity  u *  I  . However, under unstable
dz 

conditions (lapse) vertical motions are enhanced by buoyancy to an extent inversely dependent on the existing wind
shear (du/dz) strecting the eddies in the vertical direction. Thus vertical velocity (w) exceeds the horizontal turbulent

velocity I

du
by the buoyancy effect. The eddies length in vertical direction is greater than kz. Conversely in stable
dz

du
by an amount depending on damping effects. In vertical
dz
direction now l < kz. Therefore modified mixing regimes at increased heights lead to velocity gradients which are
progressively larger and small in stable the unstable conditions respectively than gradients in fully forced convection.
The neutral form of the differential wind profile relationship is generalized to:

(inversion) conditions vertical velocity decreases than I

du
u*

M
dz k ( z  d )

Where, fM is a dimensionless stability function, which is > or < than unity in stable and unstable conditions, by an
amount dependent on the degree of stability or instability in the flow. Small eddies contribute to kinetic energy, whereas
larger eddies to heat and momentum (Baines, 1972).

4.0 Aerodynamic characteristics of crop stands
Haugen et al., (1971) calculated u* and drag coefficient (CaM) at 50 cm above wheat crop from 43 neutral wind profiles
to predict momentum flux in both stable and unstable conditions and compared with measured u* directly by an eddy
correlation technique. It was concluded that aerodynamic method was useful in predicting momentum flux regardless of
atmospheric stability. Assuming KM = KH the convective heat flux (A) was calculated between two heights with temperature
and wind speed values above 24 and 198 cm above the top of wheat crop. It was reported that aerodynamic method
predicted heat flux well in stable and near neutral conditions, but failed in unstable conditions.
2

2

  zd
u*
CaM   k2 Ln  
u
  z0 

Plant elements and ground surface absorbs momentum and form a drag. This frictional drag exerted on the atmosphere
by a crop canopy is expressed as:

τ  ρK

76

du
u 2k 2
1

 ρ C M u(z)2
M dz
2 2 a
 Z  d  
Ln Z0 



Where, CaM is surface drag coefficient. Thus frictional drag can be related to aerodynamic properties of a crop canopy as
specified by Zo and d which are function of crop height. The frictional drag, CaM of maize and rice fields decreased
rapidly with wind velocity from the order of 0.1 in light winds to 0.01 in strong winds.
The momentum flux z at a height z within a plant canopy is expressed as:

τ(Z)   ( h) 

ρh
a ( z )u 2dz
C
2 z IM

Where, ClM is leaf drag coefficient Uchijima and Wright (1964) in maize crop evaluated it similar to wheat crop.

z 

τ(Z)  τ(h)exp. 5.61   for z  h
 h 


ClM mean value was 0.17 for maize leaves. Direct measurement of momentum flux within crop canopies will develop
better relations between leaf drag coefficient, wind velocity and canopy structure.
Within canopies air flow in foliage is fully turbulent with turbulent intensity (i 

2

u'/u

) where u1 is instantaneous

departure from mean wind velocity (u). It is large as compared to surface air layer (Saito et al., 1970). Cionco (1972)
reported that turbulent intensity depends on crop height. For ideal canopies with uniformly vertical distributed leaves ‘i’
is constant with height, but in complex canopies i is related to leaf area density attaining maxima at maximum leaf area
density value. Within, canopies KM is expressed as Iw

W '2

, where Iw is mixing length and w1 the departure of vertical

wind speed from mean value. Iw varies in canopies. Uchijima (1962, Uchijima et al., 1964) reported that K decreased
very rapidly in daylight hours, but after 0.3 h it is expressed in maize and rice copies as
z

K(z)  K(h)exp. - n 1   for z  h
h



Where, n ranges from 2.5 to 3.0. At night profiles of K were characterized by a maximum in middle of canopy (Gillespie
and King, 1971) due to influence of buoyancy convective motion upon air mixing in the bottom half of canopy. Diurnal
variations of u*, KM and u values shows similar variations over wheat crop (Fig. 1).

Hours
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LOGARITHMIC WIND PROFILES IN AGRICULTURAL
PRODUCTION SYSTEMS
O.P. Bishnoi & M.L. Khichar

1.0 Introduction
Crop surface geometry and surface roughness influence the wind profile which varies with stage of the crop. Perrier et
al. (1972) recognized five basic types of turbulent flow as normal flow, semi-smooth flow, hyper-turbulence flow, quasismooth flow and vertical displacement of normal flow over the soybean crop. Turbulent flow integrated the long, thin
types of eddies flow within turbulent boundary layer above the crop canopy. Logarithmic wind profile system parameters
over different agricultural systems are useful in characterizing the surface conditions and transfer of heat, water vapours
and carbon dioxide for growth and development of vegetative components. The basic logarithmic equation is fundamental
to describe these parameters. In logarithmic wind profile system it is assumed that vertical temperature gradients do not
exist for formation of eddies due to transfer of momentum change in different horizontal layers above the uniform crop
surface. But in different agricultural systems or at different stages of crop growth, there will be formation of eddies
within crop cavities to influence the wind turbulent fluxes.
Wind speed (u) increases with height (z) above the surface such that when wind speed is plotted against log Z, a straight
line relationship exists for neutral conditions as (Fig. 1).
u (z) = m Ln Z + C
Where,

u (z) = m ln

Z = z0 when u (z) = 0, so that C = m. Ln Z0

z
z 0 , where m represents the rate with which vertical exchange of increase in wind takes place with height.

Wind speed gradient can be expressed as:
du m

dz z

Where, m has dimensions of wind velocity. Wind speed gradients are higher at lower height and decreases with height
above the surface leading to formation of eddies.
There will be interchange of molecules between the adjoining horizontal layers due to difference of horizontal momentum
of particles and will develop a force proportional to rate of transfer of momentum in downward direction called drag
force (t) per unit area and is responsible for the vertical turbulent exchange in air flow over the surface called eddy
velocity  or frictional velocity (Thom, 1975).
τ  ρu

2
*

u* 

τ
ρ

m  u* being having same dimensions.
u
m *
k
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u
Z
u(z)  * Lm
k
Z0

u* is a measure of intensity of turbulant eddies and varies with surface conditions of roughness. The transfer of momentum
between adjacent layer’s of air particles will produce a viscous force per unit area proportional to momentum gradient
expressed with Fick’s law as.
τ  ρK

du
M dz

KM is eddy diffusivity of momentum.
There will be a reaction force simultaneously called friction drag of same magnitude acting on air particles by the
surface in opposite direction.
K

K

M



τ dz
 du 
 ρu 2  
*
ρa du
 dz 

 du 
 u2 
M
*  dz 

1

1

kz is called mixing length (l) or effective eddy size l = k.Z.
u* is always greater than u, over rough surfaces. The turbulent mixing will generate microclimate over the vegetative
surfaces and will continuously change due to variation in wind velocity.

2.0 Logarithmic wind profile over vegetative surface
Wind (u) is flowing over a crop of height (h) will behave in a similar manner as over a plane as if the zero plane has been
displaced by a vertical distance d called zero plane displacement which is function of crop height expressed as (Fig. 2):
u(z) 

u*
(z  d)
Ln
k
Z0

u*
du

dz k(z  d)

l = k(z-d)
(z0+d) depth is called apparent sink of momentum d is determined by hit and trial so that straight line relationship is
obtained. In vegetative surface zo the roughness parameter indicates the effectiveness of surface to absorb momentum,
whereas d acts at height to which the momentum is absorbed by vegetative mass. Eddy diffusivity of momentum for
vegetative surface will be:
KM 

u *2
du/dz

 ku * z  d   l.u *

If we have wind speed data at two levels z1 and z2.
KM 

u *2 (z 2  z1 ) u *2 (z 2  z1 )(u 2  u 1 )

2
(u 2  u 1 )

(z  d) 
 Ln 2

(z 1  d) 



viscous force per unit area can be expressed as
τ

ρ(u 2  u1 )
raM

where raM is aerodynamic resistance for momentum transfer,
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raM 

ρ)u 2 1 ) du
or 2
τ
u*

K M  ku (z  d)
*
 τ/ρ

du
dz

 k 2 (z  d)

du
dLn(z  d) 

3.0 Wind profile within the crop canopy
Due to complexities of wind parameters inside the crops, various parameters are expressed with certain assumed indices.
Mean wind flow and turbulence within the vegetative canopies are expressed in terms of a canopy index (a) as (Shinn
and Cionco, 1973; Goudriaan, 1977, Shaw, 1974).

u (z) = u (h) exp. a  z / h  1
Where, a is function of crop foliage density, its structure and on degree of coupling between the flow above and within
the canopy ‘a’ varies between 1.97 to 2.21 for mature maize crop and increases to 2.82 for immature conditions called
extinction factor for wind speed expressed as:
 C .LAI.h 

a d
 2IwI 



0.5

Where, Cd is drag coefficient, h crop height, Iw is relative turbulence intensity, l is mixing length. The transfer coefficient
of momentum at each height in canopy also decreased exponentially.
Since, eddy velocity (u*) within canopy is proportional to wind speed at that height, therefore,
u*  u(z)
u* = Iwu(z), where Iw is called relative turbulence intensity.

Iw 

u' v' w'
3

u(z)

Iw varied from 0.3 in maize crop canopy and increased with depth in canopy.
Shear stress at any level is.
τ  ρKM

du
dz

Inside the canopy KM is expressed as
KM = l.u* = l.Iw.u(z), where l is mixing length depending on foliage shape and density. For field crops it is

w
Ld where

w is leaf width and Ld is leaf area density. When leaves are long and narrow, l is diameter of leaf expressed as l =

4w
.
Ld

1/3
 3w 
However, for square leaves I  2
.

 4.π.π 

81

Wind profile characters over different surfaces

4.0 Wind profile parameters Z0 and d
These parameters characterize the surface properties of neutral wind profile equation over short to tall vegetations.
These parameters are dependent on wind speed, crop height and surface roughness. To assess them three types of
approaches are available: regression, formula, drag coefficient approach and roughness elements description. However,
simple functions of Z0 = 0.13 h and d = 0.63 h are good approximation. However, logarithmic expressions are also
commonly used as log Z0 = log h – 0.98 (Szeicz et al., 1969) and log d = 0.9793 log h – 0.1536 (Stanhill, 1969).
Normally these are determined graphically using experimental data to provide accurate results.








   1 and
dd  h   where,
Kondo (1971) using drag coefficient approach, suggested the relationship as Ln Z 0  Ln      and


a ~ 1 and b is 0.03 constant for wheat crop.
Lettu (1964) determined Z0 = 0.5 h* s/S, where h* is effective height roughness elements, s is silhouette area of average
roughness elements, S is specific area.
However, wind profile treatment is ideal approach which should match the boundary conditions at the interface between
the flow regime above the canopy and that inside the canopy. Thus matching logarithmic wind profile (above canopy)
and exponential wind profile inside the canopy (Inoue, 1963; Cionco, 1965; Uchijima and Wright (1964); Goudriaan,
1977) solved following three equations for two parameters (Z0 and d).

(wind speed at crop height Zh)
(exchange coefficient)
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Section I
(wind speed gradient)

5.0 Wind profile over different agricultural surfaces
Spatial and temporal variations exists in different agricultural systems or at different crop growth stages of a crop
described as (Perrier et al., 1972).

5.1 Normal turbulent flow (smooth seedbed or cultivated soil surfaces)
Average wind flow lines are straight and parallel given by logrithemic wind profile equation (Fig. 2).
5.2 Semi-smooth flow (emerging row of seedlings)
Flow occurs when isolated roughness elements are so far apart that the wake and vortex at each element are developed
and dissipated. Crop height (h) forms the drag. Row spacing (l) depicts the friction drag. l/h is significant parameter for
u
Z
h
friction. It occurs at early crop growth stage interspeed with a seedbed soil surface. Therefore u  * Ln  C. ,
k
h
λ
where, C is constant that it approaches zero when h à Z0

λ u 1
Z 
  Ln

C

Therefore,
h u
k
Z0 
 *



Ln Z  h Ln Z 


k(Z  h)  h Z
Z 
0
0
0

u*Z

Thus, u 

0

Therefore, roughness height is extended greater than normal flow. Drag force increases due to roughness height of
elements. Height of turbulent boundary layer also increases (Fig. 3A).

5.3 Hyperturbulent flow (young growing crops but with porous foliage)
Here the roughness elements are close together so that wake and vortex of each element will interfere with those
developed at the following element. This occurs in row crops without touching soil surface. The height of element and
spacing of row crops are important. Wind flow regime at some height above the crops can be described as normal flow.
The flow equation above is crop is expressed as (Fig. 3B)

u

u*
k

Ln

u
Z u*
Z

Ln
 a where a is value of u when Z = C.h.
*
h
k
Ch

5.4 Quasi Smooth flow or skimming flow (fully developed plant rows but cavities between rows not closed):
It occurs when roughness elements are close together or depressions appear as closed cavities. These depressions (inter
row spacing) will trap stable vortices and appear as dead air and surface appears as aerodynamical smooth. Vortices or
eddies act as isolated from overhead free stream, turbulent motion. Motion of these within crop eddies is maintained
through shear stress from air stream flow over upper surface of crop canopy. Quarsi smooth flow has a higher friction
factor than flow over smooth surface. This type of flow is associated with plant canopies that are fully developed but
have not lodged or closed. Wind profile above crop canopy is expressed as normal turbulent flow with effective
displacement D added to the height Z (Fig. 3C) expressed as.

u

u*
k

Ln

ZD
Z

0
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Flow pattern of wind are similar to cavity within crop canopy. Nature of vertex formed in cavity depends on the Reynold’s
number and height to width ratio of crop cavity.

5.5 Vertical displacement of normal turbulent flow (fully matured crops with uniform canopy)
Lemon (1960) and Sutton (1953) described this type of flow where roughness elements are so close together that
surfaces are effectively smooth, aerodynamically. Surface roughness is greater than that for normal turbulent flow, and
also the interior flow is more aerodynamically isolated flow from the above turbulent free stream (Fig. 3D). This type of
flow is related to mature crop surface i.e. corn, wheat, rice or sugarcane. Therefore, size and shape of bundles of air
flowing above the crop canopy surface suggest that the turbulent medium is made up of eddies which are long and thin,
and increase in size with elevation in the atmosphere.

5.6 Wind profile over tall dense crops
Wind profile equation for tall vegetations is expressed as
u
Z  d  Z0
u(z)  * Ln
k
Z0

Where, reliable values of Z0 and d are needed to compute fluxes. Munro and Oke (1973) illustrated that ‘d’ values are
reasonably estimated, but Z0 are dependent on surface roughness, geometry of crop element and wind velocity.
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Fig. 1: Wind profile over a crop of uniform height

Fig. 2: Logarithmic wind profile over stable condition
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Fig. 3: Profile depictions of semi smooth turbulent flow (A) wake interference flow (B)
quasi-smooth flow (C) and the vertical displacement of normal turbulent flow (D)
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DROUGHT TOLERANCE IN CROPS: PHYSIOLOGICAL
MECHANISMS AND MOLECULAR STRATEGIES
M. Maheswari

1.0 Introduction
Drought is the most serious environmental hazard limiting the productivity of agricultural crops worldwide, with
devastating economical and sociological impact. Abiotic stresses including drought, high temperature and salinity limit
crop yields in over 97 m ha of the net cultivated area in India.
Plant growth and productivity are negatively affected by water stress and other environmental stresses. Physiological
basis of better adaptation to water stress can be explained by recovery patterns in photosynthesis stomatal conductance
and leaf water potential in these crops.
Genetic improvement of water stress tolerance is important to agricultural plants. Water relations of a plant are a sum of
the relationships at cellular, tissue, organ and whole plant levels. Drought tolerance has been investigated using three
main approaches in plants: examining tolerant systems, such as seeds and resurrection plants, analyzing mutants from
genetic model species, and analyzing the effects of stress on agriculturally relevant plants. Water loss from plant tissues
under drought conditions result in growth inhibition and changes in metabolic and physiological changes like abscisic
acid (ABA) accumulation, stomatal closure, changes in leaf water potential, the decreased photosynthesis and solute
accumulation.
Osmotic adjustment results in active accumulation of solutes that maintain turgor within the plants in response to a
lowering of soil water potential (WP) under water deficit. Thus, OA helps plants to perform better in drought in terms of
growth and productivity through maintaining turgor and water supply to the plant, which thereby maintains a comparatively
higher photosynthetic rate and growth.

2.0 Plant resoponse to drought
Drought stress invariably leads to oxidative stress in the plant cell due to higher leakage of electrons towards O2 during
photosynthetic and respiratory processes leading to enhancement in reactive oxygen species (ROS) generation. During
optimal conditions, the balance between ROS formation and consumption is tightly controlled by an array of antioxidant
enzymes and redox metabolites. During drought stress, the plant water relations play a key role in the activation and/or
modulation of antioxidant defense mechanism. Reactive oxygen intermediates (ROI) control many different processes
in plants. In order to understand the implications of ROI in plants under stress one should have a clear idea of the nature
of damage it can cause to the plants. Lipids are the most important molecules that are attacked by ROI. Proteins and
DNA are the other targets of ROI. When examining the effects of environmental stresses on plant membranes, many
studies have measured the products of lipid peroxidation, such as malondialdehyde and/or ethane and concluded that
oxygen free radicals are involved in these stress responses. Oxidative attack on proteins results in site-specific amino
acid modifications, fragmentation of the peptide chain, aggregation of cross-linked reaction products, altered electrical
charge and increased susceptibility to proteolysis. Transpiration cause leaves to cool relative to ambient temperature
when the environmental energy load on the plant is high. The rate of transpiration is also affected by vapor pressure
deficit (or relative humidity) and wind. The efficiency of retention of leaf water potential per unit decrease in transpiration
rate is an important adaptation to water stress by peanut. Water deficit causes advanced or delayed flowering, depending
on the species for example, wheat and rice, respectively. ABA may have a role in this respect as it has been shown to
delay flowering in tomato and maize.
Signal transduction pathways allow cells to respond to stress and to change their behavior accordingly. Signals are
sensed by a receptor and transduced so that they can exert their final effect on the cell and eventually at the whole plant
level. In addition to the straightforward chain of events that may lead from a signal to a final effect, there are components
of these pathways that are designed to amplify and integrate various cellular responses to contrived stress. This leads to
an array of biochemical interactions with branches leading off in all directions, feedback loops (that use the final effect
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to turn down the original response), and a series of inhibitors and activators that may activate multiple pathways at the
same time. One of the most crucial functions of plant cells is their ability to respond to fluctuations in their environment.
Understanding the connections between a plant’s initial responses and the downstream events that constitute successful
adjustment to its altered environment is one of the next grand challenges of plant biology.

3.0 Genetic variability and stress tolerance
Stress tolerance is undoubtedly a complex phenomenon involving simultaneous expression of a number of genes coupled
with an interaction of varying weather variables and crop phenology. With the ever-increasing flow of biological data,
serious attempts to understand stress systems as integrated systems is one of the important ways to generate multiple
stress tolerant genotypes. The genes associated with these general stress responses may yield insight into biochemical
networks underlying stress resistance, and may provide targets for stress-resistance engineering in plant. A number of
adaptive characteristics have also been studied and used to identify tolerant to water limited environments including
matching the phenology to the available water supply, early vigour, osmotic adjustment (OA), carbon partitioning,
transpiration efficiency, grain growth, membrane integrity, leaf senescence and others.
Several genes have been identified to express in response drought stress, which include mainly i) those, which encode
products that directly protect cellular metabolism under water deficit and ii) those regulating gene expression and signal
transduction. Stress inducible genes identified so far include functional genes with protective role include those involved
in Osmoprotection, Reactive Oxygen Scavenging, Ion transport, LEA, HSP, etc. Regulatory genes imparting stress
tolerance are those encoding signaling molecules, such as enzymes of phospho-lipid metabolism and various kinases
(MAP, CDPKs, histidine kinases etc.) and several transcription factors such as DREB, ABRE etc. These functional as
well as regulatory genes with an up-regulated expression under stress are generally treated as ideal candidate genes for
imparting stress tolerance.
Major success in the production of abiotic stress tolerant transgenics has been largely achieved in model plants such as
tobacco, Arabidopsis, rice, mustard etc. There is need to introduce abiotic stress tolerance related genes that have
worked with model species into important crop plants. Currently, Central Research Institute for Dryland Agriculture
(CRIDA) is focusing on enhancing tolerance of dryland crops such as sorghum and short duration pulses viz. green
gram, black gram. Sorghum transgenics have been produced at CRIDA using mtlD gene known to be involved in
osmotic adjustment. These transgenics have been characterized molecularly and presently are being characterized for
drought tolerance. It is also recognized that expression of the stress inducible genes would be more effective under an
inducible promoter although at present most of the attempts are only with a constitutive promoter. Some of the strategies
for producing highly efficient transgenic plants include:
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Insertion at specific points in the genome
New marker genes to replace antibiotic resistance markers
By using strong or stress inducible promoter rd 29A dreb1A
To use tissue specific or organelle specific promoters
Chloroplast targeting
Transformation of the chloroplast genome.To cope with homology dependent gene silencing
Use of multiple gene constructs

As there is likely to be a pressing need for multiple gene introductions to achieve abiotic stress tolerance, methods that
lead to pyramiding or stacking of transgenes in the same host cell are needed. This can, for instance, be achieved if
appropriate cloning vectors with different promoters and selection marker genes are available. The research in this
direction must use the latest genomics resources combining the new technologies in quantitative genetics, genomics and
biomathematics with an ecophysiological understanding of the interactions between crop plant genotypes and the growing
environment.
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ESTIMATION OF EVAPO-TRANSPIRATION (ET)
BY VARIOUS METHODS
N.N. Srivastava & V.U.M.Rao

1.0 Introduction
The rate of evapo-transpiration from soil and vegetation depends on the available energy to vaporize water amount and
tension of water in the soil and conditions of plant and soil surfaces. Often evapo-transpiration is estimated from the
measured meteorological parameters such as air temperature, humidity, sunshine hours and wind speed etc using empirical
relationships. These empirical relationships were developed depending upon the availability of relevant weather data
and the objectives. Some of these methods of Dalton, Thornthwaite, Papadakis, Hamon, Makkink, Jensen and Haise,
Blaney and Criddle, Turc, Stephens and Stewart, and Grassi and Linacre are mostly location specific and the empirical
coefficients involved are the main source of errors.
Two important physical approaches to the determination of evapo-transpiration namely those of Penman and PenmanMonteith are presented here:

2.0 Penman’s formula
Penman’s equation for potential water loss from a reference evaporating surface is based on the combination of
aerodynamic and energy balance approaches and can be written as:

Eo 

 Rn  Ea
 

Where Rn(mm d-1) is the energy term and Ea (mm d-1) is the aerodynamic term as given below:
Rn = Rs (1 - r) - σ Ta4 (0.55 – 0.092

ed ) (0.10 + 0.90 n / N)

Ea = 0.35 (es – ed) (1+ 0.0098 U2 )
Rs is the incoming solar radiation and in the absence of direct measurement could be estimated as Rs = Ra (a + b n / N),
Where a and b are constants and n / N is the ratio of actual to possible sunshine hours, Ra is extra terrestrial radiation
(mm d-1) , r is reflection coefficient (albedo) of reference crop surface, σ is Stefan – Boltzmann’s constant i.e. equivalent
evaporable water (1.998467 * 10-9 mm oTa-4 d-1), Ta is mean air temperature in degree absolute or degree Kelvin ( 0C +
273), es is mean saturation vapour pressure (mm of Hg) and ed is mean actual vapour pressure (mm of Hg )and U2 is
wind run in miles d-1 at 2m height. Saturation vapour pressure es and actual vapour pressure ed can be calculated using
following equation:
17.269 T

es  7.5 * 0.61078 e

T  237.3

e a  es at wet bulb   0.480

T is temperature in 0 C

Tdb  Twb  P
610  Twb

P=714.6 mm of Hg for HRF, Hyderabad

P is air pressure of the location. For Hyderabad the rate of change of Saturation Vapour Pressure with temperature could
be calculated by the following formula:
17.269 T
T  237.3

des
18772.02 e

dT
T  237.32
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Wind speed (Km h-1) at 2m height could be obtained by multiplying wind speed (km h-1) recorded at 3m height by a
factor of 0.933 . Wind run in miles per day (U2) could be obtained by multiplying the wind speed (km h-1) at 2m height
by a factor of 15.
Psychrometric constant could be worked out as follows:

 

PCp



 = 0.472 mm of Hg 0C -1 (for Hydrerabad)
P = 714.6 mm of Hg at HRF, Hyderabad
Cp = 1005 J kg-1 0C-1 i.e. specific heat of air at constant pressure
λ = 2.449 * 106 J kg-1 i.e. latent heat of vaporization
ε = 18 / 29 i.e. mol. wt of water / mol. wt. of air.
Example:
Calculation of evapotranspiration from open water surface (Eo) in mm d-1 for Hayatnagar research Farm , Hyderabad,
for the standard meteorological week 27 ( July 2-8 ), 2008.
A.

Period (2 – 8 July, 2008)
0

1.

Mean air temperature ( C)

28.1

2.

Mean relative humidity (%)

60.0

3.

Mean sunshine hours (n)

5.1

4.

Possible sunshine hours (N)

13.1

5.

The ratio n / N

0.388

6.

U1 (km h-1)

10.1

The wind run in miles day-1 at 3m height
= 10.1 km h-1 * 15 = 151.5 miles day-1
U2 – The wind run in miles day-1 at 2m height
= U1 * 0.933

B.

C.

(U2 = U1*(2/3)0.17)

141.35

7.

Extra terrestrial radiation (Ra) in mm d-1

15.9

8.

Short wave reflection coefficient (albedo) – r

0.23

Solving Expression Ra (1 – r) (a + b n / N)
9.

(1 – r) = (1 – 0.23)

0.77

10.

(a + b n / N) = (0.14 + 0.55 * 0.388)

0.353

11.

Item 7 * Item 9 * Item 10

4.322

Solving expression σ Ta4 (0.56 – 0.092
12.

ea ) (0.10 + 0.90 n / N)

Vapour pressure (i) es

29.8

(ii) ea

16.5

(iii)

ea

13.

σ Ta4 (1.998467*10-9*301.14)

14.

(0.56 – 0.092

ea ) = 0.56 – 0.092 * 4.06)

4.06
16.43
0.186
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15.

(0.10 + 0.90 n / N) = (0.10 + 0.90 * 0.388)

0.449

16.

Item 13 * Item 14 * Item 15

1.372

D.

Solving for Rn = Item 11 – Item 16

2.95

E.

Solving for Ea = 0.35 (es – ea) (1 + 0.0098 U2)

11.1

= 0.35 (29.8 – 16.5) (1+ 0.0098 * 141.35)
F.

EP 

Solving for

ΔRn  γ Ea
Δγ

 EP 

1.66x2.95  0.472x11.1
1.660  0.472

= 4.8 mm day-1
Where Δ = 1.66 mm of Hg 0C-1 & γ = 0.472 mm of Hg 0C-1

3.0 FAO Penman - Monteith equation
Penman’s(1948) equation was further developed and extended to cropped surfaces by introducing resistance factors.
The resistance nomenclature distinguishes between aerodynamic resistance and surface resistance factors. The surface
resistance parameters are often combined into one parameter, the ‘bulk’ surface resistance parameter which operates in
series with aerodynamic resistance. The surface resistance rs represents the resistance of vapour flow through stomata
openings, total leaf area and soil surface. The aerodynamic resistance ra is the resistance from the vegetation upward and
involves friction from air flowing over vegetative surfaces. Although the exchange process in a vegetation layer is too
complex to be fully described by the two resistance factors, good correlation can be obtained between measured and
calculated evapo-transpiration rates especially for a uniform grass reference surface.
The Penman - Monteith model (1978) can be written as:
es  ea
ra
 r 
   1  s 
 ra 

( Rn  G)   a C p

ET 

Where Rn is the net radiation, G is the soil heat flux, (es – ed) represents the vapour pressure deficit, ρa is the mean
air density at constant pressure, Cp is specific heat of air, Δ represents the slope of saturation vapour pressure – temperature
relationship, γ is psychrometric constant and rs and ra are the (bulk) surface and aerodynamic resistances.
The FAO(1990) constituted a panel of experts who recommended the adoption of Penman - Monteith combination
method as a new standard for reference evapo-transpiration and advised on procedures for calculation of the various
parameters. By defining the reference crop as a hypothetical crop with an assumed height of 0.12 m having a surface
resistance of 70 s m-1 and an albedo of 0.23, closely resembling the evaporation of an extensive surface of green grass of
uniform height, actively growing and adequately watered, the FAO Penman - Monteith method was developed below:
900
U 2 (es  e a )
T  273
Δ  γ(1  0.34U 2 )

0.408Δ.40  G)  γ
ET 

Where
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Ep

=

reference evapotranspiration (mm day-1)

Rn

=

net radiation at the crop surface (MJ m-2 day-1)

G

=

soil heat flux density (MJ m-2 day-1)

T

=

mean daily air temperature at 2 m height (0C)

U2

=

wind speed at 2 m height (m s-1)

es

=

saturation vapour pressure (k Pa)

ea

=

actual vapour pressure (k Pa)

(es – ea) =

saturation vapour pressure deficit (k Pa)

Δ

=

slope of saturation vapour pressure curve (k Pa 0C-1 )

γ

=

psychrometric constant (k Pa 0C-1)

Example:
Station: HRF, Hyderabad

Year: 2008

Week No. 27

Tx = 33.6 C, Tn = 22.6C, Tm = 28.1 C
es = 3.99 kPa i.e.(5.20 + 2.70)/2, ea = 2.20 kPa i.e.(2.30 + 2.10)/2
Albedo(α) = 0.23
Rs = 38.8*(0.14+0.55*5.1/13) =38.8*0.356= 13.81 MJ m-2 day-1
Rns = 0.77*13.81 = 10.63 MJ m-2 day-1 ( Rns = 38.8*0.356*0.77)

 (33.6  273) 4  (22.6  273) 4 

A   

2



σ = 4.9*10-9 MJ m-2 day-1

= 40.36 MJ m-2 day-1
B

= (0.34 – 0.14* (2.20))
= 0.132

C

= (1.35*(0.14+0.55*0.388)/0.69 -0.35)
= 0.341
Rnl = A*B*C = 1.82 MJ m-2 day-1
Rn = Rns – Rnl = 10.63-1.82 = 8.81 MJ m-2 day-1
G =0

Δ = 0.221 kPa C-1
γ = 0.063 kPa C-1
1 + 0.34 U2 = 1+ 0.34*2.618
=1.890
es – ea = 1.79 kPa
ETo 

0.794 0.873

0.34
0.34

= 2.34 + 2.57 ~ 4.9 mm
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COMPUTATION OF CROP COEFFICIENTS AND WATER
REQUIREMENTS OF CROPS
A.V.R. Kesava Rao & A.V.M. Subba Rao

1.0 Introduction
Necessary increase in water consumption to meet future agricultural demands while balancing any associated social and
environmental impacts, poses one of the leading environment and sustainability challenges faced. If properly managed,
there is enough water to provide for present and future generations. On the other hand, failure to manage many water
systems optimally is pushing too many areas beyond their sustainable limits. Scientific agricultural water management is
the need of the hour and requires proper assessment of crop water requirements.

2.0 Evapotranspiration
Amount of water required to compensate the evapotranspiration loss from the cropped field is defined as crop water
requirement. As per FAO, although the values for crop evapotranspiration and crop water requirement are identical, crop
water requirement refers to the amount of water that needs to be supplied, while crop evapotranspiration refers to the
amount of water that is lost through evapotranspiration.
The combination of two separate processes whereby water is lost on from the soil surface by evaporation and from the
crop by transpiration is referred to as evapotranspiration (ET). Evaporation is the process whereby liquid water is
converted to water vapour (vaporization) and removed from the evaporating surface (vapour removal). Water evaporates
from a variety of surfaces, such as lakes, rivers, pavements, soils and wet vegetation. Transpiration consists of the
vaporization of liquid water contained in plant tissues and the vapour removal to the atmosphere. Crops predominately
lose their water through stomata.
Evaporation and transpiration occur simultaneously and there is no easy way of distinguishing between the two processes.
Apart from the water availability in the topsoil, the evaporation from a cropped soil is mainly determined by the fraction
of the solar radiation reaching the soil surface. This fraction decreases over the growing period as the crop develops and
the crop canopy shades more and more of the ground area. When the crop is small, water is predominately lost by soil
evaporation, but once the crop is well developed and completely covers the soil, transpiration becomes the main process.
The evapotranspiration rate is normally expressed in millimeters (mm) per unit time. The rate expresses the amount of
water lost from a cropped surface in units of water depth. The time unit can be an hour, day, decade, month or even an
entire growing period or year. As one hectare has a surface of 10000 m2 and 1 mm is equal to 0.001 m, a loss of 1 mm of
water corresponds to a loss of 10 m3 of water per hectare. In other words, 1 mm day-1 is equivalent to 10 m3 ha-1 day-l.

2.1 Factors affecting ET
The principal weather parameters affecting evapotranspiration are radiation, air temperature, humidity and wind speed.
Several procedures have been developed to assess the evaporation rate from these parameters. The evaporating power of
the atmosphere is expressed by the reference crop evapotranspiration (ETo ). The reference crop evapotranspiration
represents the evapotranspiration from a standardized vegetated surface.
The crop type, variety and development stage should be considered when assessing the evapotranspiration from crops
grown in large, well-managed fields. Differences in resistance to transpiration, crop height, crop roughness, reflection,
ground cover and crop rooting characteristics result in different ET levels in different types of crops under identical
environmental conditions. Crop evapotranspiration under standard conditions (ETc) refers to the evaporating demand
from crops that are grown in large fields under optimum soil water, excellent management and environmental conditions
and achieve full production under the given climatic conditions.
The earlier FAO Penman method of 1977 was found to frequently overestimate Eto while the other FAO recommended
equations, namely the radiation, the Blaney-Criddle and the pan evaporation methods showed variable adherence to the
grass reference crop evapotranspiration. In May 1990, FAO organized a consultation of experts and researchers in
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collaboration with the International Commission for Irrigation and Drainage and with the World Meteorological
Organization, to review the FAO methodologies on crop water requirements and to advise on the revision and update of
procedures. The panel of experts recommended the adoption of the Penman-Monteith combination method as a new
standard for reference evapotranspiration and advised on procedures for calculating the various parameters. The FAO
Penman-Monteith method was developed by defining the reference crop as a hypothetical crop with an assumed height
of 0.12 m, with a surface resistance of 70 s m-1 and an albedo of 0.23, closely resembling the evaporation from an
extensive surface of green grass of uniform height, actively growing and adequately watered. The method overcomes
the shortcomings of the previous FAO Penman method and provides values that are more consistent with actual crop
water use data worldwide. Furthermore, recommendations have been developed using the FAO Penman-Monteith method
with limited climatic data, thereby largely eliminating the need for any other reference evapotranspiration methods and
creating a consistent and transparent basis for a globally valid standard for crop water requirement calculations. The
FAO Penman-Monteith method uses standard climatic data that can be easily measured or derived from commonly
measured data. All calculation procedures have been standardized according to the available weather data and the time
scale of computation. The calculation methods, as well as the procedures for estimating missing climatic data, are
presented in this publication (Allen et al, 1998).

2.2 Penman-Monteith Method
900
u 2 (e s  e a )
T  273
   (1  0.34u2 )

0.408( Rn  G )  
ETo 

where
ETo

=

Reference evapotranspiration [mm day-1]

Rn

=

Net radiation at the crop surface [MJ m-2 day-1]

G

=

Soil heat flux density [MJ m-2 day-1]

T

=

Air temperature at 2 m height [°C]

u2

=

Wind speed at 2 m height [m s-1]

es

=

Saturation vapour pressure [kPa]

ea

=

Actual vapour pressure [kPa]

es - ea

=

Saturation vapour pressure deficit [kPa]



=

Slope vapour pressure curve [kPa °C-1]



=

Psychrometric constant [kPa °C-1]

3.0 Crop coefficient
Ratio of the crop ETc to the reference ETo is called the crop coefficient Kc. The crop coefficient represents an integration
of the effects of the following four primary characteristics that distinguish the crop from reference grass:


Crop height



Albedo



Canopy resistance



Evaporation from soil

Crop height influences the aerodynamic resistance term. Albedo is the reflectance of the crop-soil surface. Albedo is
affected by the fraction of ground covered by vegetation and by the soil surface wetness. Albedo of the crop-soil surface
influences the net radiation of the surface. Canopy resistance i.e. the resistance of the crop to vapour transfer is affected
by leaf area (number of stomata), leaf age and condition, and the degree of stomatal control. Evaporation from soil is the
evaporation from especially exposed soil.
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3.1 Factors affecting Kc
The Kc changes with the phenophases of the crop and in general it is low in the initial stage, slowly increases and attains
high value during the grand-vegetative-growth period. During reproductive phase, it is uniform and later on decreases.
Crop coefficient values for some crops are as follows:
Crop

Kc (initial)

Kc (mid-season)

Kc (end)

Small vegetables

0.70

1.05

0.95

Perennial vegetables

0.50

1.00

0.80

Rice

1.05

1.20

0.90-0.60

Sugarcane

0.40

1.25

0.75

Grapes (Wine)

0.30

0.70

0.45

3.2 Single crop coefficient approach (Kc )
Effects of crop transpiration and soil evaporation are combined into a single Kc coefficient, in the single crop coefficient
approach, which integrates differences in the soil evaporation and crop transpiration rate between the crop and the grass
reference surface. This approach is used to compute ETc for weekly or longer time periods and is best for irrigation
system design and managing surface irrigation and set sprinkler systems.
3.3 Dual crop coefficient approach (Kcb + Ke )
In the dual crop coefficient approach, the effects of crop transpiration and soil evaporation are determined separately.
Two coefficients are used: the basal crop coefficient (Kcb) to describe plant transpiration, and the soil water evaporation
coefficient (Ke) to describe evaporation from the soil surface. The dual coefficient approach requires more numerical
calculations than the procedure using the single time-averaged Kc coefficient and is best for real time irrigation scheduling,
for soil water balance computations and for research studies.

4.0 Computation of water requirements using CROPWAT software
CROPWAT is a decision support system developed by the Land and Water Development Division of FAO for planning
and management of irrigation. CROPWAT is meant as a practical tool to carry out standard calculations for reference
evapotranspiration, crop water requirements and crop irrigation requirements and more specifically the design and
management of irrigation schemes. It allows the development of recommendations for improved irrigation practices, the
planning of irrigation schedules under varying water supply conditions and the assessment of production under rainfed
conditions or deficit irrigation.
Procedures for calculation of the crop water requirements and irrigation requirements are based on methodologies
presented in FAO Irrigation and Drainage Papers No. 24 “Crop water requirements” and No. 33 “Yield response to
water”. The development of irrigation schedules and evaluation of rainfed and irrigation practices are based on a daily
soil-water balance using various options for water supply and irrigation management conditions.
There are two new versions of the CROPWAT: one is CROPWAT v 7.0 that contains a completely version in Pascal,
developed with the assistance of the Agricultural College of Velp, Netherlands. It overcomes many of the shortcomings
of the original 5.7 version. CROPWAT 7.0 is a DOS-application, but it runs without any problem in all MS-WINDOWS
environments. Another one is CROPWAT for Windows that is written in Visual Basic and operates in the Windows
environment. It was developed with the assistance of the International Irrigation and Development Institute (IIDS) of the
University of Southampton, UK.
Both versions use the same FAO (1992) Penman-Montieth method for calculating the reference crop evapotranspiration.
These estimates are used in crop water requirements and irrigation scheduling calculations. Some of the interpolation
methods used in CROPWAT for Windows are slightly different (up to 2%) to those used in CROPWAT 7.0. The main
differences between the two versions are as the following:
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CROPWAT for Windows uses graphs and forms to display results



CROPWAT for Windows can deal with multiple crops with up to 30 crops in a cropping pattern; these crops
are assumed to be co-existing in the same parcel of land



Irrigation Schedules can be calculated for individual blocks of each crop; the time base for results can be daily,
weekly, decade or monthly



Color and black and white graphs can be printed through the standard Windows Print Manager;



A “Scheduling scenario file” can be saved and read in quickly at a later date



CROPWAT for Windows uses monthly climatic data only, whereas CROPWAT 7.0 can use decade data as well
as monthly data



CROPWAT for Windows allows user-defined irrigation events plus the option to add adjustments to the calculated
soil moisture deficit for different reasons (such as: to apply actual rainfall data, to amend soil moisture deficit
to bring it in to line with field measurements of soil moisture, etc.). This provides a flexible tool for managing
the soil moisture during the growing season.

4.1 Input
Calculations of the crop water requirements and irrigation requirements are carried out with inputs of climatic, crop and
soil data. For the estimation crop water requirements (CWR) the model requires:


Reference Crop Evapotranspiration (Eto) values measured or calculated using the FAO Penman-Montieth equation
based on decade/monthly climatic data: minimum and maximum air temperature, relative humidity, sunshine duration
and wind speed;



Rainfall data (daily/decade/monthly data); monthly rainfall is divided into a number of rain storms each month;



A Cropping Pattern consisting of the planting date, crop coefficient data files (including Kc values, stage days,
root depth, depletion fraction) and the area planted (0 -100% of the total area); a set of typical crop coefficient
data files are provided in the program.

In addition, for Irrigation Scheduling the model requires information on:


Soil type: total available soil moisture, maximum rooting depth, initial soil moisture depletion (% of total
available moisture);



Scheduling Criteria – several options can be selected regarding the calculation of application timing and
application depth (e.g. 80 mm every 14 days, or irrigate to return the soil back to field capacity when all the
easily available moisture has been used).

4.2 Output
Once all the data is entered, CROPWAT 4 Windows automatically calculates the results as tables or plotted in graphs.
The time step of the results can be any convenient time step: daily, weekly, decade or monthly. The output parameters for
each crop in the cropping pattern are:


reference crop evapotranspiration – Eto (mm/period)



crop Kc - average values of crop coefficient for each time step



effective rain (mm/period) - the amount of water that enters the soil



crop water requirements – CWR or Etm (mm/period)



irrigation requirements –IWR (mm/period)



total available moisture –TAM (mm)



readily available moisture – RAM (mm)



actual crop evapotranspiration – Etc (mm)



ratio of actual crop evapotranspiration to the maximum crop evapotranspiration - Etc/Etm (%)



daily soil moisture deficit (mm)



irrigation interval (days) & irrigation depth applied (mm)



lost irrigation (mm)– irrigation water that is not stored in the soil (i.e. either surface runoff or percolation)



estimated yields reduction due to crop stress (when Etc/Etm falls below 100%)
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4.3 Calculation methods
The values of decade or monthly Reference Crop Evapotranspiration (Eto) are converted into daily values using four
distribution models (the default is a polynomial curve fitting).The model calculates the Crop Water Requirements using
the equation:
CWR=Eto*Kc*area planted.
This means that the peak CWR in mm/day can be less than the peak Eto value when less than 100% of the area is planted
in the cropping pattern. The average values of crop coefficient for each time step are estimated by linear interpolation
between the Kc values for each crop development stage. The “Crop Kc” values are calculated as Kc*Crop Area, so if the
crop covers only 50% of the area, the “Crop Kc” values will be half of the Kc values in the crop coefficient data file
For crop water requirements and scheduling purposes, the monthly total rainfall has to be distributed into equivalent
daily values. CROPWAT for Windows does this in two steps. First the rainfall from month to month is smoothed into a
continuous curve (the default curve is a polynomial curve, but can be selected other smoothing methods available in the
program e.g. linear interpolation between monthly values). Next the model assumes that the monthly rain falls in 6
separate rainstorms, one every 5 days (the number of the rainstorms can be changed). The model has available four
Effective Rainfall methods (the USDA SCS method is the default).
For the scheduling calculations two options: Irrigation Scheduling and /or Daily Soil Moisture Balance can be selected.
The Irrigation Scheduling option shows the status of the soil moisture every time new water enters the soil, either by
rainfall or a calculated irrigation application. Daily Soil Moisture Balance option shows the status of the soil every day
throughout the cropping pattern. User defined irrigation events and other adjustments to the daily soil moisture balance
can be made when the Scheduling Criteria are set to “user-defined”.
Total Available Moisture (TAM) in the soil for the crop during the growing season is calculated as Field Capacity minus
the Wilting Point times the current rooting depth of the crop.
Readily Available Moisture (RAM) is calculated as TAM * P, where P is the depletion fraction as defined in the crop
coefficient (Kc) file. To avoid crop stress, the calculated soil moisture deficit should not fall below the readily available
moisture.
The Main window of the software is shown below. The input data is given by clicking each module separately given on
the left side pane of the window.
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This software is very useful research tool for the scientists beside the people who involved in the area of agronomy,
Agroadvisory and irrigation management divisions.
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MICROCLIMATES OF HILLY REGIONS AND THEIR EFFECTS
ON CROP PRODUCTIVITY
N.S. Murthy

1.0 Introduction
Weather is one of the most important factors determining the success/failure of agricultural enterprise. Weather
manifests its influence on farm operations and crop production through its affects on soil, growth and development of
plant kingdom. It also plays very important role in the infestation and cessation of insects and diseases. Weather is a
single major limiting factor in the crop production that requires decisions in different agricultural operations such as
time of sowing/transplanting, irrigation scheduling, application of fertilizers etc keeping in view the weather conditions
prevailing in the region. Therefore, a sound knowledge of the climatic factors and understanding of complex biological
processes are essential in crop planning and improved land and water management processes. The ill effects of weather
on crops can be modified only upto some extent which is possible through optimization of agricultural production by
adjusting the cropping pattern and agronomic practices according to the climatic requirements of the crop. Any given
crop variety has its own optimal requirements and/or selective response to the factors of its environment like rainfall/soil
moisture, air and soil temperatures and light intensity (Saraf, 1997).
Northwestern Himalayas are mainly characterized by undulating terrain with highly variable weather. Weather changes
are most frequent from one place to the other. In hilly region of Uttarakhand, farming is mainly rainfed except in the
valleys where irrigated crops are being grown. Therefore study of crop weather relationships at micro level is required
as the weather is different from one ridge to the other depending on the aspect and slope of the mountain at the same
altitude in order to have better understanding of the crop growing environments in the Himalayan region.
Microclimate deals with the climatic features peculiar to small areas and physical processes that take place in the layer
of air very near to the ground. Soil-ground conditions, character of vegetation cover, aspects and slope, soil surface, all
these create special local conditions of temperature, humidity, wind and radiation in the layer of air near the ground
which differs sharply from general climatic conditions of the area.
Hill slope orientation affects the microclimate of a place as the slope of surface increases so does the sun angle up to a
point. As the local sun angle increase intensity of heating increases, causing warmer surface temperature and likely to
increase evaporation. Those slopes facing to the sun receive more insolation than those facing away. Thus, inclined
surfaces facing to the sun tend to be warmer and drier than the flatter surfaces facing away from the sun. The microclimate
also impacts vegetation types.

2.0 Weather pattern in north west Himalayas
The presence of Himalayas has more significance in climatology acting as the greatest mountain barrier on the earth
where polar, tropical and mediterranean influences interact affecting the large population directly or indirectly. During
winter Himalayan range works as an effective barrier to the cold continental air blowing southwards into the subcontinent. In monsoon months the Himalayas force the rain bearing winds up the mountains to deposit most of their
moisture on Indian side of Himalayas (Rao, 1981). The Indian summer monsoon occurs in response to differential
heating between land to the north and ocean to the south. The intensity of monsoon circulation is proportional to the
degree of thermal contrast between land and ocean. One of the most important effects of Himalayas on south west
monsoon circulation over India is formation of large low pressure area known as heat low formed over Pakistan and its
adjoining areas with an elongated low pressure extending through the gangetic plains to the north bay of Bengal. The
axis of this low pressure area is oriented roughly from the northwest to south-east i.e., parallel to the southern periphery
of the Himalayas known as monsoon trough. Its northward and southward movement has an important bearing on the
short period fluctuations of monsoon rainfall.
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The monsoon season from June to September is mainly rainfed for eastern Himalayas, on the other hand western Himalayas
get very little monsoon rainfall and the extreme west is out of reach of monsoon currents, but has a fairly long wet season
from November to April due to the precipitation caused by the western disturbances. Pre-monsoon (March to May)
season is quite dry. In winter the snow accumulates around the Himalayan high peaks and snow line comes down to
about 1500 m in the western Himalayas. Both the intensity and duration of the monsoon current decrease as they move
westwards. Topograhical features also make some differentiation in rainfall intensity for example Joshimuth and
Okhimath in Garhwal Himalayas get little rain during monsoon season being under the rain shadow region of the
mountain, while Dras and Sonmarg experience heavy rains as they are open to south. Snow fall in winter normally
blocks all passes in pir panjal ranges.
The rainfall analysis in the Himalayan region of Uttarakhand revealed that the mean annual rainfall in the frontal ranges
was highest (2327.6 mm) compared to mid (1256.3 mm) and interior (1158.2 mm) ranges. Seasonal rainfall distribution
indicates that southwest monsoon season contributes to 68.5% of mean annual rainfall in the mid region while 87.9% in
the frontal ranges. Only 12.1% of annual rainfall was distributed among the other seasons in the frontal ranges. In the
interior ranges 52% of the mean annual rainfall was contributed by the monsoon season and 43.9% of the rainfall was
recorded during summer and winter seasons. In mid Himalayan regions 12.6 and 14.5% of rainfall was recorded during
winter and summer seasons respectively. During Post monsoon season the rainfall of 1.2 to 4 % of the mean annual
rainfall was received thereby indicating dry period in the Hill zone of the Uttarakhand. Due to topographical variations
there exists rain shadow region in Mid Himalayas viz., Kirtinagar and Devprayag with annual rainfall of 787.6 and
810.3 mm respectively.

3.0 Temperature
Temperature plays an important role in the hilly regions. Low temperatures are one of the constraints in production
potential of a crop, which also reduces the crop growing season. Ranichauri situated in mid Himalayan region and
Mussoorie in frontal region are at the same elevation but the temperature variations are observed during southwest
monsoon season, which may be due to the heavy rainfall almost double than that of Ranichauri (Table 1). Similarly
Ranichauri and Nainital (frontal ranges) are at the same elevation, but the temperatures at Nainital are higher than that of
Ranichauri due to the fact that the aspect is different. Hawalbagh (Almora) is situated in valley. In valleys the temperatures
are lower in winter due to accumulation of clouds/fog in the valleys and higher in summer (Table 2).
Hills often cause cloud to form over them by forcing air to rise, either when winds have to go over them or they get
heated by the sun. When winds blow against a hill side and the air is moist, the base of the cloud that forms may be low
enough to cover the summit. As an descends on the leeward side, it dries and warms, some times enough to create a
Foehn effect. Consequently, the leeward side of hills and mountain ranges is much drier than the windward side. The
clouds that form due to the sun’s heating some times grow large enough to produce showers or even thunderstorms.
This rising air can also create an anabatic wind on the sunny side of the hill. Sunshine facing slopes (south facing) are
warmer than the opposite slopes. Apart from temperature inversions, another occasion when hills can be warmer than
valleys is during clear nights with little wind, particularly in winter. As air cools, it begins to flow down hill and gathers
on the valleys floor or in pockets where there are dips in the ground this can some times lead to fog/ frost forming lower
down. The flow of cold air can also create what is known as a katabatic wind.

Table 1. Seasonal distribution of mean temperature (°C)
Station
Seasonal mean
Ranichauri
Mussorie
Dehradun
Nainital
Mukteshwar
Hawalbagh

Summer
16.4
16.4
24.5
18.2
14.5
18.3

SW
20.3
18.1
25.9
20.1
17.4
24.2

Post
13.7
13.0
19.8
15.0
12.8
16.3

Winter
7.9
6.7
13.8
9.4
7.2
10.2

Annual mean
15.1
14.4
21.7
16.1
13.5
17.9
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Table 2. Comparison of mean monthly temperatures (°C)

Station

Maximum (June)
temp(oc)
29.3

Nainital

Minimum (January)
temp(oc)
2.6

Hawalbagh

31.3

0.5

Ranichauri

26.1

2.5

4.0 Crops and Crop Sequences
The crops and crop sequences changes from plains to high hills as the crop season becomes shorter. The cropping
season is short and is restricted to summers only in high hills. In cold desert regions where large diurnal variations in
atmospheric temperatures during crop season ranging from 0 to 35°C, higher wind speeds and little to no rainfall causes
short growing season. Since cropping period is small it is difficult to raise even a single vegetable crop. Therefore,
DRDO has standardized a method known as “Trench Cultivation” for raising early nursery of vegetable crops like
cauliflower, cabbage, tomato etc. The popular crop rotations followed in hill region are:
Irrigated
a.

Ragi

-

Wheat/Barley/Pea/Lentil/Gram

b.

Rice

-

Wheat/Pea/Lentil/Mustard/Gram

c.

Maize

-

Wheat/Barley/Pea/Gram

d.

Soybean

-

Wheat/Barley/pea/Lentil/Rapeseed

Rainfed
a. Ragi

-

Fallow-Rice-Wheat

b. Ragi

-

Fallow-Barnyard millet-wheat

c. Soybean

-

Wheat/Barley

d. Ragi

-

Barley/Wheat/Lentil

Crops are often influenced significantly by one or two factors that are more crucial for their growth and development.
For example, during kharif when temperatures are almost stable, the distribution and quantum of rainfall assumes
paramount importance. Therefore, understanding the rainfall, its pattern, start and end of rains, frequency and probability
of dry and wet spells are very important to determine the length of possible growing season for obtaining optimum crop
production.
The management skill in adjusting the crop cultivation plan for each crop is more demanding in rainfed agriculture
compared to that of irrigated agriculture. The major portion of the water through natural precipitation is received during
the south west monsoon season from June to September (Ramana Rao, 1988). The major characteristics of southwest
monsoon season are


High variability in date of commencement of monsoon rains



Date of cessation of monsoon rains



Frequent and prolonged dry spells during monsoon and break in monsoon



High intensity rainfall associated with troughs/cyclones.



Variability in distribution of rainfall.

It is an established fact that the crop development will be affected if the dry spells coincide with sensitive phenological
stage of the crop. On the other hand dry periods during ripening stage of the crop are beneficial. Hence for the purpose
of crop planning and to carry out the agricultural operations it is important to know the sequence of dry and wet periods.
Also, the probability (%) gives the chance of occurrence of assured rainfall. 70% chance indicates the minimum rainfall
which can be is expected for 7 out of 10 years. This can be used for safe planning of crops, for example, at Dehradun the
assured weekly rainfall of 25 mm or more is received from 26th to 37th week and 50 mm is received from 28th to 33rd met
weeks which is major growing season.
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The atmospheric temperature affects the growth and development of plants. Every variety of every crop has its minimum
below which the growth ceases, optimum which is very favourable for growth and maximum above which the growth
again ceases. The upper lethal temperature for active plant cell for most plant species range from 50 to 60° C which
varies with species, growth stage and exposure length. High temperatures are not as serious as low temperatures in
arresting the growth and development of plant. Certain stages of plant growth and development are more sensitive to
low temperature than other phases. Dormancy generally represents the more tolerant stage. Reproductive phases are
more sensitive to chilling and freezing stress. Low temperatures cause two types of injury to plant ie., chilling and
freezing injury. Chilling injury is defined as injury at temperatures low enough to cause damage but not the freezing of
water. The freezing injury occurs when the external temperature drops below the freezing point of water. In case of rabi
crops temperature regime in the reproductive phase becomes crucial. The influence of temperature on growth is often
expressed in terms of cardinal temperatures namely, the lower, upper limits and the optimum temperatures for growth.
Growth is approximately proportional to temperature between the lower growth limit and the thermal optimum so that
summed temperature – time scales such as growing degree days and corn heat units can often be closely correlated with
the growth and development of many crops (Venkat Raman and Krishnan, 1992). However, such indices cannot properly
account for negative effects such as those caused by very high temperatures, frost or non temperature related phenomenon
such as hails, diseases, high winds, drought etc.
The temperature during grain filling and maturity affects the yield of grain amaranth. Fig 1 reveals that minimum
temperature below 10 °C during later part of grain filling and maturity stages resulted in reduced yield (Murty and
Singh, 2000). Also, it was observed that amaranthus can perform better if sown during first fortnight of June. If the
sowings are delayed by 20 days the reduction in yield is substantial in improved varieties due to sensitivity of crop to low
temperatures while it was near normal in local varieties as they are cold tolerant in the mid Himalayan region.

Fig.1 Relationship between minimum temperature and yield of amaranth

The total dry matter was slow up to 60 days after emergence corresponding to 290-degree days due to low temperatures
below the base temperature of 5 °C and rapid growth was observed later forcing the maturity of wheat crop in a shorter
period. The crop almost remains dormant for almost two months (mid December to mid Feb.) due to low temperatures
prevailing in the mid Himalayan region of Uttarakhand (Murty & Singh, 1998).
Spring frost and chilling temperatures during flowering and fruit set adversely affect the fruit production. Prevailing
low temperatures at the time of flowering and fruit set adversely affect fruit production. The most vulnerable areas to
low temperatures were located between 1650 to 2000m above msl, where good spring with adequate sunshine promote
flowering. But fluctuating temperatures during this period accompanied with rains and low temperatures inhibit transfer
of pollens due to restricted bee activity and washing off of pollen besides retarding the pollen tube growth. When the
snowfall is less the chilling requirement of the plants are not met. The bud break is delayed and the flowering is also
affected.
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5.0 Weather and crop planning
In northwest hills vegetable cultivation has got special significance being highly remunerative enterprise. In far flung
areas vegetables are used as staple food and play important role in food as well as nutritional security. The Himalayan
regions are rich in vegetable biodiversity. Varied agro-climatic conditions in different altitudes provide ample scope for
natural cultivation of off-season vegetables when they are scarce or cannot be grown in plains due to adverse climatic
conditions. The produce available during off-season fetches high price to the growers.
The factors affecting vegetable production are thermal regime, moisture regime and crop duration. Of all the climatic
factors affecting the vegetable cultivation, temperature plays an important role, in general survival, seed germination,
growth and development, flowering, fruit setting and fruit quality. The growth and development of some vegetable crops
are affected at temperature less than 5 °C and growth of warm season crop ceases at this temperature. Normally, growth
increases with increase in temperature upto 40 °C. The cool season crops like cabbage generally survive even at temperatures
ranging from 0 to 5 °C. Germination improves as the temperature increases for warm season crops and the optimum
temperature in most of the crops for seed germination is 24 to 30 °C.
Water balance components like PE, MAI and meteorological parameters like temperature and rainfall were superimposed
on the requirements of different vegetable crops during different growth stages. In hill zone of Uttarakhand vegetable
crops occupy substantial area and are grown as off-season crops. The off-season vegetable crops are very remunerative
as compared to grain crops. On the basis of the above some suitable vegetable crop rotation for mid Himalayan region
(1500 to 2200 m) were suggested (Murty et al. 2002) and are as follows:
Cabbage – Radish –Vegetable Pea
French bean – Radish –Vegetable Pea
Tomato –Vegetable Pea - Vegetable Pea
Radish/knolkhol – Vegetable Pea – Vegetable Pea
Capsicum – Radish - Vegetable Pea
In vegetable crop cultivation when there is failure of rains and long dry spells life saving irrigation may be provided by
harvesting the runoff water /natural springs/perennial streams.
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INSTRUMENTS – PRINCIPLES AND PRACTICES
N.N. Srivastava

1.0 Introduction
In agrometeorological research work a large number of instruments are used to record different weather parameters.
Functioning of some of the important sensors and instruments viz., pyranometers, quantum sensors, albedometers, net
radiometers, line quantum sensors, thermocouple, thermistor, digital psychrometer, rain gauge, anemometers, leaf wetness
sensor, soil heat flux plates, infrared tele-thermometer and spectro-radiometer for measurement of different parameters
is presented.

2.0 Solar radiation
Insolation or incoming solar radiation is measured using a pyranometer. The pyranometer is a basic instrument for
measuring direct and diffuse radiation. The output from a pyranometer is in mV, which is proportional to flux density of
solar radiation. Cover of a pyranometer must be of a material that permits transmission of a major portion of the solar
radiation spectrum. Standard filters are permeable to radiation from about 280 to 2800 nm. Special quartz glass is
permeable to wavelength range of 200 – 4500 nm.
In plant ecology, the photosynthetically active radiation (PAR) is often measured as the total dry matter is highly correlated
to the PAR interception. The wavelength range for PAR is 400 – 700 nm. It can be measured with a quantum sensor in
open area and by a line quantum sensor inside the crop area. The quantum sensor coupled with a resistance gives output
in mV which is proportional to incident radiation in the wavelength range of 400-700 nm. The line quantum sensor is
usually of one-meter length and 12.7 mm width. It consists of an array of high stability silicon photovoltaic detectors
placed ~ 2.4 cm apart. These detectors are placed in a waterproof anodized aluminum case with acrylic diffuser and
stainless cover. It has a sensitivity of ~ 7 µA per 1000 mole s-1 m-2. It has a very fast response time of 10 microseconds.
Solar radiation is measured in W m-2. The PAR is measured in Einstein s-1 m-2 or µE s-1 m-2. It’s other nomenclature is
moles s-1 m-2 or µmoles s-1 m-2 . An Einstein or a mole is 6.022 x 1023 quanta or photon. The relationship between the
energy and the quantum units is 1 W m-2  4.6 µE s-1 m-2.
The reflected short wave radiation from the crop canopy can be measured with a pyranometer whose sensing element
has been inverted and faces the crop canopy. The reflectivity (albedo) is obtained by dividing the reflected output by the
incoming direct radiation. Both the observations should preferably be taken simultaneously.
The net radiometer is designed to record the net flux of incoming and outgoing radiation over the crop canopies. Ideally
it absorbs radiation of all wavelengths directed towards the earth’s surface and upwards away from it. Its output is also
in mV and in proportion to net flux of radiation. The sensing element of the net radiometer is a differential thermopile
separated by an insulating material. The sensing elements are shielded from air, wind etc. by plastic domes which are
transparent to visible and infra-red radiation both. Ideally the domes are to be inflated by dry air. Solar radiation can
also be estimated from sunshine hours recorded by a Campbell-Stoke’s sunshine recorder.

3.0 Temperature
The temperature can electronically be measured using resistance, thermocouple or thermistor type thermometers. Platinum
resistance thermometers are highly accurate and stable in performance. However the costs are relatively quite high.
Thermocouple and thermistor type thermometers are widely in vogue and are presented here.
Thermocouples are junctions of dissimilar metals, which generate an electromotive force (emf) proportional to the
temperature difference between the junctions. Copper-constantan is the most common metal pair for measurement of
the temperature. Constantan – manganin and other thermocouples are also used for specific purposes. Sensitivity of the
sensor depends upon thickness of the wires and the material used. Thermocouples must be referenced against an icebath or an electronic reference so that the generated emf is proportional to the junction temperature.
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Thermistors are semi-conductors with large negative temperature coefficients i.e. the resistance decreases with rise in
temperature. Their large temperature coefficient and small current consumption make them very suitable for use with
portable and battery operated instruments. They are available in various sizes and shapes from very small beads (1 mm
diameter) to rods etc. The response is non-linear and a fifth degree polynomial is generally found to fit between the
thermistor resistance and the corresponding temperature. Thermistor needs an excitation voltage while thermocouple
does’nt.

4.0 Relative humidity
Humidity in the atmosphere is of great biological importance. Incidence and spread of many phytopathogens and the
pests on the crops is related to the humidity of air within the plant canopy.
Water vapour content is measured with hygrometers. There are a number of hygrometers in common use. These may
involve (1) thermodynamic method (psychrometer) (2) the change of physical dimension upon absorption of moisture
(3) the condensation of a film of water (4) the change in electrical or chemical property upon absorption or adsorption of
water vapour and (5) the absorption spectra of water vapour. One of the the sensor described here works on the principle
of change in electrical property in response to ambient relative humidity. The sensing element comprises of a capacitor
whose capacitance changes as the water vapour adsorbs on the di-electric material between the two plates. The sensor
gives an output of about 10 mV per unit change in relative humidity.
The relative humidity is worked out by the ventilated psychrometer using the dry and wet bulb temperature of the
instrument for estimating the actual vapour pressure as follows::
ea = es(wet) – 0.000662*P*(Td-Tw)
Where
ea

=

Actual vapour pressure in mb

es

=

Saturation vapour pressure in mb at wet bulb temperature

0.000662 =

is a constant for ventilated (Asmann type) psychrometer

P

=

Station pressure ( 952 mb for Hyderabad)

Td

=

Dry bulb temperature °C

Tw

=

Wet bulb temperature °C

RH (%) 

ea
x 100
es (dry )

es(dry) and es(wet) are estimated by Teten’s equation as given below:
Where T is dry or wet bulb temperature in °C . First e is saturation vapour pressure for Td or Tw temperature. The second
e is exponential i.e. 2.71828.

5.0 Rainfall
Tipping bucket rain gauge is used to record rainfall in automatic weather stations due to its infinite capacity, as
there is no accumulation of rainfall. The rainfall entering the collection orifice fills the calibrated tipping bucket assembly.
When the calibrated amount is collected the bucket tips, causing a momentary closure of the magnetic switch. These
closures (N) are counted over the execution interval and stored in the memory. If each count corresponds to 0.254 mm
(0.01 inch) of rainfall, the total rainfall is N x 0.254 mm in the execution interval. These intermediate values are
automatically added to give hourly and or daily rainfall values. The logger can be programmed to measure rainfall
intensity as well for special run-off/erosion research activities. The rainfall can also be recorded with FRP non-recording
and/or self recording raingauge depending on requirements.

6.0 Leaf wetness sensor
Leaf wetness periods are recorded using leaf wetness sensor. The sensor is essentially an electronic leaf. The
output from the sensor is in mV. This output is drastically reduced if there are any water/rain drops on the sensor. These
events are counted at short intervals of few minutes to get the duration for which the leaf was wet. The wetness period
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is converted into some index developed under control/laboratory conditions for disease incidence vs. threshold index
value to advise on weather dependent spray schedule for effective and economic control of the disease.

7.0 Infrared tele-thermometer
Infrared tele-thermometer is a non-contact method for estimating the surface temperature of an object. It is widely used
for measurement of canopy and canopy air temperature difference, which are useful in detecting crop stresses. The
infrared tele-thermometer measures the radiation emitted from the object, and relates this radiation to the absolute
surface temperature of the object by Stefan-Boltzmann black body radiation law.
R =  T4
Where R

=

is the radiation emitted



=

is the emissivity of the surface



=

is the Stefan-Boltzmann constant (5.66961x10 –8 Wm-2 ºK-4)

T

=

is absolute temperature oK

Most infrared thermometers respond in the 8-14 mm radiation band. This wave band includes the peak at normal
temperature and has relatively low absorption by water-vapour. The emissivity of the vegetation within this wave band
is usually high (0.94 to 1.00). The Infrared tele-thermometer has a concave reflector, which converges all the radiation
on to the sensor with a field view of 4o. The instrument is used to measure temperature difference between the crop
canopy and the adjacent air layers. As long as the crop is supplied with adequate water, the crop canopy’s temperature
remains lower than the adjacent layers. When the crop is subjected to moisture stress, the latent heat loss is reduced and
results in canopy – air temperature difference approach zero or even to positive values depending upon the crop stress
and the environmental conditions.

8.0 Spectro-radiometer
There are several models available presently but we present herewith the portable Spectro-radiometer (LI-1800)
which provides a fast accurate method to obtain Spectral radiation measurement in the field or laboratory. In remote
sensing it is used to characterize the spectral reflectance and transmittance of leaves, which is correlated with data
collected by other remote sensing techniques. Theoretical spectral distribution of solar radiation is worked out by Max
Planck’s equation as described below.
E (λ ) 

2 π h c2
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 λkT

λ5e
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Where

hc
 14388000
k

2hc2 = 374.05
T

= Sun’s surface temperature in degrees Kelvin

h

= 6.626196x10-34 J s

c

= 2.9979*1017 nm s-1

k

= 1.380622*10-23 J K-1

Sun’s radius

= 6.95560 x 108 m

Sun-Earth distance = 1.5 x 1011 m
Spectro-radiometer measures the spectral concentration of radiant power by first dispersing the radiation with a diffraction
grating monochrometer and then concentrates it on a silicon detector.
After setting the parameters to the desired values, the sensor of the Spectro-radiometer is placed facing the object whose
spectral reflectance is to be measured. It takes about one minute for completing the process of scan. Incident spectral
radiance is observed by putting the sensor facing the sky. If the sky is cloudy, number of scans can be increased up to
three to get the representative value under changing atmospheric conditions.
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DETERMINATION OF DIFFERENT SOIL PHYSICAL PROPERTIES
Uttam Kumar Mandal and Uday Sankar Saikia

1.0 Introduction
The natural resources of any country are the national treasure and there is need for proper planning to make best use of
them. The most important and basic natural resource is soil. It is evident that the production of food, fodder, fuel and
feed to meet the requirement of human beings and animals is primarily dependent upon agriculture and allied areas
which are dependent on soil resources. Hence, to sustain the entire production system there is need of judicious and
scientific management of soil resources. Proper characterization of important physical properties makes the process of
soil management a rational one.
Mineral soils consist of four major components, viz., mineral materials, organic matter, water, and air. Of the total soil
volume, about half is solid space consisting of 45% mineral matter and 5% organic matter. At optimum moisture content
for plant growth, the pore space is divided roughly in half 25% of the volume is water space and 25% is air. The
proportions of air and water are subjected to rapid and great fluctuations under natural conditions, depending on the
weather and other factors.

2.0 Soil physical properties
The physical properties of a soil are important since they determine the manner in which it can be used either for
agricultural and non-agricultural purposes. Properties viz. infiltration rate, water-holding capacity, permeability, aeration,
plasticity and nutrient-supplying ability, are influenced by the size, proportion, arrangement and mineral composition of
the soil particles.

2.1 Particle shape and size
The soil particles differ in shape like spherical to angular. They differ in size also from gravel (>2mm) and sand (20.02mm) to fine clay (<0.002mm). USDA system is officially used for grouping of soils in the soil-survey organizations
all over India.

2.2 Textural classes
The relative proportion of the particles of different size groups in a soil is known as texture. The commonly reported soil
textural classes are: clay, sandy clay, silty clay, clay loam, sandy clay loam, silty clay loam, loam, sandy loam, silt loam,
silt, loamy sand and sand.
Coarse fraction, gravel and sand composed mainly of rock fragments or primary minerals, act as individual particle,
these particles have low specific surface area and are relatively non-reactive. The silt particles are intermediate between
sands and clays. They are more reactive than sands due to higher specific surface. As far as major soil properties are
concerned, it is the clay fraction, which controls most of the soil properties. They are made-up of secondary minerals
called (crystalline) alumino silicates with highly reactive surface area. Retention of water and nutrients are also very
high for the clay particles. Besides, the textural classes govern some of the important factors affecting plant growth.
They are (a) the movement and availability of water, (b) aeration, (c) workability (tillage operation etc) and (d) the
content of plant nutrients.
Sandy soils are highly permeable and excessively well drained with low water-retentive capacity and thus need more
frequent irrigation for successful crop growth than fine textured soils. The clayey soils can hold more moisture, but they
have high wilting point. Due to poor infiltration rate these soils are subjected to water-logging, resulting in poor aeration
and workability. The moderately fine-textured soils e.g. loams, clay loams or silt loams are by far the best group of soils
for crop growth, since they have the advantages of balanced proportion of both sands and clays.
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3.0 Volume and mass relationship of soil constituents

The above figure is a schematic representation of a hypothetical soil showing the volume and mass of the three phases.
The mass of air Ma which is negligible compared to the masses of solids (Ms) and water (Mw) and the total mass (Mt). The
respective volumes of different soil components are indicated on the left-hand side of the diagram: volume of air Va,
volume of water Vw, volume of pores Vf = Va + Vw, volume of solids Vs, and the total volume of the representative soil
body Vt.

3.1 Particle density: Dp = Ms/Vs
Particle density (Dp) of soil is usually defined as the mass (or weight) of a unit volume of soil solids. In the CGS system
the unit is gm/cc within a specific dimension of ML-3. In the metric system, particle density is usually expressed in terms
of megagrams per cubic meter (Mg/m3). For general calculations, the average arable mineral surface soil may be considered
to have a particle density of about 2.65 Mg/m3.
3.2 Bulk density: Db = Ms/Vt = Ms/(Vs + Va + Vw)
It is defined as the mass (weight) of a unit volume of dry soil. This includes both solids and pores. Unlike particle
density, which is a characteristic of solid particles only, the volume of pore spaces as a well as soil solids determines bulk
density. Thus, soils with a high proportion of pore space to solids have lower bulk densities than those that are more
compact and have less pore space. Fine–textured surface soils such as silt loams, clays and clay loams generally have
lower bulk densities than sandy soils. The system of crop and soil management employed on a given soil is likely to
influence its bulk density, especially of the surface layers. The addition of crop residues or farm manure in large amounts
tends to lower the weight of surface soils and intensive cultivation operates in the opposite direction. The bulk density is
affected by the structure of the soil i.e., its looseness or degree of compaction, as well as by its swelling and shrinkage
characteristics, which are dependent upon clay content and wetness.
3.3 Porosity: f = Vf/Vt = (Va + Vw)/(Va + Vs + Vw)
The porosity is an index of the relative pore volume in the soil. The pore space of a soil is that portion of the soil
volume occupied by air and water. The amount of this pore space is determined largely by the arrangement of the solid
particles. Its value generally lies in the range 0.3-0.6 (30-60 %). Coarse texture soils tend to be less porous than fine–
textured soils, though the mean size of individual pores is greater in the former than in the latter. In clayey soils, the
porosity is highly variable as the soil alternately swells, shrinks, aggregates, disperses, compacts and cracks. The derivation
of the formula used to calculate the percentage of total pore space in soil is as follows.
Let

Db = bulk density

Vs = volume of solids

Dp = particle density

Vf = volume of pores

Ms = mass (weight) of soil solids
By definition, Ms/Vs = Dp
Solving for Ms gives
110

and

Ms = Dp * Vs

Vs + Vf = total soil volume

Ms/Vt =

Ms/(Vs + Vf) = Db

and

Ms = Db(Vs + Vf)

Therefore,

Dp*Vs = Db(Vs + Vf)

And,

Vs/(Vs + Vf) = Db/Dp

Since

Vs/(Vs+Vf)*100 = % solid space

% solid space = Db/Dp *100
Since % pore space + % solid space = 100 and % pore space = 100 - % solid space, then
% pore space = 100 – (Db/Dp)* 100 = (1 – Db/Dp)100
Although there is no sharp line of demarcation, pores less than about 0.06 mm in diameter are considered as micropores
and those larger as macropores.

3.4 Mass wetness : w = Mw/Ms
This is the mass of water relative to the mass of dry soil particles, often referred to as the gravimetric water content, The
term dry soil is generally defined as a soil dried to equilibrium in an oven at 105oC. The mass wetness, also called
gravimetric wetness, is the ratio of the weight loss in drying to the dry weight of the sample (mass and weight being
proportional):
(wet weight) – (dry weight)
w =

weight loss in drying
=

dry weight

weight of dried sample

3.5 Volume wetness :  = Vw/Vt = Vw/(Vs + Vf)
The volume wetness (often termed volumetric water content or volume fraction of soil water) is generally computed as
a percentage of the total volume of the soil rather than on the basis of the volume of particles alone. The water content
on mass basis can be converted to volume basis (cm 3 cm –3) by multiplying it with bulk density.
 = w(Db/Dw ) where Dw is the density of water.  = w.Db if Dw is unity.
Right hand side w(Db/Dw) = Mw/Ms*Ms/Vt/ Mw/Vw = Mw/Ms*Ms .Vw /Vt. Mw = Vw /Vt = 
Water content of soil profile is expressed in terns of depth i.e., as the volume of water containing in specified
total depth of soils dt per unit area of land. This indicates the equivalent depth dw soil water would have if it were
extracted and then ponded over the soil surface. Thus dw = .dt expressed in mm/cm of soil column.

4.0 Colours
A soil attains certain colour depending on pedo-chemical reactions. For example, different degrees of oxidation, hydration
and diffusion of iron oxides in the soils may bring red, yellow or brown colour. Dark colours of soils (e.g. dark brown,
etc) may be associated with impeded drainage conditions, content and state of decomposition of organic matter, and the
presence of specific minerals like titanium and/or manganese. The Munsell Colour Chart is routinely used for reading
soil colour in the fields. It consists of coloured chips showing hue, value and chroma, the three simple variables that
form a colour. The hue refers to the dominant spectral colour, the value to relative lightness of colour and chroma to
relative purity.

5.0 Soil temperature
The main source of heat energy for soil is solar radiation, which determines the thermal regime of soil and growth of
plants. The role of organic-matter decomposition and the mineralization of organic form of nitrogen increase with
temperature. The amount of organic matter is thus expected to be more in soils with low temperature. Soil temperature
is an important factor affecting seed germination, plant growth and micro-biological activity. The soil colour, composition,
and the water content in soils influence soil temperature.

6.0 Soil air
The knowledge of soil air and its composition assumes a greater importance in view of this fact that soil aeration affects
root development, respiration and other biological processes and can thus change the soil environment. Normally, if 1/
3rd of the pore space in the soil is filled by air and 2/3rd of by water, the plant growth is assumed to be optimum.
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The measurement of the aeration status in soil has been reported as oxygen diffusion rate (ODR), which determines the
rate of oxygen replenishment due to its continuous consumption by plant roots and micro-organism. The growth of most
of the plants is adversely affected when ODR is less then 20×10-8g/cm2 per minute.
The soil air is composed largely of nitrogen and oxygen, with more moisture and carbon-di-oxide compared to atmosphere.
The content of carbon-di-oxide varies during the crop season due to higher rates of crop growth and microbiological
activities in the soil.

7.0 Soil water
The maximum influence on the growth and yield of a crop depends on the availability of soil water since it is required in
larger quantity than any other substance contributing to the growth and yield. Water serves the following functions in
relation to plant life:
a) Essential part of plant food constituting more than 90 % of plant tissues.
b) Solvent and carrier of plant nutrients.
c) Maintains cell turgidity and regulates soil temperature.

7.1 Soil-water retention
Different kinds of energy fields are involved in retention of water in soil viz. potential, kinetic and electrical. The energy
status of water is termed as free energy, which is a sort of summation of all other forms of energy to do work. Three
important factors, which control the free energy of soil water are matric, osmotic and gravity. As far as retention of water
in soil is concerned, there can be four different forms of water retention as follows:

7.2 Maximum water holding capacity
This is the saturated state of soil just during heavy rain or while being irrigated when both macro and micro pores are
completely filled with water.

7.3 Field capacity
After the soil reaches maximum retentive capacity, water moves downward in response to gravity. After 1-3 days when
the water in the macropores will be drained out the soil is said to be at the field capacity.

7.4 Permanent wilting percentage or wilting coefficient
With time the water in the soil will be utilized by plant through evapo-transpiration or consumptive use. The soil will
gradually become dry and plants begin to wilt first during the daytime and then they will remain wilted night and day.
The soil moisture content of the soil at this stage is called the wilting coefficient or permanent wilting percentage.

7.5 Hygroscopic coefficient
When the content of soil moisture is still decreased below wilting point in a way that water is held very tightly and may
be at a state of vapour around the soil colloids, the stage is called hygroscopic coefficient.

7.6 Soil-water classification
Based in soil-water-plant relations, the soil water may be classified into the following based on its availability to plants:
(a) Gravitational water (b) Capillary water (C) Hygroscopic water
Crops differ greatly in their water requirement according to growth characteristics, climate and water-supply. Water
requirement of a crop includes the evapo-transpiration needs, the water needed for metabolic activities, for leaching and
other unavoidable losses. It is the water needed for raising a crop in a given period and is expressed as depth of water in
millimetres. Generally, the water requirement of a crop is related to the potential evapo-transpiration during the growth
of the crop.
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8.0 Determining soil moisture content using Neutron moisture meter
The neutron moisture meter is an instrument for rapid, reliable and non-destructive measurement of soil moisture. It has
three main parts: (a) a fast neutron source of low intensity, (b) a detector of slow neutrons and (c) electronic units (power
supply, preamplifier and scaler) for detector. Both the fast neutron source and neutron detectors are enclosed in a
watertight tube, called probe. The fast neutron source is a mixture of radium (Ra) and finely ground beryllium (Be).
Radium releases α-particles (2He4) that interacts with beryllium to produce fast neutron of 5 MeV energy.
Ra226  86Rn222+2He4+γ
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He4+4Be9  6C12+0n1 (fast neutron)

2

The detector is usually a proportional counter, filled with 5B10 enriched BF3 gas. When a slow neutron enters in to the
detector, á-particle produce in it. The á-particle causes ionization, leading to generation of electrical pulse that is recorded
by the scaler.
B10+0n1  3Li9+2He4

2

The fast neutron, coming out of the probe, collides with different molecules of soil and its energy gets reduced. The
reduction of energy of fast neutron is highest when it interacts with H-atom of water. The slowed down neutron is called
thermal neutron. In soil, hydrogen is mostly present in the form of water. Therefore, the counting rate of neutron moisture
meter represents a measure of moisture content of the soil. The counting rate is converted in to the percentage of
moisture with the help of a calibration curve prepared by soil of known moisture.
Elements other than hydrogen that are efficient moderator of neutron are B, Li, Cl and Mn. But their presence in soil is
usually in very minute quantities and hence, the amount of error in this method may be negligible. The method gives
moisture content of an almost spherical volume of soil ranging from 30-75 cm in diameter, depending inversely upon the
moisture content of the soil.
The main advantage of this method is rapid and non-destructive repeated sampling of soil moisture that can cover a large
area in a quick succession. But disadvantages lies in its high cost, weight and operational expertise involved. Precision
of moisture measurement decreases in soils with low moisture content, as sphere of influence of the probe is high for
that condition. Besides, scattering of neutrons leads to erroneous counts in the top 30 cm of soil and hence, it is not
suitable for that depth.

9.0 Soil structure
Soil structure is defined as the arrangement of primary and secondary soil particles. Soil structure is recognised as one
of the most important properties since it influences aeration, permeability and water capacity. In the field, the structure
is described in terms of (i) type (shape and arrangement), (ii) class (size), and (iii) grade (degree of aggregation).
Structure is primarily influenced by texture. However, there are other factors also as mentioned under:

9.1 Soil management
Ploughing and other operation may break the soil mass and can thus adversely change the soil structure. A good soil
management with a proper system of crop rotation has the effect of maintaining the soil in a good state of aggregation.

9.2. Adsorbed cations
The general trend of sodium and magnesium ions on the clay complex is to disperse the soils, thereby forming an
undesirable soil structure. By contrast, Ca2+ ions on the other hand, have favourable effects on the aggregation. Similarly,
the presence of soluble salts also favours flocculation.

9.3. Organic matter
Organic matter not only stimulates the formation of soil structures but also stabilizes them by forming bridges between
individual soil particles and thereby forming water stable aggregates.
Since soil structure influenced ease of tillage and root penetration, it has been found that the crumb and granular
structures (spheroidal) are favourable for plant growth. It has also been found that soil management in terms of using
legumes in the rotation system and green manuring can improve the structure and physical qualities of soils.
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10.0 Conclusions
World soil resources being finite, intensive land use is inevitable to meet the global demands for food and fiber.
Intensification of agriculture on existing arable land increases risks of soil and environmental degradation. Therefore, it
is important to understand land use and management impacts on soil quality, establish links between soil quality on the
one hand and agricultural sustainability and environmental quality (e.g., water pollution, green house effect) on the
other. Establishment of such functional relationships involves identifying criteria for quantitative assessment of
sustainability and soil quality. Proper characterization of soil properties thus plays important role in streamlining the
steps to achieve the above mentioned goals.
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Chapter - III
Climate Change
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WEATHER AND CLIMATE EXTREME EVENTS AND IMPACTS
ON AGRICULTURE
S. D. Attri

1.0 Introduction
The vulnerability of society to rising temperatures, changing precipitation patterns and increasing climatic extremes has
become one of the most discussed issues in the global economic, social, scientific and political a for. Global and
regional models have been used for producing climate change scenarios with a special focus on the behavior (frequency
and intensity) of extreme events like heat waves, cold spells, severe thunder storms, tropical cyclones, storm surges,
severe storms, drought etc. These changes may have discernible affect on the future sustainable development.
World food situation at the threshold of the 21st century is mixed. Despite the rapid strides made in agricultural productivity,
the world continues to see millions of hungry and malnourished people. In 2001–2003 there were 854 million
undernourished people across the globe; 820 million in developing countries, 25 million in transition countries and 9
million in industrialized countries. The developing world reduced hunger by only 3 million, far less than the reduction of
approximately 206 million expected by 2001–2003. Global demand for cereals will increase by 39 per cent between
1995 and 2020 to reach 2,466 million tons. Demand for meat will rise by 58 per cent to reach 313 million tons.
Increased demand of 37 per cent for roots and tubers will take it’s production needs to 864 million tons.
India being mainly an agricultural country the economy and its growth purely depends on the vagaries of the weather
and in particular the extreme weather events. The socio-economic impacts of the extreme weather events have been
increasing due to large growth of population and its migration towards urban areas which has led to greater vulnerability.
In recent years as per WMO review global losses from such extreme weather events is about US $ 50-100 billion
annually with loss of life of about 2,50,000. Impact of changing climate and extremes on agricultural production,
natural ecosystems and water resources needs to be assessed to plan response strategies for sustained economic
development and food security

2.0 Climate Change Extremes
2.1 Global
The salient finding of IPCC (2007a) indicate that the atmospheric concentration of carbon dioxide and methane in 2005
exceeded by far the natural range over the last 650,000 years The human activities since 1750 points towards warming
world, with a radiative forcing of +1.6 [+0.6 to +2.4] W m-2 resulting into increasing trend of the order 0.74 [0.56 to
0.92]°C(1906–2005). Global average sea level rose at an average rate of 1.8 [1.3 to 2.3] mm per year during last four
decades ( 1961 to 2003 ). The rate had been faster during 1993-2003, [about 3.1 [2.4 to 3.8] mm per year]. During last
100 years, average Arctic temperatures increased at almost twice the global average rate. There was decreased of about
7% area covered by seasonally frozen ground in the Northern Hemisphere since 1900, showing maximum decrease in
spring (15%).
Precipitation trends show significant increase in eastern parts of North and South America, Northern Europe and Northern
and Central Asia during 1900-2005. However, decrease in precipitation has been observed in the Sahel, the Mediterranean,
Southern Africa and parts of Southern Asia. In last century cold days, cold nights and frost have become less frequent,
while hot days, hot nights, and heat waves have become more frequent. But data are not sufficient to determine whether
any trend exists in the meridional overturning circulation of the global ocean tornadoes, hail, lightning and dust-storms.
Projections for 21st Century indicate that thermal extremes, heat waves, and heavy precipitation events may to become
more frequent. Models have shown that future tropical cyclones (typhoons and hurricanes) will become more intense,
with larger peak wind speeds and more heavy precipitation associated with ongoing increase of tropical SSTs. Further,
the extra-tropical storm tracks are projected to move poleward, with consequent changes in wind, precipitation, and
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temperature patterns, continuing the broad pattern of observed trends over the last half-century. There had been declining
of mountain glaciers and snow cover in both hemispheres.

2.2 Indian
India Meteorological Department maintains a well distributed network of about 500 stations in the country for
more than a century. The salient findings of the analysis of the data are as under:
 Mean annual surface air temperature over India has risen by 0.52°C during 1901-2008 and has been found above
normal since 1990 over a base period of 1961-1990 (Fig.1). This warming is primarily due to rise in maximum
temperature across the country. However, minimum temperature is steadily rising and rate of its rise is slightly more
than that of maximum temperature since 1990 (IMD 2008). Spatial pattern of trends in the mean annual temperature
shows significant positive (increasing) trend over most parts of the country except over parts of Rajasthan, Gujarat
and Bihar, where significant negative (decreasing) trends were observed (Fig 2). The year 2006 was the warmest
year on record since 1901. The warmest years on record are 2006 (0.59), 2002 (0.59), 2007 (0.55), 1998 (0.50),
2004 & 2001 (0.47), 2003 (0.45), 1958 (0.43), 1987 & 1941 (0.41), 2005 (0.40), 1999 (0.39), 1953 & 2000 (0.36)
and 1980 (0.34). Since 1993 annual mean temperature has been consistently above normal.
 All India summer monsoon (June to September) rainfall does not show any significant trend during the last century.
However, three subdivisions viz. Jharkhand, Chattisgarh, Kerala show significant decreasing trend and eight
subdivisions viz. Gangetic West Bengal, West Uttar Pradesh, Jammu & Kashmir, Konkan & Goa, Madhya
Maharashtra, Rayalaseema, Coastal Andhra Pradesh and North Interior Karnataka show significant increasing
trends during last century (Guhathakurta and Rajeevan, 2008) (Fig 3).
 Significant increasing trend has been observed in the frequency of heavy rainfall events over the west coast. Many
extreme rainfall indices have shown significant positive trends over the west coast and north western parts of Indian
Peninsula with the exception of Mahabaleshwar, which shows decreasing trend in some of the extreme rainfall
indices (Joshi & Rajeevan, 2006).
 Long term linear trend in the frequency of tropical cyclones over the north Indian Ocean, the Bay of Bengal and the
Arabian Sea for different seasons and annual, generally show a significant decreasing trend (Srivastava et al.,2000;
Singh et al., 2000). Sharp decrease in the frequency of cyclones during the monsoon season was observed (Singh,
2001). However, an increasing trend in the frequency of tropical cyclones over the Bay of Bengal in the months of
May and November is observed.
 Analysis of past tide gauge records for the Indian coastline regions gives an estimate of sea level rise of 1.30 mm/
year. Future global projections indicate an average increase of about 4 mm/year.
 A significant increase in the frequency was revealed that during the decade 1991-2000 in comparison to earlier
decades 1971-80 and 1981-90 (Pai, Thapliyal and Kokate, 2004)
 Most of the north Indian airports show a significant increasing trend in the poor visibility days (due to fog) amounting
to 90% i.e. almost everyday. The airports in south India show only 20 to 30% days with poor visibility (De & Dandekar,
2001)

3.0. Climate prediction over India
IITM Pune has generated future climate change scenarios using PRECIS model. (Providing Regional Climates for
Impacts Studies) developed by the Hadley Centre for Climate Prediction and Research having a ~50 km resolution and
is forced at its lateral boundaries by a high resolution (~150 km). South Asian summer monsoon (SASM) rainfall
simulation and its potential future changes were evaluated in a multi-model ensemble of global coupled climate models
outputs under World Climate Research Program Coupled with Model Inter-comparison Project (WCRP CMIP3) data
set. The response of SASM to a transient increase in future anthropogenic radiative forcing was investigated for two
time slices, middle (2031-2050) and end of the 21st century (2081-2100) in the non-mitigated Special Report on Emission
Scenarios - B1, A1B and A2. Only ten out of 25 models are able to simulate the annual cycle and the space-time
characteristics of SASM precipitation reasonably well.
Almost all models show increase in precipitation with weakening of monsoon circulation in future projections. Substantial
increase in precipitation is observed over western equatorial Indian Ocean and southern parts of India using 10 selected
models. However, the monsoon circulation weakens under all the three climate change experiments. While global
atmosphere-ocean coupled models have provided good representations of the planetary scale features, their application
to regional studies is limited by their coarse resolution (~300 km) as these models do not contain realistic topographical
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features like the Western Ghats along the west coast of India. Spatial patterns of rainfall change indicate maximum
increase over west coast and northeast India for both A2 and B2 scenarios. PRECIS estimates 20% rise in all India
summer monsoon rainfall in future scenarios as compared to present. PRECIS simulation for 2071-2100 indicates an
overall warming over Indian subcontinent associated with increasing greenhouse gas concentrations (Tyagi and Goswami
2009)
The annual mean surface air temperature rise by the end of the century ranges from 3 to 5ºC in A2 scenario, where as the
rise lies between 2.5 to 4ºC in the B2 scenario. The warming seems to be more pronounced over the northern parts of
India (Rupa Kumar et. al., 2006).

4.0 Impact of climate change extreme on agriculture
The response of crop yields to climate change varies widely, depending on the species, cultivar, soil conditions, treatment
of CO2 direct effects, and other locational factors. Most studies indicate that mean annual temperature increases of 2.5ºC
or greater would prompt food prices to increase (low confidence) as a result of slowing in the expansion of global food
capacity relative to growth in global food demand. Without autonomous adaptation, increases in extreme events are
likely to increase heat stress-related livestock deaths, although winter warming may reduce neonatal deaths at temperate
(IPCC 2007 b).
There is a great probability of significant effects of increased climatic variability on short season crops such as vegetables,
if changes occur during critical periods in growth. Such crops will have limited time to adapt to adverse environments.
The production of fruits may be significantly affected if the changes in climate happen to coincide with the critical
periods. In the hills, the low temperature and shorter growing period limit the productivity of crops. These restrictions
become conspicuous with increase in altitude. Global warming is likely to prolong the growing season and this could
result in potentially higher crop yields, provided water remains available. However, the positive perspectives for total
biomass production may not always ensure higher economic yields, since many temperate crops also need a minimum
chilling period to stimulate better flowering. Global warming will push the snow line higher and dense vegetation will
shift upwards. Studies have shown that the loss in farm-level net revenue may range between 9 per cent and 25 per cent
for a temperature rise of 2-3.5°C (NATCOM 2004).
The variation of temperature requirements and temperature extremes for different cultivars of the same species and
among species, however is quite wide for most crops. This provides significant scope for adaptation through switching
among existing cultivars and crops or introducing genetic variability through plant breeding.
Studies have shown that productivity of cereals would decrease (due to increase in temperature and decrease in water
availability (especially in Indo-Gangetic plains. Some Global reports indicate a loss of 10-40% in crop production by
2100, while other indicate a rise in yield of wheat in North-West India under integrated enhanced CO2 and Temperature
scenarios upto certain level (Attri and Rathore, 2003).

5.0 Emerging climate change issues for agriculture
It is important to understand emerging climate extreme scenarios, role of weather in management
ahead so as to plan appropriate strategies.
5.1 Emerging scenarios


Overproduction in short-term, yet food insecurity for a large population



Stagnation/decline in yields



Diversification



Soil organic manure decline, input use efficiencies, narrow genetic base



Quality and quantity of water resources



Profitability: Increasing cost and deceleration in TFP growth



Increasing population leading to higher (and quality) demand of food



Increasing urbanization



Increasing rural migration -tenant farming, contract and cooperative farming

and challenges
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5.2



Increasing inter- and intra-sectoral competition for resources



Increasing globalization: removal of trade barriers, information etc



New technologies: Biotechnology, space and information technology



Increasing privatization of agricultural extension

Role of weather information in crop management
 Cultivars Selection


Choosing windows for sowing/harvesting operations



Irrigation scheduling – optimal water use



Mitigation from adverse weather at critical crop stages



Fertilizer application, pesticide/fungicide spraying schedules



Feed, health and shelter management for Livestock

5.3 Challenges
 Skillful, Quantitative, Location specific, Seamless weather forecast
 Assessment of crop, Livestock, Soil & P&D conditions in the context of AAS
 Weather sensitivity of crops & management practices
 Decision support tools for translating weather forecast into advisories
 Dissemination, outreach & feedback


Synergistic collaboration among participating agencies

6. Response strategies
Suitable adaptation and mitigation strategies are required to cope with projected climate change impacts on agriculture.
Important agrotechnological options are presented as under:
 Strategies should aim in reducing individual institutional or ecosystem vulnerability to climate extremes and
reducing impacts.
 Moisture stress and higher temperatures during critical stages of crop like flowering and grain filling may
result in steep reduction in post-anthesis photosynthesis and grain yield. Sowing dates, spacing and input
management may be altered to overcome the stresses.
 R&D efforts to change C3 to C4 pathways in C3 plants
 Breeding of plants and animals that are more resilient to variability of climate and food supply. e.g. short
duration, temperature resistant and low water requirement varieties.
 Improvements in irrigation efficiency and adjusting run-off magnitude, resource conservation, ground water
recharge, drought moderation, employment generation and social equity when planning water resource
investments.
 In the areas of less productivity, the reduction will be still higher. Agronomic practices including fertilizer
application, tillage, grain drying and other cultural operations should be adjusted to overcome the problem..
 Efforts should be to improve medium range weather predictions and sensitising agricultural operations to
weather/climate. Improved two-way communication between farmers, policy makers and researchers is
crucial to continuously update and improve the nature and quality of information.
 Stabilising atmospheric concentration of GHGs at a level that would prevent dangerous anthropogenic
interference with the climate system by adhering to the reduction targets of 5.2% by developed countries as
per Kyoto Protocol. Some reductions by developing countries are also needed.
 Cropping system in line with socio-economic needs.
 Development of resource conserving technologies like surface seeding or zero tillage
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Control of pest and disease which is important in preserving the resilience of crop and livestock to climate. It
also decreases the vulnerability of forest ecosystems and fire risk.
Increasing productivity of existing farmed areas would slow down or reduce both deforestation and extension
of rice/paddies which contribute to methane emissions. Nitrogenous fertilizers releasing N2O should be replaced
by other sources of nitrogen.
Manipulation of the microclimate by such means as windbreaks, tunnels or greenhouses to reduce the effects
of climate change could only be temporary. More dramatic changes to agricultural and forestry systems would
be needed .
Policies to improve production and distribution systems to cope with yield fluctuations.



Improved land use and natural resource management policies and institutions in form of social cover like
crop insurance, subsidies and pricing policies.



Improved risk management through early warning system.



Recycling waste water and solid wastes in agriculture.



Reducing dependence on agriculture Policy initiatives like National Watershed Development Project for Rainfed
Areas, Kisan credit cards, Watershed Development Fund etc.
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Fig 1: All India annual mean temperature anomalies for the period 1901-2008
(Based on 1961-1990 avarage)

Fig 2 Spatial temperature trends over India during last century
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Fig 3: Increase/Decrease in rainfall in mm for the meteorologocal sub-divisions during last century

123

CLIMATE CHANGE AND PLANT X ENVIRONMENT
S.M. VIRMANI

1.0 Introduction
Agriculture is a complex system. Plant x Environment interactions have a pervasive impact on crop production. The
agricultural production is driven by the agronomic, natural and climatic resources. It is very well known that agriculture
is inherently sensitive to climatic conditions and is among the sectors most vulnerable to weather (and climate) at the
time when crop is grown. Any major change in climate can lead to increased climatic risks to agricultural production and
food security. Of the total annual crop losses in world agriculture, climatic (and weather) related events such as droughts,
flash floods, uneven distribution of rains, frost, hail and severe storms reduce agriculture production by as much as 40%.
These affect food production and food security particularly of the developing nations.
In India., it has been estimated that about 28% of its land is vulnerable to droughts, 12% to floods and 8% to cyclones.
It has been reported that in the year 1918, which was ranked as the worst drought year of the last century in India, about
69% of the total land area of the country was affected by drought. Millions of people, particularly in the Eastern India
died due to famine. Thus food production is important for maintaining the societal fabric and its food security.

2.0 Climate Change
Mankind, particularly after the wide spread adoption of industrial revolution, has exploited the natural resources (land,
air, water, forests, biodiversity) more than the system could sustain. This has resulted in climate change due to:
 Industry-led environmental pollution
 Depletion of green cover particularly forests
 Melting of glaciers
 Global-warming led by an increase of air-warming gases in the atmosphere
 Increased soil erosion
Climate Change in the UN-led Inter-Governmental Panel on Climate Change (IPCC) refers to any change in the climate
over time, either due to natural climatic variability or as a result of anthropogenic (human) activity. The UN Framework
Convention on Climate Change (UNFCC), on the other hand states that climate change refers to a change of climate that
is directly attributed to human activity that alters the composition of the global atmosphere and that is in addition to
natural climatic variability observed over comparable time-periods.
Climate Change means changes in the global environment, which results in :
 Changed environment for crop production
 Changed environment for forests
 Changed environment for biota and fauna
 Changed environment for human living
 Changed land-water-ecology interactions
 Changed quality of land and water and related global changes/ecosystem services

2.1 Causes of Climate Change
The climate of the earth is dynamic and has been always changing throughout the history through a series (related or
unrelated events) of natural cycles. The world’s worry now is that the observed climate changes are occurring at a faster
rate due to anthropogenic reasons and the biological driven ecosystems are not able to ‘include’ the change or cope with
it.
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3.0 Process and factors responsible for climate change
Due to geo-ecological events:
Earth quakes
Tsunamis [Sea surface temperature]
 Global warming/cooling [ENSO/La Nina]
 Long terms changes in the earth’s climate
Due to land-use changes
 Increased cropped area/intensity of cultivation
 Deforestation
 Water-storage/dams
 Changed river courses/incursion of sea water
 Increased use of ground water/irrigation
 Less than 30% forests of the total land area of an area/country
 More than 30% area cropped compared to total geographical area
 Mono-cropping
 Unbalanced use of biocides and chemicals
 Decreased recharge of ground water



4.0 Global Warming – Greenhouse Effect on Plant x Environment Interactions
The greenhouse effect is a natural feature of the climate system. The earth had been warming at slow pace over the past
many centuries. If the greenhouse effect had not been there, the earth’s average temperature would have been approximately
33°C cooler than what it is today. The earth’s atmosphere is more efficient at absorbing long-wave radiation, which is
emitted both upwards towards space and downwards to the earth. The downward radiation serves to heat the earth’s
atmosphere. Any change in the near-earth’s atmosphere, particularly with gases that are good at absorbing long wave
radiation, increase or accelerate atmospheric warming. This is called ‘Greenhouse effect’.
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Fig 1: Changes in global temperature in the context of changes in CO2
Source : Central Research Institute for Dryland Agriculture Annual Report 2007-08

5.0 Risks to sustainable agriculture
Much of the agricultural production in the developing countries, takes place in high-risk environments (eg: rain-fed
agriculture) and where the people have small farms, they are poor, their agricultural practices are marginal, and the small
farmers are highly risk-averse. Further, the incomes of most farmers are low. Climate change and uncertain weather
from year to year would not permit them to adopt sustainable agriculture practices.

High manifestations of climate change
 Increased environmental temperatures
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More variable weather



Lowering of ground water



Contaminated soils and ground water



Acid – rain



Higher soil erosion/land degradation



Variable crop yields



Decreased factor productivity



More water deficits – frequent droughts



Higher frequency of floods



Lower/decreased soil quality



Human unrest, increased migration



Livelihood insecurity



Food and water insecurity



Decreased quality of life

6.0 Climate change – plant x environment Interactions
These are given in the following flow-chart:

Deteriorating land-soil, water, biota and Environmental quality

7.0 Coping with climate change in the context of plant x environment interactions
The goal of effective ways to cope with climate change events is to adopt agricultural management technologies and
policy changes between hazard events such that the crop/animal production risk associated with the next event is reduced
(or contained) through the adoption of well-formulated land use plans and mitigation actions that have been adopted by
the stake holders.
The various steps that can be upto cope up with caning climate use indicated
 Increase crop diversity by inter-cropping and appropriate cropping systems/rotations/land use


Adopt land/water conservation agriculture methods suited to varied agro-climates



Balanced use of biocides/chemicals



Increase forested area to 33% of the total geographical area

127



Increase carbon fixation in the soil by growing deep-rooted crops so as to decrease carbon foot - print



Use water judiciously: more crop/unit of water



Use less fossil fuels



Use more solar/wind sources of energy



Educate farmers on the dangers of climate change



Disseminate meteorological/climate data/information on a large – scale



Suggest weather-based changes in cropping systems/land uses to sustain agricultural production



Encourage farmer groups to establish small weather observatories in their villages



Adopt use of soil-health cards widely for making fertilizer use decisions



Employ crop-weather models dynamically to advise farmers on improved animal/crop management for sustainable
agriculture in a Decision Support System’s framework.

The multiple impacts of climate change research and development in context of Plant x Environment Interactions are
shown in the following figure.

Fig.2. Multi-impacts of Climate change R/D and Plant x Environment
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CLIMATE CHANGE AND RAINFED AGRICULTURE: RESEARCH
AND DEVELOPMENT PRIORITIES
B. Venkateswarlu

1.0 Background
Nearly 80 m ha of India’s 143 m ha net sown area is rainfed. Rainfed farming area falls mainly in arid, semi-arid and dry
sub-humid climate zones. About 15 million ha area lies in the arid region which receives <500 mm rainfall; another 15
million ha is in 500 to 750 mm rainfall zone, 42 million ha is in 750 to 1150 mm rainfall zone and the remaining 25
million ha receives >1150 mm rainfall per annum. About 74% of annual rainfall occurs during southwest monsoon (June
to September).
Despite the development and adoption of several new technologies, the productivity growth of these crops remained
stagnant in recent years. Farmers are encountering new challenges in terms of rising production costs, uncertain markets
and more recently, increased climatic risks

2.0 Key Issues in rainfed agriculture
The productivity levels of dryland crops like millets, pulses and oilseeds at farmers’ level still remain low at about 1.0 t/
ha although large number of technologies developed by the National Agricultural Research System showed that yields
upto 2 t can be achieved on farmers’ fields. These yield gaps are largely due to a number of bio-physical and socioeconomic constraints. Primary among them are weather uncertainties in drylands and degraded soils. Aberrations in
South-West monsoon which include delay in onset, long dry spells and early withdrawal, all of which affect the crops,
strongly influence the productivity levels (Lal, 2001). Soils in drylands are not only thirsty but also hungry. Wide spread
deficiencies of macro and micro nutrients occur due to loss of nutrients through surface soil erosion and inadequate
nutrient application. The replenishment of the nutrients in cropping cycles is not adequately done due to poor resource
base of farmers. The risk of crop failure and poor yields always influence farmers’ decision on investing on new
technologies and level of input use (Pandey, et al 2000).

3.0 Climate change trends
Rainfed agriculture as such is risk prone. The recent trends in climate are increasing this risk further and likely to make
key production systems more vulnerable. Long term data for India indicates that rainfed areas witness 3-4 drought years
in every 10-year period. Of these, 2-3 are of moderate and one may be of severe intensity. However, so far no definite
trend is seen on the frequency of droughts as a result of climate change. For any R&D and policy initiatives, it is
important to know the spatial distribution of drought events in the country.

3.1 Rainfall
Most of the dryland crops like millets, pulses and oilseeds are grown during kharif. Therefore, summer monsoon
rainfall plays a significant role in determining the productivity levels of these crops. Analysis of relationship between
anomaly of kharif rainfall and crop production by IMD indicate that deficit rainfall has more impact compared to above
normal rainfall. However, recent experiences across the country indicate even in drylands which receive low to medium
rainfall, excess rainfall (high rainfall event on a single day) could cause heavy damage to crops (Rupa Kumar et al.,
2006). During kharif 2008, it was observed that groundnut crop in Rayalaseema districts of AP showed very poor peg
development and pod formation due to heavy rainfall and dry spells at key developmental stages.

3.2 Temperature
Another important weather variable which affects dryland crops is the temperature. Last three decades saw a sharp rise
in all India mean annual temperature. Though most dryland crops tolerate high temperatures, rainfed crops grown
during rabi are vulnerable to changes in minimum temperatures (Kothawale and Rupa Kumar 2005). Analysis of data
for the period 1901-2005 by IMD suggests that annual mean temperature for the country as a whole has risen to 0.51oC
over the period. It may be mentioned that annual mean temperature has been consistently above normal (normal based
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on period, 1961-1990) since 1993. This warming is primarily due to rise in maximum temperature across the country,
over a larger parts of the data set. However, since 1990, minimum temperature is steadily rising and rate of its rise is
slightly more than that of maximum temperature (Arora et al., 2005).

3.3 Extreme events
More than seasonal rainfall, the distribution is more important for dryland crops grown during kharif. Long dry
spells have significant negative impact on fodder and grain production indirectly affecting the livestock production.
Extreme events such as cold waves, heat waves, floods and high intensity single day rainfall events were on increasing
trend from the last decade. For example, the 2002 drought across the country during kharif, the heat wave of May 2003
in AP, extreme cold winter in North during 2002-03, prolonged dry spell during July in 2004, abnormal temperatures
during March, 2004 and January, 2005 in North, floods during 2005, cold wave during 2005-06, unusual floods in
Rajasthan desert and drought in North-East 2006 and abnormal temperatures during January-February, 2007 in North
are some of the extreme weather events which had significantly impacted agriculture. Excess rainfall during peg
development stage during kharif 2008 has resulted in poor pod formation in groundnut in Rayalaseema districts of
Andhra Pradesh. High intensity storms in a short time also have negative impact on dryland crops. Most models predict
that these extreme events will further increase in future.

4.0 Coping with climate change
Though climate change impacts agriculture globally, developing countries like India are more vulnerable in view of the
fact that majority of the population depend on agriculture, leading to excessive pressure on natural resources and poor
coping mechanisms. The key projected effects of climate change are reduction in yields of crops like wheat, rice, shifts
in cropping zones, sharp changes in water resources availability over time and space decline in livestock productivity
and migration of fish (Rotter and van de Geijn, 1999). Improved technologies and new policy initiatives are needed to
enable farmers cope with climate change impacts. A few adaptation and mitigation approaches along with researchable
and policy issues are summarized below:
The crop based technologies include growing crops and varieties that fit into new cropping systems and seasons,
development of varieties with changed duration that can over winter the transient effects of change, development of
varieties for high temperature, drought and submergence tolerance; evolving varieties which respond positively in terms
of growth and yield to high CO2. In addition, varieties with high fertilizer and radiation use efficiency and also novel
crops and varieties that can tolerate coastal salinity and salt water inundation are needed. One of the important strategies
would be to revisit the germplasm collected so far which has tolerance to heat and cold stresses but not made use in the
past due to low yield potential.
Improved agronomic and crop production practices like adjustment of planting dates to minimize the effect of temperature
increase-induced spikelet sterility can be used to reduce yield instability, by avoiding the flowering period to coincide
with the hottest period. Adaptation measures to reduce the negative effects of increased climatic variability may include
changing the cropping calendar to take advantage of the wet period and to avoid extreme weather events during the
growing season. Improved crop management through conservation agriculture, crop rotations and intercropping, integrated
pest management, supplemented with agro forestry and afforestation schemes will be an important component in strategic
adaptation to climate change (Venkateswarlu and Shanker, 2009). .

5.0 Policy imperatives
Apart from new technologies, a sound policy framework and political will are required to battle climate change impacts on
agriculture. The policy should address the issues of redesigning social sector with focus on vulnerable areas/ populations,
introduction of new credit instruments with deferred repayment liabilities during extreme weather events and weather
insurance as a major vehicle to transfer risk. Government should identify and prioritize adaptation options in key sectors
(storm warning systems, water storage and diversion, drought/pest warning systems and infrastructure needs). State level
institutions should be strengthened; a dedicated cell should be set up in each state on close monitoring and take up quick
remedial measures in the event of an extreme weather event in agriculture and help in settling insurance claims. Emphasis
should be given on tapping financial resources to strengthen adaptation efforts at state level. The capacity of local institutions
e.g., SHGs, banks and agricultural credit societies should be strengthened to come up with new way of financing climate
related risks at village/block level. Public-private partnership in promoting investments on infrastructure markets, information
and communication can help deal with climate risk to a large extent.
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INTRA-SEASONAL HIGH AND LOW TEMPERATURE EFFECTS
ON CROP PRODUCTION SYSTEMS
Diwan Singh & Shekhar

1.0 Introduction
Crop yield variability is the result of many factors. These factors include changing production practices such as the
introduction of new tools, new hybrids and varieties or cultivars, development of new diseases and pests, and government
policy. Underlying many of these factors are extreme weather events and the variability of the weather from year-to-year.
Temperature influences the growth and yield of crops. The rate growth and development processes of crop plants are
focused controlled by air or soil temperature. Over the last decade are or so, the interests of the scientific community on
response of crops to temperature due to a global warming with increased human activities (e.g. Kattenberg et al., 1995).
The effects of differences in mean seasonal temperature on crops are better understood than those of the fluctuating
temperatures of many natural environments. For example, the rate of many development processes is a positive linear
function of temperature between a base temperature and an optimum temperature, a negative linear function of temperature
between this optimum and a ceiling temperature (Roberts and Summerfield, 1987). The changes of temperature on a
seasonal and daily basis are important for the adaptation of crop plants to current climates.
Climate change may cause within-season variability of temperature and precipitation, although the assumption in most
studies on agricultural yields under future climate change scenarios has been that the nature of this variation will be the
same as in the present climate. However, there could be important impact if within season variability increases. Several
studies encompassing a variety of crop simulation models and regions have systematically investigated the impact of
within season variability of temperature and precipitation (Mearns et al., 1996; Riha et al., 1996). General conclusions
from these studies are that as temperature variability increases crop yield decreases, and that the capacity of the soil to
store water strongly mediates crop response to changes in precipitation variability. Not surprisingly, sandy soils are far
more vulnerable to increases in rainfall variability. On time scales of hours to weeks, within the cropping season, very
short-lived extreme events can cause serious damage to crops. In general, except for transpirational cooling, plants are
unable to adjust their tissue temperatures to any significant extent at intra-seasonal level. Mainly there are two types of
temperature effects during the crop growth season. Low temperature and high temperature as well can cause considerable
damage to field crop, when they occur especially during the reproductive phase. A change in the frequency of these
extreme events could result in a reduction of area in which these crops are grown. Crop plants sensitivity and various
inherent mechanisms used for alleviation of harmful effects of extremes temperature are as follows:

2.0 Intra-seasonal low temperature effects
Many of the world’s most important annual crops have their origin in the tropics/sub-tropics or as a summer species in
temperate and Mediterranean environments. In general such crops are susceptible to chilling injury, particularly at
temperatures below 15°C. Plants fall into four freeze-sensitivity categories viz., tender, slightly hardy, moderately hardy
and Very hardy. Tender plants are those that have not developed avoidance of intracellular freezing (e.g. mostly tropical
plants). Slightly hardy plants include most of the subtropical fruit trees, deciduous trees during certain periods, and fruit
and vegetable horticultural crops that are sensitive to freezing down to about -5°C. Moderately hardy plants include
those that can accumulate sufficient solutes to resist freeze injury to temperatures as low as -10°C mainly by avoiding
dehydration damage, but they are less able to tolerate lower temperatures. Very hardy plants are able to avoid intracellular
freezing as well as avoid damage due to cell desiccation. Freezing temperatures (below 0°C) during winter months result
in catastrophic damage to the citrus crop. Extreme winter temperatures impact the more-cold sensitive peach crop by
killing the flower buds with temperatures below -18°C and killing the peach trees with temperatures below -30°C.

3.0 Alleviation of intra-seasonal low temperature effects
Frost protection techniques are often separated into indirect and direct methods or passive and active methods (FAO,
2005). Passive methods are those that act in preventive terms, normally for a long period of time and whose action
becomes particularly beneficial when freezing conditions occur. Active methods are temporary and are energy or labour
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intensive, or both. Passive methods relate to biological and ecological techniques, including practices carried out before
a frost night to reduce the potential for damage. Active methods are physically based and energy intensive. They require
effort on the day preceding or during the night of the frost event.

3.1 Passive protection
Passive protection includes methods that are implemented before a frost night to help avoid the need for active protection.
Passive methods are usually less costly than active methods and often the benefits are sufficient to eliminate the need for
active protection. The main passive methods are as follows:
3.2 Site selection and management
Some spots/locations are more prone to frost damage than others. Typically, low spots in a local topography have colder
temperatures and hence more damage. However, damage can sometimes occur in one section of a cropped area and not
in another, without apparent topographical differences. Dry sandy soils transfer heat better than dry heavy clay soils, and
both transfer and store heat better than organic (peat) soils (FAO, 2005). These spots can also be identified from
topographical maps, by collecting temperature data and by locating spots where low-level ground fogs form first.
3.3 Cold air drainage
A careful study of topographical maps can often prevent major frost damage problems. Also, the use of smoke bombs or
other smoke generating devices to study the down slope flow of cold air at night can be informative. These studies need
to be done on nights with radiation frost characteristics, but not necessarily when the temperature is sub-zero. Once the
cold air drainage flow pattern is known, then proper placement of diversion obstacles can provide a high degree of
protection. If a crop already exists in a cold spot, there are several management practices that might help to reduce the
chances of frost damage. Land levelling can sometimes improve cold air drainage through a crop so that incoming cold
air continues to pass through the crop. Row lines in orchards and vineyards should be oriented to favour natural cold air
drainage out of the crop. However, the advantages from orienting crop rows to enhance cold air drainage must be
balanced against the disadvantages due to more erosion and other inconveniences.
3.4 Plant selection
It is important to choose plants that bloom late to reduce the probability of damage due to freezing, and to select plants
that are more tolerant of freezing. Selecting plants that have a later bud break and flowering provides good protection
because the probability and risk of frost damage decreases rapidly in the spring.
3.5 Plant nutrition management
Unhealthy trees are more susceptible to frost damage. Balanced fertilization improves plant health. In general, nitrogen
and phosphorus fertilization, before frost, encourages growth and increases susceptibility to frost damage. To enhance
hardening of plants, avoid application of N in late summer or early autumn. However, P is important for cell division and
therefore plays role in recovery of tissue after freezing. Potassium has favourable effect on water regulation and
photosynthesis. However, a divided opinion exist about its beneficial effect for frost protection.
3.6 Plant covers
Plant row covers are warmer than the clear sky and hence increase downward long-wave radiation at night, in
addition to reducing convectional heat losses to the air. Removable straw coverings and synthetic materials are commonly
used. Woven and spun-bonded polypropylene plastics are sometimes used to protect high value crops. The degree of
protection varies from about 1 °C to 5 °C, depending on plastic thickness. Partially covering grapevines with black
polyethylene has been observed to increase air temperature next to the foliage by as much as 1.5 °C.
3.7 Avoiding soil cultivation
Soil cultivation creates air spaces in the soil and it should be avoided during frost-prone periods. Air is a poor heat
conductor and has a low specific heat. So soils with more and larger air spaces will tend to transfer and store less heat.
If a soil is cultivated, compacting and irrigating the soil will improve heat transfer and storage.
3.8 Irrigation
When soils are dry, there are more air spaces, which inhibit heat transfer and storage. Therefore, in dry years, frost
protection is improved by wetting dry soils. It is unnecessary to wet the soil deeply because most of the daily heat133

transfer and storage occurs in the top 30 cm. Wetting the soil will often make it darker, and increases absorption of solar
radiation.

3.9 Soil covers
Plastic covers are often used to warm the soil and increase protection. Clear plastic warms the soil more than black
plastic, and wetting the soil before applying the plastic further improves effectiveness. In general, vegetative mulches
are only recommended for locations where soil freezing and heaving are a problem.
3.10 Planting date
The annual crops can be prevented from the anticipated adverse temperature periods by adjusting the planting dates of
the crops.

4.0 Active protection
The various active protection methods include are as follows:

4.1 Heaters
Heaters provide supplemental heat to help replace energy losses. Generally, heaters either raise temperature of metal
objects (e.g. stack heaters) or operate as open fire.
4.2 Wind machines
Most wind machines (or fans) blow air almost horizontally to mix warmer air aloft in a temperature inversion with
cooler air near the surface. They also break up micro-scale boundary layers over plant surfaces and thus improve sensible
heat transfer from the air to the plants. The effect on temperature decreases approximately as the inverse square of the
distance from the tower. Wind machines are not recommended when there is a wind of more than about 2.5 m s-1 (8 km
h-1) or when there is super-cooled fog, which can cause severe fan damage if the blades ice up.
4.3 Helicopters
Helicopters move warm air from aloft in a temperature inversion to the colder surface. Recommendations on pass
frequency vary between 30 to 60 minutes, depending on weather conditions. Waiting too long between passes allows the
plants to super-cool and the agitation from a passing helicopter can cause heterogeneous ice nucleation and lead to
severe damage. The optimal flying height is commonly between 20 and 30 m and the flight speeds are 8 to 40 km h-1.
Pilots often load helicopter spray tanks with water to increase the weight and increase thrust.
4.4 Sprinklers
The secret to protection with conventional over-plant sprinklers is to re-apply water frequently at a sufficient application
rate to prevent plant tissue temperature from falling too low between pulses of water. For non-rotating, targeted overplant sprinklers the idea is to continuously apply water at a lower application rate but targeted to a smaller surface area.
4.5 Foam insulation
Application of foam insulation has been shown to increase the minimum temperature on the leaf surfaces of low growing
crops by as much as 10 °C over unprotected crops. When applied, the foam prevents radiation losses from the plants and
traps energy conducted upwards from the soil. Protection is best on the first night and it decreases with time because the
foam also blocks energy from warming the plants and soil during the day and it breaks down over time.
4.6 Combination methods
More than one method of active protection techniques can be used to prevent the frost effect.
4.7 Chemical protectants
A range of non phytotoxic osmolytes including natural seaweed extracts, glycine betaine and Teric 12A23B have been
found to lower both leaf osmotic potential and freezing point of excised shoots.
All methods and combinations are done during a frost night to mitigate the effects of sub-zero temperatures. The cost of
each method varies depending on local availability and prices. In some cases, a frost protection method has multiple
uses (e.g. sprinklers can also be used for irrigation) and the benefits from other uses need to be subtracted from the total
cost to evaluate fairly the benefits in terms of frost protection.
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5.0 Avoidance, tolerance and hardening
Plants resist low temperatures by avoidance or tolerance. Strategies to avoid low temperatures include: snow retention
throughout winter to protect both aerial and subterranean parts of plants, the biophysical effect of dense canopies, to
shield part of the plant from the cold sky; bulky organs with high heat capacity that lag their temperature behind air
temperature, to save them from damaging temperatures and artificial frost protection methods, which modify the
microclimate of the plants (e.g. foams, covers and fogging). Tolerance of low temperature can be achieved by avoiding
freezing through a decrease of the freezing point or an increase in the degree of super-cooling, tolerance of extracellular
freezing by reducing the amount of ice formed due to an increase of the concentration of solutes in the protoplasm,
tolerance of a higher degree of desiccation due to the plasmolysis of the protoplasm or increasing the permeability of the
plasma membrane to avoid intracellular freezing Hardening involves both mechanisms of avoidance and tolerance of
freezing.

6.0 Intra-seasonal high temperature effects
A number of field crops suffer after consecutive days of high temperatures during sensitive phenological stages. Corn is
one of the more sensitive crops and a number of researchers have identified damaging events: Shaw (1983) reported that
damage to corn occurs after 10 days of high maximum temperatures during silking, while Berbecel and Eftimescu
(1973) identified daily maximum temperatures above 32°C during tasseling and silking as being particularly damaging.
Soybean, while less vulnerable than corn, can suffer from maximum temperatures exceeding 40°C at the onset of
flowering (Mederski, 1983). Cotton plants abort bolls when the temperature exceeds 40°C for more than six hours, and
in rice a temperature exceeding 30°C during anthesis causes spikelet sterility. Plants have evolved several mechanisms
that enable them to tolerate higher temperatures. These adaptive thermo-tolerant mechanisms reflect the environment in
which a species has been evolved and they largely dictate the environment where a crop may be grown. The intraseasonal high temperature results in rise of soil temperature, desiccation of protoplasm, enzyme denaturation, increase
in canopy temperature, premature death of plants, high ET demand and impaired reproductive development (sterile
pollen, no flowers or if they produce flowers they may set no fruit or seeds).

6.1 Alleviation of Intra-seasonal high temperature effects
High temperature effects can be alleviated for short-term by using mulching, anti-transpirant, wind breaks and shelterbelts,
irrigation, proper selection of cultivars/species and reducing the evaporation losses of farm ponds by applying acetyl
alcohol films. While the alleviation of Intra-seasonal high temperature effects for long term can be achieved by only
thermo-tolerance of plant genotypes. This can be grouped in to four types:
6.1.1 Biochemical processes
Temperature effects on the rate of biochemical reactions is the product of two functions, an exponentially increasing rate
of forward reaction and an exponential decay resulting from enzyme denaturation as temperature increases. The range
over which the apparent Michaelis-Menten constant for CO2 (Km) is minimal and stable, is termed as thermal kinetic
window(TKW). For crop plants, the TKW is generally established as a result of thermally induced lipid phase changes,
rubisco activity and the starch synthesis pathway in leaves and reproductive organs (Burke, 1990). In cotton and wheat,
the time during which foliage temperature remained within the TKW was related to dry matter accumulation. The
cumulative time that rainfed crop foliage is outside TKW, provides an index of degree of extreme temperature stress of
the environment. Irrigation is one management option to reduce crop exposure to heat stress.
6.1.2 Thermal stability of cell membranes
The plasmalemma and membranes of cell organelles play a vital role in the functioning of cells. Any adverse effect of
temperature stress on membranes leads to disruption of cellular activity or death. Heat injury to the plasmalemma may
be measured by ion leakage (Hall, 1993). Injury to membranes from a sudden heat stress event may result from either
denaturation of membrane proteins or from melting of membrane lipids which leads to membrane rupture and loss of
cellular contents.
6.1.3 Heat shock proteins
Synthesis and accumulation of proteins were ascertained during a rapid heat stress. These were designated as ‘Heat
Shock Proteins’ (HSPs). Subsequently it was shown that increased production of these proteins also occurs when plants
experience a gradual increase in temperature more typical of that experienced in a natural environment. In arid and semiarid regions, dryland crops may synthesize and accumulate substantial levels of heat shock proteins in response to
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elevated leaf temperatures. The induction temperature for synthesis and accumulation of heat shock proteins in laboratorygrown cotton ranged from 38 to 41°C (Burke et al., 1990). The mechanism by which heat shock proteins contribute to
heat tolerance is still not certain. One hypothesis is that HSP70 participates in ATP-dependent protein unfolding or
assembly/disassembly reactions and, that they prevent protein denaturation during stress (Pelham, 1986). If this mechanism
is true, then heat shock proteins may provide a significant basis for increasing heat tolerance of crop plants in a global
warming situation. The LMW HSPs may play a structural role in maintaining cell membrane integrity during stress.
Other heat shock proteins have been associated with particular organelles such as chloroplasts, ribosomes and mitochondria
(Howarth, 1991). In tomato (Lycopersicon esculentum L.) the heat shocked proteins aggregate into a granular structure
in the cytoplasm, possibly protecting the machinery of protein synthesis.
6.1.4 Photosynthesis and high temperature stress
Variability in leaf photosynthetic rates within or between species is often unrelated to differences in productivity. Similarly,
high photosynthetic rates at high temperatures do not necessarily support high rates of crop dry matter accumulation.
The temperature optimum for photosynthesis is broad, presumably because crop plants have adapted to a relatively wide
range of thermal environments (Al-Khatib and Paulsen, 1990). An increase of 1-2°C in average temperature is not likely
to have a substantial impact on leaf photosynthetic rates but on net photosynthesis. While photosynthetic rates were
found to be temperature-sensitive in other crops, wheat and rice appear to be different. In wheat, no measurable differences
were found in photosynthetic rates per unit flag leaf area or on a whole-plant basis in the temperature range from 15 to
35°C. In rice, there is little temperature effect on leaf carbon dioxide assimilation from 20 to 40°C (Egeh et al., 1994).
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RECENT TRENDS IN CLIMATE CHANGE AND THEIR POSSIBLE
IMPACTS ON AGRICULTURE
G.G.S.N. Rao

1.0 Introduction
Anthropogenic interventions in global climatic system through increased concentration of green house gases in the
atmosphere has led to serious concerns to the mankind because of their induced impacts which include climate change
and climate variability. The gradual build up of the green house gases in the atmosphere during the last century, resulting
from increased human activity had already brought about many visible environmental impacts across the world. These
activities not only enhanced the processes of climate change, increasing the mean global temperatures by 0.6oC during
the past 100 years but have also induced increased climatic variability in many parts of the world. Studies indicate that
the last decade (1990-2000) across the globe have recorded the warmest years during the past century, the three years,
viz., 1997, 1998 and1999 recording more warmer conditions, increasing in sequence. 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 human population in Europe alone. Scientists
attribute this to a long-term warming trend over the globe.
It is evident that there was, there is and there will be climate variability at global, regional and local levels. Since climate
is closely related to human activities and economic development including agricultural system, there is a serious concern
about its stability (Sinha et al., 2000). The awareness of the magnitude of the impact of climate change on society by the
various governments led to adoption of an International Convention on Climate Change by United Nations in 1992.
Article 2 of this convention called the UN Framework Convention on Climate Change (UNFCCC) makes two relevant
stipulations relevant and important to agriculture, which is (a) prevent dangerous anthropogenic interference with the
climatic system, and (b) to ensure that food production is not threatened. The two are related and need in-depth analysis.
Some of the atmospheric constituents such as water vapour, carbon dioxide, methane, and nitrous oxide are transparent
to short wave solar radiation and opaque to long wave radiation emitted by earths surface, thus, trapping the heat from
sunlight near the Earth’s surface (Fig.1.) known popularly as green house effect. This effect keeps the planet 33°C
warmer than it would otherwise be, allowing the earth to support life. With the advent of the industrial revolution, there
has been a tremendous growth in the fossil-fuel utilization leading to increased carbon dioxide emissions over the globe
(Fig.2.) especially since 1950s. In addition to this, the emission of chlorofluorocarbons (CFCs) and other chlorine and
bromine compounds used in refrigeration and other industrial uses not only have an impact on the radiative forcing, but
also have led to the depletion of the stratospheric ozone layer. Land-use change, due to urbanization and deforestation
and agricultural practices, affect the physical and biological properties of the Earth’s surface. Such effects also change
the radiative forcing and have a potential impact on regional and global climate.

Fig. 1. The Greenhouse Effect (Source: IPCC)
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Fig. 2. Global Atmospheric Concentration of CO2 (ppm) during 1959-2000

Studies indicate that if no corrective measures are taken, the atmospheric temperatures may increase by 1.4 to 5.8o C by
the year 2100 (IPCC 2001). This will have serious impacts on day-to-day life. Some of the projections made are as
follows:
 Inundation of coastal areas and seashore recession due to rise in sea level
 Disruption of ecosystem complexes
 Shifts in rainfall pattern and length of growing season
 Shifts in cropping pattern, geographical crop preferences
 Higher ET rates

2.0 Global scenario
Weather observations indicated that the global average surface temperature has increased by 0.6oC (IPCC, 2001) since
the 19th century (Fig. 3). The rate of warming is faster than at any other time, during the past 100 years, which is
attributed to the increase in the proportion of carbon dioxide and other greenhouse gases in the atmosphere over the last
century. Observations also indicated that all the warmest years during the past century across the globe occurred in the
last 2 decades (1981-1990 and 1991-2000). Among these years, 1998 was the warmest year on record (IPCC, 2001).
Increasing concentrations of greenhouse gases are likely to accelerate the rate of climate change. Model output estimates
that the average global surface temperature could rise 0.6 to 2.5°C in the next fifty years, and 1.4 to 5.8°C in the next
century (Fig. 4), by doubling the concentrate of Co2 with significant regional variation. The expected rise in temperature
in higher latitudes will be much more than at equatorial regions. Also the increase in rainfall is not expected to be
uniform.

Fig. 3. Global temperature anomalies (departure from normal) during 1860-2000
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Fig. 4. Predicted global mean temperature rise (°C)

Other than the changes in air temperature, global warming has potential impact on global precipitation patterns and the
frequency of droughts and floods. Many researchers are of the opinion that an increase in temperature could lead to a
more intensive use of water. The rates of evaporation from soils and water, as well as transpiration from plants, and the
quantum of rainfall could increase. Dai et al. (1997) observed a linear increasing trend (~2.4 mm/decade) in global
precipitation during 1900-1988. Climate models based solely on the effects of greenhouse gases predicted an increase in
the amount of precipitation in the next 100 years (Fig.5.).

Fig. 5. Predicted global precipitation rise

Many scenarios of climate change due to doubling of CO2 concentration were developed. The results of simulation
studies from GCM models, on temperature and precipitation as computed by Fischer et al. (1996) (Table 1) indicated
that the temperature changes (4.0 to 5.2 °C) as simulated by these models are near the upper end of the range projected
for doubled CO2 by the IPCC. The GISS and GFDL scenarios are, however, near the mean temperature change of 3.8°C
for doubled CO2 as estimated by IPCC (1992). The projections of the above-mentioned GCMS show a northward shift
in thermal regimes, major expansion of tropical zones and a consistent increase in arid areas in developing countries
(Fischer et al., 2002).
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Table 1: GCM doubled CO2 climate change scenario

Model

Year

CO2

Change in average global
Temperature (°C)

Precipitation (%)

GISS

1982

630

4.2

11

GFDL

1988

600

4.0

8

UKMO

1986

640

5.2

15

(Source: Fisher et al., 1996)
GISS :
Goddard Institute of Space Studies
GFDL :
Geophysical Fluid Dynamics Laboratory
UKMO :
United Kingdom Meteorological Office
Other impacts of global warming include mean sea level rise as a result of thermal expansion of the oceans and the
melting of glaciers and polar ice sheets. The global mean sea level is projected to rise by 0.09 to 0.88 meter over the next
century. Due to global warming and sea level rise, many coastal systems can experience increased levels of inundation
and storm flooding, accelerated coastal erosion, seawater intrusion into fresh groundwater and encroachment of tidal
waters into estuaries and river systems. Climate change and global warming also affect the abundance, spawning, and
availability of commercially important marine fisheries. Increase in sea surface temperature adversely affects coral and
coral associated flora (sea grass, sea weed etc.) and fauna.

3.0 Observed changes in climate in India
Confirmative evidences of climate variability and change are difficult to obtain, as often the signals are confusing.
However, few evidences are available, which need further critical analysis for their confirmation. For example, a look
at the long-term series of reconstructed summer monsoon rainfall series (1810-1995) of India by Scientists of IITM,
Pune (Sontakke and Singh, 1996) and the All India Rainfall Series (Schaefer, 2001) indicates that there is no significant
secular change (Fig.6.2.).

(Source: Schaefer, 2001)
Fig.6. Year-to-year variability of annual rainfall in India during 1871-1999 along with (10 yrs) low-pass filtered
values (smoothed curve)

However, the All India Rainfall Series (ARIS) has to be considered as an overall generalization of rainfall over India as
it does not reflect the year-to-year fluctuations for all the areas because the geophysical area of India is too large and it
cannot be regarded as a single unit (Normand, 1953). Rainfall variability and trends over India show a high temporal and
spatial variability. Studies conducted to understand the temporal and spatial characteristics of rainfall over India through
analysis of the long-term changes in rainfall quantum across individual meteorological sub-divisions (Fig. 7 a and b)
indicate that not only there are regions which have recorded increase or decrease of annual rainfall on a long-term basis
(1871-1999) but also there has been a south ward shift in the surplus rainfall zones (Schaefer, 2001), when one compares
the last four decade means with the long term means.
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Fig.7 a & b. Trends of annual rainfall in India during (a) 1871-1999 and (b) 1960-1999

The spatial trend pattern during the recent four decadal period (1961-1999) indicates decreasing trends in western parts,
most southern parts and central parts of India. Along the east coast and also in northwestern parts especially in Punjab
and western Rajasthan, an increasing trend is seen. However, the highest increasing trends were seen in Gangetic West
Bengal (26%) and sub-Himalayan West Bengal (14%). This shift can have significant implications on the changes in the
crops and cropping patterns across these regions. Another change of importance is the shifts in the rainfall distribution
and peaks, within the crop-growing period. An example is that of Bangalore (Fig. 8) where a perceptible shift in the
rainfall pattern could be observed (Rajegowda et al., 2001).

Fig. 8: Shifts in rainfall distribution at Bangalore
(Source: Rajegowda et al., 2001)

A comparison of the mean monthly distribution of rainfall between 1972-1990 with that during 1990-2000 indicate that
the July rains have decreased from 114 mm to 73 mm while the August rains increased from 109 to 179 mm. This shift
influences the sowing of crops adversely as the crops now experience delay in the availability of assured moisture
regime for their establishment as June and July rains are more suitable for land preparation only. Also a shift in the peak
rains is observed. The peak earlier observed in September (217 mm) has now shifted to October (238 mm). September
rains indicate a decline by 17 mm while October rains (227 mm) indicate a substantial increase of 92 mm along with a
corresponding increase in rainy days. Though the period of analysis is short to draw any firm conclusions, the pattern
implies a shift in rainfall pattern by 2 to 3 weeks. One has, therefore, to critically look for such shifts in rainfall distribution
patterns occurring elsewhere also as they can have a significant influence on the cropping and crop management strategies
to be adopted. Similarly, trends of decreasing pattern in pre-monsoon rainfall were observed in some parts of Chhattisgarh
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region (Sastri and Urkurkar, 1996) in the months of May and June, proving detrimental to pre-sowing operation of rice
crop. Many parts of Chhattisgarh also recorded continuously below normal rainfall during the last decade (Fig.9 a & b).

(Source: Sastri – Personal communication)
Fig. 9 a & b: Prolonged period of deficit rainfall at Mungeli, Bilasapur district
(A) and Sakti, Janjgir district (B) during the last decade (1990-2000)

4.0 Climate change and agriculture
Several predictions have been made on the possible changes in climate due to increased concentrations of GHG and
their impacts on agriculture. The general circulation models (GCM) indicate that doubling of C02 concentration by
2030 will increase average global temperature by 1-3°C. Govinda Rao et al., (1994) indicated a decrease in cereal
production and increase in tropical cyclonic activity, posing serious flood damages along their tracks. Similarly, increase
in rainfall by 5 to 15% in South Asian region was predicted by Houghton et al., (1990) due to enhancement in GHG
concentration.
The effect of temperature rise will lead to an increase in biological activity as well as the physical and chemical processes.
Increase in C02 concentration can lower pH, thereby, directly affecting both nutrient availability and microbial activity.
Climate change is also expected to bring about the changes in the amount, intensity and distribution pattern of rainfall.
The changes in the crop yield depend not only on the change in rainfall but also on the changes in Co2 concentration.
While positive changes in the above two parameters can lead to increase in crop yield, the impact of temperature is
generally negative in the tropics. Thus it is necessary to ascertain whether the impact of increased rainfall and C02 will
overwhelm the impact of increased temperature and hence, evapotranspiration. However, it is not clear that over the
Indian region whether temperature and rainfall will simultaneously increase (Gadgil, 1996). Rosenzweig and Parry
(1994) estimated that the net effect of climate change may lead to reduce global cereal production up to 5 per cent. They
further indicated that production in the developed world would increase while it may decline in developing countries.
Doubling of C02 concentration may increase the photosynthetic rates by as much as 30-100 per cent. C3 plants such as
wheat, rice, soybean will become more water efficient as they quickly grow. However, the response in C4 plants such as
maize, sorghum, sugarcane, millets, etc. may not be spectacular (IUCC, 1992). The effect of increased C02 and temperature
on Indian agriculture was carried by Aggarwal (1993) and predicted a shift in wheat production belt.
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The average temperatures are expected to increase more near the poles than at equator, the shift in climatic zones will be
more pronounced in the higher latitudes. In mid-latitudes, the shift is expected to be 200-300 km for every increase of
1oC (IUCC, 1992). These projections indicate that increased temperature resulting from global warming is likely to
reduce the profit from wheat cultivation and will compel farmers of lower latitudes to opt for maize and sorghum which
are better adopted to higher temperature. Morey and Sadaphal (1981) reported a decrease of wheat yield by 400 kg ha1
for a unit increase of 1oC maximum temperature and 0.5 hr sunshine. The effect of temperature on the phenology and
yield of important crops grown in Punjab has been worked out (Hundal and Kaur, 1996) using crop weather simulation
models. In similar studies, Ramakrishna et al., (1996) have estimated a fall in productivity of pearl millet in Rajasthan
by 10-15 per cent due to increase in temperature by 2oC.
Studies of Lal et al., (1998) using wheat and rice models showed higher yields of both crops under elevated CO2 levels
(28 and 15%, respectively, for a doubling of CO2). A 3°C rise in air temperature nearly cancels out the positive effect of
elevated CO2 on the wheat (rice) yields. They concluded that acute water shortage conditions combined with the thermal
stress would adversely affect both the wheat and more severely the rice productivity in NW India even under the positive
effects of elevated CO2 levels in the future.
Likely impacts 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. Food grain requirements in the country
(both human and cattle) would reach about 300 m in 2020. The question that is of great concern is that, with the
alarming increase in GHG concentration and its expected impact on climate, will it be possible to achieve the targeted
production? Sinha et al (1998a) observed that during the past 25 years, significant changes in climate are observed over
different regions of the country. For example, many parts of northern India show increase in minimum temperature by
about 1°C in rabi cropping season. However, mean temperatures are misleading as some of the individual regions could
exhibit a larger variation with a larger impact on rabi crop production. For example, Sinha and Swaminathan (1991)
presented a case study of actual change in temperature in North India. They brought out that while the mean air temperatures
over the wheat growing regions were high by 1.7oC over a period of 15 days (January 16 to February 1), the actual
temperature rise was 2.3 to 4.5oC in the major wheat-producing region of Punjab and Haryana (Fig. 10). Through these
studies they projected the serious effects of regional temperature on productivity of major crops. Sinha et al (1998b)
also observed a 10 per cent decline in solar radiation in NW India. Since solar radiation influences the photosynthesis
and productivity, such a decrease will adversely affect the productivity and to an extent unnoticeably, nullifies the
positive effects due to improved management practices. They further added that in view of the proportionate production
changes in major food crops, viz., rice and wheat, over the years, the dependence on rice and wheat has increased
considerably. Therefore, any factor that would influence the productivity through climatic change would affect the food
security of the nation, as both these crops are sensitive to temperature variations.

Fig.10. Change in temperature in regions of India for an average increase of 1.7°C
from January 16 to February 1 in regions delineated by thick lines

(Source: Sinha and Swaminathan, 1996)
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5.0 Conclusions
There are some indications that though India as a whole does not exhibit significant impacts of climate change, on
a regional basis, there have been some changes with respect to moisture and thermal regimes which have significant
influence on the agriculture and food security of the country. For the current scenario, the climate variability is of
immediate concern. There is a need to analyse the available evidences of climate change and variability more critically
to identify the specific regions, where such changes are causing hindrance to enhance agricultural productivity and
posing a threat to food security. Results from these can help in planning ameliorative measures that can be adopted to
attain sustainability in agricultural production. Some of the possible research priorities on the following would be given
priority to cope up with the climate change. Several experts have identified research areas that would reduce uncertainty
and improve knowledge to face the consequences of climate change and provide improved planning. The following are
some of the points for consideration.
 Quantitative assessment of specific crop responses at different crop stages to enhanced levels of GHG,
precipitation and UV-B radiation.
 Breeding agricultural crops for tolerance to high temperatures.
 New area that is made available for agriculture is to be properly categorized and mapped to avoid chances of in
appropriate land-use choices.
 Probabilities of occurrence of extreme weather events (droughts & floods) and their impacts on plant growth.
 The impacts of elevated CO2 on plant soil-water balances and the corresponding crop growth should be linked.
 Water balance for drought or flood prone regions in different parts of the world for changing climatic conditions.
 The quality of global modeling projections is further improved with suitable modifications in the global
circulation models.


The databases for all the parameters need to be strengthened.
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EFFECTS OF AIR POLLUTION ON AGRICULTURAL CROPS
M. Subba Rao

1.0 Introduction
Agricultural crops can be injured when exposed to high concentration of various air pollutants. Injury ranges from
visible markings on the foliage, to reduced growth and yield, to premature death of the plant. The development and
severity of the injury depends not only on the concentration of the particular pollutant, but also on a number of other
factors. These include the length of exposure to the pollutant, the plant species and its stage of development as well as
the environmental factors conducive to a build-up of the pollutant and to the preconditioning of the plant, which make it
either susceptible or resistant to injury.

2.0 Effects of air pollution on plants
Air pollution injury to plants can be evident in several ways. Injury to foliage may be visible in a short time and appear
as necrotic lesions (dead tissue), or it can develop slowly as a yellowing or chlorosis of the leaf. There may be a
reduction in growth of various portions of a plant. Plants may be killed outright, but they usually do not succumb until
they have suffered recurrent injury.

2.1 Carbon dioxide
Herbaceous C3 plants grown in elevated CO2 show increases in carbon assimilation and carbohydrate accumulation
(particularly starch) within source leaves. Although changes in the partitioning of biomass between root and shoot occur,
the proportion of this extra assimilate made available for sink growth is not known. Root:shoot ratios tend to increase for
CO2-enriched herbaceous plants and decrease for CO2-enriched trees. Root:shoot ratios for cereals tend to remain constant.
In contrast, elevated temperatures decrease carbohydrate accumulation within source and sink regions of a plant and
decrease root:shoot ratios. Allometric analysis of at least two species showing changes in root: shoot ratios due to elevated
CO2 and no alteration in the whole-plant partitioning of biomass. Little information is available for interactions between
temperature and CO2. Cold-adapted plants show little response to elevated levels of CO2, with some species showing a
decline in biomass accumulation. In general though, increasing temperature will increase sucrose synthesis, transport and
utilization for CO2-enriched plants and decrease carbohydrate accumulation within the leaf.
2.2 Ozone and UV-B
Some scientists think agriculture could be affected by any decrease in stratospheric ozone, which could increase biologically
dangerous ultraviolet radiation B. Excess ultraviolet radiation B can directly effect plant physiology and cause massive
amounts of mutations, and indirectly through changed pollinator behavior, though such changes are simple to quantify.
However, it has not yet been ascertained whether an increase in greenhouse gases would decrease stratospheric ozone
levels.

2.3 Sulfur dioxide
Major sources of sulfur dioxide are coal-burning operations, especially those providing electric power and space heating.
Sulfur dioxide emissions can also result from the burning of petroleum and the smelting of sulfur containing ores.
Sulfur dioxide enters the leaves mainly through the stomata (microscopic openings) and the resultant injury is classified
as either acute or chronic. Acute injury (Figure 1) is caused by absorption of high concentrations of sulfur dioxide in a
relatively short time. The symptoms appear as 2-sided (bifacial) lesions that usually occur between the veins and
occasionally along the margins of the leaves. The colour of the necrotic area can vary from a light tan or near white to an
orange-red or brown depending on the time of year, the plant species affected and weather conditions.
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Figure.1. Acute sulfur dioxide injury to raspberry. Note that the injury occurs between the veins and that the tissue
nearest the vein remains healthy

Chronic injury is caused by long-term absorption of sulfur dioxide at sub-lethal concentrations. The symptoms appear as
a yellowing or chlorosis of the leaf, and occasionally as a bronzing on the under surface of the leaves.

2.4 Fluoride
Fluorides are discharged into the atmosphere from the combustion of coal; the production of brick, tile, enamel frit,
ceramics, and glass; the manufacture of aluminium and steel; and the production of hydrofluoric acid, phosphate chemicals
and fertilizers.
Fluorides absorbed by leaves are conducted towards the margins of broad leaves (grapes) and to the tips of
monocotyledonous leaves (gladiolus). Little injury takes place at the site of absorption, whereas the margins or the tips
of the leaves build up injurious concentrations. The injury (Figure 2) starts as a gray or light-green water-soaked lesion,
which turns tan to reddish-brown. With continued exposure, the necrotic areas increase in size, spreading inward to the
midrib on broad leaves and downward on monocotyledonous leaves.

Figure.2. Fluoride injury to plum foliage. Note, the characteristic dark band separating
the healthy (green) and injured (brown) tissues of affected leaves

2.5 Ammonia
Ammonia injury to vegetation has been observed frequently in recent years following accidents involving the storage,
transportation or application of anhydrous and aqua ammonia fertilizers. These episodes usually release large quantities
of ammonia into the atmosphere for brief periods of time and cause severe injury to vegetation in the immediate vicinity.
Complete system expression on affected vegetation usually takes several days to develop, and appears as irregular,
bleached, bifacial, necrotic lesions. Grasses often show reddish, interveinal necrotic streaking or dark upper surface
discolouration. Flowers, fruit and woody tissues usually are not affected, and in the case of severe injury to fruit trees,
recovery through the production of new leaves can occur (Figure 3). Sensitive species include apple, barley, beans,
clover, radish, raspberry and soybean. Resistant species include alfalfa, beet, carrot, corn, cucumber, eggplant, onion,
peach, rhubarb and tomato.

Figure.3. Severe ammonia injury to apple foliage and subsequent recovery through the production of new leaves
following the fumigation
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2.6 Particulate matter
Particulate matter such as cement dust, magnesium-lime dust and carbon soot deposited on vegetation can inhibit the
normal respiration and photosynthesis mechanisms within the leaf. Cement dust may cause chlorosis and death of leaf
tissue by the combination of a thick crust and alkaline toxicity produced in wet weather. The dust coating (Figure.4.)
also may affect the normal action of pesticides and other agricultural chemicals applied as sprays to foliage. In addition,
accumulation of alkaline dusts in the soil can increase soil pH to levels which is adverse to crop growth.

Figure.4. Cement-dust coating on apple leaves and fruit. The dust had no injurious effect
on the foliage, but inhibited the action of a pre-harvest crop spray

3.0 Indirect impact on agriculture
Due to the different plume characteristics the boundary layer condition of atmosphere may change (ie.low level inversions).
These will effect on crop growth and yield.

3.1 Movement of plumes
3.1.1 Fanning
The plume has a large spread horizontally and very little vertically. This typically occurs at night in a very stable
boundary layer with strong surface inversion and weak variable winds.
3.1.2 Fumigation
It occurs when the plume material gets rapidly brought down to the ground level due to downward mixing. This
situation occurs shortly after sunrise due to surface heating and is slowly replaced by an unstable layer that grows up to
the top of the plume. This condition is usually short-lived but results in the highest ground level concentrations.

3.2 Dry deposition
“Dry deposition refers to the transfer of airborne material both gaseous and particulate to the earth’s surface including
soil, vegetation and water (and people) - where it is removed”

LOFTING PLUME

Acidification and pH causes to acid rains
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4.0 Pesticides
Pesticide contamination is most prevalent in areas where agriculture is practiced. Although agriculture is not responsible
for as much deforestation as cattle ranching, the effects are still extensive. The immigrants from the cities are ill equipped
with agricultural and environmental conservation skills and use chemicals of various kinds recklessly to reduce weed
and insect infiltration to their crops.

5.0 Relevance to rain forest
Due to the short life of these compounds in the troposphere, areas of concern for the preservation of the rainforest are
industrial and urban sites near or within the rainforest and the burning of the rainforest. Sulfur, as with Nitrogen, plays
its damaging role not in the atmosphere itself, but once it is converted into water soluble compounds which collect in
water droplets within clouds. These compounds are deposited by rainfall and cause damage to plant life, animal life, and
water sources.

6.0 Ozone
The ozone layer is a layer in the upper atmosphere protecting us from the sun’s harmful UV rays which are harmful to
many plants and animals. Ozone is made through the combination of molecular oxygen and atomic oxygen and ozone
depletion is caused by many of the compounds that also form acid rain.
NO + O3 —> NO2 + O2

k = 1.8e15 at 300 K

SO + O3 —> SO2 + O2
The main source of SO in the atmosphere is oxidation of COS, which is produced through burning of fossil fuels.
OH + O3 —> O2 + HO2
HO2 + O —> OH + O2
Net reaction: O3 + O —> 2O2
O3 + Cl —> O2 + ClO
ClO + O —> O2 + Cl
Similar reactions will occur with other halogens. The harmfulness of elements in the atmosphere depends on their
lifetime in the atmosphere. As seen above, aerosols are a source of ozone depletion even though they block the sun
themselves.The effects of bromine in particular are much greater than those of chlorine because of bromine’s long
lifetime.
From the above figures it is evident that the atmospheric pollution is having direct impact on agriculture and also these
pollutants will change the boundary layer condition (ie. radiation, relative humidity, temperature and precipitation) of
the atmosphere which will affect crop yields.
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ADAPTATION AND MITIGATION TO CLIMATE CHANGE
THROUGH AGROFORESTRY
G. Rajeswara Rao

1.0 Introduction
Climate change is linked to internal variability of the climatic system and external natural factors but much more to
human activities. The potential fallouts of this phenomenon have been identified to include rise in temperature, much
more erratic rainfall regimes, increased frequency and intensity of extreme events, and general unpredictability of
agricultural operations among other effects. These have grave economic, social, and ecological consequences for
agriculture and food security in many countries particularly, where agriculture is largely rain-fed. Climate change will
affect developing countries more severely because of their low capacity for adaptation (IPCC, 2001). Within these
countries, the agricultural sector is particularly vulnerable, putting rural populations at risk. Furthermore, climate change
is an additional threat that might affect a country’s ability to meet urgent rural development demands including the
improvement of food security, poverty reduction, and provision of an adequate standard of living for growing populations.
In the quest to provide food and fibre to an expanding human population, the provision of agriculture-based ecosystem
services that help to moderate climate change is increasingly under threat (FAO, 2007).There is a real risk of losing the
gains of the Green Revolution, which has largely eliminated the danger of famines such as those seen in the 1950s and
1960s. The discussion on the potential synergies between adaptation and mitigation measures is just starting and is all
too often reduced to a discussion of the costs of global adaptation vs global mitigation. A practical understanding of the
link between adaptation and mitigation measures, particularly with respect to land use and management does not yet
exist. Yet agricultural research in the last few decades has been addressing the need to cope with adverse and irregular
climatic conditions including rainfall variability or shifting weather patterns. Similarly, there has been a major emphasis
on improving the productivity of agricultural systems, leading to the understanding that increasing soil carbon stocks in
degraded lands is essential for enhanced productivity. Agroforestry provides a unique opportunity to reconcile the objectives
of mitigation and adaptation to climate change. A wide range of studies (Albrecht and Kandji, 2003; IPCC, 2000; Palm
et al. 2005) have substantiated the fact that agroforestry systems, even if they are not primarily designed for carbon
sequestration, present a unique opportunity to increase carbon stocks in the terrestrial biosphere (Table 1).
Table.1. Potential carbon (C) storage for agroforestry systems in different ecoregions of the world
Region
Africa
South America
Southeast Asia
Australia
North America

Northern Asia

Ecoregion
Humid tropical high
Humid tropical low dry low lands
Humid tropical dry low lands
Humid tropical low
Humid tropical high humid
Tropical low
Dry lowlands
Humid tropical low

System
Agrisilvicultural
Agrisilvicultural
Agrisilvicultural
Silvipastoral
Silvipastoral
Silvipastoral
Silvipastoral
Silvipastoral

Mg C ha–1
29–53
39–10239–195
12–22868–81
28–51
133–15
4104–198
90–175
15–18

Based on assessments of national and global terrestrial carbon sinks, two primary beneficial attributes of agroforestry
can be identified. The first is direct nearterm carbon storage in trees and soils through accumulation of carbon stocks in
the form of live tree biomass, wood products, soil organic matter and protection of existing products. The second
involves potential to offset greenhouse gas emissions through energy substitution (e.g. fuelwood from woodlots) and
fertilizer substitution (through biological nitrogen fixation and biomass production). Agroforestry can also have an
indirect effect on carbon sequestration when it helps decrease pressure on natural forests, which are the natural sinks of
terrestrial carbon. Carbon is particularly useful in agricultural systems, making agroforestry a quantitatively important
carbon sink. Agroforestry systems in the humid tropics are part of a continuum of landscapes ranging from primary
forests and managed forests to row crops or grasslands.
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They are mostly perennial systems such as homegardens and agroforests in which the tree component can stay in the
field for more than 20 years. While agroforestry systems contain less carbon than primary or managed forests, the fact
that they contain significantly higher carbon stocks than row crops or pastures suggests that the introduction and proper
management of trees in crop lands has a great potential for carbon sequestration, in addition to rehabilitating degraded
land. Unlike simultaneous systems, improved fallows are tree–crop rotation systems where fast growing, often leguminous,
trees are cultivated for a period of 8 months to 3 years to enhance nutrient depleted soils and degraded lands in the subhumid tropics. However, several studies on soil carbon dynamics have indicated that soil organic matter increases after
a few seasons of tree planting on degraded soils.

2.0 Enhancing farmer adaptive capacity through agroforestry
As adaptation emerges as a science, the role of agroforestry in reducing the vulnerability of agricultural systems (and the
rural communities that depend on them for their livelihood) to climate change or climate variability needs to be assessed
more effectively (Verchot et al., 2007). Rainfall variability is a major constraint in the semi-arid regions and to the
upland farms in Southeast Asia that do not have access to irrigation. However, the effects of variable rainfall are often
exacerbated by local environmental degradation. Therefore, curbing land degradation can play an important role in
mitigating the negative impacts of climate change and variability, and that is where agroforestry can be a relevant
practice. Successful and well-managed integration of trees on farms and in agricultural landscapes often results in
diversified and sustainable crop production, in addition to providing a wide range of environmental benefits such as
erosion control and watershed services. Optimizing the use of increasingly scarce rainwater through agroforestry practices
such as improved fallow could be one way of effectively improving the capacity of farmers to adapt to drier and more
variable conditions. Under many of the different farmer practices in Africa, crops still fail completely or yield very little
in drought years. Results from improved fallow trials were used to model these various systems. The model suggested
that it would be possible to produce an acceptable amount of food in low rainfall years if practices such as improved
fallows were pursued. In low-rainfall years, water availability to crops is paramount and seems to be the dividing factor
between absolute crop failure and reasonable food production. Buffering agricultural crops against water deficiencies
is, therefore, an important function agroforestry would have to play in the adaptation battle. There are other mechanisms
such as improved microclimate and reduced evapotranspiration through which agroforestry practices may improve the
adaptive capacity of farmers. In the African drylands, where climate variability is commonplace, farmers have learned to
appreciate the role of trees in buffering against production risk (Ong and Leakey, 1999). The parkland farming system,
in which trees are encouraged to grow in a scattered distribution on agricultural land, is one example. One of the most
valued (and probably most intriguing) trees in the Sahel is Faidherbia albida. Thanks to its reversed phenology (the tree
sheds its leaves during the rainy season), F. albida significantly contributes to maintaining crop yield through biological
nitrogen fixation and provision of a favourable microclimate while minimizing tree–crop competition. A study on an F.
albida–millet parkland system in Niger demonstrated that shade-induced reduction of soil temperatures, particularly at
the time of crop establishment, is critical for good millet growth (Vandenbeldt and Williams, 1992). This type of reversed
phenology is not observed in other parkland trees such as the shea butter tree (Vitellaria paradoxa) and néré (Parkia
biglobosa), which have a negative shading effect that may reduce millet yield under the tree by 50 to 80 percent in some
cases (Kater et al., 1992). Farmers are well aware of this loss in yield, but do not mind it since the economic benefits
from harvesting marketable tree products largely compensate for the loss of crop yield. However, in extremely hot
conditions (which we may have to face in the future), the shading effect of these evergreen trees could compensate for
the yield losses due to excess heat in the open areas of the field. Such a hypothesis has been validated by the work of
Jonsson et al., (1999), who measured variables including temperature, photosynthetically active radiation (PAR is the
light in the 400–700 nm waveband of the electromagnetic spectrum that is useful for photosynthesis) and millet biomass
under and away from tree canopies in a parkland system. The results showed that despite the heavy shading, similar
amounts of millet biomass were obtained from the areas under these trees and in the open. This absence of yield penalty
under trees was, to a great extent, explained by the fact that millet seedlings under tree canopies experienced only 1–9
hours per week of supra-optimal temperatures (> 40°C) compared with 27 hours per week in the open. In other words,
the shorter exposure to extreme temperatures compensated for the millet biomass loss that would otherwise have occurred
as a result of shading. This underscores the important role trees could play in mitigating the negative effects of extreme
temperatures on crops, especially in semi-arid regions. Pests, diseases and weeds already stand as major obstacles to
crop production in many tropical agroecosystems and there are strong reasons to believe that their prevalence and
deleterious effects on crops may increase with a warmer climate (Rosenzweig et al., 2000). It is strongly believed, yet
not sufficiently tested, that enhancing plant biodiversity and mixing tree and herbaceous species in agricultural landscapes
can produce positive interactions that could contribute towards controlling pest and disease outbreaks. The potential of
agroforestry to control both ordinary weeds and parasitic weeds such as Striga hermonthica has also been demonstrated.
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3.0 Income generation through tree products
Besides the biophysical resilience, which allows the various components of the agroforestry systems to withstand
shocks related to climate variability, the presence of trees in agricultural croplands can provide farmers with alternative
or additional sources of income, so strengthening the socioeconomic resilience of rural populations. Tree products
(including timber, fodder, resins and fruits) are normally of higher value than maize or hard grains such as millet and
sorghum, and can buffer against income risks in cases of crop failure. The Sahelian Eco-Farm (SEF) provides an eloquent
example of how an agroforestry-based integrated natural resource management regime can help to improve the livelihood
of the rural poor in vulnerable regions such as the Sahel (Pasternak et al., 2005). The SEF is an integrated land-use
system that incorporates high-value multipurpose trees/shrubs with soil and water conservation structures. The value
produced is in the form of food, fuelwood and forage (which can all be converted into cash), plant nutrients, biomass for
mulch (which contributes to increased infiltration of rainfall, and addition of organic matter to the soil), and protection
from wind erosion. The first on-station test of the SEF took place at the Sahelian Center of the International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT) in Niger during 2002. The estimated income from a 1-ha farm
was US$600, some 12 times the value of a typical millet crop. The estimated costs of establishing the SEF are not high;
the plant material costs about US$60 per ha, and the one-time application of fertilizer about US$10. The labour
requirements for land preparation and tree planting are met by farmers and their families.
In the semi-arid zone of Kenya, the park-land system is showing similar success. The fast-growing indigenous species
Melia volkensii is highly compatible with crops and can provide high-value timber in 5–10 years. A study by Ong et al.,
(2002) in the Kitui district of Kenya showed that in an 11-year rotation period, the accumulated income from tree
products exceeds the accumulated value of crop yield lost through competition. This income difference is worth US$10
or 42 percent during average years, and US$22 or 180 percent if a 50 percent rate of crop failure owing to drought
(reasonable for Kitui) is assumed. In such a hostile environment, where crops normally fail every other year, good and
secure financial returns from M. volkensii even in drought years can provide significant relief for farmers. This will be
all the more necessary as extreme climate events (droughts and floods) are likely to increase in frequency and in magnitude
in the near future.

4.0 Conclusions
The impact of climate change will be felt at several levels in the agricultural sector. Most of the effects will hit the rural
poor in developing countries, who are the most vulnerable because of their poor ability to adapt. The adaptive capacity
of farmers in developing countries is severely restricted by their heavy reliance on natural factors and a lack of
complementary inputs and institutional support systems. The concepts of resilience and sustainable productivity are
well established in agriculture and can be linked directly to the discussions about adaptation and mitigation to climate
change. Thus, policy makers can draw upon a substantial body of knowledge in this respect. However, the adaptation
and mitigation synergies of agroforestry management systems warrant further investigation. Within international fora,
there is much talk about bringing adaptation into the mainstream of planning processes. We have shown above, through
the specific case of agroforestry, that some mitigation measures simultaneously provide opportunities to increase the
resilience of agricultural systems. It is suggested that such synergies ought to be promoted more intensively through the
channels of the UNFCCC such as the CDM. However, if agroforestry is to be used in carbon sequestration schemes
including the CDM, several areas need to improve, for example, we need better methods of assessing carbon stocks and
non-CO2 emissions. Furthermore, the debate on durable wood products is ongoing, but what is known is that farmers
will need provisions to allow them to market wood products from their agroforestry systems, and we should develop
methods to account for the lifetime of the carbon sequestered in agroforestry products. As small-scale farmers are
enrolled in carbon-offset projects, we will need to develop a better understanding of the implications of these for carbon
sequestration by agroforestry and what it means to livelihoods. Finally, the CDM has very stringent rules for participation
that may be beyond the reach of small-scale farmers to understand or to provide evidence of compliance. There is a need
for institutional support by national, regional and international centres of excellence to facilitate effective participation
of small-scale farmers in the CDM. In their attempts to develop adaptation strategies for the agricultural sector, scientists
and policy makers must consider the complex interactions of constraints created by changing climates in the light of
other stress factors. Government and international support in terms of research, education, and extension will be required
to help farmers in developing countries cope with the additional stresses created by climate change and increased
climate variability. Agroforestry can very likely contribute to increasing the resilience of tropical farming systems.
However, our understanding of the potential of agroforestry to contribute to adaptation to climate change is rudimentary
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at best. Better information is required on the role of agroforestry in buffering against floods and droughts from both the
biophysical (e.g. hydraulic lift or soil fertility) and financial (e.g. diversification and income risk) points of view.
Agroforestry promises to create synergies between efforts to mitigate climate change and efforts to help vulnerable
populations adapt to the negative consequences of climate change. The research agenda in this area is fairly well defined;
much is already known and putting these ideas into practice on the ground with small-scale farmers will allow us to learn
important lessons.
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IMPACT OF CLIMATE CHANGE ON CO2 EXCHANGE BETWEEN
VEGETATION AND ATMOSPHERE
M. Vanaja

1.0 Introduction
Human activities have caused the concentration of atmospheric CO2 to increase continuously from about 280 ppm at the
beginning of the 19th century to 370 ppm at the beginning of the 21st century. Future projections of atmospheric CO2
concentration range between about 450 and 600 ppm by the year 2050, which is again strongly dependent on future
scenarios of anthropogenic emissions. The mean global temperature rose by 0.6°C over the past 100 years and projected
increase range between 1.4 and 5.8°C by the end of the century depending on the future greenhouse gas emissions.
Climate change assessments and models have traditionally focused on how large meso-scale alterations in climate may
alter vegetation. However, one of the major challenges in dealing with climate change effects is trying to anticipate and
predict the secondary and cascading effects in ecosystems. Vegetation not only responds to climate change but also
creates distinct microclimate patterns; and ecosystem processes are affected by both the general climate and by these
microclimate patterns. Despite the potential importance of vegetation canopy change, microclimate change, ecosystem
processes response chain, studies are lacking on this connection. This connection may be particularly important in
heterogeneous dryland ecosystems, where near-ground energy budget is strongly affected by canopy coverage. Soil
temperature and moisture are controlled in the coarse sense by regional macroclimate, but these abiotic drivers are also
highly sensitive to the influence of local vegetation on radiation, precipitation interception, wind speed, and
evapotranspiration. Much of our current knowledge, however, is based on single factor experiments and these experiments
are limited in their ability to predict consequences for agro-ecosystems. Our current knowledge base could be improved
by an integrated ecosystem approach that considers multi-factor responses particularly at the ecosystem level.

2.0 Effects of elevated CO2
Carbon dioxide is the basic raw material that plants use in photosynthesis to convert solar energy into food, fiber, and
other forms of biomass. In the presence of chlorophyll, plants use sunlight to convert carbon dioxide and water into
carbohydrates that, directly or indirectly, supply almost all animal and human needs for food; oxygen and some water are
released as by-products of this process. Voluminous scientific evidence shows that if CO2 were to rise above its current
ambient level of 370 parts per million, most plants would grow faster and larger because of more efficient photosynthesis
and a reduction in water loss. There are two important reasons for this productivity boost at higher CO2 levels. One is
superior efficiency of photosynthesis and the other is a sharp reduction in water loss per unit of leaf area.
A related benefit comes from the partial closing of pores in leaves that is associated with higher CO2 levels. These pores,
known as stomata, admit air into the leaf for photosynthesis, but they are also a major source of transpiration or moisture
loss. By partially closing these pores, higher CO2 levels greatly reduce the plant’s water loss-a significant benefit in arid
and semi arid climates where water is limiting the productivity. Field crops under drought often experience two quite
different but related and simultaneous stresses: soil water deficit and high temperature stresses. Elevated CO2 increase
growth, grain yield and canopy photosynthesis while reducing evapotranspiration. During drought stress cycles, this
water savings under elevated CO2 allow photosynthesis to continue for few more days compared with the ambient CO2
so that increase drought avoidance. Elevated atmospheric CO2 concentration ameliorates, to various degrees, the negative
impacts of soil water deficit and high temperature stresses.
The largest benefit C4 plants receive from higher CO2 levels comes from reduced water loss. Loss of water through leaf
pores declines by about 33 percent in C4 plants with a doubling of the CO2 concentration from its current atmospheric
level. Since these crops are frequently grown under drought conditions of high temperatures and limited soil moisture,
this superior efficiency in water use may improve yields when rainfall is even lower than normal. When there was no
stress, elevated CO2 reduced stomatal conductance by 21.3 and 16.0% for C3 and C4 species respectively. Cereal grains
with C3 metabolism, including rice, wheat, barley, oats, and rye, show yield increases ranging from 25 to 64 percent,
resulting from a rise in carbon fixation and reduction in photo-respiration. Food crops with C4 metabolism, including
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corn, sorghum, millet, and sugarcane, show yield increases ranging from 10 to 55 percent, resulting primarily from
superior efficiency in water use. Tuber and root crops, including potatoes and sweet potatoes, show dramatic increase in
tuberization (potatoes) and growth of roots (sweet potatoes). Yield increases range from 18 to 75 percent. Legumes,
including peas, beans, and soybeans, show yield increases of 28 to 46 percent.

3.0 Elevated CO2 and thermal regime
Most crops have a bell shaped relationship with temperature. At the coldest range of their habitat, the crops can survive
but with low productivity. As it warms, their productivity increases until an ideal climate is reached and further warming
then would decrease productivity. In the tropics and subtropics-where, some crops are near their maximum temperature
tolerance and where dryland, non-irrigated agriculture predominates, yields are likely to decrease under increased
temperature scenario. Increased temperatures during the growing period may also reduce CO2 effects indirectly, by
increasing water demand. Seed yield of rain-fed wheat grown at 450 ppm CO2 was found to increase up to 0.8°C
warming and then declined beyond 1.5°C warming, to counterbalance the negative effects additional irrigation is needed.
High temperature during the critical flowering period of a crop may lower otherwise positive CO2 effects on yield by
reducing grain number, size, and quality. Whether crops respond to higher temperatures with an increase or decrease in
yield depends further, on whether they are determinate or indeterminate, and whether their yield is currently strongly
limited by insufficient warmth. In cold regions very near the present-day limit to arable agriculture, any temperature
increase, (even as much as the 7-9oC indicated for high latitudes under a doubling of CO2), can be expected to enhance
yields of cereal crops.

4.0 Role of plant type
Plant response to elevated levels of CO2 and increased atmospheric temperatures would also be influenced by the plant
type and environmental conditions. Plant species with the C3 photosynthetic pathway respond positively to increased
atmospheric CO2 because it tends to suppress rates of photo-respiration. This has major implications for food production
in future higher atmospheric CO2 levels because some of the current major staple food crops, such as wheat, rice, pulses
and oilseeds are C3 plants. However, as C4 plants are more efficient photosynthetically under current levels of CO2,
these plants thus are less responsive to increased CO2 levels than C3 plants. The major C4 staples are maize, sorghum,
sugarcane and millet. Since these are largely tropical crops, there is thus the suggestion that CO2 enrichment will benefit
temperate and humid tropical agriculture more than that in the semiarid tropics. If the effects of climatic changes on
agriculture in some parts of the semiarid tropics are negative, then these C4 crops may not be partially compensated by
the beneficial effects of CO2 enrichment as they might, in other regions.

5.0 Summary
In general, an increase in mean seasonal temperature of 2–4 °C reduces the yield of annual crops of determinate growth
habit, such as wheat, grown in well-watered conditions. Much of this decline in yield is due to shorter crop durations at
these warmer temperatures. Nevertheless, this decline is expected to be countered by the enhancement of the rate of
photosynthesis under future conditions of elevated atmospheric CO2 concentrations. For example, a decline of wheat
yield due to mean seasonal temperatures being 4.5 °C and 1.8 °C warmer, could be entirely offset by a doubling of
atmospheric CO2 concentration. In addition, reductions in the yield of determinate crops due to shorter crop durations
could be countered by changing to a cultivar which has a longer crop duration in future climates. Thus, the combined
impact of warmer mean seasonal temperatures of 2 – 4°C and elevated atmospheric CO2 concentrations of about 700 ppm
at the end of the 21st century on the yield of current cultivars of annual crops grown in environments with sufficient
water may not be great.
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CLIMATE RISK MANAGEMENT FOR CROP PRODUCTION
V.U.M. Rao

1.0 Introduction
Climate change is one of the most important global environmental challenges faced by human beings, and it affects food
production, property, natural ecosystems, freshwater supply and health sector. The Intergovernmental Panel on Climate
Change (IPCC) projects that the global mean temperature may increase between 1.4 and 5.8 °C by 2100 (IPCC, 2007).
At the same time, the Intergovernmental Panel on Climate Change’s fourth assessment report has warned us that climate
change is likely to reduce food production potential, especially in some already food-short areas. It further states that
there is now higher confidence in the projected increase in droughts, heat waves and floods, as well as their adverse
impact which will be hard felt by the most vulnerable, weaker section of the society. Climate has always presented a
challenge to those whose livelihoods depend on the weather. Even though a drought (or a flood, or a hurricane) may
happen infrequently, the threat of the disaster is enough to block economic vitality, growth and wealth generation during
all years either good or bad. The risk of drought and flooding can keep people in poverty traps, as risk-adverse behavior
limits productivity and the willingness of creditors to lend to farmers, for example. Lack of access to financial services,
especially in rural areas, in turn restricts access to agricultural inputs and technologies, such as improved seeds and
fertilizers. At the national level, when disaster strikes, many developing countries rely on humanitarian aid, whose delay
can lead to higher human and economic costs. Poverty limits the capacity of people to manage weather risks, while these
same risks contribute to keeping people poor.
Climate change will greatly exacerbate this situation; and developing countries, which claim to be least responsible for
climate change, face its greatest impacts. New tools are urgently needed to help vulnerable people deal with climate
change, and the uncertainty that accompanies this. It is not only the poor who need such tools. After a climate-related
disaster, governments struggle to finance relief and recovery efforts and maintain essential government services. Disaster
response can be delayed for several months as humanitarian aid trickles. One innovative response to enable poverty
reduction through better climate risk management is weather insurance.

2.0 Climate risk management and agriculture
Climate risk is a particular challenge for the hundreds of millions whose livelihoods depend on rainfed agriculture in
marginal, high-risk environments. Rainfed agriculture is often characterized by high variability of production outcomes,
that is, by production risk. Unlike most other entrepreneurs, agricultural producers cannot predict with certainty the
amount of output their production process will yield, due to external factors such as weather, pests, and diseases.
Agricultural producers can also be hindered by adverse events during harvesting or collecting that may result in production
losses. In discussing how to design appropriate risk management policies, it is useful to understand strategies and
mechanisms employed by producers to deal with risk, including the distinction between informal and formal risk
management mechanisms and between ex-ante and ex-post strategies. The ex-ante or ex-post classification identifies the
time in which the response to risk takes place: ex-ante responses take place before the potential harming event; ex- post
responses take thereafter. Ex-ante informal strategies are characterized by diversification of income sources and choice
of agricultural production strategy. One strategy producers employ is risk avoidance. Extreme poverty, in many cases,
makes producers very risk-averse, pushing them to avoid high-risk activities, even though the income gains to be generated
might be far greater than those gotten through less risky choices. This inability to accept and manage risk respectively
reflected in the inability to accumulate and retain wealth is sometimes referred to as the “the poverty trap” (World Bank
2001).
According to Clarkson et al., (2001), there are six requirements that must be met if rainfed farmers are to manage risks
related to climate extremes, variability and change. These include:
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Awareness that weather and climate extremes, variability and change will impact on farm operations
Understanding of weather and climate processes, including the causes of climate variability and change
Historical knowledge of weather extremes and climate variability for the location of the farm operations





Analytical tools to describe the weather extremes and climate variability
Forecasting tools or access to early warning and forecast conditions, to give advance notice of likely extreme
events and seasonal anomalies
Ability to apply the warnings and forecasts in decision making

3.0 Agriculture Insurance Company of India Ltd. (AIC)
Prior to 2002-03 General Insurance Corporation of India (GIC) was implementing NAIS. Recognizing the necessity for
a focused development of crop insurance program in the country and an exclusive organization to carry it forward,
Government created an exclusive organization - Agriculture Insurance Company of India Limited (AIC) on 20th December
2002 (www.aicofindia.org). AIC commenced business from 1st April 2003. AIC introduced rainfall insurance known as
‘Varsha Bima’ during the 2004 South-West Monsoon period. Varsha Bima provided for five different options suiting
varied requirements of farming community. These are – (i) seasonal rainfall insurance based on aggregate rainfall from
June to September, (ii) sowing failure insurance based on rainfall between 15th June and 15th August, (iii) rainfall
distribution insurance with weights assigned to different weeks between June and September, (iv) agronomic index
constructed on the basis of water requirement of crops at different phenophases and (v) catastrophe option, covering
extremely adverse deviations of 50 percent & above in rainfall during the season. Varsha Bima has been piloted in 20
rain gauge areas spread over Andhra Pradesh, Karnataka, Rajasthan and Uttar Pradesh. During 2005, Varsha Bima was
fine-tuned and extended to 120 locations in 10 States during kharif 2005, and further to 150 locations in 15 States during
kharif 2006. AIC also introduced weather insurance pilots on wheat insurance, mango insurance, and coffee insurance
during 2005-06, and is looking ahead for expansion.

4.0 Crop insurance
The idea of crop insurance emerged in India during the early part of the twentieth century. Yet it was not operated
in a big way till recent years. J.S. Chakravarti proposed a rain insurance scheme for the Mysore State and for India as a
whole with view to insuring farmers against drought during 1920s. Crop insurance received more attention after India’s
independence in 1947. The subject as discussed in 1947 by the Central Legislature and the then Minister of Food and
Agriculture, Dr. Rajendra Prasad gave an assurance that the government would examine the possibility of crop and
cattle insurance. In October 1965 the Government of India decided to introduce a Crop Insurance Bill and a Model
Scheme of Crop Insurance in order to enable the States to introduce, if they so desire, crop insurance. In 1970 the draft
Bill and the Model Scheme were referred to an Expert Committee headed by Dr. Dharm Narain. Different experiments
on crop insurance on a limited, ad-hoc and scattered scale started from 1972-73. The first crop insurance program was
on H-4 cotton in Gujarat. All such programs, however, resulted in considerable financial losses. The program(s) covered
3110 farmers for a premium of Rs. 4, 54,000 and paid claims of Rs. 3.79 millions. It was realized that programs based on
the individual farm approach would not be viable in the country. Obviously, “individual farm approach” would reflect
crop losses on realistic basis and hence, most desirable, but, in Indian conditions, implementing a crop insurance scheme
at “individual farm unit level” is beset with problems, such as:
i) Non availability of past record of land surveys, ownership, tenancy and yields at individual farm level
ii) Large number of farm holdings (nearly 116 millions) with small farm holding size (country average of 1.41
hectares)
iii) Remoteness of villages and inaccessibility of farm-holdings
iv) Large variety of crops, varied agro-climatic conditions and package of practices
v) Simultaneous harvesting of crops all over the country
vi) Effort required in collection of small amount of premium from large no. of farmers
vii) Prohibitive cost of manpower and infrastructure

5.0 Weather insurance
As the name suggest, weather insurance is an insurance coverage against the vagaries of weather. Many agrarian economies
owe their strength to favourable weather parameters, such as rainfall, temperature, relative humidity etc. Around sixty
five percent of Indian agriculture is heavily dependent on rainfall, and, therefore, is extremely weather sensitive. Many
agricultural inputs such as soil, seeds, fertilizer, management practices etc. contribute to productivity. However, weather,
particularly rainfall has overriding importance over all other inputs. The reason is simple - without proper rainfall, the
contributory value of all the other inputs diminishes substantially. An analysis of Indian Crop Insurance Program between
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1985 and 2003 reveals that rainfall accounted for nearly 95 percent claims – 85 percent because of deficit rainfall and 10
percent because of excess rainfall (AIC, 2006). Reducing vulnerability to weather in developing countries may very
well be the most critical challenge facing development in the new millennium. One of the most obvious applications of
weather risk management products, weather insurance or weather derivatives. Weather impacts on many aspects of the
agricultural supply and demand chain. From the supply side, weather risk management can help to control both production
risk and quality risk. Weather events like warmer than normal winter or a cooler than normal summer can impact all sorts
of companies like utilities, food and agricultural groups and even retailers.The basic idea of weather insurance is to
estimate the percentage deviation in crop output due to adverse deviations in weather conditions. There are statistical
techniques to workout the relationships between crop output and weather parameters.

5.1 Advantages of weather insurance over traditional crop insurance
There are many shortcomings in the traditional crop insurance. The important ones are: (a) adverse selection (b) multiple
agencies and their huge administrative cost (c) lack of reliable methodology for estimating and reporting crop yields (d)
delays in settlement of claims (f) program limited to growers (farmers). Majority of these shortcomings could be overcome
in the weather insurance, as follows:


Trigger events (like rainfall) can be independently verified and measured.



Compared to yield based insurance, weather insurance is inexpensive to operate. Since very few agencies
would be involved in implementation, the aggregate administrative cost would be far lower.



Unlike traditional crop insurance where claim settlement can take up to a year, quick payouts in private weather
insurance contracts can improve recovery times and thus enhance coping capacity.



Scientific way of designing product and transparency.



Individual farmers are generally unable to influence the weather index value.

5.2 Weather-Index
Index-based weather risk insurance contracts in agriculture have emerged as an alternative to traditional crop insurance.
These are linked to the underlying weather risk defined as an index based on historical data (for example, for rainfall,
temperature, snow, etc.) rather than the extent of loss (for example, crop yield loss). Weather insurance is a creative
product that can be used for situations ranging from sales promotions to income stabilization, unlike regular insurance,
which would only cover physical damage, weather insurance protects against additional expenses or loss of profit from
a specific weather event. Insurance generally pays based on actual damages, while weather insurance pay based on the
difference between a negotiated “strike price” and the actual weather (or the total of weather related index). As the
weather index 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 rather than the yield of a specific crop, 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



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 Sookha Suraksha Kavach (drought protection shield)



AIC coffee rainfall index and area yield insurance



ICICI Lombard loan portfolio insurance

5.3 Weather insurance pilots in India
ICICILombard was the first general insurance company in India to introduce rainfall insurance pilot based on a ‘composite
rainfall index’ in 2003. It implemented a pilot project in Mahabubnagar district of Andhra Pradesh for groundnut and
castor. Though participation was limited, it revealed valuable lessons for future programs. The rainfall index insurance and
other weather-based insurances have since been extended to other areas and crops beginning with kharif 2004 season.
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IFFCO-Tokio General Insurance Company (ITGI) piloted rainfall insurance by the name – ‘Baarish Bima’ during 2004
in nine districts of Andhra Pradesh, Karnataka, Gujarat & Maharashtra. The product is based on rainfall index compensating
farmers for deficit rainfall. The policy pays for deviations in actual rainfall exceeding 30 percent. The claims are paid on
graded scale, with 100 percent claims payable when adverse deviation in rainfall reaches 90 percent. This pilot again is
expanded to more crops and areas after kharif 2004 season. After analysing the impact that temperature has on wheat
cultivation, ICICI Lombard had designed a weather insurance product for wheat cultivators which addresses the dual
risks of extreme temperature fluctuations and unseasonable rainfall.
Table.1. Example for the weather insurance product for wheat

Time period

Jan-Mar

Mar-Apr

Stage

Grain filling stage

Harvesting phase

Risk

Extreme temperature fluctuations

Unseasonal rainfall

Weather index

Deviation in fortnightly average Tmin
and Tmax on higher side from benchmark

Max. rainfall on any single day

Program evolution at BASIX insurance reported that number of policies are increasing under weather insurance scheme,
which endorses the willingness of farmers to take the weather insurance policy to minimize or mitigate the weather
related risk (Table 2).
Table.2. Number of weather insurance policies taken by farmers since 2003

Year
2003
2004
2005
2006
2007
2008

Number of policies
230
427
6,703
11,500
4,545
10,600

No. of States / Stations / District
1 State (1 Station in Andhra Pradesh)
1 State (3 districts in Andhra Pradesh)
6 States
7 States (50 Stations)
7 States (45 Stations)
8 States

(Source: Erin Bryla Tressler, World Bank and Michael Mbaka, FSD Kenya, 2009)

6.0 Conclusion
In India around 61 % of cultivable area is under rainfed cultivation, which is most vulnerable to vagaries of weather.
Economic status of farmers of this region is very poor and the ability to overcome the crop failure due to adverse weather
events is abysmal. Weather insurance will continue to be the dominant insurance concept as the coming years will
experience more frequent extreme weather events like heavy rains, droughts heat and cold waves etc. Food security and
weather risk management are inextricably linked: weather risk management or the lack of it determines the level of
systematic risk in the food security system. At the farm level, weather based index insurance allows for more stable
income streams and could thus be a way to protect peoples livelihood and improve their access to finance. Weather
based insurance is an upcoming strategy that has proven its worth in places such as India and it is important that it has
given the attention as it deserve to improve the food securities of communities especially the resource poor. Finally,
climate change needs to be treated as a major economic and social risk to national economies, not just as a long-term
environmental problem.
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Chapter - IV
Weather - Pests & Diseases
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MICROCLIMATOLOGICAL ASPECTS OF PLANT
DISEASE MANAGEMENT
S. Desai

1.0 Introduction
The disease is an output of the interaction among host, pathogen, and the environment over a period of time. Given that
a susceptible host and an aggressive pathogen are available, weather determines the intensity of the disease over time.
The environment can affect both the susceptibility of the host (e.g. by creating stress in the plant) and the activity of the
pathogen (e.g. providing moisture for spore germination). The pathogen and the host can affect each other’s performance.
The plant can also change its environment, by creating a microclimate around it that is either congenial or non-conducive
for the pathogen. The important parameters of host that can influence disease development are susceptibility, growth
stage and form, structure and density of the plant population and overall health. For pathogen, to cause disease, it should
be present in the viscinity, pathogenic, adaptable with reproductive fitness and possess efficiency of survival and dispersal.
The important weather parameters are temperature, rainfall/dew, leaf wetness period, wind, bright sunshine hours all of
which are in turn influenced by soil properties. Each of the components of disease are briefly described below.

2.0 The pathogen
The presence or absence of a pathogen is the main factor that determines occurrence of disease. For each given agroclimatic region, through co-evolution a set of pathogens get adapted and maintain equilibrium. However, due to commercial
agriculture in the recent years, the balance between host and pathogen are disrupted either through introduction of new
crop species or new varieties and hence, the disease scenario changes drastically. In such cases, introduction of a pathogen
to an area from which it has previously been absent can cause major outbreaks of disease in plant communities. The
amount of disease that develops is often determined by pathogenicity of the pathogen. Pathogenicity is nothing but the
inherent ability of the pathogen to cause disease and is dependent on the pathogen’s reproductive, dispersal and survival
fitness.
The adaptability of the pathogen is determines the ability to infect resistant hosts or to survive in the changed environmental
conditions. Adaptability is determined by the pathogen’s genetic make up and reproductive efficiency. The spread of a
disease and the formation of epidemics is reliant on the pathogen’s ability to disperse rapidly over long distances. The
foliar pathogens such as spores of cereal rusts, for instance, are known to cross continents over a few days time, while
soil-borne pathogens have little scope for extensive spread. For a pathogen to cause disease in successive seasons, it
must be able to survive during lean phase in absence of host. Some pathogens form spores or sclerotia that can survive
in the soil for years, while others colonize alternative plant species until the primary host is cultivated. It is not only the
mere presence of the pathogens but also their inoculum density that is crucial in determining the amount of disease.
Generally, as the number of propagules increases, the level of disease increases, levelling off when the amount of
disease reaches peak levels and when only a few uninfected plants available. The survival of propagules, and therefore
the number of propagules available to cause disease, is heavily influenced by environmental factors.

3.0 The host
The development of disease in a plant community relies on the presence of individual hosts that are susceptible to that
particular pathogen. If the majority of the population is susceptible to the pathotypes of a pathogen in the vicinity, an
epidemic can occur.The best way of controlling disease is by planting species or cultivars that are not susceptible to
pathogens of that area. The occurrence of disease can also be influenced by the host plant’s growth stage and form.
Some diseases are common in seedlings, while others are typical of mature plants. The growth stage of the population
can also affect the microclimate around the plants; for example, the humidity and sunlight levels under the canopy. The
population structure and density will also affect the development of disease in a plant community. The density of the
main host species and the proportion of other plants that are not hosts within the community will determine the rate and
extent of epidemic development. Crop plants tend to be densely planted, with no other species in amongst them, making
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them more susceptible to rapid spread of disease. Extensive, dense plantations can host spectacular epidemics, particularly
if a new pathogen is introduced to the area. In addition, the general health of the host plant before infection is important
in determining the success of a disease. Necrotrophs do well on poorly growing plants, while biotrophs thrive on a
healthy host plant.

4.0 The environment
The presence of a pathogen against a particular plant will generally not cause serious disease unless the environmental
conditions are favourable. This includes the aerial environment and the soil (edaphic) environment. Human attempts at
controlling disease usually involve manipulating the environment in some way. For example, breeding wheat cultivars
to tolerate dry conditions allows Australian farmers to plant the crop in areas that are not favourable for pathogens such
as powdery mildew and leaf rust. Properties of the aerial environment that influence disease development include moisture
levels, temperature and pollution.
Moisture is particularly important to pathogenic bacteria and fungi. Rain splash plays an important role in the dispersal
of some fungi and nearly all bacteria, and a period of leaf wetness is necessary for the germination of most airborne
spores. By using water for dispersal, propagules are dispersed at a time when they are likely to be able to germinate as
well. Because the process of germination and infection takes time, the duration of leaf wetness also influences the
success of the infection. The duration necessary for infection varies with temperature. Usually, a longer period of leaf
wetness is needed to establish an infection in cooler temperatures, as germination and infection are generally accelerated
in warmer conditions.
Temperature also affects the incubation, or latent period (the time between infection and the appearance of disease
symptoms), the generation time (the time between infection and sporulation), and the infectious period (the time during
which the pathogen keeps producing propagules). The disease cycle speeds up at higher temperatures, resulting in faster
development of epidemics. The period of leaf wetness, combined with temperature information can be used to predict
outbreaks of some diseases (infection periods) and be used to time preventative treatments, such as spraying. A recently
recognised aspect of the aerial environment that can influence disease in plants is air pollution. A high concentration of
pollutants can affect disease development and, in extreme cases, damage the plants directly by causing acid rain.
The edaphic (soil) environment affects soil-borne diseases, largely by determining the amount of moisture available to
pathogens for germination, survival and motility. Germination and infection success also rely on the temperature of the
soil. The fertility and organic matter content of the soil can affect the development of disease. Plant defences are weakened
by nutrient deficiency, although some pathogens, such as rusts and powdery mildews, thrive on well-nourished plants.
Other diseases thrive in soils that are specifically low in organic matter.

5.0 Interaction between host, pathogen and weather
The pathogen, the host and the environment interact, usually in ways that are difficult to quantify and predict. Control
measures can include sowing of a crop species early, to avoid exposing seedlings to a disease during the time of year that
provides the best environmental conditions for the pathogen.
Prediction of disease outbreaks enables the effective use of control measures, such as chemical or biological treatments,
the prediction of crop yields and of the market potential for that crop. Disease forecasting involves the use of weather
data and biological data to predict disease incidence. Usually, disease forecasting is only performed on economically
important diseases, and as a method of cost reduction. If controlling a particular disease involves an expensive or timeconsuming treatment, being able to predict outbreaks of the disease allows the treatment to be timed correctly, increasing
its effectiveness, and reducing the cost compared to repeated treatments. Because environmental conditions vary from
season to season, disease forecasting is necessary to predict the chance of disease in a certain set of conditions.
Disease can be forecast using computer modelling and empirical correlations relating to weather conditions, levels of
inoculum, test plots and site factors and the predictions can then be communicated to growers. Computer modelling of
plant diseases uses systems analysis to accumulate all the factors that affect the development of a certain disease into a
computer-based model, and make predictions of disease under different environmental conditions. A disease needs to be
well understood in order to formulate an accurate model, and models based on diseases that we know little about are
generally not very accurate. The more straight forward approach of developing empirical correlations between particular
weather factors and disease has had considerable success. This does not attempt a complete modelling of all factors
involved in a disease, but only those most important in affecting the disease. The accuracy of the model can then be
measured statistically by comparing its predictions to what actually happens.
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Monitoring the weather is the most important consideration in disease forecasting, because of the overriding effect that
weather has on disease development. While broad scale weather data has been used for disease forecasting, it is well
known that the microclimate within the crop has a more direct impact on disease. Devices have been developed to
monitor microclimate factors such as duration of leaf wetness and temperature, and with time, they will be affordable
and accurate enough for widespread use on individual farms. Synoptic weather forecasting charts can be used to predict
‘critical periods’ - the occurrence of conditions favourable for disease development - so that farmers can spray their crop
before it happens. There are now several self-calculating disease forecasting monitors available commercially that use
environmental data and past season data to predict outbreaks of particular disease.
Some disease forecasting methods are based solely on monitoring inoculum levels, often as indicated by the amount of
disease already present. This method can be successful when disease is developing steadily under relatively uniform or
predictable weather conditions, but not for diseases that can spread explosively in favourable conditions. Monitoring the
amount of disease present can indicate whether the amount of disease is likely to exceed a certain threshold, at which
point control measures become economical. There are numerous methods of directly monitoring the concentration of
spores in the air as an indication of the chance of disease. Trapping vectors of diseases can also be useful in predicting
the occurrence of viral diseases. In addition, estimation of populations of soil-borne pathogens by examining soil samples
is necessary for predicting the outbreak of the diseases they cause. Monitoring systems can be combined with data
specific to the site and the crop, such as soil type, topography and irrigation levels, in order to increase the accuracy of
predictions.
Test plots (or trap plots) of susceptible cultivars can be planted throughout a cropping area to give early warning of the
arrival of inoculum or disease vectors. Alternatively, inoculation of the test plot with the pathogen can give an indication
of favourable environmental conditions for disease development. Test plots are also useful for monitoring the occurrence
of minor diseases on new cultivars.
The formation of a prediction is useful only if it can be communicated to the growers who will be affected by it. General
warnings for areas are broadcast over the radio or internet. Predictions based on monitoring by individual farmers or
groups of farmers in an area remove the need for widespread communication systems. Computerised decision support
systems based on local monitoring can educate and empower farmers when making decisions about their crops.

6.0 Crop microclimate and disease
The microclimate of the crop is the weather in the immediate vicinity of the crop, which is also sometimes referred to as
weather at canopy level. Usually, the weather at the observatory and crop canopy is not same as at canopy level the
weather is influenced by soil parameters. Since, the pathogens survive on plant parts, the weather in this region is more
important than weather at the observatory level. For instance many foliar pathogens need a thin film of moisture on the
leaf surface for development of infection structures which is usually termed as leaf wetness. The duration of leaf wetness
determines the successful establishment of the pathogen on the host.
Accounting for the microclimate can help in developing reliable weather based prediction systems for pathogens. However,
it is not always possible to record microclimate in the crop canopy due to lack of infrastructure and trained manpower.
An alternative could be to develop reliable indices that can explain the relationship between observatory and canopy
weather data. An effort was made in groundnut to establish such relationship. The preliminary relationships are given
below.
Tmax = y 

30.5922
1  4631.89e 0.3160 x

Tmin = y 

20.9361
1  14.9403e 0.2367 x

RH (morning) = y  93.641e 0.0511 x
RH (evening) = y  67.272e 0.0143 x
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As seen from the above, the temperatures followed logistic relationship whereas humidities followed an exponential
relationship. Such relationships should be standardized for different crops, spacings and soil types.
Microclimate also influences rate of disease development. It was observed that even when susceptible cultivar and
aggressive inoculum were provided, the variable weather conditions resulted in different apparent infection rates (‘r’)
and area under disease progress curve (AUDPC) over two years. Fro instance, in groundnut-late leafspot system, though
the ‘r’ in kharif 2004 (0.0664) was similar to ‘r’ in kharif 2005 (0.0759), the AUDPC was relatively less in 2005 and
compared to 2004, which indirectly signifies the role of microclimate which in turn is influenced by other crop husbandry
practices including date of sowing. Similarly, analysis of disease progression data from three locations of Tamil Nadu
showed that the ‘r’ values differed over seasons and across years.
Many foliar pathogens require free water to germinate; therefore, disease pressure should favor plants that are able to
repel water. For a suite of 18 sympatric clover species, leaf traits were evaluated affecting leaf wetness and susceptibility
to infection by the fungal pathogen Stemphylium sp., causal agent of Stemphylium leaf spot. Spore germination increased
with time in free water, and the relative susceptibility of host plants to infection was proportional to the duration of water
retention on leaves. Larger leaves captured more water and retained it longer. Unexpectedly, trichomes and leaf wettability
did not affect water capture. For clovers planted within natural clover populations at two sites, infection was threefold
greater at the wetter site. At the drier site, water retention on the leaf surface was an important predictor of infection rates
across host species, but persistent fog and dew at the wetter site reduced the importance of rapid leaf drying. Hence it
can be suggested that plant adaptations that reduce water retention on leaves may also reduce disease incidence, but the
selective advantage of these traits will vary among habitats.
Because moisture and temperature influence the growth of fungi, characterizing weather conditions favorable for fungi
may be used to predict the abundance and richness of fungi in habitats with different climate conditions. To estimate
habitat favorability to fungi, the relationship of fungal abundance and species richness to various weather and
environmental parameters was studied in the Intermountain West. It was observed that fungal richness was positively
correlated with fungal abundance (r = 0.75). Measures of moisture availability, such as relative humidity and vapor
pressure deficit, explained more of the variance in fungal abundance and richness than did temperature. Weather variables
that took into account the proportion of time habitats experienced favorable or unfavorable relative humidity and
temperatures were the best predictors, explaining up to 56% of the variation in fungal abundance and 72% for fungal
richness.
The persistence of leaf surface moisture, a condition critical for the development of most foliar fungal pathogens (Jones,
1986), plays a key role in the epidemiology of fungal diseases. Numerous studies have shown an increase in the incidence
and severity of disease with increasing duration of leaf wetness (Cowling and Gilchrist, 1982; Evans et al., 1992;
Filajdic and Sutton, 1992; Montesinos et al., 1995; Basallote-Ureba et al., 1999; Suheri and Price, 2000). Many foliar
pathogens require extended periods in free water for spore germination, germ tube growth, and host penetration (Everts
and Lacy, 1990; Wadia and Butler, 1994; Vloutoglou et al., 1996; Gilles et al., 2000). Therefore, plant traits that reduce
the time that leaves remain wet after rain or dew could reduce susceptibility to foliar pathogens and potentially slow
disease spread. In natural ecosystems, foliar pathogens can exert important selection pressures on plants (Alexander and
Burdon, 1984; Esquivel and Carranza, 1996; Gilbert, 2002), suggesting that the ability to repel water from a leaf surface
may be an adaptation for the prevention of fungal infection. The mechanistic links between leaf water retention and
fungal infection can provide a unifying framework for understanding variation in infection among plant species and
across different habitats.
High relative humidity and several hours of free surface water are critical for both spore germination and successful
infection (Huber and Gillespie, 1993; Cook and Whipps, 1993; Harrison et al., 1994). In addition, infection i.e., invasion
of plant tissue by the fungus and disease i.e., the expression of symptoms such as lesions or necrosis (Agrios, 1998) on
plants due to air-borne fungi are favored by temperatures of 15–40°C (Cook and Whipps, 1993; Griffin, 1994). Field
studies on plant pathogens have demonstrated that the growth of fungi is favored by high moisture and moderate
temperatures (Frolich and Snow, 1986; Griffin, 1994; Colhoun, 1973; Taylor, 1979; Rowan et al., 1999) and that low
relative humidity and extreme temperatures inhibit growth and spore germination (Harrison et al., 1994; Juniper, 1991).
Other studies on soil fungi also show that prevalence differs among habitats and seasons and correlates positively with
moisture and negatively with temperature (Harrison et al., 1994; Johansen and Rushforth, 1985). This apparent positive
relationship between moisture and fungal growth and abundance may result from the high surface-to-volume ratio of
fungi, making them vulnerable to water loss.
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7.0 Conclusion
The positive association between habitat moisture and the incidence and severity of disease suggests that the selective
pressures imposed on plants by pathogens may vary among habitats. However, the relationship of habitat characteristics
to inoculum abundance, infection and disease is poorly understood. A systematic analysis of The role of microclimate in
disease development can help in development of meaningful disease forewarning systems. However, not always the
disease epidemic developments are associated with wet leaf surfaces and high humidity. For instance, powdery mildews
prefer relatively dry weather conditions. Hence, while establishing relationships between diseases and microclimate, the
nature of the pathogen has also to be considered.
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OPPORTUNITIES: CLIMATE BASED PEST
PREDICTION MODELS
Y.G . Prasad

1.0 Inroduction
Agriculture in India is a gamble with weather. Crop failure and drastic reduction in crop yields due to weather vagaries
resulting in droughts, floods and pest attacks is a common feature in many parts of the country. Knowledge and information
are prerequisites for correct pest management decisions. Integrated pest management (IPM) is a system that emphasizes
appropriate decision making, is information intensive and depends heavily on accurate and timely information for field
implementation by practitioners. Pest forecasts are an important component of the broad IPM philosophy. Pest forewarnings
provide lead time for impending attacks and thus minimise crop loss and optimize pest control leading to reduced cost of
cultivation. Developments in India in this field mainly use emprical approaches. Computer models have been developed
to support various aspects of crop protection and are widely in use in developed countries. After appropriate verification
and field validation, prediction models are useful for issuing agro-advisories utilizing medium range weather forecasts.
Opportunities exist for bringing about synergy between mainstream research organizations and agro-advisory networks
in the country that will lead to better dissemination and decision making for efficient crop protection. Current developments
and future strategies are discussed in this article.

2.0 Parameters influncing insect abundance
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

Category
Weather

Crop attributes

Pest attributes
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Parameter
Temperature (maximum and minimum)
Humidity (morning and evening)
Rainfall (amount and distribution)
Bright sunshine hours
Wind speed and direction
Microclimatic parameters
(canopy temperature, humidity, leaf
wetness, soil temperature)
Genotype
Phenology
Crop stand
Nutrition
Time of sowing
Cropping system/alternate hosts/previous crop
Life stages and their duration
Conditions for stage transfer
Timing of reproduction
Fecundity
Mortality factors

Type of influence on insects
Insect developmental rate, diapause
Oviposition, egg hatch
Adult emergence, oviposition, wash-out
Oviposition
Dispersal and migration
Development and rate of spread

Rate of development, foci of infestation
Pest appearance and intensity
Dispersal
Fecundity
Pest onset
Off-season survival, carry over
Generation number and duration
Diapause
Pest onset
Pest abundance
Pest regulation

3.0 Range of weather forecasts
Short-range weather forecasts (up to 48 h) and medium-range forecasts (3-5 days in advance) of required weather
variables make models useful planning tools. Improved forecasts with longer lead times could reduce dependence on
pesticides in the control of some insects and diseases. While short- and medium-range forecasts can assist with inseason decision making, quantification of climatic variability and long-lead forecasting (> 1 month) are needed to help
farmers make strategic choices such as the crops to grow, variety to plant, or planting date (Venkataraman and Krishnan,
1992). One example on the utility of long-range forecasting would be to predict weather conditions favoring outbreaks
of a pest at a susceptible crop growth stage, based on risk assessment of long-term weather patterns such as El Nino
events. In the United States and the Netherlands, commercial firms are applying mesoscale modeling techniques to
forecast disease and insect development, and are producing gridded products for regional and on-farm planning and pest
management (Strand, 2000).
Cataloguing of pests and diseases that are known to be weather sensitive in their proliferation and determining weather
conditions conducive for their growth and spread can help in locating the likely regions and periods of occurrence and
initiation of control measures on the basis of weather warnings. This type of forecast is of primary use to alert survey
teams regarding the likely areas and times of appearance of a pest or disease in a particular stage of development. Real
time surveys to actually locate the foci of infestation are crucial for this type of alerts. Once the pest and disease has been
monitored, an advisory regarding the general weather conditions and conduciveness favoring a rapid spread can be
issued to facilitate timely control operations (Venkataraman and Krishnan, 1992).

4.0 Data requirements and modeling considerations
Pest forecast models 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.
Various types of pest/disease incidence data (trap catches, population counts and crop damage assessments) could be
made use of. 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. However, historical data collected from several sources suffer from several inadequacies: lack of ancillary
data such as sowing times, crop damage assessments, lack of time-series data, missing and non-uniform pest/disease
data.
In model development important points for consideration are: the level of detail at which a given model is to be developed
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.
Many models have been developed using temperature data to forecast insect activity. Relatively crude methods of
computing day-degrees are sufficient for many applications. Most forecasting models on diurnal variation rely on
approximations using sine waves. However, day-degree forecasts in general cannot readily predict insect populations
that have polymodal patterns of activity.
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 findings 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
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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.
Thorough descriptions of cropping systems being managed or studied are needed to explain the interactions among
pests, plants, and environment, and to assess the efficacy of available controls for reduction of pest damage. Systems
models which are process based or other prediction schemes can be used with appropriate biological, environmental,
economic, or other inputs to analyze the most effective management actions, based on acceptable control, sustainability,
and assessment of economic or other risks.
Crop system models, when available, can be used to generate information on the status of the crop, its pests, and its
environment under different scenarios, including different management options. In practice, there are few examples of
these models that include all the necessary components and can be used for practical decision making (Stand, 2000).
However, individual crop and pest components have been developed and can be analyzed at the same time to give
information that can improve decisions.

5.0 Empirical pest prediction models for crop pests
Sucking pests are emerging as the dominant yield limiting factors in cotton. The sap feeding insects particularly aphids,
thrips, jassids and whiteflies have become problematic in many cotton growing areas. The diseases, bacterial leaf blight
and leaf spot, are sporadic at some locations deserving management actions.
Using available past data, initially correlation between pest data and weather data was attempted to identify the significant
weather variable influencing the pest occurrence. This is followed by multiple linear regression analysis. For example,
data on incidence of jassids from 1990 to 2000 along with the weather parameters collected at Sirsa, Haryana was
analyzed using this technique. Seasonal pest incidence data was available between 33 and 39 meteorological weeks.
Thus, for each week there were about 10 data points. Lag weather data was used as independent variables and up to two
weeks prior weather parameters were used as input to models. Intermittent rainfall and humidity coupled with favourable
temperatures are generally associated with severity of jassid incidence in cotton. Step-wise multiple regression models
were fitted week-wise mainly with preceding weeks rainfall (rain), temperatures (Tmin and Tmax) and relative humidity
(RHeven). Coefficient of determination ranged between 0.48 and 0.97.
Historical data on bacterial leaf blight disease incidence was analyzed vis-à-vis corresponding weather for identification
of conducive weather conditions for three important cotton-growing locations situated in Andhra Pradesh and Maharashtra.
Bacterial leaf blight incidence showed significant negative correlation with minimum temperature at all the three locations.
Significant positive correlation was observed with rainfall and number of rainy days per week at Guntur. Multiple
regression analysis between disease incidence (initiation to peak data) and weather variables yielded location-specific
models for disease prediction one week in advance. Co-efficient of determination was lowest (57%) when input weather
variables were simple weekly averages and improved when moving averages were introduced (61%) and was highest
(92%) when preceding disease incidence level was included in the model for Guntur (Table 3). The models for Parbhani
and Akola accounted for 80% and 66% variation in disease occurrence by the input parameters. Validation of the bestfit models with independent data sets showed a close-fit between actual and predicted values for Guntur and Parbhani
locations (Prasad et al., 2007).
In rice, major pests causing heavy economic losses are yellow stem borer (YSB), brown plant hopper (BPH) and blast
disease. Efforts were made to collect, compile and analyze the historical data on these pests and develop models for
forewarning their incidence using weather data of the corresponding periods. Twenty six years of light trap catch data of
YSB was analyzed using various techniques viz., probability analysis, regression analysis, data mining and neural
network techniques, while regression analysis was attempted for BPH and leaf blast.
In data mining technique, association rule developed was: “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
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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 YSB.

Fig.1. Validation of neural network model on rice YSB in kharif season

In India a number of studies depended on light trap catches of rice yellow stem borer to identify adult activity periods
and relationships with weather during the rainy and post-rainy seasons across several states. Trap catches and relationships
with key weather parameters differed depending on the location, prevailing cropping system and cropping intensity.
However, models on both long range forecasting of peak occurrences and intensity of attack using weather information
of periods well ahead of the season and in-season short-range forecasting based on light trap or pheromone trap data or
field populations are limited. Ramakrishnan et al., (1994) developed a mathematical model for predicting adult activity
levels relating monthly indices of weather factors such as temperature, wind velocity and rainfall with light trap catches.
Krishnaiah et al., (1997) calculated the degree-days required for egg and larval stages of yellow stem borer. Analysis of
long-term light trap data (1975-2000) through step-wise multiple regression analysis indicated that despite using input
weather variables of current and 1 to 6 preceding weeks prior to peak catches, the variability accounted for was 69% in
rabi and 51% in kharif season. However, minimum temperature in the last week of January showed a significant linear
positive relationship (R2=0.75) with the peak catch in March during rabi, while in kharif a quadratic relationship (R2=0.86)
with rainfall during the third week of June was evident. Possible reasons could be that the key factors during the
identified periods have a bearing on either completion of the life cycle or activation of diapausing population, respectively.
In groundnut cultivated at Anantapur, the largest groundnut growing district in India, a simple rule was developed for
short-term prediction of leafminer severity based on maximum temperature variations. A sharp increase in maximum
temperature by >20C followed by persistent heat wave and dry conditions for a few days leads to outbreak of leafminer
3-4 days after such a rise (Anonymous, 1993).
A soil-moisture model was adopted for estimation of leaf miner severity in Karnataka (Gadgil et al., 1999). 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.
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Emergence of red hairy caterpillar was closely associated with the amount and distribution of rainfall in the months of
July and August at Anantapur. A rain event of 10 mm or above in these two months resulted in emergence of red hairy
caterpillar moths in large numbers after 3 to 4 days. This information is being successfully used for early warning of red
hairy caterpillar in Andhra Pradesh (Anonymous, 1998).
Leaf spot and rust diseases epidemics occur when optimum temperature around 20oC and humidity of >90% for a
continuous period up to one week coincide with >50 days old crop. Tikka leaf spot disease can be successfully controlled
by applications of fungicides. However, indiscriminate use of fungicide leads to increased cost of cultivation. A Weather
Dependent Spray Schedule (WDSS) was tested for minimizing the fungicide costs. The WDSS treatment will be followed
from the 3rd to 10th week after sowing. Maximum number of sprays will be restricted to 3 during this period and the time
interval between two sprays should be a minimum of 14 days. WDSS is based on the ratio of diseased to healthy leaflets
converted to percentage.
If the answer is 10% or more, then the wetness index (WI) must be calculated. Total wetness hours (WH) for each of the
previous seven days should be obtained from the leaf wetness sensor data which is installed in the field. If the total
wetness hours per day (this could be the sum of several periods in one day) are 20 or less divided by 20 (WI = WH / 20).
If the wetness hours per day exceed 20, then the wetness index should be calculated by WI = 4.5 – 0.175 WH. If disease
scouting indicates lesions on at least 10% of main stem leaflets and the cumulative wetness index is more than 2.3, the
crop should be sprayed on day 1 of week 4 or the earliest possible time depending on the prevailing weather condition
i.e. when rain is unlikely during the next 12 h.

6.0 Development of dicision support systemes
A decision support tool for late leaf spot disease was also developed for late leaf spot incidence during kharif season
using data collected on TMV-2 variety at Tirupati. Inputs to the model are i) daily weather data viz., maximum temperature,
minimum temperature, relative humidity (morning), relative humidity (evening), sunshine hours and rainfall ii) crop age
and iii) disease onset information. Daily environmental conditions are classified according to conduciveness for late leaf
spot development from June to October.
This model is based on a three-day summation of risk values assigned to each parameter. Based on favorable conditions
each parameter is assigned with risk values viz., 1, 2, and 4. These values are accumulated for three consecutive days.
Based on the accumulated risk values the three-day period is classified as favorable, semi-favorable and unfavorable for
disease initiation. Once the disease initiation occurs this model predicts the disease progress and level of the disease
(Severe, moderate, low or ‘No’ disease) for next week. This model assumes that inoculum is always present in the air.
Whenever favourable weather condition occurs in the appropriate growth stage of the crop i.e. flowering stage (from 35
days after sowing), the disease initiates and develops rapidly. Java software was used to develop this model. The programme
provides the user with greater flexibility because the parameter values of the model can be altered within user set
boundaries and also to use/fit the model for different locations. The model was validated using data from Tirupati,
Vriddhachalam and Coimbatore.
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.
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 reunification 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
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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)
In Norway, a web-based warning system called VIPS has been developed which calculates warnings for than 70 weather
stations for several pests and diseases in selected fruits, vegetables and cereals. Warnings are site specific with validated
meteorological data from an authorized station and validated biological data necessary to run the models supplied by the
extension service (Folkedal and Brevig, 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 when pest numbers are
over defined economic thresholds for crop managers to decide on appropriate pest management interventions (Bange et
al., 2004).

7.0 Consideration for development of pest models
1.

With regard to forewarning of insect pests, development of crop-wise and pest-wise phenology models that
have the advantage of being generally applicable to most environments could be attempted. This would entail
a systematic effort to collate existing information on bio-ecological attributes of pests and their habitat i.e. the
agro-ecosystem information. Where such information is insufficient or lacking it is necessary to initiate such
studies. The idea is to develop models based both on biological and physical processes. Such process based
models would have wider applicability across locations whereas purely empirical models would be location
specific and highly variable across years and seasons because of changing environmental conditions.

2.

With regard to forewarning of diseases, models should again be based on biological and physical processes.
Further sufficient understanding and quantification of how interactions change under varying environmental
conditions is essential. Leaf wetness is an important variable for disease models and it is essential to collect
through deploying appropriate sensors.

3.

Crop system models can be used to generate information on the status of crop, its pests/diseases and its
environment under different scenarios, including different management options. However, at present there are
few examples of these models world over that can include all the necessary components and can be used for
practical decision-making. However, efforts could be made by modeling groups to analyze individual crop and
pest components separately at the same time to give information that can improve decisions.

4.

Extrapolation of model outputs at a macro scale with crop, pest and weather inputs is possible through use of
remote sensing, GPS and GIS techniques.
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5.

There is a need to transform the outputs of quantitative tools and scenarios resulting from models into
management recommendations for dissemination and operational use through agro-advisories with the help of
decision support systems and making them available for use by agromet service units ensuring adequate capacity
building.

8.0 Opportunities for synergy institutinal endevours
The future strategy towards development of value-added agro-meteorological information for forewarning of pests/
diseases and crop condition could envisage the following:
1.

Establishment of a network of automated agricultural weather stations under the aegis of IMD/ AICRPAM
with provision for real time access (downloads through telelinks etc) to weather information. These stations
should also supply crop condition data (ground truth on sowing time, crop stage, cultivars, pest/disease
surveillance data etc). The mainstream research stations spread across the State and equipped with multidisciplinary researchers should chip in with similar information which can be electronically sent to the Director
of Research of the respective SAU at prescribed frequency where the information is pooled and made available
on the web. Such data could be accessed by remote locations either at AICRPAM/CRIDA, NCIPM, Crop
Modeling groups and SAUs for use in running models and making available outputs via the Internet (eg. http:/
/www.cropweatheroutlook.ernet.in) which in turn can be accessed by agromet service units in issuing valueadded agro-advisories applicable at the micro level.

2.

Real time data on pest/disease situation and crop condition collected through roving surveys during the crop
season by the Directorate of Plant Protection and Quarantine network in different States and the district action
teams of State Agricultural Universities/State Departments of Agriculture and KVKs may be fed into a virtual
network under the control of Directors of Research of respective SAUs for timely use in agro-advisories.
Georefernced information would enable generation of pest infestation maps in GIS over time and space for
appropriate use by all stakeholders.
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IMPACT OF ELEVATED CO2 ON INSECT HERBIVORE
AND HOST INTERACTIONS
M. Srinivasa Rao

1.0 Inrtoduction
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 upto 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, 0.8 - 2.6°C and 1.4 - 5.8°C by 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 ocean-heat content. Snow covers and ice extent decreased. Precipitation was very likely increased
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-insectparasitoid systems are likely to be affected by the climate change.

2.0 Effect of elevated CO2
2.1 Phytochemistry of plants
Among the host plants, forest trees and grasses have been extensively studied for insect-plant interactions under elevated
CO2(Table1). 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, tremulacin levels increased in birch trees. Starch
concentration increased in paper birch and pine trees, Pinus taeda.
As in 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 sps;
increased CO2 concentration resulted in increase in nonstructural carbohydrates and condensed tannins. C:N ratio increased
in red fesue, Festuca rubra.
As in 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.

2.2 Through host-plant
The impact of elevated carbon dioxide 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.
2.2.1 Lepidoptera
Elevated CO2 had negative effect on performance of gypsy moth, which was studied extensively on an array of trees.
Relative growth rate declined by 30% on sessile oak, Quercus petraea and it increased by 29% on hornbeem, Carpinus
betulus. Decline in relative growth rate was more on yellow birch, Betula allegheniens compared to gray birch, Betula
populifolia. The pupal mass declined by 38% under elevated CO2 on gray birch while there was no effect on pupal mass
on yellow birch. The 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
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aspen and white oak, Quercus alba. 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 trefoil, Lotus corniculatus. Increased consumption by Spodoptera sps was observed on mungbean, Vigna
radiata , upland cotton, Gossypium hirsutum and tall fescue, Festuca arundinacea . Greater larval survival on common
beet, Beta vulgaris, longer development time on upland cotton (Table.1.).
2.2.2 Homoptera
The family aphididae in this order was widely studied, and mixed response of aphids was reported under elevated CO2.
As is evident from Table1 Cotton aphid, Aphis gossypii fecundity 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 with elevated CO2 grown heath rush (Juncus squarrosus). Among five aphid-plant interactions tested
there was no effect of elevated CO2 on three aphid-host plant interactions. Aphis nerii on common milkweed (Asclepias
syriaca), Aphis oenotherae on common evening primose (Oenothera biennis) and Aulacorthum solani on white shooting
star (Nicotiana sylvestris).
2.2.3 Other orders
Red headed pine sawfly (Neodiprion lecontei) belonging to order hymenoptera when reared on elevated CO2 grown
loblolly pine (Pinus taeda) showed increased consumption, increased N utilization efficiency and overall larval growth.
Decreased consumption and assimilation, 15 times slower growth of cranefly (Tipula abdominalis) belonging to order
diptera on elevated CO2 grown quaking aspen was observed. Chrysanthemum leafminer (Chromatomyia syngenesiae)
grown on common sowthistle (Sonchus oleraceus) developed slowly and had low pupal weight . In order Thysanoptera,
thrips (Frankliniella occidentalis) density decreased, consumption increased and leaf area damage increased by 33% on
elevated CO2 grown common milkweed as shown in Table 1.
2.2.4 Direct effects
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 a CO2 concentration increase as small as 0.002% . The 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) uses CO2 concentrations in soil to locate corn roots.

3.0 Effect of elevated temperature
3.1 Plants
The consequence of rising atmospheric carbon dioxide would be an increase in ambient temperature. But they are
usually treated separately because of experimental difficulties of varying both independently. However, there are a small
number of studies in which both temperature and elevated carbon dioxide 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.
3.2 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 .
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Development time of the beetles Octotoma championi and Octotoma scabripennis feeding on Lantana camara was
accelerated by approximately 10-13 days at the 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. In elevated CO2 conditions across types of plants was
significant. In majority cases decrease in nitrogen, increase in condensed tannins, tremulacin levels, starch, drymatter
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 have been lepidopterans, which are represented by only nine families. Of these
economically important noctuidae 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. Remarkably, only three species in two
families have been examined in the largest order, the coleoptera, and diptera is represented by just two species in two
families. The above review information 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 consistently across host plants.(eg.
The effects of elevated CO2 on gypsy moth) while the response of different insects feeding on same host was different
(eg. Differential response of insect feeding on Birch tree). The information about the response (increase, decrease and
no effect) on the population size of the aphids was observed due to elevated CO2.
The following points are noteworthy.
It was observed that majority of insect-plant interactions are from forest trees and grasses. Few studies are available on
cultivated plants. There are no studies on important global pest like Helicoverpa armigera which is ubiquitous pest of
international importance.
Herbivores respond to increased levels of CO2 by increasing their food consumption, prolonging development time, and
reducing their growth rates and food conversion efficiency. Changes in the performance of herbivorous insects, usually
in the larval stages are correlated with changes in the quality of the food plants such as nitrogen level, C:N ratio,
concentration of phenolics. In general, host plant quality declines in elevated CO2 with leaf nitrogen decreasing and
phenolics increasing. Changes in nitrogen content are correlated with changes in food consumption and changes in
phenolics 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
increase food consumption but insufficiently to prevent a decline in pupal weight. Sap feeders (11 species) are the only
functional group to show positive responses to elevated CO2. Geographic distribution of insects will be affected by
shifts in host-plant ranges. 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 considerable advances in
understanding the mechanisms of responses by both insects and plants; they do not necessarily predict the outcome of
such interactions in real ecological changes in the open field, where expected change in plant-insect interactions may be
buffered by many unknown interactions and other factors.
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 both the insect pest species viz., Achaea janata and Spodoptera litura consumed
significantly higher quantity of castor foliage obtained from plants raised under elevated CO2 conditions than the chamber
and open ambient. The final larval dry weights were also higher on elevated CO2 foliage. The effects of CO2 on insect
performance indices significantly varied across CO2 concentrations. Higher significant approximate digestibility (AD)
foliage and of relative consumption rate (RCR) were observed on elevated CO2 foliage. Lower efficiency of conversion
digested food (ECD), efficiency of conversion ingested food (ECI) and relative growth rate (RGR) of larvae were
noticed on elevated CO2 foliage than chamber and open ambient 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 CO2 was 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 75 to 96 per cent of the explained variation.
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EXPERT SYSTEM FOR MANAGEMENT OF PEST AND
DISEASES IN CROPS
H. Venkatesh

1.0 Introduction
Weather and its fluctuations have profound influence on crop production and crop protection considerations in agriculture.
Most insect pests and diseases are dependent on weather. Such pests are called ‘Meteotropic’ pests. The most popular
method of suppressing the biotic stress is through the use of pesticides. The deleterious effects of the use of pesticides
have been well brought out in recent literature. Even though organic farming has gained credence in recent years, use of
chemical pesticides remains the main acceptable solution for pest management. Of late, the Integrated Pest Management
(IPM) strategies have acquired importance under the plant protection umbrella. Yet it is customary – not only in Indian
Agriculture but also amongst the general public – to provide little attention to weather. This precisely is the reason why
we do not follow the cliché – prevention is better than cure, particularly in Agriculture. We wait for the pest/disease to
appear to a considerable extent and then follow the treatment, or adopt the treatment schedule without knowing whether
congenial for its development. Thus, not only non-optimal spraying is taken up for control of pests and diseases of field
and horticultural crops, but also polluting the atmosphere and the produce. Hence, a sensible approach to tackle the pest
management problem is by making best use of the knowledge on influence of meteorological variables on the incidence/
growth/development of insects and diseases.
Prevalence of a pest is dependent on different factors making it a pest pyramid. In case of diseases, it can be mentioned
as:
 Prevalence of a virulent pathogen
 Susceptible host
 Favorable environmental conditions


Time of occurrence (stage of crop / age of crop etc)

Fig.1. The pyramid is indicative of the components involved in weather pest relations

Weather-based pest forecast models termed ‘FORECASTERS’ are used in crop protection parlance. Individually by
themselves, or as a tool in the IPM, they can be beneficially used well in time for efficiently planning control measures.
For purpose of development and use of these models, both meteorological and biological data are required as input. The
output is the ‘anticipated outbreak’ of insect pest or disease. From operational view point, these models can be distinguished
as (1) Predictive models, which can be used for insurance and (2) Quantitative models, which are useful for crop
management.
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From the methodological point of view, the models may be classified as (a) Analytical bio-physical models (b) Statistical
models and (c) Dynamic simulation models. Analytical bio-physical models need to be worked out in epidemiological
studies. Dynamic simulation modeling requires strong mathematical base in order to employ systems approach, for
undertaking of which, a number of stringent conditions need to be satisfied.
The principle adopted in the development of such forecasters is the assumption that antecedent weather is the causal
factor for development of the pest. In case of insect pests, the growth is considered thermally dependent, and the thermal
time requirements are worked out. In case of most pathogens, the growth is considered dependent on minimum temperature,
relative humidity, wetness duration, sunshine duration etc.
The relations are of type: dI /dt= ƒ(Meteorological variables)

2.0 Development of pest forecast models
The importance of a weather based forewarning model of insect pests and diseases can be emphasized only by its ability
to forecast their attack well in advance to plan for implementation of the management schedules. Such models can
reduce the pest control costs compared to prophylactic approach. Further, they would have greater impact of the control
measures, as a result of advance preparation and better timing.
In development of these models, the following aspects of crop and pest need to be taken into account. Agronomists have
fixed the sowing window or pruning window for different field and horticultural crops. Plant protection scientists have
suggested that pest/disease incidence will be high if sowing is taken up late or early for the same set of crops. Thus,
agrometeorologically, we need to infer that normal conditions during a calendar month are favorable for prevalence of a
specific pest if the crop is in a particular growth stage. So, the crop needs to be sown according to the non-synchronisation
of the stages of crop-pest-weather conditions to obtain reasonably good yield with lower expenditure. This, however,
cannot be satisfied during all years, as weather is dynamic, and the same meteorological conditions do not exist in a
particular month in all years. Therefore it is necessary to have advance knowledge regarding the prevalence of a pest, for
its management with minimal effort and pollution levels.
Consider we have a recommendation: Take up spray of pesticide A for Crop X in growth stage P as soon as the pest level
is five per cent in the field. The farmer takes up the spray schedule. If at this juncture, the pest does not encounter favorable
weather condition, it may not increase in the field, and the spray taken up is of no use – rather wasted. Some times the
growth of the pest is so fast that it may reach damaging proportions in a very short time. Hence, development of weatherpest relations is important for taking up precautionary measures.
The importance of any crop weather model can be emphasized by its ability to forecast an event in crop growth period
- be it is the time of attainment of a phenological stage, or the attack by insect pests and diseases or the final yield itself.
With this in view, the concept and phrasing of Lead Time, indicating the time in advance of which the forecast of the pest
can be estimated, has been initiated into Agrometeorological terminology by Bijapur Centre of AICRP on Agrometeorology.
Models when developed on the lead time concept will indeed provide opportunity for use in development of
agrometeorological advisories that can facilitate not only forewarning the farmers but also implementing the advisories
in time.

3.0 Important considerations for development of weather based pest forecasting
3.1 Know the agroclimate of your place


Have the weekly normals of rainfall, temperature and relative humidity/vapor pressure on you table



Have the sowing windows of different crops on your table



Have the average temporal profiles of different pests on the table

By studying these profiles, we will be in a position to understand the dynamics of the pest in relation to weather variables.

181

3.2 Compare with information generated from your experiment


Have the sowing periods / pruning periods susceptible for various pests in case of different field / horticultural
crops



Draw temporal profiles of pest incidence with respect to week after sowing / pruning – in individual years. Do
not average out the values of different years, as each year’s data indicate a separate data set.
We can do this exercise separately for:



Early – normal – late sowing / pruning conditions



Development stage – decay stage of the pest



For individual calendar month

The above considerations need particular attention, because the incidence, growth and development of the pest encounter
diverse meteorological situations, particularly under rainfed conditions. These segregations should be based on the
climatic normals of the region concerned.
A new supplementary concept was introduced for further analysis. Instead of considering lead time in weeks, means of
weather variables are computed for different lead time in days, in terms of preceding 3-, 5-, 7-, 10-, and 15-day periods.
Now we have options to identify the exact duration of response to weather variables that would influence development
of pests.
When an experiment is conducted for sufficient number of years, correlation analysis can be performed by taking pest
incidence as one variable and individual weekly meteorological variables of the same week (current week), of the
previous week (one week lead time), of two weeks before (two weeks lead time) as the other variable independently. If
significant association is found with any of the same week’s weather variables, the time available for advising the farmer
is very little. If significant correlation is noticed with the weather variables of the previous week, we will have time of
one week to advise the farmer, that is, we have a lead (time) of one week to advise the farmer. We can develop multiple
regression models with the available data sets.

3.3 Example
Stepwise regression models were developed for prediction of shootfly for sorghum crop sown in October.
DH = 240.94 – 6.10 MaxT (3).. … R2=0.70
DH = 221.13 – 4.24 MaxT (3) – 0.65 RH2(1)….. R2=0.89
Where,
DH = Percent deadhearts caused by shootfly at 4 weeks after emergence.
MaxT = Maximum temperature (ºC)
RH2 = Afternoon relative humidity (%)
Numerals in the parentheses indicate lead time in weeks.
Here, dead hearts are observed at four weeks after emergence. Maximum temperature is of three weeks before dead
heart observation, which means one week after emergence. Afternoon relative humidity is of two weeks before deadheart
observation, which means one week after emergence. Interpretation of data in this way will make our understanding of
lead time easy for practical purpose.

3.4 Advise the plant protection expert
These models can be used for the region where they are developed, by suggesting the incidence level of the pest in the
coming weeks.
182

Suppose, a model has been developed for powdery mildew in chilli, with maximum temperature at two weeks lead time.
By monitoring the weather routinely, every week we can forecast the incidence level of powdery mildew two weeks
later, on chilli. Accordingly, the pathologist can suitably advise the farmer.

4.0 Agrometeorological Advisories – Weather based or Weather-forecast based?
The advisories issued to the farmers should possess agrometeorological value addition. For this, we need to ascertain
our approach in the following angles.


Relation between the sensitive weather variables and pest incidence



Pest forecast information from the developed models



Weather forecast issued by the weather bureau

If we are using the first and/or the second, then the advisory is weather based, whereas if we are including the third
criterion, then it is weather forecast based advisory. For developing a weather forecast based advisory, we will need to
use the forecast not only for pest development consideration, but the efficacy of a spray in case of forecast of rain or high
wind speeds or prolonged dew duration.

5.0 Decision support system for pest management
Effective management of biotic stress on crop plants is of utmost importance in determining the quality and the quantity
of crop produce. Most management practices are of response (cure) type rather than preventive, as they do not stress the
role of weather. However, the information available in literature on the limits of meteorological parameters favorable
for prevalence of different insect pests and diseases of various crops can be used for effective pest management. Computer
based Decision Support Systems can be very useful in this venture to enhance the value of agrometeorological advisories.
The flow chart of software developed for this purpose is presented below.

Flow chart of Decision Support System for pest management
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The software uses the simple logic that, if the value of the prevailing weather parameters tally with limits of the sensitive
weather elements responsible for enhancement of the pest incidence so as to adversely affect a crop, then the management
practice for its control is provided. Otherwise no control measure is suggested. When accurate forecast data are available,
the same can be used for getting advice on the management practice. In this case, the farmer will have more lead time to
follow the advisory. The package is developed in such a way that it can be edited and used as per the package of practices
of respective agroclimatic regions, and the inputs can also be altered with availability of fresh information, and therefore
is very versatile.
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Crop Modelling
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INTRODUCTION AND PRACTICAL ON DSSAT MODELS
A.V.R. Kesava Rao & K.Srinivas

1.0 Introduction
Crop simulation models are mathematical, computer-based representations of crop growth and interaction with weather,
soil and other nutrients. The crop simulation models play 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 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 is a part
of larger system.
The strength of models in general include the abilities to:


Provide a framework for understanding a system and for investigating how manipulating affects its various
components



Evaluate long-term impact of specific 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

Factors that can enhance the likelihood of impact:


Involvement of competent modelers



Working in multidisciplinary teams



Participatory approach with end-users



Clear definition of problems being addressed



Demand for solutions from a target group



Variable environments where answers to problems are not obvious



Quick answers needed

2.0 Crop simulation modeling tools
The development of crop simulation tools started in 1970’s. The most important and most used models are DSSAT
models which were developed by 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. There
are so many other tools available like Cropsyst developed by Washington State University, Gossym for cotton, Glycim
for soybean and Oryza for rice simulations.

3.0 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 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.
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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 outcome of crop management strategies, DSSAT offers users information 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.
DSSAT is one of the principal products developed by the International Benchmark Sites Network for Agrotechnology
Transfer (IBSNAT) project supported by the U.S. Agency for International Development from 1983 to 1993. It was
subsequently continued through collaboration among scientists from the University of Florida, the University of Georgia,
University of Guelph, University of Hawaii, the International Center for Soil Fertility and Agricultural Development,
Iowa State University and other scientists associated with ICASA.

4.0 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.

4.1 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 (ºC) 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 experiment and preferably
should begin a few weeks before planting and continue for few weeks after harvest so that “what-if” type analyses may
be performed as desirable.

4.2 MDS Soil Data
Desired soil data includes soil classification (e.g. USDA/NRCS), surface slope, soil colour, 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.

4.3 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. This data are needed for
both model validation and strategy evaluation.
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In addition to soil and weather data, experimental data includes crop growth data, soil water and fertility measurements.
This 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 (XFiles). The suite of tools includes (but is not limited to) ATCreate (observed data), Weatherman (Weather data), GBuild
(Graphing of outputs), and SBuild (Soil database).

5.0 Notes for practical session on DSSAT models
In this exercise DSSAT is used for calibration of CERES-Sorghum model with data generated from a field experiment
conducted at ICRISAT and later applying it for scenario analysis, cropping sequence and climate change. Modules like
‘Weatherman’ as tool for weather data input, ‘SBuild’ for soil profile creation, ‘XBuild’ tool for creating experiment and
‘ATcreate’ for inputting experimental data are used. The weather data and experimental data are provided in MS-Excel
file and soil profile data is given in the printed form. Major steps involved are as follows:

5.1 Weather data input
 Creation of station in DSSAT


Importing Excel data to DSSAT



Saving weather data in DSSATv4 format

5.2 Creation of soil profile
 Using SBuild, create new soil file


Input data for various layers and compute missing values



Save profile

5.3 Inputting experimental data
 Select the crop as Grain Sorghum


Import growth data and soil moisture data in to DSSAT



Set the proper column headings for growth and soil moisture data



Save data and file



Enter data for calibration



Save data and file

5.4 Creating an experiment
The module ‘XBuild’ is used for creating experiment file; complete crop management data (treatments, initial conditions,
fertilizer applications, irrigations information, varietal details, planting details etc.) are needed.


Open the XBuild tool and create a new file with CSV 15 as sorghum variety



Choose proper institute and site codes



Provide field, soil and other information



Enter planting details and initial conditions of soil moisture



Input fertilizer details like date of application, type of fertilizer, incorporation method, depth etc.



Provide initial conditions for treatments and save the experimental file

5.5 Calibration of model
 Select the sorghum experiment just created and press the run button on the toolbar.


Press ‘Run Model’ Button in the simulation window. The model simulates your experiment.



Go to ‘Analysis’ Tab in the same simulation window. Select ‘Overview.out’ checkbox and press ‘view’ button.
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Compare predicted and observed phonological durations, yield and yield components. Close the ‘Overview.out’
file. Uncheck the Overview.out.



Select ‘PlantGro.out’ and press the plot button. Select runs and variables to plot. Compare observed and
predicted variable during the growth period. If they are drastically different then go back and check the inputs.
Repeat this process until you get comparable results.

6.0 Sequential analysis
Use same XBuild application to create the sequence of crops. Select ‘Sequential’ rather than experiment in this exercise.
Input general information, and field details. Create management scenario as for the experiment creation.
Create on treatment and add crop rotation components in the order. Remember that you can create only one sequence in
one sequential experiment.
Select the experiment in analysis-Sequence and select run to simulate the experiment. Use the analysis tool to analyze
the results.

6.1 Imposing climate change
Use ‘XBuild’ for imposing climate change. Use environment modification option in the environment menu and create
climate change scenario by changing temperatures, rainfall etc. Save the experiment and run the model. Plot the output
to analyze the effect of climate change.
6.2 Interpretation and graphs
For crop experiments one can plot time series, growth and soil data against observed data if any. One may plot 1:1
observed and simulated plots for different yield variables.
For seasonal and sequential one can draw box plots with different percentiles, cumulative probability function graphs,
mean variance for each treatments and variables. Inputting cost of each activity can do economic analysis.
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CROP MODELS FOR QUANTIFYING PLANT – ENVIRONMENT
INTERACTIONS: BASIC PRINCIPLES
Piara Singh

1.0 Introduction
Crop simulation model is a computer software program that describes the dynamics of crop growth in relation to
environment, mostly operating at daily time step, and with a capacity to output variables describing state of the crop at
different points in time. The state of a crop is accomplished through evaluation of stage of crop development, the crop
growth rate, and the partitioning of biomass into growing organs. All these processes are dynamic and are affected by
environmental and cultivar-specific factors. The environmental factors can be separated into the aerial and the soil
environment. The aerial information comes from a record of weather conditions such as rainfall, temperature, and solar
radiation. The soil information comes from synthesized approximations of soil water retention characteristics, availability
of soil nutrients, aeration status of soil, and spatial distribution of the root system.

2.0 Basic principles of crop simulation
In its simplest form, total biomass (Bt) of a crop is the product of the average growth rate (g) and the growth duration (d):
Bt= g x d
The simulation of yields at the process level must involve the prediction of these two important variables. The economic
yield of a crop is the fraction of Bt that is partitioned to grain. This fraction can range from practically 0.0 for crops with
severe stress at critical stages to more than 0.5 for crops that are grown under optimum conditions. Thus the partitioning
of Bt into yield takes into consideration both growth and development, which in turn is affected by environmental
factors.
Growth and development each have two distinctly different aspects to consider. For growth, the mass accumulation
deals with the absorption of photosynthetically active radiation (PAR) for the assimilation of plant biomass and loss of
carbon through respiration. The other dimension of growth is the expansion of the area or volume of plant parts, which
is not controlled by the net amount of carbon fixed. Environmental factors and stresses affecting the cell expansion are
different from those that affect mass growth.
The duration of plant growth also has two distinctly different features, namely phasic and morphological development.
Phasic development involves changes in the stage of growth and is almost always associated with major changes in
biomass partitioning patterns. Morphological development refers to the beginning and ending of development of various
plant organs within the plant life cycle. Modeling of morphological features is attempted to provide an estimate of the
number of leaves, tillers, and grains that will be produced by a plant. The principle environmental factor affecting both
the phasic and morphological development rates is the temperature of the growing part of a plant. The cultivar
characteristics affecting plant response to photoperiod is also an important determinant of the duration of growth in
addition to temperature influence.

3.0 Temperature and plant development
The duration of crop (cereals and legumes) is closely linked to the growing parts of plants. The procedure for normalizing
time with temperature to predict plant development rates has been widely used. A term believed to be most appropriate
to describe the duration of plant development is “thermal time”. The thermal time has units of oC day. The simplest and
most useful definition of thermal time Td is:

T 
d

n
 (Ta  Tb )
i 1
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Where Ta is daily mean air temperature. Tb is the base temperature at which plant development ceases and n is the
number of days of temperature observations used in the summation. The Ta is mean of daily maximum and minimum
temperature under most circumstances. There exists some variations among crop models in the calculations of thermal
or physiological time.
The primary difference in development between cultivars within a species occurs in the length of their vegetative phase.
Besides the temperature influence on duration of stages, variation in duration can result from cultivar differences in
photoperiod sensitivity, maturity type, or vernalization sensitivity. The length of the day (or night) can influence the rate
at which plants change from vegetative growth to reproductive growth. This rate of change of development with
photoperiod is expressed as a cultivar specific coefficient in the models. Maturity types variations are exhibited in the
length of a juvenile stage of crop species in which young plants do not begin photo-induction to flowering until they
reach a certain leaf number. During this juvenile stage the plants are insensitive to photoperiod. The duration of the
juvenile phase is almost totally controlled by temperature and is described as thermal time. Wheat and barley varieties
usually require relatively low temperatures before spikelet formation can begin. This low temperature requirement for
flowering, called vernalization, begins at germination. The optimum temperature for vernalization is assumed to be in
the range of 0 to 7oC, with temperatures between 7 and 18oC having decreasing influence on the process.

4.0 Biomass growth
There are several approaches to the estimation of biomass production, which range from the estimations of photosynthesis
and respiration to direct estimation of biomass production from radiation interception or transpiration of crops. Simple
and most common method is the estimation of biomass from radiation interception and radiation use. In CERES models
biomass production is estimated as follows:
Potential biomass production (PCARB) = RUE x IPAR
Where RUE is the radiation use efficiency and IPAR is the fraction of PAR intercepted by plants. The actual daily
biomass production (CARBO) may be less than PCARB because of non-optimal temperature or deficits of water or
nitrogen. The equation to calculate CARBO uses the law of limiting concept to reduce PCARB.
CARBO = PCARB x min (PRFT, SWDF1, NDEF1,1)
Where PRFT, SWDF1, and NDEF1 are the temperature, water deficit and nitrogen deficit factors, respectively, varying
between 0 and 1, and min indicates the minimum value of the list in the parenthesis is used.

4.1 Biomass partitioning and translocation
On the day of emergence, biomass (and nitrogen) allocation to leaves, stems, and roots is initialized. After this total
biomass produced is allocated to different plant parts as function of growth stage and evaluates each day the sink
capacity of the above ground biomass to determine if the crop is sink-limited or source-limited (or the supply-demand
limited). The following procedures are followed in the models.
4.2 Allocation to roots
Roots are grown as per the root-shoot ratio specified for each growth stage.
4.3 Above ground biomass allocation in cereals
Emergence to terminal spikelet: Of the daily biomass produced, 65% is partitioned to leaves and the rest goes to stems.
This may vary among different cereals.
Terminal spikelet to flag leaf: After terminal spikelet leaf biomass fraction is linearly decreased with the fraction of
thermal time to zero at flag leaf. On the day the estimates of specific leaf area (SLA) goes below the minimum SLA, the
extra biomass is diverted to roots.
Flag leaf to beginning grain fill: Leaf growth ceases and all the above ground biomass increase is assumed to go to the
functional stems.
Beginning grain fill to end of grain fill: Biomass increase is used to meet grain demand first and the rest is put into
stems.

4.4 Biomass translocation
If the grain demand for carbohydrate cannot be met through partitioning of daily biomass production it is re-translocated
from other plant parts to meet this grain demand.
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4.5 Grain demand
Grain demand is calculated using a cultivar-specific increase in harvest index with crop age and the energy cost to grain
weight synthesis especially in case of oilseeds. In some legume models the grain demand is based upon the number of
pods or seeds produced and their potential growth rates. In cereals it is function of number of seeds produced and the
potential grain growth rate.

5.0 Leaf development and tillering
There are several approaches to predict leaf area development in cereal models. In most models potential LAI is
calculated from leaf appearance rate (leaf number), leaf size, and number of plants per m2. Leaf appearance rate is driven
by thermal time in most models. Leaf size is calculated from the final leaf number assuming that it follows a bell-shaped
distribution with leaf position along the stalk. Leaf area development is also affected by water and nitrogen supply and
the assimilate availability. Leaf senescence is caused by crop age, light competition, water stress and frost, which is also
considered in calculating total LAI as the crop grows towards maturity. In cereals tiller appearance is estimated in a
similar manner to leaf appearance. Most tillers begin to appear between the appearance of the second and third leaf on
the main stem. However in crops like maize tillers may never appear and in sorghum it may appear in cooler climates.
Rooting depth and root length density: Between germination and start of grain fill, the increase in root depth is a daily
rate multiplied by a number of factors slowing or hastening the rooting depth. For example, for wheat, the optimum rate
of elongation is 25 mm day-1. Dry soil can slow roots through a layer if soil water content is less than the extractable soil
water content. The increase in root depth through a layer can be constrained by known soil constraints through the use
of 0-1 parameter. Growth of root biomass is partitioned with depth using a branching function and converted to root
length density using a specific root length parameter, which may vary with crop.

6.0 Crop water relations
Plant water uptake: Most DSSAT models incorporate the Ritchie’s (1985) water balance model of soil water extraction
using the radial flow equation and the root length density to estimate potential root water extraction from each soil layer.
Water extraction from each layer is summed for the profile occupied by the roots to calculate potential water extraction.
The actual rate of water extraction is the lesser of the potential extraction rate and the transpiration demand. If the
computed potential extraction rate from the profile exceeds demand, then the extracted water is removed from the
occupied layers in proportion to the values of potential root water uptake in each layer. If the computed potential
extraction from the profile is less than the demand then, the actual root water uptake from a layer is equal to the
computed potential uptake.

6.1 Water stresses affecting plant growth
Soil water deficit factors are calculated to simulate the effects of water stress on different plant growth processes. Water
deficit factors are calculated which correspond to four plant processes each having different sensitivity to water stress
i.e. photosynthesis (photo), leaf-expansion (expansion), phenology (pheno), and tillering (tiller). The supply to demand
ratio is calculated daily as the ratio of potential water extraction of the root system to the transpiration demand. The
supply to demand ratio is used in the relationships to derive the stress factors for photosynthesis and leaf expansion. A
factor of 0 is complete stress and 1 no stress. Leaf expansion is considered more sensitive to stress than photosynthesis.

7.0 Assessing crop productivity to management and environment
As much of the modeling work has focused on understanding the interactions between the various factors influencing
crop growth and development, this has led to using the models to find optimum management practices for these factors
in particular environments, generally with the purpose of maximizing yields and income. There are several examples in
the literature reporting the use of simulation models in different environments for optimizing crop management such as
deciding the sowing dates, plant population and row-spacing, choice of crop variety, irrigation scheduling, nutrient
management particularly nitrogen, weed management, soil surface management, pest and disease management, and
appropriate date for harvesting of crops. In addition to this the crop models have also been used for yield gap analysis,
introducing new crops and cropping systems considering climate variability and climate change. The effects of soil and
crop management on environment and sustainability could also be assessed using these models.

8.0 References
Monteith, J.L. 1986. How do crops manipulate water supply and demand? Philos. Trans. Roy. Soc. London 316: 245-259
Ritchie, J.T. 1985. A user-oriented model of the soil water balance in wheat. Wheat growth and modeling (Eds. Fry, E. and Atkins, T.K.).
Plenum Publishing Corporation, NATO-ASI series, pp. 293-305
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MULTISPECTRAL RADIOMETRY FOR CROP STRESS DETECTION
M. Prabhakar

1.0 Inroduction
Every substance emits, absorbs, transmits or reflects electromagnetic radiation according to the characteristic of the
substance. This is the underlying principle involved in remote sensing. By measuring the quantum of radiation in each of
the wavelengths, the characteristics of the substances can be defined. In practice, only certain selected wavelength bands
need to be chosen to discriminate between selected characteristics of substances. For the CROPSCAN radiometer
system, narrow band interference filters are used to select certain bands in the visible and near infrared (NIR) regions of
the electromagnetic spectrum. This region is useful for quantifying the reflectivity of canopies as affected by stresses of
various kinds. The NIR bands of 750-900 nm are particularly useful for detecting and estimating the severity of foliar
disease of plants. Longer wavelengths in the NIR may be useful for estimating biochemical content of plants.
The CROPSCAN, Inc. Multispectral Radiometers (MSR) were developed to improve the assessments of various factors
on plant health and yield. Visual assessments are subjective, laborious, tiresome and expensive. Use of CROPSCAN,
Inc. MSR Systems make assessments objective, fast, easy and relatively inexpensive.

2.0 Features


Upward and downward facing sensors to measure both incoming and reflected radiation.



Interfaces with the CROPSCAN DLC, a multichannel Data Logger Controller (communicates with laptop or
notebook computers or hand held terminals via RS232 I/O port).



Light weight and completely portable. Easily hand-carried from location to location or used in stand-alone
unattended operation.

Typical vegetation spectra and absorption bands
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3.0 System components
The CROPSCAN multispectral radiometer systems consist of a radiometer, DLC or A/D converter, terminal, telescoping
support pole, connecting cables and operating software. The radiometer uses silicon or germanium photodiodes as light
transducers. Matched sets of the transducers with filters to select wavelength bands are oriented in the radiometer
housing to measure incident and reflected irradiation. Filters of wavelength from 450 up to 1720 nm are available.

4.0 System operation
In the field the radiometer is held level by the support pole above the crop
canopy. The diameter of the field of view is one half of the height of the
radiometer above the canopy. It is assumed that the irradiance flux density
incident on the top of the radiometer (upward facing side) is identical to the
flux density incident on the target surface. The data acquisition program
included with the system facilitates digitizing the voltages and recording
percent reflectance for each of the selected wavelengths. The program also
allows for averaging multiple samples. Ancillary data such as plot number,
time, level of incident radiation and temperature within the radiometer may
be recorded with each scan.
Each scan, triggered by a manual switch or by pressing the space key on a
terminal or PC, takes about 2 to 4 seconds. An audible beep indicates the
beginning of a scan, two beeps indicate the end of scan and 3 beeps indicate
the data is recorded in RAM. Data recorded in the RAM file are identified by
location, experiment number and date.
The design of the radiometer allows for near simultaneous inputs of voltages representing incident as well as reflected
irradiation. This feature permits accurate measurement of reflectance from crop canopies when sun angles or light
conditions are less than ideal. Useful measurements of percent reflectance may even be obtained during cloudy conditions
(cirrus to light stratus) with incident irradiance levels down to approximately 300 watts per square meter. In cumulus
conditions (white puffy type) it is best to take readings with the sun’s rays not obstructed by the heavy cumulus cloud.
The ability for use in cloudy conditions can be advantageous, especially when traveling to a remote research site only to
find the sun somewhat obscured by clouds.

5.0 Applications
Percent reflection of radiation of the various wavelengths is influenced by any condition that influences the normal
growth of plants. The radiometer is therefore particularly useful as an objective and efficient means of estimating the
effects of any condition that affects plant health, yield, or quality of the crop. Possible applications are:


Inputs into models:


Describing normal plant growth.



Describing plant canopy color.



Estimating crop biomass.



Estimating biochemical content



Estimating crop yield components.



Estimating crop quality factors.



Estimating leaf area index.



Estimating crop yield and quality loss due to disease, insect infestation, air pollution, nutrient
deficiencies, chemical phytotoxicity, etc.



Evaluation of plant growth modifiers.



Objective and efficient rating of foliar disease.



Monitoring effects of herbicide activity.



Soil amendment and fertility studies.
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Leaf feeding studies.



Irrigation scheduling studies.



Effects of drought on plant growth and yield.



Characterization of different genotypes.



Evaluation of experimental area variability.



Land surface reclamation studies.



Ground truth for Remote Sensing.

6.0 Crop scan multi spectral radiometer (MSR-16R)


Size of housing - 80 X 80 X 100 mm, brushed, anodized aluminum.



Accommodates up to 16 bands to measure incident as well as reflected radiation, 450 - 1750 nm.



Flashed opal glass cosine diffuser covers incident irradiance measuring sensors.



The housing is connected to a 32 channel multiplexer module, the MSR Cable Attachement Box (MSRCAB)
by a 25 conductor cable. The MSRCAB is connected to the DLC by ribbon cables.
MSR16R Spectral Bands (approximate visual colors) shown over typical green vegetation reflectance.

7.0 Operating procedures in the field
 Mount the radiometer pole bracket on the pole and attach the radiometer.
 Mount the spirit level attachment to the pole at a convenient viewing position.
 Learn the support pole and radiometer against a support and adjust it so that the top surface of the radiometer
is level.
 Adjust the spirit level to center the bubble. This will insure that the top surface of the radiometer and spirit
level are par level.
 Attach the 9ft. cable MSR16C-9 to the radiometer and to the MSR32CHA 32 channel adapter to the DLC.
The DLC and MSR 32CHA may now be placed in the DLC shoulder pack for easy carrying.
 If you are using the CT100 terminal, mount the pole mounting bracket CT100B on the support pole at a
convenient position. (If you are using any other portable computer, attaching it to the pole is your responsibility).
 If you are using the CT100 terminal, plug the cable CT9M9M-5 into the RS232 connectors of the CT100 and
the DLC. Otherwise, use the appropriate cable from your computer to the DLC RS232 connector. Using a
small screwdriver, secure the connectors by tightening the connector screws.
 Adjust the radiometer to a suitable height over the target. The diameter of the field of view is one half the
height of the radiometer over the target.
 Turn the power to the computer on. If you are using a CT100, switch the CT100 power switch to ON.
 When finished with taking readings of the experimental plots, put the DLC to sleep. (At the MSR MAIN MENU
type 10 and press Enter). Switch the CT100 power switch to OFF to prevent battery drain.
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DISEASE PREDICTION MODELS – DEVELOPMENT
AND VALIDATION
S. Desai

1.0 Introduction
Despite our efforts since long, we are yet to develop suitable disease forewarning systems especially for monsoon
dependent crop production systems. Early references to pest prediction in the Bible (Joseph’s prediction for the pharaoh)
indicate the importance that our forefathers placed on pest prediction, though as modern scientists we may have difficulty
justifying such prediction methods and may question the historical accuracy of this account. The main purpose of plant
disease forewarning systems is to help producer’s decision-making process such as whether to grow a specific crop in an
area or which planting material to be purchased or cost-benefits of fungicide application. The principle behind plant
disease forecasting systems is to determine the risk that a disease will occur, or that the intensity of the disease will
increase. A successful forewarning system must be reliable, simple, important for a given disease, useful, available, help
in multiple-decision making, and cost-effective. Whether a predictive system is a table, a set of printed cards, or elaborate
internet-based graphic systems, there is still a basic set of decision rules that should be evaluated in an objective manner.
Many of these predictive systems are fallible, and sometimes give incorrect predictions. How often they are incorrect,
and how this can affect their usefulness has to be analyzed to arrive at the utility of the predictive system.
Weather-based forewarning systems reduce the cost of production by optimizing the timing and frequency of application
of control measures and ensure operator, consumer and environmental safety by reducing chemical usage. Accurate
prediction is important to synchronize the use of disease control measures to avoid crop losses. Thus, if a sound forewarning
system is developed, the explosive nature of the disease could be prevented by timely application of the control measures.

2.0 Requirements for development of forewarning systems
For development of efficient plant disease forewarning systems, information about host, pathogen, environment over a
period of time is essential. Each of these components has a significant role to play in development of disease.
Host: Availability of susceptible tissue is a pre-requisite for disease development. The susceptible host, its vulnerable
phenophase, along with its production system defines the disease development. The crop residue that is added to the
production environment also has a role to play in disease cycle.
Pathogen: Availability of sufficient infective propagules of a virulent/aggressive pathogen is critical for disease to
develop. This information will help in differentiating the risk due to a monocyclic disease (only one infection cycle)
versus polycyclic disease (multiple infection cycles) to time appropriate management tactics. Some plant disease
forewarning systems focus both on avoiding initial inoculum and also on reducing the rate of the epidemic during the
season. The apparent rate of infection, denoted by ‘r’, determines the rate of spread of disease in the field and it is a
product of successful interaction of a susceptible host, aggressive pathogen and favourable environment over time.
Environment: It is proven beyond doubt that environment plays a vital role in development of a disease. Different
categories of pathogens need different environments. The major environmental parameters that affect disease development
are temperature, relative humidity, rainfall, wind velocity, and bright sunshine hours. From these basic parameters other
parameters such as leaf wetness duration can be derived which would have a better correlation with disease development.
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For development of a reliable and effective disease forewarning system, we should have datasets on host parameters
such as varietal susceptibility, vulnerable phenophase, and crop production system. Similarly, we should have information
about virulence/aggressiveness of the pathogen, initial inoculum density, biology, pathogenicity, and growth rate of
pathogen. We need also information about the basic weather parameters coupled with microenvironment at host level.

3.0 Types of disease forewarning systems
Starting from simple thumb rules, the disease prediction models are go to very complex models involving several
analytical tools. The purpose of a model is to help grower to arrive at a decision about crop health management. Some of
these models also could go as sub-routines in crop growth models which are useful o ultimately workout the predicted
yields. However, due to complexity of the processes involved in disease development, very few crop growth models
have considered including the disease sub-routines. Even such models like DSSAT do not take all parameters of disease
development and thereby leaving unaccounted variability. Various techniques of computer modeling and simulation like
artificial neural networks, fuzzy logic or Montecarlo analysis and the conventional multiple regression approaches are
being used to help synthesize and develop scientists’ understanding of this complex plant-pathogen-environment
relationship. The resultant models enable exploration of the factors that govern disease epidemics. The same models
have potential to guide breeding programs and work to develop strategies that will prolong the usefulness of diseaseresistance genes.
Thumb rules: Thumb rules are qualitative knowledge-based models that could be used for disease prediction. These
thumb rules are derived based on past experience of definitive relationships among host, pathogen and environment.
‘Dutch rules’ for prediction of late blight of potato, Mill’s rules for prediction of apple scab are some examples. These
rules are not quantifiable and also not fit for numerical analysis.
Empirical or mechanistic models: These models are developed based on elaborate experiments and deriving simple
relationships between various parameters associated with disease development. These are mainly descriptive models covering
various weather parameters and their influence on disease development. However, these models cannot be used for quantification
or analysis of disease purposes. They also include geophytopathological maps showing disease spread.
Mathematical models: Mathematical models are developed by applying the mathematical relationships between host,
pathogen and environment interactions. The analytical models use the epidemic analysis on a theoretical basis without
taking into consideration the external factors. These include parameters such as apparent rate of growth of infections,
disease growth under non-restrictive environment, equations developed for fitness and survival of the pathogens etc.
The statistical models include use of statistical tools such as correlation, regression methods. These models could be
linear or non-linear relationships between various interacting parameters of a disease.
The simulation models include the art and science of constructing composite models and mimicking one system with the
other. Simulation models, when run on the computer, generate growth parameters by considering algorithms based on a
detailed flow diagram of the events of disease development. The first computer-based plant disease simulator is EPIDEM
for early blight of potato and tomato. Later several simulation models were developed either as a stand-alone model or
as a sub-routine of the crop growth model. With the advent of internet, web-based decision support systems are also in
place for various diseases. The web-based models are easy to develop as they do not need expertise of computer programs
and the web pages could be written with a relative ease as compared to complicated programs such as Java, J-Builder
etc. Magarey et al., (2005) developed a generic infection model based on temperature and wetness duration. The model
is generic in the sense that it was developed to describe any pathosystem when appropriate parameters are supplied.
The production and availability of decision support systems (DSS) as aids in applying or using disease control methods
have become common in contemporary agriculture, perhaps because it has become easier to obtain and process the data
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that are needed to provide this kind of advice. Another factor affecting adoption of DSS is the ability to reach large
audiences with relatively little effort. While increased availability of this kind of information is undoubtedly a benefit for
most users, the quality of such information should be sufficient to allow maximization of the economic and environmental
benefits that can result from the use of such systems. Thus, other ways of development of such systems could be useful.
In addition, clear and objective methods are needed to evaluate and compare different DSS, although the ultimate
criterion is adoption by the end-users.
With the development of more rapid computing technologies, it is possible to compute a large number of simulations to
support new modeling methods for plant disease forecasting. The development of disease forecasting models is based
on determining the value of unknown parameters for an appropriate model. One method for estimation of parameters is
maximum likelihood estimation (MLE), first developed by R.A. Fisher. The basic idea behind MLE is that one can
calculate the probability of observing a particular set of data given the model of interest and this is called the likelihood
of a sample. The likelihood of observing the actual data for each of the potential parameter values is calculated to
determine which set of parameter values maximizes the likelihood.
Stochastic models: These models are based on probability distributions and generally adopted when a reliable estimate
of the expected value is desired and when there is a curvilinear relationship between stochastic characteristic and one of
the state variables. From these models generally variance of the model is expected output. These models include heavy
calculations needing electronic calculation aids. These models are more common in human and animal diseases where
the target organisms are mobile without a continuum and the probability is involved in such cases.

4. Validation - where are we & what next?
In our early days, we started with correlations and regressions and developed relations between host and disease.
Unfortunately, most of the disease forewarning systems developed in India during early era of plant disease epidemics,
adapted the successful procedures used in developed nations. However, for monsoon-influenced crop production systems,
these procedures do not hold good as they need a different logic to understand disease development. Hence, most of the
mathematical models developed by those methods failed to validate across locations. With our enhanced understanding
about disease development, we accept that simple mathematical models do not help to understand the epidemics. Simialrly,
we tried to develop simple thumb rules and here also regionality parameter was neglected. Also, in many of such
models, the pathogen parameters and their biocontrol agents were neglected and there by leaving a large amount of
variability un-accounted for. Today, our understanding of the epidemic has greatly improved due to availability of
modern scientific tools such as GIS, remote sensing, a better knowledge about the pathogenicity factors, host-pathogen
interactions, and more importantly our ability to measure weather parameters in a more precise way. Most disease
forecasts are based on favorability of weather for disease development. Input data for the forecasts are usually derived
from automatic weather stations (AWS) that may be irregularly and incompletely dispersed across a region. Therefore,
interpolation or extrapolation from nearby AWS sites is often necessary. Simple interpolation from a network of AWS
sites may produce disease forecasts with enhanced on-farm resolution. However, complex terrain can make such
interpolation impractical and inaccurate. Large AWS networks also require maintenance and substantial financial support.
We do have access to satellite datasets which could be used for better understanding of the disease environment. Mesoscale
weather models are capable of simulating weather conditions such as air temperature and humidity at a resolution of as
high as 100 meter, and then clustering as a supercomputer, overcoming some of these previous limitations.
The successful development of a plant disease forecasting system also requires the proper validation of a developed
model. There is increased interest among plant disease modelers and researchers to improve producer profitability
through validation based on quantifying the cost of a model making false predictions (positive and/or negative). An
economic validation of a plant disease forecasting system requires the examination of false positive and false negative
predictions.
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5. Conclusions
Reformulating the question from How much disease will occur?, with a quantitative answer, to a question like Should I
spray my field?, with a qualitative answer entails use of different techniques. Disease prediction models are useful tools
for the benefit of the farmers to make farm decisions. However, to develop an effective and efficient disease prediction
model, a careful analysis of the disease environment is required. A multi-disciplinary approach to the problem solving
would help in better understanding of the disease in a production system mode by taking into consideration a holistic
overview of the disease. In India, due to limited manpower trained to analyze the disease epidemic is a major limitation
and hence, human resource development in this faculty is badly needed to address this important area of research.
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GEOINFORMATICS FOR NATIONAL LEVEL CROP
INVENTORIES
K. V. Ramana

1.0 Introduction
The importance of agriculture for the Indian society can hardly be over-emphasized, as its role in economy, employment,
food security, national self reliance and general well being, does not need reiteration. In India, Agriculture and allied
sectors contributed 16.6% of the GDP in 2007, employed 60% of the total workforce and despite a steady decline
of its share in the GDP, is still the largest economic sector and plays a significant role in the overall socioeconomic development of India. Agriculture is not only the basis of the national economy, but also the basis of
politics and society. The effective mechanism of crop forecasts has immense utility in developing stable economic
environment, reducing the risk in production, marketing and distribution operations and decisions for exports and
imports. With the global shift in the market economies, reliable agricultural information has gained more
importance than ever before. National crop inventories are required to determine the national or regional food
demand and supply balance, and to gauge social security.

2.0 Current system of collection of crop statistics in India
India has one of the best systems in the world to collect, collate and compile official estimates of crop
production. Historical records related to crop statistics dates back to Kautilya’s Arthasasthra as well as Moghul’s
era. The modern crop statistics form an uninterrupted series since the first wheat assessment/forecast was carried as
early as 1884. In the current scenario, the agricultural statistics system comprises of census enumeration of each piece of
land in the state and aggregating the area statistics (of all kinds) at various levels from village to the state. The Directorate/
Bureau of Economics and Statistics of the State governments act as State Agricultural Statistics Authority (SASA).
These estimates are primarily based on the official feedback of area and production received from the states. The final
estimates of production of crops based on complete enumeration of area by revenue agencies and yield estimates
based on crop-cutting experiments become available much after the crops are harvested. Production is estimated as
a product of estimates of crop area and crop yield.
Area under the crops is obtained through complete enumeration of area in respect of 18 states known as temporarily
settled states or land record states namely Andhra Pradesh, Assam, Bihar, Chattisgarh, Goa, Gujarat, Haryana,
Himachal Pradesh, Jammu and Kashmir, Jharkhand, Karnataka, Madhya Pradesh, Maharashtra, Punjab, Rajasthan,
Tamilnadu, Uttaranchal and Uttar Pradesh and 5 Union territories Chandigarh, Dadra and Nagar Haveli, Daman and
Diu, Delhi and Pondichery. This category covers around 86% of total reported area of the country. For the states of
West Bengal, Kerala and Orissa (Permanently settled states) covering 9 % of the reported area of the country, area
estimates are obtained through sample surveys of 20 percent sampling on rotation basis. In another 5% of the area
comprising the states of North East - Arunachal Pradesh, Manipur, Meghalaya, Mizoram, Nagaland, Sikkim and
Tripura and two other union territories – Andaman and Nicobar islands and Lakshadweep, compilation of area
statistics are based on conventional methods in which estimates are reported by village choukidars on the basis of
personal assessment.
Yield estimates of various crops are derived on the basis of crop-cutting experiments conducted on random
sampling basis under General Crop Estimation Surveys (GCES). About five lakh crop-cutting experiments are
conducted every year on 51 food crops and 15 non-food crops in different states.
Considering the genuine requirement of crop estimates much before the crops are harvested for various policy purposes,
a time schedule of releasing the advance estimates has been evolved. The first official forecast of area and production of
kharif crop is prepared in mid of September, second assessment in the month of January and the third estimate is prepared
towards the middle of April. The final estimates are worked out about six months after the close of the agricultural year.
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Acreage estimates from these surveys have to pass through a hierarchy of aggregation of village, taluka, district and
state level, which contributes to a delay in compilation of national forecasts. Shortcomings in the present crop
information system in India include delay in reporting, rigidity of definition, non-sampling errors, inadequacy for
forecasting and non-responsiveness to change in growing conditions or episodic events. Iyer (1991) reports about 20%
of non-completion of enumeration in sample villages (mean for three years 1982-83 to 1985-85). In 67% of the survey
numbers checked under Improvements of Crop Statistics (ICS) scheme by National Sample Survey Organisation
(NSSO), there were no discrepancies in information filled by village functionaries. Non-reporting of crop sown occurred
in 10-11%, whereas 3-4 % of survey numbers a crop not sown was reported. In 18-19 % of fields there was a
discrepancy in reported crop area. The crop area ratio for village level worker and supervisor varied from 0.94 to 1.04
in the three years. In order to overcome these deficiencies, the estimates made from remote sensing data onboard
space borne platforms offers a good promise in terms of timeliness and accuracy of the estimates. The intrinsic ability
of remote sensing data to identify and distinguish crops is very helpful in deriving crop acreages, production estimates,
to monitor and assess the crop condition. Remote sensing based crop identification and discrimination is centered
around the concept that each crop has a unique spectral signature due to its own architecture, growing period etc.

3.0 Remote sensing for crop inventories
With the availability of aerial photographs and development of aerial photo-interpretation technique in the 1920's, its
utility for land use / land cover mapping began in the mid 1930s (Rust, 1978). The Corn Blight Watch experiment
initiated in 1971 evaluated the use of high altitude photography to detect corn blight and its spread. The LACIE
(Large Area Crop Inventory Experiment) carried out during the years 1974-78 was a major international and pioneering
study that demonstrated the potential for wheat acreage estimation in major wheat growing areas of the world using
Landsat MSS data and agro-meteorological models for yield estimation. Another study CITARS (Crop Identification
Technology Assessment of Remote Sensing) demonstrated the utility of automated data processing techniques and
space-borne data for corn and soybean inventory in U.S. In India, identification of root-wilt disease in coconut using
aerial false colour photographs in 1970 was the pioneering experiment. (Dakshinamurthi et al., 1971). Agricultural
Resources Inventory Survey Experiment (ARISE) was jointly carried out by ISRO and ICAR in Anantapur
(Andhra Pradesh) and Patiala (Punjab) to estimate the acreages under various crops using aerial colour infrared
photography. The first attempt in the country towards the use of satellite data for wheat acreage estimation was made
in Karnal district using Landsat MSS data by Dadhwal and Parihar (1985). Subsequently, a project on Crop Acreage and
Production Estimation (CAPE) was formulated for major crops – wheat, rice, sorghum, groundnut, rapeseed/mustard,
cotton, sunflower, jute and multiple crops (Navalgund et al., 1991, Dadhwal et al., 2002, NRSA1991, NRSA 1992,
Krishna Rao et al., 1997). The success of CAPE project led to demand by Ministry of Agriculture for multiple in-season
forecasts of major crops from sowing to maturity leading to formulation of FASAL (Forecasting Agricultural output
using Space, Agro-meteorology and Land based observations) concept at district, state and national level (Parihar and
Oza, 2006).
Considering the fact that crop forecast is needed right from the beginning of season, when crop is still being sown, use
of econometric and weather based models is proposed early in the crop season. It will be followed by high temporal and
moderate spatial resolution and later on with high spatial resolution remote sensing data. Agro-meteorological conditions
play very important role in determining the crop growth and yield, hence they need to be considered at all the stages of
crop. Land based observations will be an important input for classification of remote sensing data, determining
genetic coefficients for crop growth simulation model and validation of results. In the FASAL project, methodologies
have been developed and were operationalized for National wheat, Kharif rice and winter potato crops. The case
studies fore national kharif rice and rabi wheat crop, the two most important crops were described hereunder.

4.0 National wheat forecast
The national wheat acreage estimation involves analysis of multi-date AWiFS data acquired from October to March
months using hierarchical classification techniques. The geo-referenced multi-date datasets are prepared and statistics
of pseudo-invariant features are used for relative radiometric normalization. These normalized temporal datasets along
with corresponding NDVI images are classified using decision rules for deriving wheat acreages. The figure 1
depicts the temporal behaviour of the wheat and other competing crops that enable the analyst to discriminate the
different crops in AWiFS data.
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Fig.1. Temporal spectral profile of wheat and other rabi crops

Steps involved in analysis of multi-date AWiFS data for acreage estimation is given Figure-2. The crop acreage
is estimated by statistical aggregation using stratified random sampling procedure and extrapolated to national level
using ratio / regression factor. The wheat yield is estimated using regression based yield models using fortnightly
temperatures and deviations of wheat yield from technology trend. The deliverables (State and National wheat acreage
estimates) and their schedules are as follows:

Rabi cropped area by end of January

First estimate of wheat acreage by end of February


Second and Final estimate of wheat acreage by end of February

Fig.2. Steps involved in the wheat acreage estimation
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5.0 National kharif rice forecast
In order to circumvent the problem of the non-availability of cloud free data during the kharif season, microwave
data from the Synthetic Aperture Radar (SAR), with cloud penetrating and all weather capability is considered
as an alternate means. RADARSAT ScanSAR Narrow B – (SNB) data having an incidence angle of 31-46 degrees
was found to give distinct signature to wetland rice crop. The pattern of change in backscatter from ploughed/
puddled fields to the water-filled fields at transplanting stage and the subsequent response from the crop canopy at
various phenological stages have shown that radar data can be very useful for discrimination of rice crop from other land
features (Fig-3). The 300 km swath with 25m resolution of SCNB data was found more cost effective for large area crop
monitoring. In order to obtain crop acreage estimates of large area within a reasonable time and cost, simple random
sampling procedure was adopted. The state crop acreage statistics are aggregated to nation level using expansion
factor by ratio or regression method. The rice yield is estimated using regression based yield models using fortnightly
rainfall and deviations of rice yield from technology trend. The other relevant details are given below.

Fig.3. Backscatter signatures of various paddy stages and other features

Area coverage: 13 States (A.P., Assam, Bihar, Jharkhand, Chhattisgarh, Haryana, Karnataka, M.P, Orissa,
Punjab, Tamil Nadu, U. P and WB)
Satellite data: Three/Four dates RADARSAT SN-2 data (June – Sep for all states; Sep- Dec for TN); Fourth date data
is in case of delayed seasons
Ancillary data: Historical crop acreage, production, ground truth, weather data
Methodology: Simple random sampling approach with decision rule based classification to derive crop acreages and
production based on rainfall based regression model
Deliverables: State and Nation level rice acreage estimates - First estimate (F1)- Sep15; Second estimate (F2) - Oct 15;
and Final estimate (F3) by January 31.
The following is the temporal FCC of RADARSAT ScanSAR Narrow B data covering the state of Haryana with the
district boundaries, sampling grids and the classified rice mask overlaid on to the image (Fig 4).
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Fig.4. FCC of 3 date RADARSAT data and the classified image of Haryana

6.0 Yield estimation
Statistical, meteorological and / or spectral models are used for crop yield estimation. Remote sensing based
models adopt two approaches viz., single date spectral index and multi-date spectral index-growth profile. The
single date data spectral index approach relies solely upon the data acquisition within a narrow critical period of
maximum vegetation growth phase while multi-date approach depends on spectral data at different stages of crop growth
within the season.
The multi-date approach has the constraint of obtaining the cloud-free multi-temporal satellite data within the
crop growth cycle. To overcome this problem, studies are in progress to explore the potential of the microwave
data, which has the all weather and cloud penetrating capability. Remotely sensed data directly or its derived
parameters are related to the yield or to the biometric parameters.
In addition, attempts are also underway to incorporate the spectral information in the process-based models and
crop simulation models to improve the predictive capabilities of the remote sensing based crop production estimation.

7.0 Conclusions
Satellite remote sensing techniques are being operationally used to provide intra seasonal and inter-seasonal information
on the spatial distribution of crops at different levels. Analysis of satellite data for crops along with the information
on other natural resources in GIS environment provides valuable information towards sustainable agriculture. The
continuous improvements in the satellite technology in terms of providing improved spatial and spectral resolutions
and re-visit periods will greatly enhance the capabilities of mapping and monitoring of more number of crops
in diverse physiographic and terrain conditions.
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CROP SUITABILITY ASSESSMENT USING GIS
K. V. Rao

1.0 Introduction
The competition between agriculture for land use to produce food and alternative uses of land is growing at an alarming
rate. The demand for food and fodder is also increasing due to increasing population, income growth and urbanization.
In Asia ,it is estimated that approximately 40-50% more rice needed to be produced by 2025. It is estimated that the total
food grain requirement of India will increase to 269 Mtons by 2010 (Kumar, 1998). As well, demand will be large for
other cereals, poultry and fish.
With such pressure, marginal lands are forced into cultivation, species habitats are destroyed, causing a cycle of destruction
of Earth’s resources and a worsening of the lives of those who are already poor. With accentuated problems of soil
erosion and decrease in soil depth, a great deal of variability in the productivity can be expected. To answer such
problems, a systematic, evaluation of crops and cropping systems based on the land capability classes needs to carried
out. A matrix of possible land uses as influenced by resource carrying capacity (land capability class and mean annual
rainfall) is presented below (CRIDA Perspective Vision 2020).

2.0 Land Evaluation for development of crop suitability
The approach of matching the quality of natural resources with the various societal demands placed on them is the realm
of the scientific field of land use systems analysis. It is founded on the principles of production ecology, which integrates
the knowledge of basic physical, chemical, physiological and ecological processes in agro-ecosystems and uses that to
understand their functioning. The work involves data inventory of environmental resources, identification of homologous
environments, determination of agricultural potential of a region and planning for regional development.
In crop suitability/ land use studies, two main directions can be distinguished. The first is the more explorative type of
studies that aim at defining the development possibilities and have their main focus on ‘what would be possible?’. These
studies emphasize the bio-physical possibilities, in the belief that, at least in the long run, most human-related factors
and attitudes can be adapted (or can be forced in desired direction), whereas the bio-physical conditions can hardly be
modified. The second type can be characterised by the term ‘predictive’, and focuses on the questions ‘what can be
changed? and ‘how can desired changes be realized?’ These studies therefore emphasize the current situation in terms of
the (socio-) economic environment and land use pattern, and consider these as the main constraints to modification.

3.0 Evolution of crop suitability/land use planning methodologies
In response to the requirement of methodology for land use planning, FAO proposed guidelines in land use planning, in
which a major activity is the selection of land use alternatives based on land evaluation (LE), that combines bio- physical
and socio-economic factors (FAO, 1976, 1993). FAO provided a series of guidelines for land evaluation for different
purposes such as rainfed agriculture, irrigated agriculture, extensive grazing and forestry (FAO, 1983, 1984, 1985,
1991).
Efforts have also been made to develop methodologies for land use planning based on the climate data alone. Commonly
used parameters for climatic classification based climate is length of growing period and drought spell frequencies.
These parameters may be more useful for dryland agriculture. Classification of India’s agricultural environments into 21
zones is a recent example where this method has been applied (Sehgal et al., 1990). Growing season length, estimated
from rainfall and potential evapotranspiration, is also used in several classifications (FAO 1983; Oldeman and Frere
1982; Sehgal et al., 1990). Drought spells and drought frequencies based on daily rainfall have been used to design the
suitable cropping systems for West Africa. In India, as in most other countries, several attempts have been made to
classify its diverse climates for making effective land use plans. Planning Commission of Government of India carved
15 agro-climatic zones based on physiography and climate (Government of India, 1987). Subsequently, these zones
have been subdivided into 127 agro-ecological zones by the National Agricultural Research Program (NARP) based on
physiography, rainfall, soils, cropping pattern and administrative boundaries (Ghosh, 1990). These efforts are aimed at
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carving the homogeneous regions specific to few parameters of interest and can be used for a regional level study only.
National Bureau of Soil Survey and Land Use Planning superimposed soil texture map, physiography, climate (aridityhumidity) and computed growing period (the time when rainfall exceeds 0.5 x potential evapotranspiration) to demarcate
21 zones (Sehgal et al., 1990). Probability of occurrence of two week dryspells along with critical growth stages have
been used to identify the mandals for cotton cultivation during kharif season in Andhra Pradesh
In the present lecture the following approaches have been explained in detail


Land evaluation methododlogy as outlined by FAO



Use of GIS for land evaluation



Alternate crop suitability/land use plans based on cropping systems models

4.0 Land evaluation methodology – FAO approach
In evaluation for rainfed agriculture, information is required on agroclimatology, soils and landforms. It is necessary to
identify the land use requirements for each type of land utilization. The three sets of land use requirements related to the
efficient functioning of a land utilization type are


Crop requirements: The physiological requirements of the crop or crops.



Management requirements:The requirements related to the technology of management systems.



Conservation requirements: The requirements for the avoidance of soil erosion or degradation.

For each of these requirements suitable diagnostic factors are to be identified which can be derived/measured through a
survey. Next, concept of factor rating is used. Factor ratings are sets of values which indicate how well each land use
requirement is satisfied. Thus with reference to temperature regime, the temperatures most favourable for growth of a
given crop are given high rating, and those in which the crop will fail are given the lowest rating. Because the land use
requirements are different, factor ratings vary from one crop to another, and one land utilisation type to another.
Factor ratings usually made in terms of four or five classes , for example:


Highly suitable



Moderately suitable



Marginally suitable



Not suitable

Combining the individual ratings into overall suitability of the site for the land utilization type, law of the minimum or
method of multiplication are used. In the law of minimum the least favourable assessment factor is taken as limiting.
Thus if there are 5 important or significant land charaterstics, rated respectively as s1, s1, s3, s2 and s1, the overall
suitability is taken as s3. The logic of this procedure is that it is of little use having excellent conditions with respect to
temperature regime, moisture availability, absence of salts and toxicities etc., if rooting conditions are limited by a soil
depth of 10 cm.
In the method of multiplication, each suitability class is assigned a value ranging from 1.0 for s1 to 0.0 for n (the latter
automatically incorporates the rule given above that n suitabilities are limiting). The following are suggested:
s1 = 1.0 s2 = .8 s3 = .5 n = 0.0
These values are multiplied for all moderately or very important land qualities. The product is converted back to an
overall suitability not according to the same scale (which would lead to an unduly large number of s3 results) namely
0.8 to 1.0 = s1, 0.4 to 0.8 = s2, 0.2 to 0.4 = s3, and 0.0 to 0.2 = N.
An exhaustive list of parameters on which information needs to be collected can be identified. However, After careful
scrutiny and consensus among the experts, few parameters can be finalised for each of the land utilization type. If the
study covers a larger area, readily available information along with the land use requirements need to be considered. In
India, NBSSLUP created the spatial information for majority of the states at 1:500,000 scale for the following soil
parameters.
210

Soil depth, particle size class, minerology, calcariousness, soil temperature regime, surface form, parent material, soil
reaction, soil drainage, groundwater depth, compact layer, flooding, surface texture, slope, erosion, salinity, sodicicty
and surface stoniness.
Coupling this information with the climate information on average temperature, dryspell analysis etc. can be readily
used to identify the homogenous units for suitable land utilization types.

5.0 Use of GIS for crop suitability
With availability of soil characterstics and climate information in a spatial form organised in the form of geographic
information systems, it is possible to characterise even the smaller holdings also as per the land suitability. One such
study has been carried out by NRSA (Rao BRM, 1998). Soil suitability to groundnut crop through GIS was carried out
for Tettavai watershed in Nalgonda district of AP through remotely sensed data. Instead of factor ratings, weightage for
different parameters was determined based on the Saaty’s Analtycal hierarchy process. The suitability criteria followed
for groundnut crop and flow diagram for this approach is given below.

Table.1. Suitability criteria for groundnut crop
S.No

PARAMETERS
CLIMATE

S1

S2

S3
RANKS
3
2
500-700 400-500
400-600 300-400
110-120 90-110
50-80
30-50
22-25
20-22
33-35
35-37
16-18
14-16
60-70
70-80
10-15
15-20

S4

N

1
<400
<300
<90
<30
<20
>37
<14
>90
>20

-

25-50
Cl, sicl,
sic, c
3-15
15-20
120-150 100-120
7.5-8.0 8.0-8.5
2-4
4-8
5-7
7-10
1-3
3-5
Well
Moderately
drained Well
drained

10-25
Very fine
sandy
20-25
100-80
8.5-9.0
8-15
10-15
5-8
Imperfect
drained

1
2

4
Total rainfall
600-800
Rainfall growing season(mm)
500-700
Length of growing period (days)
>120
Rainfall at pegging and pod formation (mm) 80-100
Mean temperature in growing season (°C)
25-30
Mean maximum temp. in growing season (°C) <33
Mean minimum temp. in growing season (°C) >18
Mean RH in growing season (%)
50-60
Length of dry spells (Days)
<10
SOIL / SITE
Depth (cm)
75-100
50-75
Coarse fragments
L, scl, sil Sl

3
4
5
6
7
8
9

Texture
Available water holding capacity (mm/m)
pH(1-2.5)
Ece (dS/m)
CEC (Cmol (P+) /Kg)
Slope
Drainage

1
2
3
4
5
6
7
8
9

<3
>150
6.0-7.5
<2
<5
0-1
Well
drained

<10
>20
<10
>9.0
>15
>15
>8
Poor /
drained
Excess

6.0 Alternate land use plans based on cropping systems models
In the above mentioned procedures it can be seen that the suitability is characterised in a qualitative manner i.e highly,
marginally suitable etc. One would not have an idea about the quantum of yield that can be achieved. Crop simulation
models offer a choice of meeting this objective also.
Crop yield estimates can be generated from basic data by applying crop models. Crop models may have been developed
locally or for other places, and often require calibration before they can be applied.

7.0 Crop growth simulation models
These are in principle similar to the yield models based on resource use efficiency. The difference is that the processes
are described in smaller time steps than the complete season, usually a day, and that varying responses and varying
environmental conditions are taken into account. They can be seen as refinements of the simple models. The simplest
models in this category combine the use efficiency of the most constraining factor with a harvest index to estimate yield.
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7.1 The F AO-AEZ model
The model widely applied for assessing land resource use potential is the agro- ecological zones (AEZ) model of F AO.
It is a rather simple model, but contains most of the elements that in a much more refined way are applied in comprehensive
simulation models. The FAO-AEZ method of yield estimation uses an elementary version of photosynthesis-based
models. It is valid for rainfed conditions only. The potential yield under constraint-free conditions is calculated as
Yield = mean daily growth rate x length of growing period in days (LGP) x harvest index (HI)
HI and LGP are fixed constants for a given location.
The FAO method represents the most basic quantification of potential and attainable yield. It was designed for application
at a continental scale and has been refined for national application, but the methodology has not changed (FAO/lIASA,
1993) The method can be applied to individual years and to long-term average conditions.
Fig.1. Soil suitability for crops – A GIS approach

7.2 The WOFOST model
The WOFOST model (Van Diepen et al., 1989; Supit et al., 1994)has been designed as a generic crop growth simulation
model that is sufficiently sensitive to environmental conditions, especially weather conditions. Differences in weather
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patterns to lead to explainable differences in crop yield, so that inter-annual yield variability and differences in yield
potential between regions can be quantified. The WOFOST model is a universal model for field crops grown as
monocultures, having a uniform crop canopy. ARC- INFO, a vector based GIS package along with WOFOST, a general
purpose simulation model to estimate potential and rainfed yields of winter wheat and of other crops in the European
Community.
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NEW CONCEPTS METHODS IN AGROCLIMATOLOGY FOR
OPERATIONAL APPLICATIONS
A.S.R.A.S. Sastri

1.0 Introduction
Agroclimatology is the science which relates the climate and weather to the crop production. In the crop production
there are several operations right from field preparation to sowing, weeding, irrigation, harvesting, threshing, transportation
and even marketing. In each of these activities weather and climate play vital roles. However, though conceptually there
are several methods for agroclimatic analysis, the method of analysis and necessary assumptions to be made for the
analysis are very location, crop and time specific. For example, the concept of growing degree days (GDD) is used to
study the crop phenology. But, the thermal responses of different crops and crop varieties vary considerably. Similarly
climatic water balance is a very good tool in climatology not only for delineation of different climates but also for
assessing the droughts and agricultural drought. While analyzing such data for different crops there is a need to make
some assumptions for the crops specific to the location.
Some new concepts and methods that need to be modified as per the specific needs are discussed in this paper. The
assumptions for the location specific analysis need to be made by individual scientists.

2.0 Growing degree days
The growth and development of any crop is influenced by three climatic components. They are, thermal, moisture and
light regimes. Under irrigated conditions the problem of moisture regimes is nullified. The thermal regime influences
the developmental activities of a crop while the light regimes influences the growth. In India within in the latitude belt
of 18o to 22o N though rabi crops like wheat, tomato, rapeseed-mustard are grown, these crops often face thermal stress
problems at any stage especially during reproductive and maturity stages. Thermal stress reduces the duration of each
phenophase and hence, the productivity also reduces. Also, some plants are photo-sensitive and most of them are thermosensitive. The thermo-sensitivity depends upon the day temperatures in some cases and night temperatures in other
crops. In view of this, often the GDD analysis fails as the total GDD varies from season to season for the same crop and
same variety.
In view of this several researchers proposed several methods for computing the growing degree days as follows.
Method 1:

GDD = Σ (Tx+Tn)/2 – Tb
Where Tx is maximum temperature, Tn= Minimum temperature and Tb = base temperature

Method 2:

In this maximum temperature is considered instead of mean temperature
GDD = Σ (Tx – Tb)

Method 3:

In this method the ceiling concept is introduction with the hypothesis that the growth of the plant
ceases after a ceiling of maximum temperature
GDD = Σ ( (Tc- (Tx-Tc) – Tb) where Tc is the ceiling and it varies from crop to crop. But for rabi
crops it is taken as 35oC

Method 4:

In this method ceiling temperature is used but it is controlled through mean temperature
GDD = ( ( Tx+Tn)/2 – (Tx-Tc)) – Tb

In the other methods, the above 4 methods are used and a day length factor is added
Method 5:

Method 1 X DL / 12 where DL is day length hours
GDD = Σ DL/12 ((Tx + Tn) / 2 –Tb)

Similarly methods 6,7 and 8 are the same as methods 2,3 and 4 but it is multiplied by DL / 12
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When these studies were conducted for tomato crop under Raipur conditions it was found that method 2 worked better
for tomato crop with minimum variation of GDD in different sowing dates. Thus, for tomato crop development maximum
temperature plays a vital role in the crop development and thereby the productivity.

3.0 Thermal sensitivity index
The thermal sensitivity of any crop or genotype can be assessed based on the stability or consistency of it when grown
under different thermal environments. In other words thermo-insensitive genotypes take the same duration when grown
under different environments. Using this concept thermal sensitivity index was developed as follows.

TSI =

Range of duration in different thermal environments
——————————————————————————
Average duration

X 100

Based on the TSI values, the thermal sensitivity of a crop or genotype can be assessed as follows.
TSI

Thermal sensitivity

<5
Tolerant
5 – 10
Moderately tolerant
10-15
Moderately susceptible
> 15
Susceptible
With this concept experiments were conducted with 5 genotypes of tomato and 4 sowing dates. The TSI for these 5
genotypes was computed and based on TSI, the thermal sensitivity of the 5 varieties of tomato was assessed as given
below.
Variety

TSI

Thermal sensitivity

NS-815
Pusa Chhauraha
Pusa early dwarf
Pusa ruby

7.11
12.16
14.89
12.48

Moderately
Moderately
Moderately
Moderately

Punjab Kesri

13.79

Moderately susceptible

tolerant
susceptible
susceptible
susceptible

Thus, under Raipur conditions NS-815 is a suitable variety for getting good productivity even after the cessation of
winter period in February and March. This kind of information was sought by a private company which prepares tomato
pulp till March/April and later mango pulp for exporting to middle-east countries.

4.0 Topoclimatology
In hilly and undulated areas agriculture is different from the operations carried out in plains. In sloppy areas effective
rainfall is a very important parameter to be considered for climatic water balance studies. There are several factors that
influence the effective rainfall
Factor
Rainfall
Other Met. Factors
Land
Soil
Ground water
Management
Drainage channel

Relative characteristics
Amount, intensity, distribution and time
Temperature, radiation, RH, wind speed
Topography, slope, types of use
Depth, structure, texture, bulk density, organic matter
Depth, quality
Tillage, leveling, bunded or not etc.
Size, shape, roughness

Crops

Nature, rooting depth, ground cover, stage, rotation
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Based on the above characteristics, there are several methods of computing the effective rainfall in a given location.
In hilly terrain, the effective rainfall varies from top to bottom of the topography depending upon the slope, vegetative
cover, soil type etc. Hence, in computing climatic water balance, it is necessary to compute the effective rainfall first
and using the effective rainfall the water balance computations can be made. In this way, the total run-off water would
be much higher than the actual computed values using total rainfall. Such analysis is very useful in determining the
climate type for crop planning.
As an example, in northern Chhattisgarh ( Northern hills agroclimatic zone) the soils are very sloppy and they vary from
Sandy (Tikra) to clayey ( Behara) soils and in between lies sandy loam (Chawar) and clay loam (Godi chawar). The soils
have different field capacities ranging from 100 mm to 200 mm. The topoclimates of a given area were worked out using
the effective rainfall and fixed percent techniques (Smith, 1992). Using the effective rainfall, the water balance
computations were made for these 4 types of soils with different water holding capacities. Using the water balance
components, the climates at different slopes of the topography were worked out using moisture index. The moisture
index is the ratio of the difference between the annual water surplus and annual water deficit to the annual potential
evapotranspiration. Using the Im values the climates at different topo-sequences were worked out. It was found that in
sandy soils the climate is arid type while in the mid topography the climate is semi-arid. In the bottom of the topography
( valley area) the climate is of moist sub-humid type.
Thus, farmer in that area having a land of 5 - 6 hectares, has to manage crops ranging from arid type of climate to subhumid type of climate. Thus, the crop planning for this farmer is much difficult than other farmers in Indo-Gangetic
Plains area. The topclimatic analysis are thus, very important in such localities with different topo-sequences.
The climatic water balance diagrams of these 4 types of soils is shown in the figure.

Figure 1: Climatic water balance diagrams in the 4 types of soils in different topo-sequences at Ambikapur
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5.0 Water harvesting potentials of watershed areas
In any watershed area or in any village water harvesting is done from the catchment areas and the water thus collected is
stored in a pond or village tank. For making the estimates of the pond or tank size, the water harvesting potentials of the
catchment area need to be assessed and then the tank or pond need to be prepared accordingly. The water harvesting
potentials vary with normal and deficit rainfall models. For assessing the water harvesting potentials under these three
situations, climatic water balance can be used . The climatic water balance can be computed after calculating effective
rainfall depending upon the slope and vegetation cover and soil type of the catchment area. Such studies were carried
out for Chhattisgarh state and some of the results are as follows.
The average rainfall quantum in different districts of Chhattisgrah state under excess, normal and deficit rainfall situations
has been worked out and are shown below. It can be seen from the table that even under excess rainfall conditions the
average rainfall varied from 2160 mm in Jashpur district to 1414.6 mm in Kawardha district. Similarly under deficit
rainfall conditions the rainfall amount varied from 682 mm in Mahasamund to 1057 mm in Jagdalpur. Under such
conditions the quantum of harvestable water varies significantly as shown in Table.1.

For assessing the water harvesting potential an index known as Storage Index has been developed which is as follows.
Annual water surplus under any type of rainfall situation
Storage Index = ——————————————————————————— X 100
Annual average rainfall
Here the denominator is annual average rainfall as the denominator should be same for assessing the index under the
three rainfall situation. The annual surplus water in the total of ineffective rainfall plus the water surplus obtained from
water balance computation using the effective rainfall. The storage index under excess, normal and deficit rainfall years
in different districts of Chhattisgarh state are given in Table.2.

217

It can be seen from the above table that under excess rainfall conditions, the storate index varied from 86 per cent of
average rainfall in Dantewara district to 53 per cent of the annual average rainfall in Durg district. Thus, the tank size in
Dantewara district must be larger and in the Durg district under a given catchment area. Similarly during deficit rainfall
years the storage index varied from 1.9 per cent in Durg district 5.8 per cent in Mahasamund and Dhamtari districts and
35.7 per cent in Janjigir district. Thus, during drought years water harvesting and recycling through farm ponds is not
feasible in some districts.

5.1 Computation of pond size
Considering the catchment area of the farm pond or tank is 20 ha, the volume of water collected in a pond or tank under
normal rainfall conditions in Raipur district is computed as
Volume of harvestable water = Catchment area X Surplus water
In this case it is
20X100X100 m.sq X0.3981 m = 79,620 cu.m
If a depth of water of 3 meters in the tank is considered, the area of the pond or tank is
Area = Volume X Depth, that is
79620 / 3 = 26540 sq. m or approximate 2.7 hectares
In the other words, under normal rainfall conditions with a depth of water of 3 meters, there must be 2.7 hectares of pond
or tank in a 20 hectares catchment area which is approximately 13.5 per dent of the catchment area.
The tank or pond area in different districts of Chhattisgarh state under normal, excess and deficit rainfall conditions was
worked out as shown in the table.3. However, the tank area must be considered for excess rainfall year as otherwise
there would be flooding during excess rainfall year.
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5.2 Rainfall cistern system
As a method of conservation of water and drought mitigation method, raised bed and sunken bed technology is used in
dryland agriculture. In the raised bed, crops with less water requirement are taken while in the sunken bed crops with
high water requirement and tolerant to water logging for a few hours to a couple of days are considered. The main
objective is to conserve the water and it is also known as ‘in situ’ water harvesting. At IGAU, Raipur, experiments were
conducted with soybean as a crop in raised bed and rice as a crop in the sunken bed. This system was called as ‘rainfall
cistern system’. The raised bed is the source and sunken bed is the sink. The harvested water from raised bed to sunken
bed was worked out using the climatic water balance method on the basis of the effective rainfall in each week. The
rainfall and runoff from raised bed to sunken bet in the two years of experiment are as follows.

Year

Total rainfall ( J-S)

Induced Run-off

(mm)
Surplus water Total run-off
Through WB

First year
1119.3
317.2
195.5
512.7
Second year
792.1
210.2
165.7
375.9
The results of this rainfall cistern system were compared with the sole crop yields qnd the results are as follows.
Year

First year
Second year

rainfall (J-S)
(mm)
1119.3
792.2

Run-off
(mm)

Rainfall - Run-off
ratio (%)

512.7
375.9

45.8
47.4

Increase in Yield
(%)
Soybean
Rice
34
54
81
75

Thus, it can be seen that the rainfall cistern system is more effective during a drought year compared to a normal rainfall
year, and the yields of the crops during the two years of study as shown below.

Year

Total available water(mm)
Soybean
Rice

Yield ( q/ha)
Soybean
Rice

First year

606.6

22.17

1632.0

27.72

Second year
416.2
1168.0
22.18
22.06
During a deficit year, the soybean yield were not reduced as the crop water requirement was fully met, but the rice yields
decreased during a deficit year compared to normal year.
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ADAPTATION STRATEGIES TO MITIGATE DROUGHT
Osman Mohd.

1.0 Introduction
India is bestowed with good monsoon regime that is more or less regular in its cycle of onset, spread and withdrawal
over the country. The southwest monsoon provides a major portion of the annual rainfall of the country. India on an
annual basis receives about 4 x 103 km3 (400 m ha m) of precipitation (FAI, 1994) out of the 5 x 105 km3 precipitation
received globally (Lal, 1994). India’s share, thus, is about one percent of the global precipitation. However, Tamil
Nadu, parts of Andhra Pradesh, Karnataka and Kerala, also receive rainfall during northeast monsoon period. The
rainwater availability in different monsoon periods (Table.1.) indicates that major contribution is from the southwest
monsoon (74%). In comparison, the contribution is less from northeast monsoon (10%). The contribution of winter
(3%) and pre-monsoon (13%) season is also significant and helps in some of the agricultural operations in Northern
India. The rainfall is sufficient enough over the country and can meet food and nutritional security when managed
efficiently.
Table.1. Rainwater availability: India

Season/Period

m ha m*

Percent

Winter (Jan-Feb)

12

3

Pre-monsoon (Mar-May)

52

13

Southwest monsoon (Jun-Sep)

296

74

Northeast monsoon (Oct-Dec)

40

10

Total for the year

400

100

* million hectare metres
Some impacts of global warming have already become visible in India. Monsoon rains have become harder and less
predictable, frequent droughts and floods putting national food security in danger. The year 2009 is an eye opener as it
experienced both drought and flood. The challenge lies in early warning and monitoring of drought.
Monitoring drought presents some unique challenges because of its distinctive characteristics. Some of the most prominent
challenges are as follows:
 Meteorological and hydrological data networks are often inadequate in terms of the density of stations for all
major climate and water supply parameters. Data quality is also a problem because of missing data or an
inadequate length of record
 Data sharing is inadequate between government agencies and research institutions, and the high cost of data
limits their application in drought monitoring, preparedness, mitigation and response
 Information delivered through early warning systems is often too technical and detailed, limiting its use by
decision makers
 Forecasts are often unreliable on the seasonal timescale and lack specificity, reducing their usefulness for
agriculture and other sectors
 Drought indices are sometimes inadequate for detecting the early onset and end of drought
 Drought monitoring systems should be integrated, coupling multiple climate, water and soil parameters and
socio-economic indicators to fully characterize drought magnitude, spatial extent and potential impact
 Impact assessment methodologies, a critical part of drought monitoring and early warning systems, are not
standardized or widely available, hindering impact estimates and the creation of regionally appropriate mitigation
and response programmers
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Delivery systems for disseminating data to users in a timely manner are not well developed, limiting their
usefulness for decision support.
In view of the above challenges, the immediate solution lies in promoting adaptation and development strategies.

2.0 Adaptation strategies
Adaptation strategies to mitigate drought are grouped into two categories for rainfed areas; one is farming systems
modules based on rainfall and the other production system based.

2.1 Farming system modules
The farming systems have to match with rainfall scenario and support systems need development for up-scaling of the
successful models. Table.2. indicates some of the farming system modules that fit into respective rainfall zones.

2.2 Strategies to mitigate adverse impact of climate change on the prevailing rainfed production systems
The rainfed agro-ecosystem has been sub-divided into 5 homogenous production system, viz.,


Rainfed rice based system



Nutritious (course) cereals based system



Oilseed based system



Pulses based system



Cotton based system

These production systems involve invariably horticulture, livestock and forestry as one of the components of farming
systems.

2.2.1 Rainfed rice production
Rainfed rice is grown on 22.5 m. ha, accounting to 50% of the gross area under rice. The system is prevalent in Eastern
and Northeastern part of India which is experiencing negative departure in rainfall. Any decrease in rainfall associated
with increase in temperature will have an adverse impact on pollen sterility and germination.The effect will be more
pronounced in fine quality varieties of rice like basmati. Rice production system is considered to be non-eco-friendly as
it is one of the sources of release of methane and nitrous oxide, green house gases responsible for climate change. The
mitigation strategy should aim at:
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Adoption of aerobic and SRI method of rice cultivation to minimize the release of harmful gases



Growing of legumes as relay crop in rice fallows and intercropping with pigeonpea, wherever feasible



Boundary bund plantation of Gliricidia and Pongamia and use of leaves as green leaf mulch for saving on
nitrogenous fertilizers.



Integrated farming systems approach involving rice-fish-duck by allocating 10% of the area under on-farm
reservoirs by individual farmers or on community basis



Improved water management practices and recycling of water from on-farm reservoirs during the period of
dry spells.

2.2.2 Nutritious (course) cereal-based production system
The area under millets excepting maize is showing a declining trend and coarse cereals are staple food of poor people
and principal source of fodder for livestock. Nutritious cereals like sorghum, pearl millet and finger millet despite their
low cost of cultivation, greater yield stability, and drought hardiness are losing area due to poor patronage by people and
government alike. The production system needs to be given impetus, as it is highly adaptable to climate change mainly
through government policies like:


Higher Minimum Support Price (MSP) for nutritious millets as an incentive to the growers as it
supports livestock too. The pressure on forest and grazing land can be minimized by expanding area
under millets. This will benefit both the environment as well as livestock.



Inclusion of these millets in public distributions system (PDS) and gradual removal of fine cereals
like rice and wheat having high demand of water.

2.2.3 Oilseed - based production system
Oilseed crops are grown both during kharif and rabi seasons under sole, inter and sequence cropping systems and
are most affected by abiotic and biotic stresses. Most oilseeds have shown positive response to climate change particularly
elevated CO2 but variability in rainfall may result in more number of dry or wet spells. This will be an additional cause
of concern and can be overcome mainly through rainwater harvesting and recycling. The strategy should focus on:


Promotion of in-situ conservation measures like broad-bed & furrow, conservation furrow, ridge and furrow,
etc.



Individual and community-owned farm ponds for water harvesting and recycling for supplemental
irrigation.



Promotion of site-specific nutrient management (SSNM) and thrust on seed village concept as a
contingency measure.

2.2.4 Pulses - based production system
Ninety per cent of pulses are grown under rainfed conditions as intercrops or in sequence cropping system all over the
country. Pulses have shown a positive response to elevated CO2. Pigeon pea and chickpea are the two most important
pulse crops and grown during kharif and rabi, respectively. Pigeon pea generally experiences terminal drought due to
early withdrawal of monsoon and also it is of long duration while chickpea suffers from lack of residual moisture in the
soil profile during rabi. Supplemental irrigation to both the crops in general and chickpea in particular doubles the crop
yield. The mitigation measure lies in adopting in-situ soil moisture conservation measure like ridge and furrow for
pigeon pea and ex-situ harvesting of rain water through farm ponds, percolation ponds or check dams. In addition to
rain water conservation and harvesting, promotion of short duration varieties will improve the productivity of these
crops and can cope up with changing climatic scenarios.
2.2.5 Cotton - based production system
Sixty per cent of the cotton crop is grown in the rainfed condition and is considered as commercial crop. Introduction of
Bt cotton has raised the hopes of farming community and there are savings on use of pesticides. Of late, sucking pests
have taken a heavy toll of Bt hirsutum cotton and also susceptible to drought compared to arboreum. The ruling
varieties are susceptible to both drought and floods besides sucking insects. The likely incidence of biotic and abiotic
stresses is going to be more with the changing climate and the mitigation strategy should focus on the following:
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Crop-crop diversity to minimize the risks like 3-tier cropping system of cotton + sorghum + pigeon pea in the
row ratio of 6:2:1 as promoted in the Vidharba region of Maharashtra.



Intercropping of cotton + maize in 1:1 row ratio to promote predation of sucking insects as maize favors
laying of eggs by predators and also being C4 plant responds well to the elevated CO2. This is widely
practiced in tribal regions of MP and Rajasthan as an ITK.

All the above production systems need to be integrated with livestock, horticulture and agroforestry to minimize the
risks associated with climate change and to improve profitability in rainfed areas. The existing Central and State
government’s programmes/ schemes need to be dovetailed to mitigate both the biotic and abiotic stresses as a result of
climate change. Success can be achieved through efficient rainwater management and land use diversification in a
farming system mode on watershed basis. Further, forewarning and crop insurance will help in managing the risks
associated with climate change by poor rainfed farmers.

3. Development strategy
3.1 Watershed programmes and its impact on rainfed agriculture
Water is the driver of nature and watershed programs are implemented across the country in rainfed areas to boost
productivity and profitability. These programme are being operated on area basis. In the past, there have been different
guidelines adopted by different ministries (MoRD, MoA, MoEF). To overcome this constraint, the National Rainfed
Area Authority (NRAA) has come up with common guidelines w.e.f, 1st April 2008. The details on area treated and the
expenditure incurred on these watershed programmes till the end of 10th Plan period are given below (Table.3.).
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Table.3. Treated Area (m ha) and investment undertaken (Rs. crores),
in watershed programmes in India
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3.2 Impact of watershed programs on productivity of crops
Watershed programs in India have shown a significant enhancement in productivity of crops in most of the regions they
were implemented. Studies show that watershed programs in rainfed regions recorded a mean B:C ratio of 2.0 and
internal rate of return (IRR) of 27 % (Joshi et.al, 2004,2005; Ramakrishna et.al, 2006; Wani et.al., 2006 and 2008) and
had proved to be beneficial for sustained development of rainfed regions (Joshi et.al., 2008,Wani et.al, 2008). Though
only 1% of the watersheds performed below B:C ratio of 1, a large number ( 65%) of projects performed below B:C ratio
of 2. Only a limited nuber of watersheds recorded B:C ratio above 2 (Wani et.al, 2006). There is thus, a need to have a
closer look at these programs for successful up-gradation and implementation to achieve the higher success.
A comparison of the differences in yield of selected crops between major watershed and non-watershed areas show
that yield was generally more in watershed adopted areas. However, in some cases (as in case of maize, green gram and
groundnut), there were no differences (Table 4).

A positive benefit observed in watershed areas has been that often, the soil conservation activities/measures undertaken
at watershed areas were performed due to the awareness created through these programs. However, the farmers opted
more for field leveling and field bunding than contour bunding. The overall improvements in physical parameters in
watershed projects under various agro-climatic conditions are set out in Table.5.

Table 5 Improvements due to watershed programmes
Parameters
Rise in water table(m)
Reduction in runoff (%)
Reduction in soil erosion (%)
Surface water resource developed (%)
Increase in afforestation (%)
Increase in cropping intensity (%)

Arid
1.05
35.0
15.0
9.0
10.0
6.0

Semiarid
1.57
33.2
28.8
18.0
11.3
16.0

Humid
1.38
30.5
25.6
20.5
21.7
18.3

Increase in employment

12.5

25.0

20.8

Another flagship programme that is of importance to rainfed areas is NREGS (National Rural Employment Guarantee
Scheme). However, the response to this scheme is mixed. Both the programmes are helping in building physical and
natural assets in rural areas and focusing on natural resources management, particularly soil and water, thus helping in
drought proofing.
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Conclusions
In the changing socio-economic and political scenario, rainfed agriculture development is bound to get a major boost in
the times to come through enhanced public and private investments. Presently we are constrained with the falling
growth rate of different rainfed crops. The emerging concept of watershed management coupled with NREGS is slowly
taking the center stage of agricultural/rural development, based on natural resource management principles to combat
climate change. At many places, the pilot projects have yielded very good results. The successful up-scaling of the
rainfed technologies on watershed mode is one of the immediate strategies to improve production and productivity of
major rainfed crops and to mitigate drought.
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TECHNIQUES IN CROP-WEATHER RELATIONSHIP ANALYSIS
P. Vijaya Kumar

1.0 Introduction
Theophrastus, a disciple of famous Greek Philosopher Aristotle stated that “It is the year that bears the fruit and
not the field”. It underlines the importance of weather in influencing agricultural production. The factors, which determine
the agricultural production, are environmental conditions and management. The environment includes biophysical factors
(climate, soil, pests, land), while management encompasses the decisions taken by farmers themselves. Management
decisions too are determined by the knowledge of the interactions between the biophysical factors and crops. Among the
biophysical factors, weather remains the largest source of variability of farm outputs, directly and indirectly (pests).
Despite tremendous technological development, country’s agricultural production witnesses inter-annual fluctuations
due to vagaries of weather. Depending on the level of development, roughly 20 to 80% of the inter-annual variability of
yield is due to variability of weather.

1.1 Importance of weather
 Weather directly or indirectly influences the crops in their growth cycles


The growth, development and productivity of crops is the resultant of many physiological processes, each of
which are affected individually or jointly by weather parameters



Though weather or climate is the least manageable natural resource, understanding of its interaction with
agricultural parameters was found to be a powerful tool to develop weather based management strategies

1.2 The principal weather parameters influencing agriculture are
 Precipitation (Amount and distribution)


Air temperature (Maximum and Minimum)



Moisture content of the air (Relative humidity, SVPD i.e., Saturated Vapour Pressure Deficit)



Solar radiation or sunshine hours



Wind speed

1.3 Developments in crop weather relationship studies
 Pioneering crop-weather relationship (CWR) studies can be traced back to Fisher (1924)
 In India, CWR studies were initiated by Prof. Ramdas in 1926
 Later in 1932, IMD started CWR studies
 In 1948, ICAR started CWR through crop weather scheme
 In 1983, multi location crop weather relationship studies in various crops was initiated by AICRPAM
1.4 Changes in concept of crop-weather relationship studies
 CWR studies in earlier years were based on statistical techniques like correlation, simple and multiple regression,
step-wise regression etc.
 CWR studies were based on yield and total seasonal rainfall.
 Later, yields were related with rainfall during different stages of crop
 After the introduction of PET (by Penman) and Water budgeting (Thornthwaite), a new variable called Water
use or evapotranspiration found its use in CWR.
 de Wit (1958) developed following equation relating dry matter yield(Y) to transpiration
Y=m T/E0
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Where T is transpiration, E0 is potential evapotranspiration





Later, the ratio of actual and potential evapotranspiration (AE/PE) known as Moisture Adequacy Index was
widely used in CWR.
Non accounting of crop factors in climatic water balance model was corrected by FAO and Ritchie water
balance models.
FAO water balance model introduced an index called Water requirement Satisfaction index (WRSI) for
predicting crop yields.
Realizing the importance of other climatic factors multi-variate crop weather relationships were developed
All the statistical models developed with data from a particular place have location-specific bias



To overcome this problem, dynamic crop simulation models, applicable universally were initiated.




2.0 Theory of radiation interception by crop canopies
In a homogeneous crop canopy the fraction of radiation intercepted (Fint) is described as an exponential extinction
function of LAI (Monsi & Saeki, 1953):
I=I0*e**(-k*LAI)
Where
I = the radiation intensity below the plant canopy
10 = the radiation intensity above the plant canopy
k = the radiation extinction coefficient
LAI = the leaf area index
So Fint by the canopy (ignoring reflection by the canopy) is:
Fint=1- e** (-k*LAI)

2.1 Radiation Use Efficiency (RUE)
It is defined as ‘Quantity of biomass produced per unit of intercepted radiation(g/MJ)’
2.2 Water Use Efficiency (WUE)
It is defined as the ‘Amount of dry matter produced by a crop per unit of water transpired’
How they are important?
They can be used for yield simulation through the following relations
Yield=Radiation absorbed*RUE*HI
Yield=Total water use*WUE*HI
Where HI is the harvest index

2.3 Computation of RUE


It is computed by regressing above ground dry matter on the integrated intercepted radiation.



The linear regression is to be forced through origin to get an equation like
Y= b*X

“b” the slope of above equation is the RUE
It is expressed in units g/MJ.The underlying Figure illustrates how RUE is calculated in castor crop. The slope(b)
value 1.27 in the equation is the RUE of Aruna, a castor variety.
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2.4 Radiation and water use efficiency of some crops
Crop
RUE (g/MJ)
WUE (g/Kg)
Maize
1.5
2.9-6.7
Sorghum
1.2
2.9-6.7
Groundnut
0.4
1.4-3.3
Soybean
0.75
1.4-3.3
Wheat
1.1
1.25-2.5
Castor
1.2
0.88-1.31
2.5 Computation of WUE
It is computed as the ratio of biomass accumulation (expressed as co2 assimilation or biomass or grain yield) to water
consumed (expressed as transpiration or evapotranspiration or total water input).
Accordingly, they can be calculated as
•

Leaf transpirational water - use efficiency

•

Crop transpiration water - use efficiency

•

Crop evapotranspiration water use efficiency

•

Input water use efficiency

For calculation of WUE, dry matter accumulation values at different sampling dates were regressed with cumulative
evapotranspiration and the regression equation is forced through origin to get equation

Y=b*ET
The slope b is taken as WUE

3.0 Temperature effect on crops
Temperature affects any crop in the following ways :


Variations in duration of phenological events



Variation in magnitude and time of occurrence of peak in biomass



Significant increase/decrease in growth rates



Variation in growth pattern deviating from sigmoidal curve



Ultimately effect grain yield /harvest index
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3.1 Crop development and weather
Development of many crops is influenced by temperature and a few crops by both temperature and day length.Duration
of particular stage of crop/cultivar is directly proportional to temperature. Duration of particular stage of crop/cultivar
could be predicted using sum of mean temperatures called growing degree days (GDD).They are also called heat units.
GDD can be calculated as
n



(
T
a

GDD=

 Tb)

i1

Where Ta=Mean air temperature and Tb=Base temperature
Required cumulative daily temperature above base temperature (GDD) for pre and post anthesis stages in some
crops
Crop

Emergence to

Post-anthesis

Base Temp

Wheat
Rice
Maize

pre-anthesis
750-1300
700-1300
900-1300

to maturity
450-1050
450-850
700-1100

0
8
7

Soybean

Highly variable

450-750

0

3.2 Temperature thresholds
Every crop will have its threshold minimum, optimum and maximum temperature requirements, known as cardinal
temperatures.
Temperature thresholds (°C) during growing season for some major crops (from Rötter and van de Geijn, 1999)
Crop

Minimum

Optimum

Maximum

Wheat

0

17-23

30-35

Rice

7-12

25-30

35-38

Maize

8-13

25-30

32-37

Soybean

5-10

15-20

25

3.3 High temperature effects on some major crops
(from Rötter and van de Geijn, 1999)
Wheat T > 30°C for > 8 hrs can reverse vernalisation
RiceT > 35°C for > 1 hr at anthesis causes spikelet sterility
Maize T > 36°C reduces pollen viability
Potato T > 20°C reduces tuber initiation and bulking
Cotton T > 40ºC for more than 6 hours causes bolls to abort

4.0 Photoperiodism and solar radiation
Three aspects of solar radiation are important for plant processes :
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Intensity, duration (i.e., photoperiod or day length), and quality



Intensity influence growth by altering the size of organs by influencing photosynthesis



Photoperiod is primarily influential in controlling the phenological stages of flower formation and timing of
flag leaf appearance.

4.1 Agroclimatic indices
Some important agroclimatic indices formed by combining two or more weather parameters, are given below.


Photo thermal units (PTU):
PTU = Degree day (0C)*Day length (hours)



Helio thermal units(HTU):
HTU = Degree day (0C)*Actual bright sunshine hours



Thermal Interception Rate(TIR):
TIR = PARI/n(Tm-Ta)

Where PARI = Photosynthetically active radiation intercepted by the crop, n=No. of plants/m2, Tm=Mean daily temp
and Ta is base temp

5.0 Methods to evaluate crop-weather relationship
The three commonly used approaches are:


Correlation techniques



Crop weather analysis model



Crop growth simulation models

Correlation analysis provides a measure of the degree of association between variables
Regression analysis describes the effect of one or more variables (independent variables) on a single variable (dependent
variable)
Regression and correlation procedures can be classified according to the number of variables involved


Simple (If only 2 variables, one independent and another dependent)



Multiple (If more than 2 variables)

The procedure is termed linear, if underlying relationship is linear or non-linear, if otherwise.

5.1 Regression equations are broadly of four types
 Simple linear regression


Multiple regression



Simple non-linear regression



Multiple non-linear regression

Simple and multiple regressions widely used for crop weather relationship studies can be written as
Y=a+b*X
Y is the dependent variable, example-Yield
X is the independent variable, example-Rainfall, temperature etc
Y=a+b1*X1+b2*X2+……..+bk*Xk
k =Number of independent variables
R2 is coefficient of determination
There must be enough observations to make n greater than (k+1)

5.2 Multi collinearity
Multi collinearity in regression equations occurs when predictor variables (independent variables) in the regression
model are more highly correlated with other predictor variables than with the dependent variable.
It commonly occurs when a large number of independent variables are incorporated in a regression model.
231

5.3 Searching for best regression
There are 2 ways in which relationship between dependent variable and k independent variables be specified


Based on accepted biological concepts, secondary data, past experience etc.



Based on the data collected

Four procedures commonly used for specification of appropriate relationship between X and Y are


Scatter Diagram(for simple regression)



Analysis of variance technique(not relevant for CWR studies)



Test of significance technique(for elimination of unnecessary variables)



Step-wise regression technique(for identifying the sequence of importance of each variable)

6.0 Standardizing variables
The following standardization procedures help to reduce experimental error and biases


Yields from different varieties to be adjusted to a “standard” “base” variety



Weather variables are to be measured within specific stages of plant development rather than within specified
weeks or months



Yields are to be culled to remove those reduced by disease, hail, pests and other factors



Reduction in experimental error can be accomplished through use of simulated evapotranspiration amounts
rather than precipitation, to measure effects of droughts
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FUTURE CHALLENGES IN RAINFED AGRICULTURE
P. K. Misra

1.0 Introduction
Of an estimated 143 million ha net cultivated land in India, about 97 million ha (68 %) is dryland / rainfed that produces
44 % of the country’s food requirements while supporting 40 % of human and 60 % of livestock populations (NBSSLUP,
2001). About 15 million ha of dryland lies in the arid region which receives < 500 mm rainfall; another 15 million ha is
in 500-750 mm rainfall zone, 42 million ha is in 750-1150 mm rainfall zone, with the remaining 25 million ha receiving
> 1150 m rainfall per annum (Kanwar, 1999). About 74 % of annual rainfall occurred during June-September, the
southwest monsoon. This monsoon is characterized as having a high coefficient of variation (0.3-0.6) with July and
August as the rainiest months. Droughts occur once in 3 to 5 years either due to a deficit in seasonal rainfall during the
main cropping season or from inadequate soil moisture availability during prolonged dry spells between successive
rainfall events (Ramakrishna et al., 1999).
The demand for fresh water is increasing globally at an accelerated rate especially for agriculture and various other
sectors including domestic, energy and industrial uses. In the world about 73% of the cropland is rainfed. In India,
about 60% of the cultivated area is rainfed and contributes nearly 40% of the total production (mainly coarse cereals,
oilseeds, pulses and fruits etc.). In addition to major livestock production systems, about 93% of cultivated area under
sorghum, 94% under pearlmillet, 79% under corn, 87% under pulses, 76% under oilseeds, 64% under cotton and 59%
under tobacco in India predominates drylands (Singh et al., 2007). The rainfed/dryland eco-system in India is characterized
by erratic rainfall and frequent droughts. In such situations, in situ rainwater conservation plays a greater role for
maintaining/increasing crop productivity. In the rainfed areas, the rainwater harvesting and management assumes greater
priority. It is therefore essential to conserve the rainwater in situ. Therefore the excess runoff is to be stored in farm
ponds/tanks/water storage structures constructed along the water courses for reusing the surface water or recharging the
ground water depending on the geological formations. The stored runoff is to be recycled as a protective irrigation or
continuous irrigation to meet the optimum water requirements of the crops (Mishra et al., 1993).
In India, low yields and crop failures in these drylands often lead to food and fodder scarcity resulting in a near–famine
situation that further accelerate the process of land degradation. Alfisols, Entisols, Vertisols and associated soils dominate
the SAT areas (Virmani, et al., 1991). These soils are generally highly degraded with low water retentive capacity, and
have multiple nutrient deficiencies. In the dryland’s of India human population is likely to reach 600 million by 2025
from the present 410 million. Similarly, the livestock population is likely to exceed 650 million by 2025 from the
present 509 million. On the other hand, the area under dryland crop production may decrease to 85 million ha by 2025
from the present 97 million ha. Thus, from such a significantly reduced cultivated area, crop production must increase
from the present 0.8 to 1.0 t ha–1 to 2.0 t ha–1 by 2025. Furthermore, the quality of the produce must improve the meet the
global market standards. Also, the cost of production needs to be reduced in order not only to improve the farmers’ net
income but also remain globally competitive. This would help in maintaining the food security in the years ahead.

2.0 Production and productivity trends
An average food grain yield of 2 t ha-1 will be required from drylands (and about 4 t ha-1 from irrigated agriculture) to
feed the projected population of 1500 million by 2025 AD from the prevailing productivity level of <1.0 t ha-1. More
than the calories, ensuring protein security will become an important issue in view of the predominantly vegetarian
habits of Indians and dwindling availability of vegetable proteins (pulses; current supply of pulses is about 25 g head-1
day-1 against the minimum dietary need for about 70 g head-1 day-1). There has been a slow down in production growth
in major rainfed crops from mid 1990s, particularly, in coarse cereals, oilseeds and pulses. This is attributed mainly to
falling trend in area and stagnant productivity. Projections for 2025 indicate further fall in area and production, unless,
substantial gains in productivity and profitability are realized. The yield growth in pulses is of particular concern. The
lower production of pulses as already reflected in sharp rise in prices during the last two years. However, considering the
yield gaps between research stations, on-farm trials and farmers’ fields, it is still possible to enhance the yield levels with
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appropriate policy, timely inputs supply, credit and extension support. On overall basis, attaining a goal of 2 tonnes of
food grains ha-1 may not be beyond reach in the semi-arid lands with a mean annual rainfall of 750 mm (CRIDA, 2007).

3.0 Soil and water conservation measures - opportunities and challenges
Water and soil conservation practices for agricultural lands includes, in situ or inter–terrace rainwater conservation
practices, conservation of rainwater at terrace level through bunds and guiding the excess runoff for safe disposal
through grassed waterways to the farm ponds/tanks/dams for its storage and recycling to the agricultural lands.
These are called hard ware measures, which are of permanent type provided for improvement of relief, physiography
and drainage features. These are executed with major Government support with the purpose to check soil erosion,
regulate overland flow and reduce peak flow. The present approach to reduce runoff by adopting suitable in situ
management practices includes, tillage practices comprising primary tillage operations i.e. summer or deep ploughing
either every year or once in three years depending upon the soil type, land smoothening to avoid local depressions,
frequent harrowing and secondary tillage practices with frequent intercultivations. The other rainwater conservation
practices include, adoption of small section bunds or vegetative barriers on contour, contour sowing, opening ridges
and furrows across the slope, tied ridging, zing terracing, scooping, compartmental bunding, broad bed and furrows,
broad bed and ridge, vertical mulching and dead furrow formation in every row or at 3 m interval on contour depending
upon the rainfall situations in black and red soils. In addition, evaporation control/in situ rainwater conservation
measures using mulches i.e. soil, sand and vegetative mulches have resulted in greater benefits especially in winter
(rabi) crops in deep black soils. Apart from these management practices, increasing the infiltration rate and moisture
retention capacity of soil by improving their physical conditions with application of amendments and organic materials
is of greater importance in the integrated approach for rainwater conservation in rainfed/dryland areas. Adoption of
these options depending upon the rainfall, soil type, and land topography/slope would reduce runoff and increase in
situ rainwater conservation in rainfed and dryland areas and reduce the ill effects of occasional dry spells (Mishra et
al, 1999). All these measures are software measures, which are mostly responsible for initiation rainwater conservation
and management and are easily and voluntarily adopted by the farmers as they can be made integral part of the
agronomic measures/package of practices. In situ rainwater conservation is a vital component of dryland crop
management practices. Earlier efforts were mainly concentrated on strengthing and formation of bunds across the
slope. This resulted in reducing soil erosion rather than achieving uniform rainwater distribution in the soil profile.
Present emphasis is mainly concentrated in increasing the opportunity time of water penetration to soil through land
configurations, and applications of amendments and organic materials. With appropriate demonstration and action
learning exercise the in situ rainwater conservation measures can be easily popularized. Several indigenous technical
knowledge (ITKs) relating to in situ rainwater conservation measures are in practice, befitting the agro-ecological
settings. These ITKs can be converted to medium technical knowledge (MTK) by addressing the researchable and
extension issues (Mishra, 2002).

4.0 Up-scaling of ITKs
Prevailing ITKs should invariably be given priority. All the projects on resource conservation and management should
focus on the viable and appropriate ITKs relating to soil and water conservation. Exposure visit and farmer-to-farmer
interaction results in refinement and greater adoption of these technologies. The stakeholders such as farmers, NGOs,
extension officials, scientists, administrators, policy makers and people’s representatives may popularize the ITKs through
different programmes for improving soil and crop productivity on sustainable basis. There is also a need for scientistfarmer interaction for large-scale adoption of the ITKs. The ITKs on in situ soil and moisture conservation are not up
scaled and are attributed to the constraints in adoption and unawareness of the effectiveness of such practices in different
agro-ecological settings. The present documentation process has definite bearing on the future course of action in
framing new projects.
 The documentation exercise should be in-built in extension and research especially in natural resource
management.
 The suitable ITKs may be adopted and validated other agro-ecological regions.
 The documented ITKs should be translated in all regional languages and published for the benefit of farming
communities.
 Suitable modifications of the ITKs through on-farm research would help developing appropriate and acceptable
technologies for different agro-ecological environments.
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5.0 Improved farm implements
Timeliness, precise seed and fertilizer placement in the moist soil zone is crucial for successful crop establishment in
drylands. Since the sowing of seed is to be completed in a short period of time, appropriate farm implements are
necessary to cover a long land area before the seed zone dries. During the past decades, improved seed cum fertilizer
drills and planters have been developed to match farmer’s specific needs. Similarly, appropriate interculture and weeding
equipments have been developed to increase production efficiency. (Gyanendra Singh and Mayande, 1999). In this
respect custom hiring practices can be promoted by the Government as a policy intervention.

6.0 Impact of climate change
It is difficult to visualize the specific impact of climate change on rainfed agriculture by 2025, but some signs are
emerging which indicate that rainfed areas are likely to witness more weather extremities like droughts, floods and cold
waves as compared to the past. As per the predictions made using General Circulation Model (GCM), the temperatures
are likely to increase from 1.0 to 2.0oC by 2025 AD and consequently, there may be shifts in the rainfall and its temporal
and spatial distribution. Increase in green house gas emissions also will have an impact on agriculture and water
resources. There appear to be both positive and negative effects of elevated CO2. With increased pressure on the limited
cultivated area, a faster depletion of nutrients and groundwater appear to be a definite possibility (CRIDA, 2007). The
extreme events like the quantum of daily rainfall as well as intensity have increased causing more erosive rains. The
effects of climate change can be mitigated through proper rainwater management, crop planning, alternate crops/cropping
systems, integrated farming systems, enhancement of water productivity, precision farming, knowledge transfer (agroadvisories) etc. The specific interventions are:


Agronomic manipulation



Evolving crop varieties to withstand warming



Varieties to face possible newer pest-disease complexes



Crops and varieties that fit into new cropping systems and seasons



With skewed distribution of rainfall, the specifications of water harvesting structuresneed specific attention in
wet semiarid and humid regions.

The following crop-based approaches may be followed for coping with the climate change.


Crops and varieties that fit into new cropping systems and seasons



Development of varieties with changed duration



Varieties for high temperature, drought, inland salinity and submergence tolerance



Livestock health and productivity



Varieties which respond to higher level of carbon dioxide



Varieties with high fertilizer and radiation use efficiency

Under




national action plan for climate change the activities under sub-mission “Dryland Agriculture” include:
Development of drought, temperature and pest resistant crop varieties
Improved methods of soil and water conservation that help crops to adapt extreme weather conditions
Stakeholders consultation and awareness generation on climate change and sharing and dissemination of
information
 Devise financial support mechanisms to enable farmers invest in risk mitigation

7.0 Strategies for improving water productivity
In order to bring a balance between green and blue water in a strategic manner, the blue water has to be canalized
through the process of transpiration (for improving biomass/grain yield) than evaporation from soil and water surface.
Thus the water productivity (production per unit of water) enhances. The specific strategies include maximization of
infiltration of rain water, suppressing soil evaporation, improvement in soil-water holding, maximization of rooting
depth, timeliness of agricultural operations, improved crop management, soil fertility management, design optimization
of water harvesting structures, improving irrigation efficiency, integration with nutrient management, crop diversification
etc.
235

8.0 Conservation agriculture
In the simplest form, conservation agriculture is a combination of zero tillage, crop residue management on soil surface
and crop rotation in order to maintain the long-term fertility without disturbing soil structure, soil biota and carbon. This
will maintain the soil in its natural form without physical, chemical and biological degradation. The benefits of conservation
agriculture are: reduction in soil erosion, reduction in run-off, increase in soil organic matter content, carbon sequestration
in the soil, increased soil biological activity, increased population of beneficial (antagonistic to pests) organism, promotion
of crop diversification, reduction in production costs, less labour use, less risk etc.
In the present context of dryland farming, conservation agriculture can be practiced with minimum tillage in a portion of
the land.

9.0 Rainfed agriculture development – R&D challenges
With the changing environment and economy the development of dryland areas are gaining much importance and the
issues are becoming complex to solve. However some of the important areas needing attention of the research and
development units are as follows.
 Yield gap analysis (Sustainable yield index respecting the environment, SWOT analysis, crop substitution,
selective mechanisation)
 Trade-off between blue and green water (Water harvesting, water productivity, ground water recharge, crop
and agronomy etc.)
 Climate change- ready technology (Coping with extreme events, GHGs emissions, carbon sequestration and
trading, crop models, weather forecast, biotechnology, National Action Plan for climate change, micro level
characterization, space technology etc.)


Convergence of the programs on rainfed area development (NRAA, NREGS, Watershed program, NHM etc.)



NRM based robust loan and crop insurance program (Win-win situation for the company and farmer)



Use of ICT (Net planning, DSS, crop and environmental modeling, drought management Plan,contingency
planning etc.)



Participatory planning, monitoring and conflict resolution (Self governance, awareness, capacity building,
gender issue, ITKs to MTKs, action learning research etc.)



Post harvest value addition (Rural entrepreneurship, small- scale cottage industry, employment generation
etc.)

The final challenge lies on combining the output of resource balance (water balance, energy balance, carbon balance,
nutrient balance and economic balance) in a single sustainability parameter to evaluate the dryland technology.

10. Conclusions
In the context of rainfed agriculture the following emerging issues need to be addressed for sustaining the agricultural
productive environment.
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Management of monsoon through appropriate rainwater harvesting and recycling system to take care of extreme
events.



To initiate site specific nutrient management (SSNM) to reverse the declining factor productivity and multiple
nutrient deficiencies.



To popularize the use of coarse cereals through public distribution system (PDS) to counter the rising demand
for fine cereals.



To arrive at the trade-off between blue and green water for improving water productivity in the rainfed areas.



To encourage the agro-forestry system, improved pasture and regulated grazing for reducing high grazing
pressures on the existing vegetation



To recognize the importance of livestock at individual farm level for nutritional (soil and human) security and
draft power management.



To select eco-friendly, economical advantageous and socially acceptable technologies for breaching the crop
yield gaps based on sustainability studies.



To validate appropriate indigenous technologies across diverse agro-ecological settings in order to qualify as
modern technical knowledge through vigorous on-farm research/testing with farmers’ participation and involving
NGOs.



To work on energy efficient farm mechanization for timely operations of in situ conservation measures at farm
level and to take care of higher wages and low labour efficiency.



Land consolidation and cooperative farming may be a better option for making rainfed agriculture profitable
by reducing migration, improving marketing and avoiding middle men and traders.



To work on water balance, nutrient balance, energy balance, nutrition balance, carbon balance, socio-economic
balance etc. to quantify water use efficiency and validate hydrological and crop models. This will help in
monitoring the sustainable use of natural resources.



Creation of enabling environment through appropriate Government policies and subsidies to the farming
communities adopting natural resource conservation measures that reduces land degradation and decreases the
fertilizer and energy requirements.



To popularize model studies for simulating crop performance with changing.



environmental/ climate change parameters as input to create future scenarios / effects.



To strengthen rural institutions through appropriate capacity building and empowerment for facilitating the
convergence of various schemes.
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WEATHER BASED AGRO ADVISORIES AND CROP PLANNING
IN ANDHRA PRADESH
D. RAJI REDDY

1.0 Introduction
In Andhra Pradesh, the (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
modern 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.

2.0 Agromet advisories
Despite considerable technological advances, Indian agriculture is still subject to vagaries of the weather. The shortrange forecasts (24 hours in advance with an outlay for 48 hours), though useful for certain applications, are inadequate
for planning weather-based agricultural practices because, longer reaction time is required for implementing the
precautionary measures. Information on impending weather 3-10 days in advance is vital for effectiveness of modern
farming practices like sowing of weather sensitive high yielding varieties, need based application of fertilizers, pesticides,
insecticides, irrigation and harvest planning. Therefore, medium range forecasts are needed to provide sufficient leadtime for the farmers to plan their agricultural operations based on weather based agro-advisories and thereby enhance
agricultural production.
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 agrometorological
field units in the country. 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.
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 4 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
amount and relative humidity valid for next 4 days beginning 8.30 a.m on Tuesday, by looking into the local conditions.

3.0 Agro-advisory services at ANGRAU
Initially to implement the programme envisaged above, the Department of Science and Technology has sanctioned a
project for A.N.G.R.A.U., on “Experimental Agromet Advisory Services for Southern Telangana region of Andhra
Pradesh” Rajendranagar, Hyderabad during the year 1993.

3.1 Mode of preparation on agro-advisory bulletins (AAB)
The Agrometeorological Field Unit (AMFU) unit, with the Agrometeorologist as the Principal Nodal Officer, for
ANGRAU is functioning at Agricultural Research Institute, Rajendranagar. An expert committee (panel of subject
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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 sasthravetalu (Scientists in Farmers Fields) etc., the expert committee prepares the agroadvisory 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 must be as
simple as possible in terms of the language and easily understandable by the farmers.

3.2 Dissemination of AAB
Currently, in Andhra Pradesh, agro-advisories are being issued for six agro-climatic zones viz., Anakapalli for North
Coastal Zone, 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 A.P is also being issued both in English as well as local language (Telugu).

4.0 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 field preparation,
time of seeding, irrigation, fertilizer, herbicide or insecticide application, harvesting, 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 be kept in mind for preparing effective agro-advisory bulletins:
 Identification of weather sensitive field operations
 Accurate weather forecast taking into cognizance 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.
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5.0 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.1500 /- 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/Total area in the district = 28,742 acres.
Percentage of adoption ( 50%) to an extent of 14,371 acre
Total benefit accrued in the district due to adoption of one spray of Carbendazim to control Botrytis in castor
disease = 14,371 acres x Rs. 195 = Rs. 28.02 lakhs

6.0 Impact studies in other crops
Similarly, during kharif2004 and 2005 about 12 and 19 per cent profit was realized by rice farmers adopting these agroadvisories over non-adopted farmers, while cotton farmers accrued 12 to 22 per cent profit during kharif2004 and 2005,
respectively. Farmers growing Tomato and Palak realized 10 to 25% and 8 to 42% profit during rabi 2003 - 05 by
adopting these advisories and saving on cost of inputs, plant protection measures etc., and also taking up timely protection
measures with recommended chemicals.

7.0 Contingency crop plans
The 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.,
 Crop loss due to droughts
 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 Kharif2009 are as follows:

8.0 Montioring of seasonal conditions during kharig 2009 and suggestions for coningent crops or strategies
8.1 Rainfed areas in the state

Region
Telangana

Situation
Light soils
Medium to
heavy soils

Rayalaseema

Light soils

Medium to
heavy soils
Coastal
Light soils
Andhra Pradesh
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Crop Cut-off date
Greengram, Jowar, Jowar + Redgram
Maize + Redgram, Maize
Castor
Jowar, Jowar + Redgram
Blackgram, Maize + Redgram, Maize
Cotton + Soybean
Redgram + Soybean

June 30
July 10
July 31
June 30
July 10
July 15
July 31

Jowar, Greengram
Small millets
Groundnut, Redgram, Castor
Redgram + Groundnut
Jowar
Bajra
Castor, Redgram, Cotton

June 30
July 10

Greengram
Minor millets, Maize
Redgram

June 30
July 10
July 31

July 31
June 30
July 15
July 31

Medium to
heavy soils

Greengram
Blackgram
Soybean, Cotton + soybean,
Maize, Castor, Redgram +
Soybean / Blackgram

June 30
July 10
July 31

8.2 Rice
8.2.1 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 :
 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 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
 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
 Timely control of pests like gall midge, stem borer, leaf folder and BPH is necessary

8.2.2 North Telangana and Central Telangana Zone
Late planting beyond August 10
 Short duration varieties like Erramallelu, Jagtiala Sannalu, WGL-44, JGL-3844, MTU 1010 and Tellahamsa
are preferred for planting over traditional varieties.
 Plant 25 days old seedlings @ 4-6 per hill and increase the plant density from 33 to 44 hill / m2.
Planting of aged seedlings
 Nitrogen application in nurseries may be avoided when the seedlings are over aged.
 Long duration – up to 60 days old seedlings are preferred
 Medium duration- up to 50 days old seedlings are preferred
 Short duration – up to 40 days old seedlings are preferred by taking precautions like maintaining 50 to 60
hills per m2, no. of seedlings may also be increased to 4 – 6 per hill, apply phosphorus, 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.

Region
Coastal A.P
(excluding Nellore
and Prakasam)
Rayalaseema
Telangana

Long duration varieties

Medium duration

Short duration

July 20

Aug 15

Aug 15

July end
June 15

Aug 15
July 15

Aug 15
July end

9.0 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 of the farmers.
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