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ABSTRACT 

l\'1ajor .-\dvisor 
Dr. A. M. Shekh 

The wheat is inlportant staple food. Timely information of production 

estinlates help planner and govemment nlachinery to arrange uninterrupted 

supply to the consunlers. The advance infonnation of estimate needs the 

values weather paralneters over a region, in which net radiation is driving 

the all physical process. Net radiation (Rn) is defined as the difference 

between the inconling and outgoing radiation fluxes including both long­

and shortwave radiation at the surface of Earth. It is a key quantity for the 

estinlation of surface energy budget and is used for various applications 

including climate nlonitoring, weather prediction and law of conservation of 

energy. Remote sensing provides an unparalleled spatial and temporal 

coverage of land surface attributes, thus several studies have attempted to 

estimate net radiation (or its components) by combining remote sensing 

observations with surface and atnlospheric data serves as a key driving force 

for the evapotranspiration (ET). The daily evapotranspiration over regional 

scales is essential in agricultural and hydrological practice. Unfortunately, 

estimates of daily evapotranspiration at these regional scales are seldom 

available because conventional techniques give only point measurenlents 

and represent only the lilnited surrounding area within which the 
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meteorological variables and surface characteristics are nearly constant. 

Remote sensing techniques offer a reasonably viable means of evaluating 

evapotranspiration over large areas, hence overcoming the spatial problems 

involved in conventional methods. 

Evaporation is the largest single component of the terrestrial 

hydrological cycle and its accurate estimation is in1.portant in water resource 

nlanagement, crop yield forecasting and understanding the links bet\Aleen 

land use changes and cIiInate. 

An approach for estin1.ating regional scale clear sky 

evapotranspiration fronl single source surface energy balance using 

Moderate Resolution Imaging Spectroradiometer (MODIS) TERRA (morning 

overpass) and AQUA (noon overpass) reflectances and the land surface 

ten1.perature (LST) was iIllplemented over a semi-arid agroecosystem in 

Gujarat. Validation of hvo major energy balance components, net radiation 

(Rn) and latent heat flux (AE) over Chalindra (220 46/ 41.165 N 720 34/ 28.4 I 2 

E), Muktipur (220 49/ 32.754 N 72° 34/ 41.770 E) and Nawaganl (220 46/ 45.639 

N 72° 34/ 3 I. 1 18 E) shovved that AQUA based estimates produced better 

accuracy than TERRA estimates on daily scale when compared to portable 

Bowen ratio energy balance measurements. The daytime estimates of Rn and 

AE from AQUA produced RMSE of 40 Wm-2 (12 % of measured mean) and 

28 Wnr2 (13 % of measured mean). The errors are comparable with the errors 

obtained through other global experiments. 

It was also found that the accuracy of MODIS based AE estinlates was 

improved (9 % of measured Inean) when compared with in situ 

measurenlents with limited area averaged sensible heat fluxes from Large 

Aperture Scintillometer (LAS). The correlation coefficient between estimates 

and measurements was also iInproved (r = 0.97). 

The spatial outputs of the different energy balance components (Rn, 

G, i"E and evaporative fraction (A» over agricultural land use in Gujarat 
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were generated. There were substantial differences in mean, standard 

deviation (SO), histogranl peak and range of Rn. These have consistently 

increased froIn November to March. Histogranl peak and ranges were 390 

Wnr2
, 345 - 450 Wm-2 in November, 440 Wm-2, 354 - 481 Wm-2 in January 

and 550 Wnl-2 and 450-650 Wm-2 in March. 

The means and SO of (Ground heat flux) G did not show substantial 

differences between November and January. These varied between 70-75 

\-\7nl-2 and 9-6 Wm-2 respectively. But the ranges were different. It was high in 

January (40-90 \Vnr2) as compared to November (50-84 Wnr2). A substantial 

increase in nl(~an (123 \-\'In-2) and SO (35 \-\'nr2) "'as pronlinent in I\1arch. 

This could be due to increase in Rn input to G computation. 

There are certain pockets such as area adjacent to Sabarmati river 

basin in Kheda district where A was consistently high (> 0.5) due to 

cultivation of rahi crops with assured irrigation facility. The distribution 

clearly indicated tllat A had hardly crossed 0.5 in nlajority of the agricultural 

grids (0.01°) throughout rabi season in tllis senli-arid climate. 

The mean 'I.E was found to be the highest (140 Wm-2) in March 

corresponding to peak gro\'\'th as conlpared to other h\'o stages in Novenlber 

(111 vVm-2
) and January (129 Wm-2). The higher variability in vegetation 

fraction due to differentially 1l1aturing crops in March could have produced 

highest SO (59 Wm-2) in March as conlpared to 48 Wm-2 in January and 52 

Wnr2 in Novenlber. 

TIle spatial outputs of net radiation partitioning ratios (expressed as 

percent of Rn), HI Rn, G/ Rn and A.EI Rn, averaged across rabi 2002-03, 2003-

04 and 2004-05 over agricultural land uses "'ere generated. The analysis 

indicated that though there was overall decrease in mean HI Rn, but regional 

H/Rn distribution was t(Hvards higher side in November and included nlore 

proportion of pixels in the relatively 10\""er H/Rn range during peak growth. 
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A November like peak H/Rn was found in l'vIarch that corresponds 

physiological Inaturity of rabi crops. 

The distribution is restricted to lower AE/Rn range (8 - 50 %) in 

November as compared to higher range (15 - 60%) in January. The 

coincidence of peak growth of n"lost rab; crops in January could lead to n"lore 

vegetation fraction. In l\Ilarch, majority of the pixels showed 10-35% I .. E/ Rn 

ratio corresponding to physiological n"laturity. 

The majority of the grids showed higher G/ Rn ratio in the range of 

15-20% in Novelnber and 19-25% in l'vlarch that corresponds to relatively low 

fractional vegetation cover. 

An unsupervised classification scheme through hierarchical decision 

rules was applied to :l'vl00IS AQUA 250m NOVI data. Stacks of eight-:day 

NOVI composite for the period 1 November to 16 March were prepared to 

generate wheat n"lask of Gujarat for rab; 2002-03, 2003-04 and 2004-05. District 

level wheat n"lask \vas generated first and regional n"lask ",-'as subsequently 

generated from district nlask. 

~istrict ",-,ise consunlptive water use (C\VU) ",-'as conlputed by 

sumnling up eight-day ET for the wheat grid over entire growth period 

followed by averaging C\VU over wheat grids for three major critical growth 

stages, vegetative, flowering and grain filling. TIlese were carried out for all 

individual rab; seasons 2002-03, 2003-04 and 2004-05. There was gradual 

increase in mean CWU fronl vegetative (60 nlm) to grain fining (100 mm) 

stages. 

The inlpact of deviation in CWU on yield deviation, percent deviation 

of district Inean ,·",heat CVVU fron"l three seasons (2002-03, 2003-04 and 2004-

05) were plotted against deviation in reported district wheat yield from three 

seasons district mean. 111C deviation from sinlple averaging prod uced better 

correlation (r = 0.74) than \vith area weighting (r = 0.66). 

iv 
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Two different efficiency based approaches were attempted to predict 

wheat yield of major \vheat growing districts. These are (i) Water use 

efficiency (WUE) and (ii) Radiation use efficiency (RUE) based approaches. 

RUE approach through CASA nl.odel was found to produce better yield 

prediction accuracy (RMSE 17.7 % of reported nl.ean) as cOlnpared to the 

RMSE (18 % of reported mean) from WUE approach. Moreover, the 

correlation coefficient behveen predicted and reported district yield was also 

found to be higher (r = 0.90) in RUE based approach than the other one (r = 

0.80). 

CASA (Carinege AInes Stanford Approach) model NPP was put to 

sensitivity test to error associated using satellite based inputs such as LAI, 

albedo, daily mean air tCInperature and LST. TIle estilnated error in '\lvheat 

NPP could be between 10-12% that could have propagated same level of 

error to predict yield. Rest 4-5% error in yield prediction through CASA 

model could be attributed to uncertainty associated with misclassification of 

wheat using 250nl MODIS data. 

A satellite based single source surface energy balance and 

evapotranspiration schen1.e has been successfully implemented and validated 

for the first time over semi-arid wheat growing conditions in India and 

Gujarat in particular. This is the first tin1.e in India, that area integrated heat 

flux measuring equipment (LAS) was operational. It was proved that 

accuracy of satellite based estimates in1.prove with the use of area averaged 

data fron'l such measureInents. Efficiency based n1.odels can provide \-vheat 

yield prediction accuracies comparable with RS forced process models but 

the forn1.er is n1.ore robust, easy to handle for operational in'lplen1.entation. 
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I. INTRODUCTION 

Plant growth and development are primarily governed by genetic 

potential, the environn1.ental conditions of the soil and climate. The 

success or failure of farming is intimately related to the prevailing 

weather conditions, if weather is suitable to that particular crop 

production, yield would be high and vice-versa. The modification of the 

weather, except on a vcry limited scale, is yet in realm of experirnentation. 

It is nevertheless possible to optintize farm production by adjusting, 

cropping patterns and agronomic practices to suit the climate of a locality. 

Country like India, \·vhere major portions of population hardly 

manage to fulfill their food requirement, weather's role becomes very 

significant in forming agricultural policy. Indian econon1.Y is said to be 

agriculture dependent, as more than 30% of GOP (gross don1.estic 

production) is COIning from agricultural sector, and more than 34.5% of 

U1.e budget is allocated to agriculture sector. Food grain production in 

India has increased about four fold since independence (200 mt marks in 

year 1999-2000, in cOInparison to 50.82 nlt in 1950-51). In spite of 

technological adVanCeI11ent in agriculture, large year-to-year variation in 

production continues, "vhich is related to fluctuations in monsoon at gross 

level (Gadgil ct al., 1999). Wheat, the second most important food-grain 

crop contributes about 37% to the total food grain production in India. In 

recent past, '\vheat production has fluctuated between high of 75.6 mt in 

1999-2000 to 62 n1.t in 1995-1996 in India (Anonymous, 2000). Wheat is 

widely distributed in India, being grown from 15 ON to 32 ON, fron1. 72 ON 

to 92 ON and frOIl1. I11ean sea level to fairly high altitudes. Wheat is a 

dominant rab; crop in northern and central states of India, \vhich include 

Punjab, Haryana, Uttar Pradesh, Rajasthan, I'vIadhya Pradesh and Bihar. 



I1l1roductioll 

In India, Gujarat state having an area of 0.47 Iuillion hectares under 

irrigated wheat and producing 1.14 million tones of grains with average 

productivity of 2435 kg ha-1 during 2001-02 stands eighth in area and 

seventh in production. The wheat productivity in Gujarat (2435 kg ha-1) is 

lo~v as compared to the average productivity at national level (2745 kg ha­

l) and also the averag(_~ productivity at Punjab and Haryana (>4000 kg ha­

l). Within the state as \-veil, there is wide variation in productivity, \-vhich 

ranges from as low as 1597 kg ha-1 in Surat district to as high as 3639 kg 

ha- 1 in Junagadh district of the state (Agril. Statistics at a glance 4003, 2004 

and Anonymous, 1997). 

Wheat is an important rabi cereal of middle Gujarat zone and is 

commonly grown after kharif crops. The productivity of the crop was 2128 

kg ha-1 (Anonymous, 2001-02), which was considerably lower than that of 

the state average of 2435 kg ha-1 during the year 2001-02. The average 

grain yield of ~vheat in India, in general and Gujarat in particular is 

considerably 10V\'. 

In view of the above scenario, timely and accurate forecast of crop 

production is of imn"lense value to groV\Ters and different agencies in 

government as well as trade and industry for planning distribution, 

processi.ng, and export/import of crop products. Food security of the 

country has an iUlportant bearing on the ecological, biological, socio­

economic, political, and cultural dimension_ As the pressure on the 

natural resources increases, the forecasting of crop production becomes 

important to make judicious use of limited resources. 

The crop production systenl in semi-arid climatic conditions is 

frequently encountered by water scarcity due to maldistribution of 

rainfall or lack of irrig,ltioll water or its tinlely availability. It gives low 

productivity to overall grovvth in agriculture. The characterization of 

water stress over large agriculture using thermal and radiation regime 

2 
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over crop surface in periodic manner throughou t crop growth cycle is 

extremely important. Though, conventional measurements with Iysimeter 

keep record of field and soil specific ,,·vater balances in root zone but 

cannot be extrapolated to larger area. 

The ground based micrometeorological or Bo,,·ven ratio to"vers 

having net radiometer at one height and temperature, humidity, wind 

speed sensors at multiple heights are also used to compute energy budget 

con'lponents to derive stress behavior over relatively larger area 

depending on the fetch (Shekh ct al., 2001). Most of the times, the ground 

based equipments lose the proper calibration and become non-functional 

in the long run. These are rather more useful to derive crop and soil 

specific parameters and coefficients required to calibrate soil-atmosphere­

vegetation-transfer (SV AT) I'nodels to simulate energy balance 

con'lponents. The concomitant use of satellite optical and thermal data 

directly or their assimilation through SV A Ts is useful to represent water 

stress on pixel-by-pixel basis using energy balance approach for regular 

monitoring on a regional scale (state level). 

Land surface tCInperature is a good indicator of the evaporation 

from the Earth's surface and the so-called greenhouse effect because it is 

one of the key parameters in the physics of land-surface processes on a 

regional as \-vell as global scale. It acts as a link for surface-atmosphere 

interactions and energy fluxes between the atmosphere and the ground 

[Mannstein, 1987; Sellers et al., 1988]. Therefore, it is required for a wide 

variety of climatic, hydrological, ecological and biogeochemical studies 

[Camillo, 1991; Schn'lugge and Becker .. 1991; Running, 1991; Running ct al., 

1994; Zhang et al., 1995]. Another important surface parameter is 

expressed in tern'lS of the Normalized Difference Vegetation Index 

(NDVI), derived frorn the red and near infrared (NIR) channels in 

electromagnetic spectrum (Tucker ct al., 1984). The NDVI represents 

amount of greenness and fractional vegetation cover (Tucker ct ell., 1984; 

3 
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TO\I\lnshend and Justice 1986; Tucker et al., 1986) and is an indicator of leaf 

area index and energy partitioning between canopy and soil below. Thus, 

the combination of optical bands data in terms of albedo, NDVI threshold 

based emissivity and thermal bands data in terms of Land Surface 

Temperature from satellite platform can generate evapotranspiration on 

spatial scale through energy balance approach. 

No study was conducted yet to derive energy budget estimates over 

wheat crop at landscape and regional scales in Gujarat using optical and 

thermal based ren1.ote sensing data from satellite platform. Regional 

wheat yield prediction using the advantage of surface energy balance 

approach and optical and thermal land data over this sen1.i-arid climate is 

also, therefore, a untapped research area. The present research study was 

formulated with the following objectives. 

Objectives: 

1. To evaluate key energy balance components, esti.Inated using polar 

orbiting satellite optical and thermal data. 

2. Ground validation of satellite based energy budget estimates. 

3. Intercomparision of two remote sensing based wheat yield 

prediction approaches for dominant wheat districts of Gujarat and 

their valida tion. 

4 
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II. BASIC CONCEPT OF REMOTE SENSING 

AND ITS APPLICATION IN AGRICULTURE 

Remote sensing is a technique used to collect data about the earth 

without taking a physical sall"'\ple of the earth's surface. A sensor is used 

to measure the energy reflected from the earth. This information can be 

displayed as a digital iIl1age or as a photograph. Sensors can be mounted 

on a satellite orbiting the earth, or on a plane or other airborne structure. 

2.1 Sensors and the Electromagnetic Spectrum 

The majority of sensors used in airbome and space borne platforms 

measure reflected solar energy. Specific regions of the electromagnetic 

spectrum (EM) are characterized by their wavelength (the distance 

between 2 successive peaks or troughs of a waveform). Wavelengths are 

commonly expressed in terms of micrometers where a micrometer is 

equivalent to 1 x 10-6 nl. Although names are assigned to different regions 

of the EM spectrum there are no distinct boundaries separating one 

region from the next. The portion of the spectrum which can be sensed by 

the human eye is the visible range and is only fairly narro~'v as shown in 

Figure 2.1 and Table 2.1. The visible spectrum extends from 

approximately 0.4 f . .un to 0.7 J.1m and includes the 3 prunary colors blue, 

green and red. When the prin1.ary colors are present at equal intensities, 

such as in sunlight, the result is white light. Different amounts of 

absorption and reflection of the primary colors will result in different 

colors and shades of colors. 

Remote sensing data may consist of a single band of information 

(as found in panchronlatic-black and white- images) or several bands 

(produced by a ll1.ulti spectral system). Each band represents a specific 

portion of the reflected light or heat from the electromagnetic spectrum. 

Multi spectral in1.ages are often acquired by a series of Call"'\eras each 

having a different filter allowing light penetration in a specific portion of 
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the spectrum~ Th se bands could be combin d to produce a color 

composit iJ:nage. Cameras with filters s lecting gr en, red and near infra 

red light can be combined to create a composite image that appears infra 

red. A camera system which selects the red, green and blue can be 

combine to gen rate an image which looks lik a color photo. High 

resolution hyper spectral imaging devices can sense in exc ss of sev ral 

hundred bands. Th sensors g nerally require a fairly stabl platform 

such as a satellite or jet plane an produc considerably larger data s ts 

than singl band systems. 

----.... _ ..... -... --.".-

h 
En f'9Y 

0.1 

----

m 

------------
Energy 

I p'l - 1000 nm 
1 mm = .000.000 nm 

Figure 2.1 The visible region of the spectrum ranges from about 0 .4 J..1m 
to 0.7J.lm (Kyllo, 2004). 

Table 2.1. Regions of Electromagnetic Spectrum 

egion ame 

Gamma Ray 

X-ray 

UI h~aviolet 

Wavelength Comments 

< 0.03 Entirely absorbed by th Earth's 
nanometers at:1nospher and not available for 

remot sensing. 
0.03 to 30 Entirely absorb d by the Earth's 
nanometres atmospher and not available for 

r mote sensing. 

0.03 to 0.4 Wavel ngths from 0.03 to 0.3 
micrometres micrometres abs rbed by ozon in the 

, 



Basic cOllcept of relllote se".~;',g and its application ill agricultllre 

Photographic 
Ultraviolet 
Visible 

Infrared 

Reflected 
Infrared 

Earth's atmosphere. 
0.3 to 0.4 A vailable for remote sensing the Earth. 
lllicrometres Can be imaged with photographic film. 
0.4 to 0.7 Available for remote sensing the Earth. 
lllicrometres Can be imaged with photographic film. 
0.7 to 100 Available for remote sensing the Earth. 
micrometres Can be iInaged with photographic filnl. 
0.7 to 3.0 Available for remote sensing the Earth. 
micrOlnetres Near Infrared 0.7 to 0.9 micrometres. 

Can be imaged with photographic film. 
Thermal Infrared 3.0 to 14 

microInetres 
Available for remote sensing the Earth. 
This wavelength cannot be captured 
with photographic film. Instead, 
mechanical sensors are used to image 
this wavelength band. 

Microwave or 
Radar 

Radio 

0.1 to 100 
centiInetres 

> 100 
centunetres 

Longer wavelengths of this band can 
pass through clouds, fog, and rain. 
Images using this band can be made 
with sensors that actively emit 
microwaves. 

Not normally used for remote sensing 
the Earth. 

2.2 Spectral Vegetation Response 

When electromagnetic energy from the sun strikes plants, three 

things can happen. Depending upon the energy in the wavelength and 

characteristics of individual plants, the energy will be reflected, absorbed, 

or transmitted. Reflected energy bounces off leaves and is readily 

identified by hUDlan eyes as the green color of plants. A plant looks green 

because the chlorophyll in the leaves absorbs much of the energy in the 

visible wavelengths and the green color is reflected. Sunlight that is not 

reflected or absorbed is lransn1.itted through the leaves to the ground. 

Interactions between reflected, absorbed, and transmitted energy 

can be detected by relllote sensing. The differences in leaf colors, size, 

composition and there arrangement determine ho'lfv nluch energy will be 

reflected, absorbed or transmitted. The relationship between reflected, 

absorbed and transmitted energy is used to deternline spectral signatures 

of individual plants. Spectral signatures are unique to plant species. 
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Rem te sensing is used to identify str ssed areas in fiel by first 

stablishing the spectral signatures of healthy plants. Th peetra! 

signatures of stresse plants appear alt red from those of th healthy 

plants. Figure 2.2 compares th spectral signatures of h althy an stressed 

sugarbeets. 

0 .9 
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ig. 2:.2 Spectral jgnatur f crops and so ' (KyU ,2 03) . 

2 .3 T y p es of O r b it o f a s a t ell i t e 

Th r ar several type f rbits: 

I. P lar 
2. Sun Synchr nous 
3. G synchron u 

1 . Polar 

Th m re corr ct t rm woul b n ar polar orbits. T h o r b 

hav an inclination n ar 90 degr s (Figu.r 2.3). Thi allows th sat Hit 

t vrrtuan~ very part arth r tate s und r ath i t . 

I takes approximately 90 rninu for th sat nit t compi e ne 0 bit. 

Thes satellites have many us s such as m asuring ozone c nc ntrations 

in th strat sph re as w 11 as measuring temp ratur s in the atmosphere. 

8 
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Near Polar Orbits 

Fig. 2 .3 Polar orbit 

2. Su Synchronous 

h1s orbit allows a satellite to pass ov r a secti n of the Earth t th 

sam tim f the day. Sinc th r are 365 day in a y ar and 360 d gr in 

a circle" it m ans tha t th satellit has to shift its orbit by appro irnatel y 

on degre p r day. Thes satellit s orbit at an altitud between 700 to 800 

kIn. Thes sat Hites us the fact sinc the Earth is not perfectly r un (h 

Earth buLg in the center, the bulge near th qua tor) will caus 

additi nal gravitational forces to act on th satellit. This causes th 

sat Hit I orbit to jth r proce d r reced . Thes rbits ar US d for 

ateLlites that need a constant an1. unt of sunlight. Satellit that tak 

pictures of the Earth would work best with bright sunlight, whil 

at Hit s that m asur longwav rcidiation would w rk best in comple 

darkness. 

9 
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Sun Synchronous Orbits 

• 

Fig. 2 .4 5u n 5ynchr nous 

3. Geos y chrono s O r bits 

• 

ese orbit are al 0 kn wn a geostationary orbits. Sat Hit in 

th s orbits cu:cl th Earth at the am at as the Earth pins. T earth 

actuaUy tak s 23 hours, 56 minutes, and 4.09 mak on full 

r tation. 50 bas d on Kepler's Laws f Plan tal·y Motion, thi w ul put 

the sat llit at approximately 35,790 km abov th Earth. Th sat nit ar 

locat near the quator inc at thi latitud; th r is a constant f rc f 

gravity from all directions. At other latitudes, th bulg at th c nt r of 

th Earth would xert a pul] on th sat 11 i t . 

Geosynchronou orbi allow th at llite t ob rv almost a full 

hemisph r f th Earth. Th s at lIit s ax used to tud y larg cal 

phenomena such as hurricanes, or cyclones. These orbits are als u f r 

communication satelJit s. Th di advantage of thi type of orbit i that 

atellites orbiting in these orbits ar v ry far away, and henc th y have 

po r r solution. The other disadvantag is that the e sat llites ha 
• troubl m nitoring activities near th.e pIes. 

10 
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2 .4 Sensors 

Geosynchronous 
Orbit 

35,790 km 

Fig: 2 .5 G 0 ynchronou s Orbits 

Ther are two basic types of sen ors: passive and active sensor . 

P assive sensors rec r radiation refl ct from th moth's urfac a 

shown in Fig. 2 .6. The source f this radiation must come from outside th 

ns r; in m st cases, this is solar en rgy. B cause of this en rgy 

re uirem nt, passive lar sens rs can only captur da a during daylight 

h ul' . The h matic Mapper (TM) sensor yst m n the an at a tell it 

i a p assiv s nsor. The land cov r and change analysis data pr vid 

this CD-ROM al'e classified using Landsat ™ imagery. 

Image Provided Courtesy of the 
Canada Centre for Remote Sensing 

Fig: 2 .6 xample of a Pa ive Sens r 

1 1 



Basic concept of remote sensing and it application in agriculture 

Image Provided Courtesy 
01 tM Canada Cemre "for 
Remote Sensing 

Fig: 2 .7 Example of an ctive Sensor 

Active sensors ar diff r nt from passive s nsors as shown in 

Figur 2.7. Unlike passive sen ors~ active sensors requiTe the en rgy 

s urce to come from 1t itllin th sensor. For xampl, a laser-b am remote 

sensing syst m is an active senso that s nds out a beam of light with a 

kn wn wavelength_ and frequency. This beam of light hit the earth and i 

reflected back to the sensor~ which ecords th tim it t ok for th b am 

light to r tum. Topographic LIDAR Laser bach mapping data indud d 

on this CD-ROM are c 11 cted with an active sensor. 

Atmospheric -Windows for remote sensing bands 

Atmospher lectively transmits energy of certain way 1 ngths; 

those wavelengths that are relatively asily transrnitt d thr ugh th 

atmosphere ar re£erre as ab.nospheric windows (Campben~ 1996. 

Intt'oduction to Remote 5 nsin& Furth Edition by James B. Campb 11.) 

harth's atm sphere is largely r partially transpar nt to a 

range of electromagnetic wav 1 ngth. All sp ctral regions ar affected t 

some extent by absorption in the atmosphere but th r aloe t\A.1 nearly 

transparent ranges~ the optical window and th radio win w~ and 

severa] narrow~ partia] infrared wind w: . 

• 
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F ig. 2 .8 Atmospheric windows in the el ctromagnetic sp 
that th spectrum of c 1 rs from r 

Image credit: ASA 

The optical , ...,indow aLLows through visible light, from r , as far a 

the A band of mol cular oxyg n (0:2) at 0.7600 J,J., to violet and a little 

b yond, as far as at the ozon (0:3) cut-off at 0 .2950 J-l. Short r wav 1 ngth 

ar block d by atom an mol cules of xygen, nitrogen, and th r ga 

and by ge or nal hydrogen and helium. 

The radio window spans a wa 1 ngth rang from ab ut on 

millim ter to about 30 meters. Low r wavelengths ax r fl et by th 

iono phere, while shorter wavelengths suffer mer asing amounts f 

molecular ab rption. 

Several narr ' ''' infrar d in ows exist at m.icr m t r wav lengths, 

th ph t m tric d signations of th s ax J (1.25 J,J.), H (1.6 J.l), K (2.2 J.l), L 

(3.6 J,J.), M (5.0 J.l), N (10.2 J..l), and Q (21 J,J.). Th r are also small but useabl 

windows at 350 and 460 J-l. B cause wat r vapor is one of the maln 

ab orbers of infrared, obs rvatorie for stu ying infrar d must b ited in 

particularly dry or mountainou regions where the eff et of water vapor 

is r due and/or the atrnosph re is thinn r. 

Tab le. 2.2 Major atrnosph ric win ows a ailabl for remote sen ing 
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Spectral region Spectral Wavelength 
(micrometers) 

Ultraviolet and visible 0.30 - 0.75 

Near Infra-red 0.77 - 0.91 

1.00 - 1.12 

1.19 - 1.34 
--

1.55 - 1.75 

2.05 - 2.40 

Middle Infra-red 3.50 - 4.16 

4.50 - 5.00 

Thermal Infra-red 8.00 - 9.20 

10.20 - 12.40 

17.00 - 22.00 

Microwave 2.06 - 2.22 

3.00 - 3.75 

7.50 - 11.50 

20.00 - and above 

It can be seen {rOIl"l above Table 2.2 that all the wavelengths shorter 

than 0.3 micrometer art! closed for ren"lote sensing while major principal 

windows lie in visible, infra-red and microwave regions. 

2.5 Remote Sensing for vegetation classification 

Vegetation is important because it provides a basic foundation for 

all living beings. Classifying vegetation, using remote sensing, is valuable 

because it can determine vegetation distribution and occurrence and how 

factors such as moisture, latitude, elevation above sea level, length of the 

growing season, solar radiation, temperature regimes, soil type and 

drainage conditions, topographic aspect and slope, prevailing winds, salt 

spray and air pollutants influence it. 

Leaf properties that influence the leaf optical properties are the 

internal or external structure, composition, age, ""ater status, mineral 
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stre ses, an the h alth of the leaf. It is imp rtant to note that the 

ref] ctance of the optical properties of leaves are th same, r gardless of 

th peci s as shown in figure 2.9. What n'\ay differ for each I af, is the 

typical spectraJ featur s recol·ded for the thr main optical spec -al 

d main; leaf pigynents, cell structure an water cont nt. 
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2.6 Resolution 

Resolution is a conunonly used tern"l in remote sensing. There are 

four types of resolution- spatial, temporal, spectral and radiometric. 

Spatial resolution is the smallest unit of an in"lage and is measured 

by a pixel (picture eh:'luent). The spatial resolution is defined by the 

distance on the ground that corresponds to a single pixel. A spatial 

resolution of 10 meters means that an individual pixel represents an area 

on the ground of 10 n"leters by 10 meters. Thus any objects which are 

smaller than 10 meters will not be distinguishable in the image. A high 

spatial resolution (1-2 meters) has been strongly demanded for 

agricultural applications where within field variability is to be studied. 

Low spatial resolution (20-30 meters) has lin"'lited the use of satellite 

in"'lagery and encouraged the development of a new generation of land 

observation satellites to be launched. 

Temporal resolution is the frequency with which an image of a 

specific area or object can be acquired. To date, one of the problems 

associated W'ith satellite imagery has been the temporal resolution. In 

farming systems where there is a constant change during a gro'\'ving 

season, the time behveen satellite revisits has not been frequent enough 

for crop monitoring. Airborne systems have offered greater flexibility 

when scheduling flyovers, their limiting factor being local weather 

conditions. 

Spectral resolution refers to the wavelength intervals to which the 

sensor can detect. Sensors which can discriminate fine spectral differences 

are said to have a high spectral resolution. For example, a sensor '\vhich 

can measure over a 0.05 J..lfl1. interval such as in many hyperspectral 

systems, has a fine spectral resolution. Detecting over a broad wavelength 

band of the electromagn.etic spectrum such as in a 35 n1.n1. camera using 

color film, has a coarse spectral resolution as the film records the entire 

visible spectrun1.. 

16 
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Radiometric resolution is the number of data file values associated 

with a pixel for each band of data detected. When describing a camera or 

sensor, this is referred to as the nunlber of bits into '\vhich the recorded 

data can be divided. In a 12 bit panchron1.atic camera system for example, 

the pixel values may range from 0 (corresponding to black) where there 

was no electromagnetic radiation recorded to a maximum intensity or 

brightness value (corresponding to white) of 4096 (212). 

2.7 Image analysis and interpretation 

To gain the benefits fron1. remotely sensed data, farmers and 

consultants must understand and be able to interpret the unage. 

Knowledge of the con11nercial products (and their differences) that are 

available and selecting from among them the product \'\'hich ,"vill offer the 

IllOSt value can be a challenge. The agricultural community needs 

knowledgeable interpreters to help improve the adoption of remote 

sensing. The success of image interpretation depends on the quality of the 

image and the experience of the interpreter. 

There is a "vide range of enhancement tools available "vhich can 

help make an image n1.ore precisely interpretable for specific applications. 

Enhancen1.ent and classification tools are often used to highlight features. 

The techniques employed vvill depend on the type of remote sensed data 

as well as on the objectives of the end user. Techniques commonly used 

include: 

1. Change detection - studying vegetation changes by subtracting one 

image from another inlage acquired at an earlier date. 

2. Classifications - (both supervised or unsupervised) The pixels of an 

image arc sorted into classes and each class is given a unique color. A 

supervised classification requires knowledge of the data as the analyst 

selects pixels that correspond to known features (such as differences in 

the land cover). An unsupervised classification is more computer 

auton1.ated and clusters pixels \vhich have sin1.ilar spectral characteristics. 

17 
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2.8 Potential Agricultural Applications of Ren"lote Sensing 

2.8.1. Crop inventory and yield prediction 

At the regional and national scale, the USDA's National 

Agricultural Statistics Service (N ASS) and the Foreign Agricultural 

Service (FAS) have explored the use of remotely sensed images for crop 

identification, inventory of areas plan.ted and estimation of potential 

harvest amounts (Wade et al., 1994). For grain crops, in"lages near the time 

of flowering (i.e. tasseling in corn) are optimal for yield forecasting. Upon 

reaching the reproductive stage, Iuost grain crops have completed their 

vegetative growth; therefore, yield influencing developrnents occurring 

after flowering may not be visible in the canopy. For other plants such as 

soybeans, n'lore accurate yield predictions n'lay be obtained later in the 

growing season due to continued vegetative development of the plants 

that reveal influences on yield. Current methods of yield prediction are 

often based on vegetation indices such as the Norn"lalized Difference 

Vegetation Index (NDVI). These indices combine in'lage inforn'lation from 

near infrared and visibl<.~ red bands in ratios of various forms. At the scale 

of farm and field, remotely sensed in'lages have been used to give relative 

estimates of yield variation within a field prior to harvest. These compare 

well \'vith actual yield maps. In India, Crop Acreage and Production 

Estimation (CAPE) is operational to make regular inventories of major 

crops (rice, wheat, collon, potato etc.) using IRS-LISS III and IRS-P6 

AWiFS data. This gives single forecast within the crop season. In FASAL 

(Forecasting Agriculture output using Space AgroIueteorology and Land 

based observations) programme, multiple crop forecasts v\rithin a crop 

season are addressed. 
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2.8.2 Useful agromet parameters retrievable 'With satellite based 

RS data 

Some Usehl.\ parame\.ers re\a\ed \.0 agrome\eOTu\ogy can. be 

retrieved using optical, thermal infrared and microwave data from 

satellite platforn"l. 

A. Vegetation indices 

Using the distinct spectral signature of plants "",ith lovv reflectance 

in the visible (0.4-0.7 , .. un) and very high reflectance in the near infrared 

region (0.7-1.2 J..lm) of the solar spectrum, the spectral contrast can be used 

for identifying the presence of green vegetation and evaluating some 

characteristics (e.g., cover and bion"\ass) through various vegetation 

indices, such as the Nonnalized Difference Vegetation Index (NDVI). 

The Normalized Difference Vegetation Index (NDVI) is a simple 

numerical indicator that can be used to analyze remote sensing 

measurements, typically but not necessarily frOITI a space platform, and 

assess whether the target being observed contains live green vegetation or 

not. 

/VDVI 
(lVIR - RED) 
(l\'IRfRED) 

The reason NDVI is related to vegetation is that healthy vegetation 

reflects very well in the near infrared part of the spectrum. Green leaves 

have a reflectance of 20 percent or less in the 0.5 to 0.7 micron range 

(green to red) and about 60 percent in the 0.7 to 1.3 micron range (near 

infra-red). The visible channel gives son"le degree of atmospheric 

correction. The value is then normalized to the range -l<=NDVI<=l to 

partially account for differences in illumination and surface slope. 

NOVI provides a crude estilnate of vegetation health and a n"leans 

of monitoring changes rn vegetation over tin"le. The possible range of 

22 
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values is between -1 and 1, but the typical range is Z,ehveen about -0.1 

(NIR less than VIS for a not very green area) to 0.6 (for a very green area). 

Simple Ratio: It is a ratio of near infrared to red reflectance and is 

related to change in an1.0unt of green biomass, pigment content as "veil as 

its concentration and leaf "vater stress etc. 

Sl~ = NIRfRED 

SA VI (Soil-Adjusted Vegetation Index) 

Soil-Adjusted Vegeta tion Index L ranges from 0 for very high 

vegetation cover to 1 for very low vegetation cover, minimizes soil 

brightness- induced variations. L = 0.5 can reduce soil noise problen1.s for 

a wide range of LAL 

SA V/ PIfR-PR,~ (l+L) 
PI'IR+PR+L 

PVI (Perpendicular Vegetation Index) 

Perpendicular Vegetation Index, orthogonal to the soil line, atten1.pts to 

elinl.inate differences in soil background and is most effective under 

conditions of low LAI and is applicable for arid and sen1.i-arid regions. 

EVI (Enhanced Vegetation Index) 

The enhanced vegetation index (EVI) "vas developed to optiInize 

the vegetation signal vvith unproved sensitivity in high biomass regions 

and for improved vegetation monitoring through a de-coupling of the 

canopy background signal and a reduction in atn'l.osphere influences. The 

equa tion takes the form, 

23 
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EVI = G * 
PNIR + C 1 *PRed - C 2 * PBlue + L 

PNIR - PRed 

where, 
PNIR = N IR Reflectance 
PRed = Red Reflectance 
P91IJe = Blue Reflectance 
C 1 = Atmosphere Resistance Red Correction Coefficient 
C 2 = Atmosphere Resistance Blue Correction Coefficient 
L = Canopy Background Brightness Correction Factor 
G = Gain Factor 

The coefficients adopted in. the EVI algorithm are, L=1, Cl 6, 

C2 = 7.5, and G (gain factor) = 2.5. 

NDW! (Normalised Difference Water Index) 

It is well known that the SWIR is absorbed by water irrespective of 

\ovhether water exits as free water bodies or the water contained in plant 

cells. To assess water content in a nornl.alised way, the NDWI 

(Normalised Difference Water Index) was introduced by Gao (1996). This 

index increases with vegetation water content or fronl dry soil to free 

water. 

NDWI can be used to detect drought stress and is expressed as-

ND\VI = NIR - SWIR / NIR + SWIR 

B. Surface albedo 

The amount of solar radia tion (0.4 - 4.0 J..llll.) reflected by a surface is 

characterized by its hemispherical albedo, which is defined as the 

reflected radiative flux per unit incident flux. This is an important 

parameter for computing earth radiation budget and climate models. Pre­

requisite for its cOlnputation is generation of broadband surface 

reflectances. The con1putation is basically double integration, over 

wavelength and angubr geometry. The following algorithms of albedo 

retrieval are in use world over. 
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(i) Narrow band-to-broad band conversion and / or conversion 

of broadband reflectances to shornvave band 

(ii) Minimum ground brightness in a time series 

(iii) Contrast ratio approach 

(iv) BRDF method 

c. Land Surface Temperature (LST) 

Surface temperature is an important quantity for crop modeling 

such as energy and water exchange between abnosphere and vegetation 

surface. Three major categories of LST retrieval algoritlun have been 

developed (i) Mono \\'indow (ii) Split window and (iii) multiangle 

methods (Dash et al, 2002) based on sensor chararacteristics. Technique (i) 

produces least accuracy (3 - 4K) '\vhen single thermal channel as in INSAT 

3A I Kalpana - 1 YI-lRR is available. Local or general split-window 

technique can be applied when t'\vo or more thermal channels are 

available as in case of NOAA A VHRR and MODIS TERRAl AQUA 

respectively. This technique is able to compensate for water vapour but 

requires prior estimation of surface enlissivity. The error is of the order of 

2-3K. The multi-angle Inethod can \vork "vith advanced sensors such as 

ASTER and allows separation of component tenlperatures, such as foliage 

and soil. 

D. Surface W'etness / surface soil moisture 

Regional and national agricultural drought monitoring are highly 

dependent on spatial and temporal variability of large area soil n'loisture 

or wetness information. It is difficult to collect reliable information over a 

large area using conventional methods involving point nleasurements. 

Generally, thermal and microwave sensors are used for surface n"loisture 

estilnation. Thernlal IR techniques include (i) thermal inertia (van de 

Griend et al., 1985), (ii) temperature-vegetation triangular space (Gillies et 

al., 1997), (iii) Directional thermal radiometry and, (iv) morning rise in 

land surface tenlperature (Wetzel and Woodvvard, 1987). Micro,\vave 
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radiations are capable of penetrating clouds and vegetation cover and 

hence microwave sensors offer great potential in soil moisture 

determination over cropped areas. The measurement of soil '\vater content 

by means of microwave sensors relies on the large difference between the 

dielectric properties of dry soil and liquid ''\vater. Micrcnvave RS 

techniques have been shown to provide soil nl.oisture estull.ates in the 

upper layer of soils up to 10cm. Both active and passive microwave 

sensors are being used for moisture estimation. The luajor dra,,,,back \.vith 

the passive sensors is their poor spatial resolution. 

With the launch of the AQUA satellite in June 2002 and ADEOS II 

in December 2002, data from the Advanced Microwave Scanning 

Radiometer (AMSR) are becoming available at two equatorial overpass 

times per day. The C-band of the AMSR (6.9 GHz) has better sensitivity 

than the 19.4 GHz channels of the Special Sensor Micro,,\-vave Imager 

(SSM!) for retrieving soil moisture. In the past, soil moisture has been 

measured from space using SSM/I vvith the 19, 37, and 85 GHz channels. 

The sensitivity is higher at lower frequencies (L-band: 1.4 GHz and C­

band: 6.9 GHz) and decreases as the frequency of observation increases 

due to increased contribution fronl. the atulosphere and vegetation. 
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III. REVIEW OF LITERATURE 

This chapter contains the available literature published on the 

research work related to the problem chosen as reviewed by the author. 

Though the review of pertinent literature has been n"lainly confined to 

""heat crop, relevant research work on son"le other crops has also been 

reviewed and relevant inforn"lation is included wherever necessary. The 

literature revie\ved is arranged under the follo\ving broad headings, for 

convenience. 

3.1 Evapotranspiration versus crop growth and yield 

Evaporation fron"l soil surface and transpiration fron'\ crop canopy 

detern"line root zone n"loisture availability for photosynthesis in presence 

of solar radiation and C02. Water stress effects regulate stoInatal opening 

that controls C02 intake and radiation usc. Therefore, \vater use strongly 

influences the degree of radiation use and C02 intake by crops. Crop 

growth and productivity are ultilnately influenced in a Inajor \,vay by 

seasonal constlInptive \vater use i.c. cUInulative ET in addition to other 

lin'\iting factors such as : nutrients, pest and disease. Scnsitivity of gro,vth 

stages to water use differ fron"l crop to crop. Stage specific ET anon"laly 

fron'\ norn'\al detern"lines Iikelillood of occurrence of early, n"liddle and late 

season water stress that produce differential effects on final crop bion"lass 

and its conversion to yield. 

A nun'\ber of field experin'\ents ",'ere conducted ",'ith different irrigation 

regiInes alon.gwith sowing dates to quantify water use or ET and bion"lass 

or yield relations in different crops including Wheat (T"iticlllll aestil'llll' 

L.). Yields in the inland Pacific North""est were lilnited by inadequate 

water supply late in the gro""ing season. Choosing a suitable planting 

date and genotype ""ith the appropriate phenology that matches crop 

gro\vth to the ,vater supply "I.vill produce optin'\ul1,\ grain yields. A study 

\'\'as conducted (Chen et al., 2003) to investigate the effects of (i) planting 
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and (ii) wheat genotype differences on grain yield, evapotranspiration 

(ET), and water-use efficiency (WUE). A 3-yr experiment \-vas conducted 

on a Walla Walla silt loan1 (coarse-silty, n1ixed, mesic Typic Haploxeroll) 

near Pendleton. Six "'inter and two spring wheat cultivars were planted 

in seven planting treabnents (planting practices that include planting 

date, seeding rate, drill type, row space, and seeding depth). Planting 

treatn1ents significantly affected ET after adjusting for vapor pressure 

deficit (ET jVPD). Winter and spring wheat planted in the spring had 

approxin1ately 380 to 650 nm1 kPa-1 less ET l\rpD (approxin1ately 110-160 

nm1 ET) than that planted in the fall. However, WUE was not significantly 

affected by planting treatments and cultivars. 

Kizilogiu et nl., (2006) conducted field experin1ents to study the 

effects of water deficits on potato (Solnnum tliberOS1l1ll L.) 

evapotranspiration, tuber yield and \vater-use efficiency. The experiments 

were carried out under cool season senliarid climatic conditions in 

Erzurun1 province located in the east of Turkey in spring seasons during 

2003 and 2004. The experin1ent included six \vater deficits: 0% (vvell­

irrigation), 20, 40, 60, 80 and 100% (non-irrigation). Results indicated that 

deficit irrigation influenced evapotranspiration, tuber yield and water-use 

efficiency. Potato evapotranspiration decreased as water deficit increased. 

Seasonal evapotranspiration was 445.2 n1m in well-irrigated treatment 

and 195.2 nUll non-irrigated lreatn1ent. Potato yield and water-use 

efficiency were also found to decrease as water deficit increased. Potato 

yield of \vell-u'rigated treatn1ent was 26.43 t ha-1 while it "'as 8.28 t ha-1 in 

non-irrigated treatnlent. A linear relationship was found between 

evapotranspiration and tuber yield. Water use efficiency was 59.56 

kg/ha/nlnl for \vell-irrigated treatulent and 42.13 kg/ha/nm1 for nOI1-

irrigated treahnent. The seasonal yield response factor (ky) for potato was 

also found as 1.1 
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A crop water-stress sensitivity index was developed by Zhang et 

ale (1999) and also the establishnl.ent of the relationship behveen seasonal 

evapotranspiration (ET) and wheat yield, and crop \vater production 

functions for North China plain. By relating relative yield to relative ET 

deficit, they found that crop \vas nl.ore sensitive to ,,'ater stress bern'een 

stenl. elongation to heading and from heading to milking stages. Grain 

yield response to the anl.ount of irrigation (lRR) \vas developed using a 

quadratic function and ,"vas used to analyze different irrigation scenarios. 

The effect of water supply on seasonal absorption of 

photosynthetically active radiation and radiation-use efficiency (RUE) of 

aboveground bionlass production "vas studied by Manderscheid and 

Weigel (2007) to understand the processes contributing to final yield. 

Wheat "vas grown under sufficient \vater supply or drought stress in 

lysimeters with a soil depth of 0.4 nl. (first year) or in the field with 

unrestricted root growth (second year). Drought stress was started after 

the first node stage by halving the "vater supply. Drought stress always 

decreased the green area index and accelerated canopy senescence, which 

in the second year resulted in a decrease of 23% in the seasonal radiation 

absorption .. 

Fractional ground cover, fractional PAR interception (f), canopy 

extinction coefficient (k) and radiation-use efficiency (RUE) for wheat, pea 

and nl.ustard were exanl.ined in a field experin'lent conducted over 5 years 

in a sen'li-arid environnlent in Australia by O'Colulell et al., (2004). T\vo 

crop sequences "vere cOlll.pared: fallow-\Vheat-pea and nl.ustard-wheat­

pea. Significant periods of \valer stress occurred in some years. Conl.plete 

ground cover \vas not achieved and f ranged to Inaxinla of 0.77, 0.80 and 

0.80 in wheat, pea and 111ustard, respectively. Estimates of k for wheat, 

pea and nl.ustard were 0.82 (±O.OS), 0.76 (±0.03) and 0.68 (±0.12), 

respectively. Estin'lated RUE (aboveground biomass) of 1.81 (±O.05), 1.52 
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(±0.05) and 1.92 (±0.12) g MJ-I intercepted PAR for wheat, pea and 

n"lustard, respectively which was n"leasured over the vegetative phase. 

Seasonal conditions had minimal in"lpact on k and RUE. Radiation use 

efficiency was generally lower than the n"laxima reported in the literature. 

But they were sin"lilar to others reported in comparable environn"lents and 

matched predicted unstressed RUE for C3 plants. 

3.2 Evapotranspiration using surface energy balance 

Broadly two approaches are used for deriving evapotranspiration 

(ET) using water balance and energy balance method. Water balance ET is 

conventionally nleasured through Lysin"leter generally on weekly basis, 

but not on daily and diumal basis. Moreover, installation of lysimeter 

disturbs the naturality of agricultural site. Simulation of soil water 

balance also generates ET on daily basis (Bhattacharya and Sastry, 2000). 

Diurnal energy balance n"leasuren"lents can lead to con1pute ET on hourly, 

as well as on daily basis. It '\vas proved by Wallace (1995) fron"l analysis of 

multiple year datasets over different crops over nlultiple locations that 

energy balance ET is lllore representative than V\'ater balance ET due to 

the consideration of surface resistances fron1 canopy and soil. 

3.2.1 Using ill sihl n'leaSUrenlents 

3.2.1.1 Field scale 

Studies \vere conducted to n'leasure radiation and energy balance 

conlponents diurnally using portable equipn'lent at periodic interval over 

crop fields to derive energy balance components to obtain latent heat 

fluxes which are convertible to ET. These \vere correlated with crop 

phenological stages and growth behaviour. The energy balance 

con'lponents were nleasured above the surface of an irrigated wheat and 

nlaize field over three successive years using the Bo\ven ratio technique 
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by Shen-YanJun ef.al. (2004). The experiments were carried out at 

Luancheng Experin1.ental Station of Agro-ecosysteIll (LESA), I-Ieibei, 

China, from Decenlber 1999 through to September 2001. The latent heat 

flux LE also showed apparent correspondence with the developnlent of 

phenology, e.g. LAI. The diurnal course of the Bo\-ven ratio in different 

seasons which can be categorized into three typical patterns: (1) a 'wheat 

pattern', characterized by a steep moming peak followed by a decrease 

\-vith the daytime Inean value of around 0.30; (2) a 'n1aize pattern', which 

is a relatively flat course \vith a daytinle n1.ean beta of around 0.20-0.25; 

and (3) a '\vinter pattern', \vith a near-noon high peak \vith a daytime 

nlean data of n10re than 10 times than those for wheat or nlaize. TI1.ere 

\·vere linear correlations between evaporative fraction (EF) and LAI for 

both wheat and n1aize before senescence. TI,e correspondence of EF 

appeared n10re dependent on LAI for n1aize than for wheat. The EF did 

not appear correlated to soil \vater status, whereas the Bowen ratio was 

affected by extractable soil water content for \-vheat to sonle extent. No 

correlation for rnaize \vas found. 

Surface energy fluxes were measured over irrigated groundnut 

during winter ·(dry) season using Bowen ratio (fJ) micrometeorological 

n1cthod in a representative groundnut growing areas of eastern India, i.e. 

Dhenkanal, Orissa by Kar and Kumar (2007). The experiIllent was 

conducted to optimize irrigation scheduling in groundnut. Study revealed 

that net radiation (Rn) varied fron1 393-437 to 555-612 \l\'nl-2 during two 

crop seasons (2004-2005 and 2005-2006). The soil heat flux (G) was higher 

(37-68 \N 111-2 ) during initial and senescence gro,\vth stages as compared 

to peak crop growth stages (1.3-17.9 W nl-2). The latent heat flux (LE) 

showed apparent correspondence with the growth which varied between 

250 and 434 W nl-2 in different growth stages. TIle diumal variation of 

Bowen ratio (11) revealed that there was a peak in the n1.on1.illg (9.00-
31 



RevielV of Literature 

10.00 a.In.) followed by a sharp fall with the n1.ean values varying 

bet'ween 0.24 and 0.28. 

3.2.1.2 Landscape scale 

Generally, Bowen ratio, n1.icrometeorological and eddy correlation 

towers are used for diurnal n1.easuren1.ents of sensible and latent heat 

fluxes that represent fluxes over a fetch. Fetch represents horizontal 

unifornuty of the landscape irrespective of height. Tower heights are 

detern1.ined fronl fetch ratio. For agricultural studies these ratios varied 

from 1: 50 to 1:100. So, when tower height is 10n1., fetch should be 1000n'1 

if ratio is 1:100. It depends on the goal of experinlent. 

A couple of studies of tower based observations were organized 

through international progran1.n1.es. The use of Bowen ratio or eddy 

covariance to\vers, \vith sufficient fetch (Anthoni ct ale 2004), was 

demonstrated in different field campaigns for validating surface energy 

and water fluxes in FIFE (First International SatelIite Land Surface 

Clin1.atology Project Field Experin1.ent)(Sellers ct nl. 1988, Hall ct ale 1992), 

EFEDA (Echival Field Experin1.cnt in Desertification Threatened Area) 

(Bolle and Streckenbach 1993), Monsoon'90 (Kustas et ale 1994), Soil 

Moisture-Atlnosphere Coupling Experiment (SMACEX02) (Su et al, 

2005), Okhlahon1.a n1.esonet (Kustas et al., 2006), SMOSREX (Rosnay, 2005). 

In order to study energy and water cycles in the Huaihe River 

Basin, n1.icrolneteorological measurements were carried out in Shouxian 

County, Anhui Province, during HUBEXjIOP (1\1ay to August 1998 and 

June to July 1999). The enlployed techniques included Bowen Ratio­

Energy Balance (BREB) and Eddy Covariance (EC) n1.cthods. The basic 

characteristics of energy balance con1.ponents in the district were analyzed 

b--y '1.hu e\ n\., L'\'j\)~. 'Y·ur\.nermore, 'the resu1ts were compared with U1.ose 

hou"\. olher regions of China. The u'\.ain results " .... ere as {olh:n ..... s: (\) ',he~e 

was a consistency behveen the available energy 
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of sensible (!-I) and latent (E) when heat fluxes were n"leasured by the EC 

n1.ethod (H+ E)ec, but E br \-vas slightly larger (about 10%) than E ec; (2) 

1',,10st of the net radiation (R n) was used to evaporate water fron"l the 

surface. During HUBEX/IOP in 1998 and 1999, the nl.ean daily an"lounts 

of Rn were 13.89 !VIJ m-2d- 1 and 11.83 MJ n1.-2d-1, and the n1.ean Bowen 

Ratios (p) were 0.14 (over ruderal) and 0.06 (over paddy) respectively; (3) 

The diurnal variation characteristic of p was larger and unsteady at 

sunrise and sunset, and sn"laller and steady during the rest of the daytime. 

Local advection appeared in the afternoon over paddy areas in 1999; (4) In 

comparison 'W'ith the results from other regions of China, the n"lean p was 

the lowest (0.06) over paddy areas in the I-Iuaihe River Basin and the 

highest (0.57) during June-August 1998 in Inner Mongolia grassland. The 

Bo¥.'en Ratio p is nlainly related to the soil humidity. 

A land surface processes experinl.ent was carried out during 

January 1997 to February 1998 in Gujarat region to validate surface flux 

outputs (Rajagopal, 2001) fron"l global circulation n"lodel (GCM) at l oX1°. 

Five 10m nl.icron"leteorological towers were located at Anand (AN), Sanand 

(SN), Ocrol (DE), Arnej (AR), Khandha (KH) vvith Anand as central location. 

The effects of bare land and cropped surfaces on radiation and energy 

fluxes were exanl.ined by Shekh et.nl (2001) during intensive observational 

period of May, July, Septen1ber and Decen"lber during the Land Surface 

Processes Experiment (LASPEX) in 1997 in Gujarat, India. Cover crops 

included short grass, sUIUl.hen1p, groundnut and wheat with different 

canopy heights. Results revealed that net radiation varied 'W'ith crop 

density. Reflectivity of short wave radiation was reduced in cropped 

fields. Sensible heat flux \vas greatest during Ivlay and December, and 

least during July and Septen"lber. Latent heat fluxes were higher during 

the 111011.500ll season. 
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3.2."l.3 Regional scale 

The problen1s associated with the validation of satellite-derived 

estinlates of the surface fluxes at regional scale (> lkm spatial scale) were 

addressed to and the possibility of using the Large Aperture 

Scintillometer (LAS) "\vas investigated by Watts et al (2000). Area 

integrated continuous nleasurenlents of sensible heat flux and ET in 

con1.bination with average Bowen ratio or net radiation over a spatial 

scale of 250n1 to 4.Skn1 could be done using scintillometry \vith LAS. This 

is nov" a generally accepted device for routinely obtaining area-averaged 

sensible heat flux even on a scale of upto 10 km. This is independent of 

fetch requirenlcnt and is applicable for regional flux nleasurenlents over 

heterogeneous terrain also. These n1.caSUrenlents are now being used for 

direct validation of sensible and ET estintates fronl nloderate to coarser 

resolution satellite sensor (ERS2/ A TSR2, VEGETATION, LANDSAT7, 

NASA-EOS) observations. 

Data \vere collected over an extensive site of senti-arid grassland in 

northwest Mexico during the SUl1l.lner of 1997 as part of the senu-arid 

land-surface-arnlosphere (SALS/\) progranl Chehbouni et al (1998). These 

data \"ere used to validate NOAA A VHRR sensible heat fluxes and ET, 

which is an optical instrunlent that consists of a transmitter and receiver. 

In practice, the L;-\S beanl height often varies along the path due to a 

variety of reasons. I-Iartogensis ct nl. (2003) explained what effective 

height to use in such situations, while analyzing scintillometer data to 

derive sensible heat flux. Several aspects were covered: a slanted path 

over flat terrain, structured terrain, and varying paUl height due to the 

curvature of the earth's surface. To test the derived effective height 

forn1.ulation present LAS data taken in September and October 1996 at a 

rangeland site in Sonora, Mexico were used. In experintent 1, the LAS was 

set up over a slant path, ranging roughly behveen 10 and 45 nl above the 
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surface over a 3200-m path. In experiment 2 .. a horizontal LAS path was 

used at approximately 30 m over a path length of 1100 n~. The resulting 

sensible heat fluxes were compared with eddy-covariance data and show 

satisfactory results for both the full and one of the approximate 

formulations of the effective height. 

An incoherent scintillometer with 0.31-m aperture was tested along 

a 9.S-km path over grassland. Scintillometer derived heat fluxes were 

con~pared '''ith ;11 situ eddy covariance measurements by Kohsiek et al. 

2002. Albeit with considerable scatter, the fluxes con~pared well with 

each other during daytime. During nighttin~e credible fluxes were also 

obtained. The scintillometer functioned satisfactorily for 96% of the 

seven-week period. 

Large Aperture Scintillometers, Bowen ratio and eddy covariance 

n\easuren~ents were en~ployed to study sensible heat flux over 

honlogeneous bare soil surface from March 20th to April 20th, 2002, at 

XiaoTangshan area .. Beijing by ShaonUn et al (2003). The diurnal variation 

of sensible heat flux from LAS was analyzed to find out relation between 

sensible heat flux and weather conditions. Further, test comparisons of 

the scintilIon~eter flux nleasuren~ents with the Dleasuren~ents of Bowen 

ratio and eddy correlation Dlethods had shown good agreement; the 

correlation coefficients were over 0.8. 

To validate the accuracy of remote sensing flux n~odel and to test 

the sensitivities of paran~eters, one Large Aperture Scintillonleter (LAS), 

one Eddy covariance (EC) systenl and other supporting observations 

were used to estimate sensible heat flux of a typical natural surface by 

Zhu e/ al (2004). TIle ren~ote sensing n~odel was Surface Temperature -

Resistance (STR) model. The results obtained from different spatial scales 

were inter-conlpared. Shows that (1) there are better changing trend of 

sensible heat fluxes obtained by LAS and EC and STR methods; (2) the 
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remote sensing assessed sensible heat flux was a good agreen'lent with 

measurements by using LAS and Ee, H/sub STR/ is rough 8% larger 

than H/sub LAS/, (3) LAS is reliable to validate pixel sensible heat flux 

derived by ren'lote sensing model. 

A large-aperture scintillon'leter (LAS) was operated continuously 

during a period of n'lore than one year over a heterogeneous land surface 

in Central Europe at the transition between n'larine and continental 

clin"lates by Beyrich e/ al (2002). The LAS measuren"lents of the refractive 

index structure paran1.eter, C N 2, were used to estin"late the sensible heat 

flux. This was possible for about 60 to 80% of the tin"\.e under daytime 

conditions during the sun1.n1.cr, with lo,\·ver values obtained for the cold 

season (October to March). Using data from a three-week long field 

experin1.ent, the LAS-based heat flux was con"lpared l;vith a weighed 

average of local heat flux n"leasurements over the n1.ain land use classes 

(forest, agriculture, water) in the area, resulting in reasonable agreement. 

LAS-based heat fluxes vvere then used for cOU'lparison with the heat flux 

values of a nun'lerical weather prediction model. An over-prediction of 

the model heat flux was found in sun"lmer but the model values were 

lower than the LAS derived data during the cold season. 

Schuttemeyer et nl (2006) conducted a study to examine the 

seasonal cycle of the con1.ponents of the surface energy balance in the 

Volta basin in West Africa as part of the GLOW A-Volta project. The 

regional clin1.ate is the basin characterized by a strong north-south 

gradient of nlean annual rainfall and the occurrence of pronounced dry 

and wet seasons within one annual cycle, causing a strong seasonal 

variation in the natural vegetation cover. The observations were 

conducted with a combined systen1., consisting of a Large Aperture 

Scintillon1.eter (LAS) for areally averaged sensible heat flux, radionleters 

and sensors for soil heat flux. For con"lparisons the eddy-covariance (EC) 
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method providing the fluxes of nlomentunl, sensible and latent heat were 

utilized as well. The nleasurenlents of a seasonal cycle in 2002/2003 were 

gathered including the rapid wet-to-dry transition after the wet season at 

t"W'o locations in Ghana, one in the humid tropical southern region and 

one in the northern region. A direct comparison and the energy balance 

disclosure of hvo nlethods was investigated for daytinle and nighttinle 

separately. An atlenlpt was Inade to understand and explain the 

differences bet",-'een the results of the two methods and the closure of 

energy budget found for these. It was found that the two systems 

corresponded well during daytirne. During nightHnle the LAS seems to 

perforn1. n1.ore realistically than the EC systenl. Considering the fact that a 

LAS systeln was n1.uch easier to use in the clinlate conditions of the Volta 

basin, it is concluded that thc LAS approach was very suitable in this type 

of clinlate conditions. 

A large aperture scintillollleter (LAS) and radio'\vave scintillonleter 

(RWS) '\vere instaIIed over a hetcrogeneous area Meijninger et al. (2004) to 

test the applicability of the scin.tillation nlethod. The water vapour fluxes 

derived fronl cornbined LAS-RWS systen1., also known as two-wave 

length nlethod, agreed fairly well with aggregated water vapour fluxes 

derived fronl in-situ eddy covariance nleasurements. TIle water vapour 

fluxes derived fronl a stand-alone LAS were also analyzed. It was found 

that a single LAS and an estinlate of the area averaged available energy 

(using a sin1.ple paranleterization scheme) could also provide also 

reasonable area-averaged "rater vapour fluxes. 

3.2.2 Model sinlulation 

Many paran1.eterization schen1.es were developed to n1.odel land 

surface processes. These are called LSMs. These Inodels are mostly 

enlbedded in regional or global clinlate models Such as: MMS, WRF for 

37 



Revierv of Litera hIre 

regional, TSO, T120 . These n1.odels were also used with biosphere 

con'lponent together called soil vegetation atmosphere transfer (SV AT) 

schemes. Off-line runs of SV A Ts sin'lulate energy balance con'lponents. 

Nagai (2003) described the validation and sensitivity analysis of an 

atInosphcre-soil-vegetation n'lodel. TI'le n'lodel consistsed of onc­

dimensional n'lultilayer sub n'lodels for the atn'losphere, soil and 

vegetation and a radiation schen'lc for the transn1.ission of solar and long 

wave radiation in the canopy. The Inodel fralnework was validated by the 

cOlnparison of ground n'leasured surface heat fluxes between calculations 

and observations. The total LH on the cloudy day increased and the 

difference behveen the total LH on the clear and cloudy days becan'le 

sn'lall in the new n'lodels. While by changing thc stomatal resistance 

schen'le fr011'l Deardorff to the Jarvis-type schen'le, the undercstin'lation of 

LH at morning decreased, but the overestin1ation of LI-I at ntidday 

remained. 

A n'lodel ,vas developed by Wang t~t al., 2006 that coupled canopy 

photosynthesis and transpiration of "'Tinter "'Theat. The n1.odel con'lbined a 

two-layer evapotranspiration luodcl ,vith a coupled photosynthesis­

stonlatal conductance nlodel to study the diurnal variations of CO2_, water 

and heat fluxes of winter wheat. Field experiments were conducted in 

Yucheng COlnprehensive Experilnental Station in the North China Plain. 

to evaluate the n1odel. Half-hourly data of weather variables and C02, 

\vater and heat fluxes were obtained by the eddy covariance n1.ethod in 

2002-2003. An analysis of measured flux data showed that there 'vas an 

evident n'lidday depression of photosynthesis, caused by ston1atal closure 

due to high vapor water deficit and canopy temperature though the soil 

",'as well irrigated. There was a close agreenlent between sinlulated and 

measured net radiation, C02 flux, sensible and latent heat fluxes, which 

proved the predictive power of the coupled photosynthesis and 
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tTanspiration Illodel. The response of C02 flux, canopy conductance and 

latent heat flux to changes in climatic factors \-vas discussed, which 

indicated that the Ill.odel could be used to predict C02, water and heat 

fluxes of \-vheat not only in the North China Plain, but also in other 

clinl.atic regions in China 

A four-layer hydrologic nl.odel, coupled to a vegetation growth 

n1.odel, had been used to investigate the differences between aerodynamic 

surface tenlperature and radiative surface temperature over sparsely 

vegetated surface (Chehbouni el al., 1996). TIle rationale for the coupling 

of the two n1.odels was to assess the dependency of these differences on 

changing surface conditions (i.e., growing vegetation). A siInulation was 

carried out for a 3-nl.onth period corresponding to a typical growth 

seasonal cycle of all. herbaceous canopy in the Sahel region of West Africa 

(Goutorbe et aI., 1993). The results shoV\1ed that the ratio of radiative­

aerodynanuc tenlperature difference to radiative-air temperature 

difference \vas constant for a given day. Ho\vever, the seasonal trend of 

this ratio changed '\'\lith respect to the leaf area index (LAI). A 

paralnetcrization involving radiative surface tenlperature, air 

tenlperature, and LAI was then developed to estimate aerodynanl.ic-air 

temperature gradient, and thus sensible heat flux. This parameterization 

was validated using data collected over herbaceous site during the 

Hapex-Sahel experinlent. This approach """as further advanced by using a 

radiative transfer model in conjunction '\'\lith the above models to sinlulate 

the tenlporal behavior of surface refiectances in the visible and the near­

infrared spectral bands. The results showed that sensible heat flux could 

be fairly accurately estilnated by conlbining renl0tely sensed surface 

telllperature, air tenlperature, and spectral vegetation index. The results 

of this study nlight represent a great opportunity of using remotely 
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sensed data to estin"late spatioten"lporal variabilities of surface fluxes in 

arid and sen'1iarid regions as clain'1ed by the author. 

A two source (canopy + soil) SV A T n'1odel called Atmosphere Land 

Exchange (ALEX) was en1.ployed to sin'1ulate energy balance components 

and ET on hourly and daily basis by Anderson et al. (2000). Simulated ET 

over corn and soybean crops was found to have 24% mean absolute 

difference with respect to n'1eaSUrenlents. 

The ISBA (Interactions behveen Soil, Biosphere, and Atrrtosphere) 

nlodel is a SV AT schelne which is able to sin'1ulate the energy and water 

budget with soil and surface characteristics and clin'1ate forces (Noilhan 

and Mahfouf, 1996). Rivalland et nl. 2005 used this SV A T model on a 5 x 5 

km2 agricultural regions in the South-East of France (Alpilles/ ReSeDA) 

with the ain1. of monitoring surface energy and Il'1aSS exchange at high 

spatial resolution (20n'1) and low spatial resolution (lkm). In order to 

validate SV A T siInulation results, the surface energy fluxes and soil water 

content evolution silll.ula ted by the n1.odel were conlpared with ground 

measurenl.ents in specific fields (Olioso et al., 2002). In the first step, this 

con'1parison sho'\ved that the standard paran'1eterization of ISBA led to a 

large underestin'1ation of evapotranspiration. In the second step, the 

assimilation of renl0te sensing data in the SV A T model at airborne 

acquisition dates Illade it possible to correct spatial soil water content 

characteristics. 

The SV A T nlodel DAISY was Il'1odified so as to be able to utilize 

renlote sensing (RS) data iI"l order to improve prediction of 

evapotranspiration and photosynthesis at plot scale. The link between RS 

data and the DAISY lllodel was the developnlent of the n'1inin'1um, 

unstressed, canopy resistance during the growing season. Energy balance 

processes were sin'1ulated by applying resistance networks and a two­

source n'1odel. Model data were validated agamst measurements 
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perforn"led in a winter wheat plot by Peter et ill. (2000). Crop dry fl"latter 

content and leaf area index were fll.odelled adequately. Sin"lulated and 

observed energy fluxes were generally in good agreen"lent when water 

supply in the root zone was not lintiting. With decreasing soil moisture 

content during a longer drought period, model latent heat flux was 10"W'er 

than that observed, which called for both in"lproved parameterizations of 

enviroll.ll"lental controls for improved estimation of the canopy resistance 

paranl.eter. 

3.2.3 Using RS-based observations 

3.2.3.1 From ground platform 

Attenlpts have been made in the past by a nun"lber of workers to 

use ground RS-based canopy thernlal data for estimation of crop 

evapotranspiration using nunlber of energy balance n"lodels including 

SOD"le physical constants. Chakraborty and Arora, (2003) carried out the 

study to deal with an integrated approach for estimation of crop 

evapotranspiration for rice and wheat by vegetation index-temperature 

trapezoid (VITT) approach using spectral indices fronl ground based 

spectroradionleter measuren"lents and canopy thern"lal data. The results 

revealed that VITI' approach '\-vas more suitable for estimation of crop 

evapotranspiration rate for higher value of spectral indices. The study 

also enlphasized the failure of the n"lodel to estin"late the 

evapotranspiration rate of the crop for lower values of the spectral 

indices. 

Crop coefficient nlethodologies are widely used to estinl.ate actual 

crop evapotranspiration (ETc) for deterntining irrigation scheduling. 

Generalized crop coefficient curves presented in the literature are limited 
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in providing estinl.ates of ET,-- for "optimunlO crop condition within a 

field, which often need to be modified for local conditions and cultural 

practices, as well as adjusted for the variations frOIll. nornlal crop and 

\veather conditions that nl.ight occur during a given growing season. 

Consequently, the uncertainties associated with generalized crop 

coefficients can result in ETc estiIllates that are significantly different from 

actual ETc, which could ultimately contribute to poor irrigation water 

nlanagenl.ent. Linlited research also showed that VIs can be used to 

estimate basal crop coefficient (K cb) for several crops, including corn and 

COttOIl. Douglas et al., (2005) developed a lll.odel for estimating K cb values 

fronl observations of the nornlalized difference vegetation index (NDVI) 

for spring '\vheat. The K cb data were derived from back-calculations of the 

FAO-56 dual crop coefficient procedures using field data obtained during 

hvo wheat eXperiJllents conducted during 1993-1994 and 1995-1996 in 

Maricopa, Arizona. The perfornlance of the K cb luodel for estinlating ETc 

was evaluated using data frolll a third wheat experiment in 1996-1997, 

also in Maricopa, Arizona. The K cb was Illodelled as a function of a 

nornlalized quantity for NOVJ, using a third-order polynomial regression 

relationship (r 2=0.90, 1l=232). The estinlated seasonal ETc for 1996-1997 

season agreed to '\vithin -33 nUll (-5%) to 18 nlnl (3%) of nleasured ETc. 

However, the nlean absolute percent difference between the estinl.ated 

and nleasured daily ETc varied fronl 9% to 10%, which was similar to the 

10% variation for K eb that was unexplained by NOV!. The preliminary 

evaluation suggested that ground based remotely-sensed NDVI 

observations could provide real-tinl.e K cb estinlates for deternlining the 

actual wheat ETc during the growing season. 

The sensible heat loss from a stand of winter wheat was calculated 

front Therlllal infrared radiometric nleasurements of crop surface 

tenlperature, measurenlents of air tenlperature, and all. atnlospheric 
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resistance to n1.0l1.1.entum transfer; corresponding latent heat flux was 

obtained through the energy balance equation (Huband and Monteith 

fluxes fronl the Bowen Ratio method. When radiative tenlperature was 

derived using a n1.easured canopy enlissivity of 0.98, calculations of 

sensible heat flux were systenlatically 50-100 W nl-2 less than 

corresponding flux values obtained by Bowen Ratio values. The two 

techniques agreed Illore closely when an apparent emissivity of 0.96 was 

used with an apparent reflectivity of 0.03. The nlean difference between 

the estin1.ates of latent heat flux was then -16 ± 32 W nr2. The surface 

temperature n1.ethod showed less systenlatic error in conl.parison \vith the 

Bowen Ratio values than did estilnates using the aerodynamic method. 

Relationships beh-veen vegetation indices (NDVT and SA VI) and crop 

coefficients (the ratio of nleasured to reference evapotranspiration) were 

derived with four different nlodeIs (Shuttleworth, Penman, PriestIey­

Taylor and Makkink), using b'Tound-based surface reflectance measured 

over the crop. Continuous n1.eaSUreinents of surface fluxes and other 

meteorological variables were nlade following alnlost the entire 

vegetative cycle of the plant using a station equipped with standard 

nleteorological instrunl.ents and an eddy-correlation systenl. Actual 

evapotranspiration was computed as the product of the estimated crop 

coefficients, derived fronl field radion1.eter n1.easuren1.ents, and reference 

evapotranspiration. In conlparison with ground data, RMSE values were 

on the order of 1 nlnl per day. 

Measurenl.ents were n1.ade at New Delhi (India) on wheat (TriticlIl11 

aesth'u111 L.) and nlungbean (Vig1la radiata L.) crops grown during winter 

and sumnler seasons respectively, to evaluate the use of the equation of 

Bartholic, Nan1.ken and Wiegand (1970) for estinlating daytime 

evapotranspiration fronl a single nleasured canopy telnperature with 
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infrared thcrnlonletcr (Gupta and Sastry, 1986). Ivleasurclnents nlade on 

eleven days indicated that a single observation of canopy tenlpcrature 

taken a t any time between noon and 14:00hrs. could be used to conlpute 

dayrnl1e evapotranspiration \",ith an error (underestinlate) of less than 

27% as cOInpared with values nleasured by the Bo"vcn ratio nlethod. The 

regression equation ETo = 0.618 + 0.96 ETI had a coefficient of 

determination of 0.927. This could be used to relate daytinle 

evapotranspira lion using Bowen ratio nlcthod (ETo) to that estiInated by 

the Bartholic-Nanlken-\Viegand equation (ETJ) for wheat and nlung bean 

crops grown under adequately watered conditions in the New Delhi 

rehrion. 

3.2.3.2 Satellite platform 

Satellite based enerblJ' balance scheJnes aiIned at ET estinlation on 

spatial donlain at local «100n1), regional (10()nl-lkn1) and globaJ (>lkm) 

scales Iuostly used clear sky optical and thernlal observations fronl 

different polar orbiting and geostationary sensors. Use of passive 

olicrowave data to derive ET in cloudy sky conditions was denlonstrated 

by Kustas et al (1994). TI,e \vork done \ViU, data fronl polar and 

geostationary satellite sensors is sunllnarized below: 

l\1ethods for satellite based ET estilnation generally use surface 

energy balance approaches. These can be broadly categorized into (a) 

single source (Bas\iaanssen e\. a\., 1.<:)98) an~\ (b) \v.ro saUTe.,-"! ~NoTlnan. \.!\ a\., 

1995) processes. Thou\~h accuracy o{ ET (.~s\.inLates {ron", lv..'O-SOUTce 

approach is better than single source approach (I=rench ct al., 2005; 

TUlunernlans et aI., 2007), the former requires n1.ore ancillary data support 

and coefficients through ground-based cxpcriInenta tion. 
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3.2.3.2.1 Polar orbiting 

The crop water stress index (CWSI), developed at the USOA-ARS 

U.S. Water Conservation Laboratory, Phoenix, Arizona, is a comnl011.ly 

used index for detection of plant stress based on the difference between 

foliage and air tenlperatures. Application of CWSI at local and regional 

scales has been hanlpered by the difficulty of nleasuring foliage 

temperature of partially vegetated fields. Most hand-held, airborne, and 

satellite-based infrared sensors nleasure a COlllposite of both the soil and 

plant teIllperatures. The concept termed as vegetation index/tenlperature 

(VIT) trapezoid was an attempt to combine satellite based spectral 

vegetation indices with conlposite surface tenlperature nleasurements to 

alIo\-v application of the CWSI theory to partially-vegetated fields without 

knowledge of foliage tenlperature (Moran et al., 1994)_ Based on this 

approach, a ne\v index ['\-vater deficit index (WDI)] was introduced for 

evaluating evapoh-anspiration rates of both full-cover and partially 

vegetated sites. By definition, \VOI is related to the ratio of actual and 

potential evapotranspiration; in practice, WOI can be conlputed using 

renl0tely sensed measuren1.ents of surface tenlperature and reflectance 

(red and near-infrared spectrunl) with linuted on-site meteorological data 

(net radiation, vapor pressure deficit, wind speed, and air ten"lperature). 

Both the VIT trapezoid and WOI concepts were evaluated using 1) a 

sinlulation of a two-colllponent (soil and vegetation) energy balance 

model and 2) existing data fronl an eXperill1ent in an alfalfa field in 

Phoenix, Arizona. Results fronl bOUl studies showed that Landsat derived 

\VOI provided accurate estinlates of field evapotranspiration rates with 

RMSE ±29Wnl-2 • 

Quantifying evapotranspiration (ET) fronl agricultural fields is 

important for field water 11lanagenlent, water resources planning, and 
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water regulation. TraditionaHy, ET fronl agricultural fields has been 

estinlated by nlultiplying the weather-based reference ET by crop 

coefficients (Kc) determined according to the crop type and the crop 

growth stage. Recent development of satellite renlote sensing ET models 

enabled to estinlate ET and Kc for large population of fields. This study by 

Tasunli et al (2005) evaluated the distribution of Kc over space and tinle for 

a large nunlber of individual fields by crop type using ET maps created 

by a satellite based energy balance (E8) model. Variation of Kc curves was 

found to be substantially larger than that for the nornlalized difference 

vegetation index because of the impacts of randonl wetting events on Kc, 

especially during initial and developmental growth stages. Two 

traditional Kc curves that were widely used in Idaho for crop 

nlanagement and water rights regulation were compared against satellite­

derived Kc curves. Sinlple adjustnlent of the traditional Kc curves by 

shifting dates for enlergence, effective full cover, and ternlination enabled 

traditional curves to fit better Kc curves as determined by the energy 

balance nlode!' 

Using renlote-sensing data and ground-based data, Zhang et al., 

(2006) constructed an integrated algorithm for estimating regional surface 

latent heat flux (LE) and daily evapotranspiration (ET d). In the algorithnl, 

they first used trapeZOidal diagrams relating the surface temperature and 

fractional vegetation cover ([c) to calculate the surface temperature­

vegetation cover index (TVCI), a land surface nloisture index with a range 

fronl 0.0 to 1.0. A revised sine function was used to assess ET d from LE 

estinlated at satellite overpass time. The algorithm was applied to 

farnlland in North China Plain using Landsat Thenl.atic Mapper (TM) / 

Enhanced Thenlatic Mapper Plus (ETM+) data and synchronous surface­

observed data as inputs. The estinlated LE and ET d ""vere tested against 

measured data fronl a Bowen Ratio Energy Balance (BREB) system and a 
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large-scale weighing Iysimeter, respectively. The algorithn"'l estin"'lated LE 

with a root mean square error (RMSE) of 50.1 W m-2 as compared to 

measurenlents with the BREB System, and ET d with an RMSE of 

0.93 nln"'l d-) as con"'lpared with the n"'leasurement by the Iysimeter. 

The surface fluxes obtained with the Surface Energy Balance 

Algorithn"'l for Land (SEBAL), using remote sensing iniorn"'lation and 

linuted input data fron"'l the field were validated with data available from 

the large-scale field experin"'lents EFEDA (Spain), HAPEX-SaheI (Niger) 

and HEIFE (China). In 85% of the cases where field scale surface flux 

ratios were con"'lpared with SEBAL-based surface flux ratios, the 

differences were within the range of instruul.ental inaccuracies 

(Bastiaanssen et al., 1998). Without any calibration procedure, the root 

mean square error of the evaporative fraction J\ (latent heat flux/net 

available radiation) for footprints of a few hundred nlctres varied from 

i\1~"ISE=0.10 to 0.20. Aggregation of several footprints to a length scale of a 

few kilon"'letres reduced the overall error to 5%. Fluxes measured by 

aircraft during EFEDA ''''ere used to study the correctness of ren"'lotely 

sensed watershed fluxes (1 000000 ha): The overall difference in 

evaporative fraction was negligible. For the Sahelian landscape in Niger, 

observed differences were larger (15%), which could be attributed to the 

rapid moisture depletion of the coarse textured soils between the nloment 

of in"'lage acquisition (18 September 1992) and the moment of ill situ flux 

analysis (17 Septen"'lber 1992). For HEIFE, the average difference in SEBAL 

estin"'lated and ground verified surface fluxes was 23 W m-2, which, 

considering that surface fluxes were not used for calibration, was 

encouraging. SEBAL estinlates of evaporation from the subsealevel 

Qattara Depression in Egypt (2000 000 ha) were consistent with the 

nun"'lerically predicted discharge from the groundwater system. In Egypt's 

Nile Delta, the evaporation fronl a distributed field scale water balance 
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D"}odel at a 700 000 ha irrigated agricultural region led to difference of 5% 

witi"} daily evaporative fluxes obtained fronl SEBAL. It \vas concluded 

that, for all study areas in arid zones, the errors were averaged out if a 

larger number of pixels were considered. Part 1 of this paper deal with 

the formulation of SEBAL. 

A decoupling technique was applied with Landsat-5 TM optical 

and thernlal data by Boegh et al., (2002) for a composite evaluation of 

atmospheric resistance, surface resistance and evapotranspiration rate 

(AE). The Dl.ethod used three equations to solve for three variables: ti"le 

atn1.ospheric resistance between the surface and the air (rae); the surface 

resistance (rs); and the vapour pressure at the surface (es). The novelty of 

this approach was the estimation of es , which was assessed using the 

decoupling coefficient (Q). The input parameters were: surface 

temperature (Ts), net radiation (Rn), soil heat flux (G), air temperature 

(Tel)' and air hunudity (eLl). A tinle series (100 days) of field data collected 

over wheat crop using eddy covariance lowers were used to validate 

latent heat flux estinlales. The control of rs on AE was expressed through 

the Surface Control Coefficient (SCC=l-Q), which was cODlpared with 

soil n"loisture data. The application of the technique in a remote sensing 

11l.0nitoring context was delllonstrated for a Danish agriculrnrallandscape 

containing crops at different stages of developn"lent. For the satellite­

based estinl.ation of AE and SCC, the variables Ts, Rn, and G were 

calculated on the basis of Landsat-S TM. The nlethod was directly 

applicable \vithout any calibration when the soil surface was moist or 

when the vegetation cover was dense. Only for a dry bare soil surface, 

where the effective source area of water vapour was belo\v the surface, 

the Dl.odification of a surface humidity paran"leter (lzs,m<lx) was required. 

Accurate estin"lation of surface energy fluxes froIn space at high 

spatial resolu tion has the potential to inlprove prediction of the inlpact of 
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land-use chan.ges on the local environnlent and to provide a means to 

assess local crop conditions. To achieve this goal, a combination of 

physically based surface flux nlodels and high-quality renlote-sensing 

data are needed (French et al., 2005). Data fronl the ASTER sensor are 

particularly ""veIl-suited to the task, as it collects high spatial resolution 

(15-90 nl) inlages in visible, near-infrared, and thernlal infrared bands. 

Data in these bands yield surface tenlperature, vegetation cover density, 

and land-use types, all critical inputs to surface energy balance nlodels for 

assessing local environnlental conditions. Surface energy flux retrieval 

fronl ASTER was demonstrated using data collected over an experimental 

site in central Io'\va, USA, in the framework of the Soil Moisture 

Atmosphere Coupling Experiment (SMACEX). This experiment took 

place during the sunlUler of 2002 in a study of heterogeneous agricultural 

croplands. T\t\10 different flux estinlation approaches, designed to account 

for the spatial variability, were considered: the Two-Source Energy 

Balance model (TSEB) and the Surface Energy Balance Algorithnl or Land 

nlodel (SEBAL). ASTER data were shown to have spatial and spectral 

resolution sufficient enough to derive surface variables required as inputs 

for physically based energy balance Dlodeling. Comparison of flux model 

results against each other and against ground based measurenlents was 

pronusing, with flux values conullonly agreeing within ±SO Wnl- 2. Both 

TSEB and SEBAL sho'VVed systematic agreenlent and responded to 

spatially varying surface tenlperatures and vegetation densities. Direct 

comparison against ground Eddy covariance data suggested that the 

TSEB approach was helpful over sparsely vegetated terrain. 

Evapotranspiration (ET) calulot be D1.easured directly from satellite 

observations but renlote sensing can provide a reasonably good estimate 

of evaporative fraction (EF), defined as the ratio of ET and available 

radiant energy. Nishida et al., 2003 developed an algorithnl for estinlating 
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evaporation fraction (EF), expressed as a ratio of actual 

evapotranspiration (ET) to the available energy (sun1. of ET and sensible 

heat flux), fron1. satellite data. The algorithm \·vas a sin1.ple hvo-source 

n1.odel of ET. They characterized a landscape as a n1.ixture of bare soil and 

vegetation and thus they estin1.ated EF as a n1.ixture of EF of bare soil and 

EF of vegetation. In the estimation of EF of vegetation, they used 

complementary relationship of the actual and the potential ET for the 

formulation of EF. In that, they used the canopy conductance model for 

describing vegetation physiology. On the other hand, "VI-Ts" (vegetation 

index-surface ten1.perature) diagran1. were used for esti.n1.ation of EF of 

bare soil. They validated EF from this prototype algorithm using 

NOAA/ A VHRR data with actual observations of EF at An1.eriFlux 

stations (standard error = 0.17 and R2 = 0.71). Global distribution of EF 

every 8 days were targeted to be operationally available using this 

algorithn1. and data of MODIS on EOS-PM (Aqua). 

Evapotranspiration (ET) using the Integral NOAA-imagery 

processing Chain (iNOAA-Chain) was quantified by ll1.plen1.enting 

visible and thern1.al satellite inforn1.ation all. a regional scale by 

Verstraeten et al., (2005). ET was calculated based on the energy balance 

closure principle. The combination of evaporative fraction (EF), soil heat 

flux and instantaneous net radiation, resulted in an instantaneous spatial 

distribution of ET values. Surface broadband albedo and land surface 

ten1.perature (LST) served to detenuine EF. EF was derived using four 

methods based on NOAA/ AVHRR satellite in1.agery. Instantaneous 

evapob'anspiration, i.e. at tin1.e of satellite overpass, all. European 

continental scale with eIuphasis on forest stands was estin1.ated using 

iNO.AA-Chain. Finally, the estimated net radiation (Rn), soil heat fluxes 

(Go) and evaporative fraction and evapotranspiration at tinle of satellite 

overpass were validated against EUROFLUX site data for the growing 
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season of 1997 (March-October). The regression line for the pooled Rn 

(iNOAA-Chain versus EUROFLUX) had a slope, intercept, Pearson 

product mon"lent correlation coefficient (R2) and relative root mean square 

error (RRMSE) of respectively 0.943, 17.120, 0.926 and 5.5%. They 

observed a slight underestin"lation of the iNOAA-Chain estin"lated EF. The 

regression line for pooled EF data for the best perfornl..ing n"lethod (SPLIT­

method) \vas found to have a slope of 0.935, an intercept of 0.041 and the 

R2 0.847. A pooled RRMSE EF value of 12.3% was found. Error 

propaga tion analysis revealed that the relative error on 

evapotranspiration at satellite overpass time was at least 27%. 

It was feasible to estin"late EF using a contextual interpretation of 

radioluetric surface tenl..perature (Ts) and norn"lalized vegetation index 

(NOV!) fran"} rnultiple satellites. Recent studies have successfully 

estinl..ated net radiation (Rn) over large heterogeneous areas for clear sky 

days using only remote sensing observations. With distributed maps of 

EF and Rn, it is now possible to explore the feasibility and robustness of 

ET estimation from nlultiple satellites. Batra et al., 2006 presented the 

results of an extensive inter-conlparison of spatially distributed ET and 

related variables (NDVI, To! EF and Rn) derived from MODIS and 

AVHRR sensors onboard EOS Terra, NOAA14 and NOAA16 satellites 

respectively. Their results showed that although, NDVI and Ts differed 

,vith the sensor response functions and overpass tin"les, contextual space 

of NDVI-To diagranl.. gave conlparable estin"lates of EF. The utility of 

different sensors is denl..onstrated by validating the estinl..ated ET results 

to ground flux stations over the Southern Great Plains with a root mean 

square error of 53, 51 and 56.24 Wnl..- 2, and a correlation of 0.84, 0.79 and 

0.77 hOlll.. MODIS, NOAA16 and NOAA14 sensors respectively. 

T",o nlodels were evaluated for their ability to estin"late land 

surface evaporation at 16-day intervals using MODIS ren"lote sensing data 
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and surface l11.eteorology as inputs by Cleugh et aI., 2007. The first was the 

aerodynan1.ic resistance-surface energy balance Il1.odel, and the second 

"vas the Pcrul1.an-Monteith (P-M) equation, where the required surface 

conductance was estin1.ated from remotely-sensed leaf area index. TI1e 

nlodels '''''cre tested using 3 years of evaporation and Illeteorological 

n1.easuren1.ents fron1. two contrasting Australian ecosysteuls, a cool 

ten1perate, evergreen Eucnlyptus forest and a ,vet/ dry, tropical savanna. 

The aerodynaIl1ic resistance-surface energy balance approach failed 

because sn1alI errors in the radiative surface temperature translated into 

large errors in sensible heat, and hence into estiIl1ates of evaporation. TI1e 

P-f\1 Il10del adequately estin1ated tlle Il1agnitude and seasonal variation 

in evaporation in both ecosystell1.s (RM5E = 27 W n1- 2, l~2 = 0.74), 

denlonstrating the validity of the proposed surface conductance 

algorithIll.. This, and the ability to constrain evaporation estilll.ates vin tl1e 

energy balance, dernonstrated the superiority of the P-1'vl equation over 

the surface tenl.perature-based Il1.odel. There ,vas no degradation in tl1e 

perforn1ance of the P-M nl.odel when gridded meteorological data at 

coarser spatial (0.05°) and tenl.poral (daily) resolution \vere substituted for 

locally-n1easured inputs. The P-M approach was used to generate 

111011thly evaporation clin"latology for Australia from 2001 to 2004 to 

den"lonstrate the potential of this approach for Ill.onitoring land surface 

evaporation and constructing 1110nthly water budgets from l-km to 

continental spatial scales. 

A global satellite based evapotranspiration (ET) algorithn"l based 

on Penn1an-Monteith approach (RS-PM) (Cleugh el a/., 2007) was applied 

\vith 1\10015 TERRA data at 0.05° grid (Mu el nl., 2007). This algorithnl. 

considered both surface energy partitioning process and environmental 

constraints on ET. They calculated spatial ET with both revised RS-PM 

algorithnl. ''''ith interpolated ground based llleteorological data and the 
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RS-PM algorithn1 using Global Modeling and Assinl.ilation Office (GMAO 

v. 4.0.0) nl.eteorological data and con1pared the resulting ET estimates 

with observations froll1 19 AIl.leriFlux eddy covariance flux towers. They 

used 111eteorological and ren10te sensing data to estin1ate global ET by (1) 

adding vapor pressure deficit and IlliniInum air temperature constraints 

on stoIl1atal conductance; (2) using leaf area index as a scalar for 

estin1ating canopy conductance; (3) replacing the Norn1alized Difference 

Vegetation Index \vith the Enhanced Vegetation Index thereby also 

changing the equation for calculation of the vegetation cover fraction (Fe); 

and (4) adding a calculation of soil evaporation to the previously 

proposed RS-PIVI 111ethod. Results indicated that revised RS-P]\.1 aJgorithn1 

substantially reduced the root n1ean square error (RMSE) of the 8-day 

latent heat flux (LE) averaged over 19 towers fronl 64.6 W / m 2 (RS-PM 

algorithn1) to 27.3 \N /1112 (revised RS-PM) with tower n1eteorological data, 

and fron1 71.9 W /l"n2 to 29.5 W /1112 with Gl\1AO meteorological data. The 

average LE bias of the tower-driven LE estinlates to the LE observations 

changed fro Ill. 39.9 W /111.2 to - 5.8 W /111 2 and {ronl 48.2 W /n12 to 

- 1.3 W /111.2 driven by GMAO data. The correlation coefficients increased 

slightly fron1 0.70 to 0.76 ""ith the use of tower n1eteorological data. 

Revised RS-PM algorithm was applied to the globe to obtain the annual 

global ET (MODIS ET) for 2001. As expected, the spatial pattem of the 

1VYODIS ET agreed \vell with that of the MODIS global terrestrial gross 

and net prilnary production (MODI7 GPP /NPP), with the highest ET 

over tropical forests and the lo\vest ET values in dry areas \vith short 

growing seasons. 

A con1.pler11.entary approach (Venturini ef al., 2007) \vas forn1.ulated 

and tested over South Great Plains (SGP), USA to derive clear sky 

evaporative fraction (EF) and evapotranspiration (ET) n"laps using MODIS 

TERRA optical-thcrl11.al band and 1000n1.b air ten1perature data without 
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auxiliary or site-specific relationships. This fornl.ulation was based on 

Granger's compIenlentary relationship and Priestley-Taylor's equation. 

The proposed nlodel elinlinated the ,vind function and resistance 

paranleters conlnlonly applied lo ET calculation by including a relative 

evaporation paral'llctcr (ET /Epot). Estinlates of ET showed an overall 

RMSE and bias of 33.89 and - 10.96 Wm- 2, respectively. 

3.2.3.2.2 Geostationary 

In the franl.evvork of European Energy and "Valer Balance 

Monitoring Systenl (EWBMS), an operational system of actual 

evapotranspiration and bionl.ass developn"lent on the basis of European 

geostationary satellite (METEOSAT) data "vas developed. Because of its 

operational characteristics, the nlcthod is such that it requires ntinimal 

input other than the rvlETEOSAT data and can run fully auton"latic on a 

microconl.puter. The nlethodology, including: calibration, atInospheric 

correction, radiation and energy balance n"lapping, and biomass 

sinlulation has been described by Rosen"la (1993). The method was 

applied during a cOIl.lplete gro"ving season to a part of West Africa. 

Processing results in the forlll of l\1ETEOSAT-derived evapotranspiration 

(?\'10E) and METEOSAT-derived biomass (MOB) maps were generated. 

They were conl.pared \vith NOAA-NOVI data and verified with rainfall 

and bionlass "ground truth." A "triangular regression analysis" was 

introduced to assess the stochastic errors in the satellite and ground data. 

It \vas finally concluded that l\1ETEOSAT could provide precise estin"lates 

of areal evapotranspiration and biomass at 0.05° grid. In terms of areal 

bioIllass, the stochastic errors in MDB and NOVI were both snl.all 

conlpared to pixel sanlpling error in the bion"lass field data. 

An operational Chinese Energy and Water Balance Monitoring 

Systenl. (CEVVBl\1S) is in place through Sino-Dutch collaboration (Rosenl.a 

et al., 2004) using optical and thennal data fronl Chineese Geostationary 
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Satellite (FEN YUNG 2) and Geostationary Meteorological Satellite 

(GMS), Japan. This systen1 is nl.eant for drought nl.onitoring, crop yield 

forecasting and desertification nl.onitoring. Seasonal cun1ulative ET was 

found to be correlated well with district maize yield of China. 

An operational two-source (soil + vegetation) model (Anderson cl 

al.,1997) was reported for evaluating surface energy fluxes at spatial scale 

using time rate of change in radiometric surface temperature (TRAD) 

during nl.orning hours measured through GOES (Geostationary 

Opertaional Environn1ental Satellite), USA. This is known as Atmosphere 

Land Exchange Inversion (ALEXI) model which was adapted from two­

source schenl.e, ALEX (Altomosphere Land Exchange) fornl.ulated by 

Nornl.an et al (1995) to sinl.ulate energy balance at point scale. The ALEX­

ALEXI-disALEXI suite was framed and tested by Anderson et al (2003) to 

downscale coarser resolution (0.05°) ALEXI energy flux outputs to field 

scale using Landsat thern1al infrared radiometery. A climatological study 

of evapotranspiration and n10isture stress across USA was conducted 

based on three years (2002-2004) daily GOES thernl.al data (Anderson et 

al., 2007) both in clear and cloudy sky conditions. Evapotranspiration flux 

estinl.ates yielded 20% errors at hourly tinl.escales and 15% errors at daily 

timesteps. GOES stress, relative evapotranspiration (RET), were 

cOlll.pared with PaInl.er drought stress index (POSI). Spatial coherence 

betvveen these two were observed but more spatial variability was 

evident in GOES RET as conl.pared to POSI derived from interpolated ill 

sitll rainfaIllueasuren1ents. 

In India, energy and water balance monitoring project 

(Bhattacharya et al., 2007) was carried out between 2002-2007 to derive 

evapotranspiration using surface energy balance approach and Indian 

geostationary sensor (KALPNA-1 / INSA T ) optical and thern1al data at 

0.08° grid. Geostationary ET was compared with MODIS AQUA ET at 

55 



Revielo of L itera hIre 

0.010 grid validated only over crop patches. R1VlS e.lTOr vvas found to be 

23Wnr2. The ET estiInation using MODIS TERRA-AQUA data over semi­

arid agroecosysten1s and its validation was not reported in this study. 

3.3 RS-based yield prediction 

3.3.1 Spectral yield nlodel 

Renl.ote sensing tools can provide information about vegetation in 

various \vavebands (l\10ulin cf al., 1998). Remotely sensed observations in 

narrow optical bands can be related to various canopy state variables. To 

achieve these, canopy state variables can be retrieved using renl.otely 

sensed nl.easurenl.ents through physical radiative transfer n10dels or 

en1pirical relationships. 

Ground radionl.etric l1l.eaSUrelll.ents perfonned over "'inter wheat 

fields have sho\vn that production was strongly correlated to cumulative 

anlount of vegetation indices (Tucker el al., 1981). Tucker el al. (1985) 

obtained similar results and proposed an enlpirical nl.odel for bionlass 

using satellite data. According to I-Iatefield (1983), vegetation index 

values at heading could be related to potential yield provided no accident 

occurred at that stage. 

Spectral yield Dl.odels were developed using single or multi­

date nornlalized difference vegetation index (NDVI) (QuarDl.by et al., 

1993) or vegetation condition index (Vel) (Hayes and Decker, 1996) with 

coarser resolution rell1.ote sensing data fronl. satellite platfornl.. These 

statistical nlodels based on spectral indices could explain only up to 55% 

yield variability. A non-linear fornl. relating vegetation indices (VI) to 

crop grain yields nornl.alized for differences in acquisition dates was 

suggested. It was based on the assunlption that deviations in VI near the 

peak VI follo\ved a quadratic behaviour (Dadlnval and Sridhar, 1997). 

This fonn gave a higher R2 value than a siIllple VI-yield linear nl.odel on a 
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nl.ulti-year, nl.uIti-location dataset of IRS (Indian Ren1.ote Sensing Satellite­

lA). LIS5-I (Linear In1.aging Self Scanner-I) derived near-infrared 

(NIR)j red radiance ratios and wheat grain yields in a study site in 

Madhya Pradesh (India). As the suggested Dl.odel included time of peak 

as a variable, it allowed integration of results fronl other sources, such as, 

weather-based crop phenology n1.odcl or high repetivity spectral data into 

the VI-yield relation. 

Han1.ar et nl (1996) established a linear regression model to estimate 

corn and wheat yield at regional scale based on vegetation spectral 

indices con1.puted with Landsat MSS data. Such relationships were due to 

the fact that, the thne profile of visible and near infrared signatures was 

lin1.ited ,-vith the evaluation of (i) canopy developnl.ent (ii) capability to 

absorb photosynthetically active radiation and vvith phenological 

potential, all of ,-vhich finally deternuned potential yield (Sellers, 1985, 

Asrar, 1984). Ho,-vever, these en1.pirical relations betvveen cumulative VIs 

and dry bionl.ass only have a local value. To extend wider applicability of 

nlodel, it is necessary to describe hO'\v photosynthetically active radiation 

is absorbed, converted into dry bionl.ass and partitioned into harvested 

organs. 

Large-area yield prediction early in the grovving season is 

inlportant in agricultural decision-nl.aking. This study derived n1.aize (Zen 

mays L.) leaf area index (LAI) estimates fronl. spectral data and used these 

estiDlates vvith a simple LAI-based yield nlodel to forecast yield under 

irrigated conditions in large areas in Sinaloa, Mexico. Leaf area index was 

derived fronl satellite data '\vith the use of an equation developed with 

LAI n1.easurenl.cnts froln farnlers' fields during the 2001-2002 autunul.­

'\-vinter gro'-ving season by Gonzalez et nl (2005). These D1.eaSUren1.ents 

were correlated \vith normalized difference vegetation index fronl. 2002 

Landsat ETM+ (enhanced theIl1.atic Inapper) data. The relation vvas then 
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tested with 2003 Landsat data_ A yield nl.odel was validated with 

maximun, LAI and yield data measured in farmers' fields in northern and 

central Sinaloa during three consecutive autuutn-winter growing seasons 

(1999-2000, 2000-2001, and 2001-2002). The yield nl.odel was further 

validated with 2002-2003 autuInn-winter ground LAI (gLAI) and 

satellite-derived LAI (sLAI) data frout 71 farnl.ers' fields in northern and 

central Sinaloa. Grain yield was predicted with a mean error of -9.2% 

with luaxiInunl. gLAI and -11.2% with sLAL Results indicated that the 

yield n,odcl using LAI could forecast yield in large areas in Sinaloa in the 

ntiddle of the growing season with a mean absolute error of -1.2 Mg ha-1_ 

The use of sLAI in place of ground measurements increased the mean 

absolute error by 0.3 Mg ha- 1 _ Nevertheless, the usc of sLAI would 

eliminate laborious LAI measurements for large-area yield prediction in 

Sinaloa. Gonzalez et al. (2002) developed and validated a nl.ethod of 

n,onitoring and estiIl1.ating corn (Zea 1Ilays L.) yield by means of satellite 

and ground-based data. In autuntn-winter 1999 and spring-suIl1.nl.er 2000, 

eight locations under irrigated and nonirrigated conditions in corn valleys 

of Mexico were localized by Global POSitioning Systenls (GPS) and were 

sanl.pled every 15 day interval. Photosynthetic active radiation (PAR), leaf 

area index (LA!), crop developutent stage (OVS), planting dates, and grain 

yield data were gathered fron, the field. TI,e normalized difference 

vegetation index (NOVl) was derived froJll. NOAA-Advanced Very High 

Resolution Radion,eter (AVHRR) in1.ages. A growth n1.odel ,"vas developed 

to integrate satellite and ground data. Net prinl.ary productivity (NPP) 

\vas estinl.ated using PAR and NOV!. Ory weight increase (kg ha-1 d-I) 

\Vas detern"lined considering NPP and the partitioning factor. Results 

indicated that the nlodel accounted for 89% of the variability in yields 

under irrigated conditions and 76% under norurrigated conditions. 
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Kancheva et nl. (2007) proposed and investigated the performance 

of an approach for providing crop condition assessment and yield 

forecasts. In order that crop information intended to be obtained froln 

ren1.otely sensed data the approach comprised: (i) development of models 

behveen plant spectral reflectance and biophysical parameters for 

estinlation of crop state variables from satellite radion1.etric data, (ii) 

developInent of yield forecasting models fronl single-date and time-series 

spectral data (iii) verification of renlote senSing predictions through 

comparison with estinlations fronl yield relationships with crop 

agrononlical parameters. TIle algorithm was realized on winter wl1eat. /11-

situ higl1-resolution visible and near-infrared reflectance data were 

acquired throughout the grO\ving season, along with detailed datasets of 

crop parameters. Spectral-biophysical models were developed relating 

crop variables and yield to different spectral predictors. The algorithnl 

was tested and validated using airbome remote sensing data. A good 

correspondence was found betvveen predicted and actual yield. 

3.3.2 Agromet nlodel 

3.3.2.1 Multiple regression 

Recently, conlbination of multi-source satellite derived l.ST, NDVI 

and soil nloisture at coarser resolution (~ 8knl) were used to develop 

statistical yield nlodels to predict Iowa state wheat and soybean yield 

(Prasad et aI, 2006). Mininlization of least square loss function was carried 

out through iterative convergence using pre-defined empirical equation 

that provided acceptable IOlver residual values with predicted values 

very close to observed ones (R2 = 0.78) for Corn and Soybean crop 

(R2 = 0.86). Sinillar nlodel could be developed for different crops at other 

locations. 
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The application of satellite-derived indices fot' assessn",-ent of crop 

growth condition ... ., in senti-arid countries is well known. Dabrowska et al., 

(2002) described the application of these indices outside semi-arid areas, 

in Poland, a coun.try with a sufficient water supply. Two in.dices, 

Vegetation. Condition Index (VCI) and Tenlperature Condition Index 

(TCI), were computed for Poland for each week for a period of 14 years. 

These indices were correlated with cereal yield anomalies for each of 49 

regions of Poland. T\vo critical periods in crop development were found: 

early spring (14-16 weeks of the year) and early summer (22-25 ""eeks) 

"vhen the state of crop developnl.ent determines the magnitude of yield. 

The indices conlputed for these t'W"o periods ""ere used in a yield 

prediction ll"lodel. The results were compared ""ith data provided by the 

Central Statistical Office. The average error of cereal yield esti.Inates for 49 

regions was lower than 4 %. It did not apply to detect cropwise yield 

anoInaly within cereals. 

Renlote sensing (RS) data acquired by satellite have wide scope for 

agricultural applications owing to their synoptic and repetitive coverage. 

Especially the spectral indices deduced frOlll. visible and near-infrared RS 

data have been extensively used for crop characterization, bioll"lass 

estinultion, crop condition monitoring, crop yield condition monitoring 

and crop yield n"lonitoring and forecasting. Manjunath el al., (2002) 

reported the developn"lent of operational spectrometeorological yield 

nlodels of wheat crop using spectral index viz., normalized difference 

vegetation index (NDVI ), derived froll"l NOAA-A VHRR data and 

nlonthly rainfall data. The A VHRR data spanning seven crop growing 

seasons, rainfall data fron) the rain gauge stations and crop yield data 

froIll crop cu tting experin"lents (CCE) conducted by the state Directorate 

of Econontics and Statistics (DES) were the basic input parameters. The 

statistical Illultiple linear regression yield lllodels had been developed for 
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fifteen geographically large wheat growing districts of Rajasthan state in 

India. The spectroll"leteoroiogical yield models were validated by 

comparing the predicted district-level yields with those estimated from 

the crop cutting experiments. The yield models hased on NOVI (sppct-rnl), 

rainfall (n"leteorolo gica I) and both NDVI and rainfall 

(spectron"leteorological) have been tried. The models had been developed 

for districts, groups of districts cOll"lprising agroclimatic zones, and 

groups of agroclin"latic zones. TI"lC incorporation of ll"lOnthly rainfall in the 

regression yield n"lodels in addition to NDVI improved the model 

perforrnance significantly. An"longst the three categories of models 

atten"lpted, the spectron"leteorological yield models had the highest 

predictive capability as shown by the validation results. The district-level 

n1.odels showed highest correlation with yield and were followed by 

agroclin1.atic zonal and group-of-zones level models. 

The application of crop sin"lulation ll"lodels to yield estin1.ation on a 

regional scale is generally consh'ained by the lack of spatially distributed 

inforn1.ation on n1.ajor envirollll1..ental and agrononuc factors affecting crop 

conditions. The use of ren"lote sensing data can circun1.vent this problen"l 

by providing actual estimates of these conditions with various spatial and 

ten1.poraI resolutions. Moriondo et al., (2007) presented the developn"lent 

and testing of a n1.ethodological fran"lework which utilized NOVI data 

taken fron"l satellite platforms and a simulation model (CROPSYST) to 

estiulate wheat yield. This operation relied on two n1.ain steps, the first 

being the COl1.1.putation of above-ground wheat biomass obtained through 

the use of NOVI-derived FAPAR estin1..ates. The second step consisted of 

the final repartition of the estimated bioll"lass into crop yield, wluch was 

obtained through the use of an harvest index computed by integrating the 

CROPSYST developrnent sub-n"lodel and NDVI data. 
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The proposed ll"lcthodology was applied in two Italian provinces where 

wheat is 'W'idely grown (Grosseto and Foggia). In both cases, attention 

was first devoted to the production of multi-year NDVI data sets 

descriptive of wheat conditions. Next, the current methodology 'W'as 

applied to estlll.ate 'W'heat yield. The results obtained showed the high 

accuracy of the lll.ethod in estinl.ating wheat yield at the provincial level. 

Correlation coefficients equal to 0.77-0.73 were obtained betvveen 

rneasured and siIl.l.ulated crop yields, with corresponding root luean 

s(.luare errors (RSME) of 0.47 and 0.44 Mg/ha for Grosseto and Foggia, 

respectively 

3.3.2.2 Efficiency model 

Gross prinl.ary productivity (GPP) estin'lates based on radiation use 

efficiency (RUE), PAR & fAPAR at lknl. spatial resolution from the 

Moderate Resolution Imaging Spectroradionl.eter (MODIS) were 

converted to vvheat yields which were compared with observed yields for 

counh·ies, clin'late districts and entire states for the 2001 and 2002 growing 

seasons in Montana and North Dakota by Reeves et al (2005). Analyses 

revealed that progressive levels of spatial aggregation generally inl.proved 

relations between estinl.ated and observed wheat yield. However, only 

state level yield estinl.ates were sufficiently accurate (~ 5 % deviation from 

observed yield). The statewide yield results were encouraging because 

they were derived without the use of retrospective empirical analyses, 

which constituted a new opportunity for tUll.ely wheat yield estin1.ates for 

large regions. Additionally, this study identified six practical lintits to 

estin'lating wheat yield using MODIS GPP. 

A study was carried out to estin1.ate regional wheat yield by remote 

sensing frorn the paran'letric 1\10nteith's model, in an intensive 

agricultural region (Haryana state) in India by Patel et ale (2006) using 
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t\,10DIS fAPAR products. Discrin'lination and area estin'lates of wheat 

crop were achieved by spectral classification of in"lage from A WiFS 

(Advanced Wide Field Sensor) on-board the IRS-P6 satellite. Ren'lotely 

sensed estimates of the fraction of absorbed photosynthetically active 

radiation (fAPI~R) and daily tenlperature were used as input to a sin"l.ple 

n"lodel based on RUE to estin"late wheat yields at the pixel level. Major 

~"inter crops (wheat, mustard and sugarcane) were discriITIinated from 

single-date AWiFS in'lage ,'\'ith an accuracy of n"lore Hlan 80%. The 

physical range of yield esthnates fronl satellites using Monteithls model 

was within reported yields of wheat for both n1.ethods of fAPAR, in an 

intensive irrigated vvheat-growing region. Conlparison of satellite-based 

and official estin1.ates indicated errors in regional yields within 10% for 

70% cases. The validation with district level wheat yields revealed a root 

nlean square error of 0.3 tha-1 • 

3.3.2.3 Relative evapotranspiration (RET) 

The relative evapotranspiration, RET (AET / PET), is a direct 

physical input as stress factor to crop water productivity functions and 

yield n1.odelling (Doorenbos and Kassanl, 1979). RET derived fronl 

I'vleteosat geostationary sensor could explain yield variability to the extent 

of 70 - 94 percent for Inaize in Africa and Europe (Robeling et al., 2004) at 

national scale. In India, the RET based approach was adopted to 

characterize growing environment of rice (Sarkar et al., 2007) and yield 

prediction (Sarkar et al., 2006) using five years' tinle series composited 

NOAA A VHRR optical and thermal data at 8kn1.. 

3.3.3 RS forcing to crop simulation model 

Methods for the application of crop growth nlodels, remote 

sensing and their integrative use for yield forecasting and prediction have 
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been presented by Boun1.an (1995). NOAA A VHRR satellite ilnagery has 

been traditionally used to n1.onitor vegetation changes that are used 

indirectly to assess crop condition and yields. Additionally, the 1-km 

spatial resolution of NOAA A Vl-IRR is not adequate for n1.onitoring crops 

at the field level. In'1agery from MODIS sensor onboard the NASA TERRA 

satellite offers an excellent opportunity for daily coverage at 250-n'1 

resolution, which is adequate to n'1onitor field sizes that are larger than 25 

ha. A field study was conducted in the predontinantly com and soybean 

area of Io'\va to evaluate the applicability of the 8-day MODIS COll'1posite 

in'1agery in operational aSSeSSll"lent of crop condition and yields 

(Doraiswalny et al., 2004). Ground-based canopy reflectance and leaf area 

index (LAI) measuren'1ents were used to calibrate the models. The MODIS 

data '\vas used in a radiative transfer model to estin1ate LAI through the 

season. LAI was integrated into a clin'late-based crop sin'lulation model to 

scale froul local sin'1ulation of crop development and responses to a 

regional scale. Simulations of corn and soybean yields at a 1.6 x 1.6 kn'12 

grid scale were con'1parable to county yields reported by the USDA­

National Agricultural Statistics Service (NASS). 

Remote sensing and crop models have proved to be useful to 

n1onitor vegetation and estin1ate above ground bion'1ass (Rodriguez et ai, 

2003). ND\'I froll1 VEGETATION, MODIS, and Landsat reflectance data 

were conlpared WiU1 field lll.eaSUrements. The phenology '\Vas inferred 

fro III evolution of NDVI and the main stages were identified. LAI 

obtained froll'1 reflectance was used '\vith the STICS n'1odel to give 

estin1ates of grain yield \vhich ,"vere '\Vithin about 5% of those of field 

n1easure1l1ents. 

The use of crop n1.odels on large areas for diagnosing crop groW'ing 

conditions or predicting crop production is han1pered by the lack of 

sufficient spatial inforn1ation about model inputs. Launay and Guerif 
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(2005) proposed a way of spatializing th.c n1.odel that assin1.ilated 

inforn1.a tion obtained fron1 ren1.ote sensing in1ages made during the 

gru\ving season. The luethod was applied to yield estimates from the 

SUCROS sugar beet model, run for about 50 fields within two sugar 

factory areas. The assin1.ilation of four to six SPOT and aerial photography 

data values into the SUCROS n1.odel, coupled with the scattering by 

arbitrarily inclined leaves (SAIL) reflectance nlodel, re-estinlated crop 

establishnlent and rool system settling paranleters, to which the nlodel 

"vas particularly sensitive. The field-by-field yield estimates were 

in"lproved (i.e., with ren1.ote sensing data assinillation, the relative root 

luean square error decreased froln 20% to about 10%. The key factors of 

the n1.ethod were the nunlber and tinling of images that detern1.me the 

nunlbel· and the type of paranleters that could be es tiIn a ted. The n1.ain 

linlitation of this n1.ethod was thc lack of robustness of the crop nlodel in 

sinlulating LAI in serious drought conditions. 

A den1.onstration of rcgional wheat yield assessn1.ent by 

WTGROWS in a spatial franlcwork of 5' x 51 geographical grid over 

I-Iaryana for crop season 1996-97 was Dlade by Sehgal e/ al., (2001). The 

inputs used were RS based '\vheat distribution nlap, RS-based LAI, daily 

weather and surfaces, soil properties n1.ap as well as crop management 

input database in a GIS enviromnent. The issues related to franl.ework 

design, generating various inputs in the required spatial format, and its 

inlplenlentation as a Crop Growth Monitoring System (CGMS) were 

discussed. Further the study explored the possibilities and issues in 

linking rcn1.ote sensing inputs into the CGMS fran1.c,\york to improve its 

perfornlance. 

The above review has indicated that different satellite based 

energy balance estin1.ates lead to con1.putation of ET over agro-ecosystems 

at local, regional and global scales within reasonable error I iIni ts. TI,ese 
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ET estimates are possible to be made available on regular basis at regional 

to country scale. Tinl.e series ET prod ucts can be used to predict regional 

yield that needs less processing tinl.e and optinl.al conl.binations of input 

satellite and ground based data. Though a concerted effort has been made 

to apply different satellite based ET techniques over honl.ogeneous agro­

ecosystems in India, these techniques need to be well-tested over semi­

arid and heterogeneous agroecosystems in India before they could be 

applied for yield prediction study. 
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IV MATERIALS AND METHODS 

A satellite based single source energy balance algorithn1 was used 

with MODIS TERRA, AQUA optical and thermal data to estiInate different 

energy balance components and latent heat flux as a residual over wheat 

crop. 

In the first phase of study, validation of energy balance estimates was 

carried out using ill situ attended observations as wen as area averaged 

unattended observations within a Skn1 x Skm wheat growing region of 

Kheda district in Gujarat. This validation experinl.ent 'vas carried out for two 

consecutive wheat seasons, 2005-06 and 2006-07. 

In the second phase of the study, tin1e series regional 

evapotranspiration (ET) \vas estiInated between NoveIuber to March at every 

eight-day for past three rabi seasons : 2002-03, 2003-04 and 2004-05, using 

MODIS time composited reflectances and land surface ten1peratures (LST). 

Regional wheat yield was predicted using time series ET and associated 

spatially derived variables using two different approaches over dominant 

wheat growing districts of Gujarat. Predicted yield was validated using 

reported district average yield using independent datasets. 

111erefore, the study has two distinct ,vork components: 

(a) Estitnation of energy balance components using 1\10D15 products and 

their validation 

(b) Regional wheat yield prediction over Gujarat and its validation 

Different sections required to discuss Inaterials used and 

methodology adopted to complete above work components have been 

arranged in following order: 

4.1 Approach for estinlating surface energy balance con1ponents 

and evapoh·anspiration 



Materials and Methods 

4.2 

4.3 

4.4 

4.4.1 

4.4.1.1 

4.4.1.2 

4.4.1.3 

4.4.1.4 

4.4.1.5 

4.4.1.6 

4.4.1.6.1 

4.4.1.6.2 

4.5 

Regional yield prediction approaches 

Satellite data used and their processing 

Valida tion Illethodology 

Energy balance estimates 

Characteris tics of valida tion region 

Climate 

Description of the Soil 

Cropping pa ttern 

Management practices 

III situ measurements and preparation of validation datasets 

Attended 

Unattended 

Statistical analysis 

4.1 Approach for estimating surface energy balance components and 

evapotranspiration 

Actual evapotranspiration (AEl) or ET can be estimated from latent 

heat fluxes (J..£) and latent heat (L) of evaporation. L'ltcnt heat flux (J..£) is 

generally computed as a residual of surface energy balance. A single (soil­

vegetation conlplex as single wlit) source surface energy balance can be 

written as 

J..E = Rn - G - H - A-f 

(I) 

The energy conlponent for metabolic activities (M) is very small and 

hence can be neglected. TIle equation 1 can be rewritten as 

J.,E = Rn-G - H (2) 
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Rn = net radiation, If = sensible heat flux, G ground heat flux, Q= net 

available energy Q. 

Assuming energy balance closure at any instance during a day, 

equation 2 can also be written as 

2£",.\ = Qm.,.A "" = (R 11 - G) ",,' .J\. "" (3) 

Where Am., = Instantaneous evaporative fraction 

4.1.1 Estimation of AII/\ 

In the present study, Am., was estin"lated fron"l LST- albedo hvo 

dimensional scatterogranl using techqnique given by Roerink et ai. (2000) 

and further used by Verstraeten et ai. (2005) over European forest with 

NOAA A VHRR data and by Bhattacharya et al. (2007) over Indian 

agroecosysten"ls using MODIS AQUA data. LST and albedo from MODIS 

TERRA and AQUA observations corresponding to overpass tilnings, 11: 00-

11:30hrs and 13:00-13:30hrs Local Mean Time (LMT), respectively were used 

to derive Am,' The conceptual diagran"l is shown in Figure I. 

~ 
::s 
1; TJlt----------~ 

Radiation controlled 

Jtt/ ~ 
C1) 
c. 
E 
C1) -B Ts.-________________ ~r 
~ 
:J 

en 

T 
LI·, 

~vaporation controlled 

a. Surface albedo 

Figure 4.1 Conceptual diagram of t\vo-dimensional scatter of land surface 

ten"lperaturc (LST) and surface albedo 
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A simple method to obtain' 1\."" ' is to use 20 scatter of surface albedo 

and land surface temperature (Su & Menenti, 1999; Su et aI., 1999; Roerink et 

aI., 2000) to find out dry and wet edges from LST - albedo empirical 

relations. LST is surface temperature that represents integrated effect from 

soil-vegetation cover conlplex (Bhattacharya & Oadh\lval, 2003). It maintains 

equilibriun'l between energy supply (radiation balance) and energy used 

(energy balance). Surface albedo detern'lines the amount of outgoing 

shortwave radiation. 

Surface wetness affects both surface reflectance and land surface 

ten'lperature. If soil is wet, its reflectance decreases than when it is dry. It can 

be decreased 2-3 times than when it is dry which affects surface available 

energy. Soil moisture controls 1ST. It is higher with increasing dryness. But 

the relation between the two changes continuously throughout the day. The 

combination of relation between surface soil moisture content, reflectance 

and LST showed a correIa tion between LST and reflectance of the 3nl order 

polynomial type (Bastiaanssen, 1995; Bastiaanssen et al., 1998a) 

A = 2E ::::::; TSIf - Ts 
I1m.>I1 H +2E 

TS II = 1ST on dry edge con'lputed as linear function of surface albedo 

Ts )J:- = 1ST on wet edge computed as linear function of surface albedo 

Ts = Pixel LST 

4.1.2 Estimation of QIfI-' 

Instantaneous net available energy (Q"u) = Rn
lll

, - G
III

_, 

Gm., = instantaneous ground heat flux 

(4) 

(5) 

Clear sky instantaneous net radiation (Rn
lll
,) was con1puted from 

surface radiation budget. 
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Rnlll, = RnslII., - Rn/",_, (6) 

RnslII_, = instantaneous net shorhvave radiation (Wnr2) 

= RS/II, (1 - a) (7) 

a = surface albedo which \--vas computed by converting seven narrow-band 

optical reflectances using coefficients given by Liang (2002) 

RSm~ = instantaneous insolation (Wm-2) computed using WMO clear sky 

model 

Rs"" = a./o.&.(SlNy)h (8) 

The coefficients, 'a' and 'b' were worked out to be 0.75 and 1.28 over 

Indian sub-continent by Bhattacharya et al (2007) 

10 = solar constant = 1367 Wm-2 

£ = sun-ea rth distance correction factor 

Rnl",_, = instantaneous net longwave radiation (Wm-2) 

downwelling longwave - outgoing longwave 

= T4 T4 C., c(/O"" - c.,O" \ 

r. = land surface tenlperature (0 K). Here MOOIS land surface telnperature 

(1ST) products from TERRA and AQUA were used. 

cr = Stephan-Boltzmann constant (5.67 X 10-8 Wm-2s-1 K-t) 

c.~ = surface emissivity \vas estimated from NOVI based method given by 

Van de Griend and Owe (1993) 

6" = air emissivity estinlated frOITI air temperature using enlpirical model 

given by Canlpbell and Nornlan (1998). 

Air tenlperature (Tn) at satellite overpass was estimated from NOVI-LST 20 

triangular scatter by extracting LST at nlaximunl NOVI within a spatial 

domain of 20 x 20pixels. 

Instantaneous ground heat flux (G",,) was estimated as: 
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[
(7'S - 273.15)]r ., .J ] 

Rn",~ a l(O.0032a +O.0062a-)(1 +O.978NDVI ) 

Bastiaanssen ef nl. (1998) (9) 

4.1.3 Estimation of daytime net available energy (Qd) and latent heat flux 

AE" = Ad.Q" (10) 

(11) 

Where, }wEd = daytime average latent heat fluxe (Wm-2) 

Q d = daytime average net available energy (Wm-2) 

Ad = daytime average evaporative fraction 

On clear sky days, diurnal RII and Q folloW' typical sinusoidal 

variation between sunrise (1 = I) = In,.') to sunset (I = 12 = ".L'I) like insolation 

(Zhang & Lemeur, 1995; Bisht et aI, 2005). But diurnal variation of sensible 

(H) and latent heat (.?.£) fluxes nlay not shoW' sinusoidal variation since 

they depend on highly dynanlic behaviour of stability conditions of 

overlying ahnosphere. Instantaneous evaporative fraction during daytinle 

hours was assumed constant throughout the day in many satellite based ET 

algorithms (Baastiaanssen et aI., 1998; Farah et al., 2004). 

So, Ain.\"::::::: Ad 

Rn" (W111-2
) = 

2R,1/h }(U, 

(12) 

7rSfN[(( ~'-(/_I ~ f rl.',. JJn] 
'"" 1 FI.'-'" 
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nSflV[(( ~ "!.t = t_rl., ... <"_ )J1T] 
t"'1 1 rl\C' 

(13) 

where, 

I,m = Tin1.e of satellite overpass 

t m.. = LMT (hr5) at sunrise 

l'':1 = LMT (hrs) at sunset 

But evapotranspiration occurs only during daylight hours because of 

positive net energy input during daytime. But net surface available energy 

becomes negative during night, which gets balanced with sensible heat flux 

towards surface. Therefore, daily evapotranspiration (ET) can be computed 

from daytime average latent heat fluxes. 

ET (mn1d-J) = daylenglhx 2Ed 
24x 28.588 

daylenglh(hr5'-) = t"'r -I rI\,' 

4.2 Regional yield prediction approaches 

Two approaches were attempted based on 

(14) 

(i) Water use efficiency (WUE) and (ii) Radiation use efficiency 

(RUE) 

(i) Water use efficiency (WUE) based approach 

The water use efficiency is defined as ratio of final yield of crop and 

total accun1.ulated AET during crop growth cycle. In the present study 

districtwise water use efficiency was derived fron1 historical district average 

yield and seasonal acculnulated AET (derived fron1. MODIS data) on the 

basis of crop phenological calendar for nlajor ""heat gro""ing districts of 

GujarQ_t. Wheat mask was generated for all major wheat growing districts of 
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Gujarat using MODIS AQUA 250 llleter eight day COlllposite, so only wheat 

pixels could be extracted for AET accumulation. TIle eight day AET 

conlposite \-vas derived from MODIS-AQUA at lknl. The derived 

districtwise WUE was used to predict districtwise crop yield at the end of 

crop season. 

1/ 

Yield = IVUE~ £7: (15) 
,~I 

In order to predict crop yield ,veIl in advance and before physiological 

maturity, accunlulation period needed to be varied districtwise. It was 

reduced octad by octad fronl physiological maturity in each step and then 

WUE was cOlnputed for each step using historical grain yield and 

accunlulated AET. These nlethods were repeated till 50% of length of 

growing period ,vas reached. I\1oreover, crop stagel,vise \VUE \vas also 

computed and further used to predict final_vield. 

(ii) Rad.iaf.ion use eff.ic_jency (RUE) bJsed dpproJch 

77u~ nel" dI710lUll' of bIc"nlc7~:'>- {Jler .I~riI.n.cJ~I- F"Il"~/UCLio.n,. .. /V/¥7 

,~u.ad=V /U7u~/" J dL77e ~./7c7/ qr-6~d'n .r~Udr:?/7 Li-~/vU£ZT c;y~ 

absorbed photosynthetically active radiation and its efficiency to convert it 

into biomass. The crop yield can be derived by product of total net amount 

of biomass (NPP) accunlulated during whole crop growth and harvest index 

(HI). 

" 
rlElD= LXPP' X HI (16) 

In the present study, NPP ,vas estimated on spatial (x) (lkm) and 

tenlporal (t) (8 day) dOlllain by using LAI derived fAPAR and maxinlum 

radiation use efficiency (RUE) of crop. TIle lllaxillullll RUE ,vas constrained 

by using temperature scalars and water scalar following CASA (Carinege 

Ames Stanford Approach) approach (Field ct a/., 1995). The output of clear 
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sky nlodel was found have RMSE of 7 % of observed Incan while tested over 

12 stations in India (Mallick, 2007). 

]\l P P= Sex. 1) .. ~1P A /{x, I).R UEmax r.. (x. I).~ (x, I)J¥(X, I) (17) 

here S(x,/) is solar isolation, _lAPA/{x,I) is fraction of photosynthetically active 

radiation absorbed by crop, RUEIIII1X is nlaximunl radiation use efficiency, 

7;(x,/)and 7; (x.1) are tenlperature scalars and W(x,/) is water scalar. 

APAR was calculated at each tillle step as the product of PAR and fAPAR. 

PAR was calculated as 45 % of the daily total solar surface irradiance. 

Temperature scalars in this approach were used to capture two aspects of 

physiological regulation of the plant growth by temperature. One of the 

scalars, ~(x,1), sets linlits on acclimation, reflecting the evidence that 

inherent biochelnical constraints on photosynthesis act to reduce NPP at 

both very low and high telnperatures. 

7; (x, I) = 0.8 + 0.02 * T,'l"(x) - 0.0005* [1:'I',(x)f 

(18) 

The second 7;(X,/) scalar expressed the hypothesis that, at every site, 

growth acclhnated to the telnperature during the month of greatest NDVI 

and NPP was suppressed by tenlperature warmer or cooler than that during 

the nlonth of maxinlulll NOVI. 

1~(x./) = 1 * 1 
_. {I + exp[O.2(T,'f1'(x) - 10- T(x,l)]} {I +exp[O.3(-T"p, (x) -10+ T(X1)]} 

(19) 

where, T is the Inean temperature and 1~'JI the optimum tenlperature 

during the Illonth of maxinlunl NDV!. 

In this present study water scalar was calculated as evaporative 

fraction which is 

J.y = Nns (20) 
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Tl and T2 scalars were derived by calibrating MODIS AQUA day­

night land surface teIllperature (lST) mean with ground based daily 

observed lnean air temperature of different agromet surface observatory 

over Gujarat. 

The accumulated tune for NPP during crop growth cycle depends on 

the phenological calendar of a particular district. The accumulation of NPP 

starts with the emergence and it continues up to physiological Inaturity. 

Disb·ictwise wheat calendars were obtained from India lvIeteorological 

Department (http://imdagrimet.org/ cwc.hhll). 

4.3 Satellite data used and their processing 

The optical and thermal observations from MODIS at TERRA (11:00-

11:30hrs LMT overpasses) and AQUA (13:00-13:30hrs LMT overpasses) 

(http://modis.gsfc.nasa.gov) platform were basic satellite data sources for 

this study. A set of operational land related georegistered spatial products 

that were getting generated on daily and eight day COlllposite basis from 

both the sensors were used. The process of achieving composite basis was 

done as maximunl value conlposite (MVC) in each pixel out of consequtive 

eight days. These were available on tile by tile basis. TIle dimensions of each 

tile are usually fixed for different spatial resolutions. Tiled products on seven 

band surface reflectances and land surface temperatures (LST) 

corresponding to H24V06 tile having coverage over Gujarat and adjacent 

regions were used. Surface reflectances are ah110spherically corrected at­

sensor reflectances (Venllote et al., 2002) in optical bands (band 1 to 7: 0.648 

Jlm, 0.858 Jlm, 0.470 ~lnl, 0.555 ~lm, 1.240 ~lm, 1.640 J.lnl, and 2.130 J.lm 

respectively) ranging froln red to short-wave infrared (SWIR). Generalized 

split window and day-night algoritllll1 (Wang et al., 1983 ) were used to 

generate LST. Basic dimension of reflectance products available at 463.3125 

m resolution was 2400 x 2400 and it was 1200 x 1200 at 926.625 In resolution 

foI' l.ST. These were generated as integerised sinusoidal (ISIN) grid 

76 



Materials and Metlzods 

projection. Reflectances were resampled upto 926.625 m before further 

processing. Daily reflectance and lST products from TERRA and AQUA 

corresponding to clear days of ill situ observations were used to compute 

energy balance components. These clear sky dates are given in Table 4.1. 

Table 4.1 Clear sky dates of daily MODIS reflectance and LST products used 

for estimating energy balance components 

(0.648, 0.858, 0.470,0555, 1.64, 2.13) 

rabi Dates of daily MODIS reflectance and LST products 

seasons TERRA AQUA 

2005-06 15 days 12 days 

( January 26, 28, 30) ( January 14, 16, 26, 28, 30) 

(February 2, 4, 7, 9, 11, 18, 23, 26) ( February 2, 4, 7, 9, 11,23,26) 

( March 1) (March 1, 3, 12 ) 

2006-07 16 days 16 days 

(December 13, 16,20,23,30) (Dccen"lber 13, 16, 20, 23,30) 

(January 10, 12, 16, 18, 21, 26) (January 10, 12, 16, 18, 21, 26) 

(February 2, 6,10,13, 17, 20, 26) (February 2, 6,10,13, 17, 20, 26) 

(March 2, 7) (March 2, 7) 

Time series of eight-day composit reflectances and LST during wheat 

gro,\-\'ing period between Noven"lber to middle of March in past years 2002-

03, 2003-04 and 2004-05 ,vere scheduled for using then"l for yield prediction 

purposes. A total of 96 eight-day composites for each of reflectances and LST 

were scheduled for usc. The choice of sensors depended on accuracy of 

estimates of energy balance con1ponents and ET from TERRA and AQUA. 

Pixel wise data on reflectanccs and LST were obtained as integer digital 

nun1bers (DN) in hierarchial data format (HDF). Scale factors and offsets 

available with HDF files '''ere used to convert ON values into real quantities. 

Pixel wise solar zenith angles were also provided with reflectance products. 

These were used for insolation (R,) estimation. Seven narrow band 
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reflectances were converted to surface albedo (a). Reflectances in red and 

near-infrared (NIR) corresponding to band 1 and band 2 were used to 

conl.pute normalized difference vegetation index (NOVI) and surface 

emissivity (e.,) from it. Air temperature (7~) at time of satellite overpass was 

taken as nl.inimum LST corresponding to n1axiulUlTI NOVI fron1 LST-NDVI 

scatterogram. It was further used to compute pixelwise air emissivity (eel). 

All these radiation budget paralncters alongwith LST were further converted 

to surface radiation balance Le. instantaneous net radiation and ground heat 

fluxes using equations 5 to 8. LST- albedo scatterograrn produced 

instantaneous evaporative fraction (Alii'). Daytime net radiation, net 

available energy, latent heat fluxes and ET were computed using equations 9 

to 13. Same processing steps were adopted both for TERRA and AQUA. 

Flow chart of da ta processing is shown in Figure 4 2 .. 
N 
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Seven band 
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Fig. 4.2 Data processing flow using MODIS TERRA and AQUA product for 

Energy Balance 
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4.4 Validation methodology 

4.4.1..1 Characteristics of validation region 

A 5 km X 5 km agricultural grid coulprising 3 villages Chalindra (220 

461 41.165 N 720 341 28.412 E), Muktipur (220 49' 32.754 N 720 341 41.770 E) 

and Nawagam (220 461 45.639 N 720 341 31.118 E) in Kheda district of Gujarat 

state was selected for ill situ n1.easurements and validation of satellite based 

energy balance estin1.ates. Measuren1.ents were recorded from at least 1 km X 

1 km continuously growing yvheat patch from each of these villages during 

2005-06 rnbi season in Chalindra and 2006-07 Muktipur rabi season in 

Nawagan1. in the vicinity of rice research station of Anand Agricultural 

University. The locations of 1 km X 1 km crop patches are shown in fig. 3. 
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ig. 4 .3 Location of Study Region 
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4.4.1.2 Clintate 

The Ioea 'on of v 'dation region falls under middle Gujarat Agro­

cllina tic Zone-III. Its climat has been classified as se '-arid tropical. The 

egi n i located on the bank of Sabarmati. river. The averag annual rainfall 

f Nawaga.m is 870 mm and is received through Southwest mon 00 . d 

curren uring the 3 rd week of June to the 2 nd week of Sept mber. The 

. tel- is medium co 1 and dry. Summer is quite dry and hot. The month of 

January is the coolest month of winter with mean monthly mum 

tempera ture varying from 9.4 0 C to 29.6 0 C. On the other hand, ay i the 

hottest month in -which the maximum temp ratuIe varies from 2 .00 C t 43.3 

°C. 

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

I r:=:::J RF BSS --WS MAX MIN _ RH1 

T 350 

T 300 

.250 

200 I 

100 

50 

o 

Fig. 4.4 Average weather parameters at Na~agan~from 1997-2006. 

Mean monthly aver'age of weather variables were computel. from 

previous 10 years (1997-2006) weather record at Nawagam station. The 

monthly weathel' parameters aloe shown in Fig. 4. TIl. ll'l.aximum temp rature 

(MAX) ranged between 27.6 0 C to 40.6 0 C while minimum temperatt.rr 

(MIN) ranged between 11.9 0C to 26.3 0C. The monthly total pan evaporation 
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(PE) increased from January upto May. It decreased between June to 

December. 11"le range of evaporation was 3.6 to 9.4 n"lmd- 1• TI"le Bright 

Sunshine Hours (B55) varied between 3 to 10 hrs. Wind speed ranged 

between 1.6 kn"l 111.- 1 to 7.6 kn"l hrl. TIle maximum rainfall (RF) occurred in 

the month of July follo\-vcd by August, June and September nlonths. The 

Maximum n"lorning and afternoon relative hun"lidity (RH) period was fronl 

June to October, and the range was 55 % to 72 % and 20 % to 57 % in 

morning and afternoon, respectively. 

The monthly range, mean, standard deviation (SO) and coefficient of 

variation (CV) of different weather variables were computed for the wheat 

growing period between November to March from previous 10 years data at 

Nawagam station. The h·ends of weather parameters have been as shown in 

Table 4.2. Ranges of TMAX and TMIN were the highest in February, but CV 

was highest in December (5%) for TMIN and in February (11 %) for TMAX. 

Ranges of RHl and RH2 ,"'ere highest in January and February, respectively. 

The highest and lowest CV were 57%, 38.4% in Noven"lber, Decen"lber for 

RHI and 71.6%, 40% in Decen1.ber, January for RH2, respectively. Range of 

",rind speed was the highest in December. Variability was substantially 

higher in December (41.9%), February (50.5%) and March (60.2) than that for 

other months. BSS range \-vas highest in March. Its CV varied between 2-7%. 

Scanty rainfall occured in Noven"lber and March from western disturbances. 

Range of monthly total of pan evaporation (PE) was the highest in March, 

but CV was highest in December (14.2%). 
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4.4.1.3 Description of the soil 

The soil of the validation region and its surroundings is n"1edium black 

deep to very deep, poorly drained and salt affected. Texture of the soil is 

loamy sand with water holding capacity as 18% and bulk density as 1.35 g 

cm-3 . Soil pH is neutral to alkaline (7.2-7.9) with low organic n1.attcr (0.55-

0.62) and nitrogen (0.46 - 0.53 kgha-1) with mediun"l available phosphorus (88 

_ 92 kgha-1) and maxin1.un1. available potassiuln (688 - 889 kgha- 1). The soil 

properties are sUlnmarized in Table 4.3. 

Table 4.3. Soil physical and physicochemical properties 

Soil Properties 

Physical Physicochemical 

Texture Loan"1y CEC c n"101 (p+) kg-I 11.6 

sand 

FC (Vol. %) 18.0 % PH 7.2 - 7.9 

PWP (Vol. %) 5.0 % Organic Carbon (%) 0.55-0.62 

Bulk density (g cm-3 ) 1.35 Available N2 0.46 - 0.53 kgha- 1 

Available P20S 88 - 92 kgha-1 

Available K20 688 - 889 kgha-I 

4.4.1.4 Cropping pattern 

The validation was carried out on wheat (Triticllll1 aestil1l1tlz L.) crop. 

The dominant cultivar was GW-496 which is widely grown in Gujarat. This 

cultivar is a cross between HD 2278 and CPAN 1861. This was released by 

Wheat Research Station, GAU, Junagadh and has been recomn"lcnded for 

general cultivation since 1990. It is a semi-early (105-115 days), semi-erect 

variety with good tillering capacity and is fairly resistant to rust and smut. 

Rice - wheat cropping sequence is the rnost prevalent in the area. Good 

irrigation facility ensures conducive conditions for rnbi crop, mostly wheat. 
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4.4.1.5 Management practices 

The land of the experin"lental field was prepared by removing the 

stubbles of the rice crop and was subsequently ploughed with tractor drawn 

mould board plough. Breaking the clods by n"leans of a cultivator followed 

this operation. Planking was done thereafter. After carrying out the land 

preparation field was ready for sowing. After application of the basal dose of 

fertilizers in the field, wheat seeds were subsequently broadcast Inanually in 

lines at a depth of 5 cm. Line to line spacing was 22.5 cm. The crop was 

uniformly fertilized with 120:60:40 kg NPK per ha. Half the dose of nitrogen 

and the entire quantity of phosphorus (P205) and potash (K20) were applied 

as basal dose before sowing seed. The rest half of the dose of nitrogen was 

applied in"lmediately after attaining crown root initiation. Irrigation was 

given as per normal practices. A known quantity of 60 nun of water was 

applied to the experimental field. The sources of irrigation were tube well 

and canal. As precautionary n"leasures Chloropyriphos @4.S ml plorl was 

applied with irrigation for control of tennite during the crop growth periods 

in both the years. Interculturing by hand weeding was carried out after CRI 

stage during both the years. 

4.4.1.6 III situ measurements and preparation of validation datasets 

4.4.1.6.1 Attended 

Ground based n"lcasurements were carried out using portable 

instrun"lents during both the rnbi seasons 2005-06 and 2006-07 of wheat crops. 

Different n"leasured paraIneters, instrun"lents and frequency of n"leasurements 

are sun"lmarized in Table 4.4. The n"leasured pararneters have been grouped 

into A. Radiation and energy balance, B. Soil related paralneters and C. 

Biometric. 
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Table 4.4 Observational details 

Ground measured 
Instruments Location Frequency 

parameters 

lAo Radiatio1l and Chalindra and 

l,energtJ balance Muktipur i1"1 

(i) Insolation / PAR Pyranometer three replica tion 

(ii) Albedo (Kipp and Zonen, for each village 

Holland) during 2005-06 7-14 days 

(iii)Net radiation Net radiometer (Kipp interval 

(Rn) and Zonen, Holland) 

(iv) Bowen ratio (f3) Multi-level portable Nawagam in 

wea ther sta tion two replications 

(MA WS) / Large during 2006-07 

Aperture Scintilometer 

(LAS) 

(v) Ground heat fThennal cond uctivity 

fluxes (G) sensor (Kipp and Zonen, 

Holland) 

B. Soil related 

paranleters 

(i) Soil moishtre GraviInetric method At 10cm, 20cm 14 days 

depths interval 

C. Bionletric 

(i) LAI, F AP AR, Canopy analyzer (Delta- All locations 14 days 

Biomass IT Devices ltd., UK) interval 

(ii) Yield At 

harvesting 
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The net radiation, insolation, albedo and thernlal conductivity were 

measured at hourly interval during 2005-06 at Chalindra and Muktipur 

while for 2006-07 these were measured at half hourly interval at Nawagm. 

The observations were recorded at 7 to 14 day interval during wheat 

growing period. Soil moisture was nleasured using gravimetric n"lethod at 14 

days interval. The biometric measurements on LAI, F AP AR and biomass 

were also carried out at 14 day interval. 

A. Radiation and energy balance 

A.I Insolation 

Incident solar radiation received at the ground is the driving input to 

energy balance, productivity and crop simulation nlodels. It was n1.easured 

using SPLITE pyranometer (Plate 1). The instrUIllent used a photodiode 

detector, which created a voltage output that was proportional to incoming 

solar radiation. Its sensitivity was proportional to the cosine of the angle of 

incidence of the incoming radiation, allowing accurate and consistent 

measurements. The spectral range was 0.4 - 1.11-1n1., sensitivity was 100 

J..1V /W /m2 and response tillle was less than 1 s. 

A.2 Net radiation 

NR LITE was used for measurements of net radiation which is the 

balance between incoming and outgoing radiation in short wave and long 

wave bands respectively. The detector was Teflon coated weather resistant 

black conical absorber as shown in plate 2. It was based on thermopile 

sensor. The voltage was proportional to the net radiation. It could be directly 

connected to a voltIncter or a data logger with an nl V input. The spectral 

range was 0.2 to 100J..lln, with sensitivity 10 J..lV /W /n1.2 and range 2000 to 

+2000 W / m 2 having a response time of 20 s. 
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A.3 Thermal property analyzer 

For measurement of ground heat flux, KD2 Thermal Property 

Analyzer was used (plate 3). The instrun"lent consisted of a needle known as 

sensor alongwith hand held display monitor that showed the output of 

thern'lal conductivity, soil temperature and thermal diffusivity. The 

observations were taken at three different depths viz. 0.2m, O.4m and 0.6m 

for calculation of ground heat flux through soil layers. 

A. 4. Bowen ratio 

This is the ratio of energy available for sensible heating to energy 

available for latent heating The Bowen ratio technique required 

measurements of air tenlperature and water vapor pressure at two vertical 

points (separated by a distance of about 1 m) above the canopy (typically at 

0.5 and 1.5 m above canopy for wheat crop). Portable Automatic weather 

recording instrun'lent '\-vas placed inside the wheat field for continuous 

measurements of the tenlperature, wind speed and humidity at different 

heights over validation region. 

A.4.1 Pocket weather meter 

For measuren"lent of air temperature, relative humidity, current wind 

speed the Kestrel 4000 pocket wind meter was used as shown in plate 4. It 

was easy to read because having backlit display. TI'le ten"lperature range was 

29.0 to 70.0 °C with accuracy of 1.0 °C. TIle relative humidity sensor had 

range of 5.0 to 95.0 % non-condensing with accuracy of 3.0 %RH. The wind 

speed sensor had the range of 0.4 to 40.0 nls-1 and accuracy of 3 % of full scale 

reading. 

A.4.2 Multi-level auton"latic weather station (MAWS) 

The wind speed, tClnperature and relative humidity were measured in 

wheat crop at five heights (0.25, 0.5, 0.75, 1.0, 1.25m above ground) using 
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portable MAWS installed in Chalindra as shown in plate 6 and plate 5 for 

automatic weather station at Nawagm. Subsequently Bowen ratios were 

computed from the ratio of temperature and vapour pressure gradients 

obtained through multi-height measurements. 
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Plate 1 : (a) Pyranometer (b) et Radiometer (c)ThermaJ Property Analyzer 

90 



Materials and Methods 

Plate 3 : Multi-level automatic weather station at Chalm ra in Wheat Field 
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B. Soil related parameters 

Soil moic;ture Cc)l'\t(~t'\t a.t 10em and '2.(\{,::~ s.oit d'-., .... ",~ . ....,.", "' .... ~'\ ... ~,v"-..-. .. ;n ..... \ 

using gravinletric method before and after each irrigation. Soil sanlples were 

collected in Keen's boxes. These were covered with the lid and taped 

inlmediately. Soil samples were weighed before and after oven drying at 105 

°C for 24 hrs, until a constant weight was recorded. Conversion of soil 

moisture into volumetric content was done using equation 21. 

8 g = [(Ww-Wd)/(Wd-Wc)] x 100 (21) 

8v = 8g x Bulk density 

where, 

8 g = 

8v 

W, ... 

Wd 

Wc 

C. Biometric parameters 

C.l Total dry matter 

gravinletric water content (g of water g-1 of soil) 

volUfl1etric water content (rn3nr3 ) 

Weight of moist soil and container (g) 

Weight of oven dry soil and container (g) 

weight of container (g) 

Five plants were uprooted randonlIy from one lneter square area in 

the field to record total dry matter. Leaves, stem, root and spikes were 

separated and initially dried in shade. They were then dried in oven at 65°C 

for 72 hours till a constant weight was reached. 

C.2 Phenological observations 

Based on the observations on individual plants on days of in situ 

measurements, occurrence of different phenological events viz., emergence, 

crown root initiation, tilleTing, boot, ear emergence, anthesis, milking, dough 

stage and physiological nlaturity were identified (Zadoks et al., 1974). When 
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50% of the plants on a plot reached the particular event, that particular day 

was reckoned as the day of the onset of that event. 

C_3 Leaf area index (LA!) 

TI'\e Leaf Area Index (LAl) is the ratio of total upper leaf surface of a 

crop divided by the surface area of the land on which the crop grows.LAI 

influences radiation interception, transpiration and photosynthesis. LA! was 

measured directly by Sun Scan Canopy Analysis System (Plate 6) at 14 day 

interval. 'Ibis time period comprised noon hour (1200-1300 b) of the day. 

TI1.e Sun Scan Canopy Analysis System compute and displayed LAl with an 

accuracy of ± 0.1 over the range of LAI less than 10 and solar zenith angle 

less than 60 . Thus, noon hour measurement exhibited more accuracy (Sun 

Scan System, 1996). 

S 

Plate 4: Sun Scan Canopy Analysis System 
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C.4 Grain and stra"W yield 

In each of the fanner's plot 1m x 1 11.1. area was selected for crop 

cutting in replicates to find out the average yield which was subsequently 

converted on the weight of the grains into per hectare basis. After nipping 

the kernels, the straw was subjected to sun drying for over a period of a 

week till constant weight was obtained. The same weight was then converted 

on a hectare basis. 

4.4.1.6.2 Unattended 

Large Aperture Scilltillo1l1eter (LAS) I1leaSllrel1lelZts 

l11.e Large Apertul'e ScintilloIneter (LAS) provides continuous area 

integrated sensible heat flux n1.easurement throughout the day at desired 

time interval. The LAS \vorked on the principle that as an electromagnetic 

(EM) beam of radiation propagates through the atm.osphere it is distorted by 

a number of processes. These processes removed energy fron1. the beam and 

led to attenuation of the signal. The Inost serious nlechanism that influenced 

the propagation of EM radiation were small fluctuations of refractive index 

of air (n). Its fluctuations led to intensity fluctuations, which were known as 

scintillations. The fluctuations in the refractive index are usually caused by 

fluctuations in the density of air, which are in turn caused by temperature (T) 

and humidity (Q) fluctuations. 

The LAS having ability to measure the 'an1.ount' of scintillations, 

which could be expressed as the structure paralueter of the refractive index 

of air (Cn 2 ). 

Once the structure paranleter of the temperature was known, the 

sensible heat flux (H) could be derived from the relation 

c~· (z . - d \;:. = f[ZL.,S - d] 
r 2 I~~) L 

• ~n) 

(22) 
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Here ZLAS is the height of the LAS above the surface, d is the zero 

plane-displaceIl1.ent height and T· is the temperature while (CT2) represents 

the structure parameters of teIl1.perature 

T· is the temperature scale defined as 

-H 
T. =---

pC'pu. 

and LMO is the Obukhov length. 

(23) 

For most day time (unstable) conditions and when the LAS is installed 

relatively high (ZLAS > 10m) the contribution of the friction velocity is 

relatively small. For these conditions the free convection method could be 

applied. 

H = pCp 0.48(Zs -d{:)' '(C;) (24) 

The Bowen ratio is defined as the ratio between the sensible (H) and 

latent heat flux (LE). 

LE = J-I (25) 
f3 
In the above relation (24) p is the density of air (-1.2 kg m-3), C p is the 

specific heat of air (-1005 J kg-l K-l), 'g' is gravitational acceleration (-9.81 m 

S-2). 

The selected area, i.e. the area from which the turbulence in the 

scintilloIl1.eter path, extends frOIl1. the scintillOIl1.eter base line up-wind for a 

certain distance. This depends on the height of the scintillometer and the 

stability of the atInosphere. This disturbance aspect has been taken into 

account that for different wind directions in which the source area falls 

within the, Il10re or less homogenous area of interest. The Signal becomes 

saturated if the scattering goes above a certain limit, as linear theory on 

which scintillonleter equations are based, no longer holds true. 
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LAS system (model LAS 150, Kipp & Zonen B.V. Netherland) was 

installed in for the first tiIne for agricultural studies in India. TIle LAS site at 

Navagam (Main Rice Research Station under Anand Agricultural University) 

is under the semiarid zone and follows the rice-wheat cropping system. 

The LAS (Figure 5) receiver was mounted on the roof of the Research 

Centre building at a height of 10 m (along with tripod) from the ground so 

that there could be no decrease in scintillation. In dry condition higher 

installation height is required to prevent loss of scintillation as compared to 

installation under wet condition. The transmitter was installed on a roof of a 

farmer's house in adjacent Kathwada village, with a diagonal distance of 1.5 

km from rice research farm to avoid signal saturation. In the path length, 

between receiver and transmitter, there was no concrete construction and the 

whole area was homogenous agricultural land with rice-wheat cropping 

system. The attached data logger recorded weather parameter (temperature, 

pressure, wind speed and relative humidity) and the structure paran'leter of 

the refractive index at 10 minute interval which acted as an input file for 

deriving heat fluxes froIl1 the WINLAS software. These further required 

surface roughness, zero plane displacement and path length for computation 

of sensible heat fluxes (H). 
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r logi al 
. n . or To'wel-

Solar 
---Panel 

Figure 4.5_ Large Aperture Scintillometer and its components 

4.5 Statistical analysis 

Error statistics of satellite based estimates were computed 

using mean absolute error (MAE) and root mean square error (RMSE) by 

comparing them with measurements. They were calculated accol-ding to 

Willmott (1982) as follows and were based on the terms (Pi - O i): 

MAE = i:[pj - OJ]/n (23) 
.-1 

and 

[ 

n JYz RMSE = t;(pj - O.} In (24) 

where, 

Pi = j-th estimate, O i = i-th observations or measurements, n - no. of 

datasets 
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v. RESULTS AND DISCUSSION 

The present investigation was carried out during the rnbi seasons 

of the years 2005-06 and 2006-07 "With the prin1.e objective of estimating 

the surface energy budget conlponents and its use for wheat yield 

prediction using sateIJite data over senl.i-arid agro-ecosystenl.. The satellite 

based estin1.ations or predictions were conl.pared with ill situ 

measuren1.ents or reported estin1.ates. The results are presented and 

discussed under titled paragraphs ill. pursuance of the objectives set forth 

for the study. Sections are followed as: 

5.1 Characterization of energy budget over semi-arid wheat 

5.2 Validation of satellite based estimates net radiation and latent 

heat fluxes 

5.3 Spatio-ten1.poral variability 

5.4 Wheat n1.ask generation 

5.5 Multi-ten1.poral analysis of enerh7J' budget estinlates in ",heat 

5.6 Evapotranspiration and consuulptive water use (CWU) of wheat 

5.7 District level wheat yield prediction 

5.8 Con1.paIison of regional wheat yield distribution from tvvo 

approaches 

5.1 Characterization of energy budget over semi-arid wheat 

Radiation cOlnponents are nlarkedly influenced by local 

atmospheric conditions, plant density and geOll.letry, surface ",etness 

conditions. It plays an iUlportant role not only in plant growth and 

developn"lent process such as photosynthesis bu t also deterntines the 

clin"late near ground through the feedback n"lechanisnl. The net radiation, 
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============================================================= 
which is the balance of net shortwave and net longwave radiation, is the 

fundanlental source of energy responsible for exchange processes 

beh."een surface (sojJ -+- c~Jnop_r) c.lnd ~7L;n70,5.7:;,bere I..I1 ~he~ prese~..I1~ SeCUC7..11, 

the telnporal variation of Ul.easured (insolation, net radiation, evaporative 

fraction) and satellite (a\bedo, NDV\ and LST) based radiation parameters 

during wheat growth period in 2005-06 and 2006-07 over the study region 

~'::; 'P-r~en':ea 'oe).ovv . 

5.1.1 Temporal evol ution of different radiation parameters 

5.1.1.1 Using ill situ fl'leaSUrements 

The n'leasured clear sky instantaneous insolation at MODIS TERRA 

and AQUA overpasses are shown in Figure 5.1 (a) and 5.1 (b) for 2005-06 

and 2006-07, respectively. In both the wheat growing seasons, insolation 

at TERRA overpass did not show substantial daY-lo-day fluctuations but 

a slow increase beh-veen 400 - 600 Wm-2 • As expected, insolation at 

noontin'le AQUA overpass was substantially higher with a gradual 

increasing trend between 650 - 950 Wn'l-2. The overall clear sky 

atn'lospheric transn'lissivity varied beh-veen 0.7-0.8. Two in'lportant 

atn'lospheric variables, ozone content, coluulnar water vapour and aerosol 

are generally responsible for perturbations in clear sky insolation. Among 

then'l, aerosol loading is the n'lajor con'lponent, ,",hich is generally low at 

rural background or over agricultural patches (Gadhavi and Jayaraman, 

2004). The sn'lall range of transn'lissivity could be due to low in'lpact of 

aerosol due to relatively low reduction in visibility in rural settings. 

The ratios of rneasured net radiation at different hours fron'l 

n'lorning to evening and average daytin'le net radiation were computed 

for both the seasons (Table 5.1) at vegetative, flowering, grain filling and 

physiological n'laturity stages of wheat crop. At all the stages, a diurnal 

trend was observed \'\'ith peak at noon hours between 12:00-13:00 hrs 

having increasing trend in the n'lorning hours (8:00-11:00 hrs) and gradual 

decline towards afternoon hours (14:00-16:00 hrs.). But the average of 
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hourly ratios were found to be marginally increased from 0.9-1.1 in 2005-

06 and rigidly increased from 1.27-1.87 in 2006-07 from vegetative to 

physiological maturity. Though diurnal trend could be attributed to daily 

solar cycle but the ratios differ largely between two seasons. The 

interseasonal differences could be attributed to varia bility in prevailing 

soil and canopy conditions and their location specific diurnal interactions 

with atmosphere. Soil moisture is a key variable affecting the surface 

energy balance in terrestrial ecosystenls (Chapin et al., 2000; Clem et al., 

2000; McGuire et al., 2000). Variations in soil moisture influence the 

partitioning of the net into latent, sensible and ground heat flux 

(Hin.zn1.aTI and Kane 1992; McFadden et al., 1998). 

I 0 I 
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(a) 2005-06 

• Terra overpass 
• Aquaove..-pass 

347357 12 18 27 33 38 42 49 57 62 
Calendar day 

(b) 2006-07 

• Terra. overpass 
• Aqua. overpass 

o ~---Y---Y--~~~----__ --__ --~---r--~--~~ 
347357 12 18 27 33 38 42 49 60 66 

Calendar day 

Fig. 5 .1 TempoJ:a1 variation of measur d instantan ous insolation 

at MODIS TERRA ( 11..00 hrs) and MODIS AQUA (1.3.30 

hrs) 0 rpass t:i.n:rings for rnbi (a) 2005-06 and (b) 2006- 07 

over study site 
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Table 5.1: Variation of ratio of measured hourly to daytime average 

net radiation at different 'W'heat gro'W'th stages 

a) ,-alli 2005-06 (Average of Muktipur and Chalindra) 

Hours Vegetative Flo"Wering Grain !\.1aturity 
filling 

8 0.24 0.257 0.362 

9 0.45 0.547 0.537 0.539 

10 0.83 0.954 0.947 0.993 

11 1.16 1.328 1.266 1.224 

12 1.39 1.631 1.448 1.570 

13 1.41 1.550 1.489 1.550 

14 0.96 1.201 1.061 0.996 

15 0.79 1.022 0.863 0.809 

16 

Daytime 
0.90 

mean 1.06 1.00 1.10 

b) ral,; 2006-07 (Na"\.vagan1. only) 

Hours Vegetative Flo"\.Vering Grain Maturity 

filling 

8 0.38 0.356 0.56 

9 0.5-1 0.716 0.79 0.91 

10 1.09 1.174 1.45 1.40 

11 1.62 1.803 2.10 2.02 

12 1.95 2.114 2.45 2.54 

13 1.93 2.170 2.47 2.53 

14 1.76 2.011 2.33 2.35 

15 1.3-1 1.606 1.87 1.91 

16 0.80 1.019 1.28 1.30 

Daytime 
1.27 1.44 1.70 1.87 mean 

Evaporative fraction at different hours was conlputed as a ratio of 

latent heat fluxes (J\E) and net available energy (Rn-G) from the 
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n"leasuren"lents. Latent heat fluxes were conlputed fronl measured net 

available energy (Q) and Bo,\ven ratio «(3) at each hour on lOP day. Ratios 

of hourly evaporative fraction to the daytime average for both the seasons 

are presented in Table 5.2 (a) and (b). It ren"lained belo\v 1.0 at most of the 

hours except few '\vhen it crossed 1.0. Hour to hour differences were quite 

evident ranging fronl 0.49-0.95, 0.54-1.25 in vegetative, 0.62-1.0, 0.61-0.78 

in flowering, 0.57-1.0, 0.55-0.80 in grain filling and 0.17-0.56, 0.27-0.75 in 

physiological nlaturily in both the seasons, respectively. A constant 

evaporative fraction is assumed in many modeling studies to extrapolate 

instantaneous ET to daily scale. A detailed analysis of diurnal behavior of 

evaporative fraction in heterogeneous semi-arid agricultural landscapes 

was reported by Gentine et al., 2007. Its diurnal nlodeling schen1.es "vere 

also introduced by Chehbouni et al., 2007. Present study region was 

located in senti-arid c1in1.ate having low agricultural density. Similar 

findings \vere also Blade by Mallick et al., 2007 regarding lack of seIf­

conservativeness in evaporative fraction over selni-arid agro ecosysten1.s 

in India. In both the seasons, the overall average of ratio of evaporative 

fraction decreases towards nlaturity (0.39-0.55) fronl relatively higher 

value (0.69-0.77) at vegetative stages. TIle variation of hourly ratio of 

evaporative fraction sho\ved that the ratios at noon 13:00 hrs are very 

close to the overall nu~an of hourly ratios for all growth stages except one 

or hvo cases in both the seasons. TIlerefore, a noon tinle evaporative 

fraction could better represents the daytin"le average as conlpared to 

evaporative fraction at other tinlings of the day. 

104 



Results and Discussion 

Table 5.2: Variation of ratio of measured hourly evaporative fraction 

(AFjRn-G) at different wheat growth stages 

a) ra bi 2005-06 

Hours Vegetative Flo",ering Grain l'vla turity 

filling 

8 0.49 1.000 1.000 

9 0.71 0.871 0.782 0.508 

10 0.83 0.660 0.578 0.510 

11 0.89 0.622 0.571 0.277 

12 0.86 0.677 0.585 0.595 

13 0.95 0.748 0.667 0.590 

15 0.73 0.739 0.753 0.667 

15.3 0.77 0.772 0.598 0.753 

Daytime 
0.779 0.761 0.692 0.557 mean 

b) rabi 2006-07 

Hours Vegetative Flowering Grain Maturity 

filling 

8 0.547 0.681 0.734 

9 0.561 0.645 0.592 0.175 

10 0.570 0.631 0.599 0.234 

11 0.647 0.610 0.550 0.511 

12 0.626 0.758 0.582 0.564 

13 0.664 0.724 0.593 0.428 

14 0.650 0.646 0.737 0.618 

15 1.254 0.782 0.807 0.251 

16 0.756 0.774 0.620 

Daytime 
0.697 0.695 0.646 0.397 

mean 
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5.1.1.2 Using satellite based observations 

TIle MODIS TERRA and AQUA albedo, NDVI, and LST averaged 

from 2 x 2 pixels over study region were extracted for i1l situ 

measuren1.ent days during wheat growth period for both rnbi 2005-06 and 

2006-07. TI1.e ten1.poral variation of MODIS based albedo £ron1. TERRA and 

AQUA during wheat growth period are plotted in Figure 5.2 (a) and (b) 

for rabi 2005-06 and 2006-07. Both TERRA and AQUA albedo over wheat 

showed sin1.ilar seasonal fluctuations behveen 0.20 - 0.32 in 2005-06 and 

0.15-0.35 in 2006-07. Though clear sky surface albedo at specific location is 

tin1.e-invariant for a day if surface wetness ren1.ains unchanged, little 

differences were still found in 2005-06 behveen TERRA and AQUA 

albedo. The differences became quite large in 2006-07 with systematic 

lower estin1.ates in AQUA albedo on all days. Albedo was computed from 

MODIS seven band surface reflectances, which were generated through 

atn1.ospheric corrections of top-of-atn1.ospheric (TOA) reflectances. Errors 

in atn1.ospheric inputs at TERRA and AQUA overpasses ntight propagate 

errors in surface reflectances and so linearly for albedo also. Like albedo, 

NDVI is also generated fron1. reflectances but little differences in TERRA 

and AQUA NDVI were evident as compared to albedo differences. NOVI 

is a ratio based on nV'o surface reflectances only. But albedo is the sun1. of 

weighted reflectances over seven bands. TI1.is difference of treating 

surface reflectances could lead to less differences in NDVI as compared to 

albedo. NDVI was found to vary behveen 0.2 - 0.65 over wheat crop 

(Figure 5.3 (c) and (d». As cOll1.pared to surface albedo, more seasonal 

fluctuations in MODIS TERRA and AQUA LST were found in both the 

seasons "\vithin 25-38°C in 2005-06 (Figure 5.4 e) and 23-35°C in 2006-07 

(Figure 5.4 f). 

A seasonal growth behavior in NDVI appeared fron1. its ten1.poral 

profile, over wheat. Earlier workers (Groten, 1993, Doraiswamy and 

Cook... 1995) have u lilized the NDVI growth profile paran1.eters to 
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classify vegetation, D"lultiple crops, phenological events and predict wheat 

yiel d (Uoyd, 1.990; White et al.~ 1.997). Though albedo id not show any 

seasonality but it d rases as th growth . advances. Albedo generally 

d ecreases from low to high vegetation cover (Frank, 1984; Wang and 

D avidson, 200 7). LST is mainly d riven by surface soil wetness, cover types 

and its fraction. Ther fore, it did not have CU"ly seasonality but showed 

considerable season fluctuations. 
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refl tances d uring rabi (a) 2005-06 and (b) 2006-07 
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Fig. 5.3 Temporal variation of heat NDVI over study r gion derived 

from MODIS TERRA and AQUA red and NIR surface reflecta.nc 

during rnbi (a) 2005-06 and (b) 2006-07 
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5.1.2 Energy partitioning behavior 

The wheat stage wLc;e average I1leasured net radiation (Rn) and its 

partitioning to G, I-I and I ... E as ratios (in %) such as GI Rn, HI Rn and 

/'~EI Rn were COlllputed for the I1leaSUrement 1"abi seasons 2005-06 and 

2006-07. The results are sUllllllarized in Table 5.3 (a) and (b). Average Rn 

varied behveen 349 - 514 \Vnr2 and froIll 312 - 439 \lVnl.·2 . It was found to 

be th~o"vest in vegetative stage and increases towards Illaturity. The 

increasing trend of solar radiation or insolation inputs to'\vards wheat 

Ill.aturity (Figure 5.1) during end of February to Ill.iddle of March tends to 

increase net radiation. The AE/Rn ratio was found to be substantially 

higher during vegetative to flowering stage behveen 63 - 77% in 2005-06 

and 74-77% in 2006-07 as cOIll.parcd to relatively lo'\v ratios between 52-

59.6% and 48-64%, respectively in grain filling to physiological luaturity. 

A continuous increase in l-I/Rn "vas evident behveen 6-41.4% in 2005-06 

and 17-55.6%. A stable range of G/Rn between 4-10% was obtained. 

Apportioning of Rn to G, H, )~E is generally influenced by fractional 

vegetation cover and soil nl.oisture. The peak I ... E/ Rn ratio norIll.ally 

corresponds to peak LAI in assured '\vater supply conditions. Shen et III 

(2002) found that the ratio of XE/Rn varies frOIll. 71 to 93%. It reaches its 

Ill.axinlUm value, near 93%, during the blooIll.ing stage, which llleans that 

this season has the IllaxiIll.UIll. evapotranspiration rate. But these ratios 

were relatively high even with Ill.oderate LAI values between 1.9 - 2.8 at 

vegetative stage when Ill.oisture availability due to irrigation supply was 

very high. Though Illean LAI '\vas ahuost close to peak LAI during grain 

filling (2.6-3.5), the AE/ Rn were relatively less. The prevailing heat stress 

as evidenced through lllonotonously increasing fraction of sensible heat 

fluxes could iIll.pOSe thernl.al stress in wheat over this semi-arid agro 

ecosystelll. This reduces transpiration rate and AE/Rn ratio toward grain 

filling in "vheat. This again "vas increased to"vards Illaturity causing fall in 
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A.E/Rn ratio. Cooler thermal environment in wheat is pre-requisite for 

better transpiration rate, photosynthesis and translocation of food to form 

yield attributes. Any heat stress throughout its growth stages leads to 

premature yellowing and low productivity (Singh et ai, 2003). This is one 

of the n~ajor reasons into shorter wheat duration and low yield in Gujarat 

as compared to Punjab, U.P., M.P., Bihar and Rajasthan, respectively. 

Table 5.3: Stage "W"ise net radiation partitioning over semi-arid "Wheat .. using Bo"Wen ratio energy balance (BREB) measurements 

a) rabi 2005-06 

Phenological Mean net Mean Mean ~1ean Mean 

stages radiation GI Rn HI Rn LEI Rn LA! 

(\Vm-2) (%) (%) (%) 

Vegetative 349 7.37 6.07 77 2.8 

Flowering 419 10 26.5 63.5 3.8 

Grain filling 421 5.58 34.8 59.6 3.5 

Maturity 514 6.62 41.4 52 2.5 

b) rabi 2006-07 

Phenological Mean net Mean Mean Mean Mean 

stages radiation GI Rn 1-1 I Rn LEI Rn LAI 

(Wnr2) (%) (%) (%) 
Vegetative 312 9.6 17 74 1.9 

Flowering 397 6 29 77 2.8 

Grain filling 439 3.6 39 64 2.6 

Maturity ~137 4 55.6 48 2.5 
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5.2 Validation of satellite based estimates of energy budget 

components 

Estimates of ovo energy budget components, net radiation (Rn.) 

and latent heat flux (AE) were conlpared with ill situ Rn and AE 

nleasurernents. Average of 2 x 2 pixels both the cOlnponents at 

measuren1.ent sites ,,",'ere extracted for comparison. 

5.2.1 Net radiation 

The estinlates of instantaneous and day tin1.e Rn using MODIS 

TERRA and AQUA LST, NDVI, albedo were cornpared 'with ill sitll 

measurenlents. Error statistics con1.prising of bias, MAE, RMSE are 

presented in Table 5.4 (a) for instantaneous and Table 5.4 (b) for daytin1.e 

estinlates. These varied between 12 -14 Wm-2, 31- 35 Wm-2, 38-48 W ny2, 

respectively at TERRA overpass. The overall correlation coefficient (r) 

was found to be 0.86 w'ith datasets pooled over both the seasons for 

TERRA overpasses producing RMSE of the order of 42 Wnr2. At AQUA 

overpasses, the bias, MAE, RMSE varied from 8-19 Wm-2, 49-86 Wnr2 and 

45-92 \Vnr2, respecti'vely with overall r = 0.88. The RMSE over pooled 

datasets was 71 \'Vnr2. The RMSE over pooled estinlates at TERRA and 

AQUA overpasses ,,",,'ere found to be 58 Wnr2 with r = 0.93 (Figure 5.5 a). 

The daytin1.e Rn estin1.ates fronl TERRA showed 16-22 Wny2 bias, 

41-71 Wnr2 MAE and 50-76 Wm-2 RMSE with 'r' varying between 0.47 -

0.67. The R1VlSE for pooled estin1.ates with two year TERRA datasets was 

67 Wm-2 • TI1.e bias, MAE and RMSE for daytime Rn estin1.ates froD1. AQUA 

were found to be 10-15 Wnr2, 31-44 Wnr2 and 35-49 Wnr2, respectively 

~vith 'r' varying bel\veen 0.85 - 0.92. The R1VISE over AQUA pooled 

estin'latcs was 40 Wnr2 (12% of mean). Though the error of instantaneous 

net radiation at TERRA overpasses were less than those at AQUA 

overpasses, but the errors from daytime estin'lates were less in AQUA 

than those from TERRA. TIle 1:1 validation plot of AQUA estimated 

daytime Rn and Ineasured Rn is sho\vn in Figure 5.5. The 
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day tune esthnates ""·ere generated fronl single clear sky instantaneous 

estimates from either TERRA and AQUA using sinusoidal integration. It 

was found by earlier workers that daytinle net radiation estimates fronl. 

single Dlorning (10.30 to 11.00 AM) and afternoon (14.00 to 15.00 hrs) 

estimates showed overestimation (Bisht et a/., 2005) and underestimation 

(Nishida el ai., 2003). Only, noon tinle estimates (at 12.00 to 13.00 h]·s) can 

lead to better representation of daytinle net radiation. The resulting error 

from AQUA daytinH.~ estin1.ates is little higher than obtained over 
p 

homogenous agro-ecosysten1.s (Mallick el al., 2007) in India. Though it is 

higher than the to errors over sparse and heterogeneous agro-ccosystenl.S 

in LASPEX region with NOAA A VHRR data, the overall RMSE is lower 

than globally reported error in daytime net radiation estin1.ates (Gupta et 

al., 2001) obtained by several workers with NOAA A VHRR (Hurtado and 

Sabrino, 2001) and MODIS TERRA (Bisht et al., 2005) optical and therD1.al 

data. 

Table 5.4 Validation of MODIS based net radiation estinlates 
a) Instantaneous estinl.atcs 

MODIS overpasses Bias MAE RMSE Correlation 

At TERRA 
coefficient ( r } 

2005-06 12 31 38 0.86 
2006-07 14 35 48 0.86 
Pooled 13 33 42 0.86 
At AQUA 
2005-06 8 49 45 0.87 
2006-07 19 86 92 0.92 
Pooled 14 62 71 0.88 
TERRA+AQUA 14 47 58 0.93 

b) Daytinl.e estinl.ates 

MODIS overpasses Bias MAE R!\.1SE Corre Ia tion 
coefficient ( r ) 

At TERRA I 
2005-06 22 71 76 0.67 
2006-07 16 41 50 0.47 
Pooled 20 I 59 67 0.44 
At AQUA I 
2005-06 10 31 35 0.85 
2006-07 i 15 44 49 0.92 
Pooled 12 36 40 0.88 
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5.2.2 Latent heat fluxes 

The instantaneous }",E estimates fronl TERRA and AQUA data 

and daytinle estinlates frolll thenl were compared with ill situ AE 

available as a residual fronl Bowen ratio energy balance Il1eaSUrenlents on 

Rn, G and Bowen ratio (P) at hourly basis between sunrise to sunset 011 

clear lOP days. 

5.2.2.1 Using Bowen ratio energy balance (BREB) 

The error statistics of bias, MAE and RIvlSE of instantaneous and 

the day tin'1e latent heat flux estin'1ates are sunln'1arized in Table 5.5 (a) 

and 5.5 (b), respectively. These were 22 WIU-2, 40 Wn'1-2 and 47 Wm-2 for 

pooled (2005-06 and 2006-07) instantaneous eslilnates. The pooled TERRA 

and AQUA estin'1ates \vere found to produce RIVISE 46 \l\'n'1-2 (22% of 

mean) with r = 0.79 for instantaneous "-E. Though error in pooled AQUA 

) ... E estimates showed 10\'" Rl\1SE of 28 Wnl-2 (13 % of n'1ean) with r = 0.76 

than that obtained froIll TERRA (RMSE = 77 Wnr2). Daytime "-E was 

conlputed fronl daytinle Rn and noontinle evaporative fraction. Errors of 

daytin1.e Rn estiInates frolll AQUA \vere less than those fronl TERRA. It 

was expected that it could produce better daytime AE estinlates fron1. 

AQUA than TERRA. 

The overall errors in instantaneous and daytime AE estimates are 

conlparable to errors obtained through other global experin1.ents. Their 

results showed RI'v'lSE of the order of 34 \Vn,-2 (Verstraeten e/ al., 2005) for 

instantaneous and of the order of 27 Wnl-2 (Cleugh e/ al., 2007) 34 Wm-2 

(Venturiani e/ al., 20(8) 53 \Vn,-2 (Batra e/ al., 2006) for daytin'1e using 

single source energy balance estinlates. 
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Table 5.5 Error statistics of MODIS based latent heat flux estimates (A.-E) 

a) Instantaneous 

MODIS Bias MAE RMSE Correlation 
overpasse s coefficient (r) 

AtTERRA 
2005- 06 1 9 3 1 38 0.92 
2006- 07 25 4 7 58 0 .49 

• Pooled 22 3 6 4 6 0 .78 
At AQUA 
2005-06 1.5 42 49 0.74 
2006-07 1.3 3 5 42 0.81 
Pooled 14 40 47 0.75 
TERRA 
+ AQUA 
2005-06 18 37 49 0.91 
2006-07 13 3 5 42 0.65 

Pooled 16 36 46 0.79 

b) Daytime 

MODIS Bias MAE RMSE Correlation 
overpasse s c o efficient (r) 

AtTERRA 
2005-06 38 68 8 3 0.50 
2006-07 29 59 64 0.65 
Pooled 35 65 77 0.51 
At AQUA 
2005-06 1.3 24 29 0.73 
2006-07 1.2 21 26 0.82 

Pooled 1 3 23 28 0.76 
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5 .2.2.2 Using area integrated sensibl e heat £luxes from LAS 

S nsibl heat flux is very ritical in properly r pr senting Bowen 

ratio to compare A.E estin1.ates at moderate spatial scale (-lkm). oreover, 

fr quent change in ensible heat .£luxes over 1. sq. km area due to 

frequently changing stability, instability conditions specially in s nri-arid 

climate (Ch hbouni e l ai." 2000) may not b suffici ntly represented 

through on or nvo Bowen ratio samples within. th study area at each 

hour. Rather area a er ged sensible heat flux measur m nts over OD15 

sq. knl. p' el along ith ll1.easurem nts on Rn and G an repr sen better 

in situ A.E while validating its satellit based estimates. 

As a follow up to that, instantaneous and daytiln.e AE estimates 

were compared with limited AE generat d through area ave rag d 'H' 

from larg apertur scintillometer (LAS). The p rcent error was 

drastically r duced to 9% of mean having absolute RMSE 29 Wm-2 with 
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increase in r (= 0.97) for TERRA and AQUA (Figur 5.8). Th seasonal 

variation of ous estin'lates and m asurem nts sho Ted close 

r semblan b twe n TERRA (Figure 5.9) and AQU (Figure 5.9) . The 

daytime stimates aI showed increment in accuracy (RMSE = 27 Wm-2 ) 

datasets (n= 8) and orr lation c efficient was also 

omparison of daytime AQUA J\.E estimates and 

v with limited L 

increased to 0.85. Th 

ar a av rag d AE omputed using LAS ~H' show d a good match 

(Figure 5.10). 
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Fig. 5 .8 Vall ation of TERRA and A Q UA I'''_E~ estimation with in situ 

n1.easuren"lents when a:rea aver aged LAS 'H~ was used 
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Fig. 5.9 Temporal comparison of instantaneous AE estimates from 

TERRA and AQUA and through LAS measurements 

The results indicated that satellite based A.E estiInates at moderate 

resolution could have shown less erro.l· when area averaged heat flux 

measurements are us d for A.E validation. The LAS has SOUle advantages 

over BREB and eddy correlation (EC) flux measurements. The 

measurement from la tter two represent fluxes from a landscape needing a 

certain fetch. These fluxes cannot be extendable beyond the 'fetch'. But 

LAS does not require any 'fetch'. It measures area averaged fluxes at 

250m to. ~O- km (Watts et m., 2000) both over homogenous and 

heterogeneous terrall""lS. The LAS area averaged measurements in 
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sensible and latent hea fluxes are thus becoming popular to directly 

validate satellite based estimat s at n-loderate to coarser resolutions. 
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Fig. 5.10 Validation plot of est:irn.ated and measured daytim.e latent heat 

flux 'With AQUA and LAS 

5.3 Spatio-temporal variability 

In Gujarat, a short Tam season, spread over end of ovember to 

middle of March, ex· ts. Agricultural growth 0 cm·s during this period 
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mostly in irrigated conditions. Besides wheat, tobacco, cUUlin and 

mustard are nlajor crops, vvhich have differences in the length of growing 

period. But peak agricultural growth corresponds to end of January to 

middle of February. Broadly, three stages, early vegetative, reproductive 

and maturity stages corresponding to end of November, end of January 

and first week of March were chosen for this analysis. 

5.3.1 Energy budget components 

The spatial outputs of the different energy balance components 

(Rn, G, IE and evaporative fraction (") over agricultural land use in 

Gujarat were generated using a set of equations 4, 7, 9 and 10 n1.entioned 

in section 4.1.1,4.1.2 and 4.1.3, respectively. These are the averages over 

three consecutive previous rabi seasons, 2002-03, 2003-04 and 2004-05 

generated using MODIS AQUA eight day conlposites on seven band 

reflectances and LST. TI,e histogran1. and regional distributions of 

instantaneous Rn, G, and IE at three growth stages nlentioned above are 

shown in Figure 5.11, 5.12,5.13 and 5.14, respectively. 

11lere were su bstantial differences in lllean, standard deviation 

(SO), histogram peak and range of Rn (Figure 5.11). These have 

consistently increased frouts November to March. Histogran"l peak and 

ranges "",ere 390 Wnr2 , 345 - 450 Wm-2 in Noven1.ber, 440 Wnr2 , 354 - 481 

Wm-2 in January and 550 Wm-2 and 450-650 Wm-2 in March. The 

increasing Rn trend is mainly associated with increasing trend in 

insolation. 

TI1.e O1.eans and SO of G (Figure 5.12) did not shu\", substantial 

differences between Noven1.ber and January. These varied between 70-75 

Wm-2 and 6-9 Wny2 respectively. But the ranges were different. It was 

high in January (40-90 Wny2) as con1.pared to November (50-84 Wnr2). A 

substantial increase in luean (123 Wny2) and SO (10 W1l1.-2) was prontinent 

in March. This could be due to increase in Rn input to G con1.putation 

(equation 9). A high spatial variability in fractional vegetation cover is 

122 



Results a"d Discussioll 

expected in March due to differently ll1.aturing crops within agricultural 

land use. This IUUSt have yielded to higher SD. 

There are certain pockets such as area adjacent to Sabarmati river 

basin in Kheda district where \vas consistently high (> 0.5) due to 

cultivation of rabi crops ,"vith assured irrigation facility. The distribution 

clearly indicated that had hardly crossed 0.5 in nlajority of the 

agricultural grids (O.(H 0) throughout rabi season in this senli-arid climate. 

Though n"lean and 51:) of (Figure 5.13) did not sho,"v any substantial 

differences alllong Novenlber, January and March. But shape of 

histogram largely differed. Eighty percent of pixels corresponds to a 

range, 0.1 - 0.5 in Noven"lber as cOll"lpared to 90 % of pixels in January and 

97 % in March. Histogran"l peak (0.35) 'vas in January corresponding to 

peak agricultural gro"vth as con"lpared to 0.3 in November having early 

vegetative and 0.25 ill March corresponding to physiological maturity. 

The mean LE (Figure 5.14) was found to be the highest (140 Wm-2 ) 

in March corresponding to peak growth as cOIl.1pared to other two stages 

in November (111 'YVln-2 ) and January (129 \t\!rn-2 ). The higher variability 

in vegetation fraction due to differentially maturing crops in March could 

have produced highest SO (59 Wnl-2 ) in March as con1.pared to 48 Wnr2 ) 

in January and 52 W1U-2 in Noven1.ber. There were wide differences in 

histogrant shape, range and distribution within it. Ninety percent of 

agricultural grids sho\ved LE in the range of 20-220 Wm-2 in Novenlber as 

compared to 85 % in January and 75 % in March. A consistent higher A 

and AE zone appeared over Kheda district, ,·vhich is known to be the n"lost 

agriculturaUy productive district in Gujarat. 

The above outputs with histograms could capture significant 

regional spatio - tCInporal variability in energy balance components 

during rabi growth period over Gujarat. 
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5.3.2 Partitioning ratios 

rnle spatial outputs of net radiation partitioning ratios (expressed 

as percent of Rn), 1-1/ Rn, G/ Rn and Io .... EI Rn, averaged across rabi 2002-03, 

2003-04 and 2004-05 over agricultural land uses were generated. The 

regional distributions and histogram are given in Figure 5.15 for I-II Rn, 

5.16 for G/Rn, 5.17 for ' .... E/Rn. 

A gradual decrease in nlean (Figure 5.15) HI Rn from 55 to 53 % 

was found fronl. end of Noven1ber to lSI ~veek of March. But the SO did 

not show any substantial difference. About 90 % pixels correspond to 

40 - 60 % I-I/Rn range in January. But this range envisages 75 % pixels, in 

Noveulber. Rest 25 % corresponds to lower range (28 - 40%) of H/Rn 

ratio. About 90 % pixels represents 40 - 60 % I-I/Rn range in March and 

rest 15 % pixels represents relatively lower range (27 - 40 %) in HI Rn. 

TIle analYSis indicated lhat though there was overall decrease in n1.can 

HI Rn, but regional J-II Rn distribu lion was to~vards higher side in 

November and included n1.ore proportion of pixels in the relatively lo\vcr 

H/Rll. range during peak growth. A Novenl.bcr )ike peak H/Rn was 

found in March that corresponds physiological n1aturity of rabi crops. 

A well distributed regional pattern in AE/Rn (Figure 5.17) was 

en1.erged out fron1. the histograms in Noven1.ber and January. The 

distribution is restricted to lower 'I.EI Rn range (8 - 50 %) in Novenlber as 

con1.pared to higher range (15 - 60%) in January. The coincidence of peak 

gro\,vth of n10st ral,i crops in January could lead to Jl1.ore vegetation 

fraction. In March, l11ajority of the pixels sho\ved 10-35% AE/Rn ratio 

corresponding to physiological n1.aturity. 

The regional distribution of energy partitioning ratios showed 

logical variation in accordance with phenological developn1.ent during 

rabi growing period over Gujarat. 
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Quite a good regional distribution in Gj Rn (Figure 5.16) was also 

found in January restricted to the range of 7 -20 %. But majority of the 

grids showed higher GjRo ratio ill the range of 15-20% in Novenlber and 

19-25% in March that corresponds to relatively low fractional vegetation 

cover. Several studies attenlpted to nlodel GjRn ratio ~sing NDVI 

(Moran et al., 1989) or other vegetation indices such as SAV} (Boegh et al., 

2002) or fractional vegetation cover (Verstraeten et al., 2005) through 

p linear relationship. Though regional n1.ean in GiRo did not show any 

significant difference over the growing period, but pattern of distribution 

was very nluch influenced by phenological development that led to 

change in canopy fraction. 
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5.4 Regional wheat mask generation 

Crop pixel distribution is a pre-requisite to carry out any regional 

crop specific analysis. An unsupervised classification schen"le through 

hierarchical decision rules '\Vas applied to MODIS AQUA 25011"l NDVI 

data. Stacks of eight-day NDVI conl.posite for the period 1 November to 

16 March '\Vere prepared to generate ,,,,heat n"lask of Gujarat for rabi 2002-

03, 2003-04 and 2004-05. District level wheat ll"lask was generated first and 

regional n"lask was subsequently generated from district ll"lask. 

The analYSis \vas restricted to 12 nlajor ,"",heat gro"\-ving districts. 

(Alunedabad, Anueli, Anand, Oahod, Gandhmagar, Jan"lnagar, Junagarh, 

Kheda, Mehsana, Rajkot, Sabarkantha, and Vadodara). Though Gujarat 

comes under 'B' category "\-\Theat growing state, the districts were selected 

where Il"lOre than 50% rabi cropped area is under wheat 

(w-ww.agriculture.gujarat.gov.in). The IMD published crop calendar on 

Gujarat helped in deciding the average length of growing period of wheat 

for different districts. General decision criteria (Oas et al., 2007) for 

separating different land cover types are given in the flo"\-\T diagram 

(Figure 5.18). Thresholds were chosen through interactive way. Same 

criteria were applied to all the three rnbi seasons for all the districts. First, 

land pixels were discriminated fron"l water bodies. Rabi cropped pixels 

were separated frOll"l typical forest NOVI profile and other vegetation 

profile. In Gujarat, the associated rllbi crops along with wheat are cumin, 

n"lustard and tobacco. Cun"lin generally has low NOVI peak, bell - shaped 

distribution within a shorter growing period (65-70 days). Examples of 

characteristic NDVI profiles of "\-",heat, luustard, tobacco, forest and cunl.in 

are shown in Figure 5.19 a, b, c, d and e, respectively. Based on the unique 

crop profile characteristics wheat pixels were discrinlinated. Regional 

250m \vheat n"lask was resaul.pled to MODIS AQUA energy balance and 

ET outpu t grid (0.01°). 
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Similar hierarchical decision rules and profile characteristics were 

also used by Das et al. (2007) for rice mask generation over Punjab using 

SPOT VGT 1 knl ten-day composites and wheat over Rjasthan using 

NOAA A VHRR n"lulti-date data (Potdar and Majunath, 1999). It is 

difficult to accurately discriIninate crops using n"loderate to coarser spatial 

resolution satellite data. However, the high temporal data allow to 

characterize full resolution of crop grown cycle. Moreover, WiFS n"luli­

date data with 188 H'l spatial resolution and 5-day revisit were used till 

recently to discriminate wheat (Rajak et ai, 2002). 

SC"cntccn 8 day (_'ompositc of rcOcctanClC in RED and NIR band .. from I :"olD". to 16 .I\larch 

i. 
Stack or8 - day NDVI composite (bl to b17) 

«(b4+b.,,\)(2:> 0.22) AND «b9+bI0+bll)f3):> 0.30) 

«(b2+b3)(2) > 0.30) A~l> «b7+b8)(2 > 0.19) A:"ID «bI2+bl3)(2 > 0.27)A~1) «bIS+bI6)(2 
> 0.51) AND«bl7) < 0.65) 

Fig.5.18 Criteria used in hierarchical decision tree to generate 
district 

wheat mask in Gujarat 

b: eight-day NDVI composite benvcen 

bl: 305 to 312 Calendar days 
b2: 313 to 320 
b3: 321 to 328 
b4: 329 to 336 
b5: 337 to 344 
b6: 345 to 352 
b7: 353 to 360 
b8: 360 to 2 
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(b) 

(c) 

(e) 

Fig. 5 .19 haracteristic DVI profiles from MODI AQUA 250 m for 

(a) wheat (b) muslard (c) tobacco d) fore t and (e cumin 



Results alld Discussion 

5.5 Multi-temporal analysis of energy budget estimates in 
W'heat 

5.5.1 Energy budget components 

The resanlpled regional wheat n"lasks were utilized to accunlulate 

evapotraspiration (ET) to produce regional consunlptive water use for 

2002-03, 2003-04 and 2004-05. A consistency check is very nluch necessary 

in relation to wheat phonological development through multi-temporal 

analysis of MODIS AQUA derived energy balance component and net 

radiation partitioning ratios before its further use. Regional outputs of 

energy budget conlponents and net radiation partitioning ratios, 

generated at 0.010 grid using MODIS AQUA data were retained over 

wheat grids only for 2002-03, 2003-04 and 2004-05. These were extracted 

over wheat grid corresponding to ill sitll n"leasurement sites at every 

eight-day interval. 

TI"le ten"lporal variation of energy budget components for all the 

three seasons of whea lover study region are presented in Figure 5.20. The 

eight-day instantaneoLls noon tinle Rn shol-ved gradual increase in all the 

seasons behveen 400 - 600 Wm-2 . Ground heat fluxes renlamed at or 

below 100 Wm-2 . The latent heat fluxes were found to be higher than 

sensible heat flux behveen January to end of February in all the three 

seasons but ren-larned below sensible heat flux during start of season and 

physiological n"laturity. The dryness and low fractional vegetation cover 

at start and end of "",heat growing period seemed to have resulted into 

low evapotraspiration as con"lpared to sensible heat fluxes. The eight-day 

noontime AE and H ",'ere found to vary between 80 - 300 vVm-2 and 180 _ 

280 Wnr2 , respectively. The temporal variation of G, H, AE were 

consistent with wheat development. 
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5.5.2 Partitioning ratios 

The multi-temporal variation of net radiation partitioning ratio (% 

of Rn), G/Rn and .I .. E/Rn over wheat in validation site for all the three 

seasons are shown in Figure 5.21. Typical bell-shaped appearance in 

AE/ Rn was found behveen end of December and n'liddle of March. 

_, Length of this shape varies fronl season to season with intermediate dip 

in the ratios depending on water availability conditions that could have 

increased relative level of H at the expense of Rn. 

This bell-shaped appearance closely resen'lbles wheat LAI temporal 

pattern. Generally, a smooth temporal pattern in LAI without 

intermediate dip is reported through field experin'lent (Asrar el al., 1984) 

irrespective of varying water availability and thermal validation. Only, 

rate of change in LAI differs. Therefore, energy balance based approach is 

better to capture internlittent stresses specially on arid to senli-arid 

situation as conlpared to stress representation through biophysical 

controls such as LA! / NDVI or SA VI (Chchbouni et al., 2007). 
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5.6 Evapotranspiration (ET) and consuntptive 'Water use (CWU) 

of-w-heat 

5.6.1 Regional pattern of "W"heat evapotranspiration 

Eight day ET was computed from estimates of daytime latent heat 

fluxes from MODIS AQUA eight-day reflectances and 1ST data. Typical 

excv;nples of district average eight-day rabi W'heat ET averaged over three 

consecutive seasons (2002-03~ 2003-04 and 2004-05) are shown (Figur 

5.22) over Ahm.edabad~ Junagadh ... Kheda and Vadodara l respectively. The 

t mporal pattern of ET was found to shoW' typical W'heat leaf area 

evelopment but wi th intermittent drop due to in-season stresses. 

Differences in the temporal ET pattem among th districts w r quit 

vident. Th e dill rences in ET profiles are expected to capture 

differences in water use by wheat across the districts. 
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5.6.2 Regional pattem of -wh at consumptive -water use 

District -w-ise consumptiv wa ex use (CWU) wa computed by 

su.nuning up eight-da ET for the heat grid 0 er ti.r gro th P riod 

follow d by averaging CWU over heat grids for thre major critical 

growth sages, veg tative, flow ring and grain filling. Th se w r carried 

out for individual rabi seasons 2002-03, 2003- 4 and 2004-05. Regional 

mean CWU was com uted from district m ans over all the thr seasons 

in Figure 5.23. Th r was gra ual increas mean CWU from v getativ 

(60 mm) to grain fi1.l.in.g ( 00 mn:l.) stages. Anonymous (200 ) r port d tha 

the consumptive "Wa t r use rat 'W'as mcr as d progr ssively lIVith the 

advanc of crop growth. from 0.83 mm day-l during the early stages of 

growth (-w-ithin a fir t 40 days) to peak rate of 3 25 day-l during 

flo-w-ering under 70% available soil 

-w-ith the onset of sen cent stage. 

- 120 
E 
E 100 -cu en 
:::s 80 -cu -«:J 
3= 60 
~ 
-.= c.. 40 
E 
::l 20 en 
s::: 
0 

<..> 0 

Vegetative Fjowering 

subsequently 

Grainfilling 

Fig. 5.23 ean region 1 whea consumptiv water uS (CWU) at different 

phenopha sin Gujarat 
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Anonymous (2004) nlade sinlilar observations on the consumptive 

use rate and found the same as 0.8 mnl at early stages and 4.0 mm day-l 

during peak gro\ving period. I\1ajunladar and MandaI (1984) also noted 

that lysin1.eteric average daily consun1.ptive use was lowest (1.65 mn"l day­

I) during the first 20 days of crop gro\Vth and that increased graduaIIy 

reaching the peak of 5.17 nUll day-t during 87 to 98 days after sowing. 

Water use during physiological nlaturity is not critical for \Vheat gro\Vth 

and productivity and arc, therefore not sho\'\'n here. 

There were substantial positive or negative deviations in CWU 

from regional n"lean at critical gro\Vth stages of \Vheat. These are 

presented in Figure 5.24 for all the three \Vheat gro\Vth seasons 2002-03, 

2003-04 and 2004-05. This indicated that the inter seasonal differences at 

critical growth stages nlay have differential effects on photosynthesis 

and its translational process to yield fron"l season to season (Reynolds 

et nI., 2000). 
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5.6.3 Relation betw"een deviation in CWU and district yield 

deviation 

Wh at C U re averaged over three consequ seasons (2002-

03, 2003-04 and 2004-05) for 12 wheat districts. Th se are pre sented 

alongwith. r ported di mc wh at yield averaged ov r thre e seasons. The 

p CWU as found to b the high st in Anand (291 nun) followed b y Kheda 

(269 nun), Ahmeda ad (238 mm). The lowest CWU was found in 

M sana (1. 4 :mm.) (Table 5.6). r e lativ ly bette r irrigate d distric ts 

such as Anand, Ahm dabad and Kheda sho ed high CWU as compared 

to othe1· districts. But the mean wheat yield was found to be the lowest in. 

Ahmedabad (1.51.6 kgha-1 ) and highest in Junagadh ( 450 kgha-1 ) though 

the CWU -wa 45:tn.D'l higber in Ahutedabad as compar d to Junagadh. 

Table 5.6 Distric m an seasonal ater use, average th 

and report d mean yield 

District Mean seasonal 
water use (mm) 

AHMEDABAD 238 
AMRELI 126 
ANAND 291 
DAHOD 179 
GANDHINAGAR 232 
JAMNAGAR 176 
JUNAGARH 193 
KHEDA 269 
MEHSANA 114 
RAJKOT 1.73 
SABARKANTHA 175 
VADODARA 208 

al con . tion 

Mean yie ld 
(kgjba) 

1.51 6.00 
2965.67 
1899.67 
1 902.00 
2888.67 
3 075.33 
3450.33 
2521.33 
258 7.33 
3420.67 
2162.00 
2264..33 

The general th rmal environment in Junagadh is relatively cooler 

because of the pI nee of the relatively hilly terrain. Thermal . 
nvironment in 11. c; t plays a major role in. wheat in a ddition to 'Water 

use spe ·ally for o nversion of photosynthate s to yield attribute 
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(Reynolds t!I Ill., 2000) during grainfilling stage. Even with plenty of soil 

rnoisturc, an anonlaly in air tClllperature during nliddle to latter part 

could lead to low wheat yield (.l\IlidI110re eI ai, 1982; Ra\-Vson, 1986). This is 

nl.ore iIuportant in senli-arid c1inl.alic situation like Gujarat \vhere length 

of \vinter is very short. Therefore, a straightfonvard predictive relation 

between district lnean CWU and nl.ean yield will not hold good. Rather, 

district CWU deviations and yield deviations fronl. nlean nlay produce 

better predictive relations. 

In order to invcstigate the inl.pact of deviation in C\'\'U on yield 

deviation, percent d("viation of district luean wheat C"VU fron1 three 

seasons (2002-03, 2003-04 and 2004-05) were plotted against deviation in 

reported district \..,hcat yield from three seasons district n"lean. District 

CWU n"leans were derived in two ways 

(i) By sinlple averaging over '\vheat grids and 

(ii) Area \ivcighted through different CWU classes over wheat 

grids. The deviation (1"onl. siInple averaging produced (Figure 5.25 (a» 

better correlation (r = 0.74) than \vith area 'vcighting (r = 0.66). The 

plot of CWU deviation fr011.1 area weighted Inean and deviations in 

reported yield is sho,"n in Figure 5.25 (b). This relation indicated the 

potential of satellite based ,vater use for predicting district average yield 

or its deviations. But this requires n"lore nunl.ber of satellite data to be 

processed and analysis of yield for 5-7 years to have a good n"lodel. 

Another way to utilize CWU is its calibration through districhvise "Tater 

use efficiency (WUE) and use it for yield prediction. Intra-regional 

differences in thennal environlnent \vill be also eIllbedded in the 

districtwise calibra tion factors. 
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5.7 District level wheat yield prediction 

Two different efficiency based approaches were attempted to 

predict wheat yield of nlajor \vheat growing districts. These are 

(i) Water use efficiency (WUE) and (ii) Radiation use efficiency based 

approaches. TI1.e methods have been already discussed in section 4.2. 

5.7.1 Calibration of seasonal consumptive water use 

MODIS AQUA derived eight-day ET were accun1.ulated for the 

",'heat growth period belvveen en1ergence to physiological maturity for 

rabi 2002-03, 2003-04 and 2004-05 using district crop calendar. Seasonal 

CWU was con1.puted for all the rabi seasons. District average CWU were 

computed fron1 wheat grids. The district average water use efficiency 

(WUE) of wheat for the effective gro""vth period were con1puted from the 

middle year 2003-04. The district WUE acts as calibration factor be~een 

CVVU and reported yield. 

The Ill.ean WUE varied fron1. 6.1 to 23.2 kgha-nl.1n- 1• However, more 

number of years are required to arrive at better con1.puted representation 

of district "VUE. The district luean \'\'UE was also conlputed fron1 2002-03 

and 2003-04 using reducing accun1.ulation period for vvater use by one 

octad fron1 effective gro\vth period (G). These acculllulation periods are 

G-l, G-2, and G-3. These were carried out to investigate the capability of 

this technique to forecast district yield at least one n10nth before the crop 

attends maturity. 

District mean \VUE ,vere also con1.puted from three critical wheat 

gro\vth stages, vegetative, flo'\veri.ng and grain filling using the ratio of 

reported yield and stage specific water use in 2003-04. WUE were 

generally higher i.n vegetative and flowering stages as con1pared to 

grai.n filling. It varied between 19.95 - 74.56 kgha-mnr1, 16.46-84.37 kgha­

n1.n,-1 and 8.05-39.17 kgha-Illm-1 , in vegetative, flowering and grain 

filling, respectively (Table 5.7). AtIuospheric thernlal reginle in Gujarat is 

generally higher than intensive wheat growing regions such as Punjab, 
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I-Iaryana and Rajasthan specially during the conversion of 

photosynthates. This could possibly lead to less realization of yield from 

consumptive ""ater use. The present ""heat classification based on 250 m 

MODIS data and the accuracy of classification improves \vith finer 

resolution of sensors bet"ween 15-60 0"1 as applied to ASTER, LANDSAT 

TM and LISS III and A \.viFS. The possibility of misclassification \.vould 

likely to increase such Moderate resolution sensors. Standard sowing data 

""as assumed for conlputation of water use for all the years in different 

districts based on IMD crop calendar. There fore year to year variation of 

so""ing date avoid propagate errors in CWU COll1.putation. These are the 

hvo n1.ajor possible causes of getting higher WUE certain. districts. 

Table 5.7: Stage wise WUE over different districts 

District WUE ( kglha-n'lm ) 

Vegetative Flo'Wering Grain filling 

AHMEDABAD 18.95 16.46 8.05 

AMRELI 79.93 50.36 39.17 

ANAND 23.80 19.45 24.13 

DAHOD 42.36 45.75 18.03 

GANDHINAGAR 40.96 37.37 17.38 

JAMNAGAR 64.97 38.99 28.46 

JUNAGARH 74.56 51.80 36.93 

KHEDA 25.00 34.70 13.49 

MEHSANA 75.98 84.37 38.30 

RAJKOT 62.76 42.89 38.38 

SABARKANTHA 37.74 39.88 16.26 

VADODARA 42.02 40.23 23.11 

5.7.2 Validation of WUE based yield prediction 

The district n1.ean WUE and AQUA based seasonal '"vater use for 

preceding (2002-03) and succeeding (2004-05) years ",'ere used to predict 

district \Vheat yield. The correlation behveen reported and predicted 

yield was 0.S7 (Figure 5.26) with RMSE 441 kgha- 1 (18% of n1.ean). The 
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accuracy of this m thod is b tt r than VI or any other VI based 

meal yield pr d ic;tion models. The ] based nl.ethods explain only up 

to 50-60 % yield variability (Hayes an 0 ck r, 1996; Quarmby et «I., 

1993). Though Potdar and Manjunatl:l. ( 990), Manjunath et al., 2002 

ha e found tter multiple regression (r = 0.9) b hve n 20-da OAA 

A VHRR district mean heat VJ and reported yield in Raja han. But the 

model wa not erified to predict heat yi ld from independent datasets. 

Bhattacharya eJ aZ. 2007 found that rrors from single source AETIET estimates 

increase as the surfac heterogeneity increase. herefore accuracy of yield 

predic ion from sin~le source estimate diminishes from homogenous wheat 

gro'\:vth conditions (e.g. Punjab) to heterogeneous condition (e.g. Rajasthan M . 

. ). A two source ormulation (Anderson et al. 2000) from sat Hite data captures 

both homog nous and heterogeneous condit ions because it considers separate 

couplings of soil and canopy with atmosphere. The comparison of two-source 

and s ingle SOUTce ET stimates showed better T estimates from tvJo source 

scheme (Timmerman eloL., 2007). he use of t~ 0 source ET formulation and 

generation of district U from multiple years may predict regional wheat yield 

better than the present accuracy in s mi-arid heterogeneous conditions in Gujarat. 
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Fig. 5_26 Validation of WUE based predicted district yield and reported 

yield 
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Table 5.8 Error statistics of WUE based district yield prediction using 

different accunlulatiol1 period for seasonal water use 

Accunlulation rab; 2002-03 raE,; 2004-05 
period lVIAE RMSE r MAE RMSE r 

(%of (%of (%of (%of 
reported reported reported reported 

Illean Inean nlean yield) nlcan yield) 
yield) yield) 

G 12 14 0.63 17 21 0.81 
G-l 12 14 0.61 16 21 0.80 
G-2 14 17 0.46 15 19 0.80 
G-3 19 23 0.25 13 18 0.73 

Little lower correlation and relatively higher percent RMSE were 

obtained for predicted wheat yield with reducing accun1.ulation periods 

(G-l, G-2 and G-3). The correlation varied from 0.25 to 0.80 and RMSE 

"Were found to vary between 14 - 21 % of reported fl1.eall. 

Table 5.9 Error statistics of disLTict wheat yield prediction frofl1. WUE 

based approach using stage wise water use 

Stage wise rabi 2002-03 rabi 2004-05 
accumulation MAE RMSE r MAE RMSE 

(% of (% of (% of (% of 
reported reported reported reported 

nlean mean yield) mean yield) nlean yield) 
yield) 

Vegetative 22 27 0.16 14 21 
Flowering 15 18 0.57 29 34 

Grain filling 28 39 0.66 28 42 

r 

0.75 

0.77 

0.31 

The wheat yield prediction frofl1. water use and stage specific WUE 

were carried out for same seasons. The error statistics are given in Table 

5.9. A consistent better correlation (0.57 to 0.77) was found in both the 

seasons for prediction from flowering stage water use and WUE as 

cOfl1.pared to other two critical stages. The RMSE ranged between 18-34% 

of observed mean for prediction from this stage. 
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Results and Discussion 

5.7.3 Generation of basic inputs for estimating net primary 
productivity (NPP) 

A radia tion use efficiency (RUE) based net prinl.ary prod uction 

(NPP) nl.odel (CASA) \vas used to conl.pute total above ground bionlass at 

0.010 grid over wheat crop. This bionlass was subsequently converted to 

wheat yield. Model details are given in section 4.2. The eight-day NPP 

'W'as deternlined fronl daily clear sky insolation. fAPAR, maxinlunl RUE 

(RUEm;.,X) constrained by water and tenlperature scalars. These were 

accunlulated over \-vheat growth period for 2002-03 and 2004-05 over 

'W'heat grids of 0.01°. Evaporative fraction detern"lined through lST­

albedo 20 scatter was used as water scalar. The MODIS AQUA data 

derived inputs used in the n"lodel are LAI, daily lucan air tenlperature, 

noon tin"le LST and albedo. The average daily transnlissivity available 

through lIvID pyranonleter lll.eaSUrenlents were used to cOlllpare daily 

clear sky insolation input to the nlodeL 

5.7.3.1 LAI/ fAPAR estimation 

A COIllll"lOn exponential lllodel, LAI = 0.0568 EXP (6.0183*NDVI), 

'W'as formed between Illeasured LAI and MODIS AQUA 250m NDVI with 

a nun"lber of (n = 20, r = 0.85) n"leaSUrenlents over dominant 'W'heat 

gro'W'ing states in India. This n"lodel was extrapolated to \-vheat growing 

pixels over study region in Kheda district. This produced a RMSE of 0.9 

(25% of n"leasured nlean) \-vith r = 0.75. 

The temporal variation of n"leasured and estinlated LAI over 

nl.eaSUrenlent site over Chalindra and l\.1uktipur \-vas quite nl.atching 

(Figure 5.29) during \-",heat 2005-06. LAI was found to vary between 1.2 -

5 and 2.5 - 5 at Chalindra and Muktipur, respectively. En"lpirical model 

showed relatively higher error in LAI est1n"lation using moderate 

resolution l"v10DIS AQUA 250m NOVI as cOlllpared to estimation 

accuracy with RMSE of 0.689 using fincr resolution (Chaurasia (Pt al., 2006) 

data froll"l IRS LISS III (23.5 ll"l) and AWIFS (50m) at field scale (Chaurasia 

15 I 
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et al., 2007). The rec nt studies shoW"ed th ability of canopy reflectance 

inversion scheme t r duce rrors in LAl stimation using lllO erate 

resolution MODIS T RRA ref1ectances (Houborg e t ai., 2007) and finer 

resolution SPOT VGT reflectanc s (Houborg and Boegh, 2007) data in an 

association of differ nt crops ov r a large agricultural patch. 

Extinction co ffi i nt (kc ) at different groW"th stages of W" eat -were 

comput d from itl siill Dl.easurements on PAR, APAR and LAI over 

-wheat during 2005-06 . This varied betW" en 0 .65 to 0.75. Using stage 

specific Kc an estim ted LAI, r gional fAP AR was generated. This was 

used as input to C SA model for productivity estima . on. 

7 r = 0.73 

6 
RMSE = 0 . 9 (25% Mean) 
MAE = 0.8 

:3 5 
0 

-c 4 
$ 0 
cv 
E 3 
:;:: 
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w 2 
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0 

0 1 2 3 4 5 6 7 
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Fig. 5.27 Validation plot of estimated LA! from ODIS AQUA 250m 

DVI 
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Results and Discussion 

5 .7.3.2 Radiation use efficiency (RUE) 

Th maximum radiation u e effi . ncy (RU max) is onstrained 

thxough water and t mperatur scalars in CASA mod 1. 1n this model, 

evaporative fraction from LS -alb do 2D satter a us d as water scalar 

to constrain RUEmax . In the pre ent study~ UEma was ct d from th.e 

published data on RUE on wheat obtained through s v ral field 

xperim ntations ov r Gujarat. The RUEmruc may vary ith phonological 

d velopm nt. RUEOl.i x used in the study was kept at 2.02 gMJ-1.. 

5.7.3.2.1 Determining temperature scalars 

TIl. twu temp rature scalars are D1.ajor inpu o CASA model. 

These re uire mean (T mean) daily air temp ratures (OC). A linear empirical 

mode] (T mean = 1.4.098 logE (LS mean) - 23.54, r = 0.72) was d v loped 

betw"een daily mean ir tern.perature from measured daily maxim.UID and 

minimum air temp ratur s and LST mean from ODrS AQUA from day 

night data. The mea ured air temperatures from 1.3 different agromet 

observatori s were u ed from an independent year (2003-04) to develop 

the model. 
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111AE = 2.9 

~ 15~------------~----------~------------~----------~ 
15 20 25 35 

Measure daily air temperature rC) 

Fig. 5.29 Pooled validation of mean air temperatur 

]54 



c: -
~ro~ 
o ~o 

co ,..._ 
....... , 

1.0 
ex) 
N 

N 

..­, 

c) 
N 

": 
N 
N 

ro 
..x: 

:::::I 
£ 
"'0 
c: 
ro 

£ 
o 

N 
,....: 
..­, 

N 
C"') 
N 

a 
ex) 
N 

q­
N ..­, 

en 
c) 
N 

~ ..-
N 

..­, 

C"') 

a 
N 

~ 
N 
N 

,..._ 
C"') 
..­, 

co 

,..._ 

co 
ex) 

.... 
ro 
0') 

ro 
c: 
E 
ro -, 

~ 
N 
N 

1.0 ,..._ 
N 

C"') 

C"') 
..­, 

,..._ 
"<i-
N 

..­, 

~ 
a 
N 

co 
N 
N 

a 
.­, 

a 
c) 
N 

1.0 
N 
N 

en 
C"') 
....... , 

ro .... 
ro 

"'0 
o 

"'0 
ro 
> 

a 
en , 

a 
en 

en 
c) 
N 

,..._ 
N ..­, 

~ 
a 
N 

N 
ex) 
N 

en 
c) 
..­, 

N 
c) 
N 

": 
N 
N 

co 
c) 
N 

N 
en , 

a 
en 

en 
c) 
N 

,..._ 
C"') 
..­, 

(5 
"'0 
ro 

.....J 

,..._ 
1.0 ..­, 

1.0 
N 
N 

,..._ 
to 
N 

a 
..-
N 

a 
...t-
N 

N 
..­..­, 

C"') 

a 
N 

N 
..-
N 

en 
..0 ..­, 

1.0 
N 
N 

co 
to 
N 

en 
..0 ..­, 

co 
N 
N 

en 
to 
N 

en 
N ..­

I 

N 
..-
N 

en 
c) 
..­

I 

N 
c) 
N 

,..._ 
N 
N 

C"') 

N ....... 
I 

CD 
c) 
N 

I..t) 

C"') 
N 

N 
..0 ..­

I 

C"') 

to 
N 

-~ 
CI) 
:> 
ro 
Z 

N 
to ..­

I 

~ 
N 
N 

~ ,..._ 
N 

..­, 

C"') 

c) 
N 

co 
N 
N 

co 
co 

co 
c) 
N 

co 
c) 
..­, 

co 
en 

N 
N 

co 
C"') 
..­

I 

E 
ro 
0') 
ro 
3: 
ro 
Z 

r-
c) 
..­, 

c) 
N 

I..t) 

N 
N 

C"') 

c) 
N 

r-
ex) 

I..t) 

c) 
N 

..­
I 

C"') 
N 

'-
:::::I 
a. 
c: 
ro 

£ 
"'0 
ro 

0::: 

N 
C""') 
N 

a 
ex) 
N 

co 
....... 
N 

co 
C""') 
N 

co ,..._ 
..-­, 

I..t) 

ex) 
N 

..... 
N 

co 
...t­
N 

co 
c) 
..­

I 

c) 
N 

I..t) 

N 
N 

1.0 
c) 
N 

N 
C"') 
N 

co 

ro 
£ 
£ o 
c: 
ro 
I-

a 

r-
N 
N 

,..._ 
N 

co 
.,.... 
N 

ro 
£ 
"'0 
c: 
ro 

.s::; 
~ 

IT 
o .._ 

C1.I 
J-o 

.2 
CIl 
J-o 
Co) 

0.. 
E 
C1.I 
~ 



Results and discussion 

The validation plot (Figure 5.29) of nlodel estiInates and 

nleasurements shovvt_·d RMSE 3.1°C (12.7% of nlean) in the cstinlated 

daily nlean air tenlperatures. These errors are little higher than those (1.5 

- 2.5°C) air tenlperatures estilllated using satellite data on diurnal and 

daily scales (Stisen et (i/., 2007). 

The nlonthly nlean air tenlperature was estinlated for 2004-05 for a 

period of rnbi season fronl Novenlber to March using LST MODIS AQUA 

over different stations of Gujarat (table 5.10). The percent nlean deviation 

was in the range of -11.6 to -15.9, - 8.8 to -13.0, - 8.2 to - 11.2, -10.7 to -16.2 

and -15.7 to -20.5 for November, Decenlber, January, February and March, 

respectively. TIle estilllated air tenlperature was underestiInated than the 

observed Olean air telll.perature for all the moths, but they maintain the 

sanle trend for all the Inoths. The Ininimunl percent Olean deviation was 

occurred in the oloth of January and maxinluol \vas in the nloth of March. 

5.7.3.2.2 Evaporative fraction 

TI"'le water scalar used to constrain RUEnl.lx is through regional 

output of evaporative fraction (A). A consistency check of regional wheat 

A fronl eight-day data was nlade by plotting 20 scatters with wheat 

NDVI averaged over 2002-03 and 2004-05 at vegetative, flowering, grain 

filling and n"lalurity (Figure 5.30). The scatters varied fronl triangular 

shape to linearity between vegetative, flowering and grain filling stages. 

Towards maturity, this again tends to becon"'le triangular. Sinlilar 

triangular relations \-""ere also reported by (Wang et al., 2006) and Mallick 

et al., 2007 behveen eslilnated A and NDVI as \vell as n"'leasured A and 

NOVI fron"l data pooled over heterogeneous land cover types and 

fraction. 

Evaporative fraction is nlainly composed of two conlponents, 

canopy and soil. Canopy cODlponent represents transpiration fraction. 
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Results and discussion 

Soil component represents soil evaporation fraction. Transpiration 

fraction is linearly related to leaf area 

(e.g. NDV!, SA VI). 

NDVI 
Vegetative 

DVI 

Grain filling 

v lopment or vegetation indices 

Flowering 

Maturity 

-
Fig. 5.30 Two-dimensional scatter of TERRA-AQUA evaporative fraction 

and NDV! at vegetative, flowering, grain filling and maturity 
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Resu lts atld disclISsiorl 

5.7.4 Valida t ion o f R U E base d yield p redictio n 

et prin1.ary productivity ( PP) of wheat was estimated using 

CASA :lode! for 2002-03 an 2004-05. The actual w-heat yield w-a 

obtained from NPP and average wheat harvest index (0.35) in the region. 

The district average CASA estimat d wheat, yield were found to produce 

RMSE of the ord r of 428 kgha-1 (17.7 % of reported mean) with 

correlation coeffici t (r ) with 0 .90 for data pooled over 2002-03 and 2004-

05. The 1 :1 valida 'on lot is sh w-nin Figul'e 5 .31. 

5000 ... = 0.90 
RMSE = ·t28 kgha-t(17.7% Me~n) 
MAE = 333 k g ha- I • ,-... 4000 .... • 'cu 

.c 
0) 
~ - 3000 -0 
.~ 
>-
-0 2000 ~ _g 
-0 
Q) - 1000 0.... 

0 
0 1000 2000 3000 4000 5000 

Reported Yield (kgha-1 ) 

Fig. 5.31 Validation of RUE based district yield estimates and reported 

yield 
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Results and discllssion 

5.7.4.1. Sensitivity analysis of CASA model 

CASA (Carinege Ames Stanford Approach) n"lodel NPP was put to 

sensitivity test to error associated using satellite based inputs such as LAI, 

albedo, daily mean air tenlperature and LST. The results of sensitivity 

analysis are sunul1arized in Table 5.11. The NPP deviations are directly 

related to LAI an.d albedo errors but the iIl"lpact of errors in daily air 

temperature and LST are just opposite. A 10-20% error in LAI for all 

classes can cause deviations in NPP to the order of 8-16%. Present LAI 

astinl.ation produced about 25% error that can lead to NPP error of 

maxinlunl 15%. The surface albedo error of 0.01 - 0.03 can produce NPP 

deviations of ± 1 - 7% for 0.1 - 0.2 albedo class and ±57 to -15% for 0.2 -

0.3 albedo class. The effect was substantial for error in daily mean air 

tenl.perature which can cause tha NPP deviation between -6 to -23 % for 

error I-3°C in 20-30°C and -47 to 57% for the SaIl"le error in 30-40°C range. 

In Gujarat, the daily luean air tenlperature is generally restricted to 20-

30°C during wheat growing season. Therefore, a nlaxinlUll"l of -6 to -23% 

NPP deviation are expected for I-3°C error in daily air teIllperature. A 1-

3°C error in noontin"lc LST can lead to NPP deviations -12 to 12%, -22 to 

22% and -87 to 87% for LST classes 10-20°C, 20-30°C and 30-40°C, 

respectively. LST over wheat rarely crosses 30°C in Gujarat. Moreover, 

RMSE of MODIS LST \vas found to be ± 1.5 C (Wan e/ al., 2004). 

Given the errors in satellite based inputs to CASA model, the 

estimated error in wheat NPP could be between 10-12% that could have 

propagated SaIl"le level of error to predict yield. Rest 4-5% error in yield 

prediction through CASA Ill-odel could be attributed to uncertainty 

associated with misclassification of wheat using 250nl t\10DIS data. 
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Table: 5.11 Sensitivity analysis CASA model NPP to different satellite 

derivable input paran"lcters 

Variable Class Errors % Deviation in Net PriIllary 
Productivity (NPP) 

1-2 ± 10 - 20 % ±8.5 - 16 
LAI 2-3 ± 10 - 20 % ± 7 -15 

3-4 ± 10 - 20 % ± 6 -13 
Albedo 0.1-0.2 ± 0.01- 0.03 ±1-7 

0.2-0.3 ± 0.01- 0.03 56 to -15 
Noon tin"le 10-20 [) C ±1-3 - 12 to 12 

LST 20-30 () C ±1-3 - 22 to 22 
30-40 0 C ±1-3 - 87 to 87 

Air 10-20 0 C ±1-3 ± 8 to 23 
Ten"lperature 20-30 0 C ±1-3 -1 to - 2.3 

30-40 0 C ± 1 - 3 - 47 to 57 

5.7.4.2 District wise Yield prediction 

The district \\' ise ""heat yield predicted using rn'o approaches 

showed variations with reported yield in both the approaches (Table 

5.12). The percent deviation in yield by \,yUE and RUE approach was 

ranged between -24.95 to 23.15 and 2.91 to 33.25, respectively. The 

n"laxin"lum percent deviation was found in WUE approach at Mehsana 

(- 33.25) but '\vith minin"lun"l deviation by RUE approach 9.79 % for san"le 

district. The minimunl percent deviation in yield prediction was occurred 

at Dahod, Gandhinagar, Rajkot for WUE approach while by RUE 

approach Ahenledabad, Janulagar, and Mehsana districts. The RUE 

approach overestinlated the wheat yield but in WUE expect Amreli, 

]anU"'lagar, Mehsana, sabarkantha and Vadodara rest of districts found to 

be overestimated. 
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Table 5.12 District \visc yield (2004-05) prediction using rn'o approaches 

District Reported WUE % RUE % 
yield yield deviation yield deviation 

(kgha- 1) (kgha- 1) (kgha- 1' 

AHMEDABAD 1754 2160 23_15 1805 2.91 
AMRELI 1 3188 2550 -20_01 4248 33.25 
ANAND I 1885 2310 22.55 2321 23.13 
DAHOD 1984 2090 5.34 2284 15.12 
GANDI-IINAGAR 2977 3180 6.82 3288 10.45 
JAMNAGAR 3196 2770 -13.33 3322 3.94 

JUNAGARH 3579 4310 20.42 4727 32.08 
KHEDA 2610 2950 13.03 2953 13.14 
MEHSANA 2665 2000 -24.95 2926 9.79 
RA]KOT 3547 3610 1.78 4021 13.36 
SABARKANTHA 2370 2250 -5.06 2797 18.02 
VADODARA 2250 2010 -10.67 2564 13.96 

5.8 Comparison of regional wheat yield distribution from both 

approaches 

Two yield prediction / estilnation approaches \vere used in the 

present study. ll"le RUE based NPP approach (CASA) sho\ved little better 

accuracy in district \vheat yield (17.7 % of reported nlean) than WUE 

based approach (18 <:'0 of reported yield). Moreover, the latter requires 

historical data to calibrate seasonal water con..C)umptive use. But the 

former requires no pre-calibration. Errors are associated with input 

paran"leters such as LST, albedo, air ten"lperature and LA!. The 

in"lprovement in the satellite del·ived input paran"leters nlay lead to better 

NPP estin"lation as \·vell as yield. The distributions of wheat yield fron"l 

both the approaches over selected districts in Gujarat for a comn"lon year 

(2004-05) are shown in Figure 5.32. Spatial pattern of yield are quite 

sintiIar. There \",ere also sinlilarity in low (0 - 2000 kgha-1), nledium 
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(2001 - 4000 kgha-1) and high (> 4000 kgha-1) yield regions from both the 

approaches. 

The present yield prediction approaches showed relatively better 

district yield estimates with accuracies nlore than conventional spectral 

yield nl.odels using single nl.ulti-date NOVI (Quarmy et al.~ 1993) or 

vegetation condition index (Vel) (I-Iayes and Oecker~ 1996) with coarser 

resolution RS data. These statistical nl.odels could explain only upto 55% 

yield variability. Recently cOlll.bination of land surface temperature (LST), 

NOVI and soil Dloisture fronl coarser resolution data (~ 8 km) were used 

to develop statistical 1110dels to predict lOW A state wheat and soya bean 

yield (Prasad et al.~ 2006). These yielded to little higher prediction 

accuracy than VI based mode Is. 

Accuracies frolll present lll.odel are conl.parable to accuracies of 

district yield obtained through LAI forcing to WTGROWS crop 

sirrtulation model to siIllulate district wheat yield of Haryana state (Sehgal 

et al., 2002). Real tinl.e yield forecast assessnlent for wheat 

(Nain et al.~ 2003), district- level forecast for Nainital (Nain et al.~ 2000) 

and state level wheat yield for Uttar Pradesh (Nain et al., 2002) have been 

demonstrated using nlulti-crop sinlulation franl.ework available in OSSAT 

(Nain el al., 2003). The full season is required to sinl.ulate crop yield. 

Moreover, its spatial implenl.entation requires lot of soil, weather 

variables as \vell as cultivar specific genetic coefficient to be generated on 

spatial scale or zone \vise. 

Present approaches estinlate surface as well as process variables to 

predict yield without any dependence on anCillary ground based inputs. 

TIlerefore these are easy to iDlplell"lent for real tinl.e yield assessment. The 

NPP based approach is 1110re robust specially for wheat season because it 

incorporates effect of both water and tenlperature scalars. But the WUE 

based approach considers only water stress. 
162 



Results and discussion 

.. . 

h ana 

WUE 

eh ana 

RUE (b) a 

~I---

- 2000 (Lo~ ) 2 - 40 0 edium) bo e 400 kg/ha igb) 

Kg ha-J 

163 



Result and discussion 

WUE 

·ndhinagar 

RUE 

~ --. 

o - 2000 (Low) 20001- 4000 edium) bove 4001 kglha (High) 

164 



• 

WUE 

(e) Anand 

o - 2000 (Low) 

RUE 

20001 - 4000 (Medium) 

Kg ha-I 

]65 

Results and discl/Ssi,on 

(f) Juoagadh 

Above 4001 kg/ha (High) 



(g) Ahmedabad 

WUE 

(g) hrnccJabatJ 

o - 2000 (Low) 

RUE 

~ -- .. -~, 
,~.n~:J:.! 1 -: I 

20001 - 4000 (Medium) 

Kg ha-1 

Results and discussio11 

(b) Kbeda 

Abo e 4001 kg/ba (High) 
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(a) WUE based (b) RUE based approach 

166 



.: " 

I .... 

S RY 
AND 

CONCLUSIONS 
" r'{ 

. II 
/1.' \ (! I 
~,1 ,/ 

-Wr~~ 



VI. SUMMARY AND CONCLUSION 

Wheat is iIllportant staple food, widely grown in Gujarat having 

an area of 0.47 l11.illion hectares, with average production of 2435 kgha-1. 

Tinlel~" prediction of vvheat yield help gro'\ver, planners and governnlent 

to Illaintain continuolls flows of grain out of several factors governing 

yield of the crop \vater supply and weather condition are major one. 

The soil Illoisture status is indicator of evaporation from earUl surface 

evaporation is physical factor govemed by incident energy and llie 

transfer processes. The present day nlethods available to predict yield 

and radiant energy is tinle consunling and costly. The use of remote 

sensing data in estimation of evapotranspiration and energy balance 

conlponent are of inlIllense useful, because it can give for Ule larger area. 

The present study focus on energy balance budget estinlation in wheat 

crop over senli-arid agro-ecosystenl using optical and U,ermal data from 

satellite platfornl during the year 2005-06 and 2006-07 willi objectives of 

I. To evaluate key energy balance cOIllponents, estinlated using 

polar orbiting satellite optical and therrnal data. 

2. Ground validation of satellite based energy budget estimates 

3. lntercoillparision of two remote senSing based wheat yield 

prediction approaches for donlinant wheat districts of Gujarat 

and their valida tion. 

A satellite based single source energy balance algorithm was used 

with wIODIS TERRA, AQUA optical and thermal data to estiInate 

different energy balance conlponents and latent heat flux as a residual 

over \"'heat crop. 

In the first phase of study, validation of energy balance estimates 

was carried out using ill situ attended observations as well as area 

averaged unattended observations within a Sknl x Sknl wheat growing 
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region of Kheda district in Gujarat. This validation experinl.ent was 

carried out for hvo cunsecutive '\-",heat seasons, 2005-06 and 2006-07. 

In the second phase of the study, tinle series regional 

evapotranspiration (ET) ,vas estiI"nated between November to March at 

every eight-day for past three rabi seasons: 2002-03, 2003-04 and 2004-

OS, using l'vIODIS tilne conlposited reflectances and land surface 

ternperatures (LST). Regional wheat yield was predicted using tune 

series ET and associated spatially derived variables using two different 

approaches over dOlll_inant wheat growing districts of Gujarat. Predicted 

vield \Vas validated using reported district average yield using 

independent datasets. 

The lueasured clear sky instantaneous insolation at MODIS 

TERRA and AQUA shows substantial day-to-day fluctuations from 400-

600 Wn1.-2
• The atn"lospheric transntissivity varied between 0.7-0.8. The 

variation of ratio of nleasured hourly to day tin"le average net radiation 

at different wheat gro\Ving stages were front 0.9 - 1.1 in 2005 - 06 and 

1.27 - 1.87 in 2006 - 07 fronl. vegetative to physiological maturity. The 

seasonal variation is attributed to variability in prevailing soil and 

canopy conditions. The evaporative fraction at different hours computed 

as a ratio of latent heat flux (LE) and net available computed froll"l. 

Illcasured net available energy (Rn - G). Latent heat flux were computed 

froll"l. ll"leasurcd net available energy and Bowen ratio. The ratio of 

hourly evaporative fraction to daytinle average for both the seasons 

remain below 1.0 at most of the hour. However it varies froul stage of 

crop. The ten"lporal variation of MODIS based albedo {ronl TERRA and 

AQU/\. during ,"vheat growing period varied front 0.20 - 0.32 in 2005-06 

and 0.15 - 0.35 in 2006-07. The NDVI was found to vary between 0.2 _ 

0.65 over ,,,,heat crop. 

Average Rn varied beh.veen 349 - 514 Wm-2 in 2005-06 and from 

312 - 439 Wn,-2 in 2006-07. It ''''as found lowest in vegetative stage and 

increased towards maturity. The AEjRn ratio was found to be 
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su bstantially higher during vegetative to flowering stage between 63 _ 

77% in 2005-06 and 74-77% in 2006-07 as con .. pared to relatively low 

ratios between 52-59.6% and 48-64%, respectively in grain filling to 

physiological maturity. 

The estin .. ates of two energy budget con .. ponents, net radiation 

(Rn) and latent heat flux (.\E) were compared with in situ measuren .. ents 

at Muktipur, Chalindra and Nawagan ... The daytime Rn estin .. ates fron .. 

TERRA shu\-ved 16-22 Wn .. -2 bias, 41-71 Wm-2 MAE and 50-76 Wm-2 

RrvlSE with 'r' varying between 0.47 - 0.67. The RMSE for pooled 

estin .. ates with t"'-'"o year TERRA datasets was 67 Wm-2. The bias, MAE 

and RMSE for daytin .. e Rn estimates from AQUA were found to be 8-15 

Wm-2
, 31-44 Wnr2 and 28-49 Wnr2 , respectively with 'r' varying between 

0.85 - 0.92. The RMSE over AQUA pooled estimates was 40 Wm-2 • The 

error of instantaneous net radiation at TERRA overpasses were less than 

those at AQUA. 

The instantaneous AE estin .. ates from TERRA and AQUA data 

and daytin .. e estin-,ates fron.. then.. were compared with ill situ AE 

available as a residual from Bowen ratio energy balance measurements. 

The results indicated that error in pooled AQUA estiInates are low 13 % 

\vith r = 0.76. 

Sensible heat flux from large aperture scintillometer (LAS) 

reduced RMSE to 9% with increased correlation coefficient of 0.97 for 

TERRA and AQUA indicating that moderate satellite base hE estimates 

at nl.oderate resolution could have less error when area averaged heat 

flux nl.easuren-,ents are used for.\E validation. 

The histogran .. s were developed for energy balance COlll.pOnent 

(Rn, G, A and AE ) for Gujarat using three consecutive rabi seasons, 

2002-03, 2003-04 and 2004-05 generated using MODIS AQUA eight day 

conl.posites on seven band reflectances and LST. These were substantial 

differences in nl.ean, standard deviation (SD), histogranl. peak and range 

of Rn during different phenological stages of crop. These have 
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fron"'l November (390 450 Wm-2) to 

A gradual decrease in mean H/Rn from 50 to 44 % was found 

fronl end of Noven"'lber to 1 st week of March. A well distributed regional 

pattern in itE/ Rn was en"'lerged out fron"'l the histograrTIs in November 

and January. The distribution is restricted to lower AE/ Rn range (8 - 50 

%) in Novenlber as conlpared to higher range (15 - 60%) in January. In 

MarchI lnajority of the pixels showed 10-35% AE/ Rn ratio corresponding 

to physiological n"1.aturity. The regional distribution of energy partioning 

ra lios shovved logical variation in accordance with phenological 

developnlent during rabi growing period over Gujarat. Similar pattern 

was also found for G/ Rn. The pattem of distribution January (7 -20 %) 

to March (19-25%). 

The hierarchical decision rules was applied to MODIS AQUA 

250n"1. NOVI data by conSidering eight-day composite NDVI for the 

period 1 Novernber to 16 March for the year 2002-03 to 2004-5 to 

generate wheat mask of Gujarat. District mask was generated first and 

regional ITIask was subsequently generated fron"1. district mask. The 

wheat growing districts were only selected. The general criteria for 

separating different land cover types adopted as per Das et aT (2007). 

The regional wheat nlasks were utilized to accun"'lulate 

evapotraspiration (ET) to produce regional consunlptive water use for 

2002-03, 2003-04 and 2004-05. The regional outputs of energy budget 

con"1.ponents and net radiation partitioning ratios, generated at 0.010 grid 

using MODIS AQUA data. These were extracted over wheat grid 

corresponding to ill situ n"'leasuren"'lent sites for every eight-day. The 

eight-day noontin"'le AE and H were found to vary between 80 - 300 Wm-

2 and 180 - 280 \"'nr2, respectively. 

The eight day "daily ET was computed fron"'l estiInates of daytime 

latent heat fluxes fron"'l MODIS AQUA eight-day, for entire growing 

period. There were gradual increases in consun"1.ptive water use (CWU) 
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from vegetative (60 n:l.ul_) to grain. filling (100 uln"\) stages. The total 

consurnptive use of water varied fron"l district to district. It ranges from 

114 mn"l in Mehsana to 291 Innl in Anand. The districts having high 

consl.llnptive water use do not have higher wheat yield. The districts 

have longer period lo'\v thern"lal regin"le had a high yield. 

The district level yield was predicted by using seasonal 

COI"lSUI1l.ptive ""'ater use effiCiency. The MODIS AQUA derived eight day 

ET were accunnllated for the wheat growth period between emergence 

to physiological Inaturity for rnbi 2002-03, 2003-04 and 2004-05 using 

district crop calendar. The I1"lean WUE varied from 6.1 to 23.2 kgha-mnr 

I. The 'VUE varied between 19.95 - 74.56 kgha-nl.n,-l.l 16.46-84.37 kgha­

mnl- I and 8.05-39.17 kgha-nl.Ul-l, in vegetative, flowering and grain 

filling, stages respectively. 

The correlation between reported and predicted yield W'as 0.87 

with RMSE 441 kgha- 1 (18% of nl.ean). The accuracy of this method is 

better than NDVI or any other VI based empirical yield prediction 

n"lodels. 

A radiation use efficiency (RUE) based net prin"lary production 

(NPP) n"lodel (CASA) W'as used to con"lpute total above ground biomass 

at 0.010 grid over wheat crop and converted to wheat yield. The eight­

day NPP "Was detern"l_ined fron1 daily clear sky insolation for aU three 

years. The LAI and fAPAR were estiulated using exponential n"lodel. 

This rnodel was extrapolated to wheat groW'ing pixels over study region. 

This produced a RMSE of 0.9 (25% of nl.easured n1.ean) with r = 0.75. 

The n"leasured and estinlated LAI at Chalindra and Muktipur \-vas 

nlatching and found to vary between 1.2 - 5. the regional wheat LAI out 

put for Inajor gro\.vth stages over wheat groW'ing district indicated Ulat 

large differences in LAI distribution '\vas found. This was used as input 

for CASA Illodel for productivity estin1.ation. The ten1.perature is a input 

in CASA. The en1pirical Il.10del behveen daily n"lean air ten1.peratures 

rneasured in observatories and LST from 1VIODIS AQUA W'as developed. 
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It is of the form (T mean = 14.098 logE (LST mL'an) - 23.54, r = 0.72). The 

n-leasured and estin"lated temperature showed RMSE of 3.1°C (12.7% of 

rnean) in the estin"lated mean air ten1.peratures. 

The Net prin"lary productivity (NPP) of wheat was estimated 

using CASA. The actual wheat yield was obtained from NPP and 

average wheat harvest index 0.35. The district average CASA estiInated 

"'heat, yield "'ere found to produce RMSE of the order of 428 kgha·1 

(17.7 % of reported luean) with correlation coefficient (r) with 0.90 for 

da ta pooled over 2002-03 and 2004-05. 

The specific conclusions emerged out from the findings of the 

study are l1.1entioned below. 

• An approach for estimating regional scale clear sky 

evapotranspiration from single source surface energy balance 

using MODIS TERRA (n"lorning overpass) and AQUA (noon 

overpass) reflectances and the LST was implemented over a 

seu1.i-arid agro ecosystem in Gujarat. This requires no ground 

based data support. 

• Validation of two n1.ajor energy balance components, net 

radiation (Rn) and latent heat flux (hE) over Chalindra, Muktipur 

and Nawagan"l showed that AQUA based estimates produced 

better accuracy than TERRA estiInates on daily scale when 

con"lpared to portable Bowen ratio energy balance 

U"leasuren"lents. The daytin"le estimates of Rn and hE from AQUA 

produced RMSE of 40 Wnr2 (12 % of n"leasured mean) and 

28 Wllr2 (13 % of n"leasured n1.ean). The errors are comparable 

with the errors obtained through other global experiments. 

- Accuracy of MODIS based hE estin1.ates was improved (9 % of 

rneasured n1.ean) when con1.pared with ill situ measurements 

with liu1.ited area averaged sensible heat fluxes from Large 
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Aperture ScantiIlOll'leter (LAS). The correlation coefficient 

betvveen estill'lates and measuren'lents \-Vas also inlproved (r = 

0.97). 

• Regional distribution of energy balance components and Rn 

partitioning ratios over agricultural land use in Gujarat for tIlree 

,'ubi (2002-03, 2003-04 and 2004-05) years were analyzed. This 

sho"\-ved a logical spatia-temporal variation along willi overall 

phenological development in rabi seasons. 

• Generation of regional mask was atten'lpted using multi­

tenlporaI eight-day MODIS AQUA 250m NOVI data using 

hierarchical decision tree rules by considering characteristic 

profiles of different crops, Twelve districts were only selected for 

this purpose based on the wheat area proportion of rabi net sown 

area, 

• District wise average consufllptive water use (CWU) were 

con"lputed fronl MODIS AQUA lkm eight-day data. Deviations 

in district wheat consun1.ptive water use (CWU) from n1..ean were 

found to have good correlation (r = 0.74) with reported district 

yield deviations. However, a larger nunlber of years need to be 

considered to arrive a t good predictive yield deviation model. 

• Two \-"heat yield prediction approaches based on WUE and RUE 

were tested at regional scale. The forn'ler requires pre calibration 

but the latter does not require any calibration. 

• RUE approach through CASA model was found to produce 

better yield prediction accuracy (RMSE 17.7 % of reported luean) 

as conlpared to the RMSE (18 % of reported mean) from WUE 

approach. Moreover, tl'1.e correlation coefficient behveen 
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predicted and reported district yield was also found to be higher 

(r = 0.90) in RUE based approach than the other one (r = 0.80). 

• CASA Hlodel uses both ""ater an.d ten1.perature scalars to derive 

bioInass in ternlS of prinl.ary productivity. On the other hand 

WUE approach uses only ""ater scalars. These differences are 

prinl.arily responsible for making RUE approach superior than 

the other one. 

• Regional variability of ""heat yield for low, mediun1. and high 

yield classes were capture from both the approaches. MajOrity of 

the wheat (0.01 0
) grids showed quite sintilar spatial pattern in 

these three n"lajor yield levels. 

• Sensitivity analysis of basic input to CASA NPP showed the 

estinl.ated error in wheat NPP could be be~een 10-12%. This 

could have propagated san1.e level of error to predict yield. Rest 

4-5% error in yield prediction through CASA n1.odel could be 

attributed to uncertainty associated with n1.isclassification of 

wheat using 250n1. MODIS data. 

• A satellite based single source surface energy balance and 

evapotranspiration schen1.e has been successfully implemented 

and validated for the first tiu1.e over semi-arid wheat growing 

conditions in India and Gujarat in particular. 

• This is the first tin1.e in India, that area integrated heat flux 

n1.easuring equipment (LAS) was operational. It was proved that 

accuracy of satellite based estimates in1.prove ""ith the use of area 

averaged da ta from such nl.easurements. 

• The satellite based processing scheme does not require any 

ground da ta support. 
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• Efficiency based n1.odels can provide wheat yield prediction 

accuracies con1.parable with RS forced process ll1.odels but the 

forn1.er is ll1.0re robust, easy to handle for operational 

in1.plernentation. 

• An1.ong the different inputs to the productivity model accuracy 

of in1.proven1.cnt in LAI retrieval through canopy reflectance 

inversion model is need of the hour rather than using VI based 

crop location specific regression models. 

SUGGESTIONS FOR FUTURE WORK 

.:. Fine tuning of evapotranspiration needs to be attempted using 

two-source energy balance formulation where soil evaporation 

and canopy transpiration can be estimated separately . 

• :. ET in cloudy sky cases need to be addressed in future using 

cloudy sky net radiation and ET fraction through previous clear 

sky soil moisture availability . 

• :. The hourly estimation of evapotranspiration from Geostationary 

satellite through energy balance approach should be attempted. 
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