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ABSTRACT. Soil-Plant-Atmosphere-Water (SPAW) model has been applied to simulate soil-moisture

profiles for wheat in Delhi.

Prescribed information on wheat growth characteristics and soils alongwith daily

meteorological data on evaporation and rainfall were used to estimare soil-moisture at a location in Delhi for 11
years. Soil moisture simulations from model runs of consecutive crop seasons from 1979-80 to 1989-9C were in
favourable agreement with the gravimetrically measured observed data. Comparisons were also made for the

model generated ;
different layers ranged

evapotranspiration values. Correlations between observed and simulated soil-moisture in the
from 0.7 to 0.85 for the |I-year period. Similarly, integrated column moisture amounts

during diffe-ent stages of the crop also showed significant correlations ranging from 0.4 to 0.8, The model ex-

hibits a tendency to systematically over estimate soil-moisture during the final stages of croE_
model artifacts and observational inadeguacies. However, the overall abil
changes in coil-moisture for actively growing wheat crop in Indian conditions, underlines

imperfections in input,
to reproduce observed
its utility.

possibly due to
ity of the mode!
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1. Introduction

Knowledge of the soil moisture profil> dynamics during
the crop life-sp< " enzbles optimal utilization of avzilable
water resources. However, monitoring this parameter on
a real time basis is not always possible, necessitating the
adoption of soil moisture estimation tcchniques based on
readily available meteorological data. Modelling tech-
niques developed in recent years have been extensively
applied for this purpose (Baicr & Robertson1966, Ritchie
1972, Saxton & Bluhm 1982 and Ritchie 1985). These
techniques 2dopt 2 holistic approach and comprehen-
sively integrate the dynamics of sub-processes to provide
clearer understanding of the underlying biophysical
mechanisms, which makes them suitable for a broad
range of applications.

Some models may be theoretically superior due to
their detailed procedures, but have limited operational
utility due to intensive input needs. The SPAW model

TAfliation : Meteorological Office, New Delhi.
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developed by Saxton (1980), providesa suitable compro-
mise between the level of details and inputs required
thus making it ideal for field applicability. It has been
widely applied to various crops like corn, soybzans,
bromegrass, wheat and sorghum (Sudar er al. 1981,
Saxton er al. 1974, Saxton 1983 and Omer er al. 1988)
for estimating soil moisture, predicting yields and other
crop management aspects. The model has also been
successfully used in a tropical, semi-arid region (Omer
et al. 1988).

The main objective of the study was to calibrate the
model for wheat crop using data available for sandy loam
soils of Delhi and to evaluate its capability to simulate
soil moisture profile and daily evapotranspiration. This
objective was expected to satisfy our broader aim to
examine the performance of the model with generalized
input information,
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Fig. 1, Schematic representirion of the Seil-Plant Atmosphere.

Wa

t

2. Maodel

The SPAW model was chossn brcause of its mlativ-ly
simple, physically brsed technique which reorporatss
sufficient degice of deteil with minime | voquicr-ments of
daily inputs consisting ol rouilt’ ly meesuird met-oro-
logicel data. Tt has been described by Sexton (1989)
as a predictive procedurs for the daily sccountir: o)
soil water within soll lzyers which is gov-ir=d by ih-
major effcets of wrathey, plents o pd soll. Th-
soil moisiure stetus at dey-ons o the crop sczson s
forced in the model by procipitei on 2nd  2tmosph-ic
evaporztive demand thiough the plantsoll syst~m.

itizlized

Potential cvepotianspii: tion (PET) fix-d o5 o uppev
boundary of crergy eve lebl- for wetsi loss s port Contd,
using the psreent ground shad'ng, nto so:l - vaporeiion
and plant trarspiretion.  Actuzl sveporation end trans-
piration are determined teking into considecation the
aveilability o soll moistur> and agglomerii=s ol voots
which can actively extract water [rom diffsrnt lay=s,
of the soil column. A fixad 2mount o wei-r is ipt=p-
cepted by the canopy end the so'l surizes and 15 2llaw-d
to cvaporate without 2ny ¢esistences ot a poteniizl rat»
as Interception-cvepoiat.on.  From thse veluy ih-
actuzl ET is then computed.  Subs: qu~nily. th~ mod-!
carries out 2 budg=t czlculztion ol npui-output vom-
ponents [0‘ estimate  layerwist o l-mo stuis staius.
Free water input at the soil surizes through vaniall or
irrigation is reduced by runoff amounts (compui=d by
SCS-CN mrthod) b=for> bzing allowsd 1o infiltyat
After augmenting the soil moistu® stetus ol roch laysr
excess infiltrated water is lost as deep percolziion. Luyei-
wise soil moisture status. thus calculatad. is redisicibuted

gr modsl (Soneee

Saxton, 19850y

using 2 simplified Daicy’s cquation for  water flow in
seturziod cond vons to arrive 2t final soil moisture levols.
Dowells low dizgeem is given in Fig. 1.

Du> Lo its on-d'm=nsional approximation the model
cssums horizonizlly homogeneous condition and neg'e ots
lriciel uxes of moistue . To simplify the roprasentation
o nfilirevon, It s 2ssumed to b: insiantapeous, Para-
moUesed woter exteaction patterns, 2lthough varying
»esorally ars pot influ-ned by watz: stivss. Diuraal
Auctuzitons 2 2lso not considerad.

3. Data set

The mod~l r2quires grn=elized informatior o1 crop
and w0l choracters ics 2nd specific information of
wozthor during ~ach d2y of the crop s2aso1, The input
datz sot prricins o th® v2scarch Tarms of Indian Aar -
culiuse! Ressarch Insttute (IARI), New D:'hi, =

3. 1. Crop parameters

Crop chepacteristics during the different phanophasas
huv to b spoeificd Joi s2tiing th> mod=+l to a particular
crop.  Data on ciop canopy (soil shading pareantag-),
crop phonology : dsscribing canopy’s ability to trans-
P susceopitbility cusvas ioprasenting water stress effocts
on growthend phenology, plant water extraction pattesn
by root distributi:on valu=s throughou. the soil profilz at
Jbeind time intervals end plants” ability to extract soil
mosturs cie cequired as general inputs.  The water
upizks by roots is pzremeterized in the model by
spreiiving @ water abstrection pattern (Table 1), Since
the e>distiibution of the soil moisture in the profile is
done using Darcy’s equation, boundary conditions are
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TABLE 1

Distribution of water extraction from the soil layers (representing water uptake by roots)

Day after sowing
i S—

—— e ———————,

Depth of soil o 10 20 30 40 50 60 70 80 90 100 110 120
layer ) ) .
(em) (Extraction 73)
0-2.5 0 0 0 0 0 0 0 0 0 0 0 0 0
(Evaporalive
layer)
2.5.15 95 90 80 70 62 56 50 45 45 45 45 45 45
15-30 4 8 10 14 18 20 20 2 22 22 22 22 22
30-45 1 2 6 11 13 15 16 17 15 15 15 15 15
45.60 0 0 4 5 7 8 11 10 10 9 9 9 9
60-90 0 0 0 0 0 | 2 3 3 4 4 4 4
90.120 0 0 0 0 0 0 1 2 3 3 3 3 3
120-150 0 0 0 0 0 0 0 1 2 2 2 2 2
150-195 0 0 0 0 0 0 0 0 0 0 0 0 0
(Tmage layer)
TABLE 2
Textural and moisture characteristics of soil  layers
%/ Moisture )
(volumetric at) ) e ————
Layer Depth ,—— ——A—v—— Saad Silt Clay Bulk L -
(¢cm)  Satu- Field Wilting % %% %  densily 7
ration capacity point Ly /
o025 L /
2 2.5-15 41.0 18.9 7.6 74 10 16 1.56 ik
3 15.30 41.0 16,0 7.3 74 10 16 1.57 L //
4 30.45 43.0 17.2 86 73 11 16 1.52 : .
; e 3.0 360 6 % 1l 17 1.32 . / Achive trgnspirmg
6 50.90 43.0 19.5 9.5 72 12 18 1.52 s T / i .
overin utface —
7 90120 42.0 27.2 142 68 12 20 1.55 i o / s
8 120-150 42.0 25.2 13.2 68 12 20 1.54 L‘ e
5 -~ A L L
9% 150.195 42.0 252 13.2 68 12 20 1.54 e 2w e we me e

*The first one is “evaporative layer” & the ninth one is ‘‘image
layer” Hoth without roots. Second through eighth are referred in the
sequel as “real layers.”

requited to be specified which is done by providing an
upper “‘evaporative” layer and a lower most “image”’
layer in the model profile. The “evaporative™ layer
is a very thin layer which offers no resistance to evapora-
tion and dries out quickly similar to a stage 1 soil water
evaporative process. The “image” layer functions as a
reservoir controlling deep percolation or upward flow of
water, back to the active profile. Only when the field
capacity of the image layer is exceeded, water is lost as
deep percolation from the model profile. Similarly, if
the penultimate layer becomes drier than the image
layer, water is taken up from it.

Curves for crop canopy and transpirability (Fig. 2)
and stress susceptibility were composited based on data
collected at IARI on wheat varieties (Sonalika, HD-
2009 and HD-2285) and from published studies
(Gajri & Prihar 1985 and Doorenbose & Pruitt 1977).
These data were also supplimented by regular obser-
vations made on the wheat crop at the evapotranspira-
tion station of the India Meteorological Department

Days after sewwmg

Fig. 2. Canopy and transpirability (non-stressed)y curves

located at the Water Technology Centre, IARI,
New Delhi. Each model run also requires (WTC) data
on sowing and harvesting for the concerned crop season.

3.2. Soil parameter

Keeping in view the rooting pattern of wheat and soil
profile characteristics, a soil column of 195 cm depth
was assumed for the study. This was divided into nine
unequal layers for which textural details and moisture
constants are listed in Table 2, Textural information on
each layer was used to define moisture-tension and con-
ductivity properties based on moisture characteristics
curves (Kalra 1986). Observed values of soil-moisture
obtained from WTC, TARI, New Delhi were used to
initialize the model. Additionally, for soil moisture
redistribution calculations control values of maximum
pressure change (cm) allowed per time step and, maxi-
mum and minimum time step (hrs) were also fixed.

The daily estimates of runoff were made by a modified
version of the Soil Conservation Service (SCS) Curve
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Frg. 3 Layerwise observed and simulated soil moisture under wheat at Delhi

Number (CN) method. Based on a series of curves. the
method estimates the amount of daily precipitation which
is lost as runofl.  The curve numbers are selected from
tabulated CN values for soil-crop combinations and
antecedent soil moisture conditions. As crop canopy
and moisture are dynamic variables computed in the
SPAW model. their estimates are used instead of con-
ventional average annual values.

3.3

Meteorological paranicters

Daily rainfall and pan evaporation data for 11
wheat crop seasons (1979-80 to 1988-89)recorded at IARI,
New Delhi observatory were used to run the model.
Monthly values of pan-coefficients as given by Arora er
al. (1988), Chakravarty and Sastry (1984) were used.
Input data on irrigation type. date and amount were
obtained from WTC, IARI. New Delhi.

4. Soil moisture profiles : Observed and simulated

Simulated soil-moisture values are compared with
gravimetrically observed data (weekly) for four levels.
Fig. 3 shows daily. layerwise soil-moisture distribu-
tion for different years alongwith observed values at
discrete points. Output from the eleven runs were used
to make comparisons at more than 150 points for each
layer. The agreement betwecn simulated and measured
soil moisture content is good from germination through
reproductive phase. But as the Crop enters senescence,
the model tends to overestimate the soil moisture. This
could be attributed to reduction in actual evapolirans-
piration rate during this phase.  This data was su bjected

Lo statistical analysis, results of which indicate reasonably
good agreement between the observed and simulated
values. The scatter plots for each layer (Fig. 4), corre-
lations and Root Mean Square Errors (RMSE) (Table
3) illustrate the performance of the model. Deeper soil
layers exhibit better agreement between simulated and
measured soil moisture content as compared to upper
layers of the profile. However, in general, the compari-
sons with | =1 line shows the model’s tendency to over-
estimate.

Fora more comprehensive analysis of the performance
ol the model for estimating soil moisture, a comparison
of observed and simulated values between irrigations
events were made. Observed volumetric soil moisture
content, integrated up to 60 cm depth, in between irri-
gations and different phenophases (based on days after
sowing) were compared with the model estimated values
for the same dates. Correlation coefficients and RMSEs
obtained are presented in Table 4. It is apparent from
this analysis that the model performance, based on
correlation coefficients, is better during the periods,
between 2nd- 3rd and 3rd-4th irrigations. Similarly,
rom phenological point of view the correlations between
observed and simulated soil moisture values are higher
during vegetative/reproductive and ripening phases of
the crop. However, during these periods the standard
errors are comparatively higher than those during
initial ‘between Ist & 2nd 1rrigation period. This may be
due to systematic errors arising from deficiency in runoff
estimation in the model. This is also supported by
the lower intercept values during the later phases.

L
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Fig. 4. Scatter plots of observed and simulated soil moisture for different layers based on ten years data set

™1

{
3
!
T\#
<.
/

-
11
¥
-~
=,
P -
'
-

~ A M
e e VA2
. »-\J'ﬂLw o
= AN 1 R '—Vf‘ f

[

3

- ar

[

g |

[ A

a SR | ¥

i | e L PP [l 2 U

£ t = v/ o P ¥ ‘fl‘

i 2 e AT gl » —
e } B LA -x."/ v P
¢ oL

[AR1-]

<

1987

—r—r—Tr

!"--lL.‘L‘;-"."‘\. r\/‘\f"‘v“)m’

a
—

—_—

pALe

B " s

Dec Jan Feb

Fig. 5. Plots of observed and simulated AET for five'years

Keeping in view the 'limited input -data "set and the
degree of complexity of the model the results are
considered satisfactory.

5. Actual evapotranspiration : Observed and simulated

Daily integration of water losses through evaporation
and transpiration from the system gives the actual
evapotranspiration  amounts  which is another
output parameter available for comparisons. This
parameter was compared with lysimetrically measured
evapotranspiration data (Source : IMD station at
WTC, TARI) for the 1l years period (Fig. 5). It
is apparent from the figure that the observed evapotrans-
piration values differ from the model computed values
during many occasions especially during the latter half
of the crop season. These variations could be attribu-
ted to various aspects ranging from insufficiencies in
model representations to fluctuations in microclimatic

TABLE 3

Comparisons between observed and simulated soil-moisture

Layer** RMSE cC Reg. Equation
(cm)

1{0-15) 0.62 0.85 ¥y=9.86-1-0.75x

2(15-30) 0.64 0.80 y=13.2010.63x

3(30-45) 0.58 0.78 ¥=13.054-0.64x

4(45-60) 0.54 0.70 y=16.08-+0.52x

#**Rased on comparisons at more than 150 points

TABLE 4 (a)

Comparison of observed and simulated soil moisture in G0 cm
soil profile between two irrigation

Irrigation RMSE CcC Reg. Equation
sequence (cm)
between

y=90.1240.32¢
y=33.39-10.79x

First & second 1.6 0.48
Second & third 1.9 0.82

Third & fourth 3.2 0.89 y=40,68+0.89%x
TABLE 4 (b)
Comparison of observed and simulated soil moisture in 60 cm soil
profile between phenophases
Phenophase® RMSE CC Reg. Equation
(Day after (cm)
sowing) - B -
30 1.0 0.82 y=60,67-0.5x
31-70 1.8 0.48 y=87.86+40.35x
71-120 2.5 0.79 y=37.83+0.79x

“In absence of phenophase observations, average pcr'goc‘i_ol'
occurrence of three phenophases, i.e., (i) 30 days for initial
phase;
(if) 31.70 days for vegetative/reproductive phase; and
(ifi) 71-120 days for ripening phase have been assumed.
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controls and inherent problems of lvsimetric measure-
ments of evapotranspiration. However, the curves do
reproduce the general pattern of water loss through
the canopy during the different phenological phases.

6. Discussion

The model is able to simulate the observed Huctuations
in moisture content of different layers of soil profile
reasonably well, as evidenced by the correlations. In
case of actual evapotranspiration estimates. the model
could only bring out the general pattern of the observed
variations.

It would be unreasonable to expect very close agree-
ment between simulated and observed values keeping in
view the assumptions made and the general nature of
the input information. Significant improvements arc
possible by perfecting the input information through
more comprehensive compilation of  available data
and field experimentation.

The practical applicability of the soil moisture esti-
mates in agricultural operations and irrigation manage-
ment need no emphasis. The SPAW model could be
used for determining the time and amounts of irrigation
based on the soil-moisture status. At a regional scale it
may be used for determining water losses and resultant
stress on crops (Saxton and Bluhm 1982).  When coupl-
ed with climatological information for a region, it can

be used to decide the best period for raising a particular

crop (Omer et al. 1988).

Apart from the uses listed above the chiel advantage
of the model is that it can be uscd to obtain compre-
hensive soil-moisture status at different depths [rom past.
present or forecasted meteorological data (rainlall &
pan evaporation), once the calibration has been done.

7. Conclusions

The study establishes that the SPAW model could be
successfully used for simulating the moisture content
of the soil profile under wheat crop.

Although existing inadequacies could be reduced
significantly by making improvements certain latitude
has to be allowed for errors arising due to inherent
problems in methods of observations. This investiga-
tion demonstrates the extent ol applicability of the
model in operational agricultural meteorology at [arm
and regional levels under Indian conditions.
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