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ABSTRACT

The calibration and validation of the irrigation scheduling simulation model ISAREG for Central Asian conditions
were performed using cotton field observations in the Hunger Steppe over the period 1983—-87, and in the Fergana
Valley for 2001-03. The calibration referred to the crop coefficients and the soil water depletion factor for no stress.
Groundwater contribution was considered in computations adopting a set of parametric equations used in ISAREG.
Calibration and validation were performed by comparing the observed and simulated soil water content during each
crop season. Various indicators of goodness of fit were used to assess model validation. For the Hunger Steppe, the
validation also included the comparison of model-computed and field-measured crop evapotranspiration, which
was performed with the energy balance method. Results obtained show a good agreement between field
observations and model predictions, thus allowing use of the ISAREG model to generate and assess alternative
irrigation schedules aimed at improved water use in Central Asia. Copyright © 2008 John Wiley & Sons, Ltd.
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RESUME

La calibration et la validation du modele ISAREG pour la simulation du bilan hydrique en vue de la programmation
des arrosages du coton a été conduite en Asie Centrale en utilisant des observations de terrain dans la Steppe de la
Faim pour la période 1983-87, et dans la Vallée de Ferghana pour 2001-03. La calibration concerne le coefficient
cultural et le facteur de réduction de I’eau dans le sol sans stress hydrique. La remontée capillaire a été considérée
en adoptant des équations paramétriques utilisées dans ISAREG. La calibration et la validation ont été effectuées en
comparant la teneur en eau du sol observée et simulée pendant chaque saison culturale. On a employé plusieurs
indicateurs de la qualité et précision des simulations. Pour la Steppe de la Faim, la validation a également inclus la
comparaison entre 1’évapotranspiration simulée et celle mesurée au champ avec la méthode de bilan énergétique.
Les résultats obtenus montrent une bonne concordance entre les observations au champ et les simulations par le
modele, ce qui permet 1’utilisation du modele ISAREG pour produire et évaluer des programmes de conduite des
arrosages en vue de I’amélioration de 1’ utilisation de I’eau en Asie Centrale. Copyright © 2008 John Wiley & Sons,
Ltd.
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INTRODUCTION

Cotton is the main irrigated crop in large areas of the Aral Sea basin, namely in the Hunger Steppe and Fergana
Valley, Uzbekistan. Furrow irrigation is the dominant practice. The Aral Sea basin is widely known as a
water-scarce region due to aridity, drought and man-made desertification, the latter related to large-scale projects
involving deliberate reshaping of the natural environment (Downing and Liideke, 2002). Solving the problem of
water scarcity in the area encounters problems of very different nature, and includes several issues in water and salts
management at various temporal and spatial scales (Dukhovny and Sokolov, 1998; Dukhovny, 2003; Dukhovny
et al., 2005). Coping with these water scarcity regimes requires identification of proper measures and practices,
including irrigation water-saving practices (Pereira et al., 2002, 2005).

Recent studies with this objective refer to improving cotton furrow irrigation aimed at water savings and higher
water productivity (Horst et al., 2005, 2007). These studies clearly identified the need to better adjust irrigation
timings because traditional irrigation results in small soil moisture deficits at time of irrigation that lead to high
percolation and runoff volumes. Thus, in addition to improving furrow irrigation systems, there is a need to
establish adequate irrigation scheduling for furrow-irrigated cotton.

Cotton irrigation scheduling has been the object of numerous studies (e.g. Yazar et al., 2002; Howell et al., 2004;
Karam et al., 2006). Past research in the region aimed at developing appropriate farm irrigation management (e.g.
Shreder et al., 1977; Laktaev, 1978; Domullodjanov, 1983) and allow us to base updated modelling issues upon
former field studies such as those performed in the Hunger Steppe by Cholpankulov ez al. (1984, 1986, 1991, 1992).
Thus, past research results were used together with recent ones to calibrate and validate an irrigation scheduling
simulation model that could later be explored for establishing irrigation scheduling advice for farmers. Many
scientific and technological developments have occurred during the last decade, including those relative to
information technologies, which call for the development of a methodological approach that may be used in Central
Asia to assess crop and irrigation water requirements and to generate irrigation schedules that provide for improved
water use. The ISAREG model (Teixeira and Pereira, 1992; Liu et al., 1998) was selected with this purpose because
it proved appropriate for formulating irrigation scheduling studies in several parts of the world and for a variety of
crops using simple soil, crop and weather data.

The objectives of the study reported herein are to evaluate past cotton experiment data obtained in the
Hunger Steppe and to use them, together with recent data from the Fergana Valley, Uzbekistan, to calibrate and
validate the ISAREG model and therefore to derive crop coefficients and depletion fractions for no stress for
furrow-irrigated cotton, thus to provide tools for further develop irrigation management alternatives for farming
practice.

MATERIALS AND METHODS
The irrigation scheduling simulation model ISAREG

The ISAREG model is an irrigation scheduling simulation model that performs soil water balance at field level
and simulates alternative irrigation schedules (Teixeira and Pereira, 1992; Liu ef al., 1998). Input data include
precipitation, reference evapotranspiration, total and readily available soil water, soil water content at planting,
potential groundwater contribution, crop coefficients and soil water depletion fractions for no-stress relative to
defined crop growth stages, root depths and the water—yield response factor. The water balance is performed for
various time-step computations depending on weather data availability. The model is used for a variety of crops and
environments, e.g. in the Mediterranean region (Oweis et al., 2003; Zairi et al., 2003), North China (Liu et al., 1998;
2006), South America (Victoria et al., 2005), and Europe (Cancela et al., 2006).

The model computes the potential crop evapotranspiration ET, = K. ET, from the reference evapotranspiration
(ET,, mm) and the crop coefficients (K.). The actual evapotranspiration (ET,, mm) is computed by the model as a
function of the available soil water in the root zone: ET, = ET, when depletion is smaller than the depletion fraction
for no stress (p), otherwise ET, < ET. and decreases as a function of the available water stored in the root zone.
Both parameters K, and p should therefore be calibrated together when the model is tested by comparing computed
and observed soil water content values.
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518 E. D. CHOLPANKULOV ET AL.
The model performs irrigation scheduling simulations according to user-defined options such as:

e to define an irrigation scheduling to maximize crop yields, i.e. without crop water stress;

e to generate an irrigation scheduling using selected irrigation thresholds, including for allowed water stress and
responding to water restrictions imposed at given time periods;

e to evaluate yield and water use impacts of a given irrigation schedule;

e to test the model performance against observed soil water data and using actual irrigation dates and depths,
which is the option used for calibration and validation;

e to execute the water balance without irrigation; and

e to compute the net crop irrigation requirements, and performing the frequencies’ analysis of irrigation
requirements when a weather data series is considered.

The Windows version of the model used in this study, WINISAREG (Pereira et al., 2003), includes programs
for ET, computation and crop parameterization following the FAO methodology described by Allen et al. (1998). It
also includes an algorithm to consider soil salinity impacts on ET. and yield (Pereira et al., 2007) and parametric
functions for computation of the groundwater contribution and percolation (Liu et al., 2006). The water stress
impacts on crop yields are evaluated by estimating the relative yield losses as a function of the relative
evapotranspiration deficit through the water—yield response factor K, (Stewart et al., 1977). The model input data
includes:

e meteorological data concerning precipitation, P (mm) and reference evapotranspiration, ET, (mm), or
weather data to compute ET, with the FAO-PM methodology, including alternative computation methods for
missing climate data (Allen et al., 1998);

e crop data referring to dates of crop development stages, crop coefficients (K.); root zone depths Z; (m); soil
water depletion fractions for no-stress (p); and the seasonal water—yield response factor (K);

o soil data for a multi-layer soil relative to each layer, the respective depth d (m); the soil water content at field
capacity Ogc (mm mm™~ 1) and the wilting point Oywp (mm mm ™~ 1, or the total available water (TAW, mm); an
additional file is used to parameterize the equations relative to groundwater contribution and percolation; the
initial soil water content is provided by the user.

The equations used to compute the groundwater contribution G (mmd~") from the water table and percolation
rates across the root zone bottom (mm d ") are summarized in Table I. Their application requires that groundwater
depths and crop leaf area indices (LAI) are known at various dates during the crop season, and that parameters of the
equations are selected according to the soil water characteristics as proposed by Liu et al. (2006). The parameters
used are presented in the sections relative to the applications described herein.

Field experiments: the Hunger Steppe case study

Several field and computer studies were performed to adapt the models for Central Asian conditions, including
for estimating the groundwater contribution. Observations formerly performed for cotton in the state farm
“Fergana”, Hunger Steppe, Syrdarya oblast, Uzbekistan, for 1983—85 and 1987 (Cholpankulov et al., 1984, 1986,
1991, 1992) were used to calibrate and validate the ISAREG model for those conditions, and for the derivation of
the crop coefficients and depletion fractions for no stress to be used in further studies. The calibration and validation
methodology follows that described by Popova ef al. (2006).

The Hunger Steppe is located on the left bank of the SyrDarya river and occupies the largest part of a vast
depression limited by the Turkestan ridge in the south, the Nuratau ridge in the south-west and the Kurama and the
Chatkal ridge in the east. The western boundary runs along the Aydar Kul Lake, and the northern along the Chardara
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Table 1. Parametric equations used to compute the groundwater contribution and percolation fluxes with ISAREG model (Liu
et al., 20006)

Equations™ Conditions Parameters
Groundwater contribution
W.=ay- D’\;’ a; = Wgc, the soil water storage to 1.0m depth at field capacity
by =-0.17
W, =ay- D%? ar=1.1 (Wgc + Wwp)/2, i.e. a storage above the average
between those at field capacity and the wilting point
b, =—-0.27
Dye=ay ETy+bs When ET,, <4mmd ' az=-13
Dy.=14 When ET,, >4mmd™" b3 =6.7 for clay and silty clay loam soils, decreasing
to 6.2 for loamy sands
Goax =k ET,, When D, < Dy, a,=4.6 for silty loam and silty clay loam soils,
decreasing to 3 for loamy sands
Gax = a4 Dy, b4 When Dy, > Dy, by = —0.65 for silty loam soils and decreasing
to —2.5 for loamy sand soils
k=1-¢0%6. LA When ET,, <4mmd ™'
k=38/ET,, When ET,, >4mmd '
Percolation
W=a When W > Wgc a — a water storage value between Wgc and W at saturation

b < —0.0173 for soils draining quickly, otherwise b > —0.0173

Symbols represent the following:

W =soil water storage in the root zone (mm), W, = critical soil water storage (mm), W, = steady soil water storage (mm), Wrc = soil water
storage at field capacity (mm), Wyp = soil water storage at wilting point (mm), D, = groundwater depth (m), D, = critical groundwater depth
(m), ET,, = potential crop evapotranspiration rates (mmd "), usually ET,, = ET., Guax = potential capillary flux (mm d™"), k= factor relating
evapotranspiration with transpiration (non-dimensional), LAI =leaf area index (non-dimensional), #=the time after irrigation or rain has
stopped (days).

reservoir and the Kyzylkum desert. The SyrDarya River limits the Hunger Steppe in the east and north-east
(Figure 1). The experimental area was located in the ‘“Fergana” state farm, Syrdarya oblast.

The weather data were observed at the “Syrdarya” meteorological station (40.2° N, 68.6° E, and 332m
elevation). Daily data included temperature, solar radiation, relative humidity and wind speed observed at 2 m
height. High temperatures and low cloudiness characterize the arid continental climate of the region in the summer;
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Figure 1. The Aral Sea basin and location of Hunger Steppe and Fergana Valley
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winter temperatures are low. The maximum temperature occurs in July and the minimum in December—January.
Precipitation occurs mainly during the winter season and annually varies within 250-300 mm; however, it may
reach 430 mm in locations close to the mountains. The climatic characterization for the cotton crop season
(April-September) for the period 1983-87 is presented in Figure 2.

The main soils in the Hunger Steppe are sandy-loam and clay-loam. The unsaturated soil hydraulic proprieties
were averaged to the soil depth relative to soil water observations, and are shown in Table II relative to the different
experimental plots used each year. These data were obtained using laboratory methods for the full range of soil
water tension. Taking into consideration the soil hydraulic properties of the Hunger Steppe soils, the values
considered for the groundwater contribution parameters listed in Table I are the following: a; =320 mm;
by =—-0.17; a, =242 mm; b, =—0.27; a3 =— 1.3; b3=6.2; a,=4; by,=—0.65, and those to parameterize the
percolation equation (Table I) are @ =370 mm and b= —0.01.

Observations of the soil moisture were performed down to the water table depth using the gravimetric method.
These were made once per 10-day period with at least 2 replications each 20 cm layer down to 1.5 m. The irrigation
inflow rates and volumes applied to the experimental fields were measured with a Cipolletti weir.

The groundwater table depths were observed through appropriate observation wells. Data show they varied
within 1.2 and 3.2 m during the cotton-growing season. This variation relates mainly to the number and volumes of
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Figure 2. Weather characteristics of the cotton growth season in the Hunger Steppe, 1983-87: (a) average monthly temperature (-@-) and
relative humidity (—%¢-); and (b) average monthly precipitation ([) and reference evapotranspiration (ET,) (—=)
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Table II. Field capacity, wilting point and total available water (TAW) of the soils of the Hunger Steppe experimental plots

Year Orc (m>m2) Owp (m>m ) Soil depth (m) TAW (mm)
1983 0.32 0.13 1.50 285
1984 0.32 0.11 1.50 315
1985 0.31 0.10 1.50 315
1987 0.32 0.11 1.50 315

irrigations practised in the area surrounding the observation plots. Data relative to observed LAI and water table
depths used for computing the groundwater contribution are given in Table III for the calibration year, 1983.

The crop evapotranspiration was determined in the Hunger Steppe experiments with the energy balance method
as summarized in Appendix 1 (Anon, 1977; Cholpankulov et al., 1992). The radiation balance and the heat flux to
the soil were measured with sensors developed at the Leningrad Agrophysical Institute. Observations of
temperature, air humidity, and wind speed were performed at 0.5 and 2.0 m heights.

Field experiments: the Fergana case study

The Fergana Valley is located in the south-western part of the Tian-Shan mountain system, and is divided among
Uzbekistan, Tajikistan and Kyrgyzstan (Figure 1). The valley is bordered by the Fergana ridge in the east, the Alai
and Turkestan ridges in the south and the Kurama and Chatkal ridges in the north-west and the north. The Fergana
Valley is drained by the SyrDarya River and by numerous mountain streams that are fed by the glaciers in the
mountains. The SyrDarya River separates the valley into two parts. The southern one is the largest, where the
experimental area, the “Azizbek” farm, near Fergana town, is located.

The weather data were observed at the meteorological station of Fergana (40.77° N, 71.09 E, and 439 m
elevation). Daily data include temperature, solar radiation, relative humidity and wind speed observed at 2m
height, as well as pan evaporation observed with a GGI3000 pan. The climate in the Fergana Valley shows an
absolute temperature maximum in July (up to 35°C) and an absolute minimum in January (—14°C). The
precipitation ranges within 90-387 mm. The average monthly mean temperature, relative humidity, precipitation
and reference evapotranspiration are shown in Figure 3 referring to the period 1970-2003.

The main soils in the Fergana Valley are loamy and clay-loam. The unsaturated soil hydraulic properties
characterizing each experimental field were determined from an appropriate survey and using laboratory methods
for the full range of soil water tension. Weighed average values referring to the soil depth considered for the
simulations are given in Table IV. Considering the soil characteristics, the parameters selected for the equations
used for computation of the groundwater contribution and percolation (Table I) are the following: a; =350 mm;
by =-0.17; a, =250mm; b, = —0.27; az=—1.3; b3=6.6; a4 =4.6; by=—1.7;, a=390mm and b = —0.01.

Observations of the soil water content were performed between irrigation events, as well as before and after
irrigations. Measurements were made at 27.5, 42.5, 67.5, 82.5 and 97.5 cm. The gravimetric method was used for
the upper soil layer and the neutron probe for the remaining soil depths.

Table III. Water table depths (m) and LAI observed in the experiments for the calibration year, 1983

Date LAI Water table depth (m)
22-04 1.7
09-06 0.21 2.3
22-06 0.45 1.5
06-07 1.54 1.8
21-07 3.14 2.1
04-08 3.50 2.0
21-08 4.10 1.9
14-09 3.30 2.6
30-09 3.00 32
Copyright © 2008 John Wiley & Sons, Ltd. Irrig. and Drain. 57: 516-532 (2008)
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Figure 3. Weather characteristics of Fergana, 1970-2003: a) average monthly temperature (-@-) and relative humidity (—%-); and b) average
monthly precipitation ([) and reference evapotranspiration (ET,) (—e=)

To assess the groundwater contribution, observations included the water table depths, which varied between 0.84
and 2.62 m. The water table depth was measured on a weekly basis. Plant development and LAI were observed
twice a month for each developmental stage.

Accuracy of computer simulations

To assess the accuracy of model predictions, several approaches were used. A first one consists in presenting a
graphical representation of model-simulated soil water content compared with observed values. This allows a good
perception of trends or bias in modelling if they occur. A second one is the regression between observed and
model-predicted values forced to the origin. If the regression coefficient (b) is close to 1 then the covariance is close
to the variance of the observed values which means that predicted values are statistically close to the observed ones;
when the determination coefficient (RZ) is also close to 1.0, it means that most of the variation of the
observed values is explained by the model. In addition, a set of indicators of residual estimation errors is used. An
updated review is given by WWRP/WGNE (2007). Indicators are based upon former applications in hydrology
(Green and Stephenson, 1986; Loague and Green, 1991; Liu et al., 1998; Legates and McCabe, 1999).

Table 1V. Field capacity, wilting point and total available water (TAW) of the soils of the Fergana Valley experimental plots

Orc (m*>m %) Hwp (m>m %) Soil depth (m) TAW (mm)
Cotton field no. 1 (2001) 0.30 0.12 1.10 200
Cotton field no. 2 (2003) 0.35 0.17 1.00 176
Copyright © 2008 John Wiley & Sons, Ltd. Irrig. and Drain. 57: 516-532 (2008)
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If O;and P; (i=1, 2, ..., n) are pairs of observed and model-predicted values of a given variable and O and P are
the respective mean values, then the goodness of fit may be assessed through the following indicators:

o the regression and determination coefficients relating observed and simulated data:

> (0, 0) (P~ P)
bh=""1 - (1)
> (0:-0)
> (0, - 0)(Pi - P)
R? =1 2)

oo [e-m]

Li=1
e the root mean square error (same units as O;), which characterizes the variance of the errors:

0 - 05
(P — 0))
=

RMSE = A3)

o the average absolute error (same units as O;), which expresses the size of estimation errors as an alternative to
RMSE:

1 n
AAE =-Y |0; - P; 4
”,§:1| | 4)

o the average relative error (%), that indicates the size of errors in relative terms:

100 < |0; — P;
ARE = — 5
vl o ®)
e the maximum absolute error (same units as O;):
Emax = Max|P,< — 0,‘|7:1 (6)

e the modelling efficiency (non-dimensional), that is the ratio of the mean square error to the variance in the
observed data subtracted from unity:

™=

(0; — Py)?
EF = 1. 0—"— (7)
(0;-0)’

M:

Il
=

As referred to by Legates and McCabe (1999), if the square of the differences between the model
simulations and the observations is as large as the variability in the observed data, then EF =0.0 and the
observed mean, O, is as good a predictor as the model, while negative values indicate that O is a better
predictor than the model;

e the index of agreement (non-dimensional)

N
Z; (0i - P)?
— _ =
dia=1-— 8)
(1P| + |0 - 0|
i=
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Table V. Irrigation scheduling and total irrigation depths (mm) adopted in the field experiments of the Hunger Steppe

Year Irrigation dates Irrigation depths (mm) Total (mm)
1983 Pre-planting 140 770
20 Jun 230
22 Jul 200
27 Aug 200
1984 Pre-planting 65 695
18 Jun 161
31 Jul 250
21 Aug 219
1985 Pre-planting 117 427
16 Jul 310
1987 Pre-planting 121 521
14 Jul 220
30 Aug 180

It corresponds to the ratio between the mean square error and the “potential error”’, which is defined as the sum of
the squared absolute values of the distances from P; and O; to O, and represents the largest value that can be attained
for each observation/model simulation pair (Legates and McCabe, 1999). The maximum value for dj, is 1.0.

RESULTS AND DISCUSSION
Hunger Steppe

The calibration of the ISAREG model refers to field data observed in 1983 and the validation was performed
using data of the experiments carried out in 1984, 1985 and 1987. The calibration consisted in searching the K. and
p values that lead to the best fit of the observed soil moisture. These values were later used with the model and data
for the validation years. The irrigation schedules adopted in those years are given in Table V. They provide for a
wide spectrum of irrigation scheduling options and for a wide range of soil water conditions.

The crop parameters obtained from the calibration are presented in Table VI together with the dates of the crop
growth stages in the four years under analysis. The K, ;,; values are relatively high because a large irrigation was
applied before planting to create appropriate conditions for plant establishment and development. The K. ,;q are
similar to those recommended by Allen et al. (1998), while K. .,q are lower than those recommended by these
authors. The depletion fractions p are generally higher than those proposed by Allen et al. (1998), and they relate to
the cotton varieties used, which were developed with the aim of controlling the development of above-ground
biomass and favouring harvestable yield.

Table VI. Calibrated cotton crop coefficients (K.) and depletion fractions for no stress (p) and dates of crop growth stages for
the calibration and validation experiments, Hunger Steppe

Crop growth stages

Initial Development Mid season End season

Crop parameters

Crop coefficients, K. 0.40 0.40-1.20 1.20 1.2——0.25

Depletion fraction, p 0.60 0.60-0.70 0.70 0.70-0.75
Period length (dates)

1983 (calibration) 22/04-15/06 16/06-21/07 22/07-30/08 31/08-30/09

1984 (validation) 29/04-20/06 21/06-25/07 26/07-29/08 30/08-30/09

1985 (validation) 22/04-10/06 11/06-20/07 21/07-25/08 25/08-30/09

1987 (validation) 06/05-22/06 23/06-22/07 22/07-05/09 06/09-30/09
Copyright © 2008 John Wiley & Sons, Ltd. Irrig. and Drain. 57: 516-532 (2008)
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Results comparing the simulated with observed soil moisture for the calibration year and for one of the validation
years, 1985, are given in Figure 4. Results show a good agreement between observed and computed soil water
content, which is confirmed by the parameters used to evaluate the goodness of fit (Table VII). In addition to
Figure 4, a regression through the origin relative to observed and computed soil water content for all experiments is
presented in Figure 5.

Results in Table VII show that the regression coefficients are close to 1.0 for all experiments in both the
calibration and validation, with R? values ranging 0.87 to 0.94, thus indicating that a large fraction of the variation
of observations is explained by the model. The RMSE and AAE are very small, close to 0.01 m*m >, and the
maximum error was 0.01 m’ m > for the calibration and close to 0.03 m®>m ™ for the validation. ARE ranged from
2 to 6%. The efficiency and agreement indices, EF and dj, have values near 1.0 except for 1984, when EF = 0.79.
When considering all 4 years’ data together (Figure 5), indicators improve due to sample size, e.g. EF and dj5 are
then 0.93 and 0.98 respectively. All indicators express the ability of the model to predict soil water content for a
furrow-irrigated cotton crop.

In addition, because field-observed cotton ET values are available, a comparison between observed and
model-computed monthly ET and seasonal ET was also performed, as shown in Figure 6 and Table VIII,
respectively. Results comparing monthly ET values show a good agreement between simulated and observed
values, with a regression coefficient very close to 1.0 and a high coefficient of determination (0.82). The values
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Figure 4. Comparison between simulated and observed soil water content for the cotton crop in the Hunger Steppe: on the left, the simulated soil

water content curves and observed values (e) (curves gc, Owp and 6, represent soil moisture at field capacity, wilting point, and when depletion

equals the fraction p, respectively); on the right the regressions between observed and simulated soil water content for: (a) 1983 (calibration), and
(b) 1985 (validation)
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Table VII. Indicators of goodness of fit relative to model calibration and validation, Hunger Steppe

b R? RMSE m’m™) AAE(m’m™>) ARE (%) Enn mm>)  EF dia
Calibration
1983 0.99 0.94 0.01 0.005 1.81 0.012 094  1.00
Validation
1984 0.998  0.87 0.01 0.010 4.18 0.032 079  0.96
1985 1.01 0.93 0.02 0.011 6.08 0.030 092 098
1987 1.02 0.93 0.01 0.001 4.84 0.027 096  0.99
All experiments  1.00 0.93 0.01 0.004 3.93 0.032 093 098

All symbols are defined in Equations (1)—(8).
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Figure 5. Comparison between observed and simulated soil water content, Hunger Steppe, 1983, 1984, 1985 and 1987

AAE = 15.4 mm month ™', EF = 0.70 and d; 5. = 0.94 confirm the good agreement between simulated and observed
monthly ET values. Observed and simulated seasonal cotton ET (Table VIII) are also shown to be in agreement,
with differences ranging from 4 to 7%.

Results indicate that the ISAREG model adequately predicts soil water contents and evapotranspiration of a
cotton crop cultivated in the Hunger Steppe, including consideration of groundwater contribution. Thus the model
may be used for generating and analysing alternative irrigation schedules for improved water use in the area.
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Figure 6. The regression between observed and computed monthly cotton evapotranspiration (Hunger Steppe, 1983, 1984, 1985 and 1987)

Copyright © 2008 John Wiley & Sons, Ltd. Irrig. and Drain. 57: 516-532 (2008)
DOI: 10.1002/ird



COTTON IRRIGATION SCHEDULING IN CENTRAL ASIA 527

Table VIII. Comparison of measured and simulated seasonal evapotranspiration, Hunger Steppe, 1983-87

Seasonal ET, 1983 1984 1985 1987
Observed (mm) 730 670 685 701
Simulated ISAREG) (mm) 681 637 720 675
Difference (%) 7 5 5 4

Results also show that the calibrated crop coefficients K. and depletion fractions p (Table VI) may be further
adopted for the cotton varieties used in the region. Moreover, the analysis performed shows that using past
experimental data for updated modelling is appropriate.

Case study relative to the Fergana Valley

The reference evapotranspiration, ET, was computed with the FAO-PM method (Allen et al., 1998) using daily
data for the period 2001-03 in the Fergana Valley. However, few locations in the area have observations of the
climatic variables required for that computation (maximum and minimum temperatures, relative humidity, solar
radiation or actual sunshine duration and wind speed), but evaporation observations with the GGI-3000 pan are
frequent. The pan is located within a short green cover and relatively small fetch, 10-20 m, which is common in the
Fergana Valley. Thus, ET, (FAO-PM) and observed GGI-3000 pan evaporation data referring to the cotton growth
period (April to November) were compared (Figure 7) to derive a pan coefficient (K,,) adapted to the area. Results
show that a pan coefficient K, =0.80 may be used. However, the value obtained for R’ indicates that only 79% of
the data variation is explained through the regression, thus leading to errors of estimates AAE = 1.0 mm day .

The calibration of the ISAREG model for cotton was performed using field data from 2001 and the validation
referred to 2003 observed data. Calibration and validation of the model were performed as for the Hunger Steppe
case study. Observed data on irrigation are given in Table IX. Different from that case study, the irrigation schedules
adopted in the “Azizbek’ farm aimed at avoiding crop water stress and followed those adopted by local farmers.
Thus, irrigation depths exceed those for Hunger Steppe and were applied when the soil water content was relatively
high, not avoiding percolation. The results comparing simulated and observed soil water content data are shown in
Figure 8.

The crop coefficients (K.) and the depletion fractions for no stress (p) derived from the calibration and verified
through the validation are presented in Table X. Values for both K. and p are in the range of those recommended by
Allen et al. (1998). The K. ;4 are the same as those obtained for the Hunger Steppe, but the K. .4 values are much
higher because a later irrigation was applied, which may be not required. The p fractions are slightly smaller than

12

y = 0.8058x
R%?=0.7916

10 4

Computed ETo (mm d7)

0 2 4 6 8 10 12
GGI-3000 pan evaporation (mm d™')
Figure 7. Comparison between observed daily GGI-3000 pan evaporation and computed daily FAO-PM reference evapotranspiration, Fergana

Valley (2001-03)
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Table IX. Irrigation scheduling and total irrigation depths, “Azizbek’ farm, Fergana Valley

Experiment Dates Irrigation depths (mm) Total (mm)
2001, Cotton field no. 1 8 Apr” 143 764
2 Jun 127
25 Jun 174
11 Jul 123
25 Jul 111
7 Aug 86
2003, Cotton field no. 2 14 Mar” 171 820
15 Jun 125
6 Jul 103
23 Jul 123
8 Aug 114
24 Aug 91
10 Sep 93
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Figure 8. Comparison between observed and simulated soil water content for the cotton crop at the “Azizbek” farm, Fergana Valley. On the left,
the simulated soil water content curves and observed values (e) (curves Ogc, Gwp and 6, represent soil moisture at field capacity, wilting point, and
when depletion equals the fraction p, respectively); on the right, the regressions between observed and simulated soil water content for: (a) 2001

(calibration); (b) 2003 (validation)
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Table X. Cotton crop growth stages, crop coefficients (K.) and depletion fractions for no stress (p) in Fergana Valley

Crop growth stages

Initial Development Mid season End season
Crop parameters
Crop coefficients, K. 0.30 0.30-1.20 1.20 1.2-0.65
Depletion fraction, p 0.60 0.60 0.60 0.60-0.70
Period length (dates)
2001 (calibration) 13/4-17/05 18/05-17/07 18/07-31/08 1/09-10/10
2003 (validation) 6/04-20/05 21/05-19/07 20/07-1/09 2/09-14/10

Table XI. Parameters of goodness of fit relative to model calibration and validation, Fergana Valley

b R? RMSE (m*m?) AAE (m*m?) ARE (%) Emax (m*m ) EF din
Calibration
2001 1.00 0.92 0.01 0.005 217 0.020 0.93 0.98
Validation
2003 1.01 0.87 0.01 0.008 2.67 0.019 0.85 0.96

All symbols are defined in Equations (1)—(8).

those for the Hunger Steppe, given the irrigation schedules utilized in Fergana. The trend in the area is to adopt a
management-allowed depletion (MAD) even smaller than the p value obtained in this study, which often causes
high percolation (Horst et al., 2005).

Indicators for goodness of fit relative to both the calibration and validation of the model for Fergana are given in
Table XI. They show regression coefficients b very close to 1.0 and R? near to 0.90, thus indicating that predicted
values are close to observed ones. Estimation errors are very low, with RMSE of 0.01 m’>m >, AAE < 0.0l m*m 3,
and E,,, <0.02 m>m 3. The ARE values are quite small, between 2 and 3%. The indices of efficiency and
agreement, EF and d,4, are near 1.0, thus indicating that the model is able to appropriately predict the soil water
content for furrow-irrigated cotton in the Fergana Valley. These results are similar to those obtained for the Hunger
Steppe.

Results for the Fergana Valley show that the crop coefficients K. and depletion fractions p described in Table X
may be further adopted for the cotton varieties used in the region. Simple experiments in the Fergana area have
proved that a simple methodology to advise farmers can be used with the model ISAREG when it is explored in
successive runs by updating the weather data, thus adjusting predictions to the prevalent weather conditions and
crop development. Moreover, using the model with a GIS database is also foreseen since a GIS version of ISAREG
has been developed and tested for the Fergana area (Fortes er al., 2005).

CONCLUSIONS

The ISAREG model was successfully calibrated and validated using past observations of the soil water and cotton
evapotranspiration at Syrdarya, Hunger Steppe, for the period 1983-87. The analysis shows that using past
experimental data for updated modelling is appropriate and produces valuable information in addition to data
obtained through recent experiments. For both the soil water and crop ET, the regression coefficients relating
simulated and observed values were close to 1.0 and the determination coefficients were higher than 0.90. All
goodness of fit indicators show good or very good results. Moreover, because these results were obtained using the
parametric equations adopted in ISAREG to compute groundwater contribution and percolation, results also show
that the model may be explored with consideration of the fluxes through the bottom of the root zone. The studies
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therefore produced good estimates of the crop coefficients and depletion fractions for no stress that may be further
used in searching for water- saving irrigation schedules in the Hunger Steppe area.

The model was also calibrated and validated for the cotton crop in the Fergana Valley using experiments that
reproduce the irrigation schedules adopted by farmers. As for the Hunger Steppe, results for the analysis of
goodness of fit show that the model is appropriately calibrated and validated for further use in the area, including
with consideration of the groundwater contribution.

Further developments will concern the development of irrigation scheduling strategies that take into account the
constraints of the furrow irrigation systems adopted in the area and provide for improved water use. The calibrated
values for K. and p may be further used to define when to irrigate and the irrigation depths which should satisfy
either the crop irrigation requirements without producing excess above-ground biomass, or lead to an allowable
water stress that results in limited losses of harvestable yields.
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APPENDIX 1

The simplified equation for the energy balance of a canopy may be written as (Anon., 1977)
E=CF(R—B-0) (1

where E is cumulative evaporation (mm) or latent heat flux, R is radiation balance (cal cm_z) or net radiation, B is
heat flux to the soil (cal cmfz), Q is turbulent heat exchange (cal cmfz) or sensible heat flux, and CF is the
conversion factor relative to units and timescale of observations.

The radiation balance and the heat flux to the soil were measured in the field with sensors developed at the
Leningrad Agrophysical Institute. Temperature and air humidity observations were performed at 0.5 and 2.0 m
heights, respectively T s — T59. When (R — B) > 0.2 cal cm min, 7> 0.3°C (T=T,s — T») and e > 0.3 mbar
(e=eps — e2), the turbulent heat exchange is estimated by

0= % @)
or, when the above mentioned conditions are not fulfilled, by

0=135KT 3)
where K is a turbulence coefficient characterizing the intensity of vertical heat transport. K is given by

K=0.104mu  ifT > —2.0°Coru > 03ms™' (4a)

K=0 ifT <—-2.0Coru<03ms! (4b)

where u is the difference between wind speed (m s~ ') observed at 2.0 and 0.5 m heights, and m is a value depending
on the Richardson number R;:

m=1+26R+((1+26R)*—1)" ifR; <0 (5a)

m=1+103R — ((1+103R)* —1)*° ifR, >0 (5b)
with

R; = —0.048T/(u)* (6)
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