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ABSTRACT

Surface and groundwater resources are often conjunctively used to cope with water scarcity in
irrigated agriculture. Farmers in the dryland ecosystems of central Asia also utilize the shallow
groundwater in addition to the surface water withdrawn from rivers. This study modelled the
groundwater dynamics in an irrigation and drainage network in Khorezm Region, Uzbekistan.
The system, characterized by a vast, unlined channel network used to convey water mainly for
flood irrigation and an open drainage system, is typical for Central Asian irrigated areas.
Groundwater levels in the region are shallow - this contributes to crop water requirements but
threatens crop production through secondary salinization. High losses during irrigation in fields
and through irrigation network are main causes of these shallow groundwater levels. The main
objective of this study was thus to simulate groundwater levels under improved irrigation
efficiency scenarios. The FEFLOW-3D model, applied in a case study to the Water Users
Association (WUA) Shomakhulum in southwest Khorezm, was used to quantify the impact of
improved irrigation efficiency scenarios on groundwater dynamics. The modelled scenarios
were: current irrigation efficiency (S-A, our baseline), improved conveyance efficiency (S-B),
increased field application efficiency (S-C), and improved conveyance and application
efficiency (S-D). Recharge rates were separately determined for six hydrological response units

(differing in groundwater level and soil type) and introduced into FEFLOW-3D model. After

" Simulation dynamique des eaux souterraines a l'aide de modéle d'eau souterraine FEFLOW-3D sous
irrigation complexe et réseau de drainage des écosystémes des zones arides de 1'Asie centrale

* Corresponding author: U.K.Awan, International Centre for Agricultural Research in the Dry Areas
(ICARDA), Amman, Jordan, e-mail: u.k.awan@cgiar.org, Telephone: +96265903120, Fax: +9626
5525930
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successful model calibration (R* = 0.94) and validation (R* = 0.93), the simulations showed that
improving irrigation efficiency under existing agro-hydro-climatic conditions would lower
groundwater levels from the base line scenario (S-A) in August (the peak irrigation period) on
average by 12 cm in S-B, 38 cm in S-C and 44 cm in S-D. Any interventions which would
improve the irrigation efficiency will lower the groundwater levels and hence policy makers

should consider it and formulate the policy accordingly.

KEY WORDS: shallow groundwater; irrigation efficiency; Amu Darya River.

RESUME

Les ressources de surface et des eaux souterraines sont souvent conjonctive utilisés pour faire
face a la pénurie d'eau dans l'agriculture irriguée. Les agriculteurs dans les écosystémes des
zones arides de I'Asie centrale utilisent également la nappe phréatique peu profonde, en plus de
I'eau de surface prélevée dans les riviéres. Cette étude a modélisé la dynamique des eaux
souterraines dans un réseau d'irrigation et de drainage dans Khorezm région, I'Ouzbékistan. Le
systéme, caractérisé par un vaste réseau, de canal sans doublure utilisé pour transporter de 1'eau
principalement pour l'irrigation par inondation et un systeme de drainage a ciel ouvert, est
typique des zones irriguées d'Asie centrale. Niveau des eaux souterraines dans la région sont
peu profondes - ce qui contribue a recadrer les besoins en eau mais menace la production
agricole grace a la salinisation secondaire. Des pertes élevées lors de 1'irrigation dans les champs
et a travers le réseau d'irrigation sont les principales causes de ces niveaux des eaux souterraines
peu profondes. L'objectif principal de cette étude était donc de simuler les niveaux d'eau
souterraine sous l'amélioration des scénarios d'efficacité de l'irrigation. Le modéle FEFLOW-
3D, appliquée dans une étude de la Water Users Association (AUE) Shomakhulum au sud-ouest
de Khorezm de cas, a été utilis¢é pour quantifier l'impact de l'amélioration de l'irrigation
scénarios d'efficacité sur la dynamique des eaux souterraines. Les scénarios modélisés sont:
courant efficience de 1'irrigation (SA, notre scénario de référence), 'amélioration de I'efficience
de transport (SB), l'augmentation de l'efficacité de l'application sur le terrain (SC), et
I'amélioration de transport et l'efficacité de l'application (SD). Taux de recharge ont été
déterminés séparément pour six unités de réponse hydrologique (différents du niveau des eaux
souterraines et le type de sol) et introduites dans le modele FEFLOW-3D. Apreés la réussite
¢talonnage du modeéle (R2 = 0,94) et de validation (R2 = 0,93), les simulations ont montré que

I'amélioration de I'efficacité de l'irrigation dans des conditions agro-hydro-climatiques
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existantes permettrait de réduire les niveaux du scénario de ligne de base (SA) des eaux
souterraines en Aot (a l'irrigation de pointe période) en moyenne de 12 cm de SB, 38 cm de SC
et de 44 cm de SD. Toutes les interventions qui permettraient d'améliorer I'efficacité de
l'irrigation vont baisser les niveaux des eaux souterraines et donc les décideurs doivent examiner

et formuler la politique en conséquence.

MOTS CLES: eaux souterraines peu profondes; efficacité de I'irrigation; Amou-Daria.

INTRODUCTION

Khorezm Region of Uzbekistan is notorious for over-exploitation of surface water which is
mainly withdrawn from Amu Darya River. Delivery performance ratio is higher than 1 which
indicates that water is supplied more than the gross irrigation requirements (Awan et al., 2011).
Excessive water is stored in the groundwater reservoir and farmers use this shallow groundwater
(reservoir) as a safety net (Awan et al., 2012) for the times when surface water is short. The
survey during field work, discussions with the irrigation officials, and results from the study
conducted by Awan et al. (2011) and Forkutsa ef al. (2009) revealed that farmers and irrigation
planners in the region are much concerned with shallow groundwater levels and wish to prevent
the decline in groundwater levels.

On the other hand, the luxury with which the water is currently being used to recharge the
groundwater aquifer might not be possible in future. Strategically, around 80% of Uzbekistan's
water supplies are from neighbouring countries (Mirzaev, 1996) which shows that irrigated
agricultural policies in Uzbekistan have significant international dimensions. Along with this,
competition for water between the local water users in the region has substantially increased
(Abdullaev et al., 2008a). Several studies have been conducted in the region to promote more
efficient water use at the field level (Paluasheva, 2005; Forkutsa et al., 2009) and on a regional
scale (Conrad et al., 2007).

A reduced surface water supply would reduce the recharge rates (Awan et al., 2012) and
thus can impact the shallow groundwater levels. The groundwater levels, as described above,
are considered as a safety net against unreliable delivery of irrigation water to individual farms
and fields and are a potential contributor to the crop water requirements (Forkutsa et al., 2009;
Awan, 2010) and achieving the yield targets in the region. Thus, any attempts at lowering the
groundwater level in this region would need to address the possible risk of reducing yields.

Objective of the current study was thus to simulate groundwater levels for four improved
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irrigation efficiency scenarios for Shomakhulum Water Users Association (WUA). The
modeled scenarios were: current irrigation efficiency (S-A, our baseline), improved conveyance
efficiency (S-B), increased field application efficiency (S-C), and improved conveyance and
application efficiency (S-D).

Different approaches exist to simulate groundwater levels under different recharge rates.
Modelling developments in surface water interventions allowed obtaining recharge as an output
from surface water models (these models are conceptual and developed differently for different
regions based on local conditions) which in turn can be used as an input in groundwater models.
This linkage of recharge rates and surface water is being used in two different ways; (1)
integrated surface-groundwater model (Bouraoui et al., 1997; Jayatilaka et al., 1998; Yu and
Schwartz, 1998), and (2) linking existing groundwater model with a surface water model
(Havard, 1995; Sarwar, 1999; Ramireddygari et al., 2000; Sophocleous and Perkins, 2000; Ross
et al., 2005; Rodriguez et al., 2008). The latter approach, e.g., linking the groundwater and
surface water model by the recharge from the surface water model, was applied in the current
study. Main advantage of this approach is development of conceptual water balance model for
recharge estimates based on local conditions. Conceptual water balance model takes into
account all those components which impact recharge rates locally. Existing integrated surface-
groundwater models are not flexible enough to consider these components which not only affect
the accuracy but also limit scenarios developments (Sarwar, 1999).

For the above said approach used for this study, recharge was estimated by a surface
water balance model adapted to the Khorezm Region. The WUA was subdivided into six
hydrological response units (HRU) where the conditions influencing the recharge process are
homogenous. Recharge at the system level is best to be determined in a stepwise approach
(Awan et al., 2012): first at field level by taking into account capillary rise, cropping pattern,
soil characteristics and then up-scale the recharge to the HRU level while linking this recharge
to the efficiencies of the network and the field application and finally linking these efficiencies
to the overall system efficiency. Recharge determined by the water balance model at HRU level
was then introduced into the groundwater model. For the present study, FEFLOW-3D (Version
5.1) was selected for simulations of groundwater levels. FEFLOW-3D is a Finite Element
Subsurface Flow & Transport Simulation System with a graphics-based and interactive user
interface (Diersch and Kolditz, 2002), a data interface with GIS (Geographic Information
System), and a programming interface to allow the solution of the complex problems. After
calibration and validation of the model, groundwater levels were simulated for described

improved irrigation efficiency scenarios by FEFLOW-3D model.
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MATERIALS AND METHODS

Study area

The study was conducted in the Shomakhulum Water Users Association (WUA), which is
situated in the southwest of the Khorezm Region in Uzbekistan. An intensive network of
irrigation and drainage systems with high densities of 68 and 31 m ha”, respectively, is spread
over the WUA. Data for the last ten years (1997-2007) showed that during the leaching and
vegetation season, the average groundwater levels ranged from 0.5 to 1.3 m and 1.1 to 1.5 m,
respectively. These values are in the range of the overall average of the Khorezm Region, where
groundwater levels ranged 1.0-1.2 m below surface during leaching and irrigation events
(Ibrakhimov et al., 2007). Soils in the WUA are predominantly loamy to sandy loam (United
States Department of Agriculture (USDA) classification). In Shomakhulum, there are a total of
15 observation wells for monitoring the groundwater levels (Figure 1). Groundwater levels are
monitored after each 5 days during the irrigation season (April to October) whereas interval
increases to 10 days during the leaching period. However linear interpolation is performed to

analyze changes in groundwater levels on daily basis.

Figurel about here

Water balance model for recharge estimates

Recharge results are taken from study conducted by Awan et al. (2012) using water
balance model. This study is also conducted in Shomakhulum Water Users Association for the
same time period. According to this study, recharge is first estimated at field scale and then is
up-scaled to hydrological response units (HRU) by using water balance model. HRUs are taken
as those small spatial units which have relatively homogeneous groundwater levels and soil
properties. Recharge at field level is taken as a fraction of the difference between the gross and
net irrigation requirements (Awan ef al., 2012). Net irrigation requirements are calculated by the

following equation:
NIR = ETp—C—P (1)
where NIR is net irrigation requirements (mm), ETp is potential evapotranspiration (mm), C is

capillary rise (mm), and P is effective rainfall (mm).

Gross irrigation requirements are calculated by the following equation:
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ETp—C—P
FAR*CR @)

GIR =

where GIR is gross irrigation requirements (mm), FAR is field application ratio, and CR is
conveyance ratio.
Hence recharge, fraction of the difference between the gross and net irrigation

requirements at field level, is:

FAR+CR

R = ((ET”'C'P) — (ETp—C — R)) «K 3)

where R is recharge in mm and K is a fraction (0.9) of the difference between the gross and net
irrigation which recharge the aquifer. Parameters used in equation 1, 2 and 3 are described in

detail by Awan et al. (2012).

Up-scaling recharge from field to hydrological response unit (HRU) level

Six HRUs, having homogeneous soil texture and groundwater levels, are formulated in
the WUA (Awan et al., 2012). Each HRU again has different combinations of its characteristics
(soil properties and groundwater levels) with cropping types. Three main crops are identified in
the area e.g., cotton, wheat and vegetables. These combinations are drawn in the form of

matrices to represents number of fields as follows:

Crop HRU

CS—SL
WM —SL

V D - SCL

where C is cotton, W indicates wheat, and V vegetables: S-SL is shallow-silt loam, M-SL is
medium-silt loam, and D-SCL is deep silt clay loam.

From matrix, 9 combinations are formed. The recharge is determined for these 9
combinations and is presented in Table I.

Using the recharge value for these 9 combinations at the field level and knowing the total
area of each combination, the recharge was scaled up to the six HRUs using the following

equation:

NRHRUi = ¥7_,(RF)j = (Area of field)j (4)
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where RHRUI is recharge for hydrological response unit i (m’), and RFj is recharge from field j
(m’ ha™).

Scenarios

Impact of four different improved irrigation efficiency scenarios (product of field
application ratio (FAR) and Conveyance Ratio (CR)) on groundwater levels is simulated. The
scenario A (S-A), business-as-usual scenario, is based on the results of Awan et al. (2011)
which refers to current low irrigation efficiency in the region i.e., FAR is 0.43 and CR is 0.76.
In scenario B (S-B), conveyance efficiency is increased to maximum or target value of 0.84
(Jurriens et al., 2001) with the current value of the FAR (0.43). In scenario C (S-C), the FAR is
increased to the target value of 0.67 (Bos and Nugteren, 1974) but the current value of the CR
(0.76) was retained. Finally, scenario D (S-D) is the combination of the target values of both the
FAR and the CR, representing the maximum irrigation efficiency.

Recharge values for above described four scenarios for all the six HRUs taken from

Awan et al. (2012) is presented in Table L.

Table I about here

GROUNDWATER MODEL

Numerical groundwater flow modelling was performed using FEFLOW-3D (Diersch, 2002a)
model, which has successfully been tested for a number of benchmark examples in different
regions (Diersch, 2002b) of the world. FEFLOW-3D model introduces the Darcy equation in

the mass conservation equation of any phase.

Parameterization of FEFLOW-3D model

The FEFLOW-3D parameters for calculating the groundwater flow include the
information on the horizontal and vertical (spatial) distribution of permeable and impermeable
layers, parameters to describe the characteristics governing groundwater flow and balance
(hydraulic conductivity, porosity, etc.), and information on groundwater flow at the interface to
surface water (rate of groundwater recharge, surface water level intersecting the groundwater at
borders or within the system in the form of drains or canals). The attributes of these parameters

are imported either as shape files prepared in ArcGIS or as ASCII files. The interpolated values
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of the parameters for the whole model domain are achieved by Akima interpolation. The details
of these parameters are presented in a sequence representing the set-up of FEFLOW-3D, i.e.,
top- to down-menu-based parameterization of the model.

To define the model area and to construct the super element mesh, the background map of
the hydrological boundary of the WUA, collectors, and observation wells are imported as an
ArcGIS shape files in the model (Figure 1). Groundwater levels and collectors/drains are
introduced as add-ins, lines or points which FEFLOW-3D uses as focal points to create finite
element nodes in the mesh generator in the FEFLOW-3D domain. A triangular mesh is used as

a mesh generator around the groundwater levels and collectors (Figure 4).

Figures 3 and 4 about here

Due to the dynamic nature of groundwater levels, fluctuating water levels in canals and
drains and varying recharge rates during the simulation period, the transient flow model for an
unconfined phreatic aquifer (zero atmospheric pressure) with the top slice as a free and movable
surface (groundwater level) and bottom as a fixed surface (impermeable layer) is set as a
problem class. A geomorphological-lithological map of the Khorezm Region and Turtkul Oasis
(Pre-Aral Hydro-Geological Expedition, 1982) covering Khorezm at a scale of 1:100,000,
which contain information on the geometry of strata, is obtained from the Hydro-Geological
Station of Khorezm and introduced in a 3D-slice elevation menu of FEFLOW-3D. Among the
available maps for four hydro-geological cross sections (I-1, II-II, III-III and IV-IV; Figures 5
and 6), the cross section IV-IV in northeast-southwest direction is the closest section near the
WUA Shomakhulum. Based on this information, the vertical discretization corresponds to 3

layers and 4 slices.

Figures 5 and 6 about here

The domain of the model is surrounded by the Zey-yop and Polvon canals and coincides
with the groundwater flow lines on the northern and eastern border, respectively, while the
Gauk Canal and collector intersect the groundwater surface in the southern to western part of
the WUA, respectively. Under these circumstances, the 1st- kind or Dirichlet- type boundary
condition which describes a hydraulic potential at a node, is selected . The Dirichlet boundary
condition is set by inputting head values of the canals and collectors around the simulated area

(Figure 7).
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Figure7 about here

The essential flow material properties for a groundwater model in a saturated zone
include hydraulic conductivity, transmissivity, storativity, porosity, dispersivity and in-/outflow
on top/bottom, etc. As the soil texture soil texture data for different depths profiles exists at the
ZEF/UNESCO GIS center in Urgench, these data sets are used to determine flow material
properties. For example, in this study the values for storativity and porosity is taken from the
values provided by Freeze and Cherry (1979) and the values for dispersivity is taken from
Gelhar (1984). Cross-section [V-IV in the geomorphological-lithological map is used to take the
values of different hydraulic conductivity in different layers. According to the borehole results
for this cross section, the hydraulic conductivity in the uppermost layer is 0.5 md™, 24.5 md"

for the second layer, and 2.7 md™ for the third layer (Figure 8).

Figure8 about here

Spatially variable recharge as the most important component in this surface-groundwater
modelling was introduced as in-/outflow on top/bottom in the flow material menu of the model.
The recharge values (Table I) determine from the surface water balance model for the six HRUs
and for the settlements is introduced on monthly time steps. The polygons for the HRUs and
settlements are imported in ArcGIS format into the model. Reliable data on irrigation practices
and water level of canals and collector were only available on a monthly basis, so modelling
was performed on a monthly basis. Yan and Smith (1992) emphasized the benefits of using the

same time step to avoid inconsistency between surface and groundwater models.

Calibration and validation

The groundwater model simulation is run for calibration and validation. In the calibration
process (April to June), parameter values including drainage design (slope and depth) and
recharge (driven by cropping pattern) were adjusted in order to optimize model performance
(Wilby, 1997). During the validation process, simulation was performed for the period July to
August. Nash—Sutcliffe coefficient, R* (Nash and Sutcliffe, 1970), and root mean squared error
(RMSE) were used as error criteria to assess the goodness-of-fit for the observed and simulated
groundwater values from the observed OW values. The Nash—Sutcliffe coefficient is defined as

follows:
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R*=1-

T2, lops —Igim)’

Yiz1 [(Aops _:Eobs ' 5)

where A.ps is observed groundwater level, Ay, is simulated groundwater level, and A1y, is mean
of observed groundwater level. The RMSE is the square root of the average of squared
differences between observed and simulated groundwater levels. The RMSE is usually
considered to be the best measure of error if errors are normally distributed (Anderson and

Woessner, 1992):

2ij=1 L Aabs _-As:m )

» Q)

RMSE =
N

where n is the number of days of simulation.

RESULTS

Calibration and validation of the model after first run

In order to evaluate the performance of the integrated model, monthly groundwater levels
simulated by the FEFLOW-3D model were compared with the observed values. Out of the 15
observation wells, 10 were selected to evaluate the performance of the model. The remaining 5
wells were situated in the vicinity of canals or drains and therefore did not represent the
groundwater situation in the irrigated area. Figure 9 shows the average monthly simulated
(standard deviation = 0.37) and observed (standard deviation = 0.12) groundwater levels of the
selected 10 wells for the first run during the study period. The simulated and monthly

groundwater levels are measured from the mean sea level (requirement of FEFLOW-3D model).
Figure 9 about here

The observed groundwater levels were higher during July and August and reduce to a
minimum in September. Higher groundwater levels in August are due to the highest recharge
rates during this month (Awan et al., 2012). The difference in observed groundwater levels

between April (start of the vegetation season) and August (peak irrigation season with highest
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groundwater levels) is 26 cm.

The trend of simulated groundwater levels is similar to that of the observed ones, i.e.,
higher groundwater levels in August and lower levels in September. However, the difference in
simulated groundwater levels between April (start of the vegetation season) and August (peak
irrigation season with highest groundwater levels) is 84 cm, which is 58 m higher than between
the observed levels.

The difference between the simulated and observed groundwater levels in the beginning
of the season was 0.47 m and increased to 1.1 m during the peak irrigation season. At the end of
the season, both curves were closer to each other, and in September the difference reduces to
0.55 m. The data show that higher recharge rates during the vegetation season cannot be drained
out from the domain of the model. The smaller difference (around 0.5 m) between observed and
simulated groundwater level during the low irrigation period (April-June) is due to low recharge
rates, which cannot fill the aquifer to the same level as in the irrigation period. A difference as
high as 1 m between observed and simulated groundwater levels in the first run is not
uncommon. Wang and Anderson (1989) reported that the heads computed from the first run of
the model rarely match the field values. Arnold and Allen (1999) pointed out that although
inputs to the model were based on observed or measured information, there is often
considerable uncertainty in model inputs due to spatial variability and limited precision of the
measurements, etc.

Kim et al. (2004) reported that primary calibration parameters for the groundwater model
are the aquifer hydraulic conductivity and storativity, whereas Sarwar (1999) reported that
adjustment of the heads surrounding the area, recharge rates and drainage depth can be the
potential calibration parameters.

Low discharge from the drainage system due to underestimated drainage design (gentle
slope and lesser depth), mixing of the lower hydraulic conductivity of the uppermost layer with
much higher hydraulic conductivity of the second layer (smaller depth of the uppermost layer
(1.5 m) and sparse information on topography) and higher recharge rates than the actual rates
were recognized in this study as the potential reasons for higher simulated groundwater levels.
These parameters hence were then optimized by a trial and error procedure (Anderson and
Woessner, 1992).

The calibration of the simulated run was done at two spatial levels, i.e., WUA and HRU.
At the WUA scale, the drainage system was calibrated, while hydraulic conductivity and
recharge rates were calibrated for the corresponding HRUs. Drains and collectors being spread
all over the WUA in the form of a contiguous network cannot be treated separately in HRUs,

and therefore the slope and the depth of the drains were calibrated at the WUA level. According
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to the officials of the WUA, the drainage depth is 2.0 m from the surface in the whole area.
However, this information is very coarse and does not include spatially explicit information
about the slope of the drains and collectors, which can substantially affect the drainage
outflows. Therefore, the model was calibrated assuming that the drainage system follows a
uniform slope and is not affected by the constraint of 2.0 m depth.

After adjusting the drainage depth, the upper layer of the model was calibrated for the
hydraulic conductivity. As this layer, due to its textural class (loam to sandy loam), may
strongly influence the recharge rates, assigning correct hydraulic conductivity values to it is
important. The difference in hydraulic conductivity between the first (0.5 m d™') and the second
layer (24.5 m d") is substantial, whereas the thickness of the first layer is only 1.5 m. Moreover,
topographic maps are interpolated based on only 26 point values and it is therefore difficult to
exactly define the 1.5 m layer. Therefore, due consideration was given for assigning the upper
layer depth in the FEFLOW-3D model.

When most of the simulated and observed groundwater levels were within 0.5% of the
absolute height (m.a.s.l.), calibration was terminated. It took around 80 simulation runs before
this acceptable calibration was achieved. According to Sarwar (1999), it is not uncommon to
make from 20 to 50 simulation runs before an acceptable calibration is reached.

The observed and simulated groundwater levels for the calibration period were drawn on
a scatter plot (Figure 10). A 45°-line was drawn representing the relationship under ideal
conditions, i.e, simulated groundwater levels are equal to the observed ones. The trend line of
the observed versus simulated groundwater levels is quite close to the 1:1 line, which means that
the model is calibrated successfully. The Nash—Sutcliffe coefficient (R?), which determines the
efficiency of the calibration, is 0.94. This shows that the deviation of the simulated groundwater
levels from the observed ones is only 6%. The root mean square error (RMSE) of the simulated

groundwater levels from the observed ones is only 0.20 m.

Figurel0 about here

After successful calibration of the model, it was verified for the groundwater dataset from
July to September (Figure 11). The Nash-Sutcliffe coefficient (R?) for the validation period is
0.93, which shows that deviation of simulated groundwater levels from the observed ones is
only 7%. The root mean square error (RMSE) of the simulated groundwater levels from the

observed ones is similar to that of the calibration period.

Figurel1l about here
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Groundwater dynamics simulated by FEFLOW-3D model under business-as-usual scenario
Figures 12 and 13 depict the groundwater surface before (May) and after (August) the
peak irrigation period (June to August) for the WUA Shomakhulum under the business-as-usual
scenario. To understand the behavior of groundwater levels within the WUA, the influencing
factors, i.e., main canals, collectors and settlements were compared. The simulation map for
May (Figure 14) shows that the dynamics of the groundwater surface are under the strong

influence of these factors. This also applies to the situation in August.

Figures 12 and 13 about here

The maps show the usual trend of groundwater dynamics, i.e., groundwater levels are
shallow around the main canals and deep around the collectors. Shallow groundwater levels in
the vicinity of the Povon and Zey-Yop canals (Figure 2) are due to the higher seepage from
these main canals. At the junction point of these canals, the effect of seepage is even higher and
extends to larger areas resulting in shallow groundwater levels in these areas. Groundwater
levels are deep in the vicinity of the collectors. At the junction where the Sapcha Collector falls
into the south collector, the groundwater level is quite deep. Deep groundwater levels around
these collectors are due to ex-filtration from the groundwater to these collectors.

Groundwater levels were expected to be deep in the settlement areas due to low recharge
rates. However, this is not the case in the Shomakhlum WUA. Groundwater levels in the
settlement areas are almost the same as the groundwater levels in the fields. The reason can be
the poor drainage due to lack of drainage infrastructure in the settlements.

The general slope of the groundwater level is from east to south, which is in line with the
overall slope of the Khorezm Region. The model was further used to assess the behavior of

groundwater levels under different irrigation efficiency scenarios.

Ground water dynamics simulated by FEFLOW-3D model under different irrigation efficiency
scenarios

The results of the scenarios are presented as the average of the groundwater levels from
the 10 selected observations wells and thus represent the dynamics of the groundwater levels at
WUA level (Figure 14). The monthly trend is similar for the first two scenarios, but quite
different for the last two. In first two scenarios, i.e., S-A and S-B, irrigation efficiency is quite
low, whereas irrigation efficiency is comparatively much higher in S-C and S-D. The trend

differences can be explained by considering the groundwater levels for April and August. For S-
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A, the groundwater levels are 30 cm higher in April than in August, whereas this difference
reduces to 19 cm for S-B. In contrast, in S-C and S-D the groundwater levels rise from April to
August. The results of S-C show that groundwater levels are 5 cm higher in April than in

August, while for S-D this difference increases to 10 cm.

Figure 14 about here

The comparison of the simulated groundwater levels between April and August for all
scenarios shows a continuous lowering of groundwater levels in August, which even were lower
than the levels of April in S-C and S-D.

The model was setup in a way that on the one hand, the recharge rates reduced with the
improved irrigation efficiency, and on the other hand, the drainage design was kept constant for
these scenarios. The drain capacity was designed for the higher recharge rates especially during
the peak irrigation season (June to August), but when the recharge rates were reduced in S-B, S-
C and S-D, the drainage design started to lead to over-draining and hence the groundwater
levels dropped substantially, especially in the latter two scenarios. Although there was reduction
in recharge values for the start and end of the irrigation season, the amount of recharge was
already too low to substantially affect the groundwater levels in these months.

Comparing the monthly averaged simulated groundwater levels of the different irrigation
efficiency scenarios helps with the interpretation of the data (Table II). S-A being the baseline
scenario was first compared with the other three scenarios, and then the other scenarios were
compared with each other.

The groundwater levels in S-B only slightly declined compared to the baseline scenario.
The maximum decline in groundwater levels in S-B was 12 cm in August (Table II), whereas
the minimum was Ocm in April. The overall decline in groundwater levels in S-B is due to the
conveyance ratio (CR), which was increased to 0.84 in this scenario. As the CR in the WUA
(0.76) is already close to the target value (0.84), the increased CR hardly affected the recharge
rates and groundwater levels.

In S-C, the decline in groundwater levels compared to the baseline S-A is quite high
(Figure 14). The groundwater levels dropped by a maximum of 38 cm (August) when compared
to S-A. This significant lowering of the groundwater levels in S-C as compared to S-B is due to
the higher gap between the current (0.43) and the target (0.67) application ratio.

In S-D, the decline in groundwater levels from the baseline S-A is highest when
compared to all scenarios but is quite low when compared to S-C (Figure 14). The groundwater

levels in this scenario dropped by a maximum of 44 cm (August) when compared to the baseline
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scenario. In this baseline scenario, the maximum achievable application and conveyance ratios
are used, which resulted in maximum reduction in the net recharge and hence the maximum
decline in the groundwater levels. When the results of this scenario are compared to those of S-
C, the decline in groundwater levels is lowest. The low decline in groundwater levels in this

scenario is again due to low increase in CR.

DISCUSSION

The decline in groundwater levels in S-C and S-D compared to S-B is similar (Table II). In S-B,
the current value of application efficiency (0.43) was used, whereas in S-C and S-D, the target
(0.67) value was used. Although application efficiency in S-C and S-D is similar, the difference
in decline in groundwater levels in both of these scenarios is due to the difference in the
conveyance ratio.

Above results of the scenarios show that groundwater levels can decline by 5 to 44 cm
during the vegetation season. There are only few studies on the influence of improved irrigation
efficiency scenarios on groundwater levels. Sarwar and Eggers (2006) conducted a study in
Rechna Doab, Pakistan, to determine the influence of changes in cropping patterns and
intensities on groundwater levels. However, in one of their scenario analysis with FEFLOW-3D,
they showed that groundwater levels would decline by 44 cm if the irrigation efficiency were to
increase by 25%. However, in the WUA Shomakhulum, the same decline in groundwater levels
(44 cm) would occur after improving the irrigation efficiency by 42%. The difference in the
findings can be well explained by comparing the groundwater conditions of the study areas.
Groundwater conditions in the WUA Shomakhulum are shallow, and therefore it was assumed
that 90% of the losses from the fields recharge the aquifer. In contrast, mean groundwater levels
in Rechna Doab are 4.01 m below the surface and therefore the author assumed that only 75%
of losses can recharge the aquifer. Based on these assumptions, it can be concluded that the
results of the studies are comparable.

The results of the present study show that a groundwater decline of 3-44 cm during the
vegetation season (June to August) can occur. As groundwater levels in the WUA
Shomakhulum, like in the rest of the Khorezm Region, ranged from 1 to 1.5 m during the
vegetation season, a 3-44 cm decline can not only increase the surface water demand but also
reduce the crop yield. Kahlown (2005) reported for Pakistan that most of the crops obtained a
substantial part of their crop water requirements when the water table ranged from 0.5 to 2 m.

However, groundwater contribution started declining after 1.5 m and reduced to minimum after

15
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2.0 m. They also reported that shallow groundwater levels not only reduce the surface water
demand but also increase the crop yield. Forkutsa (2006) reported that each centimeter of

groundwater level decline can increase the surface water demand (Awan et al., 2012).

CONCLUSIONS

The focus of this study was to quantify the impact of improved irrigation efficiency scenarios on
the dynamics of the groundwater levels. For this purpose, the FEFLOW-3D model was
parameterized for local conditions and successfully calibrated (R* = 0.94) and validated (R* =
0.93). A comparison of the simulated monthly groundwater levels shows that under existing
conditions (S-A), the drainage design increased the groundwater levels by 30 cm from the start
of the season (April) to the peak irrigation month (August). This difference reduces substantially
in all the scenarios and eventually in S-D the groundwater levels declined by 10 cm from April
to August. The results also illustrate that in the S-A and S-B the existing drainage design can
lead to a draining out of the higher recharge, whereas in S-C and S-D the drainage can lead to
over-drainage design by reducing the groundwater levels from the start of the season. The
overall results show that under the existing drainage system, the improvements in irrigation
efficiency will lower the groundwater levels by up to a maximum of 44 cm (S-A to S-D, for
August). This decline in the groundwater level can lower the capillary rise contribution but at
the same time can support leaching and reduce the salt accumulation. This study provides
guidelines for the policy makers in the region and demonstrates the importance of improved
irrigation efficiency with respect to the groundwater dynamics. Drainage outflow policies

should be adapted to changing groundwater conditions.

ACKNOWLEDGMENTS

This research was conducted under the ZEF/UNESCO Khorezm project "Economic and
Ecological Restructuring of Land- and Water Use in the Region Khorezm (Uzbekistan): A Pilot
Project in Development Research" funded by Ministry for Education and Development
Research (BMBF), Germany (Project Number 339970D). The first author was supported
through a grant by the Higher Education Commission (HEC), Pakistan, and German Academic
Exchange Service (DAAD). Thanks are due to the fellow researchers and senior staff members

and the reviewers whose comments and questions helped us improve this paper. The authors are

16
http://mc.manuscriptcentral.com/ird

Page 16 of 36



Page 17 of 36

©CoO~NOUTA,WNPE

Irrigation and Drainage

also grateful to two reviewers for their helpful and supportive comments.

REFERENCES

Anderson MP, Woessner WW. 1992. Applied groundwater modelling: simulation of flow and
advective transport. Academic Press, California

Arnold JG, Allen PM. 1999. Automated methods for estimating base flow and groundwater
recharge from stream flow records. J. American Water Resour Assoc 35(2): 411-424

Awan UK, Tischbein B, Conrad C. 2012. Combining hydrological modeling and GIS
approaches to determine the spatial distribution of groundwater recharge in an arid
irrigation scheme. Irrig Sci 14p.(Online first). [doi: http://dx.doi.org/10.1007/s00271-012-
0362-0]

Awan UK, Tischbein B, Kamalov P, Martius C, and Hafeez M. 2012. Modeling Irrigation
Scheduling Under Shallow Groundwater Conditions as a Tool for an Integrated
Management of Surface and Groundwater Resources. Cotton, Water, Salts and Soums,
Springer Netherlands, 309-327

Awan UK, Tischbein B, Conrad C et al. 2011. Remote sensing and hydrological measurements
for irrigation performance assessments in a water user association in the lower Amu
Darya River Basin. Water Resour Manag 25(10):2467-2485

Awan UK, Ibrakhimov M, Tischbein B et al. 2011. Improving irrigation water operation in the
lower reaches of the Amu Darya River — current status and suggestions. Irrig Drain 60(5),
600-612.

Awan UK. 2010. Coupling hydrological and irrigation schedule models for the management of
surface and groundwater resources in Khorezm, Uzbekistan. Dissertation, University of
Bonn, Germany

Akhtar F, Tischbein B, Awan UK. 2013. Optimizing deficit irrigation scheduling under shallow
groundwater conditions in lower reaches of Amu Darya River Basin. Water Resour
Manag 27(8):3165-3178

Bos MG, Nugteren J. 1974. On irrigation efficiencies, Publication no.19, International Institute
for Land Reclamation and Improvement (ILRI), Wageningen, The Netherlands, p 138

Bouraoui F, Vachaud G, Haverkamp R, Normand B (note: give names and initials of all
authors). 1997. A distributed physical approach for surface-subsurface water transport
modeling in agricultural watersheds J Hydrol 203 (1/4): 79-92

Conrad C, Dech S W, Hafeez M, Martius C, Strunz G. 2007. Mapping and assessing water use

17
http://mc.manuscriptcentral.com/ird



©CoO~NOUTA,WNPE

Irrigation and Drainage

in a Central Asian irrigation system by utilizing MODIS remote sensing products. Irrig
Drain Syst 21 (3-4): 197-218

Conrad, C. 2006. 'Fernerkundungsbasierte Modellierung und hydrologische Messungen zur
Analyse und Bewertung der landwirtschaftlichen Wassernutzung in der Region Khorezm
(Usbekistan). (In English): Remote sensing based modeling and hydrological
measurements for the assessment of agricultural water use in the Khorezm region
(Uzbekistan). Dissertation.' University of Wiirzburg, Germany.

Diersch H.-JG. 2002a. Interactive, Graphics Based Finite Element Simulation System FEFLOW
for Modelling Groundwater Flow, Contaminant Mass and Heat Transport Processes.
WASY Ltd., Berlin.

Diersch H.-JG. 2002b. Reference manual for FEFLOW — finite element subsurface flow and
transport simulation system. User's Manual/Reference Manual/White Paper Release 5.0.
Wasy Ltd., Berlin.

Forkutsa I, Sommer R, Shirokova YI, Lamers JPA, Kienzler K, Tischbein B, Martius C, Vlek
PLG . 2009. Modeling irrigated cotton with shallow groundwater in the Aral Sea Basin of
Uzbekistan: 1. Water dynamics. Irrigation Sci 27(4): 331-346.

Forkutsa I, Sommer R, Shirokova YI, Lamers JPA, Kienzler K, Tischbein B, Martius C, Vlek
PLG . 2009. Modeling irrigated cotton with shallow groundwater in the Aral Sea Basin of
Uzbekistan: I1. Soil salinity dynamics. Irrigation Sci 27(4): 319-330

Freeze Cherry JA. 1979. Ground water. Prentice-Hall Englewood CIiff: 604

Gelhar LW. 1984. 'Stochastic Analysis of Flow in Heterogeneous Porous Media, ' ed. J. Raer
and M. Y.Corapcioglu, Fundamentals of Transportation Phenomena in Porous Media,
Kartinus Ni jhoff Pub., Dordrecht, The Netherlands: 673-720

Havard PL, Prasher SO, Bonnell RB, Madani A . 1995. LINKFLOW: a water flow computer
model for water table management. Part 1. Model development. . Trans. ASAE 38 (2):
481-488

Ibrakhimov M, Khamzina A, Forkutsa I, Paluasheva G, Lamers JPA, Tischbein B, Vlek PLG,
Martius C . 2007. Groundwater table and salinity: Spatial and temporal distribution and
influence on soil salinization in Khorezm region (Uzbekistan, Aral Sea Basin). Irrig Drain
Syst 21 (3-4): 219-236

Jayatilaka CJ, Storm B, Mudgway LB. 1998. Simulation of water flow on irrigation bay scale
with MIKE-SHE J Hydrol 208 (1/2): 108-130

Jurriens M, Zerihun D, Boonstra J, Feyen J. 2001. SURDEV: surface irrigation software.
International Institute for Land Reclamation and Improvement, Wageningen

Kahlown MA, Ashraf M, Zia ul H. 2005.. Effect of shallow groundwater table on crop water

18
http://mc.manuscriptcentral.com/ird

Page 18 of 36



Page 19 of 36

©CoO~NOUTA,WNPE

Irrigation and Drainage

requirements and crop yields. Agr Water Manage 76(1): 24

Kim NW, Chung IM, Won YS. 2004. The development of fully coupled SWAT-MODFLOW
model (II) evaluation of model (in Korean). J Korea Water Resour Assoc 37(6):503-521

Mirzaev SS. 1996. Problems of Aral Sea: causes and solutions. in: Proceedings of Conference
on Aral Sea Problem, (Tashkent: Institute of Irrigation and Melioration): 21-32

Nash JE, Sutcliffe JV. 1970. River flow forecasting through conceptual models. J Hydrol (10):
282-290

Paluasheva G. 2005. Dynamics of soil saline regime depending on irrigation technology in
conditions of Khorezm oasis. In: Proceedings of the International Scientific Conference:
_Scientific Support as a Factor for Sustainable Development of Water Managment'":
Taraz, Khazakhstan, 20-22 October 2005 (in Russian).

Ramireddygari SR, Sophocleous MA, Koelliker JK, Perkinsb SP, Govindarajuc RS . 2000..
Development and application of a comprehensive simulation model to evaluate impacts
of watershed structures and irrigation water use on streamflow and groundwater: the case
of Wet Walnut Creek Watershed Kansas USA. J Hydrol 236 (3/4): 223-246

Rodriguez LB, Cello PA, Vionnet CA. 2008. Fully conservative coupling of HEC-RAS with
MODFLOW to simulate stream—aquifer interactions in a drainage basin.l J Hydrol 353:
129-142

Ross M, Geurink J, Said A, Aly A, Tara P . 2005. Evapotranspiration conceptualization in the
HSPFMODFLOW integrated models. ] Am Water Resour As 41 (5): 1013-1025

Sarwar A. 1999. Development of a conjunctive use model, An Integrated approach of Surface
and Groundwater Modelling Using a Geographic Information System (GIS). Dissertation,
University of Bonn, Germany

Sarwar A, Eggers H. 2006. Development of a conjunctive use model to evaluate alternative
management options for surface and groundwater resources. Hydrogeol J 14(8): 1676-
1687

Smith M. 1992. CROPWAT, A computer program for irrigation planning and management.
Irrigation and Drainage Paper 46, FAO, Rome, Italy

Sophocleous M, Perkins SP. 2000.. Methodology and application of combined watershed and
groundwater models in Kansas. J Hydrol 236 (3/4): 185-201

Wang HF, Anderson MP. 1989. Introduction to Groundwater Modeling, W.H. Freeman and
company, San Francisco, 1982.

Wilby RLE. 1997. Contemporary Hydrology: Towards Holistic Environmental Science. Wiley,
Chichester, UK. 354

Yu Z, Schwartz FW. 1998. Application of an integrated basinscale hydrologic model to simulate

19
http://mc.manuscriptcentral.com/ird



©CoO~NOUTA,WNPE

Irrigation and Drainage

surface-water and ground-water interactions ] Am Water Resour As, 34 (2): 409425

20
http://mc.manuscriptcentral.com/ird

Page 20 of 36



Page 21 of 36 Irrigation and Drainage

Kazakhstan

1 NS
11 Turkmenistan '

Tajikistan
12 ~ T ~

©CoO~NOUTA,WNPE

1,375 2,750

Meters

Canals
Collectors
Observation Wells

34 Fig. 1 Drainage network and observation wells in the WUA Shomakhulum

http://mc.manuscriptcentral.com/ird



©CoO~NOUTA,WNPE

Fig. 2

Irrigation and Drainage

Legend
e T L. ] Hydrological Response Units

Hydrological response units in the WUA Shomakhulum

http://mc.manuscriptcentral.com/ird

Page 22 of 36



Page 23 of 36 Irrigation and Drainage

©CoO~NOUTA,WNPE

—+— Collector South
= Polvon

26 L1 == Collector Sapcha
27 0 700 1400 2.800 — Zey-Yop

32 Fig. 3 Location of the settlements, canals and collectors forming the hydrological boundary of
33 the WUA

http://mc.manuscriptcentral.com/ird



P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

Irrigation and Drainage

T AN
PRSI aviy,
T AN ALY
SEEKN
CRECEEEEO

) i

D
FAEIINC
3

)

o

S

P

s
%,
5
7a)
A

<773y
R
AN

A,

o

5
ST
4%
o,
AT
FAYAY,
%
&

C

vy

A,
a

Fanaval
<Y
¢

Nava
i
I,

o, 7
R et A
l,',(*’;ﬂfﬁ.v/ 4% 7
oy N

1

o

a¥2
T
)

AR
(VAT )
e
A7 Sy
e
R
IR
* ,:,.VL‘ !JA"’A‘

‘.
55
N
aY At
=
S

Y,
i

s AR
WP o
:.:‘:a.da.vl
A
v
]
b
A

2%
> 3

a
=
S

et T
;

R DR
;as’b’.“f: S
A

o,

o
AT
53
2

%

ZS
P

) N FET
(5 AL SN,
B s S
A T SeAtaVi Ky Aoy i AN
B Y R DB
UK 20 v Gnr el
R A A DK AL o
. TR i St
AR AT A
At A et
DRV
PR RS
F AR (7
VA AT

7
2
e
I
2
3
‘&
S
Wy
|
X
%
X
/]
g
)
A
H
5
A
X
RS
ey
e
5
Pt

=
=

=

A

505
%

£
FAVa%y
A

<3
5

=}
%

%,
N
ya
7

(A WA)

2
2

N
”;

3
B

.
o
e
as
v
7=
%
K]
N,
G
=
2\
2
|
=
CLET)

.,
oL
I

%

P

%
7

o
v

%

3%,

ok
v

A5

VAR e B
S
AR

ke
RAATH PO

e o
 hp ATy e AT )
Fadan S rniyac a0
\7 ‘A'A'ﬁ'-'ﬁ' NSV

iy

A R A
R KNG 1 AN )
RSB an et Ty
N RO
RO
LA AN R
S

YL
£

(Ta)
(25
49N

b
XY

SR

&
i
AT,

v
3

A

0
4

=¥
VA
AN

AN,
Th e
i

7
=5
24V

%
A

>,
-

Lk

HERTS
S
S

CAYapaeat Vi
B AT A O
A e ey S R e ()
YA s AR L

AT A AT AN R34
Bt e Wy S A o
Ve TR A e

Py
Zava
>

i v X
‘i"&@mv«' N ratsp A
miﬁ vg AN TSRS

Fig. 4  Finite element mesh (triangle) with high refinement around the collectors

observation wells

http://mc.manuscriptcentral.com/ird

and

Page 24 of 36



Page 25 of 36 Irrigation and Drainage

Legend

% Base well
Pit

m— Cross section
B Lake
- Amu Darya
P settiements
Main road
D Oblast boundary
[:] Rayon boundary

©CoO~NOUTA,WNPE

27 Fig. 5 Location of the four different hydrogeological cross sections in Khorezm. The cross
28 section IV-IV passes near the WUA Shomakhulum (Pre-Aral Hydro-Geological
29 Expedition, 1982)
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Hydraulic conductivity values in different layers of the FEFLOW model domain
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27 Fig. 13 Groundwater surface simulated by FEFLOW model after peak irrigation season
29 (August)
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Fig.14 Simulated mean monthly GW levels for 10 observation wells for four improved

irrigation efficiency scenarios (S-A = baseline or business-as-usual, S-B =
improving conveyance ratio, S-C = raising field application ratio, S-D =
improving field application ratio and conveyance ratio)
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1

2

3 Table 1 Monthly recharge rates (mm) from water balance model as input to FEFLOW
g model for different hydrological response units (Source: Awan, 2010)

6 (a) Scenario A

; April May June July August September
9 Settlement 29 29 29

10 HRU1 51 51 150 177 222 51
11 HRU2 33 39 138 234 288 6
ig HRU3 36 39 138 234 288 12
14 HRU4 51 114 162 222 246 24
15 HRUS 60 90 171 132 150 48
16 HRU6 33 45 171 231 261 39
17

ig (b) Scenario B

20 April May June July August September
21 Settlement 29 29 29

22 HRU1 45 45 129 150 189 42
23 HRU2 27 33 120 198 246 6
- HRU3 30 33 117 198 246 12
26 HRU4 42 96 138 189 207 21
27 HRUS 51 78 144 111 126 42
gg HRU6 30 39 144 195 222 33
32 (©) Scenario C

32 April May June July August September
33 Settlement 29 29 29

34 HRU1 24 24 66 78 99 21

35 HRU2 15 18 60 102 126 3
> HRU3 15 18 60 102 126 6
38 HRU4 21 48 72 96 108 9

39 HRUS 27 39 75 57 66 21
40 HRU6 15 21 75 102 114 18
41

jé (d) Scenario D

a4 April May June July August September
45 Settlement 29 29 29

46 HRU1 18 18 51 60 75 18
47 HRU2 12 12 48 81 99 3
ph HRU3 12 12 48 81 99 3
50 HRU4 18 39 54 75 84 9

51 HRUS 21 30 57 45 51 8
52 HRU6 12 15 57 78 90 5
53

54

55

56

57

58

59

60

http://mc.manuscriptcentral.com/ird



©CoO~NOUTA,WNPE

Table 2 Differences between monthly averaged simulated GW levels (cm) under different
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scenarios for the WUA Shomakhulum

Month

*SA-SB SA-SC SA-SD SB-SC SB-SD SC-SD

0
2
4

~N — 0

2
9
16
29
38
23

3
11
19
34
44
26

2
7
12
21
26
16

3
9
15
26
32
19

1

W N L W N
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