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Abstract: Estimation of hydrological processes is critical to water resource management, water supply
planning, ecological protection, and climate change impact assessment. Mountains in Central Asia
are the major source of water for rivers and agricultural practices. The disturbance of mountain
forests in the region has altered the hydrological processes and accelerated soil erosion, mudflow,
landslides, and flooding. We used the SWAT (Soil and Water Assessment Tool) model calibrated and
validated with remote sensing data to quantify the mountainous hydrological processes in the Aktash
River watershed (ARW) of Uzbekistan, Central Asia. Simulations showed that the daily surface
runoff and streamflow closely responded to daily precipitation. Groundwater discharge reached its
maximum in winter because of snowmelt. The wet months were from July to December, and the dry
months were from January to June. The magnitudes of the seasonal hydrological processes were in
the following order: fall > summer > winter > spring for precipitation and surface runoff; summer >
spring > fall > winter for evapotranspiration (ET); winter > spring > fall > summer for snowmelt; fall
> winter > summer > spring for water yield and streamflow; and winter > fall > spring > summer
for groundwater discharge. The Mann–Kendall statistical test revealed a significant increasing trend
for the annual precipitation (τ = 0.45, p < 0.01) and surface runoff (τ = 0.41, p < 0.02) over the past
17 years from 2003 to 2019. Compared to rangeland, forested land decreased monthly and annual
average surface runoff by 20%, and increased monthly and annual average groundwater recharge by
about 5%. Agricultural land had much higher unit-area values (mm/km2/y) of ET, groundwater
recharge, and water yield than those of urban, forest, and range lands. Our research findings provide
useful information to farmers, foresters, and decision makers for better water resource management
in the ARW, Central Asia, and other mountain watersheds with similar conditions.

Keywords: Central Asia; hydrological processes; mountain watershed; SWAT model

1. Introduction

Estimation of hydrological processes is central to water resource management, water
supply planning, ecological protection, and climate change impact assessment. In water
resource management, hydrological processes, such as surface runoff and streamflow, are
used to issue discharge permits. In water supply planning, hydrological processes are
used to determine allowable water transfers and withdrawals. In ecological protection,
hydrological processes are employed to assess terrestrial and aquatic habitats. In climate
change impact assessment, patterns and variations of hydrological processes are critical
indicators of climate variability [1].
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Situated at the center of the Eurasian continent, Central Asia is typically understood
to mean the whole of five former Soviet republics: Kazakhstan, Kyrgyzstan, Tajikistan,
Turkmenistan, and Uzbekistan. The region consists of about four million km2 [2,3] and
has a strong arid to semiarid continental climate that varies with elevation within the
countries [4]. The average annual precipitation is 250 mm in Uzbekistan and 500 mm in
Tajikistan [5]. Annual potential evapotranspiration varies from more than 2250 mm in
the most arid area to less than 500 mm in the mountains [6,7]. The mean temperature
ranges from −3 to 20 ◦C in winter and 20 to 40 ◦C in summer, while the minimum winter
temperature can drop to −45 ◦C and the maximum summer temperature can be up to
50 ◦C [8].

Kyrgyzstan and Tajikistan are mountainous countries, with more than 90% of their
national territories mountainous, while Uzbekistan, Kazakhstan, and Turkmenistan have
smaller mountainous regions. The mountains of the Kyrgyz Republic and Tajikistan are
the water towers for many rivers in Central Asia, and they are the major source of water
supply for lowland countries such as Uzbekistan [9,10]. The Kyrgyz Republic contains
about 45% of all glaciers in Central Asia [11], and 4% of the country is under permanent
ice and snow. Rivers are the major water resources in Central Asia, and most of them are
transboundary [2]. Mountains in the region are the primary source of water for rivers and
agricultural practices.

Central Asia is a seismically active region [12]. One consequence is that inhabitants of
the region are vulnerable to mass movements, particularly mudflows. These may begin
as surface erosion and sediment transport to valley basins. Sediments accumulate in toe
slopes and can be mobilized by flash floods, damaging downstream infrastructure and
threatening people. Forests in the region have mainly a protective role, contributing to
combating desertification and preventing natural disasters (e.g., mudflows, floods, and
droughts). Mountain forests are particularly important for water supply, but the disturbance
of mountain forests in Central Asia through overgrazing, illegal logging, drought, and
wildfires [13,14] have altered forest hydrological processes and accelerated soil erosion,
mudflows, landslides, and downstream flooding [15].

Uzbekistan is one of the arid countries in Central Asia, with about 90% of its surface
water used for agriculture [11]. Most of the country (79% by area) is flat, comprised of
semi-desert steppes or desert zones, which include desert areas in the far west that have
formed as a result of the drying of the Aral Sea [16,17]. The southeastern areas have a
continental climate, containing the high mountains forming part of the Tien Shan and
Gissar–Alai Ranges. Despite the importance of mountain areas in regional hydrology, the
body of literature investigating watershed hydrology and water quality in this country
remains scarce. Uzbekov et al. [18] predicted the impacts of future climate change on
streamflow in the Ugam River watershed, Uzbekistan, from 2019 to 2048 using the Soil and
Water Assessment Tool (SWAT) model. These authors found that with a 1.4 ◦C increase in
air temperature and a 286 mm decrease in precipitation, the streamflow in the watershed is
expected to decrease by 42% within thirty years. Olsson et al. [19] assessed stream water
quality in the Zerafshan River basin using measured data from 1980 to 2009 along with
multivariate statistical analysis. They stated that water quality declines in the middle and
lower reaches of the Zerafshan River due to the return flows from intense agricultural
irrigation, industrial effluent, and municipal wastewater. Scott et al. [20] estimated the
influence of irrigation water on the hydrology and water budgets of two small lakes in
Khorezm, Uzbekistan. They collected surface and groundwater samples from the two lakes
in June and July 2008 and analyzed for δ2H, δ18O, and major ion contents. The groundwater
table and lake surface elevations were monitored, and the local aquifer characteristics were
determined through aquifer tests. These authors reported that lake evaporation was about
70 mm/d during the study period. Without surface water input, the water volume of
the lakes may decrease dramatically, with potential to the point of complete desiccation.
Although the above-limited studies provided some useful insights into the hydrology
and water quality in Uzbekistan, a thorough literature search reveals that little effort has
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been devoted to investigating the impacts of forest disturbance and changing climate on
mountain hydrological processes using the SWAT model.

The goal of this study was to quantify the mountain hydrological processes in the
Aktash River watershed (ARW), Uzbekistan. Our specific objectives were to: (1) develop a
SWAT model for the ARW; (2) calibrate and validate the model with remote sensing data;
(3) apply the model to estimate the ARW hydrological processes, including streamflow,
surface runoff, evapotranspiration (ET), groundwater discharge, snowmelt, and water
yield over the past 17 years from 2003 to 2019; and (4) ascertain the effects of land use and
afforestation on hydrological processes in the ARW. This quantification is essential to water
resource managers, farmers, and stakeholders in the region for developing better water
resource management strategies and documenting the critical role of mountain forests in
water resource management.

2. Materials and Methods
2.1. Study Site

The ARW is located 60 km from the capital Tashkent on the southern slope of Karzhan-
tau, Uzbekistan (Figure 1). The elevation is 1100–1600 m above sea level, with approxi-
mately 71% of the slopes angled at 25◦. The watershed has a mild climate with a hot and
dry summer (average maximum temperature of 27.2 ◦C in July) and a cold winter (average
minimum temperature of −3 ◦C between December and February) [21,22]. Based on the
data downloaded from the World Weather for Water Data Service (W3S), University of
Guelph, Canada (https://www.uoguelph.ca/watershed/w3s/, accessed on 4 July 2023),
the average annual precipitation was 1164 mm from 2001 to 2019. Streams in the ARW
are largely fed by snowmelt and stormwater. The average streamflow from 1947 to 1965
was 0.41 m3/s, with a maximum of 7.1 m3/s in March–April and a minimum of 0.08 m3/s
in August–January [9,23]. Streamflow gradually increases from September to February of
the next year, with a peak discharge occurring in April–May. Based on the Google Earth
database, the ARW consists of 22.90% forest land, 0.04% agricultural land, 1.81% urban
land, and 75.26% rangeland, with a total area of 19.55 km2. The ARW was further divided
into 17 catchments in this study (Figure 1).

Beginning in 1898 through 1903 and then from 1910 to 1914, almost 700 ha of the lower
watershed was afforested to reduce soil erosion and mudflows [24]. Slopes were terraced
manually with ditch terraces and seedlings of broadleaves planted along the slope at a
distance ranging from 35 to 50 cm. The dominant species planted were walnut, oak, and
juniper, with an admixture of ash, maple, and elm. In addition, seeds of almond, pistachio,
walnut, and oak were sown between the terraces. The very dense planting and dry climate
have proven unfavorable for the growth and development of walnut, oak, and ash except
on north-facing slopes (Figure 2), but openings have been filled by native species, including
hawthorns. The success of this early afforestation effort can be seen in the reduction in
mudflows and the summer flows of the streams, as compared to the relatively bare slopes
of nearby watersheds.

2.2. SWAT Model for ARW

SWAT is a watershed- and basin-scale model for simulating the quality and quantity of
surface and ground waters in conjunction with the impacts of land use, land management,
and climate change. SWAT is widely used to assess watershed hydrological processes,
soil erosion, non-point source pollution, and regional watershed management (https:
//swat.tamu.edu/, accessed on 4 July 2023). In this study, the ARW hydrological model
was developed using ArcSWAT (https://swat.tamu.edu/software/arcswat/, accessed on
4 July 2023). The ArcSWAT is an ArcGIS-ArcView extension and interface for SWAT. The
major steps in developing the SWAT-ARW model included: (1) Watershed delineation.
This step involved the setup of a digital elevation model (DEM), the creation of stream
networks, and the selection of watershed inlets or outlets using the ArcSWAT watershed
delineation interface; (2) HRU (Hydrologic Response Unit) analysis. This process defined

https://www.uoguelph.ca/watershed/w3s/
https://swat.tamu.edu/
https://swat.tamu.edu/
https://swat.tamu.edu/software/arcswat/
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soil types, land uses, slopes, and HRUs; and (3) Weather data preparation. This step
included precipitation, air temperature, relative humidity, solar radiation, and wind speed
data acquisitions and reclassifications.
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Figure 2. Planted oak, approximately 100 years old, in the mid-slope of the Aktash River Watershed. 
Note the trees were planted on the downside of the ridge created by terracing and the in-filling by 
naturally regenerating native species and direct seeding (Photo credit: John Stanturf). 
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Figure 2. Planted oak, approximately 100 years old, in the mid-slope of the Aktash River Watershed.
Note the trees were planted on the downside of the ridge created by terracing and the in-filling by
naturally regenerating native species and direct seeding (Photo credit: John Stanturf).

2.3. Data Acquisition

The DEM data for the ARW–ArcSWAT model were obtained from Google Earth (https:
//earth.google.com/web/@41.57364703,64.23769421,463.91200418a,29707.8675831d,35y,0h,
0t,0r, accessed on 4 July 2023) and converted to the format required by ArcSWAT. The
soil and land-use/land-cover data were downloaded from the Europe/Asia Maps of the
SWAT website (https://swat.tamu.edu/data/, accessed on 4 July 2023). Similarly, the
daily weather data, including precipitation, maximum and minimum temperature, relative
humidity, solar radiation, and wind speed, were downloaded from the World Weather
for Water Data Service (W3S), University of Guelph, Canada (https://www.uoguelph.ca/
watershed/w3s/, accessed on 4 July 2023). These datasets were further reformatted in
compliance with the data formats required by ArcSWAT.

https://earth.google.com/web/@41.57364703,64.23769421,463.91200418a,29707.8675831d,35y,0h,0t,0r
https://earth.google.com/web/@41.57364703,64.23769421,463.91200418a,29707.8675831d,35y,0h,0t,0r
https://earth.google.com/web/@41.57364703,64.23769421,463.91200418a,29707.8675831d,35y,0h,0t,0r
https://swat.tamu.edu/data/
https://www.uoguelph.ca/watershed/w3s/
https://www.uoguelph.ca/watershed/w3s/
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Little measured hydrological data are available for comparison with the SWAT–ARW
model. In this study, we attempted to use the ET data obtained from remote sensing
for this purpose. The 8-day ET data with a 500 m resolution were downloaded from
MODIS (Moderate Resolution Imaging Spectroradiometer) or, more specifically, from
MOD16A2 (https://modis.gsfc.nasa.gov/data/dataprod/mod16.php, accessed on 4 July
2023). MODIS is a satellite-based sensor used for earth and climate measurements.

2.4. Mann–Kendall Analysis

Annual trends of precipitation, surface runoff, ET, snowmelt, water yield, groundwater
discharge, and streamflow over the past 17 years are determined using the Mann–Kendall
analysis. Mann–Kendall statistics is a nonparametric trend test and is calculated as [25]:

S = ∑n−1
k=1 ∑n

j=k+1 sgn
(
Xj − Xk

)
(1)

with

sgn(x) =


1 if x > 0
0 if x = 0
−1 if x < 0

(2)

The mean of S is zero, and the variance is

σ =
1

18
{n(n− 1)(2n + 5)−∑m

j=1 tj
(
tj − 1

)(
2tj + 5

)
} (3)

where n is the number of times of measurements, m is the number of the tied groups in
the data set, and tj is the number of data points in the jth tied group. Kendall’s S statistic is
approximately normally distributed if the following Z-transformation is valid:

Z =


s−1

σ i f S > 0
0 i f S = 0

s+1
σ i f S < 0

(4)

The statistic S is closely related to Kendall’s τ as:

τ =
S
D

(5)

with

D =

[
1
2

n(n− 1)− 1
2 ∑p

j=1 tj(tj − 1)
]1/2[1

2
n(n− 1)

]1/2
(6)

In this study, the Mann–Kendall analysis is implemented with Kendall’s package in
R-Statistics [26].

3. Results
3.1. Model Calibration and Validation

A watershed model calibration is to match the model predictions with field measure-
ments for a period (e.g., 10 years) by adjusting input parameter values within an acceptable
range, whereas a watershed model validation compares the model predictions with field
measurements for another period (e.g., another 10 years) without changing any input
parameter values. In this study, we used the ET data from remote sensing as surrogates for
field measurements for the model calibration and validation because no other measured
hydrological data exist in the ARW. Table 1 lists the major input parameter values used
during the model calibration.

https://modis.gsfc.nasa.gov/data/dataprod/mod16.php
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Table 1. Major input parameter values used for the ARW model.

Parameter Definition Value Unit/Method/
Explanation Reference

SFTMP Snowfall temperature 1 ◦C Local ob-
servation

SMTMP Snowmelt base temperature 0.5 ◦C Local
observation

SMFMX Melt factor for snow on June 21 4.5 mm H2O/◦C-day Local
observation

SMFMN Melt factor for snow on
December 21 4.5 mm H2O/◦C-day Local

observation

TIMP TIMP: Snowpack temperature lag
factor 1 Local

observation

IPET Potential evapotranspiration
(PET) method 1 Penman–Monteith

method Calibrated

ESCO Soil evaporation compensation
factor 0.9 Calibrated

EPCO EPCO: Plant uptake
compensation factor 1 Calibrated

ICN Daily curve number calculation
method 0

Calculate daily CN
value as a function

of soil moisture
Calibrated

CNCOEF Plant ET curve number coefficient 1 Calibrated

ICRK Crack flow code 0 Do not model crack
flow in soil

Local
observation

SURLAG Surface runoff lag time 4 Days Calibrated

CN2 Subbasins curve number 10% CN2 increased by
10% for all subbasins Calibrated

IRTE Channel water routing method 0 Variable Storage
Method Calibrated

MSK_COL1
Calibration coefficient used to

control the impact of the storage
time constant for normal flow

0.75 Calibrated

MSK_COL2
Calibration coefficient used to

control the impact of the storage
time constant for low flow

0.25 Calibrated

MSK_X

Weighting factor controlling
relative importance of inflow rate
and outflow rate in determining
water storage in reach segment

0.2 Calibrated

TRNSRCH
Fraction of transmission losses

from the main channel that enter
the deep aquifer

0 Calibrated

EVRCH Reach evaporation adjustment
factor 1 Calibrated

IDEG Channel degradation code 0

Channel dimension
is not updated as a

result of
degradation

Local ob-
servation

PRF
Peak rate adjustment factor for
sediment routing in the main

channel
0 Calibrated
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Table 1. Cont.

Parameter Definition Value Unit/Method/
Explanation Reference

SPCON

Linear parameter for calculating
the maximum amount of

sediment that can be re-entrained
during channel sediment routing

0.0001 Calibrated

SPEXP
Exponent parameter for

calculating sediment re-entrained
in channel sediment routing

1 Calibrated

Figure 3a compares the MODIS-measured with the SWAT-predicted daily ETs for an
11-year simulation period from 2002 to 2012. The values of R2, Nash–Sutcliffe Efficiency
(NSE), and percent bias (PBIAS) were, respectively, 0.66, 0.06, and 20.63. The NSE was
low, but the R2 and PBIAS were reasonably good. A plot of the MODIS-measured and
SWAT-predicted peaks and valleys of the daily ETs shows that the predicted values were
within the range of the measured ones graphically (Figure 3b). In this comparison, the 8-day
ET with a 500 m resolution from MODIS was divided by eight to obtain an average daily ET.
This average daily ET may not well represent the actual daily ET at the ARW as a dramatic
variation in daily ET could occur within 8 days. In other words, there were uncertainties in
the ET data from the MODIS measurement and SWAT modeling [27–29]. Nonetheless, the
SWAT-predicted daily ETs compared reasonably well with the MODIS-measured daily ETs
because they are within the range with good R2 and PBIAS.
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A comparison of the MODIS-measured with the SWAT-predicted daily ETs during
the model validation from 2013 to 2019 is shown in Figure 3c. With the good R2 (0.63),
improved NSE (0.27), and better PBIAS (2.41), we concluded that a good agreement was
obtained between the MODIS-measured and the SWAT-predicted daily ETs during the
model validation. Visual estimation of the peaks and valleys of the daily ETs supported
this conclusion (Figure 3d).

3.2. Daily, Monthly, and Annual Hydrological Processes

Daily variations in precipitation, surface runoff, and streamflow over the past 17-year
simulation period from 2003 to 2019 at the ARW are shown in Figure 4. The daily precipita-
tion was the model input data, whereas the daily surface runoff and streamflow were the
simulation results. In general, the daily surface runoff (Figure 4b) corresponded reasonably
well with the daily precipitation (Figure 4a). For instance, the daily surface runoff was
77.5 mm on 28 August 2006, when the daily precipitation was 121 mm, whereas the daily
surface runoff was 6.2 mm on 3 April 2012, when the daily precipitation was 26.3 mm.
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A plot of daily precipitation and surface runoff yielded the following linear equation:

Yrunoff = 0.46Xprec − 0.7 (R2 = 0.75) (7)

where Yrunoff is the surface runoff, and Xprec is the precipitation. This linear correlation
indicated that about 46% of the daily precipitation contributed to the daily surface runoff at
the ARW. This occurred because the daily surface runoff depended not only on precipitation
but also on watershed conditions such as antecedent soil water content, watershed slope,
and land cover.

A similar pattern was observed between the daily streamflow and the daily pre-
cipitation. That is, the daily streamflow was 17.7 m3/s on 28 August 2006 (Figure 4c)
when the daily precipitation was 121 mm, while the daily streamflow was 1.63 m3/s on
3 April 2012 when the daily precipitation was 26.3 mm. A plot of daily precipitation and
streamflow yielded:

Ysflow = 0.11Xprec − 0.18 (R2 = 0.73) (8)

where Ysflow is the streamflow. The result demonstrated the daily streamflow had a
good linear correlation with the daily precipitation. This pattern was also reported by
Ouyang [30] for a watershed in Mississippi, USA. The simulated average daily streamflow
from 2003 to 2019 at the ARW was 0.52 m3/s, which was consistent with the observed
average daily streamflow of 0.41 m3/s from 1947 to 1965 at the same basin [23]. Unlike
daily surface runoff and streamflow, the patterns of the daily ET, groundwater discharge
(to streams), snowmelt, and water yield did not correspond to the pattern of the daily
precipitation (Figure 5) because these hydrological variables were affected by other surficial
and geological factors in addition to the precipitation, such as temperature, snowfall,
topography, and soil type. The daily ET showed a typical pattern, increasing from winter
to spring, reaching its maximum in summer, and decreasing from fall to the next winter
(Figure 5a). The average and maximum daily ET were 1.11 and 8.5 mm, respectively,
in winter and spring. These values were compatible with those observed from remote
sensing, which had the average and maximum daily ET of 1.24 and 4.41 mm in winter and
spring, respectively.

The opposite pattern was found for the daily groundwater discharge, increasing
from summer through fall, reaching the maximum in winter, and then decreasing from
spring to the next summer (Figure 5b). This occurred because of snowmelt during winter
(Figure 5c). Obviously, the snowmelt was a major factor in groundwater discharge into
the streams of the ARW. The average and maximum daily groundwater discharges were
1.05 and 2.71 mm, respectively, while the average and maximum daily snowmelt were
0.38 and 35.9 mm, respectively. A comparison of Figure 5d with Figure 4a revealed that
the daily water yield corresponded well with the daily precipitation. In other words,
an increase in the daily precipitation increased the daily water yield. The average and
maximum daily water yield were 2.29 and 82.1 mm, respectively. Monthly changes in
average precipitation, surface runoff, ET, snowmelt, water yield, groundwater discharge,
and streamflow from 2003 to 2019 at the ARW are shown in Figure 6. The wet months
occurred from July to December, and the dry months from January to June. The monthly
surface runoff followed the same pattern as the monthly precipitation (Figure 6a). This was
because the surface runoff normally corresponded with the precipitation. In contrast, the
monthly ET increased from January and attained the maximum in late summer (August)
and then decreased to the minimum in December (Figure 6a) because the monthly ET
depended not only on precipitation but also on air temperature throughout the year. Unlike
the monthly ET, the monthly snowmelt, water yield, and groundwater discharge were zero
or lowest during the summer months (Figure 6b). A similar pattern was also observed for
the monthly streamflow.
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Seasonal variations of the hydrological processes are given in Table 2. They were in
the following order: fall > summer > winter > spring for precipitation and surface runoff;
summer > spring > fall > winter for ET; winter > spring > fall > summer for snowmelt; fall
> winter > summer > spring for water yield and streamflow; and winter > fall > spring >
summer for groundwater discharge. This seasonality would provide useful information to
farmers, foresters, and decision makers for better water resource management in the ARW
and Central Asia.
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Annual changes in precipitation, surface runoff, ET, snowmelt, water yield, groundwa-
ter discharge, and streamflow from 2003 to 2019 in the ARW are shown in Figure 7. While
these hydrological processes varied from year to year, their annual averages followed the
order: precipitation (1164 mm) > water yield (837 mm) > ET (407 mm) > groundwater dis-
charge (384 mm) > surface runoff (278 mm) > streamflow (190 mm) > snowmelt (140 mm).
The Mann–Kendall statistical test revealed a significantly increasing trend for the annual
precipitation (τ = 0.45, p < 0.01) and surface runoff (τ = 0.41, p < 0.02) but not for the annual
water yield (τ = 0.32, p = 0.08), streamflow (τ = 0.32, p = 0.08), or ET (τ = 0.32, p = 0.08)
over the past 17 years. The Mann–Kendall statistic τ ranges from −1 to 1 and measures
the relationships between variables and times. If τ = 0, no relationship exists, while τ = 1
indicates an increasing trend, and −1 is a decreasing trend. The p-value is a statistical
measure of a trend, and if p ≤ 0.05, there is a monotonic trend [31].
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Table 2. Seasonal averaged precipitation, surface runoff, snowmelt, water yield, groundwater
discharge, and streamflow.

Seasonal
Average

Precipitation
(mm)

Seasonal
Average
Surface

Runoff (mm)

Seasonal
Average ET

(mm)

Seasonal
Average

Snowmelt
(mm)

Seasonal
Average

Water Yield
(mm)

Seasonal
Average

Groundwater
Discharge (mm)

Seasonal
Average

Streamflow
(m3/s)

Spring 115 11 106 29 98 64 22

Summer 298 69 143 0 139 34 32

Fall 403 120 76 10 283 107 65

Winter 226 49 38 85 229 138 52
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3.3. Impacts of Land Use and Afforestation on Hydrological Processes

Impacts of land use and land cover (LULC) on ET, groundwater recharge (i.e., water
flow from vadose zone soils and streams to aquifers), and water yield are shown in Figure 8.
The major LULCs at the ARW included urban (URBAN, 0.35 km2), agriculture (AGRL,
0.01 km2), forest (FRST, 4.48 km2), and range land (RNGE, 14.71 km2). Figure 8a shows the
annual average ET, groundwater recharge, and water yield from the urban, agriculture,
forest, and rangeland. On average, they were in the following order: rangeland > forested
land > urban > agricultural land for groundwater recharge and ET was rangeland > forested
land > agricultural land > urban for water yield.
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Figure 8. Impacts of urban (URBAN), agriculture (AGRL), forests (FRST), and range land (RNGE) on
annual ET, groundwater recharge, and water yield.

Since the area varied with the land uses, it may not be easy to compare which land
use had more effect on ET, groundwater recharge, and water yield. To circumvent this
obstacle, we have used the unit area values of ET, groundwater recharge, and water yield
for comparisons in this study. These unit area-specific values were obtained by dividing the
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amount of the annual ET, groundwater recharge, and water yield by the corresponding area
of each LULC. Results showed that agricultural land had much higher unit area-specific
ET, groundwater recharge, and water yield than the other three land uses (Figure 8b).

A comparison of monthly and annual average precipitation, surface runoff, ET, wa-
ter yield, and groundwater discharge between the afforested land-dominated catchment
(Catchment 13) and the rangeland-dominated catchment (Catchment 14) is given in Table 3.
Catchments 13 and 14 accounted, respectively, for 63.78% and 23.58% of the afforested
land and 36.22% and 76.42% of the rangeland. There were no differences in precipitation
and snowmelt between the two catchments. Approximately 20% more annual average
surface runoff occurred in the rangeland-dominated catchment than in the afforested
land-dominated catchment. A slight increase (0.13%) in water yield was observed in the
rangeland-dominated catchment as compared to that of the afforested land-dominated
catchment. In contrast, there were 0.08% and 4.86% more increases, respectively, in ET and
groundwater recharge in the afforested land-dominated catchment than in the rangeland-
dominated catchment.

Table 3. Monthly and annual average precipitation, surface runoff, ET, water yield, and groundwater
discharge between Catchments 13 and 14. Catchment 13 has an area of 1.77 km2 with 63.78%
afforested land and 36.22% rangeland. Catchment 14 has an area of 2.16 km2 with 23.58% afforested
land and 76.42% rangeland.

Parameter

Monthly Average Annual Average

Catchment 13
(Afforestation
Dominated)

Catchment 14
(Rangeland
Dominated)

Percent
Different (%)

Catchment 13
(Afforestation
Dominated)

Catchment 14
(Rangeland
Dominated)

Percent
Different (%)

Precipitation (mm) 32.18 32.18 0.00 386.15 386.15 0.00

Runoff (mm) 2.15 2.58 20.30 25.76 30.99 20.30

ET (mm) 16.99 16.97 −0.08 203.85 203.68 −0.08

Snowmelt (mm) 13.59 13.59 0.00 163.07 163.07 0.00

Water Yield (mm) 12.71 12.72 0.13 152.49 152.68 0.13

Groundwater
Discharge (mm) 6.17 5.87 −4.86 73.99 70.39 −4.86

4. Discussion

Uzbekistan is a low forest cover country; depending on the source, forest cover is
between 7.2% and 7.5% and includes the low stature saxaul (e.g., Haloxylon spp.) forests.
Most of the forests (69%) are managed for the protection of soil and water or for biodiverse
conservation (31%) with some restricted uses, mainly for non-timber forest products [32].
The mountains are mostly (93%) eroded [33] due to grazing and xeric conditions. Precipita-
tion on such slopes enhances soil erosion and increasingly leads to destructive mudflows.
Climate change is projected to further threaten water security in Uzbekistan as increased
temperatures lead to the rapid melting of glaciers elsewhere in the region, causing severe
water shortages in the important Amu Darya and Syr Darya Rivers by mid-century [34].
Thus, understanding the hydrology of mountain watersheds in Uzbekistan, indeed through-
out Central Asia, is critically important, and the scarcity of data is challenging.

Very few efforts have been devoted to characterizing the past hydrological processes
in the watersheds of Uzbekistan using field measurements and watershed-scale models.
The SWAT model developed for the ARW was the first of its kind in the region. The model
was calibrated and validated using remote sensing data from MOD16A2 because no other
field-measured data was available. It has been reported that data from MODIS may under-
or over-estimate ET, depending on study locations [35–37]. Ha et al. [36] compared ET
between eddy covariance measurements and MODIS estimates in a disturbed ponderosa
pine forest in the semiarid area near Flagstaff, Arizona, USA. These authors conclude that
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MODIS ET underpredicted annual eddy ET primarily due to underestimation of the leaf
area index. Conrad et al. [35] estimated spatial and temporal patterns of water depletion in
the irrigated land of Khorezm in the lower floodplain of the Amu Darya River, Central Asia.
They reported that MODIS ET somewhat underestimated the measured crop ET, although
they had a moderate linear correlation with R2 = 0.6. Their study results were similar to
our findings, i.e., the MODIS ETs from our study were 70% (Figure 3a) and 82% (Figure 3c)
of the SWAT ETs, respectively, during the model calibration and validation. Qiao et al. [38]
compared ET from SWAT and MODIS in grasslands of the southern Great Plains, USA,
and concluded that the SWAT model produced better ET than that of the MODIS estimates.
Therefore, our SWAT simulations were reasonable.

In general, daily surface runoff and streamflow closely responded to daily precipitation
but were not proportionally correlated with it. A 4.6-fold decrease in the daily precipitation
decreased the daily surface runoff and streamflow by more than 11 times. This occurred
because the daily surface runoff and streamflow depended not only on the precipitation
but also on the watershed conditions, highlighting the importance of sustainable land use
practices for long-term water security. The projected increased intensity of precipitation
events will increase the risk of mudflows in degraded (i.e., over-grazed) watersheds [39,40]
that could be mitigated by afforestation.

The daily ET did not correlate to the daily precipitation and showed a typical seasonal
pattern of increasing from winter to spring, reaching a maximum in summer, and decreasing
from fall to the next winter. In contrast, the daily groundwater discharge increased from
summer through fall, reached a maximum in winter, and then decreased from spring to
the next summer. An increase in the daily precipitation increased the daily water yield.
Average temperatures in Uzbekistan are projected to increase significantly faster than
the projected global average. Under the most pessimistic scenario (the highest emissions
pathway, RCP8.5), average temperatures are projected to rise by 4.8 ◦C by the end of the
century [34].

Annual variations of the mountainous hydrological processes followed the order:
precipitation (1164 mm) > water yield (837 mm) > ET (407 mm) > groundwater discharge
(384 mm) > surface runoff (278 mm) > streamflow (190 mm) > snowmelt (140 mm). The
Mann–Kendall statistical test revealed a significant increasing trend for the annual precipi-
tation (τ = 0.45, p < 0.01) and surface runoff (τ = 0.41, p < 0.02) but not for the annual water
yield (τ = 0.32, p = 0.08), streamflow (τ = 0.32, p = 0.08), and ET (τ = 0.32, p = 0.08) over
the past 17 years. Based on the specific-value comparison (i.e., amount per unit square
kilometer per year), agricultural land had much higher ET, groundwater recharge, and
water yield than the grassland, forest, and range lands.

Afforestation is a field process of growing trees in non-forest land to create forests. Af-
forestation can conserve precipitation water, diffuse surface runoff, and absorbs pollutants,
which mitigates river flooding, reduces soil erosion, and produces clean water [41]. A 20%
decrease in the monthly and annual average surface runoff in the afforestation-dominated
land (Catchment 13) supports the conclusion that growing trees prevent surface water
runoff and, thereby, soil erosion. A 4.86% increase in monthly and annual average ground-
water recharge in the afforestation-dominated land revealed that afforestation enhanced
groundwater recharge as compared to that of the rangeland in the ARW.

5. Conclusions

A site-specific SWAT model was developed to quantify the mountain hydrological
processes in the Aktash River watershed of Uzbekistan, Central Asia. The model was
calibrated and validated using remote sensing ET data from the MODIS with reasonable
agreements, although the MODIS ET somewhat underestimated the SWAT ET. Additionally,
our SWAT estimated ETs were comparable to those reported by others at the Amu Darya
River, Central Asia.
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Daily streamflow and surface runoff corresponded reasonably well with daily precipi-
tation, but they were not proportionally correlated with daily precipitation because of the
complex watershed conditions.

The patterns of daily ET, groundwater discharge, snowmelt, and water yield did not
correspond to the pattern of the daily precipitation because these hydrological processes
were affected by other surficial and geological factors in addition to precipitation.

The magnitudes of the seasonal hydrological processes followed the order: fall >
summer > winter > spring for precipitation and surface runoff; summer > spring > fall
> winter for ET; winter > spring > fall > summer for snowmelt; fall > winter > sum-
mer > spring for water yield and streamflow; and winter > fall > spring > summer for
groundwater discharge.

Agricultural land had much higher specific values (mm/km2/y) of ET, groundwater
recharge, and water yield than those of urban, forest, and range lands. As compared to
rangeland, afforested land reduced surface runoff and increased groundwater recharge,
although the afforested land increased ET and decreased water yield slightly.

Our research findings on the mountainous hydrological processes provide useful in-
formation to farmers, foresters, and decision makers for better water resource management
in the ARW, Central Asia, and other mountain watersheds with similar conditions.

Further study is warranted to perform field measurements of hydrological processes
such as streamflow and surface runoff at the ARW for rigorously validating the SWAT
model and for a comprehensive understanding of the mountainous hydrological processes
at the ARW and Central Asia.
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