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ABSTRACT

Runoff in the Amu Darya River (ADR) in central Asia has been declining steadily since the 1950s. The
reasons for this decline are ambiguous, requiring a complete analysis of glaciohydrological processes across
the entire data-scarce source region. In this study, grid databases of precipitation from the Asian
Precipitation-Highly Resolved Observational Data Integration Toward Evaluation of Water Resources
(APHRODITE) and temperature from Princeton’s Global Meteorological Forcing Dataset (PGMFD) are
used to force the distributed, glacier-enhanced Soil and Water Assessment Tool (SWAT) model to simulate
glaciohydrological processes for 1951-2007 so as to determine long-term streamflow changes and the primary
driving factors in the source region of the ADR. The study suggests that the database was a suitable proxy for
temperature and precipitation forcing in simulating glaciohydrological processes in the data-scarce alpine
catchment region. The estimated annual streamflow of 72.6 km® in the upper ADR had a decreasing trend for
the period from 1951 to 2007. Change in precipitation, rather than in temperature, dominated the decline in
streamflow in either the tributaries or mainstream of the ADR. The streamflow decreased by 15.5% because
of the decline in precipitation but only increased by 0.2% as a result of the increase in temperature. Thus,
warming temperature had much less effect than declining precipitation on streamflow decline in the ADR in
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central Asia in 1951-2007.

1. Introduction

The Amu Darya River (ADR) is the largest river in
the Aral Sea basin, with a share of mountain discharge
greater than 90%. The ADR supplies water to a large
population and to the Aral Sea in the downstream re-
gion, accounting for two-thirds of total runoff in the Aral
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Sea basin (Agal’tseva et al. 2011). Water availability in
the ADR is of international importance because of
water conflicts among countries in this region and the
deteriorating Aral Sea environment. Streamflow in the
ADR has been declining since the middle of the last
century (Stulina and Eshchanov 2013), with a pessimis-
tic future for the water supply in the glacierized catch-
ments of central Asia (Sorg et al. 2014).

Most studies on the ADR have concentrated on its
glacierized tributaries (e.g., the source regions of the
Pyanj and Vakhsh Rivers), especially in terms of the
impact of climate change on future glaciohydrological
processes. Hagg et al. (2013) observed a slight reduction
in annual runoff in Rukhk catchment—a small river in
the upper Pyanj catchment. Kure et al. (2013) projected
an increase in annual mean river discharge in the snow-/
glacier-dominated areas of Pyanj and Vakhsh Rivers
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until 2060 due to increasing air temperature, followed
by a decrease due to the subsequent disappearance of
small glaciers. However, there are rarely any reports on
either past or future variations in streamflow of the en-
tire ADR. In the past two decades, there have been
contrasting reports on trends in precipitation in central
Asia. This is attributed partly to the limited meteoro-
logical stations in the high mountain area and to the
dysfunction of a number of the stations since 1990 (Sorg
et al. 2012). Thus, estimation of changes in precipitation
in its alpine watersheds remains highly uncertain.

Changes in river runoff can be determined using sta-
tistical techniques based on observed hydrological and
meteorological data (Unger-Shayesteh et al. 2013).
Statistical techniques are adopted to test the trend of
change or to establish regression relations between
runoff and temperature or precipitation observed at
lower points in the data-scarce high alpine watersheds
(Aizen et al. 1997; Nezlin et al. 2004; Savitskiy et al.
2008). These statistically based relations may not discern
the complex mechanisms of precipitation—streamflow
transformations in glacierized watersheds and thereby
fail to capture the reasons for changes in runoff due to
changes in precipitation and/or temperature. In the
glacierized watersheds, part of the seasonal precipita-
tion could be stored in the glacier and then released as
meltwater with years of delay (Unger-Shayesteh et al.
2013). This may induce further difficulties in determin-
ing the reasons for changes in streamflow through sta-
tistically based relations.

Change in snow/glacier melt due to rising tempera-
tures was usually regarded as the primary reason for
change in river runoff (Savitskiy et al. 2008; Olsson et al.
2010). Change in meltwater could explain change in
streamflow only in the glacierized subbasins (e.g., Pyanj
and Vakhsh Rivers), rather than in the entire water-
sheds (e.g., the ADR basin). While snow/glacier melt
dominates river inflow in mountainous river basins
(Froebrich and Kayumov 2004), climate change (in-
cluding changes in temperature and precipitation) se-
verely affects such melt characteristics (Barnett et al.
2005; Immerzeel et al. 2010). The physically based gla-
ciohydrological models can investigate the pattern
changes in streamflow and reveal the combined impact
of temperature and precipitation on the individual
tributaries of the ADR basin. Furthermore, integra-
tive analysis of individual subbasins with different
water balance components could reveal the stream
change patterns and attribute the changes for the entire
ADR. Distributed hydrological models upgraded with
glacial processes modules could become an effective
tool for investigating long-term variations in different
runoff components with high temporal resolutions
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(Unger-Shayesteh et al. 2013). Comprehensive attri-
bution studies could be performed after obtaining all
of the runoff components, including ice melt. The
models such as Spatial Processes in Hydrology (SPHY;
Lutz et al. 2014), Hydrologic Engineering Center
Hydrologic Modeling System (HEC-HMS; Kure et al.
2013), Hydrologiska Byrdns Vattenbalansavdelning
(HBV)-ETH (Hagg et al. 2007, 2013) and the glacier-
enhanced Soil and Water Assessment Tool (SWAT,;
Luo et al. 2013) have been used to simulate runoff in
the headwater regions of glacier and snowmelt-fed
rivers, such as the Pyanj and Vakhsh Rivers, the
Sary-Djaz—Kumaric River (Wang et al. 2015), the Syr
Darya River (Gan et al. 2015), and the Chu River (Ma
et al. 2015) in central Asia. These models have also
been applied in other glacier-/snowmelt-dominated
rivers in the world, laying a solid foundation for the
contribution of climatic change to runoff change in the
ADR basin.

In data-scarce situations, the reanalysis or interpola-
tion data based on observations at meteorological sta-
tions are widely used as a proxy for precipitation to force
the simulation of the hydrological processes in alpine
watersheds. For example, Asian Precipitation—-Highly
Resolved Observational Data Integration Toward
Evaluation of Water Resources (APHRODITE) pre-
cipitation data were used in watersheds in central Asia
(Lutz et al. 2013) and the Hindu Kush-Karakoram—
Himalaya (Immerzeel et al. 2012; Lutz et al. 2014) and in
the Kaidu River of the Tian Shan by Li et al. (2014). The
reliability of station-dependent grid databases varies
with the number of meteorological stations and data
quality. The gridded products often incorporate obser-
vations from only a few stations in central Asia, pri-
marily located in the lowlands and therefore rendering
regionalized results quite uncertain, especially for
headwater catchment regions (Unger-Shayesteh et al.
2013). In particular, several Soviet-era stations have
become dysfunctional since the 1990s, potentially in-
creasing uncertainty in the grid database. It is therefore
crucial to explore the usability of the grid database in
data-scarce alpine watersheds in central Asia.

For the glacierized headwater region of the ADR
basin, the reasons for the decline in streamflow since the
1950s are still unclear. Is it that the decline is dominated
by changes in glacier melt? Which of the climatic factors
(precipitation or temperature) dominantly drives the
changes in meltwater and streamflow in the region? This
study attempts to address these critical issues by using a
glaciohydrological model and gridded climatic data in
the headwater region of the ADR and its tributaries,
where spatial distributions of both climate and glacier
coverage are highly heterogeneous.
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FIG. 1. Map of the UADRB in central Asia.

2. Materials and methods
a. The watershed

The ADR, which originates from the glaciers/snow
fields of western Tian Shan and Pamir-Alai Mountains,
flows nearly 2400km from the mountains across the
Karakum Desert and into the Aral Sea (Fig. 1). It consists
of seven primary tributary basins: Pyanj (PYRB), Vakhsh
(VKRB), Kafirnigan (KFRB), Surkhandarya (SHRB),
Zeravshan (ZVRB), Kashka Darya (KSRB), and Kunduz
(KDRB). After the confluence of PYRB and VKRB, the
river runs along the border between Afghanistan and
Uzbekistan, passing across Turkmenistan before again
returning to Uzbekistan and the finally emptying into the
Aral Sea. Two large tributaries on the right-hand side
(KFRB and SHRB) and one on the left-hand side (KDRB)
empty into the middle reaches of the ADR. Based on the
hydrogeographical conditions of the area, two other rivers
in the right-hand side (ZVRB and KSRB) are also
tributaries of the ADR. Although some of the tributaries
do not currently contribute to flow in the mainstream
because of overwithdrawal (Olsson et al. 2010), they are
still considered part of the ADR in this study.

Approximately 200 000 km? of the upper ADR basin
(UADRB; also described as the source region of ADR
in this text) is in the Pamir—Alai range. The elevation of
the source region ranges is 1200-7400 m MSL, with some
individual peaks exceeding 6000 m MSL.

The source region is rich in glaciers, which are un-
evenly distributed in the headwater catchments of the

tributaries. There is a total area of 11 122 km? of glaciers
in the ADR basin, of which ~91% are concentrated in the
PYRB and VKRB. The glacier coverage ratio (GAR;
which is expressed as glacier area to the catchment area)
varies significantly among the headwaters. The GAR
values of PYRB, VKRB, and ZVRB are 5.8%,12.1%, and
6.3%, while those for KFRB, SHRB, KSRB, and KDRB
are only 1.8%, 1.5%, 0.3%, and 0.4%, respectively.

The ADR basin has a continental climate that is pri-
marily controlled by the westerlies—prevailing winds
from the west toward the east in the midlatitudes of 30°—
60°. Average annual precipitation exceeds 1000 mm in the
alpine area, but only 100 mm in the foothills and adjacent
plains. About 80% of the precipitation falls primarily in
winter and early spring, when it is cold, with a mean
temperature as low as —30°C. It is dry and hot in summer
and early autumn, with a mean temperature as high as
30°Cin July. Snow falls in winter and spring and thereafter
melts as an important source of streamflow.

While ~80% of the runoff is concentrated in April-
September, only 13% occurs in December-February
(Agal’tseva et al. 2011). The PYRB and VKRB con-
tribute some 70% of the flow volume of the mainstream,
and the other tributaries combined contribute the re-
maining 30%. Table 1 lists the basic physical features of
the headwater catchments of tributaries of the ADR.

b. The glacier-enhanced SWAT model

SWAT is a comprehensive, semidistributed, process-
based river basin model that is widely used under a
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TABLE 1. Physical features of source regions in the ADR and its primary tributaries in central Asia.

Source Glacier Mean elev Mean annual value

area (km?) Area (km?) Ratio (%) Source area (m MSL) Glacier (m MSL) T (°C) P (mm)
PYRB 106225 6199 5.8 3716 4908 -1.50 364
VKRB 32380 3909 12.1 3805 4685 -3.36 594
KFRB 6035 107 1.8 2673 3788 2.79 1019
SHRB 6170 94 1.5 2572 3870 1.65 663
ZVRB 10561 664 6.3 3192 4102 —0.03 579
KSRB 5846 18 0.3 2500 3810 4.68 458
KDRB 31853 131 0.4 3037 4785 4.30 370
UADRB 199070 11122 5.6 3050 4250 —0.45 502

variety of climatic, soil, topographic, and management
conditions (Arnold et al. 2012; Gassman et al. 2007). The
SWAT model delineates a basin into subbasins and uses
hydrological response units (HRUs) to account for the
spatial heterogeneities of climate, land use and cover,
soil, and topography within subbasins. An HRU is a
combination of unique land-use type, soil type, and to-
pographic slope. Land surface hydrological processes
are simulated for each HRU, and the flow with sedi-
ments, nutrients, and pollutants is routed to subbasin
outlets via tributaries and then to the basin outlet via the
main channel. However, the flow has no dynamic hy-
drologic routing across the land surface but is discharged
directly to the stream using a lagging equation. The
detailed modeling and theoretical concepts of SWAT
are documented by Neitsch et al. (2011).

The officially released versions of SWAT do not
simulate glacier hydrology. Luo et al. (2013) proposed a
glacier hydrological response unit (GHRU) approach
and developed a glacier hydrology module for SWAT to
simulate glaciohydrological processes at watershed
scale. Each GHRU consists of an individual glacier. The
module simulates the mass balance and dynamics for
each GHRU. A GHRU is divided into elevation bands
of equal intervals, and then the mass balance is simu-
lated with respect to each band. The mass balance of a
glacier is the sum of the balance of the bands. The glacier
area change is derived from a volume-area scaling re-
lation (Chen and Ohmura 1990) expressed as

Ay =V Jm)™, (1)

gla
where A, (km?) and Vgla (km®) are glacier surface area
and volume, respectively, and m and n are constants
derived from glacier measurements. Following Bahr
etal. (2015) and Liu et al. (2003), m is set at 0.04 and 7 is
set at 1.35 in this study. It is assumed that the glacier
retreats or advances from the lowest band upward or
downward. The glacier mass balance components
consist of mass accumulation and ablation. Ablation

consists of sublimation and supraglacial snowmelt and
ice melt. The ice melt and snowmelt are simulated using
the degree-day factor method.

In this model, runoff in each HRU or GHRU is from
rainfall, snowmelt, and glacier melt. Glacier melt includes
supraglacial snowmelt, ice melt, and direct runoff gener-
ated from rainfall on ice. Also, a portion of the snowmelt
and rainfall infiltrates the soil profile; some of the in-
filtration leaves the soil profile as lateral flow, and some
recharges the aquifer and aquifer storage is released as
base flow. In the officially released SWAT code, base flow
is simulated in a linear outflow equation for only the
shallow aquifer. The deficiency of this approach is that
streamflow recedes to almost zero through winter season
for rivers in the study area. Thus, Luo et al. (2012)
adapted the model to allow both shallow and deep aqui-
fers to release base flow. The shallow aquifer is treated
as a quick pool and the deep aquifer as a slow pool, but
the shallow aquifer could also recharge the deep aquifer.
Base flow is simulated by a set of linear outflow equations
of both the quick and slow pools. Using this approach, the
simulation of streamflow during low-flow period is im-
proved significantly. Surface runoff, lateral flow, and base
flow are routed via tributary channels to the outlet of each
subbasin and to the outlet of the basin via the primary
channel, and channel water loss is removed from routed
river discharge. Further details on the glacier-enhanced
SWAT model are documented by Luo et al. (2013). This
version of the SWAT model has been used in the head-
water hydrological processes of the Manas River (Luo
et al. 2013) and Kumaric River (Wang et al. 2015) in the
Tian Shan range in China and in Chu River (Ma et al.
2015) and Naryn River (Gan et al. 2015) in the Tian Shan
range in central Asia.

¢. Data and model setup

1) INPUT SPATIAL DATA

The spatial data required to set up the model in-
clude digital elevation models [DEMs; Shuttle Radar
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Topography Mission DEM with a spatial resolution of
90m and 3 arc s (SRTM3)], land-use map, soil map,
and glacier inventory. While daily meteorological data
are required to force the simulation, discharge data at
the outlet gauges are used to calibrate and validate the
model. In addition, glacier area change data are used
to restrict the parameterization of glacierized catch-
ments. The sources and detailed processing of the
spatial data (including glacier database compilation)
are given in Text S1 of the supplemental material.

2) SWAT MODEL SETUP

The upstream boundaries of the ADR basin were
delineated from the DEM map using ArcSWAT, which
is an integrated platform of the SWAT model and
ArcGIS software. In all, the UADRB was divided into
2747 subbasins and 19253 HRUs. GHRUs were created
for each glacier, including 6240, 2207, 751, 268, 250, 44,
and 266 GHRUs in PYRB, VKRB, ZVRB, KFRB,
SHRB, KSRB, and KDRB, respectively.

3) MODEL PARAMETERIZATION

Monthly streamflow data from 17 hydrological sta-
tions (Fig. 1) are used for independent calibration and
validation purposes, as shown in Table S3 in the sup-
plemental material. The Nash-Sutcliffe efficiency
(NSE), percent bias (PBIAS), and squared correlation
coefficient R? are used to evaluate model performance
during calibration and validation (Moriasi et al. 2007).

For parameterization of glacierized basins, calibration
can be wrong if the model is tuned with runoff data as the
only target function. Including glacier mass balance and
snow data as additional criteria significantly reduces pa-
rameter uncertainty (Hagg et al. 2013). Given that the
availability of glacier mass balance data are present for
only limited benchmark glaciers, using glacier area change
(based on different phases of glacier data) as auxiliary data
may constrain parameter uncertainty during calibration.

The parameter calibration is as follows: 1) adjust
glacier melt parameters and check NSE and PBIAS
during calibration and 2) run the model for the period
1960-2000 and check simulated glacier area change
against the observed value. If the simulated value
matches well with the observed one, then 3) adjust other
parameters to improve PBIAS; if not, go back to the first
step and readjust glacier parameters. This loop could be
repeated quite a few times to get acceptable values of
NSE, PBIAS, and glacier area change. Calibration is
manually done by the trial and error method. During the
calibration and validation, glacier melt and snowmelt,
glacier area change, streamflow, water balance, etc. are
monitored to ensure a rational simulation and water
balance. Wherein PBIAS is still unacceptable, 4) the
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precipitation lapse rate (PLAPS) profile is next ad-
justed. Then, the loop from the first to the fourth step is
repeated until reasonable results are obtained.

d. Climate input scheme

1) DATA SOURCE

Monthly observation data from 59 meteorological
stations are obtained from the National Snow and Ice
Data Center (NSIDC). The data series, which spans
19302000 (with gaps), is used to assess the quality of the
gridded data. A large number of observations are dis-
continued because of the disintegration of the Soviet
Union in the 1990s (Unger-Shayesteh et al. 2013). Me-
teorological observations for high-altitude mountains
are scarce not only in central Asia, but also around the
world. Thus, gridded databases with continuous spatial
coverage and long time spans are increasingly used in
simulating hydrological processes in the alpine water-
shed (Hagg et al. 2013; Immerzeel et al. 2012; Lutz et al.
2013, 2014). In this study, daily precipitation from
APHRODITE and daily temperatures from Princeton’s
Global Meteorological Forcing Dataset (PGMFD;
Sheffield et al. 2006) are used to force the glacier-
enhanced SWAT model simulation.

The APHRODITE Monsoon Asia, version 1101, data-
base (Yatagai et al. 2012) consists of long-term continental-
scale daily gridded data for 1951-2007 that are based on a
dense network of rain gauges with a spatial resolution of
0.25°. PGMFD is constructed by the combination of a suite
of global observation-based datasets reanalyzed by the
National Centers for Environmental Prediction—National
Center for Atmospheric Research (NCEP-NCAR). The
dataset has a daily resolution and a spatial scale of 0.5°,
and it includes mean air temperature and minimum and
maximum temperatures for 1948-2010. The temperature
data are downscaled to 0.25° via bilinear interpolation,
which is compatible with APHRODITE precipitation
data in terms of spatial resolution.

Thus, 406 grid cells of temperature and precipitation
data mask the UADRB, with 248, 66, 17, 23, 18, 34, and
57 grid cells in PYRB, VKRB, ZVRB, KFRB, SHRB,
KSRB, and KDRB, respectively (Fig. 2).

Regression analysis is used to evaluate the gridded data
against observations at the meteorological stations. In the
grid cell to station comparison of monthly precipitation, R*
is greater than 0.5, except for two stations (see Fig. S2a in
the supplemental material). Then R” for monthly average
temperature is above 0.97 (Fig. S2b). Overall, the R*
values are 0.76 and 0.74 for monthly and annual pre-
cipitation, respectively (Figs. S2c,d). Then the R* values
are 0.93 and 0.89 for mean monthly and annual tempera-
ture, respectively (Figs. S2e,f). Based on Moriasi et al.



1548

a. Sen's slope

0 140

b. Trend significance

0 140

280km
]

JOURNAL OF HYDROMETEOROLOGY

VOLUME 17

I Glaciers
P change rates
Slope

I -7.0--3.0
. -3.0-.0
[.0-1.0
I 1.0-2.0

[ Glaciers
P change rates
z

B <-2.56
| -2.56-1.96
© -1.96-0.00
[ 0.00-1.96
I 1.96-2.56

FIG. 2. Maps of the (a) rate of precipitation change and (b) trend significance of grid cells for
APHRODITE data in the source region of the ADR in 1951-2007 in central Asia.

(2007), the R* suggests an acceptable consistency between
the gridded data and the observation data. However, the
slopes of the regression lines also suggest systematic bias
between the gridded and observation data. The gridded
data generally underestimate temperature and precipita-
tion at high elevations, especially the latter. As each grid is
treated as a meteorological station in the SWAT model,
the lapse rates of temperature and precipitation are used
to adjust the values at high elevations.

The initial temperature lapse rates (TLAPSs) are de-
rived directly from PGMFD and observation data at the
meteorological stations, which are then tuned during the
model calibration with consideration for potential un-
certainties involved in the gridded data. In this study, the
PLAPSs were used to estimate precipitation at loca-
tions other than the observation sites. At low eleva-
tion, PLAPSs are determined by the combined use of
APHRODITE and observation data at the meteorological
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stations. At high elevation, precipitation is corrected by a
mass accumulation—precipitation relation with the gla-
cier. Kotlyakov and Krenke (1982) proposed an empirical
formula that expresses this relation based on measure-
ment data at 57 glacier stations around world. The rela-
tion is formulated as

A=1.33(9.66+ T,)*%, )

where A is the ablation (or accumulation) at equilibrium
line altitude (ELA) per year (mm) and 7y is the mean
temperature in summer (June-August) at ELA (°C).
For each glacier, the annual ablation at ELA was cal-
culated via Eq. (2) over the period 1960-70, when glacier
change in the study area was insignificant (Sorg et al.
2012). Precipitation was assumed as the ablation.

The gridded daily minimum and maximum tempera-
ture and precipitation and the tuned lapse rates are used
to drive the simulation of the hydrological processes in
the watershed.

2) CLIMATE DATA SERIES TREND TEST

The Mann-Kendall test (Gilbert 1987; Hirsch et al.
1982, 1991) method is used for trend analysis of the
temperature, precipitation, and discharge data series. The
Mann-Kendall test is a nonparametric test, that is, it does
not make any assumptions on the probability distribution
of the underlying data and can address incomplete data
series. The test rejects the null hypothesis if Z = |Z,],
where Z, is the critical value of the normal distribution at
some Z confidence level. A positive Z value indicates an
increasing trend and a negative Z indicates a decreasing
trend. Sen’s nonparametric method can give the slope
and intercept of the linear trend line (Gilbert 1987; Sen
1968). Sen’s slope is estimated as the median of n(n — 1)/2
slopes of pairs of (x;: x;) with j > k.

(i) Temperature

Based on the Mann—Kendall test, the mean temperature
from PGMFD for 1951-2007 in the UADRB increased by
0.2°Cdecade !, the maximum temperature increased by
0.2°Cdecade !, and the minimum temperature increased
by 0.3°Cdecade ' (significant at p < 0.01). The rate of
change in temperature derived from PGMFD is in phase
with previous analyses [0.39°C by Hu et al. (2014); 0.31°-
0.41°Cby Giese et al. (2007); and 0.39°C by Chevallier et al.
(2014)]. The variations in the exact magnitudes are due to
the different temperature data sources, the time span of the
statistics, and the statistical methods used in the studies.

(ii) Precipitation

The long-term trend of change in precipitation from
AHPRODITE data for 1951-2007 is plotted in Fig. 2.
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For 1951-2007, precipitation for ~60% of the grid cells
decreased, among which ~80% decreased significantly
(p <0.05). The rate of change varied between —7.0 and
0.0 mm decade . Precipitation in not over 40% of the grid
cells increased within the range of 0.0-2.0mm decade '. In
the study area, a comparison between observed precipita-
tion from 29 meteorological stations and APHRODITE
gridded precipitation at the corresponding grid cells shows
70% similar in trend of change.

On the basis of the Mann-Kendall test, temperature
had an overall increasing trend and precipitation had an
overall decreasing trend in 1951-2007, with few excep-
tions in the UADRB.

To assess the potential impact of observed climate
change on water, Bouraoui et al. (2004) introduced a
detrending approach for climatic variables based on
trend analysis as follows:

Ty=T—B(t,—
Py=P—PP,'B,(t, — 1)), 4)

t,) and 3)

where T and P are actual data series of temperature and
precipitation; T, and P, are detrended daily tempera-
ture and precipitation data series; P, is monthly pre-
cipitation; B and Bp are the calculated Sen’s slopes of
linear trend lines of temperature and precipitation, re-
spectively; £ is the base year; and the subscript y is the
sequential number of years from the base year. If the
calculated detrended precipitation is negative, it is set to
the median value of observation series for that month.

In this study, the detrending method is used to assess
the impact of observed changes in temperature and
precipitation on streamflow and glacier melt. It is as-
sumed that 7, and P, denote climate without in-
terference of climate change; then 7 and P are the actual
climate with the so-called climate change fractions in-
cluded as follows:

P=P;+dP and 5)
T=T,+dT. (6)

3) SIMULATION SCHEME

To determine how the changes in temperature and/or
precipitation affect glaciohydrological processes in the
study area, the climatic forcing schemes are designated as
in Table 2. Typically, scheme 4 (T, Py) is treated as the
background climatic conditions, and dT and dP are the
changes in actual temperature and precipitation against
the detrended values, respectively. A comparison of the
simulation results may reveal how climate change affected
the glaciohydrological processes during the given historical
period. This is based on historical data and can support a
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TABLE 2. Climate forcing schemes for the glacier-enhanced SWAT model simulation. The observed (7, P) is split into two components:
T=Ty+ dT and P = Py + dP. Then (dT, dP) is the climate change component.

Schemes Temperature Precipitation Remark

Scheme 1 T P Observed climate variable

Scheme 2 To P Temperature change effect excluded
Scheme 3 T Py Precipitation change effect excluded
Scheme 4 Ty Py Climate change effect excluded

better understanding of future projections of the impacts of
climate change in the study area.

3. Results and analyses
a. Model calibration and validation

The most sensitive parameters and the related scopes
are covered in detail in similar other studies (Geza et al.
2009; Immerzeel et al. 2013; Luo et al. 2012, 2013; Lutz
etal. 2013, 2014; Ragettli et al. 2013; Ryu et al. 2011). The
calibration of these parameters in this study is performed
by trial and error with respect to NSE, PBIAS, and R? for
monthly streamflow at each hydrological station and gla-
cier area changes. Acceptable calibration and validation
results are obtained after repeated trials (Table 3). Glacier
area change estimated by Konovalov and Shchetinnicov
(1994) and Konovalov (2011) for the UADRB is used as
reference value in tuning the parameters. The simulated
and reported glacier area changes are compared for the
tributary catchments of ADR (Fig. 3). A linear regression
of the simulated and literature reported glacier area
changes suggest 3% underestimation, with R = 0.85.
Therefore, the model performance in terms of the simu-
lated glacier area change is acceptable.

The NSE and PBIAS evaluation indices for the cali-
bration and validation processes are plotted in Fig. 4.
For the calibration stage (Fig. 4a), NSE = 0.74 suggests
that the model performs ““very good” or ““good,” based
on the rating system by Moriasi et al. (2007). For the
validation stage (Fig. 4b), the indices suggest very good

model performance for 10 hydrological stations (NSE >
0.75), good for four stations (NSE = 0.72-0.75), satis-
factory for two stations (NSE = 0.62 and 0.64), and
unsatisfactory for the Nurek station in VKRB (NSE =
0.33). Additionally, PBIAS suggests a very good model
performance for most of the hydrological stations, ex-
cept for Ninj Pyanj station in PYRB and Karatog station
in SHRB. Nurek Dam was built in 1980, following which
discharge at Nurek Station never returned to its natural
state. Thus, the simulated natural discharge does not
match the observed controlled discharge. Nevertheless,
the PBIAS = —0.05% suggests that the simulated
discharge is not significantly different from the actual
discharge in terms of interannual water balance. Hy-
drographs of the observed and simulated monthly dis-
charge at 17 hydrological stations (Fig. S3 in the
supplemental material) also indicate that the simulated
streamflow is reasonable.

b. Streamflow series trend analysis

The Mann-Kendall trend test results and Sen’s slopes
of the simulated annual streamflow series for 1951—
2007 in the ADR and its seven primary tributaries
are given in Table 4 and also plotted in Fig. 5. The
streamflow showed a decreasing trend that was sig-
nificant at p < 0.05 for PYRB, VKRB, and KFRB, but
not significant at p < 0.05 for SHRB and KDRB.
Conversely, the streamflow showed an increasing trend
that was significant at p < 0.05 for KSRB, but not sig-
nificant at p < 0.05 for ZVRB. The streamflow for the
ADR, which is the sum of the seven primary tributaries,

TABLE 3. Most sensitive parameters and the final calibrated values or ranges for the glacier-enhanced SWAT model in the source region of
the ADR in central Asia.

Sensitive Parameter Final parameter

parameters Parameter definition change range value range
TLAPS Temperature lapse rate (°Ckm ") From —9to -2 From —6.8 to —5.7
ALPHA_BF Baseflow alpha factor 0-1 0.02-0.8
RCHRG_DP Deep aquifer percolation factor 0-1 0.4
CH_K2 Channel effective hydraulic conductivity (mmh ™) 0-300 10-50
gmfmx Degree-day factor for ice melt on 21 Jun (mm°C~"' day ™) 1.4-16.0 3.0-14.5
gmfmn Degree-day factor for ice melt on 21 Dec (mm°C ' day ) 1.4-16.0 1.0-8.8
SMFMX Degree-day factor for snowmelt on 21 Jun (mm °C ! day 1) 1.4-6.7 2.5-3.5
SMFMN Degree-day factor for snowmelt on 21 Dec (mm °C ' day ') 1.4-6.7 1.0-2.5
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Shchetinnicov (1994) and the rate for 1960-2000 is obtained from
Konovalov (2011).

tracked an overall decreasing trend that was significant
at p < 0.05.

Based on the available observed streamflow data se-
ries, the results of the trend analysis and Sen’s slopes of
some tributaries are also compared in Fig. 5. Compari-
sons of the Sen’s slopes and the intercepts of the linear
trend lines between the simulated and observed series
suggest that the simulation reproduces well the trend of
change in PYRB, VKRB, and ZVRB. For KFRB and
SHRB, the Sen’s slopes for the simulated and observed
series are similar, but the intercept of the former is larger
than the latter, suggesting a systematic overestimation
of the annual streamflow. The results of the Mann-
Kendall trend test indicate that the trends in the simu-
lated and observed series have different levels of sig-
nificance. This discrepancy can be explained in terms of
the different time spans of the statistics, as noted by
Unger-Shayesteh et al. (2013). As also shown in Fig. S4,
the slopes of the observed and simulated streamflow in
PYRB and VKRB are significantly different for 1951-98
and 1951-2007.

The decreasing trend in streamflow in the ADR was
further confirmed by Stulina and Eshchanov (2013) and
also in the plots in Fig. 6. Stulina and Eshchanov (2013)
compiled gauge streamflow records at Kerki gauge sta-
tion (Fig. 1) and water withdrawal in the upper stream,
which data are used here to evaluate the simulated total
streamflow from the source regions of PYRB, ZVRB,
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KFRB, SHRB, and KDRB in the ADR (Fig. 6). The
simulated and observed flows have very similar long-
term trends of change. The comparison also suggests
that the simulation reproduces the long-term trend of
change with a larger intercept, indicating overestimation
of the flow volume. The model overestimates annual
flow at Kerki gauge station by 21%, which is the
equivalent of 13.9km>. Zonn (2012) reported that, on
average, 13.5km? of water is annually diverted from the
ADR via Karakum Canal to Ashgabat in Turkmenistan.
The diversion engineering, established in the 1950s, is
pivoted ~50km above Kerki station. By excluding the
water diversion to the Karakum Canal, the difference
between the simulated and observed water flow at Kerki
station is minor.

c. Attribution of runoff changes

1) TEMPERATURE CHANGE

Compared with the detrended scenarios, temperature
changes in the tributary catchments are presented in
Table 5. Surprisingly, the most significant temperature
increase during 1951-2007 was in PYRB and VKRB,
which have the highest average elevation among the seven
tributary catchments. Temperature in KDRB was almost
stable. While minimum temperature rose in all of the
tributary basins, maximum temperature rose at a much
smaller magnitude or even fell, although very slightly.

Seasonally, temperature increased throughout the year.
Based on the Mann-Kendall trend test, the trend of in-
crease was significant for some months and insignificant
for others. Temperature increase was higher in the cold
season than in the warm season (Fig. 7a), as noted by
other previous studies (Siegfried et al. 2012; Unger-
Shayesteh et al. 2013). The increase in mean annual
temperature was primarily induced by the increase in
minimum temperature (Unger-Shayesteh et al. 2013).

2) PRECIPITATION CHANGE

For 1951-2007, precipitation in the UADRB de-
creased significantly (Table 5). Based on the detrending
analysis, precipitation in the UADRB decreased by
10.8%, and a remarkable spatial heterogeneity was
found for the precipitation change. The precipitation
declined by almost 15% over the nearly 50-yr period in
PYRB, doubling the decline in VKRB, KFRB, and
KDRB. However, it slightly increased in ZVRB and
KSRB. Seasonally, precipitation primarily dropped
during February-May (Fig. 7b).

3) CONTRIBUTOR OF STREAMFLOW CHANGE

Average annual flow in the UADRB was 72.6km”,
with a maximum of 123.6 km? in 1969 and a minimum of
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FIG. 4. NSE and PBIAS of simulated monthly runoff for the (a) calibration and (b) validation
periods using 17 hydrological stations in the ADR basin in central Asia.

42.4km’ in 2006 (Table 6). The PYRB and VKRB (with
flow volumes of 32.9 and 17.7 km®, respectively) are the
most glacierized among the seven main tributaries of
ADR, together contributing 70% to total flow in the
UADRB. The trend of streamflow in the ADR de-
creased significantly (p < 0.05) during 1951-2007, but
with some variations among the tributaries, as described
in the previous section. The simulated streamflow forced
by different climatic input schemes reveals the primary

factor driving the decrease in streamflow in the ADR.
Table 6 shows the results of the mean annual flow vol-
umes in the ADR and its primary tributaries under
different climatic schemes for 1951-2007. The statistics
suggest that change in precipitation, other than that in
temperature, was the dominant cause of the change in
streamflow in both the tributaries and the mainstream.
For the UADRB, streamflow decreased by 15.5% due
to decrease in precipitation, but only increased by 0.2%
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TABLE 4. Mann—Kendall trend test results for ice melt, glacier melt, and annual discharge in the ADR and its tributaries in central Asia.
Slope and Z are parameters of the Mann—Kendall test. Trends: @ = decrease but insignificant at p < 0.05; b = decrease but significant at
p < 0.05; ¢ = increase but insignificant at p < 0.05; and d = increase but significant at p < 0.05.

Variables index PYRB VKRB ZVRB KFRB SHRB KSRB KDRB UADRB
1951-2007
Ice melt
V4 -0.6 =12 -13 -6.4 =27 =32 —4.6 -0.9
Slope (mmyr ™) —0.04 -0.11 —0.09 -0.25 —0.08 -0.01 —-0.03 —0.06
Intercept (mm) 96.2 259.5 209.1 509.6 171.7 28.2 59.4 136.0
Trend a a a b b b b a
Glacier melt
Z =29 -32 -4.9 -74 -5.0 -6.1 -72 -34
Slope (mmyr 1) -0.2 -0.37 —0.39 -0.37 -0.18 —0.03 0.05 -0.21
Intercept (mm) 443.5 833.9 833.4 765.3 382.0 529 103.8 463.4
Trend b b b b b b b b
Discharge
V4 =35 =29 0.1 =25 -0.5 23 =15 =31
Slope (m*s yr 1) —-6.5 -2.35 0.02 —-0.96 —-0.07 0.33 -0.89 —11.25
Intercept (m’s™ ") 13908.0 5202.3 115.4 2085.7 218.0 —587.4 1989.8 24611.3
Trend b b c b a d a b
1951-90
Ice melt
V4 0.4 =05 0.1 =31 -0.1 =21 =15 0.2
Slope (mmyr 1) 0.05 —0.08 0.01 -0.21 —-0.01 —0.02 —0.01 0.02
Intercept (mm) =723 203.3 23.0 428.7 24.5 341 29.9 —20.6
Trend c a c d a b a c
Glacier melt
V4 -0.7 -09 -2.0 -3.8 -1.7 -39 —4.4 -0.9
Slope (mmyr 1) -0.1 -0.18 —0.26 -0.29 —0.09 —0.03 —-0.05 -0.12
Intercept (mm) 244.0 453.0 574.9 599.1 198.7 552 94.5 280.0
Trend a a b b a b b a
Discharge
V4 -1.8 0.5 1.6 0.9 14 23 -28 -1.4
Slope (m*s~'yr™ 1) —-4.39 0.45 0.46 0.55 0.26 0.41 —-2.76 -6.25
Intercept (m’s™ ") 9737.8 —285.6 —758.0 —887.9 —424.5 —749.8 5669.6 14718.8
Trend a c c c c d b a

as a result of increase in temperature. In all the tributaries,
change in precipitation was still the dominant factor for
the change in streamflow. Among the tributaries, PYRB
ranked the highest in terms of streamflow decline
(22.4%), relative to the detrended input scheme (7, Po).
This is due mainly to the fall in precipitation rather than
the rise in temperature. Streamflow in ZVRB and KSRB
only increased by 2.0% and 2.3%, respectively, due to
increase in precipitation in the catchments, which was still
larger than the change due to increase in temperature
(Table 6).

Seasonally, the most significant change in streamflow
was in spring, followed by that in summer (Fig. 8). The
decrease in streamflow in spring and summer was 72 %—
88% higher than that in autumn and winter in PYRB,
VKRB, KFRB, and SHRB. Also, the streamflow in-
crease in spring and summer was 72% higher than that in
the other seasons in ZVRB. Streamflow in PYRB and
KFRB decreased most (about 43mm in spring and

20-30mm in summer) because of climate change, es-
pecially the decrease in precipitation, which was mainly
in February—May.

Although different tributaries depict different long-
term trends of change in annual streamflow (either in-
crease or decrease or statistically significant or not),
PYRB, VKRB, SHRB, KDRB, and KFRB dominate
the long-term pattern of change in the ADR. This is
because these basins account for 91% of total stream-
flow in the ADR (Table 6). Thus, the trend of stream-
flow in the ADR is similar to that in the main tributaries,
as affected mainly by the changes in precipitation.

4. Discussion

In the ADR, the high mountain regions are covered
by large areas of glaciers, and glacier melt is an impor-
tant source of water for the river systems in the region.
Glacier melt is the sum of runoff generated from
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FIG. 5. Trend in simulated streamflow in the ADR and its tributaries and a comparison of simulated and observed
trends of streamflow in Pyanj, Vakhsh, Zeravshan, Kafirnigan, and Surkhandarya River basins: (a) observed flow
data are adapted from Stulina and Eshchanov (2013) and (b)—(e) data are adapted from IHP (1999).
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supraglacial snowmelt, rainfall-runoff over glaciers, and
ice melt. Ice melt leads to a loss of glaciers, which store
precipitation over the years and release it with delayed
effect to feed streamflow. It is a critical input term of the
water balance components after precipitation. As such, it is
important to determine the change in ice melt and whether
the change is also the main cause of streamflow decline in
the headwater regions of the ADR basin in 1951-2007.

For 1951-2007, the trend in ice melt in all of the glaci-
erized catchments decreased. However, the trend of the
decline was not significant ( p < 0.05) for the more heavily
glacierized catchments (PYRB and VKRB). Conversely,
the trend of the decline was significant ( p < 0.05) in the less
glacierized catchments in the ADR (Table 4).

Asice melt in summer (June-August) accounts for 94%,
81%, 76%, 84%, 96%, 86%, and 94% of the annual value
in PYRB, VKRB, ZVRB, KFRB, SHRB, KSRB, and

KDRB, respectively, the subsequent discussion is focused
on ice melt during that period. The ice melt offsets due to
temperature rise, change in precipitation, and the com-
bined effects are plotted in Fig. 9. The plots are based on
simulation forcing by different temperature and pre-
cipitation scenarios as described before.

Generally, annual average ice melt increased because of
the excessive compensation by the warming temperature
in 1951-2007 (Table 5). Ice melt increased by 7.7%, 10.2%,
9.0%, and 0.2% due to temperature rise in summer (Fig. 9)
in PYRB, VKRB, ZVRB, and KFRB, respectively. The
offset by ice melt due to precipitation was generally small,
except for KFRB. However, this process is generally
complex and diverse in the different catchments.

On the one hand, precipitation change affects ice melt
via change in supraglacial snow. For example, decreas-
ing precipitation could result in less snow cover over

TABLE 5. Average change in annual temperature and annual precipitation in 1951-2007 in the source regions of the ADR and its
primary tributaries in central Asia. Change in temperature is expressed as the average of the trend terms over the given period. Change in
precipitation is expressed as the change in the trend term average relative to the detrended term average over the given period. Note that
AT is change in average annual temperature; AT ;, is change in minimum annual temperature; ATy,,x is change in maximum annual
temperature; and AP is percent change in the annual precipitation. All the changes are significant at p < 0.05.

Variable UADRB PYRB VKRB ZVRB KFRB SHRB KSRB KDRB
Annual change

AT (°C) 0.41 0.48 0.63 0.33 0.30 0.19 0.28 0.07

AT max (°C) 0.19 0.22 0.38 0.13 0.15 0.05 0.06 —0.04

AT min (°C) 0.63 0.74 0.88 0.52 0.44 0.33 0.49 0.18

AP (%) -10.8 —145 =75 12 =79 -2.9 1.0 =77
Change in glacier melt season

AT (°C) 0.20 0.26 0.32 0.22 0.17 0.23 0.33 0.03

AT ax (°C) 0.03 0.04 0.06 0.06 0.01 0.08 0.20 -0.09

AT min (°C) 0.42 0.47 0.57 0.38 0.32 0.38 0.46 0.14

AP (%) -22 19.1 -12 -9.3 -38 -12 0.0 44.7
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glaciers and more exposure of ice, resulting in more ice
melt, especially under warming temperatures. On the
other hand, precipitation change could affect mass ac-
cumulation and thus the area of ablation zone of gla-
ciers. Ice melt slightly increased in both ZVRB and
SHRB catchments because of the change in pre-
cipitation in 1951-2007. Precipitation grid cells located
in glacierized areas in the two catchments mostly had
increasing trends, especially for the SHRB (Fig. 2).
Moreover, the increase was mainly in winter, with a
small decrease in summer (Fig. 7b). Also in the basins,
about 40% of the precipitation fell in winter and another
40% in spring. The increase in snowfall due to increase
in precipitation during winter months offsets the decline
in snowfall in summer. Thus, the glaciers advanced be-
cause of increased mass accumulation, as reported by
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Kapnick et al. (2014) in the discussion of the “Kar-
akoram anomaly’’ of glacier changes in the last few de-
cades. Mass accumulation increased and glacier area
expanded in 1951-2007 under the temperature and
precipitation forcing scenario (7, Py + dP) in relation
to the (T, Py) scenario (Fig. 10). Glacier area in SHRB
increased even faster than in ZVRB provided that the
impact of temperature rise was neglected (Fig. 10). On
the one hand, the increase in ice melt was due to the
decrease in supraglacial snow cover, which was in turn
caused by the decline in precipitation during the melt
season (Table 5). Based on the degree-day factor ap-
proach, ice melt is theoretically the product of the ice
melt degree-day factor and melt zone area. On the other
hand, ice melt increased because of expanding glacier
area and stable melt rate with constant temperature.
Annually, the slight increase in ice melt still could not
offset the increase in accumulation; thus, an increasing
glacier area appeared under the (7, Py + dP) scenario.

In PYRB, VKRB, and especially in KFRB, the offset
by ice melt due to change in precipitation was negative
(Fig. 9). In these catchments, annual precipitation de-
creased by 7.5%-14.5% (Table 5). Precipitation grid
cells covering over 60% of glacier areas in PYRB and
VKRB and nearly all in KFRB implied decreasing
trends (Fig. 2). Moreover, the decrease in precipitation
was mainly in winter and spring (Fig. 7b), possibly re-
sulting in a negative mass balance. In comparing the
change in glacier area under the (7%, Py + dP) and (T, Po)
climate schemes, the effect of the component of climate
change due to temperature on glacier area change is
excluded. Under this treatment, glacier area in the
three catchments continued to decrease (Fig. 10). The
decrease can be partially explained in terms of the lower
input (of precipitation) to the glacier during the accu-
mulation season. The decrease in precipitation under
constant temperature resulted in negative mass balance
and retreat of glacier area. Thus, based on the degree-
day factor analysis, the intensity of ice melt remained
unchanged and the ice melt volume subsequently de-
creased. More decrease in precipitation in the glaci-
erized areas of KFRB (Figs. 2, 7b) caused a rapid glacier
retreat, with an area reduction of ~25%. In the other two
catchments, the area shrunk by less than 5% (Fig. 10).
This may explain why the offset in ice melt reduction
was a bit quite larger in KFRB than in the other two
catchments.

In addition to ice melt, glacier melt involves supra-
glacial snowmelt and direct rainfall runoff, which are
critical for the changes in precipitation. The trend in
glacier melt decreased significantly (p < 0.05) in all the
glacier-prone catchments in 1951-2007. The negativity
of the slope of glacier melt was higher than that of ice
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TABLE 6. Mean annual streamflow based on a simulation from 1951 to 2007 forced by different climatic change schemes for the ADR
basin in central Asia. Scheme (7, + dT, Py + dP) is the observed temperature and precipitation, (7, Py) is the detrended temperature and
precipitation, and d7 and dP are the detrended terms for the temperature and precipitation data series, respectively.

Annual flow volume (km?)

Relative change to
scheme 4 (%)

Scheme 1 (T, + dT, Py + dP)

Scheme 2 Scheme 3 Scheme 4
Mean Max Min Stddev (Tp, Py + dP)mean (T, + dT, Py) mean (T, Pp) mean dT +dP dT dP
PYRB 329 56.1 17.8 7.4 32.8 42.5 424 -22.4 03 =227
VKRB 17.7 26.4 9.9 2.9 17.6 19.4 19.3 -85 0.3 -8.8
KFRB 5.6 104 24 1.5 5.6 6.3 6.3 -11.6 00 -11.6
SHRB 2.7 4.5 14 0.6 2.7 2.8 2.8 -3.7 -0.1 -3.7
ZVRB 4.5 6.7 2.1 0.9 4.5 44 44 2.6 0.6 2.0
KSRB 1.9 38 09 0.6 1.9 1.8 1.8 1.5 -0.8 2.3
KDRB 7.4 15.7 35 2.6 74 8.7 8.7 -15.1 01 -152
UADRB 726 1236 424 14.6 72.4 85.9 85.7 -15.3 02 —155

melt (Table 4). This was clearly related to the reduction
in supraglacial snowmelt and rainfall-runoff over ice
due to decreasing precipitation.

Both ice melt and glacier melt declined in 1951-2007
in the tributary catchments and the entire UADRB. The
decline in ice melt was primarily due to the intrinsic
negative equilibrium of the glaciers. Although warming
temperature increased ice melt in most glacierized
catchments, the increase failed to reverse the decline in
long-term run. The decline in glacier melt was higher
than that in ice melt, which was primarily attributed to
the decreasing precipitation. It is good to note that
precipitation change is critical in the discussion of gla-
cier melt change under climate change conditions.

10

ASF(mm)

m KDRB

-50

MAM JA SON DJF

FIG. 8. Seasonal offset [March-May (MAM), June-August
(JJA), September-November (SON), and December-February
(DJF)] of tributary streamflow due to change in precipitation and
temperature in 1951-2007 in the ADR basin in central Asia.
Streamflow offset (ASF) is under observed climate scenario rela-
tive to detrended climate scenario.

For the glacierized subbasins or HRUs, increase in ice
melt due to warming temperature or decreasing ice melt
primarily attributed to glacier area shrinkage could
change the trend in runoff. In relating this to the entire
headwater regions of the ADR basin, ice melt increased
by 1.85 mm and streamflow by 1.03 mm if there is only an
increase in temperature for 1951-2007 [as suggested by
comparison of the (Ty + dT, Py) and (T, Py) schemes].
If only precipitation decreased [as suggested by com-
parison of the (Ty, Py + dP) and (T, Py) schemes], ice
melt decreased by 0.2 mm and streamflow by 59.1 mm. It
is therefore deduced that the role of increase in ice melt
due to warming temperature is minimal. This could be
because ice melt contributed only 8.7%, 8.5%, 7.1%,
2.9%, 2.4%, 0.7%, and 0.9% to streamflow in PYRB,
VKRB, ZVRB, KFRB, SHRB, KSRB, and KDRB,
respectively. Because of the small contribution of ice
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FIG. 9. Change in ice melt during JJA due to change in tem-
perature, precipitation, and the combined effects in 1951-2007 in
the tributary source regions of the ADR in central Asia.
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FIG. 10. Change in glacier area under the (7%, Py + dP) climate
scenario relative to the (7o, Po) scenario in 1951-2007 in the trib-
utary source regions of the ADR in central Asia.

melt to streamflow, the interannual compensation and
seasonal regulation functions of ice melt over stream-
flow were unapparent in the UADRB. Instead, the de-
crease in precipitation was still the dominant driver of
runoff decline in the region. It is, however, good to note
that this finding does not necessarily suggest a worsening
trend in water availability in the ADR basin. If pre-
cipitation increases or even stabilizes in the future, there
might be an increase in the streamflow. Hence, this does
not in any way imply that in some glacierized central
Asian catchments, the days of abundant water could
soon be over because of glacier loss, as projected by Sorg
et al. (2014).

5. Conclusions

In this study, APHRODITE precipitation and the
PGMFD temperature grid database were used to force
the distributed, glacier-enhanced SWAT model to sim-
ulate glaciohydrological processes in the UADRB in
central Asia for 1951-2007. The simulation revealed the
main factors of long-term streamflow change in the region.

It is, however, important to note that, because of
scarce ground data availability, evaluations based on
gridded APHRODITE precipitation data for the high
mountain area only provide the basis for reference. The
glacier—precipitation relation is useful in estimating
precipitation lapse rates in high-elevation areas of the
glacierized catchments. Meanwhile, the differences be-
tween the simulated and observed streamflow in the
ADR point to uncertainties in the precipitation data and
other areas of the simulation process in the high
mountain region.

JOURNAL OF HYDROMETEOROLOGY

VOLUME 17

Warming temperature is a critical element of the
changes in ice/glacier melt. The glacier-enhanced
SWAT model successfully identified the reasons for
the changes in ice/glacier melt in the UADRB. The
decreasing in ice melt was primarily attributed to glacier
area shrinkage. However, the results show that the
changes in glacier melt were dominantly driven by the
changes in precipitation.

Annual streamflow in the UADRB was estimated at
72.6km?, showing a declining trend for 1951-2007. The
change in precipitation was the dominant reason for the
change in streamflow in the tributaries and the main-
stream of the ADR. Streamflow decreased by 15.5% in
the UADRB because of a decrease in precipitation, but
only increased by 0.2% because of warming tempera-
tures. The most significant reduction in streamflow was
in the PYRB, and the decrease in precipitation sur-
passed the increase in temperature, resulting in reduced
streamflow. However, it was the increase in pre-
cipitation that was driving the increase in streamflow in
ZVRB and KSRB. Although the long-term trends of
change in streamflow in the tributaries were diverse,
overall streamflow in the ADR decreased in 1951-2007.
The decrease in streamflow calls for the implementation
of tighter water use policies in the downstream region.
This is particularly critical in the face of the intense
disputes over transboundary river water use and the
projected increase in water demand due to the growing
population in the region.
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