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Abstract Observed streamflow of headwater catchments of the Tarim River (Central Asia) increased by

about 30% over the period 1957–2004. This study aims at assessing to which extent these streamflow

trends can be attributed to changes in air temperature or precipitation. The analysis includes a data-based

approach using multiple linear regression and a simulation-based approach using a hydrological model.

The hydrological model considers changes in both glacier area and surface elevation. It was calibrated using

a multiobjective optimization algorithm with calibration criteria based on glacier mass balance and daily

and interannual variations of discharge. The individual contributions to the overall streamflow trends from

changes in glacier geometry, temperature, and precipitation were assessed using simulation experiments

with a constant glacier geometry and with detrended temperature and precipitation time series. The results

showed that the observed changes in streamflow were consistent with the changes in temperature and pre-

cipitation. In the Sari-Djaz catchment, increasing temperatures and related increase of glacier melt were

identified as the dominant driver, while in the Kakshaal catchment, both increasing temperatures and

increasing precipitation played a major role. Comparing the two approaches, an advantage of the

simulation-based approach is the fact that it is based on process-based relationships implemented in the

hydrological model instead of statistical links in the regression model. However, data-based approaches are

less affected by model parameter and structural uncertainties and typically fast to apply. A complementary

application of both approaches is recommended.

1. Introduction

In mountain regions, snow and glaciers play a crucial role in runoff formation. This makes these regions

one of the most vulnerable environments to climate change, as temperature changes affect the ratio of

rain versus snowfall, and snow and glacier melt [Barnett et al., 2005]. This study focuses on streamflow var-

iability in the Aksu catchment, located in the Central Tien Shan in Kyrgyzstan and the Xinjiang Uyghur

Autonomous Region in China (Figure 1). The Aksu River is the most important tributary to the Tarim River,

contributing about 80% of its streamflow (as calculated from average streamflow at the last gauges of the

Aksu, Hotan, and Yarkand Rivers before their confluence forms the Tarim River, for the period 1964–2003).

These water resources are of eminent importance for the population, industry, agriculture, and natural

vegetation in the Tarim Basin, where the only significant water supply is via streams from the surrounding

mountain regions [Feng et al., 2001; Leiwen et al., 2005; Thevs, 2011]. Several studies report increasing dis-

charge of the Aksu headwater streams over the period 1957–2004 [e.g., Zhang et al., 2010; Krysanova

et al., 2014]. While it is assumed that these increases are related to concurrent trends in temperature and

precipitation [Chen et al., 2009; Xu et al., 2010; Zhang et al., 2010; Tao et al., 2011], a thorough attribution

analysis is still missing.
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The analysis of streamflow trends in mountain catchments influenced by snow and glacier melt has recently

gained attention, and a number of studies (presented below) have attempted to attribute detected changes

to their possible drivers. The link between trends in streamflow and possible climatic drivers may be investi-

gated by data-based or simulation-based approaches [Merz et al., 2012]. Data-based approaches directly

relate changes in runoff to changes in climate without the additional step of applying a hydrological model.

The analysis of concurrent trends in streamflow and climate variables can already give first insights on pos-

sible causes of detected streamflow trends [Birsan et al., 2005; Li et al., 2010; Pellicciotti et al., 2010; Kriegel

et al., 2013]. The influence of glaciers on the streamflow trend can be investigated by comparative analyses

of trends in glacierized and unglacierized catchments over a region for which climatic variations can be

assumed similar [Fleming and Clarke, 2003]. For example, contrasting trends in summer discharge were

observed for two catchments with differing glacier cover [Dahlke et al., 2012]. For glacierized basins, the

analysis of concurrent trends in temperature and precipitation can be complemented by considering glacier

mass balance time series [Li et al., 2010; Pellicciotti et al., 2010]. Streamflow trend analyses at a high temporal

resolution, e.g., using annual time series of streamflow of each day of the year, are useful to investigate tem-

poral shifts of the streamflow regime, which may then further be related to catchment properties [Dery

et al., 2009; Kormann et al., 2015].

Approaches based on regression analysis enable establishing a quantitative relation between trends and

their possible drivers. For example, multiple linear regression was applied to investigate the role of tem-

perature and precipitation changes for trends in fractional winter and spring runoff in mountain catch-

ments [Aguado et al., 1992; Dettinger and Cayan, 1995], for trends in spring snow water equivalents [Mote,

2006], and for streamflow and mass balance variability in glacierized catchments [Collins, 1987; Moore and

Figure 1. The study catchments, including elevation, discharge gauges, meteorological stations, and locations of Karabatkak Glacier and

geodetic mass balance estimates. The inset shows the location of the study area (dark gray outline) in relation to national borders and the

Tarim Basin (white outline).
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Demuth, 2001]. Generalized least squares regression allows taking care of serially correlated residuals and

was for example applied to investigate whether streamflow trends are artifacts of climate variability by

including climate indices in the trend analysis [St Jacques et al., 2010]. In glacierized catchments, increas-

ing temperatures (without changes in precipitation) are in an initial phase expected to cause increased

glacier melt discharge due to higher melt rates. However, these higher melt rates ultimately result in gla-

cier area retreat, causing decreasing glacier melt in a later phase [Jansson et al., 2003; Moore et al., 2009;

Baraer et al., 2012]. Stahl and Moore [2006] analyzed trends in the residuals of a regression model that pre-

dicted August streamflow from August temperature and precipitation and July streamflow to gain

insights into whether glaciers in their study region have already passed the initial phase of increasing

discharge.

Trend attribution in mountain catchments is complex due to the fact that one has to consider the influences

of variations in temperature and precipitation, in seasonal snow storage, and in glacier mass balance and

area at different elevations [Molnar et al., 2011]. For example, concurrent trends in winter streamflow and

winter temperature may be found, indicating more snowmelt events or an increasing fraction of rain as

compared to snow during winter. However, winter temperatures may still be well below 08C in the largest

part of the catchment and during most of the winter so that the temperature increase is not sufficient to

explain the streamflow increase. To estimate whether it is physically plausible that the temperature increase

caused the streamflow increase, one would have to extrapolate the temperature to different elevations in

the catchment and estimate the area where rainfall or snowmelt could have occurred. This may be easier

incorporated within a hydrological modeling approach that allows testing whether the hypotheses on

causes for changes are plausible and whether different types of information are consistent with each other.

A further advantage of the simulation-based approach is the possibility of analyzing trends in components

of the water cycle which are not or cannot be measured individually [Hamlet et al., 2007], such as trends in

soil moisture or glacier melt.

Despite these advantages, there are only few studies using simulation-based approaches for attributing

streamflow trends in snow/glacier melt-dominated catchments to their possible causes. Examples are

Hamlet et al. [2005, 2007], who applied a hydrological model to investigate the influence of precipitation

and temperature changes on changes in snow water equivalent and the timing of runoff and soil mois-

ture recharge over the western United States, or Engelhardt et al. [2014], who used a glaciohydrological

model to explain discharge changes between different time periods. Using global climate models runs

with and without anthropogenic forcing, Hidalgo et al. [2009] were able to attribute shifts toward earlier

streamflow timing in the western United States to anthropogenic climate change. Zhao et al. [2013] inves-

tigated the runoff increase in the Aksu catchment by applying the Variable Infiltration Capacity model,

and they attributed the runoff increase mostly to an increase in precipitation. However, their study did

not consider parameter uncertainties, and observations on mass balances were not taken into account

for model calibration. In such a region with large uncertainties in the precipitation data, this can lead to

wrong conclusions, as an underestimation of precipitation can be compensated in the model by an over-

estimation of glacier melt and vice versa [Stahl et al., 2008; Schaefli and Huss, 2011]. It is therefore neces-

sary to include glacier mass balance estimates in the model calibration procedure [e.g., Schaefli et al.,

2005; Stahl et al., 2008; Konz and Seibert, 2010; Mayr et al., 2013]. As mass balance data derived by the gla-

ciological method are only available for few individual glaciers, geodetic glacier mass balances may be

applied as an alternative [Jost et al., 2012].

Negative glacier mass balances over a longer period result in lowering of the glacier surface elevation

and reductions of the glacier area. These changes have a feedback on the glacier mass balance itself: the

reduction in glacier area in the ablation zone results in less glacier melt and thus a less negative glacier

mass balance, while the lowering of the glacier elevation and the associated increase in surface tempera-

ture cause both increased glacier melt and reduced snow accumulation [Paul, 2010]. An analysis of these

effects for glaciers in Switzerland showed that the negative effect caused by glacier surface lowering

compensated on average about 50% of the positive effect due to glacier area change [Huss et al., 2012].

While changes in glacier geometry have been taken into account in hydrological modeling for climate

impact analyses [e.g., Stahl et al., 2008; Huss et al., 2010; Nolin et al., 2010; Farinotti et al., 2012; Jost et al.,

2012], to our knowledge they have so far not been considered for the attribution of observed discharge

trends.

Water Resources Research 10.1002/2014WR016716

DUETHMANN ET AL. ATTRIBUTION OF STREAMFLOW TRENDS 4729



The presented study aims at a comprehensive trend attribution for two snow and glacier melt-dominated

catchments. We revisit streamflow changes in the Aksu River and apply both a data-based approach using

multiple linear regression analysis, and a simulation-based approach using hydrological modeling. Applying

two approaches that involve different assumptions allows us to assess the reliability of the results. For the

simulation-based approach, glacier area and elevation changes are taken into account, and the model is

calibrated using criteria based on daily and interannual discharge variations, interannual variations of the

simulated glacier mass balance, and the cumulative glacier mass change. In this study, we investigate (1)

whether the observed discharge trends can be reproduced by the regression-based approach and by the

simulation-based approach and (2) to what extent changes in temperature or in precipitation contributed

to the observed streamflow increase.

2. Study Area and Observed Hydrometeorological Changes

The study area comprises two headwater catchments of the Aksu River: the Kakshaal and the Sari-Djaz

catchment (Figure 1 and Table 1). The lower part of the Aksu River is not considered as it hardly contributes

to runoff generation and is strongly influenced by water management [Tang et al., 2007]. The Kakshaal

catchment (also called Toxkan or Toshkan in China) upstream of the gauge Shaliguilanke (see Figure 1 for

location) has an area of 18,410 km2. About 4.4% were covered by glaciers in the mid-1970s. With an area of

12,950 km2, the Sari-Djaz catchment (also called Kumarik in China) upstream of the gauge Xiehela is about

one third smaller but has a higher glacierization (about 21% for the mid-1970s). Only about 5% of the gla-

cier surface in our study area is debris covered [Pieczonka and Bolch, 2015]. The investigated catchments

have similar mean elevations (3600–3700 m), but the elevation range is higher in the Sari-Djaz

(1450–7100 m) than in the Kakshaal catchment (1900–5900 m). Due to the high mountain terrain with

relatively low precipitation, land cover is dominated by grassland, barren or sparsely vegetated land, and

snow and ice.

Average annual precipitation over the period 1960–1990 measured at precipitation gauges within the two

catchments ranges from 190 to 320 mm a21 (stations Aheqi/Ahochi and Koylu, respectively (Figure 1); val-

ues without undercatch correction), but higher values are expected at exposed mountain locations. The pre-

cipitation regime shows a strong maximum in summer, typical for the Central and Southern Tien Shan

[Aizen et al., 1995; Bothe et al., 2012]. Average annual runoff over the period 1960–1990 was 140 and

360 mm a21 for the Kakshaal and the Sari-Djaz Basin, respectively [Wang, 2006]. The high annual runoff

compared to the annual precipitation at the stations can be explained by an underestimation of the

catchment-average precipitation by the precipitation stations and by additional runoff from glacier mass

loss. Maximum monthly discharge occurs in July (Kakshaal) and August (Sari-Djaz) when runoff is generated

by snowmelt, glacier melt, and rainfall. High discharge peaks at the Xiehela gauge can further result from

quasiperiodic outbursts of the Merzbacher Lake, which occur about once a year [Glazirin, 2010]. The average

volume of these floods was estimated at 170 3 106 m3 [Jinshi, 1992; Wortmann et al., 2013], which corre-

sponds to around 5% of the summer (JJA) discharge at Xiehela.

Observed changes in the hydrometeorological variables and glaciers have been described in a number of

studies and are only briefly summarized here (for an overview, see Krysanova et al. [2014]). Over the time

period 1957–2004, discharge has increased by around 30% at the gauges Shaliguilanke and Xiehela [Xu

et al., 2010; Kundzewicz et al., 2015]. Over the same period, several studies showed a temperature and pre-

cipitation increase for stations in the Chinese part of the basin [Xu et al., 2010; Zhang et al., 2010; Fan et al.,

Table 1. Area, Glacier Coverage, Elevation Range, Mean Annual Runoff, and Mean Annual Precipitation of the Two Catchmentsa

Area (km2)

Glacier

Coverage

(1970s) (%)

Elevation (m) Runoff

(1957–2004)

(mm a21)

Interpolated Precip.

(1957–2004)

(mm a21)

Precip. Estimated

by Hydr. Modeling

(1957–2004) (mm a21)Min. Max. Mean

Kakshaal 18,410 4.4 1900 5900 3550 151 245 386 (372–399)

Sari-Djaz 12,948 20.9 1450 7100 3700 382 333 474 (450–526)

aInterpolated precip. is the areal precipitation estimate from interpolation of station-based observations, as described in section 3.1.

The last column shows mean areal precipitation estimated from hydrological modeling (see section 3.5.1 and 4.2.1), with the ranges

over the selected model solutions in parentheses.
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2011; Tao et al., 2011], while stations close to the basin in Kyrgyzstan showed an increase in temperature

but not in precipitation [Aizen et al., 1997, 2006].

Glacier area in the Tien Shan decreased over the last decades, and in the Central Tien Shan, from which the

Aksu headwater streams drain, glacier retreat rates were generally lower than in the outer ranges [Narama

et al., 2010; Sorg et al., 2012; Unger-Shayesteh et al., 2013]. For the Chinese part of the Aksu Basin, Liu et al.

[2006] reported a glacier area decrease of 3.3% for the period 1963–1999, while Pieczonka and Bolch [2015]

found a loss of 3.66 4.8% for the entire Aksu Basin between �1975 and 2008. The area loss rate was slightly

higher in the Sari-Djaz subbasin and the period 1990–2010 (3.76 2.7%) [Osmonov et al., 2013]. For the Ak-

Shirak massif, glacier area losses of 8.7% for the period 1977–2003 [Aizen et al., 2006], and 13.6% for the

period from the mid-1970s to the mid-2000s and the part draining to the Naryn Basin [Kriegel et al., 2013]

were reported. Geodetic mass balances available for this study covered two areas adjacent to our study

area (see Figure 1 for location). For the Ak-Shirak massif for the 1977–1999 period, Surazakov and Aizen

[2006] estimated glacier thickness changes of 215.16 8.2 m, based on topographic maps and the SRTM3

DEM. Assuming an ice density of 900 kg m23, this corresponds to a mass change of 20.626 0.33 m water

equivalent (w.e.) a21. For a region south of Tomur Peak for the 1976–1999 period, Pieczonka et al. [2013]

derived an average glacier mass change of 20.426 0.23 m w.e. a21 from differencing SRTM3 and Hexagon

DEMs. A new geodetic mass balance estimate covering the entire Sari-Djaz Basin shows a glacier mass loss

of 20.356 0.34 m w.e. a21 for the time period 1974–1999 [Pieczonka and Bolch, 2015]. Mass loss from Kara-

batkak Glacier, close to the Aksu Basin in the Teskey-Ala-Too mountain range (Figure 1), is in line with these

geodetic estimates, and over the period 1977–1998, an average mass loss of20.6 m w.e. a21 was measured

[Dyurgerov and Meier, 2005; WGMS, 2012].

3. Data and Methods

3.1. Streamflow and Meteorological Data

Daily discharge data for the gauges Xiehela and Shaliguilanke were available for the period 1964–1987

from the Hydrological Yearbook of the Chinese Ministry of Water Resources. Monthly discharge data were

available for 1957–2004 [Wang, 2006]. The daily data were checked for jumps to remove possible digitiza-

tion errors. In cases where monthly sums of daily data did not agree with the monthly data, more trust was

given to the daily data.

Daily meteorological data with variable lengths over the study period 1957–2004 from stations within and

close to the study area were obtained from the Kyrgyz Hydrometeorological Service. Daily data were avail-

able from 4 stations for temperature and 13 stations for precipitation (see Figure 1). These also included

data of the station Tien Shan, which was included in the analysis despite a relocation of the station in 1998/

1999 (information from the Kyrgyz Hydrometeorological Service) since visual analyses did not indicate a

clear inhomogeneity (see supporting information for discussion). Further monthly station data (10 stations

for temperature and 3 stations for precipitation, Figure 1) were downloaded from a collection of the Asia-

CryoWeb group at the University of Idaho (http://www.asiacryoweb.org).

The temperature and precipitation station data were spatially interpolated to a 2 km 3 2 km grid (see sup-

porting information for details). A varying number of meteorological stations over time may lead to inho-

mogeneities of the resulting data set. However, in our study area, only two stations cover the whole period,

and using only these data would likely reduce the ability of a hydrological model in representing the

observed discharge. To use most of the available data but minimize the problem of possible inhomogene-

ities in the resulting data set, we interpolated anomalies to a monthly climatology of a reference period.

Compared to direct interpolation of the data, interpolation of anomalies reduces the effect of a varying sta-

tion network [Chen et al., 2002; Daly, 2006].

In addition to temperature and precipitation data, time series of humidity and radiation were required to

drive the hydrological model. As hardly any measured time series were available, the 0.58 Watch Forcing

Data based on ERA-40 (WFD-E40) [Uppala et al., 2005; Weedon et al., 2011] were used for the period 1957–

2001. These were complemented with ERA-Interim based Watch Forcing Data (WFD-EI) [Dee et al., 2011;

Weedon et al., 2014] for the period 2002–2004. Correspondence between the two data sets was ensured by

multiplying the WFD-EI data with a bias factor, which was calculated for each day of the year over the com-

mon period 1979–2001 using 31 day moving averages.
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3.2. Drivers Included in the Attribution

While this study focused on the influence of temperature and precipitation changes on the observed

streamflow increase, rigorous trend attribution studies should also comprise a search for possible alternative

drivers and evidence that these are inconsistent with the observed changes [Merz et al., 2012]. Such alterna-

tive drivers could be changes in other meteorological variables than temperature or precipitation, in water

management, or in land cover. Measured time series for radiation, wind speed, or humidity were not avail-

able. Data for these variables were only available from reanalysis data, which, due to changes of the observ-

ing system over time, are less suited for trend analyses [Bengtsson et al., 2004]. Reanalysis data for these

variables were therefore not interpreted for trend attribution; however, they had to be applied as input for

the hydrological model. Based on statements from local water authorities, visual analysis and double mass

testing of the streamflow time series, and the fact that the catchments are hardly populated and that agri-

cultural land use is negligible, changes in water management were excluded. Land cover changes in the

upstream parts of the Aksu between the 1970s and 2008 were a decrease in glacier area and an increase in

grassland [Zhou et al., 2010]. While their study showed a strong increase of cropland in the downstream

part of the Aksu basin, this was not the case in the upstream part considered in our study. The effect of

changes in glacier area and glacier surface elevation is explicitly considered in our study with the

simulation-based approach.

3.3. Trend Analysis

Throughout this paper, trends were estimated using Sen’s slope estimator [Sen, 1968]. This estimator is less

affected by outliers and nonnormally distributed data than linear regression [e.g., Yue et al., 2003]. Trend sig-

nificance was assessed using the nonparametric Mann-Kendall test [Mann, 1945; Kendall, 1975], which is

robust against outliers and also suited for nonnormally distributed data or data with nonlinear trends. Since

serial correlation may lead to an overestimation of the trend, we applied so-called trend free prewhitening

(TFPW), thus removing the influence of a lag-one autoregressive process [Yue et al., 2002]. In contrast to the

direct application of prewhitening to the original time series, TFPW preserves the trend magnitude. Test

results are reported as p-values, i.e., the probability of being wrong if rejecting the null hypothesis of no

trend.

3.4. Data-Based Attribution Analysis

Multiple linear regression analysis was conducted to estimate the influence of temperature and/or precipita-

tion variations on interannual streamflow variations. This analysis was performed at a seasonal time scale to

consider possibly varying influences in the different seasons (DJF, MAM, JJA, and SON). The dependent vari-

able was represented by annual series of spring (summer, autumn, and winter) runoff. Possible predictors

included:

1. Temperature (T) and precipitation (P) of the current season,

2. Precipitation accumulated over 1–3, 1–6, 1–9, 1–12, and 13–24 months before the current season (P1–3,

P1–6, P1–9, P1–12, P13–24),

3. Temperature of the last summer, defined as average temperature over JJA, MJJA, JJAS, and MJJAS (TJJA,

TMJJA, TJJAS, and TMJJAS), and of the summer before last summer (TJJA-1).

Temperature and precipitation aggregated over periods before the current season were included to repre-

sent release from catchment storage (including snow storage). For temperature from previous seasons, we

focused on summer temperatures, since these are expected to have a strong influence on discharge

through their control on glacier melt. While we tested the use of TJJA, TMJJA, TJJAS, and TMJJAS as possible pre-

dictors, they were not allowed to be simultaneously included in one regression model. Multiple linear

regression was performed for all combinations of the explanatory variables (2048 combinations), i.e., best

subset selection. Models were selected based on the Bayesian information criterion (BIC) [Schwarz, 1978].

Models with a high level of multicollinearity, i.e., with variance inflation factors (VIFs) >10, were not consid-

ered [Draper and Smith, 1998]. It was further analyzed whether including interaction terms of the variables

included in the first step led to improved models. The regression residuals were analyzed for normality and

autocorrelation. Normality was checked using normal-probability plots, complemented with formal testing

using the Lilliefors test [Lilliefors, 1967]. Autocorrelation was checked by inspecting the autocorrelation func-

tion, complemented with formal testing using the Ljung-Box Q test [Ljung and Box, 1978]. For models with
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nonnormally distributed residuals, it was checked whether performing the regression with log-transformed

discharge led to better results. The residuals were analyzed for trends, which can indicate nonstationarity.

For example, the effect of temperature variations may vary over time due to changes in the glacier geome-

try [Stahl and Moore, 2006].

The influence of changes in temperature and precipitation on the discharge trend was investigated by

applying the regression model with detrended temperature and precipitation time series as input. For this

purpose, temperature or precipitation time series that contained no changes over time (i.e., no trends nor

changes of the daily or interannual variability) were generated by applying the same 1 year daily time series

to all years in the simulation period. The daily time series of an arbitrary year in the middle of the study

period was selected (the year 1980 was used), and a linear scaling was applied to the daily values so that

the monthly means corresponded to the climatological means of the study period 1957–2004.

3.5. Simulation-Based Analysis

3.5.1. WASA Hydrological Model

The hydrological model WASA (Model of Water Availability in Semi-Arid Environments) [G€untner, 2002;

G€untner and Bronstert, 2004] is a semidistributed model with conceptual and process-orientated

approaches. The model has been adapted for applications in mountain regions with previous applications

in Central Asia [Duethmann et al., 2013, 2014]. The original spatial discretization based on hillslopes [G€untner

and Bronstert, 2004; Francke et al., 2008] was modified into an approach based on hydrological response

units (HRUs) as it allows faster computations. The model has routines for snow versus rain differentiation,

snow and glacier melt, glacier mass balance, interception, evapotranspiration, infiltration and saturation

excess runoff, interflow, and groundwater runoff. The snow and glacier modules are outlined below and a

more detailed description including model equations can be found in the supporting information.

If the air temperature falls below a calibrated threshold, precipitation is considered as snow. The spatial

variability of snow within an HRU is represented using a snow depletion curve [Liston, 2004]. Snowmelt is

calculated with a temperature-index approach [Hock, 2003], where the melt factor varies in a sinusoidal

form between a minimum value at the winter solstice and a maximum value at the summer solstice,

reflecting the increase in incoming solar radiation [Anderson, 1973]. Glacier melt is simulated using the

same approach as for snowmelt but with a different melt factor. The glacier mass balance is calculated

from snowfall onto the glacier, minus glacier- and snowmelt from the glacier area. The effect of debris

cover is implicitly accounted for in our results, as model parameters are calibrated against geodetic gla-

cier mass balances, which include both glaciers with and without debris cover (see supporting

information).

The model has 13 calibration parameters (supporting information Table A1). Due to the large uncertainties

in areal precipitation, the calibrated parameters include a precipitation bias factor. In mountain areas, esti-

mating areal precipitation from sparsely distributed precipitation stations results in high uncertainties. In

such cases, hydrological modeling or mass balance modeling in combination with observed discharge and

glacier volume changes can be a good alternative for evaluating and correcting areal precipitation esti-

mates [Duethmann et al., 2013; Immerzeel et al., 2015]. The precipitation bias factor is applied as a constant

factor to the precipitation input, e.g., a precipitation bias factor of 1.5 means that precipitation used in the

model is 50% higher than the original precipitation input. The bounds for the calibration parameters were

set according to Duethmann et al. [2014], but with larger ranges for the groundwater delay factor (200–

1000 days) and the precipitation bias factor (0.5–2.5).

3.5.2. Model Setup

The WASA model was set up using the data sources listed in Table 2. The two study catchments were subdi-

vided into 16 and 13 subcatchments with an average size of 1100 km2. Within each subcatchment, HRUs

were defined as 200 m elevation bands, since differences in elevation rather than differences in land cover

or soil (which are furthermore in mountain regions often related to elevation) were assumed most impor-

tant for differences in hydrological processes. This resulted in 202 (Kakshaal) and 219 (Sari-Djaz) HRUs. Each

HRU was assigned its glacier fraction (based on the 1970s glacier inventory) [cf., Pieczonka and Bolch, 2015],

dominant land cover, and dominant soil. All meteorological data were spatially averaged to the level of sub-

catchments. Temperature data were scaled to the average elevation of a HRU using the estimated lapse

rates.
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3.5.3. Changes in Glacier Area and Elevation

Over the 48 year study period, effects of changes in glacier area and glacier surface elevation cannot be

neglected. Glacier area changes were derived from two glacier inventories to ensure a close representation of

the observed changes in the model. Glacier inventories were available for �1975 and for �2008 (see Table 2)

[Osmonov et al., 2013; Pieczonka and Bolch, 2015]. Based on the two glacier inventories, linear decrease rates in

area were assumed for each individual glacier. Glacier areas in the model were then updated annually according

to these decrease rates during the period 1975–2004. Glacier outlines for the beginning of our study period

were not available. For the period before 1975, unchanged glacier outlines were assumed. This was regarded a

more plausible assumption than extending the linear trend backwards in time, as observed glacier area changes

in the Ak-Shirak massif for 1943–1977 were considerably smaller than for 1977–2003 [Aizen et al., 2006]. Further-

more, observed glacier mass balances in Central Asia were not far from balance in the 1960s and started to

become predominantly negative in the mid-1970s [Sorg et al., 2012; Unger-Shayesteh et al., 2013].

In order to account for glacier elevation changes the Dh-approach by Huss et al. [2010] was applied (see

supporting information for details). The calculation of glacier thickness changes is performed on an annual

basis individually for each glacier. Glaciers were subdivided into 50 m elevation bands for this purpose. Gla-

cier elevation changes were restricted by glacier thickness, i.e., no further reduction in glacier elevation was

allowed if the accumulated elevation change exceeded the estimated glacier thickness. The glacier ice

thickness distribution of each individual glacier was estimated based on the Glabtop2 model introduced by

Linsbauer et al. [2012] and modified by Frey et al. [2014] using the filled SRTM DEM and the 1970s glacier

inventory as input.

3.5.4. Multiobjective Model Calibration

3.5.4.1. Calibration Criteria for Discharge

Two criteria (fQ1
and fQ2

, equation (1) and (4)) were used for the calibration to discharge. fQ1
(equation (1))

was applied to ensure a good model performance with respect to the observed hydrograph. In order to

achieve a good performance both in high and low flow periods, we used a balanced Nash-Sutcliffe criterion

for daily discharge values, which was defined as average of Ed (equation (2)) and E
log
d (equation (3))

fQ1
50:5 � Ed1E

log
d

� �

; (1)

with

Ed512

XT

t51

�

Qobs tð Þ2Qsim tð Þ
�2

XT

t51

�

QobsðtÞ2Qobs

�2
; (2)

E
log
d 512

XT

t51

�

log Qobs tð Þð Þ2log Qsim tð Þð Þ
�2

XT

t51
log Qobs tð Þð Þ2log Qobsð Þ

� �2
: (3)

Qobs(t) and Qsim(t) are the observed and simulated discharge at time t, respectively, and T is the number of

time steps.

Since fQ1
is not very sensitive to interannual discharge variations, a criterion based on annual time series of

seasonal discharge was formulated additionally

Table 2. Spatial Data Sets Used for Setting Up the WASA Model

Data Type Data Source Resolution Reference

DEM SRTM DEM 90 m Jarvis et al. [2008]

Glacier

outlines 1970s

Delineated from: KH-9 Hexagon

images and Landsat MSS images (1970s)

7.6 and 79 m Pieczonka and Bolch [2015]

Glacier

outlines �2008

Delineated from: Landsat TM and

Landsat ETM1 images (2007–2010)

30 m Osmonov et al. [2013]

and Pieczonka and Bolch [2015]

Soil types Harmonized World Soils Database 1:1,000,000 FAO/IIASA/ISRIC/ISS-CAS/JRC [2012]

Land cover MODIS land cover product

MOD12Q1 collection 5.1

1:1,000,000 Friedl et al. [2002]
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fQ2
5EbalDJF1EbalMAM1EbalJJA1EbalSON; (4)

where EbalDJF (E
bal
MAM , E

bal
JJA , E

bal
SON) is the balanced Nash-Sutcliffe criterion (cf. equation (1)) calculated from annual

series of observed and simulated discharge for the winter (spring, summer, and autumn) season.

3.5.4.2. Calibration Criteria for Glacier Mass Balance

We also applied two criteria for the calibration against glacier mass balances using a time series of

observed glacier mass balances for Karabatkak Glacier (see Figure 1 for location) for the period 1957–

1998, and geodetic mass balances for two areas adjacent to our study area (see section 2). The correlation

between the simulated catchment-average mass balance and the glacier mass balance time series of

Karabatkak was used as a criterion reflecting the year-to-year variation of the glacier mass balance (fgl1 ).

The geodetic estimates, which are representative for a larger area but only give one estimate over the

1976–1999 period, were applied as criterion for the cumulative mass change (fgl2 ). Using the mean of the

two geodetic estimates and the larger of the two uncertainty ranges, the criterion fgl2 was formulated as a

triangular fuzzy membership function with a value of 1 if the simulated mass balance over 1976–1999

matches the mean value of 20.52 m w.e. a21, a value of 0 if the simulated mass balance was outside the

estimated uncertainty range of 20.85 to 20.19 m w.e. a21, and linearly increasing/decreasing values in

between.

3.5.4.3. Optimization Algorithm

In the context of multiobjective optimization, we seek a set of Pareto optimal (or nondominated) solutions

instead of a single optimum solution. For each of the solutions belonging to this Pareto optimal set, none of

the objective functions can be improved without degradation in at least one of the other objective func-

tions. In this study, the location of the Pareto optimal set was estimated using the Epsilon-Dominance Non-

dominated Sorted Genetic Algorithm II (e-NSGAII) [Kollat and Reed, 2006], which proved to be efficient and

effective in studies comparing different multiobjective optimization algorithms [Kollat and Reed, 2006; Tang

et al., 2006]. The density of the final nondominated solutions is controlled using the concept of

e-dominance. For each objective function, the user defines an e-value, which is the smallest difference in

the function that is considered relevant. For this study, the initial population size was set to 32, the maxi-

mum run time to 30,000 simulations, and e-values were set to 0.01 for all four objectives as the different

objectives vary in the same order of magnitude. Other algorithm parameters were adopted from Kollat and

Reed [2006].

The model was calibrated for the period 1976–1999, according to the available geodetic glacier mass bal-

ance estimates. A 2 year period prior to the calibration period was used for model initialization. Due to miss-

ing daily runoff data after 1987, fQ1
only refers to the period 1976–1987. The remaining part of the available

time series from 1957 to 1975 and 2000 to 2004 was used as validation period.

3.5.4.4. Selection of Solutions for Further Evaluation

After model calibration, solutions were selected from the Pareto optimal set for further evaluation. Solutions

with a glacier mass balance outside the uncertainty ranges of the geodetic estimate (fgl2 5 0), or low per-

formance with respect to daily or interannual variations of discharge were excluded. After inspecting the

achieved solutions, the threshold for exclusion with respect to interannual variations of discharge was set

to fQ2
<22. As the remaining solutions all showed a good performance with respect to daily discharge

(fQ1
> 0.75), no additional threshold was set for fQ1

. Since the model was applied to analyze causes for

changes in discharge, the ability of the model to represent observed discharge trends was set as a further

criterion. For this purpose, trends in seasonal discharge time series were calculated over the whole study

period, as the calibration or validation periods were regarded as too short for the calculation of trends. Solu-

tions which did not simulate a significant positive (negative) trend (p> 0.1), even though the observed time

series showed a positive (negative) trend, were excluded from further evaluation.

3.5.5. Simulation-Based Attribution

For the simulation-based approach, attribution was performed in two steps. The direct effects of precipita-

tion and temperature changes were assessed using simulation experiments with a constant glacier geome-

try and detrended temperature and precipitation time series. The effect of the precipitation and

temperature changes is further modified through changes in glacier geometry. This was evaluated using

simulations with the original temperature and precipitation time series by comparing simulations with and

without considering changes in glacier geometry. Changes in glacier geometry are a response to climatic
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variations, and both effects are thus closely intertwined. To estimate the overall effect of temperature and

precipitation changes on the streamflow trend, changes in glacier geometry were tentatively assumed

largely a response to temperature and precipitation changes during the study period, neglecting glacier

surges or delayed responses to past changes.

4. Results

4.1. Data-Based Analysis

4.1.1. Trend Analysis of Discharge, Precipitation, and Temperature

In both catchments the trend analysis revealed increasing discharge in all months over the period 1957–

2004 (Figures 2a–2d), in agreement with previous studies [e.g., Xu et al., 2010; Kundzewicz et al., 2015]. For

the Kakshaal catchment, trends were significant at the 5% level in nearly all months. The highest absolute

increases in monthly discharge occurred during May–July. In most months, discharge increased by around

30% (relative changes with respect to the mean of the study period), with larger changes in May and lower

changes in August. In the Sari-Djaz catchment, the largest absolute increases in discharge were observed

for July and August, where monthly discharge increased by 33 mm, or 32%.

Changes in precipitation show a less clear picture, with both increases and decreases (mostly not signifi-

cant), (Figures 2e–2h). The summer months, which are the months with the highest precipitation, only

show insignificant changes in both catchments.

Temperature, in contrast, increased during all months in both catchments (Figures 2i and 2j). In the Kakshaal

catchment, temperatures increased most strongly during the winter months, with changes of 3–4 K over

the 48 year study period. In the Sari-Djaz catchment, significant trends (p� 0.05) occurred mostly during

the second half of the year from July to December. Relatively large positive trends but with slightly lower

significance levels occurred in January and February.

Figure 2. Monthly changes (a–d) in discharge, (e–h) in catchment-average precipitation, and (i–j) in temperature for the period 1957–2004 for the Kakshaal and the Sari-Djaz catchment.

Changes in discharge and precipitation are reported in absolute (mm) and relative values (%). Bar colors indicate the significance level of the Mann-Kendall trend test.
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4.1.2. Multiple Linear Regression

4.1.2.1. General Model Performance and Included Variables

The regression model generally resulted in coefficients of determination (R2) between 0.3 and 0.7

(Table 3 and Figure 3); however, the model fit was only poor for spring in the Sari-Djaz catchment

(R25 0.1).

For the Kakshaal catchment, variables for precipitation and temperature were included in all seasons, with a

stronger influence of precipitation (as shown by the standardized coefficients, Table 3). For the summer and

autumn seasons, variables included in the regression were temperature and precipitation of the current sea-

son and a measure for accumulated precipitation over previous months. For winter and spring, variables for

accumulated antecedent precipitation and temperature of last summer were included. Winter discharge

was also influenced by long-term storage effects, represented by precipitation of the year before last year.

For the Sari-Djaz catchment, generally variables based on temperature were selected. The lower influence

of precipitation is related to a higher contribution of glacier melt as compared to the Kakshaal catchment

[Krysanova et al., 2014]. The negative coefficients for temperature in the model for winter and for last year’s

precipitation in the model for summer are difficult to explain. While the standardized coefficients for these

variables only show a small influence compared to the other included predictors, these models should be

considered with care. Interaction terms were not included in any of the models; in two cases where includ-

ing an interaction term led to improved BIC values these models were rejected due to VIFs >10. Trends of

discharge from the regression models were generally slightly lower than trends of the observed discharge,

except for autumn (Table 3).

4.1.2.2. Analysis of Residuals

Plots of the residuals against the included predictors did not indicate that the assumed linear relationships

should be replaced by nonlinear ones. For most models, the residuals appear to be uncorrelated and nor-

mally distributed. Deviations from a normal distribution occurred in the models for spring and summer for

the Sari-Djaz catchment. For the latter, normally distributed residuals were achieved by choosing the sec-

ond best model according to BIC. For the model for spring for the Sari-Djaz catchment, using log-

transformed discharge values reduced the deviations of the residuals from a normal distribution. However,

the linear model was kept because the model based on log-transformed discharge still performed poorly in

Table 3. Results of the Linear Regression Analysis of Discharge: Coefficient of Determination (R2), Trend in Observed Discharge (Qobs),

and Trend in Discharge of the Regression Model (Qregr) With Original Precipitation and Temperature Input, Original Precipitation and

Detrended Temperature Input, and Detrended Precipitation and Original Temperature Input and Corresponding p-Values, As Well As

the Variables Included in the Regression Models With Their Standardized Coefficients

R2

Qobs

Qregr: Original P,

Original T

Qregr: Original P,

Detrended T

Qregr: Detrended P,

Original T Included Variables

Trend

(mm)

p-

Value

Trend

(mm)

p-

Value

Trend

(mm)

p-

Value

Trend

(mm)

p-

Value Variable

Standardized

Coefficient

Kakshaal

Winter 0.67 2.5 <0.01 2.3 <0.01 1.1 0.32 1.6 <0.01 P13-24 0.25

P1–6 0.78

TJJAS 0.51

Spring 0.33 14.1 <0.01 7.3 <0.01 2.6 0.35 7.0 0.01 TJJA 0.53

P1–9 0.60

Summer 0.54 27.4 <0.01 24.3 <0.01 17.6 0.07 10.1 0.01 T 0.38

P 0.53

P1–9 0.48

Autumn 0.48 6.1 0.02 7.2 0.01 2.1 0.35 5.7 <0.01 T 0.37

P 0.39

P1–3 0.33

Sari-Djaz

Winter 0.49 3.0 <0.01 2.1 0.01 0.2 0.80 1.1 0.01 T 20.26

P1–3 0.46

TJJAS 0.51

Spring 0.11 7.8 0.01 1.5 0.83 0.0 0.92 1.1 0.82 T 0.33

Summer 0.67 76 <0.01 71 <0.01 2.2 0.72 71.7 <0.01 T 0.67

P13–24 20.13

TMJJAS 0.32

Autumn 0.30 11.9 0.09 13.6 <0.01 0.0 0.76 13.1 <0.01 T 0.55
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terms of R2 and its ability to represent the observed trend. None of the models revealed a temporal trend in

the residuals.

4.1.2.3. Influence of Temperature and Precipitation Changes on Discharge Trends

Application of the regression models with detrended temperature and precipitation time series indicates

that streamflow increases in the Kakshaal catchment were caused by increases in temperature and in pre-

cipitation (Table 3 and Figure 9). In contrast, streamflow trends in the Sari-Djaz catchment were dominantly

attributed to increases in temperature, and precipitation changes only played a marginal role (Table 3 and

Figure 9).

4.2. Simulation-Based Analysis

4.2.1. General Model Performance

While there were no clear trade-offs between the two objective functions for discharge (fQ1
and fQ2

), trade-

offs were apparent between the discharge and glacier objective functions, and to a very small extent

between the two glacier objective functions (Figure 4). A distinct trade-off is observed between fQ1
and fgl1 ,

and this trade-off was larger for the Sari-Djaz than for the Kakshaal catchment. From the resulting Pareto

set, solutions were selected for further evaluations if they showed an acceptable performance in terms of

interannual discharge variation, if the simulated glacier mass balance was inside the range given by the

geodetic estimate, and if a significant trend for seasonal streamflow was simulated when the observed time

series displayed a trend (see section 3.5.4.4), resulting in the selection of 28 solutions for the Kakshaal and 6

solutions for the Sari-Djaz catchment.

Daily and monthly discharge variations are well represented by the model (Table 4 and Figures 5 and 6).

The slightly lower model performance in the Kakshaal catchment is likely related to the stronger influence

of precipitation in this catchment, which is generally associated with higher uncertainties than temperature.

Large deviations for some flood peaks at the Sari-Djaz gauge (Figure 6) can be related to GLOFs from Merz-

bacher Lake [Glazirin, 2010; Krysanova et al., 2014], which cannot be simulated by the WASA model.

The dynamics of the simulated catchment-average glacier mass balance is generally similar to the observed

mass balance of the Karabatkak Glacier (Figure 7). The low correlation value between the time series at

Karabatkak and the simulated glacier mass balance in the Sari-Djaz Basin (Figures 4 and 7) results largely

from an underestimation during the last 5 years. For the period 1976–1999, for which geodetic glacier mass

balances were available, the mass balance was simulated to be between 20.85 and 20.25 m w.e. a21

(Kakshaal catchment), and between 20.83 and 20.51 m w.e. a21 (Sari-Djaz catchment). Over the complete

Figure 3. Annual time series of seasonal discharge from observations and the regression model for the Kakshaal and the Sari-Djaz catchment.
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simulation period 1957–2004, the simulated mass balance was estimated between20.76 and20.13 m w.e. a21

for the Kakshaal and between20.77 and20.40 m w.e. a21 for the Sari-Djaz catchment.

The simulated fraction of runoff from glacier melt, defined as melt water from glacier ice/firn, without snow-

melt or rain from glacier areas, may be approximated as the simulated glacier melt divided by the simulated

runoff, assuming that evaporation from glacier melt is small. This results in glacier melt contributions to run-

off of 9–24% for the Kakshaal catchment, and 35–48% for the Sari-Djaz catchment (uncertainty range results

from parameter uncertainties). The glacier imbalance contribution to runoff is only slightly lower with 4–

21% for the Kakshaal catchment and 21–40% for the Sari-Djaz catchment.

The calibrated precipitation bias factor (see section 3.5.1) allowed us to estimate the areal precipitation. The

catchment-average precipitation was estimated about 50% higher than the original estimates based on

interpolated precipitation data (Table 1). It reached values of about 370–400 mm a21 for the Kakshaal and

450–530 mm a21 for the Sari-Djaz catchment.

4.2.2. Model Performance With Respect to Interannual Variability of Discharge

While the model performance is high for daily or monthly time series, it is considerably lower when looking

at interannual variations of annual or seasonal flow. This is because seasonal variations between winter low

flow and summer high flow are much more distinct than interannual variations. For the Kakshaal catchment,

R2 values between simulated and observed series of average annual flow over the whole study period are

between 0.61 and 0.64 (Table 5). Comparable fits were also achieved for annual series of seasonal flow, except

for spring where discharge and its interannual variation are underestimated by the model. The simulated

streamflow follows the long-term variations in observed discharge over the 48 year period with low discharge

values at the beginning of the time period and around 1980, and higher discharge in the late 1960s and

particularly after 1995 (Figure 8a). In the Sari-Djaz catchment, model performance for interannual varia-

tion of annual or seasonal values is lower than for the Kakshaal catchment (Table 5). This is mostly due to

larger deviations during the last �10 years (Figure 8), and generally low performance in winter and

spring. A reason for the larger deviations of the hydrological model for the last �10 years could be the

lower availability of precipitation data during that period. In both catchments, the observed runoff shows

Figure 4. Trade-off curves of model performance with respect to daily discharge (fQ1
) against model performance with respect to interannual discharge variations (fQ2

), glacier mass bal-

ance time series at Karabatkak Glacier (fgl1 ), and the geodetic glacier mass balance (fgl2 ) for the two study catchments. Axes are plotted in reverse order so that optimum solutions always

plot in the lower left corner. Blue dots show solutions used for further analyses, gray dots show solutions which were excluded due to too low performance with respect to fQ2
, fgl2 , or

representation of observed trends (see section 3.5.4.4).
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increasing trends over both

annual and seasonal time

scales (Table 5). In the Kak-

shaal catchment, trends in

simulated annual and sea-

sonal discharge were close

to the observed ones. In the

Sari-Djaz catchment, the

hydrological model showed

an underestimation of

trends in summer, and an

overestimation in autumn.

This might be related to a

tendency of the GLOFs from Lake Merzbacher occurring earlier in the year, shifting from October to

August [Glazirin, 2010].

4.2.3. Effect of Changes in Glacier Area and Elevation

The effect of changes in glacier surface geometry was estimated by a set of simulations in which glacier

area and glacier surface elevation were kept constant (Table 6). These simulations showed that changes

in the glacier geometry had little effect on discharge trends in the less glacierized Kakshaal catchment.

In the Sari-Djaz catchment, with a glacierization of 21%, however, not considering changes in glacier

geometry resulted in higher discharge increases. The simulations indicate that the changes in glacier

geometry reduced the streamflow increases in annual discharge by 14–23% compared to the hypotheti-

cal situation of no glacier geometry changes (uncertainty range based on parameter uncertainties;

Table 6). Changes in glacier area, which led to lower discharge increases, outweighed the changes in

glacier surface elevation, which led to additional increases in discharge. Overall, glacier changes there-

fore resulted in lower discharge increases as compared to the hypothetical situation of unchanged gla-

cier geometries.

4.2.4. Influence of Temperature and Precipitation Changes on Discharge Trends

The direct effects of the precipitation and temperature changes on the streamflow trends were estimated

using simulations with detrended climate time series and a constant glacier geometry. The simulations with

detrended time series for both precipitation and temperature resulted in negligible streamflow trends

(Table 7). This corroborates that the discharge trends for the model with the original precipitation/tempera-

ture data can largely be explained by the changes in these forcing data. Both increases in temperature and

precipitation contributed to the discharge increases in the Kakshaal catchment, with a higher influence of

the precipitation increases (Table 7). In the Sari-Djaz catchment, changes in precipitation had only very

small effects and increases in discharge were mainly caused by the increases in temperature (Table 7).

The overall effect of the temperature and precipitation changes (including glacier geometry changes) can

be summarized as follows. For the Kakshaal catchment, it can directly be derived from the simulations with

detrended climate input and a constant glacier geometry since glacier geometry changes had hardly any

effect on the streamflow trends. The precipitation (temperature) contribution to the streamflow trend may

be estimated from the difference between the simulation with original climate input time series and the

simulation with the detrended precipitation (temperature) and the original temperature (precipitation)

input (Figure 9). Since for the Sari-Djaz catchment, direct effects of temperature and precipitation on

streamflow were strongly dominated by temperature, it may tentatively be assumed that the changes in

glacier geometry are also largely caused by temperature changes. The overall trend due to temperature

changes may thus be estimated from (1) the trend of the simulation considering glacier geometry changes

with the original climate input time series, minus (2) the simulation without considering changes in glacier

geometry with the detrended temperature and the original precipitation input. The overall trend due to

precipitation changes may be estimated from (1) the trend of the simulation with the original climate input

time series, minus (2) the simulation with the detrended precipitation and the original temperature input

(both without considering changes in glacier geometry) (Figure 9).

We further analyzed changes in simulated contributions of snowmelt, liquid precipitation, and glacier melt

to the overall input to the hydrological system (using the model with glacier geometry changes and the

Table 4. Range of Nash-Sutcliffe Efficiency (Ed ), Nash-Sutcliffe Efficiency Calculated for Log-

arithmic Discharge Values (E
log
d ), and Volume Bias for Daily and Monthly Discharge During

the Calibration and Validation Period for the Selected Parameterizations of the WASA

Model

Ed E
log
d Volume Bias (%)

Kakshaal Sari-Djaz Kakshaal Sari-Djaz Kakshaal Sari-Djaz

Daily

Calibration 0.77–0.82 0.85–0.87 0.84–0.87 0.95–0.96 25 to 8 1–9

Validation 0.67–0.73 0.80–0.84 0.82–0.86 0.94–0.95 27 to 8 7–14

Monthly

Calibration 0.81–0.86 0.91–0.94 0.88–0.91 0.96–0.96 26 to 7 22 to 6

Validation 0.80–0.86 0.86–0.92 0.85–0.90 0.95–0.95 27 to 6 10–18
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Figure 5. Simulated and observed daily runoff for the period 1964–1987 for the Kakshaal catchment. The simulated discharge includes simulations for all selected parameterizations.

Water Resources Research 10.1002/2014WR016716

DUETHMANN ET AL. ATTRIBUTION OF STREAMFLOW TRENDS 4741



Figure 6. Simulated and observed daily runoff for the period 1964–1987 for the Sari-Djaz catchment. Gray triangles mark the dates of reported GLOFs as listed in Glazirin [2010]. The

simulated discharge includes simulations for all selected parameterizations.
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original temperature and pre-

cipitation input). This is

slightly different from the

contributions to discharge,

which would be reduced by

evapotranspiration and

shifted in time by storage

delays. In both catchments,

the model shows significant

increases of glacier melt

(p< 0.01) and insignificant

increases in rainfall and

snowmelt (p> 0.1) (Table 8

and Figure 10). In the Kak-

shaal catchment, the model

indicates that 13–29% of the

changes in water input were

due to increased glacier melt,

and 71–87% due to increased precipitation, while for the Sari-Djaz catchment, increased glacier melt

accounted for 56–85% of the changes in water input and changes in precipitation for 15–44%.

5. Discussion

5.1. Glacier Melt Contribution and Trend Attribution for Two Headwater Catchments of the Aksu

River

Our estimates of the glacier melt contribution to runoff of 9–24% for the Kakshaal and 35–48% for the Sari-

Djaz are similar to those of Zhao et al. [2013], who derived glacier melt contributions of 23 and 44% for the

Kakshaal and Sari-Djaz, respectively. Dikikh [1993] estimated glacier melt contributions of 24% for the Kak-

shaal, and 33% for the Sari-Djaz Basin (the latter is called Aksu in their study; glacier contributions calculated

from the values for ice melt and total runoff in Table 7 of their study). Including rainfall, snowmelt, and gla-

cier melt from the glacier area, Aizen and Aizen [1998] estimated that the glacier areas contributed 36–38%

to the total runoff in the Sari-Djaz Basin (called Aksu in their study).

Our results shed new light on the attribution of streamflow trends for the Aksu headwater catchments. Pre-

vious studies also indicated that the increase of annual runoff of these two catchments was caused by

increases in temperature and precipitation, based on correlations between runoff time series of the Kak-

shaal and Sari-Djaz catchments with precipitation and temperature time series of meteorological stations

[Xu et al., 2010; Zhang et al., 2010], but did not quantify the role of precipitation or temperature increases.

Based on a hydrological simulation approach, a study by Zhao et al. [2013] found that discharge increases

over the period 1970–2007 were (a) due to precipitation increases alone in the Kakshaal catchment and (b)

by 96% due to increases in precipitation and 4% due to increases in glacier melt in the Sari-Djaz catchment.

Figure 7. Interannual variation of the observed glacier mass balance at Karabatkak Glacier and of the simulated catchment-average glacier mass balance for (a) the Kakshaal and (b) the

Sari-Djaz catchment. The simulated mass balance is represented by all selected parameterizations.

Table 5. Coefficient of Determination (R2) Between Annual and Seasonal Simulated (Qsim)

and Observed (Qobs) Discharge, As Well As Corresponding Trends Over the Period 1957–

2004a

Qobs
Qsim

R2 Trend (mm) p-Value Trend (mm) p-Value

Kakshaal

Annual 0.61–0.64 47 <0.01 47–53 <0.01–0.03

Winter 0.57–0.65 3 <0.01 2–3 <0.01–0.02

Spring 0.27–0.29 14 <0.01 9–12 <0.01

Summer 0.62–0.65 27 <0.01 22–27 0.04–0.09

Autumn 0.45–0.62 6 0.02 7–9 <0.01–0.05

Sari-Djaz

Annual 0.43–0.49 102 <0.01 89–101 <0.01–0.01

Winter 0.19–0.22 3 0.01 1–1 0.03–0.09

Spring 0.10–0.12 7 0.01 8–10 0.01–0.02

Summer 0.41–0.47 74 <0.01 50–57 0.02–0.03

Autumn 0.34–0.36 12 0.10 25–30 <0.01–0.01

aFor model performance and trends of simulated discharge, the table gives ranges over

the selected model parameterizations.
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In contrast, our study indicates that precipitation and temperature played both a role for the discharge

increases in the Kakshaal catchment, and that temperature increases were the dominant driver in the Sari-

Djaz catchment. While the analyzed time periods do not completely overlap, important differences of the

current study in comparison to Zhao et al. [2013], which may explain these differences, are (1) the additional

use of calibration criteria based on glacier mass balance, (2) the attention paid to data consistency during

temperature and precipitation interpolation, (3) the representation of glacier geometry changes, (4) the

model evaluations for interannual variations in discharge and representation of observed discharge trends,

and (5) the consideration of uncertainties resulting from different model parameterizations.

In glacierized catchments, temperature increases are expected to lead to higher glacier melt in an initial

phase, later followed by a reduction in glacier melt due to reduced glacier areas. For the catchments in the

present study, regression residuals did not show trends over time, indicating that, over the studied period,

the catchments may be assumed to be still in the initial phase of increasing discharge. In this phase, the

effect of temperature increases on higher melt rates and increases in the ablation area towards higher ele-

vations dominate over the effect of glacier area decreases.

5.2. Data-Based Versus Simulation-Based Trend Attribution

The performance of the regression and simulation models with respect to R2 and deviation of trends

between simulated and observed flows was comparable (Tables 3 and 5). For the high flow season in

summer, for example, the simulation model outperformed the regression model in the Kakshaal catchment,

while the regression approach showed a higher performance in the Sari-Djaz catchment.

Data-based approaches are typically relatively fast to apply and less affected by model structural and

parameter uncertainties. However, it is not always obvious whether the identified statistical relationships

are due to physical cause-effect relationships. In the simulation-based approach, changes in streamflow are

linked to changes in the drivers via process-based relationships implemented in the model. Furthermore,

other data, such as the glacier mass balance data in this study, can be integrated within the modeling

approach so that it may also be investigated whether the assumed causes for the changes are consistent

Figure 8. Observed and simulated (a, b) annual and (c–j) seasonal discharge for the Kakshaal and the Sari-Djaz catchment. The simulated discharge includes simulations for all selected

parameterizations.
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with these data. Disadvan-

tages of the simulation-based

approach are the introduction

of model parameter and

structural uncertainties and

the greater effort for setting

up the model. This study

applied both, a simulation-

based and a regression-based

approach. The results from

the two different approaches

correspond well with each

other. Since the two methods

can be seen as independent,

this increases the confidence

in the results.

5.3. Multiobjective Model

Calibration

Including objective functions

on different variables can highlight discrepancies between the model and the different data sets, which can

give directions where further research should focus. The trade-off between the model performance with

respect to discharge and the glacier mass balance time series in the Sari-Djaz Basin indicates possible prob-

lems in the model or the data. The reason is currently unclear. The temporal dynamics of Karabatkak Glacier

may not be representative for the temporal dynamics of a larger number of glaciers, even though typically

temporal mass balance variations are assumed to correlate well at the scale of mountain ranges [Huss,

2012]. Other possible causes are errors in the measured mass balance time series (which could be related to

the difficulty to access the accumulation area of Karabatkak Glacier), errors in other model calibration or

input data, or model structural errors. A new study indicates geodetic glacier mass balance estimates of

20.356 0.34 m w.e. a21 for the time period 1974–1999 for the Sari-Djaz Basin [Pieczonka and Bolch, 2015],

which largely overlaps with the glacier mass balance criterion applied in this study. Geodetic mass balance

estimates derived specifically for the Kakshaal catchment could reduce the uncertainties resulting from the

use of mass balance estimates of neighboring regions.

Evaluating the model behavior with respect to the observed variability in the past is also a good model test

if it is intended to apply the model to estimate streamflow changes in response to climate scenarios. This

could for example reveal problems of the model related to instabilities of the model parameters over time

[Merz et al., 2011]. Studies which apply a hydrological model for climate change scenarios often evaluate

Table 6. Trends Over the Period 1957–2004 and p-Values of the Mann-Kendall Test for

Time Series of Annual and Seasonal Discharge, As Simulated by the WASA Model With and

Without Considering Changes in Glacier Area and Elevation (Ranges Over the Selected

Model Parameterizations)a

Change in Glacier Area

and Surface Elevation Constant Glacier Geometry

Trend (mm) p-Value Trend (mm) p-Value

Kakshaal

Annual 47–53 <0.01–0.03 47–54 <0.01–0.02

Winter 2–3 <0.01–0.02 2–3 <0.01–0.01

Spring 9–12 <0.01 9–12 <0.01

Summer 22–27 0.04–0.09 23–28 0.04–0.09

Autumn 7–9 <0.01–0.05 8–10 <0.01–0.03

Sari-Djaz

Annual 89–101 <0.01–0.01 105–116 <0.01

Winter 1–1 0.03–0.09 1–1 0.01–0.02

Spring 8–10 0.01–0.02 8–10 0.01–0.02

Summer 50–57 0.02–0.03 60–71 0.01–0.01

Autumn 25–30 <0.01–0.01 29–33 <0.01

aThe simulations were performed with the original precipitation and temperature time

series.

Table 7. Trends Over the Period 1957–2004 and p-Values of the Mann-Kendall Test for Simulated Time Series of Annual and Seasonal

Discharge, As Ranges Over the Selected Model Parameterizationsa

Original P, Original T Detrended P, Detrended T Original P, Detrended T Detrended P, Original T

Trend (mm) p-Value Trend (mm) p-Value Trend (mm) p-Value Trend (mm) p-Value

Kakshaal

Annual 47–54 <0.01–0.02 0–3 0.04–0.78 35–45 0.07–0.12 11–22 0.01–0.05

Winter 2–3 <0.01–0.01 0–0 <0.01–0.31 2–3 <0.01–0.02 0–1 <0.01–0.09

Spring 9–12 <0.01 0–0 0.27–0.88 7–10 <0.01 6–7 0.01–0.03

Summer 23–28 0.04–0.09 0–2 0.08–0.91 15–23 0.25–0.40 1–7 0.22–0.65

Autumn 8–10 <0.01–0.03 0–1 0.01–0.32 4–7 0.08–0.15 3–6 0.01–0.17

Sari-Djaz

Annual 105–116 <0.01 3–6 0.17–0.59 2–6 0.81–0.92 92–107 <0.01

Winter 1–1 0.01–0.02 0–1 <0.01–0.02 21 to 21 0.17–0.22 4–4 <0.01

Spring 8–10 0.01–0.02 0–0 0.32–0.53 1–2 0.70–0.95 10–11 <0.01–0.01

Summer 60–71 0.01–0.01 1–3 0.12–0.45 2–3 0.87–0.99 50–59 0.01–0.01

Autumn 29–33 <0.01 1–2 0.38–0.49 24 to 23 0.33–0.38 27–31 <0.01

aThe simulations were performed with different combinations of original and detrended precipitation and temperature time series,

keeping the glacier geometry constant.
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the model performance only by using classical criteria like the Nash-Sutcliffe criterion on a daily or monthly

time scale [e.g., Liu et al., 2010]. As mountain catchments often have a strong seasonal regime, this results

in apparently high model performance for all models which can replicate this behavior [Schaefli and Gupta,

2007]. However, if a model is planned to be applied for climate change scenarios, it is crucial that also the

performance with respect to interannual variability and possible long-term trends is included as this is the

critical part of the model with respect to scenario analyses.

Satellite-derived snow cover data can be a further data source for multiobjective model calibration in snow-

dominated, data sparse regions [Duethmann et al., 2014]. Our analysis of MODIS snow cover data for the

study region showed only few, short-lasting snowfall events during the winter season. In this region, winter

precipitation is low, and the thin snow cover may be redistributed by wind or removed by sublimation.

Since these processes are not represented in the model, using the satellite-derived snow cover data for

model calibration with the model in its current form would result in compensating effects (e.g., model

parameters might be drawn toward allowing melt at very low temperatures), thus increasing errors in the

internal functioning of the model. This highlights the need for careful data analysis before their application

for model calibration. Due to the very low amounts of winter precipitation, we assume that neglecting the

processes of sublimation and snow redis-

tribution before melt onset has only small

effects on the overall performance of the

hydrological model.

5.4. Limitations

The temporal variability of temperature

and precipitation was derived from the

available data and may not be represen-

tative for all subregions. It was not clear

whether precipitation data of the station

Tien Shan, which were left in the analysis,

are not influenced by the relocation.

Based on our analyses performed without

including the station Tien Shan, it is

assumed that omitting this station from

Figure 9. Contributions of precipitation and temperature to the annual and summer streamflow trends in the Kakshaal and the Sari-Djaz

catchment as estimated with the regression model (filled bars) and with the hydrological model (striped bars). White: observed trend,

gray: modeled trend with original input, red: temperature contribution to trend, and blue: precipitation contribution to trend.

Table 8. Trends Over the Period 1957–2004 in the Simulated Inputs to the

Hydrological System by Rain, Snowmelt, and Glacier Melt Over the 48 Year

Study Period for the Two Study Catchments, Calculated With the Sen’s Slope

Estimator and the Mann-Kendall Test

Trend (mm) p-Value of Trend

Contribution to

Overall Trend in

Simulated Water

Input (%)

Kakshaal

Rain 35–42 0.13–0.25 42–59

Snowmelt 16–24 0.26–0.46 22–30

Glacier melt 9–24 <0.01–0.01 13–29

Sari-Djaz

Rain 12–15 0.82–0.91 14–17

Snowmelt 21 to 24 0.41–0.99 21 to 27

Glacier melt 49–73 <0.01–0.01 56–85
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the interpolation of precipitation data would mainly influence results of the Sari-Djaz catchment. The analy-

sis would likely attribute a larger part of the discharge increases also to increases in precipitation, but tem-

perature increases would probably still play the dominant role for increases in discharge.

The initial glacier elevation in the hydrological model was based on the SRTM DEM, as a DEM for the entire

study area at the beginning of the study period was not available. Absolute glacier elevations are therefore

underestimated. This is partly compensated by the calibrated parameters and is assumed to have little

effect on the estimated trends in glacier melt and discharge. It is to note that the lowering of the glacier sur-

face elevation during the study period, which has an influence on the trends, is represented in the model.

This study considered direct effects of meteorological drivers on evapotranspiration. In contrast, indirect

effects through possible changes in vegetation and in the length of the growing period were not accounted

for. Thus, the increase in evapotranspiration may have been underestimated. Due to the generally low tem-

peratures at high altitudes, this effect is, however, assumed not to be very large.

While our approach accounted for uncertainties in model parameters, uncertainties from different model

structures were not considered. These could be explored using an ensemble of hydrological models.

6. Conclusions

This study used two approaches based on regression analysis and hydrological modeling to understand the

recent increase in discharge in two headwater catchments of the Tarim River. For the more strongly glacier-

ized Sari-Djaz catchment, both approaches agree on the dominant role of increasing temperatures as cause

for the discharge changes. Simulated changes in the input contributions from rain, snowmelt, and glacier

melt show that increases in the overall input to the hydrological system were dominated by increases in

glacier melt, which contributed 56–85% to the overall increases in water input. In the Kakshaal catchment,

increasing discharge over the last decades was related to both increasing temperatures and increasing pre-

cipitation. The hydrological model showed that increases in glacier melt in the Kakshaal catchment contrib-

uted 13–29% to the overall increases in water input from rain, snowmelt, and glacier melt, while the major

part of the increases to the water input was from increased precipitation.

The simulations indicated glacier melt contributions to runoff of 9–24% for the Kakshaal, and 35–48% for the

Sari-Djaz catchment. The analysis highlighted large uncertainties of areal precipitation in data-sparse moun-

tain regions of Central Asia. With values of about 370–400 mm a21 for the Kakshaal and 450–530 mm a21 for

the Sari-Djaz catchment, the areal precipitation estimates adjusted by model calibration indicated that the

original estimates based on interpolation of station data underestimated by about 50%.

Using calibration criteria based on glacier mass balances and the interannual variation of discharge in addi-

tion to the performance with respect to daily discharge led to more credible models. This is particularly

important in such data-sparse catchments. In strongly seasonal discharge regimes, high performance with

respect to monthly or daily streamflow can result in overestimation of the skill of the model. An evaluation

with respect to the interannual variability of, e.g., seasonal flow can be a good measure to indicate whether

Figure 10. Annual variation of the input from snowmelt, glacier melt, and rain, as represented in the WASA model for the selected model parameterizations for (a) the Kakshaal and (b)

the Sari-Djaz catchment.
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the model responds adequately to interannual changes in temperature and precipitation, which is a prereq-

uisite for models set up for climate change impact analyses.

While data-based approaches for trend attribution are simpler to implement and thus particularly suited to

give insights for a large number of catchments, simulation-based approaches have the advantage that the

cause-effect relationships can be represented in a process-based way, which suggests that their results can

provide stronger evidence for trend attribution. Where possible, a complementary application of both

approaches is recommended.
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