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Abstract The River Aksu is the principal tributary to the

River Tarim, providing about three quarters of its dis-

charge. It originates in Kyrgyzstan and flows into the arid

areas of the Xinjiang Uyghur Autonomous Region in

China, where an extensive irrigated agriculture has been

developed in the river oases. The aim of the present con-

tribution is to review the current trends in temperature,

precipitation, and river discharge and links between these

variables. The temperature in the region and the river

discharge have been rising. Changes were studied using

multiple trend analyses with different start and end years.

Correlations between daily temperature and discharge are

high and statistically significant for two headwater sub-

catchments of the Aksu for most of the time. However,

there are episodes in late summer or beginning of autumn

when correlations between temperature and discharge for

the Xiehela station are absent. This can only be explained

by Glacial Lake Outburst Floods from the Lake

Merzbacher that are not routinely monitored. On an annual

time scale, changes in summer discharge in the highly

glacierized Xiehela subcatchment are dominated by chan-

ges in temperature. In contrast, in the subcatchment

Shaliguilanke, variations in summer streamflow are more

strongly influenced by variations in precipitation. A com-

parison of links between climatic variables and streamflow

at different temporal scales is offered. Perspectives for

seasonal forecasting are examined.

Keywords Temperature � Precipitation � Streamflow �
Trend detection � River Tarim � River Aksu

Introduction

The drainage basin of the River Tarim, extending from

35�N to 43�N and from 74�E to 90�E and covering an area

of 1.02 9 106 km2, is one of the largest endorheic systems

(closed hydrological systems without outflow) worldwide.

Most of the basin is located in the Xinjiang Uyghur

Autonomous Region of Northwestern China. The climate

in the basin is continental and arid to hyper-arid with a

large temperature amplitude so that a major part of the

basin is covered by the Taklamakan Desert. It is the most

remote area from oceans and large water bodies worldwide.

The very low mean annual precipitation (around 40 mm),

displays an annual cycle with a maximum in summer (June

to August) and a minimum from November to January

(Bothe et al. 2012). The moisture to the Tarim basin is

mainly supplied by westerly flows, with the westerly jet

location and intensity determining the seasonal variation in

the moisture route (Bothe et al. 2012). In some years, the

total precipitation in the Taklamakan Desert is equal to

zero. Annual precipitation is higher (up to 400 mm and
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more) in high mountains surrounding the desert, from

where snow and glacier melt feed the River Tarim through

its tributaries. The total snow and ice-melt contribution to

the River Tarim is estimated at about 48 % (taken from Xu

et al. 2009a). Dikikh (1993) provides a similar number of

46.7 % but solely for the contribution from glacierized

surfaces, which includes primarily glacier melt, but also

snowmelt from and precipitation on glacier surface (cf.

Zhao et al. 2013). The runoff contribution from glacierized

surface in Aksu basin was estimated at 46.3 % (Dikikh

1993). The water of the River Tarim constitutes a major

source of water resources in the region (Wu 2012). In the

past, the River Tarim reached the Lake Lop Nur, which is

now a dry, salt-encrusted lake bed. Now the river empties

into the Lake Taitema, about 160 km upstream of the Lake

Lop Nur.

Since water resources in the arid basin of the River

Tarim are very scarce, ecosystems and the social systems

are vulnerable to adverse changes in river flow. The two

basic drivers of change of water availability in the basin are

intensive agricultural land use and climate change. For half

of the last century, intensive exploitation of water resources

in the basin, mainly for irrigated agriculture, has resulted in

changes in the temporal and spatial distribution of water

availability (cf. Wang et al. 2010). The main agricultural

crop in the basin is cotton, but there are also large fruit

plantations (grapes, pears, apricots, and nuts). Feike et al.

(2014) show that the agricultural land area in the Aksu-

Tarim Basin more than doubled 1989–2011. This has led to

a plethora of environmental problems, such as disconti-

nuity of river flow and salinization affecting large areas of

agricultural soils.

The largest inflow among all the tributaries of the River

Tarim is provided by the perennial discharge of the River

Aksu—the principal left-hand tributary to the River Tarim,

with a total length of 282 km. Although the area of the

Aksu River basin (42,000 km2) is only less than 5 % of the

area of the entire Tarim River basin, the average annual

flow of the River Aksu (203.5 m2 s-1, 1952–2004)

accounts for 70–80 % of the average annual flow of the

River Tarim. The River Aksu is a transboundary river,

originating in Central Tien Shan in Kyrgyzstan (named

Sary-Djaz there) and draining into the Xinjiang Uyghur

Autonomous Region of China.

Numerous studies have been performed for analysis of

trends in climate variables (in particular, temperature, T, and

precipitation, P) and river runoff (Q) in the Tarim basin and its

tributaries (cf. Xu et al. 2010, 2011, 2011; Fan et al. 2011;

Chen et al. 2009). Based on station and gridded data several

researchers converge to an estimate that temperature in the

Tarim basin increased by about 0.8�–1� over the period of

50 years until mid 2000s and this change is statistically sig-

nificant for a vast portion of the catchment (Chen et al. 2007,

2009; Ling et al. 2013; Krysanova et al. 2014), and the largest

contribution to this increase comes from the period since 1985

(Chen et al. 2009). On the contrary, Tao et al. (2010) and Ling

et al. (2013) found an abrupt change point towards a stronger

temperature increase in 1996 in the northern tributaries of

Tarim. The majority of studies agree on the slight precipitation

increase from the late 1950s to mid 2000s (e.g. Ling et al.

2013). Changes in flow of the River Tarim and its tributaries

have already been extensively studied by several researchers,

who also tried to link these changes to variability in climate

factors and anthropogenic activity. Chen et al. (2009), Xu et al.

(2009b), and Ling et al. (2013) studied trends in runoff of

several Tarim tributaries and discussed the link between them

and changes in temperature and precipitation. Xu et al.

(2009a) additionally explored the link between the runoff

volume and snow depth variations. No influence of El-Niño

Southern Oscillation (ENSO) on temperature, precipitation

and runoff has been found for the Tarim River Basin (Chen

et al. 2009). Finally, Tao et al. (2010) discussed the role of

anthropogenic water withdrawal on river flow in the Tarim

tributaries and found a significant influence on streamflow. In

the neighbouring catchments of Eastern Tian Shan, which

show a similar pattern in climatic and hydrological change

with comparable degree of glacierization, the changes in

runoff particularly in the last two decades seem to be strongly

driven by glacier degradation (Li et al. 2006, 2010).

The trends in river discharge of the River Aksu were

analysed by Krysanova et al. (2014) using monthly data for

the period 1957–2004 for the three gauge stations Xiehela,

Shaliguilanke and Xidaqiao, considering average monthly,

average seasonal and average annual values. Upward, sta-

tistically significant, annual and seasonal trends were found

for all three stations, with a lower level of significance for

the Xidaqiao station.

We complement the previous numerous studies of trends

in climatic and hydrologic characteristics of the River Tarim

and its tributaries by looking at multiple trend analysis in the

Aksu catchment with different start and end points of the time

series to explore the variability of trends over the past dec-

ades. An extensive correlation analysis between temperature,

precipitation and river runoff at various time scales and for

several time lags is performed with non-parametric tech-

niques. The elasticity of discharge changes with regards to

changes in temperature and precipitation is explored in a

subsequent step to analyse the potential predictability of

discharge changes. Finally, we look at several climate indices

and analyse their potential for seasonal runoff forecasting.

Study area and data

The Upper Aksu River basin (upstream of Aksu City), cf.

Fig. 1, can be subdivided into three subcatchments,
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terminated by three hydrological stations: Xiehela, Shali-

guilanke, and Xidaqiao. Two gauging stations Xiehela and

Shaliguilanke terminate the headwater subcatchments,

whereas the Xidaqiao station terminates the lower sub-

catchment, down to Aksu City. Most of the headwater part

is located at altitudes above 2,000 m with a considerable

portion of glacierized area. Osmonov et al. (2013) studied

1,310 glaciers in the Upper Aksu Basin which covered

2,055 ± 41.1 km2 (ca. 18 % of the entire basin) in 1990

that shrank by 77.1 ± 57.1 km2 (0.19 ± 0.14 % per year)

by 2010. The lower reaches of the Aksu River Basin sup-

port oases with large areas of irrigated agriculture located

upstream and downstream of the gauge Xidaqiao.

The availability of observation records in the Aksu

River Basin is not satisfactory, for a variety of reasons. The

Aksu is an international river, whose catchment is shared

by Kyrgyzstan and China. Due to the international nature

of the basin and restrictive data policy, data are not easily

available and shared with foreign researchers. Moreover,

systemic transformation in the region, from centrally

planned economy to market economy, resulted in shrinkage

of environmental monitoring. For instance, due to funding

problems, fewer observation stations are maintained in

Newly Independent States than in the former republics of

the Soviet Union (Unger-Shayesteh et al. 2013). Even some

long time series of records were interrupted. Furthermore,

as the headwater areas are in high, uninhabited, moun-

tainous terrain, rivers are poorly gauged and there is only

patchy information on glacier mass balances (see also

Krysanova et al. 2014). This data scarcity raises questions

of representativeness—deriving spatial aggregates involves

high uncertainties.

Climate data for the Chinese part of the basin were

provided by the National Climate Centre, China Meteoro-

logical Administration (CMA) as daily dataset of mini-

mum, maximum, and mean temperatures and precipitation

at a 0.25� grid for the period 1961–2010. However, the

climate stations in China are located mainly at lower alti-

tudes, and interpolation or extrapolation to higher altitudes

introduces considerable uncertainties. In the situation of

scarcity of ground observation data, extensive use was

made of gridded data sets produced in international
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research projects, such as the meteorological forcing

dataset (based on the reanalysis data set ERA-40)

‘‘WATCH Forcing Data 20th Century’’ from the WATCH

project (Weedon et al. 2011; http://www.eu-watch.org/) at

a spatial resolution of 0.5� that was used for the Kyrgyz

part of the Aksu River Basin, and also for the Chinese part

for air humidity and solar radiation parameters. Five vari-

ables available at 6-h resolution and five variables at 3-h

resolution were aggregated to daily values and used in the

present analysis. Mean monthly temperature series were

computed for the sub-basins based on CRU 3.1 data set

(Harris et al. 2013) with 0.5� spatial resolution. Monthly

precipitation sums for sub-basins were compiled using the

GPCC v.6 (http://gpcc.dwd.de) dataset. Daily river dis-

charge data for the period 1964–1987 for the stations

Xiehela, Shaliguilanke and Xidaqiao were obtained from

the Hydrological Yearbook published by the Chinese

Ministry of Water Resources. In addition, monthly river

discharge data for these stations were available for a longer

period, from 1957 until 2004 (Wang 2006).

Changes in climate: temperature and precipitation

In the present study, a trend analysis of temperature and

precipitation in the Aksu River basin was performed using

temporally and spatially aggregated data, namely: annual

data averaged over three sub-basins. Trends in time series

are sensitive to the selection of the investigation period and

the start and end years. Therefore, the analysis of trends in

mean annual temperature and total annual precipitation was

done for multiple periods with different start and end years

Fig. 2 Multiple trend analyses

for mean annual air temperature

and annual precipitation for

Xidaqiao, Shaliguilanke and

Xiehela subcatchments. The

colour legend indicates the

change in temperature and

precipitation in �C and mm per

decade, respectively. Blue and

black contours delineate areas

of significant trends at 1 and

5 % significance level,

respectively
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extending the previous trend analyses studies. Trend sig-

nificance was tested with the non-parametric Mann–Ken-

dall test (Kendall 1975), with significance levels of 5 and

1 %. We analysed trends in mean annual temperature and

annual precipitation regionalised for three sub-basins

Xidaqiao, Xiehela and Shaliguilanke (Fig. 1) using CRU

3.1 temperature and GPCC v.6 precipitation datasets. The

multiple trends were investigated for time series at least

30 years in length and changes are presented in terms of

temperature and precipitation change in �C/decade and

mm/decade. The time series were pre-whitened to remove

the lag-1 correlation which may affect the significance test.

Figure 2 presents multiple trend analyses with Sen’s

slope estimator for periods with different start and end

years. The results indicate strong significant positive trends

in air temperature with a rate of 0.2–0.7 �C per decade,

which are nearly persistent for all periods with different

start and end years. In particular, in the period from 1950 to

1980 and from the 1970s to the mid 2000s, the trends in

mean annual temperature are strong. This increase is

dominated by a rise in temperature during the winter half-

year (October–March) as exemplarily shown in Fig. 3a, b

for the gauge Shaliguilanke. This pattern has already been

observed for Northern (Bolch 2007; Zhang et al. 2009) and

Central Tien Shan (Giese and Moßig 2004; Kriegel et al.

2013); the related studies are extensively reviewed by

Unger-Shayesteh et al. (2013). A more severe increase in

winter temperatures is expected to continue in future

according to the regional climate model projections for this

region (Mannig et al. 2013). The temperature increase in

the winter half-year is, however, often not melt-effective,

as the temperatures remain below the melting point. In the

Aksu basin also significant positive trends in mean warm

half-year (April–September) temperature were detected for

all sub-basins in the period from the 1950s to the 2000s

(Fig. 3a) and can partly explain the increasing discharges

over the same periods (Figs. 3d, 4).

Trends in total annual precipitation are mainly insignifi-

cant for all sub-basins for the majority of periods, but become

significantly positive for the periods from the 1970s till the

2000s in Shaliguilanke and Xiehela basins. In Xidaqiao, the

increasing trends are significant for all periods starting from

1950 or later till the late *2000s. This increase in annual

precipitation is mainly dominated by an increase in summer

precipitation (April–September) (Fig. 3c for gauge Shaligui-

lanke), when the largest share of precipitation occurs.

Changes in river flow

The flow regime of the River Aksu is dominated by snow

and glacier melt. Analysis of data shows that more than

80 % of the annual discharge of the River Aksu occurs in

the warm season from April to September. In the cold

season, the flow of the rivers Aksu and Tarim can be very

low (Fig. 4).

Fig. 3 Multiple trend analyses

for mean seasonal air

temperature in a summer half-

year (April–September) and

b winter half-year (October–

March), c seasonal precipitation

sum for summer half-year for

the Shaliguilanke subcatchment

and d mean seasonal discharge

at gauge Shaliguilanke. The

colour legend indicates the

change in temperature and

precipitation in �C and mm per

decade, respectively, and

relative change in discharge

with respect to the mean in the

respective period. Blue and

black contours delineate areas

of significant trends at 1 and

5 % significance level,

respectively

Environ Earth Sci (2015) 73:501–516 505

123



In the Xidaqiao sub-basin, considerable volume of water

is withdrawn for irrigation use. The discharge is reduced by

18 % until Xidaqiao compared to the input from two

headwater tributaries, i.e. by *1,324 mln m3/year. Much

more water is used downstream of Xidaqiao (cf. Huang et al.

2014). Hence, the average annual discharge of the River

Aksu at Xidaqiao is notably lower than the sum of dis-

charges of the two upper tributaries, Xiehela and Shaligui-

lanke (Fig. 5). This is particularly evident during the warm

season from April to September—the major water with-

drawal period. The analysis performed in the previous study

(Krysanova et al. 2014) for the period 1997–2004 led to the

following finding: the average annual discharge of the two

upper tributaries was about 23 % higher than the discharge

at the lower gauge Xidaqiao in this period.

In this study, the trend analysis in river discharge is

extended by exploring trends in mean annual discharge at

three gauges for multiple periods with different start and

end years. Detection of trends for respective gauges at sub-

basins outlets Xiehela, Shaliguilanke, and Xidaqiao, was

carried out with the help of multiple trend analysis.

The time series were pre-whitened to remove the lag-1

correlation and the trend slope was estimated by a Kendall-

Theil robust line approach based on the Sen’s slope esti-

mator (Sen 1968). Figure 6 presents multiple trend analy-

ses for periods with different start and end years.

Significant upward trends are found for time periods ending

in the beginning or mid of the 2000s for the gauge Xiehela

and Shaliguilanke. The upward trends in mean annual flow

at these upstream gauges translate into a similar trend

pattern at gauge Xidaqiao with significantly increasing

trends in the periods ending after the year 2000. As for

temperature changes, the increase in mean annual flow is

primarily dominated by increasing summer flows as shown

exemplarily for gauge Shaliguilanke (Fig. 3d). The sum-

mer flows constitute the largest portion of water over the

year.

Links between climatic and hydrological variables

This section presents links between climatic variables and

river flow, found using several approaches at various

temporal scales: correlations using daily, monthly and

seasonal data and climate elasticity of streamflow.

Correlation between climatic and hydrological

variables using daily data

Links between river discharge and climatic variables,

temperature and precipitation, for two headwater sub-

catchments Xiehela and Shaliguilanke were analysed at

daily time steps. Climatic variables were averaged over the

corresponding subcatchment areas. Only a low and not

statistically significant correlation was found between daily

river discharge and daily precipitation for both stations.

Lack of a fast response of discharge to precipitation can be

explained by a higher importance of melting water from

snow and ice feeding the river compared to precipitation.

The correlation between daily temperature and daily

river discharge for both subcatchments was high and sta-

tistically significant, but lower for the Shaliguilanke sub-

catchment. The Spearman correlation coefficients for the

whole period were 0.71 and 0.60 without time delay, and

0.83 and 0.66 with 2 days time delay for the Xiehela and

Shaliguilanke, respectively. This can be explained by a

high importance of glacier and snow melt processes in the

basin, and a notably higher share of glacier cover in the

Xiehela subcatchment as compared to Shaliguilanke

subcatchment.

A further analysis of temperature and discharge time

series for Xiehela in the period 1965–1987 (see Krysanova

et al. 2014) revealed a visually noticeable positive linkage

between temperature and discharge peaks in summer.

Typically, discharge peaks follow temperature peaks with

the delay of 1–3 days. It was found that a strong and highly

statistically significant positive correlation (level 0.001)

exists between temperature and river discharge for the

longer periods in summer with no delay and with delays of

1–3 days. The coefficients of correlation tend to increase

from the ‘‘0 days delay’’ case to the ‘‘2 days delay’’ case

(e.g. reflected by the increase of the mean Spearman

coefficient for the whole period from 0.71 to 0.83). The

results are stable for all years. The high positive correlation

between daily time series of temperature and streamflow is

rather unusual for river basins in the temperate zone.

However, it is understandable for the Xiehela gauge in the

Fig. 4 In November, the flow in the River Aksu, tributary to the large

River Tarim is very low. Hence the broad channel of the Aksu, that

can fill during abundant snow and glacial melt or a GLOF event, is

nearly dry, with salt-crusted river bed (Photo: Z. W. Kundzewicz,

November 2008)
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Aksu River Basin, where water is coming mostly from

temperature-driven snow and glacier melt in the high

mountains.

There were short periods with high discharge values at

the end of summer or beginning of autumn (every year,

mostly in August) found in the Xiehela station, where

Fig. 5 The summer flow of the

River Aksu at Xidaqiao,

compared to the sum of flows of

tributaries at Xiehela and

Shaliguilanke. Flow at Xidaqiao

(top), sum of tributaries

(middle), difference between

flow at Xidaqiao and the sum of

tributaries (bottom)

Fig. 6 Multiple trend analyses

for mean annual discharge at

gauges Xidaqiao, Shaliguilanke

and Xiehela. The colour legend

indicates the relative change in

discharge with respect to the

mean in the specific period.

Blue and black contours

delineate areas of significant

trends at 1 and 5 % significance

level, respectively
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correlation was not evident. Analysis confirmed that the

correlation between T and Q in these periods was low and

not statistically significant. It was possible to find even a

negative connection for some short intervals, when dis-

charge peaks followed a decline in temperature.

The explanation for short periods with high peaks in river

discharge at the end of the warm season, when temperature

starts to decline and positive correlation between T and

Q breaks, has been found based on literature data, analysis of

observed data and modelling results (Glazirin 2010; Krysa-

nova et al. 2014; Wortmann et al. 2014). Glazirin (2010)

provided a review of the outbursts of the ice-dammed Lake

Merzbacher located in the headwater part of the River Aksu,

and listed dates of witnessed outbursts. In summer, melting

water from the northern Inylchek Valley fills the lake. When

the system of englacial channels in the damming glacier

opens, water flows through the main Inylchek Glacier west-

wards into the Inylchek Valley. From there it flows further to

the Chinese part of the basin and some 150 km downstream it

reaches the Xiehela gauging station. The Glacial Lake Out-

burst Floods (GLOFs) occur mainly in August or September,

but the exact timing and volume of water are difficult to

forecast, although recently a method based on satellite

assessment of lake area and floating ice in the Lake Merzb-

acher has been proposed for prediction of timing of GLOFs

(Xie et al. 2013). Rarely, outbursts occur in spring or twice in a

single year. The analysis confirmed that the short periods in

August–September with breaking correlation are the periods

of GLOFs (Krysanova et al. 2014). A method for the identi-

fication of GLOFs was suggested using the observed discharge

at Xiehela and modelling results (Wortmann et al. 2014).

Interdependencies at different temporal scales

Figure 7 presents scatter plots illustrating interdependence

between temperature, precipitation, and river discharge at

different temporal resolution, for summer, following the

technique of Exploratory Data Analysis. Annual and

monthly values refer to the period 1961–2001, while for

daily values only the period 1964–1987 was available.

It is interesting to note the similarities and differences in

the interdependencies between the sub-basins of Xiehela

and Shaliguilanke when comparing the different time

scales. Both catchments show a very similar behaviour at

the daily and monthly resolution. Daily summer values of

temperature and discharge are positively correlated with

high, and statistically significant, Spearman rank correla-

tion coefficients of 0.86 and 0.76, and discharge increases

non-linearly with increasing temperature. On the contrary,

there are very low correlations coefficients of approx. 0.23

between daily discharge and daily precipitation values.

At the monthly scale, discharge is again positively

correlated with temperature indicated by high, and

statistically significant, correlation coefficients of 0.93 and

0.81. In addition, discharge is significantly positively cor-

related with precipitation as moderate correlation coeffi-

cients of 0.41 and 0.51 show.

These similarities in interdependence between temper-

ature, precipitation and discharge between the two sub-

catchments disappear at the seasonal resolution. Though

for Xiehela the high positive correlation between temper-

ature and discharge is kept (0.79), it breaks down for

Shaliguilanke. At the same time, there is a significant

positive correlation between discharge and precipitation for

Shaliguilanke at the seasonal scale (Spearman’s rank cor-

relation 0.48, significant at 1 %-level).

For Xiehela with the large fraction of glacier area,

temperature dominates the streamflow behaviour at the

daily, monthly and seasonal scale. Changes in precipitation

are not transferred to correspondent changes in discharge,

since precipitation is stored in glacier and snow areas, and

streamflow is controlled by temperature. For Shaliguilanke,

precipitation plays the dominant role at the seasonal time

scale. Due to the much smaller glacier area and the lower

topography, the effect of precipitation storage across years

is small and precipitation in summer is mostly transferred

to streamflow in the same season. Hence, summers with

higher precipitation also show higher discharge.

Correlation analysis for monthly data with time delay

Time series of monthly subcatchment precipitation aver-

ages for the Xiehela, Shaliguilanke, and Xidaqiao sub-

catchments and of monthly average discharges recorded at

the corresponding hydrological stations were examined to

check the assumption of normal distribution using the

Kolmogorov–Smirnov test. None of the tested time series

is normally distributed. Accordingly, Spearman’s and

Kendall’s rank correlation coefficients were calculated to

assess the relationship between monthly subcatchment

precipitation (CMA and WATCH data) and monthly dis-

charge at the respective stations (data from CMWR, i.e.

China Ministry of Water Resources) with time delays

between 0 and 6 months. The correlation coefficients were

calculated based on data for the period 1964–1987.

The results of the correlation analyses are presented in

Table 1. Highest correlation coefficients were detected for

a time delay of 1 month. This is also visualised in Fig. 8,

indicating that a peak (trough) in discharge follows a peak

(trough) in precipitation with a delay of about 1 month.

The positive correlation turns into negative starting with a

time delay of 4 months. For example the winter months

with low precipitation are negatively correlated with the

summer months showing the highest discharge. The very

high average discharges (as compared to precipitation

totals) at the hydrological stations Xiehela and Xidaqiao in
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Fig. 7 Scatter plots illustrating interdependence between temperature, precipitation, and river discharge at daily (top), monthly (middle) and

seasonal (bottom) resolution for Xiehela (left) and Shaliguilanke (right). The numbers in the plots give the Spearman rank correlation coefficient
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the summers of 1968 and 1969 (Fig. 8a, c) are the results of

GLOFs.

Comparing the results obtained here with those from

Sect. 5.2, some differences become apparent. In Sect. 5.2

precipitation data for the summer season were used, while

we employed data from all months of the year here.

Whereas in Sect. 5.2 a statistically significant correlation

between monthly precipitation and discharge was found for

Xiehela and Shaliguilanke with moderate correlation

coefficients, it is confirmed here, yet with higher

Table 1 Correlation between

monthly subcatchment

precipitation averages and Aksu

River discharge in three

stations, for the period

1964–1987

Bold correlation is significant at

the level below 0.01

Data r Time delay (months)

0 1 2 3 4 5 6

Xiehela Spearman 0.763 0.836 0.702 0.356 -0.053 20.465 20.748

Kendall 0.552 0.626 0.493 0.233 -0.027 -0.301 -0.535

Shaliguilanke Spearman 0.733 0.809 0.67 0.381 -0.02 -0.419 -0.717

Kendall 0.52 0.593 0.47 0.258 0.001 -0.262 -0.494

Xidaqiao Spearman 0.508 0.636 0.636 0.477 0.204 -0.131 -0.424

Kendall 0.329 0.429 0.439 0.324 0.138 -0.069 -0.277

Fig. 8 Time series of monthly

subcatchment precipitation and

river discharge at a Xiehela

(S1), b Shaliguilanke (S2), and

c Xidaqiao (S3) for the period

from January 1968 to December

1972
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correlation coefficients (Table 1, time delay 0). During the

summer, the response of discharge to temperature is pro-

nounced due to the high importance of meltwater feeding

the river. Accordingly, during the summer season the

influence of precipitation on discharge is weaker than in

other seasons. However, using data from all months of the

year, the relationship between precipitation and discharge

becomes evident.

Climate elasticity of streamflow

Climate elasticity of streamflow (cf. Schaake 1990)

describes how sensitively streamflow responds to changes

in climate variables. Typically, studies on climate elasticity

of streamflow estimate the sensitivity of streamflow to

changes in precipitation. Precipitation elasticity of

streamflow is larger than 1, if a 1 % change in precipitation

leads to more than a 1 % change in discharge, and smaller

than 1, if a 1 % change in precipitation leads to less than a

1 % streamflow change. Negative values of climate elas-

ticity represent the situation when an increase in precipi-

tation is associated with a decrease in discharge and a

decrease in precipitation is associated with an increase in

discharge. The higher the elasticity, the more sensitive is a

catchment to precipitation changes (and the more reasons

for concern about water resources management exist).

Fu et al. (2007) criticised the widespread use of pre-

cipitation elasticity focusing only on changes in precipi-

tation and neglecting sensitivity to temperature. Indeed, for

the Xiehela subcatchment analysed in this study, the dis-

charge is driven by changes in temperature rather than

changes in precipitation. Fu et al. (2007) and Risbey and

Entekhabi (1996) visualised the sensitivity of streamflow to

changes in both precipitation and temperature in a two-

dimensional contour plot.

A climate elasticity study was conducted for subcatch-

ments of the River Aksu, based on the warmer half-year

(April–September) anomalies of temperature, precipitation,

and streamflow. Temperature and precipitation data are

averaged over the subcatchment area. We restrict this

analysis to the warmer half-year, since precipitation and

discharge are much higher than in the colder half-year.

Precipitation is approx. fourfold higher in the warmer half-

year in both subcatchments, and discharge is 6.8- and

6-fold higher in Xiehela and Shaliguilanke, respectively.

Hence, there is little precipitation in the colder half-year,

and moreover, a large fraction of precipitation is stored as

snow and ice and does not contribute to runoff during the

winter months.

For each warmer half-year of the observation period, the

departure from the mean value (in the warmer half-year of

the period 1957–2004) is calculated for temperature, pre-

cipitation and discharge. The discharge departure is plotted

on a precipitation-temperature plane, and interpolated

(with kriging using a spherical semivariogram) to a regular

grid.

Contour plots were established for subcatchments of

interest in the present case study. These plots (Fig. 9)

illustrate the percentage change in discharge as a function

of absolute temperature change and percentage change in

precipitation.

Figure 9 shows the climate elasticity of streamflow for

subcatchments of the River Aksu. For the Xiehela case

(Fig. 9a), for most parts of the precipitation-temperature

plane, climate elasticity is smaller than 1. There are areas

where climate elasticity is smaller than zero, for example in

the upper left part. Here a decrease in precipitation is

associated with an increase in discharge. However, tem-

perature was found to have significantly increased, and this

increase in temperature dominates the streamflow response.

Overall, it can be stated that changes in streamflow are

dominated by changes in temperature. The change in

streamflow is more systematic and the gradients are

stronger along the temperature axis. The influence of pre-

cipitation is less consistent and less important.

Climate elasticity for Shaliguilanke (Fig. 9b) shows a

different pattern. Although many areas have a climate

elasticity smaller than 1, there are also extended areas with

elasticity values greater than 1. Overall, this plot shows that

seasonal streamflow response to changes in climate in

Shaliguilanke is more influenced by changes in precipita-

tion compared to Xiehela. The contour lines show a more

systematic change and stronger gradients along the pre-

cipitation axis.

Although overall patterns are obvious in the contour

plots of Fig. 9a, b, some isolines are rather erratic. To an

even greater extent this is also true for the plots for the

subcatchments of Xidaqiao, heavily influenced by water

abstractions for irrigation (Fig. 9c) and the sum of Xiehela

and Shaliguilanke (Fig. 9d). In summary, there is signifi-

cant heterogeneity in the temperature-precipitation-dis-

charge relationships in both catchments. Hence, this

analysis gives only a rough indication of the seasonal

streamflow response to changes in climate.

Perspectives for seasonal forecasting

Even though modulated by other factors such as human

interference, GLOFs, and temperature (being of particular

importance for runoff generation in glacierized areas),

precipitation still is a key factor influencing discharge. In

the first part of this section, evidence about the relationship

between precipitation and discharge is provided by means

of a correlation analysis with time delay using monthly

data for the whole year. In addition, differences between
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the results obtained here and the results of Exploratory

Data Analysis are briefly discussed and explained. The

second part of this section includes an approach to seasonal

forecasting of precipitation in the Shaliguilanke subcatch-

ment and introduces climatic indices that proved to be

relevant for forecasting.

Seasonal precipitation forecasts are an important tool for

water resources management and planning. Links between

appropriate indices and precipitation may prove to be

useful for seasonal forecasting procedures. Using the

Shaliguilanke subcatchment as example, different climatic

indices are introduced that proved to be important for

seasonal precipitation forecasts. The Shaliguilanke sub-

catchment was chosen, as it shows a smaller glacierized

area compared to the Xiehela subcatchment and discharge

is less influenced by anthropogenic activities, compared to

the Xidaqiao subcatchment, where in more recent years

discharge decreased due to water extraction for irrigation.

Based on literature research, 31 climate indices (input

variables, predictors) were assessed as possibly relevant for

seasonal forecasts of precipitation (output variable, pre-

dictand) in the Shaliguilanke subcatchment. These climate

indices were calculated or obtained in monthly resolution.

Table 2 provides an overview of these indices and includes

relevant references. As mentioned above, most of the time

series are not normally distributed. The most influential

indices were identified by a two-step procedure: First,

Spearman’s and Kendall’s rank correlation coefficients

between the input variables and the output variable were

calculated to identify the optimum time delay. Second, a

 Xiehela  Shaliguilanke

Xidaqiao  Xiehela + Shaliguilanke

a b

c d

Fig. 9 Climate elasticity of streamflow for sub-basins of the River Aksu
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stepwise linear regression was carried out to test whether

inclusion of an input variable in a model improved the

forecasting. Finally, the indices identified as most impor-

tant for seasonal forecasting and their relationship to pre-

cipitation as discussed in the literature are briefly

described. Table 3 provides a description of the calculation

procedure for each of these important indices.

The largest number of highly significant correlation

coefficients and the highest correlation coefficients were

detected for a time delay of 4 months. For the input vari-

ables identified as being of highest importance in the sec-

ond step, the results of the correlation analyses are

presented in Table 4. The highest values of correlation

coefficients, all of which are statistically significant at the

0.01 level, were identified between precipitation averaged

over the Shaliguilanke subcatchment and the Siberian High

Intensity (SHI), the Western Circulation Index (WCI), and

several indices calculated from Sea Surface Temperatures

(SSTs). The WCI and the SST indices are linked to pre-

cipitation the whole year long whereas teleconnection

indices such as the Polar/Eurasia Pattern (POL/EUR) or the

monsoon indices are linked to precipitation only during

part of the year. Even though the coupling of the SHI and

Table 2 Overview of all indices considered as possibly relevant for seasonal precipitation forecasts in the Shaliguilanke subcatchment

Index Abbreviation Source

North Atlantic Oscillation NAO_LI Introduced by Li et al. (2007); Time series is provided on the

personal webpage of the first author at http://web.lasg.ac.cn/

staff/ljp/data-NAM-SAM-NAO/NAO.htm

North Atlantic Oscillation NAO Climate Prediction Center, Camp Springs, Maryland, USA

http://www.cpc.ncep.noaa.govPolar/Eurasia Pattern POL/EUR

Scandinavia Pattern SCA

East Atlantic/Western Russia Pattern EA/WR

East Atlantic Pattern EA

Arctic Oscillation AO

Southern Oscillation Index SOI

Niño 3 NINO3

Niño 4 NINO4

Niño 3.4 NINO34

Siberian High Intensity SHI Introduced by Gong et al. (2001), own calculation based on

NCEP/NCAR Reanalysis data

Northern Hemispheric Circumpolar Teleconnection CGT Introduced by Huang et al. (2011); own calculation based on

NCEP/NCAR Reanalysis data

Westerly Circulation Index WCI Introduced by Wu et al. (2012); own calculation based on

NCEP/NCAR Reanalysis data

Webster-Yang Monsoon Index WY_MI Introduced by Webster and Yang (1992); own calculation

based on NCEP/NCAR Reanalysis data

South Asian Monsoon Index SA_MI Introduced by Goswami et al. (1999); own calculation based

on NCEP/NCAR Reanalysis data

East Asian–Western North Pacific Monsoon Index EA_WNP_MI Introduced by Wang et al. (2008); own calculation based on

NCEP/NCAR Reanalysis data

14 different Sea Surface Temperature (SST) indices for the

Arctic Ocean, North Atlantic Ocean, Mediterranean Sea,

Black Sea, Caspian Sea and for different parts of the Indian

and Pacific Oceans

Own calculation based on NOAA_ERSST_V3 data

NCEP/NCAR Reanalysis and NOAA_ERSST_V3 data were provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA from their Web

site at http://www.esrl.noaa.gov/psd

Table 3 Climate indices identified as most important for seasonal

precipitation forecasts in the Shaliguilanke subcatchment along with a

description of their calculation

Index Abbreviation Calculation Procedure

Siberian High

Intensity

SHI Mean SLP averaged over the centre

of the anticyclone (40�N–60�N,

70�E–120�E) (Gong et al. 2001)

Westerly

Circulation

Index

WCI Difference in 500 hPa geopotential

height (GPH) between 35�N and

55�N averaged over the longitudes

of 40�E–100�E (Wu et al. 2012)

SST Arctic

Ocean

SST_ArctOc Averaged SSTs between 65�N–89�N

and 180�W–180�E (maximum

extension)

SST North

Atlantic

Ocean

SST_NAtlOc Averaged SSTs between 1�S–65�N

and 81�W–1�W (maximum

extension)
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precipitation is a winter time phenomenon [stronger

intensity is coupled to a precipitation decrease over most of

the continent (Gong and Ho 2002)], a diminishing intensity

over the spring that corresponds to increasing precipitation,

low pressure over the summer that corresponds to maxi-

mum precipitation, and then an increasing intensity over

the fall that corresponds to decreasing precipitation point

toward a connection over the entire year.

The stepwise linear regression model revealed the fol-

lowing combination of input variables as being capable of

explaining most of the variance of the Shaliguilanke sub-

catchment precipitation (r2 = 0.87): SHI, WCI, and SSTs

of the Arctic Ocean (SST_ArctOc) and the North Atlantic

Ocean (SST_NAtlOc). More details about the relation

between the SHI and precipitation are provided above. The

relationship between the latter three indices and precipi-

tation is briefly described in the following.

WCI Wu et al. (2012) presented the WCI, which rep-

resents the strength of the westerly circulation. The sig-

nificance of the westerly circulation for precipitation in the

study area is also described in several other studies such as

in Bothe et al. (2012) and Li et al. (2008).

SST_ArctOc and SST_NAtlOc The Arctic Ocean and the

North Atlantic Ocean oscillations were identified as

important sources of water vapour for Northwestern China

in Dai et al. (2007) and Li et al. (2008). Higher (lower) than

normal SSTs will enhance (reduce) the moisture supply.

The source of information presented in Table 2 is cal-

culation based on NCEP/NCAR reanalysis (data provided

by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA,

from http://www.esrl.noaa.gov/psd).

Concluding remarks

The flow conditions of the upper River Aksu, whose basin

is shared by Kyrgyzstan and China (Xinjiang Uyghur

Autonomous Region), are highly influenced by climate

variability. This is of considerable importance, since the

River Aksu provides about 75 % of the water for the River

Tarim, in the arid to hyper-arid environment, where scarce

water resources serve a growing population and heavy

vulnerable agroecosystems. Generally, as glaciers retreat

due to warming, river flow could increase in the short term

but decline once the glaciers continue shrinking and, ulti-

mately, disappear.

Changes in climatic variables (temperature, precipita-

tion) and streamflow were found by multiple trend analysis

with different start and end years. The links between cli-

matic variables and river flow were analysed using several

approaches at various temporal scales—correlations using

daily and monthly data (without and with delay) and cli-

mate elasticity of streamflow.

The present paper contributes to an improved under-

standing of runoff generation processes in the subcatch-

ments of the River Aksu. Besides temperature increase in

the region, there have been increasing trends in the dis-

charge of the River Aksu. The influence of variations in

summer precipitation and temperature on changes in

streamflow was investigated using a range of statistical

tools at different temporal scales. While discharge varia-

tions in the highly glacierized subcatchment of the Xiehela

station are strongly influenced by changes in temperature at

temporal scales from daily to annual, in the subcatchment

Shaliguilanke with a smaller glacier cover, changes in

precipitation play a greater role at the seasonal and annual

time scales. On a daily time scale, discharge in both sub-

catchments shows a strong correlation with temperature

while there is no correlation with precipitation. A clear link

between daily temperature and daily river discharge

dynamics in summer was identified for the Xiehela sub-

catchment, with a 1–3 day time lag (temperature peaks

preceding discharge peaks). However, although the corre-

lation between daily temperature and daily river discharge

in the Xiehela station was generally found to be high for

summer periods, it breaks over short periods in the end of

Table 4 Correlation between

climatic indices identified as

being of highest importance for

seasonal forecasts and

Shaliguilanke subcatchment

precipitation (CMA and

WATCH data) for the period

from 1964 to 1987

Bold significant at the level

below 0.01

Data r Time delay (months)

0 1 2 3 4 5 6

SHI Spearman 20.819 20.663 20.302 0.143 0.538 0.776 0.829

Kendall 20.6 20.442 20.185 0.096 0.361 0.558 0.611

WCI Spearman 20.604 20.448 20.227 0.04 0.312 0.467 0.512

Kendall 20.425 20.309 20.149 0.028 0.205 0.306 0.356

SST_AO Spearman 0.421 20.016 20.453 20.756 20.865 20.738 20.409

Kendall 0.256 20.022 20.306 20.540 20.664 20.522 20.263

SST_NAO Spearman 0.423 20.008 20.445 20.752 20.855 20.737 20.423

Kendall 0.267 20.003 20.291 20.536 20.646 20.52 20.269
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summer or beginning of autumn. This behaviour of the

flow generation mechanism can be explained via GLOFs of

the Lake Merzbacher.

The importance of precipitation for runoff generation

became most apparent in the Shaliguilanke subcatchment.

Using four different climate indices, it was possible to

explain 87 % of the variance of the Shaliguilanke sub-

catchment precipitation 4 months in advance. This is a

promising result for a potential applicability of seasonal

forecasting.
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