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Abstract: Glacial retreat and the thawing of permafrost due to climate warming have altered the
hydrological cycle in cryospheric-dominated watersheds. In this study, we analysed the impacts of climate
change on the water budget for the upstream of Shule River Basin on the northeast Tibetan Plateau. The
results showed that temperature and precipitation increased significantly during 1957-2010 in study area.
The hydrological cycle in the study area has intensified and accelerated under recent climate change. The
average increasing rate of discharge in the upstream of Shule River Basin was 7.9 X 10° m’ /year during
1957-2010. As the mean annual glacier mass balance lost -62.4 mm/year, the impact of glacier discharge
on river flow has increased, especially after 2000s. The contribution of glacier melt to discharge was
approximately 187.99 X 10® m’ or 33.4% of the total discharge over the study period. The results suggested
that the impact of warming overcome the effect of precipitation increase on runoff increase during study
period. The evapotranspiration (ET) increased during 1957-2010 with a rate of 13.4 mm /10 years. Based
on water balance and GRACE and GLDAS data, the total water storage change showed a decreasing trend,
whereas groundwater increased dramatically after 2006. As permafrost has degraded under climate
warming, surface water can infiltrate deep into the ground, thus changing both the watershed storage and
the mechanisms of discharge generation. Both the change in terrestrial water storage and changes in
groundwater have had a strong control on surface discharge in the upstream of Shule River Basin. Future
trends in runoff are forecasted based on climate scenarios. It is suggested that the impact of warming will
overcome the effect of precipitation increase on runoff in the study area. Further studies such as this will

improve understanding of water balance in cold high-elevation regions.
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1. Introduction

The Tibetan Plateau, also called the “Asian Water Tower”, is the highest and most extensive plateau in
the world. It has an area of approximately 250x 10* km® and an average elevation of more than 4000 m a.s.l.
The cryosphere in China is primarily located on the Tibetan Plateau and more than one-sixth of the global
population is influenced by glacier and snow melt water (Immerzeel er al., 2010; Sorg et al., 2014).
Investigations have showed that there are 36763 glaciers with a total area of 49 873.44 km”on the Tibetan
Plateau, and the area of permafrost is about 126x10* km? (Liu et al., 1995, Yao et al., 2013). Because of
the shrinking cryosphere over the past decades (Wu and Zhang, 2008; Liu et al, 2006, Kang et al. 2010,
2015; Yao et al, 2012). the Tibetan Plateau is considered to be one of the most sensitive indicators of
climate change in China (Yang, et al., 2011). Changes in temperature and precipitation over past decades
were expected to significantly affect the cryospheric balances and the hydrology of headwater catchments
on the Tibetan Plateau (Yang, et al., 2011; Duethmann, et al., 2014; Zhang et al., 2016; Gao et al., 2016,
2017). Therefore, systematic understanding of implications for the water budget in cryospheric watersheds
is a key issue. It is not only helpful for understanding the response of the Tibetan Plateau hydrological

cycle to climate change, but also benefits for water resource management in alpine regions.

The components of the water budget on the watershed include precipitation, discharge, evaporation
and water storage change including changes in snow water equivalent, soil water and groundwater (Fig. 1).
Previous studies indicated that ground meteorological observations showed distinct warming (>2.0 C)
over Tibetan Plateau during the last half century, while precipitation did not change much over the same
period (Yang et al., 2014). The watersheds on Tibetan Plateau also include glaciers and permafrost which
are particularly sensitive to climate change. Since the 1990s the majority of glaciers have retreated rapidly
and glacier. mass loss has been dramatic with primary impact on the discharge of glacier-fed rivers (Yao et
al., 2004, 2012; Bolch et al,. 2012, Gao et al., 2012). Barnett et al. (2005) indicated that vanishing glaciers
would reduce water supply in the glaciated regions of the Tibetan Plateau. However, Su et al. (2016)
indicated that the contribution of meltwater to discharge of major rivers differs fundamentally under
different precipitation regimes on the Tibetan Plateau. In the upper Brahmaputra for example, the total
discharge would increase by 2.7-22.4% in the long term due to a combination of increased rainfall-induced

discharge and increased glacier melt, and more than 50% of the total discharge increase is attributed to the

This article is protected by copyright. All rights reserved.



increased glacier melt in the long run in the upper Brahmaputra. Therefore, glacier mass balance and
glacier discharge both significantly affect catchment hydrology by temporarily storing and releasing water

on various time scales.

Permafrost is also sensitive to the global climatic change (Wang et al., 2009; Ye et al., 2009). The
Tibetan Plateau is the only region of the world where permafrost exists in the mid-latitudes. Previous
studies have indicated that thawing in areas with an active layer depth of up to 60 cm contributed to an
increase in.discharge, however, once the active layer has increased beyond 60 cm, any more thawing led to
a decrease in surface runoff and made the recession process slowly (Wang et al., 2009). The
supra-permafrost groundwater discharge decreases exponentially with active layer frozen processes during
the autumn period when runoff recedes, whereas the ratio of groundwater discharge to total discharge and
the direct surface discharge coefficient simultaneously increase (Wang et al., 2012, 2017). As a special
regional aquitard, permafrost obstructs or significantly weakens the spatiotemporal hydraulic connection
between groundwater and surface water, it plays a decisive role in the formation of cold groundwater,
transport processes, and the pattern of distribution of groundwater and its pathways (Zhang et al., 2008;
Gao etal., 2016; Niu et al., 2016; Qin et al., 2017). Therefore, permafrost has significant effects on surface
discharge, soil water content and the groundwater contribution which together induced the significant

changes in the water budget.

Evaporation is also a critical process that determines the terrestrial water budget and water cycle. It is
however, one of the most difficult components in the hydrological cycle to measure. Many regional studies
have demonstrated that different measures of evaporation have showed different changes (Lawrimore and
Peterson; Hobbins et al., 2004). Some studies just focused on potential evapotranspiration (or pan
evaporation) on the Tibetan Plateau (Zhang et al., 2007; Liu et al., 2011). Only recently a number of
estimates based on the Penman-Monteith method have become available on the Tibetan Plateau (Chen et
al., 2006;-Yang et al., 2011; Zhang et al., 2016).  In summary, the climate change has lead to rapid
changes in the cryospheric environment during recent decades on the Tibetan Plateau. Changes in glacier
mass balance, thickening of the active layer and increasing permafrost temperature all influenced the water
budget on the Tibetan Plateau (Kang et al., 2010; Wang et al., 2012; Yao et al,, 2012; Niu et al., 2016).

However, most hydrological studies have focused solely on trends of individual hydro-meteorological
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parameters. Detailed investigations of changes in a specific watershed including precipitation, discharge,
evaporation, soil water content and groundwater in the context of changes in glacier mass balance and
permafrost have seldom been discussed. This might be because of the many difficulties in the estimation of

each component of the water budget in cold and high altitude regions.

In this study, different components of the water budget were estimated using a variety of methods in
a cryospheric-dominated watershed of the northeast Tibetan Plateau. The contents of research include (1)
The changes of components of water balance were calculated by multiple data and methods during
1957-2010. (2) Total water storage change driven by climate factors and its effects on discharge were
explored. (3) The influences of climate change on glacier mass balance, glacier discharge and total
discharge were discussed. (4) The effects of permafrost on hydrological regime were examined. Finally,
climate sensitivity tests were applied to investigate changes in discharge under different climatic scenarios.
Such case-studies can help to understand climate change impacts on the hydrological cycle by providing

regional examples which are relevant for water resource management.

2. Study Area

The study area includes the upper catchment of the Shule River Basin which is located in the
northeast Tibetan Plateau (96.6 ° -99.0° E, 38.2° -40.0° N) (Fig. 2a). The Shule River Basin is one of
three largest inland rivers of China, located at the western end of the Hexi Corridor in northwestern China.
It flows from southeast to northwest and is approximately 670 km long (Chang et al., 2016). The upper
basin study area includes all areas above the Changma hydrological station located in the north-west (Fig.
2a). The basin area is 1.14X 10*km”, and the areas of glacier and continuous permafrost are 549 km” and
9447 km* which account for 5% and 83%, respectively (Sheng, 2010). The elevation ranges from 2100 to
5637 ma.s.l. (Figure 2a). The study area contains the main area of water conservation and flow for whole
Shule River Basin. The spatial distribution map of frozen soil (Fig. 2b) was developed using the
classification rules of Cheng and Wang (1982) using mean annual ground temperature (MAGT) data
(Sheng et-al., 2010): extreme stable permafrost (MAGT <-57C),stable permafrost (—5'C<MAGT<—
3°C), sub-stable permafrost (3'C < MAGT <<-1.5C), transition permafrost (1.5C< MAGT < —

0.5°C), unstable permafrost (0.5C< MAGT < 0.5C), and seasonal frozen soil areas (MAGT =
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0.5°C). Meteorological stations are sparsely distributed over mountain regions such as this and there is just
one . station around the study area which is used for analyses of climate change (Fig. 2a). The annual
average air temperature was approximately -2.6 ‘C from 1957 to 2010. Annual precipitation was 293.2

mm, with 92% occurring from May to September.

3. Datasets and methods

3.1 Datasets

(1) Meteorological, hydrological and glacier data

There is one national meteorological station around the study area (Tuole station, 98.42° E, 38.3° N,
elevation: 3367 m) for which monthly temperature and precipitation data from 1957 to 2010 were obtained
from ‘the National Climate Centre of China (http://ncc.cma.gov.cn). The dataset has gone through the
quality control procedures by Climate Data Center. Discharge were measured at the Changma hydrological
station by the Hydrological Bureau. Annual total discharge was available from 1957 to 2010, and the
monthly discharge was available from 1970 to 2006. As hydrological station is located in the mountainous
regions, the discharge was observed as natural runoff, which was not affected by artificial drainage or
irrigation. The data were assessed by plotting the time series and inspecting the possible errors and
uncertainties (Kousari et al., 2013). The Chinese Glacier Inventory project provided data on the spatial
distribution of glaciers for study over two periods (1980s and 2000s) (http://westdc.westgis.ac.cn/). The
four seasons are defined as spring (March to May), summer (June to August), autumn (September to

November) and winter (December to February).
(2) GRACE data

The total water storage change is a key component in the hydrological cycle. The Gravity Recovery
and Climate Experiment (GRACE) satellite provideds data that can be used for analyzing total water
storage change (Rodell et al., 2004; Syed et al., 2008; Yang et al., 2013; Strassberg et al., 2014; Long et al.,
2015;Deng and Chen, 2016). We obtained the GRACE data from the University of Texas Centre for Space
Research (CSR), freely downloaded from the GRACE Tellus website

(http://grace.csr.nasa.gov/data/get-data/). We used monthly time series of total water storage change from
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2003 to 2014, presented spatially in 1° X 1° grid cells.
(3) Soil water content and snow water equivalent data

Soil moisture content and snow water equivalent come from the Global Land Data Assimilation
Systems (GLDAS) Noah land surface model (http:// disc.sci.gsfc.nasa.gov/services/grads-gds/gldas) which
includes four-layer soil water content with an assumed soil depth of 2 meters. It includes soil moisture and
snow water equivalent. GLDAS data used here does not include changes of groundwater and separate
surface water components. The GLDAS data also has a spatial resolution of 1° X 1° | consistent with

GRACE data. We used the monthly time series of GLDAS from 2003 to 2014.

3.2 Methods

(1) Method of total water storage change data retrieval

This study uses GRACE Level-2 RLO5 data. Current surface mass change data are based on RLOS
spherical harmonics with order 60. Atmospheric pressure/mass changes have been removed and the Cy
coefficients are replaced with the solutions from Satellite Laser Ranging (Cheng et al., 2011). Glacial
isostatic adjustment (GIA) correction has been applied (Geruo et al., 2013). Correlated noises (N-S stripes)
were removed from coefficients which used a fifth-order polynomial, it was fitted as a function for each
odd or even set for a given order (Swenson and Wahr, 2006). Finally, the Gaussian averaging filter with a
smoothing radius of 300 km is applied to calculate the total water storage change. These processed

spherical harmonic coefficients were finally transformed into 1 degree resolution grids data.

Due to the sampling procedures and post-processing of GRACE observations, surface mass variations
at small spatial scales tend to be attenuated. Therefore, the GRACE data should multiple the land data by
the provided scaling grid. The scaling grid is a set of scaling coefficients, one for each 1 degree bin of the
land grids; and are intended to restore much of the energy removed by the destriping, gaussian, and degree

60 filters to the land grids (Landerer and Swenson, 2012).

(2) Data masking for the study area
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The spatial resolution of GRACE and GLDAS data are 1° X 1° in regular grid shape. However, the
study area.does not match with these grids. The area of intersection of each GRACE/ GLDAS grid cell

with the watershed is estimated. The weight and estimation of GRACE/GLDAS are calculated by:

W, =
8i
n (1)
SV W,

VN — i=1

where: ‘/Viis the weight of grid cell i; a; is the area of the watershed in the grid cell i with the
GRACE/GLDAS data grid,; 8i isarea of 1° X1° GRACE/GLDAS grid cell; VN is the value of data of

month N for the entire watershed; Vi is the value of the data of grid cell I; A is the total area of the
watershed; and n is the number of the GRACE/GLDAS grid cells at least partially falling within the

watershed.
(3) Estimation of evaporation

Since actual evaporation is difficult to acquire on the Tibetan Plateau, calculation of reference
evapotranspiration is used to instead. The Penman-Monteith method is recommended as the standard
method to estimate the ET, the physically based Penman-Monteith method is presently considered as the
state-of-the art in estimation of evapotranspiration (Allen, 1998; Smith, 2000; Qiao and Zhu, 2017).

Meteorological data at Tuole station was used. The equations can be expressed as (Yao et al., 2008):

0.408A( Rn—G,,, vy 20 e e )

A+y(1+0.34u, )
17.27T
(T )=0.618 v 3
e(T) exp(T+237.3) ©)
0 0
e = e (’I;nax)—‘re (Tmin) (4)

’ 2
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eO(Tmax ) RHmin + eo(]:nin )RHmaX
. - 100 100 5
¢ 2
4098 0.6108€Xﬂﬂ)
T +237.3
A= . (©6)
(T +237.3)
y=0.665x10"P 7)

where ET is the reference evapotranspiration (mm~d'l), R, is the net radiation (MJ ~m'2'd'1), Gy is the soil
heat flux at the ground surface (MJ -m>d™), e, is the saturation vapour pressure of the air temperature
(KPa), e, is the actual vapour pressure (KPa), y represents a psychometric constant (KPa-"C™"), T and u are
the mean air temperature and wind velocity at a height of 2 m (ms™), respectively. 4 is the slope of the
saturation vapour-pressure curve of the air temperature (KPa-‘C™"), RH is the relative humidity, and P is the

air pressure (KPa).
(4) Estimation of total water storage change and groundwater variations using the water balance equation
Water budget estimates of total water storage change can be calculated by water balance:
AW =P-E-R ®)

where A4 W is the total water storage change in the watershed (Woo et al., 1994; Li et al., 2010), P is the
precipitation in watershed which can be estimated by calculating the precipitation gradients from nearby
National Meteorological Stations in combination with their altitude, E is evaporation calculated by

equations (2)-(7), and R is the runoff of watershed (measured as discharge).

GRACE-observed data represents the total change of terrestrial water storage, which include
contributions from water storage changes in surface snow, subsurface soil, and groundwater (Chen et al.,
2014a, b; Xiao et al., 2015). Therefore, when surface water storage change (in soil and snow) is known, the
groundwater can be obtained after subtracting the GLDAS surface total water storage from the total water
storage change derived by GRACE (Rodell et al., 2009; Jin and Feng 2013). Previous studies found a good
agreement between GRACE estimated and in-situ observed groundwater variations (Feng et al., 2013;

Cheng et al., 2014; Xiao et al., 2015; Long et al., 2016). The equation can be expressed as:
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AW = AGW + ASM + ASWE )

Where A4 Wiis the total change of total water storage change which can be retrieved by GRACE data, A
GW is groundwater change, 4SM and A SWE are the changes of soil moisture and snow water equivalent,

which can be simulated from land surface hydrological models, herein, GLDAS.
(5) Calculation of glacial discharge in long term

Glacial discharge is defined as the discharge solely from glacier-covered areas (Li et al., 2010). The

components of runoff at hydrological station (Fig.2a) can be described as followed equation:

R,=R-R, (10)

a

where R, is glacial discharge, R is total discharge measured at the station and R, is the non-glacial

discharge in the study area. R, can be calculated by followed expression:
szP*(AW—Ag )*a (11)

where P is precipitation in the catchment area (mm), A,, and A, are the areas of the total watershed and of
the glacier (m?), respectively. a is the discharge ratio which represents the ability of runoff production, it is
calculated by runoff and precipitation. We set several small sub-watersheds in different underlying in our
study area (Fig. 3), and the runoff and precipitation were observed in these sub-watersheds in field work by
rain gauge and HOBO water level gauge. The average o was calculated by these data. The observed
average value of a in the study area is 0.21. Previous studies indicated that a was 0.18 in mountain regions
of the northeast Tibetan Plateau (Zhu, 2008; Chen et al., 2014c¢). a in the study area is higher than in other
watersheds which also include same underlying. The main reason is that precipitation is lower in our study

area, and this tends to create a higher discharge ratio.
(6) Glacier mass balance calculated on the watershed scale

Since monitoring glacier mass balance over the long term can be difficult, especially over remote
mountains, field observations are often combined with modelling to determine the glacier mass balance.
Previous works have indicated that precipitation and runoff have negative exponential relationships with

the relative areas occupied by glaciers on the watershed scale in the western mountains of China (Shen et
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al., 1997). Precipitation, runoff and runoff coefficients exhibit maximum values in watersheds with high
glacier surface area. Based on the statistical mechanics and maximum entropy principle (SMMEP) model,
formulas for calculating glacier mass balance in watersheds with hydrological and meteorological

observations are as follows:

R,=R-(R-R,)n(F,/F) (12)
P, =P-(P-B,)in(F,/F) (13)
a, =a—(a—a0)ln(Fg/F) (14)

where R,, P, and o, are the average depth of the runoff, precipitation and runoff coefficient on the glacier,
respectively; R, P and a are the average depth of the runoff, precipitation and runoff coefficient in the
watershed as a whole, respectively; Ry, Py and ay are the minimum values of the runoff, precipitation and
runoff coefficients in the watershed, respectively; F, is the area covered by glaciers in the watershed, and F

is the area of the watershed (Shen et al., 2001).

According to the principle of water balance, the ratio between the glacier runoff and watershed runoff

observed at hydrological station (Kgg) is therefore:
Ko =(F,/F N +|ey(FP-F,P)-(FR-F,R V(R F,)}  (15)
where ¢ 1s the runoff coefficient for a bare region, which can be calculated as follows:
a,=(aF-a,F V(F-F,) (16)

The ratio of precipitation at the hydrological station to precipitation on the glacier (Kgp) can be calculated

as follows:

K,,=P/P (17)

P 8

where Py is the average annual precipitation at the hydrological station. In our study, observations of
precipitation in the watersheds or at the hydrological stations are not available. However, the study area is

located in Qilian Mountains where precipitation increases with altitude (Liu ef al., 2011). Therefore
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precipitation in watershed can be estimated by calculating the precipitation gradients from nearby National
Meteorological Stations in combination with their altitude. The precipitation lapse rate is 4.6 mm/100 m at

elevations representative of our study area (Liu et al., 2011).

Based on the glacier mass balance principle, glacier mass balance can be calculated as follows:

B =C, -A (18)
C =F./Kgp (19)
A =R/K (20)

where C; (mm) is the annual glacier accumulation in the watershed, A; (mm) is the annual glacier ablation,
B; (mm) is the annual glacier mass balance in the watershed, P;; (mm) is the precipitation at the

hydrological station, and i represents the year during the study period.
(7). Analyse' the effects of permafrost on hydrological regime

Given the difficulty in surveying permafrost degradation across a basin, it is difficult to investigate
directly the influence of permafrost degradation on the streamflow. The ratio between the maximum runoff
and minimum runoff directly links stream flow regime with basin permafrost coverage (Ye et al., 2009). In
this study, we used the ratio of [Qu/Qmin] and the minimum flow to indirectly reflect changes in basin
permafrost. The ratio of monthly flows between consecutive months, or monthly recession coefficient (RC),

was used to quantify measure of recession processes.
(8) Mann-Kendall monotonic trend test

Mann-Kendall monotonic test was applied to detect trends in hypothesis testing of
hydro-meteorological time series which is without specifying whether the trend is linear or nonlinear
(Kendall and Stuart, 1973). In the Mann-Kendall monotonic trend test, the null hypothesis (Hy) assumes
that there is no significant increased or decreased trend in the time series, while the time series has a
significant variation trend based on the alternative hypothesis (Li et al., 2012; Ling et al., 2013). The test

statistic (S) is described by the following equation:
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n-I n
S =z ngn(xj -X,) (21)

i=1 j=i+l

X;is a time-series from i=1, 2, 3...n -1, and x; is another time-series from j=i+1,., n, x; is greater than x;, n is

the data set record length. Each point x; is used as a reference point of x;, the results are recorded as sgn (0):

L6>0
sgn(60)=<0,6=0 (22)
-1,6<0

If the data set is identically and independently distributed, then the mean of § is zero and the variance of S

is as follow:

Var[s]z[n(n—l)(2n+5)—2t(z—1)(2z+5)}/18 23)

Where 7 is the length of the data set, ¢ is the extent of any given tie, and represents the sum over all ties.
Then, the test statistic is given as Z. For a long time-series, statistical value S can be transformed into Z,,

the calculation equation is as follows:

S-1

AJvan('S)
Z. =40,§=0 (24)
S+1

Jvan('S)

When Z. is —1.96<7,.<1.96, the null hypothesis (Hy) is accepted, which indicates that there is no obvious

, §>0

.5 <0

trend in the samples. The trend is significant at the 95 % confidence level if |Z|>1.96 and at the 99 %
confidence level if |Z>2.58. A positive Z. indicates that the sequence has an increased trend, while a
negative Z, reflects a declining trend (Kendall and Stuart, 1973). Besides identifying whether a trend exists,
the Kendall inclination is usually used to detect the monotonic trend. The magnitude of trend can be

defined as follows:

B= Median(xf % J vj<i (25)

t=J
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where 1 <j < i< n, positive f§ indicates an increased trend, and negative § indicates a decreased

trend.

4. Results and analysis

4.1 Temperature and precipitation changes

Fig. 4 shows the variations of mean annual, spring, summer, autumn and winter temperature Tuole
station, respectively. The Mann-Kendall monotonic trend test statistics, which reached a significance level
of 0.01 (|Zc| > 2.58), showed that the temperatures increased significantly with fluctuations from 1957 to
2010 (Tab. 1). A rapid increase in the mean annual temperature occurred around in 1985, which was
consistent with the climate jump on the Tibetan Plateau during the mid-1980s (Ding and Zhang, 2008), the
other rapid increase turned up in 1995. The Mann-Kendall slopes ( £) indicated monotonically increasing
trends. The average temperature increase rate was 0.34°C/10 years in the Tuole station (Tab. 1). Annual
temperature has increased by around 1.8°C from 1957 to 2010. The highest temperature occurred in 1998,
previous study also indicated that 1998 was the warmest year during the 1990s in China (Chen et al., 2004).
The temperature in spring, summer, autumn and winter increased at a rate of 0.20, 0.27, 0.39 and 0.62 -
C/10 years, respectively, which all reached a significance level of 0.01 (|Zc| > 2.58). The most significant
warming occurred in winter, the lowest rate is spring. The results suggest that annual and each season’s

warming were remarkable in the study area during past several decades.

Fig. 5 shows the variations of mean annual, spring, summer, autumn and winter precipitation in Tuole
station, respectively. The annual precipitation increased significantly with fluctuations from 1957 to 2010
(Tab. 2). The precipitation increase rate is 13.5 mm/10 years (Tab. 2). Annual precipitation has increased
by around 71.6 mm from 1957 to 2010. The wettest year is 1998 which is consistent with the warmest year.
Comparing to the 1950s, the annual precipitation in the 2000s has increased by 23.1% (62.18 mm). The
variations of precipitation in spring, autumn and winter were complicated which showed different trend.
The test statistic of Z. for the spring precipitation was -0.06 (Tab. 2), indicating that precipitation
experienced a slight downtrend with a rate of -0.06 mm/10 years. The increasing rates of precipitation in

summer, autumn and winter were 11.2, 3.9 and 0.1 mm/10 years, respectively. Except in winter, the
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increasing rates in other seasons exceeded the significance level of 0.01 (|Zc| > 2.58). The mean annual
precipitation in spring, summer, autumn and winter are 47.0 mm, 204.1 mm, 38.6 mm and 3.6 mm in the

Tuole station.

4.2 Discharge variation and contribution of glacier discharge to river flow

The Mann-Kendall monotonic trend of discharge is shown in Fig. 6a. It can be seen that during
1957-2010 the discharge is in significant increasing trend at a test level of 0.01 in the upstream of Shule
River Basin (|Zc| > 2.58)(Tab. 3). The increasing rate of discharge was 7.9 x 10° m’ /year. A rapid increase
in the annual discharge occurred around in 1995 when the temperature also has a significant increase. The
discharge in spring, summer, autumn and winter increased at a rate of 0.74x 10° m3/year, 5.2x10° m3/year,
1.3x10° m3/year and 0.7 x10° m’/year from 1970 to 2006, respectively, which all reached a significance
level'of 0.01 (|Zc| > 2.58). The discharge in winter and autumn is quite low, increase of discharge primary

occurred in summer.

The glacial discharge was calculated by equation (10) and (11). The glacial discharge has increased
during 1957-2010 in the study area (Fig. 6a). Total glacier discharge was approximately 187.99 X 10* m’
during 1957-2010. Total discharge and glacier discharge have varied significantly during study period,
generally exhibiting an increasing trend. The impact of glacier discharge on river flow has increased, the
cumulative annual river flow and glacier discharge anomalies indicated that 1996 is a key year, when a
strong decreasing trend shifted to a strong increasing phase (Fig. 6¢). The decadal statistics showed that
glacier discharge continued to increase (Tab. 4). The mean glacier discharge was 2.83 X 10® m® for 1950s
and 3.23X10° m® for 1990s. Glacier discharge reached a maximum in the 2000s, with a mean annual
glacier runoff of 2.83 X 10* m®. The Glacier discharge during the 2000s is 44.7% of the total discharge,
whereas it'accounted for 34.4% of the total river flow from 1957 to 2010. The minimum percentage of

glacier discharge occurred in 1980s, however, the minimum glacier discharge occurred in 1960s (Tab. 4).
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4.3 Glacier mass balance variation

In the glacierized watershed, the glacier mass balance reflects the response of glacier movement to
climate change and also controls changes in stream flow and glacier variations during periods of ablation
(Braithwaite and Zhang, 2000; Barnett et al., 2005; Stahl er al., 2008). The glacier mass balance was
calculated by equation (12)-(20). The method has been applied in Glacier No. 1 of Tianshan Mountains and
Kang Xi Wa River basin of east Pamirs, the model performed well in results which agree well with
observations (Shen et al., 1997). The result simulated by SMMEP model were compared with Qiyi Glacier
in this region. The cumulative glacier mass balance are close between Qiyi Glacier and the glaciers of
study area, glacier mass balance trend was consistent with Qiyi Glacier which showed a modest increasing
trend from 1957 to 1994 and rapidly decreasing trend since then (Yao et al., 2012). Fig. 7a shows that
annual glacier mass balance varied between 197.8 and -535.5 mm during 1957-2010. The cumulative mass
balance was positive before 2000, and it has been decreasing rapidly during 2000s. The most and
significant negative mass balance almost all appeared after 1996. Cumulative mass balance reached -3370
mm over the study period. The mean annual glacier mass balance was positive in 1980s with 14.9 mm,
while in the 2000s, the most negative value occurred, the mean annual glacier mass balance reached -226.2

mm (Fig. 6a). The impact of glacier mass balance loss on river flow was more evidently after 2000.

4.4 Evapotranspiration (ET) variation

Fig. 8 shows the annual and seasonal ET trends during 1957-2010 for Tuole station calculated by
equation (2)-(7). The Mann-Kendall monotonic trend test statistics, which reached a significance level of
0.01 (|Zc| =4.92 > 2.58), showed that the annual ET increased significantly with fluctuations (Tab. 5). The
ET increasing rate was 1.34 mm/year. Annual mean ET was 297.6 mm from 1957 to 2010. An increasing
trend was found from the 1950s to early 1985, followed by a decrease until 1995, and then a evident
increase until 2010. Comparing to the 1950s, the annual ET in the 2000s has increased by 11.8% (35.0
mm). According to Mann-Kendall monotonic trend test statistics, the ET showed a increasing trend in four
seasons. The increasing magnitudes of ET trend were 0.083 mm/year, 0.97 mm/year, 0.27 mm/year and
0.013 mm/year for spring, summer, autumn, and winter, respectively (Tab. 5). However, increasing trends

just in summer and autumn were significant with a significance level of 0.01, which reflected the seasonal
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differences in ET trend. The values of ET were 67.7 mm, 171.4 and 55.3 mm in spring, summer, autumn,

respectively. It was quite low in winter, the annual mean ET was 5.7 mm.

4.5 Estimate total water storage change and groundwater variations

Fig. 9a shows the total water storage change estimated based on the water balance in the upstream of
Shule River, Basin (equation (8)). The total water storage change calculated by water balance showed an
obviously decreasing trend with a rate of 0.788 mm/year. Although the changes of precipitation and ET
were also evident increase, their amplitudes of variation were far less than increase of discharge. The result
indicated that continuously increasing discharge amounts lead to a reduction of water storage. Fig. 9b
illustrated the time series of total water storage change and soil water content which derived by GRACE
and GLDAS, both of them showed decreasing trend since 2003. The soil water content change from
GLDAS showed a larger amplitude than the GRACE-derived total water storage change . The total water
storage change and soil water content agree relatively well in time series except for 2004. The
GRACE-derived total water storage change showed a decreasing trend from 2003 to 2014 with a decline of
5.92 mm/year. The maximum anomaly of GRACE-derived total water storage change was 66.23 mm and
occurred in 2004, while the minimum anomaly of about -90.93 mm occurred in 2014. The maximum
anomaly of soil water content change was 68.57 mm and occurred in 2008, while the minimum was about

-246.51 mm occurred in 2014.

The changes in groundwater were estimated by the difference between GRACE-derived total water
storage change and simulated soil water content change (equation (9)). The groundwater showed an
increasing trend during 2003-2014 in the upstream of Shule River Basin (Fig. 9c). Fig. 9c also showed a
distinct break in the behavior of groundwater variations. The groundwater showed a dramatic depletion
from 2004 to 2007 which means more water flow out the study area to change into discharge, and then an
evident increase until 2014 which means more water change into groundwater. The permafrost has
underwent degradation in the study area as climate warming (Yi et al., 2011). Previous study indicated
groundwater increased with decreasing permafrost coverage. The maximum value of groundwater is
155.58 mm and occurred in 2014, while the minimum was about -90.49 mm occurred in 2006. The mean

depth of groundwater is 23.82 mm in the upstream of Shule River Basin during 2004-2014.
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Fig. 9d shows monthly variability of GRACE-derived total water storage change, GLDAS-soil water
content change and groundwater in the study area from 2003 to 2014. The results showed that the all
variables exhibited higher values in summer and lower values in winter. The value of GRACE-derived
total water storage change was positive from July to November, and it showed negative value in other
months. The soil water content change from GLDAS showed positive value from September, and in other
months the value was negative. The groundwater has longest positive value from May to November, and
the maximum value occurred in July (13.73 mm). Both maximum and minimum value of the soil water
content change lagged total water storage change one month. The positive peaks of GRACE-derived total
water storage change, GLDAS-soil water content change and groundwater in summer due to abundant

recharge from meltwater from glaciers and precipitation.

5. Discussions

5.1 The influences of climate change on glacier mass balance, glacier discharge and total discharge

Temperature and precipitation changes affected differently on glacier mass balance. Precipitation
increased enhance accumulation, and temperature warming enhanced ablation (Ye et al, 2005). The
negative glacier mass balance, caused by higher ablation than the accumulation, was associated with
precipitation increase and temperature warming over the study area. The fluctuation of total runoff depth
was not consistent with glacier mass balance before 1990s (Fig. 7). The glacier mass balance in the study
area was determined by both precipitation and temperature before 1986 (R*=0.2111, p<0.05), whereas after
1986 it is mainly controlled by the temperature (R*=0.4914, p<0.05), even under a high-precipitation
regime (Fig. 10). The results implied that the effect of warming overcame the influence of precipitation

increase in the upstream of Shule River Basin.

The variation of glacier mass balance reflects the budget of the glacier system. Higher ablation than
accumulation induced the negative mass balance. Regression analysis showed that glacier discharge and
total discharge were obviously negatively correlated with glacier mass balance (Fig. 11). The correlation of
glacier discharge and total discharge with glacier mass balance gave an R coefficient of —0.9389 and

0.5813"(p<0.01), respectively. This relationships between glacier discharge, total discharge and glacier
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mass balance were reasonable, as a more negative mass balance led to a larger amount of glacier melt
which led larger total discharge. The variation of glacier discharge was controlled mainly by the fluctuation

of glacier mass balance. Glacier discharge significantly increased as a result of temperature increases.

The climate regime shifted from cold-dry to warm-wet, occurring around 1995. Tab. 6 listed the
average precipitation, air temperature, glacier mass balance, glacier discharge and total discharge during
1957-1994 and 1995-2010 in the study area. Glacier discharge increased by approximately 23.6 mm
(2.60x10% m*), about 95.2%, whereas precipitation increased by 27.1 mm (9.5%), and there was a 1.15 C
increase in temperature, and -185.9 mm decrease in glacier mass balance. This indicated that about 10% of
glacier discharge came from increases in precipitation, and another 85.2% was contributed by the loss of
glacier mass. The discharge increased by 3.32x10° m’ (39.6%), of which approximately 9.5% was
contributed by increase in precipitation, and the other 30.1% came from glacier discharge. It meant that the
increased glacier discharge accounted for 72.4% of the increased river flow. The 1.15 °C increase of
temperature caused a -185.9 mm annual glacier mass loss, which was partly compensated by a 27.1 mm
increase in annual precipitation. This was equal to a change in glacier mass balance of -161.7 mm/C
without increasing precipitation. By analyzing the river flow and glacier mass balance, we found that a 100
mm change in mass balance could cause a fluctuation in river discharge of 1.79X 10° m’. The total
cumulative glacier mass balance from 1957 to 2010 was -3370.6 mm, equal to a 60.33 X 10° m’
contribution to river discharge, which was about 6.3 times the annual discharge at gauging station. The
changes of hydrological regime in the region not only was linked to the climate changes, but also impacted
by glacier conditions, which further emphasized that glacial meltwater is very importance as a local water

resource.

5.2 Effects of permafrost on hydrological regime

The permafrost affected the spatial-temporal hydraulic connection between the groundwater and
surface water, and it played a decisive role in the formation of groundwater, the transport processes, and
the pattern-of distribution of groundwater and its pathways (Lemieux et al., 2008; Woo et al., 2008). Fig.
12 shows the monthly maximum, minimum depth of runoff and the ratio of [Ry.x/Rmin] in the study area

from1970 to 2006. The monthly maximum runoff fluctuated between 12.1 and 42.8 mm, with an average
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of 24.0 mm, which had an upward trend during 1970-2006. Monthly minimum runoff ranged from 1.2 to
3.2 mm, with a mean of 2.1 mm, and there was a positive trend during the study period. The R;,x/R i, ratio
varied from 6.8 to 25.5, with a mean of 11.7. It had a slight decreasing trend which indicated the trend in
monthly minimum stream flow was greater than that in maximum stream flow (Fig. 12b). Previous study
suggested that minimum flow was most sensitive to the subsurface water contribution to river discharge
(Smith et al., 2007). Therefore, the variation of R ,x/Ryi, ratio in the result indicated that the basin storage

and the mechanism of discharge generation have changed.

It is difficult to survey permafrost change over large regions. As no other liquid water supply to the
rivers. discharge in cold regions during cold periods, disappearance of permafrost or thickening of the
active layer increased groundwater storage capacity, which enlarged groundwater regulation and slows
recession (Niu et al., 2016). Groundwater storage capability can be described as the recession coefficient
(RC) which is the ratio of monthly discharge between consecutive months (Ye et al., 2009). The mean
monthly RC in the study area ranged from 0.57 in early autumn (October/September) to 1.01 in later
winter (January/December), indicating fast recession in early autumn and slow in late winter. The time
series of RC showed increasing trend in October /September and January/December, whereas a decreasing
trend in November/October and December/November (Fig. 13). Permafrost change has induced the
changes of discharge recession which is generally a process of storage and release. Winter discharge
increased as covered by permafrost. On the other hand, thin permafrost had greater impacts on ice
formation during the freezing season and greater impacts on the baseflows during the thawing season, and
the mutual influences of groundwater and surface waters were significant in the permafrost regions (Zhang
et al:; 2008; Gao et al., 2016; Qin et al., 2017). The ratio of groundwater discharge to total discharge and
the direct surface discharge coefficient simultaneously increased during summer (Wang et al., 2012, 2017).
The runoff increased more obviously in summer (Tab. 3). Ground warming led to higher permeability and
wetter aquifers in the permafrost. The increase and thickening of the active layer could lead to the greater

infiltration of surface water into the groundwater, and then resulting in increased total runoff.
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5.3 Total water storage change driven by climate factors and its effects on discharge

Climate change is an important factor affecting total water storage change variations. There was a
significant negative correlation between annual total water storage change and annual temperature (Tab. 7).
The annual temperature increased lead to total water storage change decreased. In summer and winter, the
correlation also showed negatively, it was more obvious in winter, whereas the correlation was positive in
spring which meas the higher temperature induced higher total water storage change. The soil water
content change simulated by GLDAS had a positive correlation with temperature in autumn and a negative
correlation in winter, but no significant correlation was observed in annual temperature and other seasons.
The total water storage change had significant positive correlations with precipitation in winter, and
negative correlation in spring (Tab. 8). The soil water content change showed a negative correlation with
precipitation in spring, and the correlation was positive in summer, autumn and winter. The annual and
seasonal total water storage change were mainly controlled by temperature variation, whereas the soil
water content change was controlled by precipitation variation. At the annual scale, anomalies in the three
hydrological variables show different relationships with total runoff anomalies in the upstream of Shule
River Basin (Fig. 14), both total water storage change and groundwater had a strong negative correlation
with total runoff anomalies with R”of 0.7891 and 0.4077, respectively, but no significant correlation was
observed between SM (Soil Moisture) and total runoff anomalies. Specifically, changes in annual total
water storage change and groundwater change explain 79% and 41% of the changes in annual runoff,
respectively, suggesting a strong hydrological control on water budget in surface discharge in the upstream

of Shule River Basin.

5.4 Sensitivities of discharge under different climate scenarios

As the discharge in cryospheric watershed was influenced by precipitation and temperature.
Regression analysis and statistical tests proved that temperature in ablation season (May-September) and
annual precipitation were the governing factor affecting the discharge. Both precipitation and temperature
showed well linear relationship with discharge (Tab. 9). Firstly, liner relation between discharge and
precipitation and temperature was established (equation (3) in Tab. 9). However, in consideration of the

nonlinear relations between hydrology and water resources system and climate change, a form of continual
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product of power function was used to describe the relations among runoff depth, precipitation and
ablation season temperature in the upstream of Shule River Basin. Nonlinear model had better relationship
than linear relationships in the region. Figure 15 shows the comparison of observation and simulation by

equation (4) in Tab. 9, which illustrate the satisfactory accuracy of this equation.

Climate sensitivity tests are performed to investigate changes in discharge as a result of ablation
season temperature and annual precipitation changes using a delta-change method in the study area.
Previous study suggested that annual precipitation annual temperature in whole Tibetan Plateau were
generally projected to increase by 5.0-20.0% and 1.2-4.0°C in the long term under scenarios RCP2.6,
RCP4.5, and RCP8.5 (Su et al., 2016). Therefore, considering the regional characteristics of climatic
change, the climate change scenarios are that the precipitation change scenes are 0%, 5%, £10%, *
20%, simultaneously, the temperature increases by 0 ‘C, 0.5 “C, 1'C and 2°C, which are together with
possible combinations (Tab. 10). Tab. 9 shows the the response of runoff to different climate variations by
using equation (4) in Tab. 8. The runoff will increase along with the precipitation and temperature increase,
and that the increased extents gradually increase along with increased extent of precipitation and
temperature. The decreased in precipitation will lead to a reduction in runoff under same temperature
scenarios. However, even in the case of reduced precipitation, an increase in temperature will lead to
increased runoff except for precipitation reduction of more than 20% under temperature increasing by
0.5 °C. The impacts of temperature are more evident than precipitation. The results suggest that the impact
of warming will overcome the effect of precipitation increase on runoff changes in the upstream of Shule

River Basin.

5.5 Uncertainties in estimation of glacier mass balance

The glacier area is one parameter in the calculation of glacier mass balance which is influenced by
climate change. The glacier area of the northeast Tibetan Plateau changed in past several decades (Liu et
al., 2015). The model applied in study used two periods of glacier area. As the changes of glacier area are
dynamic_processed in different periods which made some uncertainties in this study and other studies
(Hagg et al., 2007; Li et al., 2010; Zhang et al., 2012). Glacier changes mainly depend on the precipitation

and temperature regime (Hagg et al., 2007). Glacier melt dominates partly river flow in glacierized
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watersheds. Such melt characteristics of glaciers was severely affected by changes in discharge and
precipitation. Glacier shrinkage led to a mass loss of glaciers, which stored precipitation and released it to
feed stream flow to increase discharge. Precipitation change affected glacier melt and the area of ablation
zone of glaciers (Caidong and Sorteberg, 2010). Simultaneous constraints to the glacier mass balance
simulation reached agreement with measured glacier mass balance (Qiyi Glacier). The results of glacier
mass balance help to reveal the impacts of climate change on glacier and hydrological processes in the

watershed of the northeast Tibetan Plateau.

6. Conclusions

In this, study, the influence of climate change on cryospheric water budget was analyzed in the
upstream of Shule River Basin which is located in northeast Tibetan Plateau. The following conclusions

couldbe drawn from results.

(1) The study area experienced an overall rapid warming and wetting during 1957-2010. The
temperature increase rate was 0.34°C/10 years. Annual temperature has increased by around 1.8°C from
1957 to 2010. Warming is the most significant in winter with an average rate of 0.62°C/10 years and the
smallest in spring (0.20°C/10 years). The annual precipitation increased with a rate of 13.5 mm/10 years
from 1957 to 2010. Annual precipitation has increased by around 71.55 mm. The maximum increase of the
precipitation occurred in summer with a rate of 11. 2 mm/10 years. The climate regime shifted from

cold-dry to warm-wet, occurring around 1995.

(2) Annual total discharge and glacier discharge exhibited increasing trends. A noticeable increase
occurred after 1995. The increasing temperature enhanced ablation of glacier. The glacier mass balance has
displayed a decreasing trend. A more negative glacier mass balance led to a larger amount of glacier melt
which led larger total discharge. The effect of warming overcame the influence of precipitation increase
after 1986. Glacier discharge accounted for 34.4% of the total river flow from 1957 to 2010 while it
accounted for 44.7% after 2000s. Permafrost change also induced the changes of discharge recession

which is generally a process of storage and release.

(3) The ET showed increasing trend with rate of 1.34 mm/year. Based on water balance, the total
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water storage change showed an obviously decreasing trend with a rate of 0.788 mm/year from 1957 to
2010. The. total water storage change and soil water content change which derived by GRACE and
GLDAS also showed decreasing trend since 2003. The groundwater increased dramatically after 2006, as
permafrost degraded, surface water can infiltrate groundwater and eventually leak water deep into the
ground. Both total water storage change and groundwater change had a negative correlation with total
runoff which suggest a strong hydrological control on water cycle in surface discharge. As ET is almost
equivalent to precipitation, the sensitivities of runoff to temperature change is larger than that to
precipitation change. The impact of warming will overcome the effect of precipitation increase on runoff
changes in the study area. The climate change has lead the changes of cryosphere which induced the

changes of water budget in different fractions.
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Tab. 1 Mann-Kendall test on monotonic trend for air temperature during 1957-2010

Z. p Hy

Annual 5.83 0.034 R
Spring 2.65 0.020 R

Summer 3.94 0.027 R
Autumn 4.73 0.039 R
Winter 4.57 0.062 R

*R: rejected; A: accepted.

Tab. 2 Mann-Kendall test on monotonic trend for precipitation during 1957-2010

Z B Hy

Annual 2.69 1.35 R
Spring -0.06 -0.0057 A

Summer 3.28 1.12 R
Autumn 2.09 0.39 R
Winter 0.57 0.0098 A

*Re: rejected; A: accepted.
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Tab. 3 Mann-Kendall test on monotonic trend for discharge

Z. B Hy

Annual 4.22 0.079 R
(1957-2010)

Spring 2.28 0.0074 R
(1970-2006)

Summer 205 0.052 R
(1970-2006)

Fall 2.26 0.013 R
(1970-2006)

Winter 289 0.0077 R

(1970-2006)

*R: rejected; A: accepted.

Tab. 4 Variations in annual discharge and glacier discharge in different periods

Total discharge (108 m3) Glacier discharge (108 m3) Percentage of glacier discharge (%)

1950s 8.45 2.83 33.6
1960s 8.03 2.54 30.9
1970s 8.91 2.99 314
1980s 9.23 2.69 28.5
1990s 8.97 3.23 35.6
2000s 12.81 5.90 44.7
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Tab. 5 Mann-Kendall test on monotonic trend for ET during 1957-2010

Z B Hy

Annual 4.92 1.34 R
Spring 1.55 0.083 A

Summer 5.16 0.97 R
Autumn 4.02 0.27 R
Winter 1.13 0.013 A

*R: rejected; A: accepted.

Tab. 6 Changes in precipitation, temperature, glacier mass balance, glacier discharge and total

discharge between 1957-1994 and 1995 - 2010 in the study area

P T Glacier mass Rgg Discharge, Total
. balance s 3 discharge
(mm) ) (mm) (10° m’)
mm
(mm) (10° m’)
1957-1994 285.2 -2.97 -1.3 24.8 2.71 8.49
1995-2010 312.3 -1.82 -193.2 48.4 5.31 11.81
Change 27.1 1.15 -185.9 23.6 2.60 3.32
Change (%) 9.5 95.2 95.2 39.6

*R,q and Discharge, are the depth and the volume of glacier runoff, respectively.
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Tab. 7 Relationships(R) between temperature and GRACE-derived total water storage change and soil

water content change modeled by GLDAS

Tannual Tspring Tsummer Tautumn Twimer
Annual A Wggracs -0.51* 0.60* -0.80* 0.12 -0.56*
Annual A Wgipas 0.19 0.13 0.02 0.59%* 10.37%

*p<0.05

Tab. 8 Relationships(R) between precipitation and GRACE-derived total water storage change and
soil water content change modeled by GLDAS

Pannual Pspring Psummer Pautumn Pwinter
Annual A Wgracg -0.20 -0.37* 0.01 -0.24 0.47%*
Annual A Wgipas 0.27 -0.41%* 0.31%* 0.68* 0.68%*

*p<0.05
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Tab. 9 Regression analysis of the dependence of discharge on temperature and precipitation in the

study area
Equation R’ Standard error of p
estimate
(1) Q=22.305T-101.452 0.468 16.78 P<0.01
2) Q=0.263P+10.249 0.388 17.96 P<0.01
3) Q=0.208P+18.626T-113.053  0.695 13.78 P<0.01
(4) Q= 2308734 p0-704003 4147456 0.708 12.52 P<0.01

Tab. 10 Changes in temperature ( A T) and precipitation ( A P) for the climate sensitivity tests of

runoff (unit: mm) in the study area

A P+20% AP+10% AP+5% AP AP-5% AP-10%  AP-20%
AT 11.12 5.26 2.27 0 -3.83 -6.96 -13.37
AT+0.5C 20.91 14.47 11.17 7.86 4.47 1.04 -6.00
AT+1°C 31.00 23.96 20.37 16.73 13.03 9.28 1.58
AT+2C 52.03 43.75 39.52 35.23 30.88 26.46 17.39
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Water cycle in cryospheric watershed

Evaporation
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Fig. 1 The different components of the water balance in the cryospheric watershed
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of Shule River Basin (b)

Fig. 3 Observations of discharge ratio in sub-watersheds of study area
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Fig. 4 (a) Mean annual air temperature, (b-e) seasonal mean

1957-2010
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Fig. 13 Monthly recession coefficient (RC) of discharge in the study area during 1970-2006
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Fig. 14 Relationships between (a) total runoff and GRACE-derived total water storage change, (b)

total runoff and soil water content modeled by GLDAS, (c) total runoff and groundwater
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Figure 15 Comparison of the results of nonlinear regression and observation
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