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Abstract

The recent rapid expansion of inland lakes on theTibetan Plateau (TP) are a good indi-

cator of the consequences of climate change. Quantifying the hydrological cycle of

the lake basin is fundamentally important to understand the causes of lake growth.

However, the hydrological processes of the TP interior are very complex and difficult

to investigate because of the lack of observations. This is especially true for estimat-

ing the lake changes when run‐off inflows are affected by small lakes located in the

flow routes within drainage areas. We used an integrated hydrological model, in com-

bination with glacier melt and lake retention models, to analyse the run‐off inflows to

Lake Siling Co, the largest endorheic lake in Tibet. It includes four subdrainage basins:

Zhajiazangbu, Zhagenzangbu, Alizangbu, and Boquzangbu. Lake Siling Co was charac-

terized by considerable increases during warm season from 1981 to 2012, due to the

increased run‐off from Zhajiazangbu accounting for about 51–62% of the total run‐

off inflows. Moreover, the dramatic increases exhibited during cold seasons were

related to the increased retention water released from the small lakes within

Zhagenzangbu and Alizangbu. Of the studied subdrainage basins, Boquzangbu con-

tributed the least during both warm and cold seasons. On average, the annual amount

of evaporation from lakes within the drainage area was about 2 times greater than

that of glacier melt run‐off. Our results suggest that the retention effects of lakes

on river inflows should receive more attention, because understanding these effects

is potentially crucial to improved understanding of lake variations in the TP.
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1 | INTRODUCTION

The Tibetan Plateau (TP) boasts the greatest concentration of high‐

altitude inland lakes in the world (Ma et al., 2010). The dynamics of

these lakes are a good indicator of changes in the water cycle under

rapid global warming (Lei et al., 2014; Liu, Wang, Yu, Yang, & Zhang,

2009; Yao et al., 2010). During the past decades, the TP has been

experiencing substantial changes, which have considerably altered

the regional energy and water cycle. Since 1999, the lakes in the

interior TP have shown an overall expansion, and the average rate

of lake area increase from 1999 to 2010 was around 3 times
wileyonlinelibrary.c
that of 1990 to 1999 (Bian, Bianba, La, Wang, & Chen, 2010; Li,

Sheng, Luo, & Shen, 2011; Zhang, Yao, Xie, Kang, & Lei, 2013; Lei

et al., 2014).

The Siling Co basin is one of the most heavily impacted areas in

the TP. Lake Siling Co has expanded by about 40% since 1976, with

a remarkable acceleration in the 2000s (Bian et al., 2010; Lei et al.,

2013; Meng, Shi, Wang, & Liu, 2011; Zhang et al. 2014). It has

become the largest endorheic lake in the central TP since 2003

(Lei et al., 2013; Song, Huang, & Ke, 2014). The causes for these

considerable changes of Lake Siling Co during recent decades have

been widely discussed and include increased precipitation (Biskop,
© 2018 John Wiley & Sons, Ltd.om/journal/hyp 3241
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Maussion, Krause, & Fink, 2015; Lei et al., 2014; Song, Huang,

Richards, Ke, & Hien Phan, 2014), decreased lake evaporation (Lei

et al., 2013; Liu et al., 2009; Morrill, 2004), and accelerated glacier

melt water and catchment run‐off within the surrounding lake basins

(Yao et al., 2010; Yao, Pu, Lu, Wang, & Yu, 2007; Zhu, Xie, & Wu,

2010). These studies demonstrated that river inflows and precipita-

tion variation are main causes for the expansion of Lake Siling Co,

especially in the 2000s. Nevertheless, these results were mainly

qualitative from the perspective of a lumped lake body, which is

not sufficient to obtain an improved understanding of the fast

expansion of Lake Siling Co.

Ignoring the lake water leakage, the water balance of Lake Siling

Co can be mathematically expressed as the following equation:

ΔV ¼ Plake−Elake þ Rland; (1)

where ΔV is the net changes in lake storage; Plake and Elake are the

precipitation and evaporation over the lake, respectively; and Rland

is the total run‐off inflows from the drainage area, including

Zhajiazangbu River, Zhagenzangbu River, Alizangbu River, and

Boquzangbu River (Figure 1). Because there are almost no corre-

sponding in situ observations of run‐off inflows before 2012 at Siling

Co basin, large uncertainties occur when the run‐off inflows to Lake

Siling Co are treated simply as the difference between precipitation

and calculated evapotranspiration (ET) over the drainage area (Tong,

Su, & Xu, 2016; Zhou et al., 2015). Hydrological models that can

dynamically simulate the hydrological processes are usually used for

estimating the catchment inflows (Krause et al., 2010; Tong et al.,

2016; Wu, Zheng, Zhang, Chen, & Lei, 2014; Zhou et al., 2015).

The absence of a quantitative modelling application therefore raises

the need for further research to accurately estimate run‐off inflows

to the lake.

To obtain an accurate estimation of the Siling Co catchment

inflows, it is necessary to take into account the different hydrological

characteristics within the four subdrainage basins. For example,

run‐off inflows from Zhajiazangbu River and Zhagenzangbu River pri-

marily originate from rainfall and melting of snow and ice in the

mountains, whereas the water from Alizangbu River and Boquzangbu

River originate from rainfall and melting of snow. The glacier
FIGURE 1 Location of the Siling Co basin
meltwater has been found to constitute up to 10% of total annual

river discharge in Zhajiazangbu (Tong et al., 2016). However, the role

of glacier melt on streamflows in the other basins is still unclear.

Understanding the relative importance of glacier melt run‐off on

the expansion of Lake Siling Co is essential to study the hydrologic

response of endorheic lakes to climate change over TP. In this study,

a degree‐day glacier melt model is used to quantify the contribution

of glacier meltwater in each subdrainage basin to the expansion of

Lake Siling Co. In addition, the largest tributary from Zhajiazangbu

and the smallest tributary from Boquzangbu naturally flow into Lake

Siling Co, whereas the river discharges from Zhagenzangbu and

Alizangbu are largely affected by the lakes located in the flow

routes before reaching Lake Siling Co. These lakes are key compo-

nents of the local hydrological systems, and the majority of river

systems in Zhagenzangbu and Alizangbu are fragmented by them.

Lakes can affect the flow regimes by changing the timing and mag-

nitude of run‐off inflows, usually by delaying and attenuating

streamflow. Under the background of climate change, the impact

of lakes on streamflow may have become considerable. Previous

studies have demonstrated that the some underestimation or over-

estimation of the variations when we overlooked interaction

between river discharge and some small lakes located routing before

it flow into the Lake Siling Co Zhagenzangbu and Alizangbu (Tong

et al., 2016; Zhou et al., 2015). Therefore, the quantification of

the impacts of lakes is also necessary in terms of assessment of

water resources and lake expansion. Hydrologic models may serve

as essential tools for this purpose. Here, Hydrologiska Byråns

Vattenbalansavdelning (HBV) model (Bergström & Forsman, 1973)

combined with a reservoir routine was used to simulate hydrological

processes in the drainage areas by taking into account the river–lake

interaction.

In order to bridge current gaps in lake retention effect on river

inflows for Zhagenzangbu and Alizangbu, we investigated here the dif-

ferent characteristic patterns of river inflow with and without the lake

retention effect and long‐term hydrological trends in these basins. We

furthermore assessed the glacier melt effect on the water storage

change of Lake Siling Co by taking into account the glaciers distributed

in Zhagenzangbu and Alizangbu. This work aims to accurately quantify

the contribution of river inflows in the four subdrainage basins to the

expansion of the Lake Siling Co.
2 | STUDY AREA

As shown in Figure 2, the Siling Co basin is located in the central TP

(30°N–34°N, 87°E–93°E) with the elevations ranging from 4,513 to

6,406 m above sea level. It is characterized as a subfrigid and semiarid

climate with mean annual precipitation around 350 mm, and an annual

temperature is estimated between −6°C and 1°C. Siling Co has

recently overtaken Nam Co as the largest lake in Tibet with an eleva-

tion of 4,542.5 m and lake area of 2,326.6 km2. The drainage area of

Siling Co basin covers 45,530 km2, which makes it the largest

endorheic lake drainage system in the TP (Bian et al., 2010; Li et al.,

2011). The Zhajiazangbu River from the north is 409 km long, which

is the longest inland river of the Tibet Autonomous Region. The



FIGURE 2 Location and topography of Siling Co basin. The
boundaries indicate the four subdrainage basins with run‐off flowing
into Lake Siling Co with sequence number①, ②, ③, and ④ denoting
Zhajiazangbu, Zhagenzangbu, Alizangbu, and Boquzangbu,
respectively
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Zhagenzangbu River is the largest inland river of the drainage basin at

355 km in length, flowing into Lake Siling Co.
3 | DATA AND METHODOLOGY

3.1 | Data

3.1.1 | Digital elevation model, soil, and land use

Spatial data included the digital elevation model, land use, and soil

types (Figure 3). The digital elevation model was obtained from the

NASA SRTM (http://srtm.csi.cgiar.org) with a ground resolution of

90 m. The 1:100,000 land‐use map for 2000 was developed through

the National Land Cover Project organized by the Chinese Academy

of Sciences through field surveys and satellite images. The spatial dis-

tribution of soil types (1:1,000,000) based on soil physical characteris-

tics data was obtained from the Environment and Ecological Science

Data Center for West China (http://westdc.westgis.ac.cn).
FIGURE 3 Spatial distribution of land‐use
classes and soil types in the Siling Co basin
Land‐use patterns are classified into seven types: glacier, water

body, saline‐alkali land, bare rock, dense grassland (canopy cover

>60%), moderate dense grassland (canopy cover 20–60%), and sparse

grassland (canopy cover 5–20%). The main land‐use types in Siling Co

basin are grassland and saline‐alkali land. There are seven soil types in

the Siling Co basin: frigid calcic soils, dark frigid calcic soils, felty soils,

frigid frozen soils, alluvial soils, bog soils, and skeletal soils, of which

frigid calcic soil is the dominant type. The soil in this region is generally

cold and thin with loose structure and high porosity. Model parame-

ters are often linked to physiography to account for spatial variability.

For example, the crop coefficient (Kc), used to scale potential ET, is

land‐use dependent, whereas the percolation parameters are soil‐type

dependent. Here, we defined the initial catchment conditions and

parameter ranges based on the land use and soil types of the four

subdrainage basins.
3.1.2 | Weather data and observed flow data

This study used a gridded meteorological dataset at 0.1° × 0.1° resolu-

tion with a daily temporal resolution from 1979 to 2013, developed by

the Data Assimilation and Modeling Center for Tibetan Multi‐spheres,

Institute of Tibetan Plateau Research, Chinese Academy of Sciences

(He, 2010; Yang, He, Tang, Qin, & Cheng, 2010). It contains daily

precipitation, 2‐m temperature, pressure, specific humidity, downward

shortwave radiation, downward longwave radiation, and 10‐m wind

speed to drive the model simulations, which makes it desirable for

high‐elevation environmental, hydro‐meteorological, and agricultural

studies at the basin scale. For various reasons, including damage to

the instrument, the ground‐based daily discharge data were only avail-

able from May 1 to October 27, 2013, at the four flow gauging sta-

tions. They were collected by our research team and were used to

calibrate the hydrological model.
3.2 | Methodology

3.2.1 | Description of hydrological model

Conceptual models require fewer input data than physically distrib-

uted hydrological models are often recommended for data‐sparse

http://srtm.csi.cgiar.org
http://westdc.westgis.ac.cn
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mountain regions (Hagg, Braun, Kuhn, & Nesgaard, 2007; Jung &

Chang, 2011; Lutz, Immerzeel, Shrestha, & Bierkens, 2014). Among

these models, the HBV model (Bergström & Forsman, 1973) has been

widely applied to many catchments around the world with strongly

different climatic conditions (Te Linde, Aerts, Hurkmans, & Eberle,

2008; Velasco, Versini, Cabello, & Barrera‐Escoda, 2013; Wallner,

Haberlandt, & Dietrich, 2013), for instance, high mountainous

Himalaya regions of Pakistan (Akhtar, Ahmad, & Booij, 2008) and

Nepal (Konz, Uhlenbrook, Braun, Shrestha, & Demuth, 2007).

Here, the Swedish Meteorological and Hydrological Institute

version of the HBV model was used with subbasins as primary hydro-

logical units (Swedish Meteorological and Hydrological Institute,

2008). It describes the most important run‐off‐generating processes

with simple and robust procedures in which snowmelt is computed

by a degree‐day relation and the discharge formation is a functions

of actual water storage in a soil box. In this study, the HBV model

was further developed in several steps. Given the available climate

data sets are grid based, it was upgraded to a spatial distributed ver-

sion to couple with the forcing at 0.1° × 0.1° resolution. Because the

transport between cells was not considered in this study, the river net-

works and routing module were kept the same as the semidistributed

version. To better represent the hydrological processes in the four dif-

ferent subdrainage basins, more modifications were then made as

described below.

Because the glacier melt water is not considered in the current

version of HBV model, a simple degree‐day glacier melt algorithm

(Farhan, Zhang, Ma, Guo, & Ma, 2015; Hock, 2003; Kayastha, Ageta,

Nakawo, et al., 2003) was linked with it to simulate the run‐off from

glacierized areas. Within each grid cell, the total run‐off including the

glacier meltwater can be computed as

Ri ¼ f⋅ DDFglacier⋅ T−ttð Þ� �þ 1− fð Þ⋅Rp; (2)

where Ri (mm) and Rp (mm) are the total streamflow and rainfall‐

induced run‐off estimated from the nonglacierized area in grid i,

respectively; T is the actual temperature (°C); tt represents a threshold

temperature (°C); f is the glacier area fraction; and DDFglacier is the

degree‐day factor for the glacier (mm °C−1 day−1).

Following the approach of Wallner et al. (2013), the calculation of

actual ET Ea (mm/day) for a specific land cover was computed as the

product of the total available water content from the soil and the

potential ET Epot (mm/day). The potential ET in this study was
FIGURE 4 Schematic of the lake algorithm
obtained according to the Penman formula (Penman, 1948):

if SM≤LP⋅ FC Ea ¼ min kcrop⋅Epot⋅
SM

LP⋅ FC
; SM

� �
;

if SM>LP⋅ FC Ea ¼ min kcrop⋅Epot; SMð Þ;
(3)

where SM is the actual soil moisture content (mm/day), FC represents

the maximum soil moisture storage (mm), LP is the limit for potential

evaporation (−) and kcrop is the crop coefficient (−).

The run‐off generated from the upstream cells recharges the lake

first if the lakes present in the channel. In the next transport step, the

outflow reaches the river and flow through the channel is simulated

using the kinematic wave equations. The principal effect of lakes is sim-

ulated as points (Lake Nnodes) in the channel network at each time step

by using a simple reservoir model (Burek, van der Knijff, & Ntegeka,

2013; Döll, Kaspar, & Lehner, 2003). Figure 4 shows all computed

ingoing and outgoing fluxes in the lake Nnodes. Lake volume is the state

variable used for thewater balance, and lake depth is updated each time

step. The initial lake level is calculated from a steady‐state net‐lake

inflow. Lake inflow (Qin) equals the channel flow upstream of the lake

location. The lake outflow Qout can be estimated as

Qout ¼ klake⋅V
V

Vmax

� �α

; (4)

where klake is outflow coefficient (1/day), V (m3) is actual active storage

with V = Alake ⋅H, Alake (m
2) is the area of the lake, andH (m) is the active

storage depth; based on the findings from G. Zhang et al. (2017), the

changes of lake areas in Zhagenzangbu and Alizangbu are slight; here,

the lake area is assumed to be stable; the maximum value is set to

50 m; and Vmax is the maximum active storage capacity. The exponent

α (−) is dependent on the active storage capacity, indicating that the

lower the active storage depth, the higher the exponent will be.

The general water balance formula for the lakes can be described as

ΔV ¼ Qin−Qout þ Alake Plake−Elakeð Þ; (5)

whereΔV is the net changes in lake volume; Plake is the precipitation on

the lake; and Elake is the actual evaporation from the lakes within the

drainage areas, assumed to be equal to potential ET and the freezing

of open water bodies from January 3 to April 5 (Kropáček, Maussion,

Chen, Hoerz, & Hochschild, 2013). During the frozen period, the evap-

oration often occurs in the form of sublimation, which can be estimated

using the method proposed by Kojima (1979) with the equation



DING ET AL. 3245
asElake = f (u)(es − ea), where f (u) is a wind function that can be esti-

mated by wind speed u at 2 m height by the equation

0.26(1 + 0.54 ⋅ u) (Jensen, 2010; Penman, 1948) and es − ea (KPa) is

the atmospheric saturation deficit.

In order to evaluate the model performance in simulating

observed discharge, relative bias (BIAS) and the Nash–Sutcliffe effi-

ciency (NSE) coefficient (Nash & Sutcliffe, 1970) were used as the

objective function during the model calibration:

NSE ¼ 1−
∑ HQobs−HQsimð Þ2

∑ HQobs−HQobs

� �2
2
4

3
5; (6)

BIAS ¼ ∑
HQsim−HQobs

HQobs

� �
; (7)

where HQsim and HQobs are the observed and simulated discharges.

3.2.2 | The Theil–Sen and Mann–Kendall trend‐test-
ing approach

To examine the magnitude and significance of potential trends in

the hydrometeorological time series, the Mann–Kendall test

(Kendall, 1975) and Theil–Sen approach (Sen, 1968) were applied.

Mann–Kendall is a nonparametric test, which does not require the
FIGURE 5 Observed and simulated daily streamflow from the four
Boquzangbu). The values of the Nash–Sutcliffe and bias statistics are base
data to be normally distributed and has low sensitivity to abrupt

breaks due to an inhomogeneous time series (Tabari, Marofi, Aeini,

Talaee, & Mohammadi, 2011). It has been widely used in the

spatio‐temporal analyses of hydrometeorological sequences for var-

ious climate regions, where the null hypothesis is that there is no

trend in the observed data (Helsel & Hirsch, 2002). Here, the statis-

tical significance applied α values of 0.05 and 0.1. If the p value is

less than the significance level α, the null hypothesis is rejected,

indicating that there is a trend in the time series. The nonparamet-

ric Theil–Sen slope estimator is used to determine the magnitude of

any potential trend in the data by calculating the median slope

among the set generated between all sample points (Sen, 1968).

One of the advantages of the Theil–Sen estimator is that it is

unaffected by extreme values.
4 | RESULTS AND DISCUSSIONS

4.1 | Model performance

The HBV model is tuned such that the simulated discharge properly

agrees with the observed value with the automatic calibration

approach dynamically dimensioned search (Tolson & Shoemaker,

2007). Figure 5 shows the observed and model simulated daily
subdrainage basins (Zhajiazangbu, Zhagenzangbu, Alizangbu, and
d on the period 2013/5/1–2013/10/30
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streamflow from 2013/5/1 to 2013/10/30 for Zhajiazangbu,

Zhagenzangbu, Alizangbu, and Boquzangbu. In general, simulations

during the calibration period capture the observed evolution and

magnitude reasonably well for all subdrainage basins, with NSE over

0.6 and small bias values around 1%. There were some mismatched

peak flows cases, which could be explained by errors in extreme pre-

cipitation in the forcing data. The modelling results at Zhagenzangbu

(NSE = 0.93, relative bias = −1%) and Alizangbu (NSE = 0.63, relative

bias = −1%) suggest the HBV model coupled with reservoir module

is able to give a reasonable representation of the run‐off generation

over catchments with lakes in the flow routes. This could help to

better reproduce the total inflows to Lake Siling Co. In a recent

study, Sun, Wang, Wang, et al. (2017) suggested that a short period

of streamflow data with a length of at least several months and

observed in rainy season or a wet year are effective for model cali-

bration according to the results for four Chinese basins (two in

humid regions and the other two in dry regions). This is consistent

with our findings that the calibration period May to October 2013

is also within a wet year. However, it is still unclear how the wetness

level of short‐term data and their effectiveness for model calibration

are related.

Glacier mass balance observation at Xiao Dongkemadi Glacier

(33°10′N, 92°08′E, 1.8 km2), which is located 80 km away to the east

of Geladandong Mountains, provides fundamental materials to further

validate the applicability of the degree‐day model for estimating gla-

cier melt run‐off. Figure 6 shows the comparison results between sim-

ulated mass balance changes and the observations for Xiao

Dongkemadi Glacier during 1989–2012. In general, the simulations

agreed well with the observations with a correlation coefficient of

0.88, NSE value of 0.73, and relative bias of −4.8%.

The final model parameters over each subdrainage basin are pre-

sented in Table 1 and consist of three categories: (a) degree‐day

factors (including those for snow and ice) for simulating meltwater

from glacier areas; here, the initial ranges of degree‐day factors are

based on the observational studies conducted by Wu, Kang, Gao,

and Zhang (2010) and Qiao, He, and Ye (2010), where they con-

cluded a linear relationship between snow and ice degree‐day fac-

tors and altitudes, with an average value of 8.5 mm °C−1 day−1

and 9.2 mm °C−1 day−1 for snow and ice, respectively; (b) five com-

monly calibrated HBV parameters (Wallner et al., 2013) for simulat-

ing run‐off from ice‐free areas; and (c) two parameters in the

reservoir model for simulating the outflows from the lakes within

Zhagenzangbu and Alizangbu.
FIGURE 6 Observed and simulated annual mass balance of the Xiao
Dongkemadi Glacier from 1989 to 2012
4.2 | Hydrological characteristics of the four
subdrainage basins

4.2.1 | Estimated ET changes

ET occurs as a result of water availability in response to changes in cli-

mate and land use and its amount could strongly affect the atmo-

sphere and surface–subsurface processes. Figure 7 summarizes the

simulation results of ET during 1981–2012 in annual and seasonal

scales for all subbasins. Basin‐averaged ET over the Siling Co basin

was calculated by the area‐weighted average of ET estimated from

the four subdrainage basins. The four subdrainage basins showed a

generally increasing trend and considerable interannual variabilities

in ET during the 32‐year period. Zhajiazangbu had a higher magnitude

ET than Zhagenzangbu and Alizangbu because of the higher precipita-

tion. In addition, there was high agreement between Zhagenzangbu

and Alizangbu primarily due to their similar climatic and environmental

conditions. The largest ET generated at Boquzangbu was mainly

because it is a dense grassland‐dominated area located close to Lake

Siling Co, with strong solar radiation.

Table 2 gives the change rates of ET in the four subdrainage

basins considering the three different periods. At the annual scale, a

significant increase in ET occurred over the whole basin during the

32‐year period and Boquzangbu was noted to be changed most by

increasing 8.4 mm/year. The ET in the summer months (June–August)

generally increased dramatically for all subdrainage basins due to the

more favourable atmospheric conditions and vegetation growth. The

sum of ET in summer takes around 70% the annual total ET.

Boquzangbu shows the largest differences in the seasonal variation

ranges, followed by Zhajiazangbu. In contrast, Zhagenzangbu and

Alizangbu have smaller seasonal variations and the lowest peak season

ET in summer and autumn.

4.2.2 | Run‐off characteristics of the four
subdrainage basins

Figure 8 shows the monthly distribution of discharge and the mount of

snow and glacier melt run‐off from the four subdarinage basins during

1981–2012. For Zhajiazangbu and Boquzangbu, about 50–80% of

run‐off occurred between the months of June to September, indicating

that monsoon precipitation was the dominant water source in run‐off

generation here. In contrast, the run‐off from Zhagenzangbu and

Alizangbu was reduced by about 80% in the growing season from April

to September, and the detention water was drained out in nongrowing

season betweenOctober andMarch. The retention of streamflow in the

lakes caused the occurrence of the flow peaks in autumn months,

although they had similar precipitation patterns to Zhajiazangbu and

Boquzangbu. Moreover, the impact of melt water on run‐off was not

as considerable as the retention water within the lakes due to the lim-

ited glacier coverage within Zhagenzangbu and Alizangbu.
4.3 | Lake evaporation in Zhagenzangbu and
Alizangbu

The general observed effect of lakes on river discharges was the

attenuation of peaks and delayed timing due to detention and evapo-

ration. The inland basins inTP are prone to high potential evaporation,



TABLE 1 The values of parameters used in the HBV model for the four subdrainage basins (Zhajiazangbu, Zhagenzangbu, Alizangbu, and
Boquzangbu)

Calibrated parameters Physical meaning Zhajiazangbu Zhagenzangbu Alizangbu Boquzangbu

Snow/glacier melting module

DDFice (mm °C−1 day−1) Degree‐day factor of ice 13.5 10.6 / /

DDFsnow (mm °C−1 day−1) Degree‐day factor of snow 8.6 4.8 5.2 9.5

Reservoir module

Klake (1/day) Outflow coefficient of the lake / 0.03 0.01 /

α(−) Storage exponent / 1.3 1.5 /

Hydrologiska Byråns Vattenbalansavdelning model

FC (mm) Field capacity 65.5 30.5 41.8 48.7

HL (mm) Threshold for surface run‐off 7.5 15.6 17.5 24.5

k0 (d) Storage constant for surface run‐off 5.3 19.2 18.6 5.1

k1 (d) Storage constant for interflow 9.5 19.5 5.5 7.6

tt (°C) Threshold temperature −3.3 −5 −4.5 1.2

Kc(−) Crop coefficient 0.84 0.82 0.85 0.88

FIGURE 7 Comparison of the simulated evapotranspiration results for the four subdrainage basins (Zhajiazangbu, Zhagenzangbu, Alizangbu, and
Boquzangbu) during 1981–2012 in annual and seasonal scales, respectively
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and the hydrology is strongly affected by open water evaporation.

Regardless of the lake water leakage, evaporation over the lake sur-

face was considered to be the only way water may be lost from the

lakes in this study.
Figure 9 shows the annual time series of precipitation, simulated

river discharge, and lake evaporation from Zhagenzangbu and

Alizangbu and the linear trends during 1981–2012. There was a sig-

nificant increasing trend in the annual lake evaporation from



TABLE 2 Annual and seasonal change rates of evapotranspiration for the four subdrainage basins (Zhajiazangbu, Zhagenzangbu, Alizangbu, and
Boquzangbu) during the periods of 1981–2012, 1981–1998 and 1999–2012

ET Zhajiazangbu Zhagenzangbu Alizangbu Boquzangbu

Spring 1981–2012 0.81* 1.49* 1.12* 1.36
1981–1998 −1.67* 0.02 −0.42 0.1
1999–2012 −1.17* −0.09 0.07 −1.04

Summer 1981–2012 2.09* 2.74* 2.95* 6.09*

1981–1998 −3.39 −1.85 −2.8 −1.7
1999–2012 −5.85 2.15 3.78 8.72

Autumn 1981–2012 1.41* 1.13** 0.47 1.04
1981–1998 0.49 1.76 −0.3 −1.39
1999–2012 −2.04** −0.55 −1.01 −0.33

Winter 1981–2012 0.17* 0.3* 0.22* 0.06
1981–1998 0.1 0.25 0.03 −0.01
1999–2012 0.33 −0.05 −0.13 0.22

Annual 1981–2012 4.36* 5.56* 4.51* 8.4*

1981–1998 −3.19 −1.37 −1.5 −4.15
1999–2012 −10.86 2.91 0.37 6.86

Note. The numbers in bold mean the largest changing rates given a specific time period among the four subdrainage basins.

The asterisks means the change is statistically significant at an alpha level of 0.05.

FIGURE 8 Simulated seasonal distribution of total run‐off and glacier melt run‐off to Lake Siling Co from the four subdrainage basins
(Zhajiazangbu, Zhagenzangbu, Alizangbu, and Boquzangbu) during 1981–2012. The concurrent precipitation and water (snow and glacier melt)
are also included
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Zhagenzangbu and Alizangbu at a rate of 0.67 mm/year (p < 0.01) and

0.59 mm/year (p < 0.01), respectively. This was accompanied with an

increasing trend in both precipitation and total run‐off in the two

subdrainage basins. The variation of the evaporation from lakes was

fairly close to that of the total run‐off with an increasing rate around

0.7 mm/year (p < 0.01) in Zhagenzangbu. However, the increasing rate

of evaporation on the lake surface in Alizangbu was twice as that of

total run‐off. This suggested that the river discharge generated in

Alizangbu was more affected by the lakes than Zhagenzangbu.
4.4 | Water balance of Lake Siling Co

Several factors could influence the water balance of a closed lake.

Regardless of the influence of permafrost thaw, the water balance

of Lake Siling can be expressed as the difference between precipita-

tion over the lake, run‐off inflows from the drainage area, and evap-

oration on the lake surface, as shown in Equation (1). Figure 10

shows the trends in normalized annual mean temperature, precipita-

tion and potential evaporation from Lake Siling Co, and the total



FIGURE 9 Annual time series of
precipitation, simulated total run‐off, and lake
evaporation in Zhagenzangbu and Alizangbu
during 1981–2012; Rp, Rd, and Re are the
changing rates of precipitation, total run‐off,
and lake evaporation, respectively
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runoff depth from the four subdrainage basins during the period

between 1981 and 2012. The average annual mean temperature,

precipitation, and run‐off inflows increased rapidly at a rate of

0.55°C/decade, 25.4 mm/decade, and 34.1 mm/decade, respectively.

Moreover, the evaporation of Lake Siling Co decreased considerably

at a rate of 36.2 mm/decade. All the four water balance terms did

not vary in a simple linear trend but changed abruptly after 1999.

The growth rates of precipitation and run‐off inflows were much

larger relative to those in 1981–1998, while the only source of

water loss, lake evaporation, accounted for 50% of the total water

input. This led to a general positive net water budget and a rapid

lake expansion in the most recent decade.
4.5 | Effect of lakes, glaciers, and run‐off inflows on
water storage changes of Lake Siling Co

In this study, we demonstrated the effect of catchment inflows, lakes,

and glaciers on the water balance of Lake Siling Co during 1981–1998

and 1999–2012 (Figure 11). It shows that the run‐off inflows signifi-

cantly increased after 1999 at a rate of 106%, 38%, 20.5%, and

70.8% for Zhajiazangbu, Zhagenzangbu, Alizangbu, and Boquzangbu,

respectively. The simulated annual total inflows into Lake Siling Co

were 1.67 Gt during 1981–1998 and 2.85 Gt during 1999–2012.

Among the four rivers, the streamflow from Zhajiazhangbu
contributed the most to the total run‐off inflow to Lake Siling Co

followed by Zhagenzangbu. The effect of the lakes on water balance

of Lake Siling Co became more pronounced after 1999 with the

amount of evaporated water increased by 50%. This is consistent with

a large increase in both precipitation and temperature in the 2000s

(shown as Tables 1 and 2). The glacier melt run‐off accounted around

8% for Zhagenzangbu and 11.5% for Zhajiazangbu during 1981–2012.

This further confirms the arguments that precipitation‐induced run‐off

rather than the glacier meltwater was the main cause for the substan-

tial expansion of Lake Siling Co during the recent decades (Tong et al.,

2016; G. Zhang et al., 2017).

To better understand how Lake Siling Co expanded and deepened

from the early 1980s to 2012, the seasonal run‐off inflows from the

four subdrainage basins were compared (Figure 12). It can be seen

that the run‐off inflows generally increased in four seasons after

1999, especially in the summer and autumn months because of the

significantly increased precipitation and glacier melt run‐off. The

summer run‐off inflows contributed themost to the lake volume increase

of Siling Co, accounting for 39–47% of the total lake volume increase,

followed by autumn run‐off inflows. Among the four subdrainage basins,

the run‐off from Zhajiazangbu in summer and autumn was the dominant

influence on the water storage changes of Lake Siling Co. Furthermore,

the lake volume increases in cold seasons (spring andwinter) weremainly

related to the delayed run‐off from Zhagenzangbu and Alizangbu.



FIGURE 10 Changes in normalized annual
mean temperature, precipitation and
evaporation over Lake Siling Co, and the total
run‐off from four subdrainage basins during
1981–2012

FIGURE 11 Changes in catchment inflow, glacier melt run‐off, and
evaporation from the small lakes in the four subdrainage basins
(Zhajiazangbu, Zhagenzangbu, Alizangbu, and Boquzangbu) during the
periods of (a) 1981–1998 and (b) 1999–2012

FIGURE 12 Seasonal variation of run‐off inflows from each of the
four subdrainage basins (Zhajiazangbu, Zhagenzangbu, Alizangbu, and
Boquzangbu) during (a) 1981–1998 and (b) 1999–2012; the numbers
above the bars are the total seasonal inflow volumes from the four
subdrainage basins
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4.6 | Uncertainties in run‐off estimations

One of the most critical challenges of hydrological modelling in TP is

that the abilities of hydrological models are often constrained by lim-

ited observational stream flow data and the absence of information
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on water cycling processes. Although the HBV model in this study was

validated with some available glacier mass balance data, the limited

streamflow data used to calibrate the model can still significantly

influence the model robustness, thus resulting in uncertainties in the

run‐off simulation. Furthermore, there were no available inflow and

outflow data from the small lakes to validate the reservoir model,

and thus, its parameters were calculated by the observed discharge

data at the outlet of each subdrainage basin. To improve these, more

observational work should be carried out and more data sources, such

as multiple satellite products, should be applied for in‐depth analysis.

The degree‐day model is widely used for ice and snow melting

simulations in which spatial variations of degree‐day factors have

great influences on the accuracy of snow or glacier run‐off computing

(Hock, 2003; Singh, Kumar, & Arora, 2000; Tong et al., 2016). Based

on the field experiments made on the observed glaciers in Western

China by Y. Zhang, Liu, and Ding (2006), the factors of maritime gla-

ciers are higher than those of the subcontinental and extremely conti-

nental glaciers because of the ablation area covered with a thin debris

layer in the maritime glacier; for a single glacier, the degree‐day factors

are subject to significant small‐scale variations. Singh et al. (2000)

investigated the effect of dust on degree‐day factor for both snow

and ice for Dokriani Glacier, Garhwal Himalayas, and found that the

presence of dust increased the degree‐day factor for snow by about

12%, whereas this factor was increased by about 9% for ice. Due to

scarce observations, the Xiaodongkemadi glacier was assumed to be

representative of the average conditions of glaciers within the

Zhajiazangbu and Zhagenzangbu in this study. Furthermore, the spatial

and temporal characteristics of the degree‐day factors, and the effect

of dust have not yet been investigated. As a result, the total run‐off in

a certain year may be overestimated or underestimated.
5 | CONCLUSIONS

In general, the drainage areas of Lake Siling Co have exhibited evident

climate‐hydrological changes over the past three decades as indicated

by increases in summer precipitation, rapid warming in winter, and

progressively greater glacier melting and run‐off inflows in the

2000s. The modified HBV model shows good performance in simulat-

ing the high attitude hydrological processes of four different

subdrainage basins in TP with NSE over 0.6. This study represents

the first time that a simple conceptual model set up for this region

accounted for the entire terrestrial water balance by including glacier

melting and lake retention within basins. The findings of this study will

help us understand the hydrological responses to climate change in

the data scarce mountainous area at the catchment scale.

With respect to the contrasts among the four subdrainage basins,

the tributary in Zhajiazangbu contributed most to the lake storage

change of Siling Co, as it was responsible for about 51–62% of the

total run‐off inflows. The total inflows in spring and winter, accounting

for 19% of the annual inflows, were mainly from Zhagenzangbu and

Alizangbu. The increased precipitation over the lakes within

Zhagenzangbu and Alizangbu was lost as enhanced evaporation

resulting from temperature rises or was percolated into the groundwa-

ter system. On average, the amount of evaporation over these small
lakes was around 2 times greater than the glacier melt run‐off for

1999–2012. This indicates that the small lakes within the drainage

area, which may decrease the expansion process of Lake Siling Co,

should not be overlooked. They are also potentially crucial for

disentangling contributions from precipitation and glacier melt and

are sensitive to both climate and lake water budget.
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