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Abstract: Glaciers are important freshwater storage systems in the Tianshan Mountains.
Under the context of climate change, quantifying changes in glacier mass balance, the
melt-season (June—September) runoff and its key runoff component (glacier runoff) is of
importance for understanding the discharge composition and ensuring adequate management
of water resources. In this study, the modified HBV-D (Hydrologiska Byrans
Vattenbalansavdelning-D) hydrological model was used to simulate hydrological processes for
a data-sparse glacierized watershed, the headwater catchment of Manas River basin (MRB) in
the Tianshan Mountains. Meanwhile, the roles of three modified elements of HBV-D in
simulating glacier dynamics are identified. Sequently the glacier mass balance and runoff
during 1984-2006 are reconstructed and their responses to climate change are investigated.
The analysis showed (1) the snow/glacier melt method makes more contribution to improving
the performance of HBV-D model in simulating historical change of glacier volume, followed
by the glacier dynamic method.(2) The reconstructed mass balance follows a decreased trend
in the MRB. The maximum accumulation of glacier mass balance occurs in June. Snowmelt
over the surface of glacier and glacier melt reach peak in June and August, respectively.
Furthermore, sensitivity experiments showed increased mass balance induced by a 10%
increase in precipitation cannot compensate for the decreased mass balance due to a 1°C
temperature rise. (3)Significant contribution (about 41.5%) of runoff in glacierized area to the
melt-season total runoff of the catchment is identified. Both the glacier runoff and its
contribution to melt-season total runoff show increased trends during the simulation period.
Compared with the melt-season mean temperature and annual precipitation over glaciers, the
melt-season positive accumulated temperature over glaciers played the most important role in
influencing changes in glacier runoff in MRB.The findings in this study are beneficial for
implementing adaptive countermeasures for water resources management in the data-scarce
glaciated high-mountainous region.
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1. Introduction

As the headwater catchment of many rivers in Central Asia, the Tianshan Mountains (TSM)
is recognized as the “water tower of Central Asia”. Nearly 50 million people from Kyrgyzstan,
Kazakhstan, and the Xinjiang Province of China are reliant on water resources derived from the
glacierized watersheds located in the Tianshan Mountains (Pritchard, 2017; Xu et al, 2018; Shi
et al, 2017), which also support the downstream lowland agriculture and industry. The number
of glaciers in the Tianshan Mountains reaches 15953 in the 1970s, which covers an area about
15416 km? (Aizen et al., 2007a). The glaciers termed as a solid reservoir play an important
role in the hydrological processes in the regions (Aizen et al., 1997). However, the signature of
climate warming in the Tianshan Mountains is obvious over the past half-century, when the
warming rate is up to 0.34 <C/10a (Jiang et al, 2013). Furthermore, the warming has
significantly affected glacier/snowmelt characteristics. A number of studies based on remote
sensing observations (Aizen et al., 2007b; Kumar et al., 2019) and mass balance records in
gauges (Sorg et al., 2012) have indicated a general negative glacier mass balance and decrease
in ice volume in the Tianshan Mountains. It is unquestionable that change in climate, glacier
area and volume would influence the local water cycle in the glacierized watersheds in
mountainous regions (Hagg et al., 2007; Yang et al., 2017; Ren et al., 2018; Cui et al., 2018),
further inducing the problem of water security in the lower reaches. Therefore, it is necessary
to investigate changes in runoff and glacier fluctuations in these rivers for formulating
applicable strategy for the management of water resources as the impact of the global
warming process continues.

Reasonably calculating glacier melt processes is the basis for successfully modeling of
glacier/snow-derived runoff. Both energy-balance models and temperature-index method are
widely used to simulate glacier/snow melt in high-elevation mountain areas (Hock, 2005;
Jiang et al., 2010; Zhang et al., 2012; Li et al., 2018). The former is based on solid physical
mechanisms and has high data requirements; it therefore can only be applied in limited regions
with substantial observations. In contrast, the latter has been widely applied in a number of

studies due to its limited data requirements and robust performance. Thus, the

3


https://onlinelibrary.wiley.com/doi/full/10.1002/hyp.11409#hyp11409-bib-0046

temperature-index method has been frequently incorporated into the hydrological models to
calculate runoff in glacierized catchments (Hock, 2005; Huss et al., 2008b; Immerzeel et al.,
2012; Wang et al., 2018) and displayed high agreement between the simulated runoff and
observation in some glacierized catchments ( Hagg et al., 2007; Gao et al., 2012). Furthermore,
the enhanced-temperature-index method including the effect of potential direct solar radiation
and air temperature can provide a better representation of the spatial and temporal variability
of melt ( Hock, 1999; Pellicciotti et al., 2005), in contrast to the degree-day method requiring
only air temperature as input. Besides, these methods have been previously used to evaluate
the glacier mass balance (i.e. Braithwaite and Zhang, 1999; Kumar et al., 2016). Recently, Shi
et al (2016) have reconstructed the mass balance of Xiao Dongkemadi Glacier in the central
Tibetan Plateau using enhanced temperature-index method and they have found the
reconstructed mass balance are in a high agreement with observation.

A number of studies have devoted to hydrological system dynamics in the Tianshan
Mountains (i.e. Sun et al., 2016; Shen et al., 2018). Xu et al (2018) evaluated the changes in
glacier mass balance of several headwater catchments in the Tianshan Mountains by statistical
methods. Some studies have been conducted for the Manas River basin (MRB) as a
representative watershed on the northern Tianshan Mountains. Luo et al (2013) developed an
enhanced SWAT (Soil and Water Assessment Tool) model to simulate the daily streamflow as
well as change in glacier area and explore the relationship between changes in glacier melt and
meteorological factors in the MRB. In addition, the dynamics for annual runoff and snow
cover in the same region have also been investigated (Lin et al., 2011; Jiang et al., 2015 ).
Recently, Wang et al (2019) modified the HBV-D (Hydrologiska Byrans
Vattenbalansavdelning-D) model to simulate the hydrological processes in MRB during
historical period. They found that snow/glacier melt method made more contribution to
improve the fitness of HBV-D model in modeling daily runoff, than the glacier dynamic
method and the spatial discretization. However, we still do not know the effect of three
modified elements of HBV-D (i.e. snow/glacier melt method, the spatial discretization and

glacier dynamic method) for the improved simulation of the glacier volume change in MRB.



In particular, there still is a knowledge gap about how glacier mass balance, melt-season
runoff as well as its key component-glacier runoff changed in response to climate change
during the recent decades in MRB. The glacier runoff in this study refers to the runoff from
the glacierised area. It consists of rainfall runoff, snowmelt runoff and icemelt runoff from the
glacierised area. As a continuous and in-depth research of Wang et al (2019), this article aims
to: (1) reconstruct the time series of the glacier mass balance and runoff based on the modified
HBV-D hydrological model during historical period (1984-2006) in the MRB; (2) investigate
the variation characteristics of the simulated glacier mass balance and runoff; and (3) identify
the relationship between climate change and variations in glacier mass balance, melt-season

runoff as well as glacier runoff.
2. Study Area

The Manas River is located in the southern Junggar Basin, Xinjiang Uygur Autonomous
Region (Xinjiang for short) and originates in the northern slope of the Tianshan Mountains. It
is termed as the fourth biggest irrigation district in China (Zhang et al., 2014), playing an
important role in the agricultural economy in Tianshan Mountains. Meanwhile, it is the largest
artificial oasis area in Xinjiang. The headwater catchment of the Manas River Basin (MRB)
was selected as the study area in this work. The MRB refers specifically to the catchment
bounded by 84<30'~86 30'E longitude and 4344 <N latitude,with a contributing area of 5156
km? upstream of Kensiwate station (Figure 1). Precipitation occurs as snowfall in winter and
its peak usually appears in summer months (Aizen et al., 2007a). According to Ji and Chen
(2012), annual average precipitation in MRB is about 550 mm. The monthly average
temperature is under 0 ‘C in most months, with the exception of the period from May to
September (Wang et al, 2019). Glaciers in MRB mainly occurred in elevation above 3000 m
a.m.s.l, which covers 13% of the basin area. A near-normal distribution curve is exhibited for a
plot of altitude versus glacier area for the MRB (Figure 2). Accelerated glacier retreat in the
MRB has emerged in recent decades (Fan et al., 2015; Narama et al., 2010). A 17% reduction

in glacier area was observed based on remote sensing data during the year 1964-1998, with the



annual reduction rates reaching 0.52%. Moreover, a higher annual reduction rate (0.89%) was

reported for the glacier area in the MRB during the year 1998-2009 (Fan et al., 2015).

3. Material and Methods

3.1 Model input data for the modified HBV-D hydrological model

The model input includes daily precipitation, air temperature and potential solar radiation.
Available observations at 6 meteorological stations (Figure 1), including daily precipitation,
daily mean, minimum and maximum temperature (1981-2006), were collected from the
National Climate Center. Daily potential solar radiation is calculated using the method from Li
et al (2002). The precipitation and temperature data, reconstructed on the basis of
meteorological and satellite observations, are from Wang et al (2019). They estimated the
ability of constructed precipitation and temperature data to capture trend and magnitudes of
observation and found the reconstructed meteorological data can be used for computation of
hydrological processes in MRB. A general description about how to obtain daily precipitation
and air temperature is shown below.

Daily precipitation in the base station and the lapse rate derived from corrected-TRMM
precipitation data are employed to constitute the precipitation data for the MRB simulation.
On account of no meteorological station existing in the MRB, the nearby Wulumugi station is
selected as the base station for the precipitation interpretation in this study. Monthly
precipitation lapse rates at different elevations are generated on the basis of corrected-TRMM
precipitation data from Ji and Chen (2012), who established regression models to link
observed precipitation in meteorological stations with TRMM precipitation, geographic
location (longitude and latitude) and topographic variables and demonstrated that the
corrected-TRMM precipitation data have the ability to capture the spatial variability in
precipitation for the MRB.

Combined Inverse Distance Weighted (IDW) and temperature lapse rate (TLR) method is
employed to generate daily air temperature. All six weather stations shown in figure 1 are used

in the construction of temperature data. The lapse rates of temperature in different months
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used in this study are collected from Ji (2013). He generated these lapse rates based on the

observed temperature data in the meteorological stations around the MRB. The simulated daily

mean temperature (C) on the ith day T, ; ata given interpolation station is decomposed into

two components (equation 1). Please refer to Wang et al (2019) for the detailed illustration for

how to simulate the above two components.

T
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Other data the modified HBV-D model requires include soil type, DEM, land cover,
glacier inventory and observed daily streamflow data (1981-1993) at the Kensiwate station.
The available streamflow time series have gaps in the year of 1991 due to missing data. Soil
texture data are obtained from Harmonized World Soil Database (HWSD). DEM data and
Land cover information are taken from version 4 of SRTM data (the Shuttle Radar
Topography Mission; Jarvis et al, 2008) and Chinese Resources and Environment Database,
respectively. Glacier inventory data set and the daily streamflow data are collected from the
Randolph  Glacier Inventory 3.2 (http://www.glims.org/RGl/randolph32.html; RGI

Consortium, 2013) and the Hydrological Bureau of Manas River, respectively.
3.2 Model description

The distributed hydrological model HBV-D (Krysanova et al., 1999) has been used in a
number of studies to simulate precipitation—runoff processes, snow hydrology and
glacier-hydrology (Menzel et al, 2002; Menzel et al, 2006; Liu et al, 2013). The basic
simulation unit for HBV-D model is the hydrological response unit (HRU), where both
meteorological elements and hydrological characteristics are supposed to be homogeneous. The
key modules for HBV-D model include: snow/glacier melt, evaporation, the simulation of soil
moisture and water yield, and river routing. Please refer to Krysanova et al (1999) for the
detailed illustration for this model. For the sake of application in the alpine glacierized
catchments, Wang et al (2019) modified the spatial discretization method in HBV-D model and
added extensions to account for glacier dynamic and the effect of radiation on melt. The

distinctions between the HBV-D and the modified one mainly include three parts: (1) the
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spatial discretization is realized based on elevation bands in the HBV-D model. While an
alternative discretization on the basis of the elevation bands, aspect and landcover is utilized in
the revised HBV-D model; (2) enhanced temperature-index model (TIM) instead of the
degree-day method employed in the HBV-D model is coupled into the modified HBV-D
model; (3) In the glacier module of revised HBV-D model, glacier-melt would not occur until
the snow storage on the glacier surface is zero. Moreover, glacier area change is simulated be
means of the volume-area scaling relation ( Liu et al., 2003) ,which was ignored in the HBV-D
model.

As an elementary basis for this study, calibration and validation of the modified HBV-D
model in the MRB have been conducted by Wang et al (2019). They concluded that the
modified version showed more satisfactory performance in reproducing daily streamflow
processes and the glacier dynamic variation during the historical period, when compared with
the HBV-D model. The details described in Wang et al. (2019) are not illustrated in this study.
Generally the revised HBV-D model from Wang et al (2019) is applicable to achieve the goal

highlighted in the introduction section of this study.

3.3 Estimation of Mass Balance

The reconstruction of glacier mass balance in the data-scare high-mountainous catchment
is a prerequisite for enhancing our understanding of the glacier response to climate change.
Modelling approach serves as a common tool for reconstructing glacier mass balance. The
prevalent approaches suited for the data-scare high-mountainous catchments include
degree-day method and enhanced temperature-index model (e.g. Huss et al., 2008a;
Pellicciotti et al., 2005; Hock, 2003). In this study, the enhanced temperature-index method
has been coupled into the modified HBV-D model and employed to reconstruct the glacier
mass balance in the MRB. Meanwhile, we ignore evaporation and sublimation in the ablation
calculation for glaciers, owing to their small contributions to the total glaciers mass balance
(Hock, 2003; Radi¢ and Hock, 2006).

The glacier mass balance (MB, mm we.e.) in a hydrological year (October of this



year-September of following year) is estimated by the equation 2:
MB=A-A )
Where A, is solid precipitation over the glaciers of the catchment (mm). A, is summation

of snow melt and glaciermelt from glacier-covered part of the catchment (mm), which is

obtained from the simulations of the modified HBV-D model.
4 Results

4.1 The contribution of three modified modules to the improved simulation of the glacier
volume change

In this section, the simulated glacier volume changes from 4 models (HBV-D model and
three revised versions) and satellite observations (from Chinese glacier inventory data) during
historical period are compared to identify the contribution of individual modified element to
the improved simulation for glacier volume change. Three revised versions shown in Table 1
have been detailed in Wang et al (2019). According to Xing et al (2007), the change in
satellite-observed glacier volume is about 0.29 km® yr''during 1964-2009. The simulations
from HBV-D, HBV-D1,HBV-D2 and HBV-D3 are 0.41, 0.40, 0.35 and 0.31km?’
yr''respectively in our study. Obviously, a significant improvement of 17% in PBIAS between
the simulated values from HBV-D2 and HBV-DI is found, followed by 14% reduction
between the simulated values from HBV-D3 and HBV-D2, while the improvement induced by
the modification of the spatial discretization method is small through the comparison between
simulated values from HBV-D and HBV-DI. These results suggested that snow/glacier melt
method made more contribution to the improved simulation of the glacier volume change
during historical period, followed by the glacier dynamic method.
4.2 The response of glacier mass balance to climate change
4.2.1 Variations in glacier mass balance

The time series of simulated annual basin-wide glacier mass balance is exhibited in
Figure. 3a. The results reveal a large year-to-year variability with values between -0.14 m w.e.

and -0.79 m w.e. According to the previous study, the largest glacier mass balance loss in
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nearby Urumgqi No.1 Glacier occurred in the water years of 1996. This is in accordance with
our result that the largest mass loss during 1984-2006 appears in the year of 1996 for the MRB.
In addition, a decreased trend in the mass balance for the MRB is detected during the
evaluation period (significant at the 99% level), as highlighted by many scientific reports (Liu
and Liu, 2016; Xu et al., 2018) for the mass balance variations of Tianshan glaciers.
Compared with the change rate in glacier mass from other studies, the loss rate in glacier mass
for the MRB (-0.50 m w.e.yr? during the period 1984-2006) is slightly larger than Urumgi
No.1 Glacier in Tianshan Mountains (-0.43 m w.e. yr? during the period 1985-2002; Han et
al., 2006; Liu and Liu, 2016), and lower than the Altai Mountains in the Northern part of Asia
(-0.69 m w.e. yr! during the period 1990-2011; Zhang et al., 2017).

Figure 3b shows seasonal variations for the components of glacier mass balance. It is
found the maximum accumulation (solid precipitation) occurs in May and June. Less
accumulation is detected during the autumn and winter months. Snowmelt over the surface of
glacier is significant between May and August and is maximal in June. In comparison with the
snowmelt, glacier melt is shifted about 2 months and reaches peak in August. A large
interannual variability is generally exhibited for glacier mass balance components, in
particular for the glaciermelt. The examples of glacier melt in extreme years (1996 and 1991)
are also shown in Figure 3b. Glaciermelt in July 1996 was two times higher than that in 1991.
The ratio of glaciermelt in two mentioned extreme years is even above three in August. This is
related to the effect of “snow-cover”. In cold and snow-rich years glacier melt is very limited,
because the entire glacier surface is covered by snow throughout most of the summer months.
While in hot and snow-scarce years, the glacier surface could be completely exposed in July
and August, resulting in a large amount of glaciermelt.

4.2.2 The dependence of mass balance on precipitation and temperature

The glaciers distributed in the MRB belong to continental glaciers; and both air
temperature and precipitation are important factors influencing continental glaciers dynamic.
To show the link between the glacier dynamics and temperature as well as precipitation in the

MRB, the simulated annual glacier mass balance in the study area was plotted against the
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basin-wide annual precipitation and melt-season (June to September) positive accumulated
temperature (PAT) over glaciers (Figure 4). A linear regression analysis suggested that glacier
mass balance is weakly correlated with precipitation (statistically not significant), with a
correlation coefficient only 0.13. Whereas a closed link between PAT over glaciers and the
glacier mass balance is detected, as reflected by a correlation coefficient reaching up to
-0.88(significant at the 99% level). Generally, the variation of glacier mass balance in the
MRB is dominated by the melt-season air temperature. This is similar with the results of
Glacier No. 1 located in the source region of the Urumgi River and other glaciers in the
Chinese Tianshan (Han et al., 2006; Liu and Liu, 2016). However, the result in this paper is
different from those for the maritime glaciers. For instance, the changes in annual mass
balance for maritime glacier in northwest of North America are largely resulted from
anomalies in winter precipitation and weakly correlated with anomalies in summer air
temperature (Bitz and Battisti, 1999).
4.2.3 The sensitivity of mass balance to climate change

In this section, sensitivity experiments are carried out to explore the sensitivity of glacier
mass balance in the MRB to climate change. The indices AB/AT and AB/AP are used to
quantify the sensitivities of simulated glacier mass balance to a 1°C increase of air temperature
and a 10% increment in precipitation, respectively. Here AB denotes changes in glacier mass
balance relative to mean values for the reference period 1984-2006. The results show
AB/AT and AB/AP are about -0.41 m w.eyr!°C?! and + 0.04 m w.eyr! (10%)?
respectively for the MRB. Comparing with previous sensitivity experimental studies, the
average AB/AT in our study is in accordance with the estimated value -0.42 m
w.e.yr! °CY(Radi¢ and Hock, 2011) in the Tianshan Mountains and a global sensitivity
estimation (Oerlemans and Fortuin, 1992). Moreover, the AB/AT for the MRB is slightly
smaller than Greenland (-0.55 m w.e.yrt°C?), the Tibet (-0.54 m w.e.yrt°C?), Alps (-0.78 m
w.e.yrteC?) and Iceland (-1.06 m w.e.yr! °C?) (Radi¢ and Hock, 2011; Braithwaite et al.,
2002). The average AB/AP for the MRB is slightly lower than the estimated value + 0.07 m
w.e.yr! (10%)*(Braithwaite et al., 2002) in the Tianshan Mountains, the Tibet (+ 0.08 m
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w.e.yr? (10%)?) and Kun-Lun (+ 0.05 m w.e.yr? (10%)?) (Radi¢ and Hock, 2011). Besides,
AB/ AT is significantly larger than AB/AP in the study area, indicating increased mass
balance induced by a 10% increment in precipitation cannot compensate for the decreased

mass balance caused by a 1°C temperature rise.
4.3 The influence of climate change on runoff

Unevenly distributed discharge in the MRB is very obvious, with approximately 80%
occurring in the melt-season. In this section we are devoted to the impacts of climate change
on the melt-season runoff and its key component. To identify the contribution of distinct
discharge components, the simulated discharge was separated into glacier runoff (the sum of
distinct runoff components over glacier areas) and nonglacier runoff. Then annual distribution
of runoff components and the ratio of individual component to the total runoff in the MRB are
shown (Figure 5). Obviously, the simulated glacier runoff mainly occurs during the months
June-October, characterized by one peak in August. The ratio of monthly glacier streamflow to
river discharge is above 40% in the months July-September, and the largest monthly
contribution is up to 60% in August. These suggest that the glacier runoff is a key runoff
component for runoff processes in summer and early autumn.

Due to that the glacier runoff is an important contributor to the melt-season total
discharge in the MRB and is highly sensitive to the climate change, it is of necessity to
investigate changes in glacier runoff and its contribution to the melt-season total discharge
under climate change. As can be seen in Figure 6, because of increased air temperature and
precipitation, melt-season total runoff showed a rising trend at 0.72mm a. Besides, the
contribution of glacier runoff to melt-season total runoff ranges from 35% in 1985 to 64% in
1997; and non-significantly increased trends are detected for the glacier runoff and its
contribution. Similar results were detected in other basins in Tianshan Mountains. In the early
studies (Gao et al., 2010; Zhang et al., 2012; Zhao et al., 2015), increasing trends existed for
glacier runoff during 1984-2005 in some highly glacierized catchments (like the Yarkant
River and Kunma Like river in the Tianshan Mountains), where the contribution of glacier

runoff to total runoff is above 50%. In their studies, the glacier runoff is estimated by a
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modified monthly degree-day method or hydrological models.
4.4 The dependence of runoff on temperature and precipitation

Figures 7a-7f show the simulated monthly TR (total runoff) and GR (glacier runoff) from
1984 to 2006 for the MRB in comparison to monthly AT (air temperature), PAT (positive
accumulated temperature) and Pr (precipitation). It is evident that there are strong exponential
relationships of simulated monthly TR (or GR) with monthly AT. While significant linear
relationship with monthly PAT is detected. Besides, PAT is the more sensitive factor to the
simulated TR (or GR) compared to Pr. For instance, monthly GA is positively correlated with
Pr over the glaciers (significant at the 99% level), with a correlation coefficient only 0.58.
While a more closed link between the monthly PAT over glaciers and GA is detected, as
reflected by a correlation coefficient reaching up to 0.95(significant at the 99% level). Based
on the correlation relationships between the simulated melt-season GA (or TA) and three
climate indexes above (Figures 7g-71), it is found the dominant climate factor for melt-season
GA (or TA) is melt-season PAT over glaciers (or over whole basin), followed by melt-season

AT and annual Pr over glaciers (or over whole basin).

5 Discussions

5.1 The advantages of the combined IDW and lapse rates method

In this study, the utilized historical mean air temperature series from Wang et al (2019)
was reconstructed by means of the combined IDW and lapse rates method. They found the
simulated results are generally satisfactory, considering the limited data points and the
spatio-temporal difference of mountainous temperature. In order to further demonstrate the
advantages of the combined method in comparison with the lapse rates method regarded as a
commonly used method for temperature interpolation in the data-spare region, we evaluate and
compare the performance of the above two methods in simulating daily mean temperature. The
lapse rates of temperature in different months used in this study are collected from Ji (2013).
The skill scores of the analysis by means of cross validation (Zengin, 2014) in several typical

stations are shown in Table 2 and Figures 8a-8c. The combined method is generally superior to
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the lapse rates method in reconstructing the historical daily mean temperature series during
most months, as reflected by higher Nash Sutcliffe efficiency (NSE; Nash,1970) and lower
mean absolute error (AME) shown for the combined method. Especially, the combined method
significantly improved accuracy of evaluation for daily mean temperature in winter and summer.
As shown in Figure 8c displaying simulated and observed daily average temperature during
1985-1987 at Kensiwate station, it is evident daily average air temperature was underestimated
in summer and overestimated in winter by the lapse rates method, while a close alignment of the
curves based on the observation and simulations by the combined method is identified.

In all, some preliminary results on the reliability of the combined method for interpreting
daily mean temperature in data-spare mountainous region are obtained in the present work and
Wang et al (2019). Further research as for exploring universality of the combined method
through comparing the temperature interpretation error of two methods mentioned above at

more data-scarce basins is needed in the future.

5.2 The effect of different precipitation datasets on the accuracy of hydrological processes

modelling

Precipitation is regarded as one of the important climatic variables in the simulation of
discharge. In this study, one precipitation dataset was constructed based on gauged
measurements as well as TRMM remote sensing production (termed as GT data) and used for
discharge modeling in the MRB where the available gauging data are limited. In order to
further demonstrate the advantages of the constructed GT precipitation data in this study in
comparison with APHRODITE data (Yatagai and Kawamoto, 2008) regarded as a commonly
used precipitation data in the data-spare regions, we tried to evaluate and compare the
simulated hydrological processes based on above two precipitation datasets. When
hydrological processes were modeled based on APHRODITE precipitation data, the automatic
optimization method “SCE-UA” (Duan et al., 1992) was utilized to calibrate parameters of
the modified HBV-D model. The streamflow records of Kensiwate hydrological station over

the period of 1981-1993 were split into three periods: 1981-1983 for warm-up, 1984-1988 for
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calibration and 1989-1993 for validation. It was found the goodness of fit for daily streamflow
simulations based on two precipitation datasets was almost identical in term of the Nash -
Sutcliffe efficiency(NSE) during 1984-1993, with NSE reaching 0.80 and 0.81 in the case of
the simulations based on APHRODITE and GT precipitation data, respectively. As shown in
Figure 8d, the simulated monthly runoff based on GT data showed better agreement with the
observations(percent bias=4.1%). Whereas the simulated monthly runoff based on
APHRODITE data presented significant underestimations (percent bias =-13.9%) during
1984-1993. In particular the streamflow underestimation was prominent in July and August. In
addition, there was a 117.97 km? decline in the glacier area derived from satellite data in the
MRB during the period 1998-2009, when the corresponding glacier area change ratio was
-0.89%/a (Fan et al., 2015). The simulated annual change ratios in glacier area based on GT
and APHRODITE data were -0.77%/a and -0.65%/a during 1998-2006, respectively.
Generally, the constructed GT data in this study can be regarded as a better choice for

hydrological processes modelling in the MRB.
5.3 How do the input uncertainties impact simulations of this study

In this part, sensitivity tests are conducted to investigate how do the precipitation and air
temperature uncertainties impact the simulation of melt-season total runoff, glacier runoff and
glacier mass balance in the MRB. As shown in Figure 9, the simulated values are very
sensitive to uncertainty in air temperature. When a 1°C increase of the air temperature is
conducted, MTR (melt-season total runoff), GMA(glacier mass balance) and GA (glacier
runoff) will be overestimated by 10%, 56% and 31%. The simulated GMA and GR are less
sensitive to uncertainty in precipitation. A 10% increase or decrease of the input precipitation
could induce a 2% and 7% underestimation or overestimation in GR and GMB, respectively.
Among the above three hydrological indices, MTR is the one with highest sensitivity to
uncertainty in precipitation. If the input precipitation is 10% higher or lower than the

precipitation in reference period, MSR will be overestimated or underestimated by 10%.

6 Conclusions
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The study aimed to identify variation characteristics for glacier mass balance as well as
runoff components during 1984-2006 and their dependence on climate indexes in the MRB
featured by a glaciated high-mountainous catchment. A hydrological modeling framework
based on the modified HBV-D model was applied. The response of glacier mass balance and
runoff components to climate change is estimated on the basis of model simulations. The main
findings are shown as follows:

(1) In term of percent bias between the simulated glacier volume change from HBV-D
and the modified ones, snow/glacier melt method made more contribution to advance the
ability of HBV-D model to compute historical glacier volume change, followed by the glacier
dynamic method.

(2) The reconstructed mass balance shows a decreased trend during 1984-2006 in the
MRB. Changes in mass balance induced by a 10% increase in precipitation and a 1C
temperature rise are + 0.04 m w.e.yr! (10%)? and -0.41 m w.e.yr? ‘C1, respectively. These
indicate that mass balance in the MRB was more sensitive to temperature change than to
precipitation change. Besides, the sensitivity of mass balance to temperature change in the
study region is smaller than those of Greenland, the Tibet, Alps and Iceland.

(3) The runoff in glacierized area accounts for 41.5% of the melt-season total discharge
in the MRB. The melt-season PAT over the glaciers exerts more influence on the change in
glacier runoff than melt-season AT. In addition, general increase trends are detected for the
glacier runoff and its contribution to melt-season total runoff. This finding suggests increased
glacier runoff is having a growing influence on melt-season water resources in the study area.
However, glacier retreat would cause a reduction in glacier runoff in the longer term,
potentially affecting the availability of regional water resource. Hence further research as for
assessing future hydrological change including glacier mass loss and glacier runoff change is
needed in the future.
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Tables

Table 1 Three versions of the modified HBV-D model (Wang et al., 2019)

HBV-D1 HBV-D2 HBV-D3

1.Modification in the spatial

. L J v v
discretization
2.Modification in the
. v v
snow/glacier melt method
3.considering the glacier J

dynamic

Note: “ v ”denotes the modified element included in the hydrological model
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Table 2 The performance evaluations for the temperature lapse rate method (TLR) and the
combined method in three typical stations during the period 1984-2006

Note: MAE is mean absolute error, NSE is the Nash Sutcliffe efficiency

Wulan Hutubi Wulumugi
MAE(C) NSE MAE(C) NSE MAE (C) NSE

Month TLR Combined TLR Combined TLR Combined TLR Combined TLR Combined TLR Combined
Jan 2.15 1.97 0.72 0.77 2.15 2.25 0.74 0.75 2.37 1.94 0.61 0.73
Feb 241 2.07 0.77 0.84 241 2.58 0.77 0.78 217 1.85 0.73 0.81
Mar 161 1.21 0.9 0.95 1.61 1.34 0.91 0.95 1.39 1.21 0.9 0.92
Apr 1.08 0.9 0.93 0.95 1.08 0.71 0.92 0.97 1.52 1.16 0.86 0.91
May 1.12 0.93 0.89 0.92 1.12 0.72 0.89 0.96 1.64 1.19 0.79 0.88
Jun 1.16 0.96 0.84 0.9 1.16 0.84 0.85 0.93 1.49 1.07 0.76 0.86
Jul 1.09 1.01 0.79 0.81 1.09 0.75 0.79 0.9 1.6 1.21 0.62 0.75
Aug 105 1.14 0.83 0.81 1.05 0.81 0.84 0.91 1.72 1.34 0.62 0.76
Sep 1.02 11 0.9 0.88 1.02 0.8 0.9 0.94 1.53 1.4 0.78 0.82
Oct 1.07 0.95 0.91 0.93 1.07 0.7 0.91 0.96 1.6 1.41 0.81 0.85
Nov  1.56 1.37 0.85 0.89 1.56 1.16 0.88 0.94 1.61 1.26 0.85 0.9
Dec 1.95 1.8 0.86 0.88 1.95 1.94 0.87 0.89 2.35 2.2 0.71 0.74
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Figure 3 (a) Variations of annual and cumulative glacier mass balances for the MRB during
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years of 1991 (cold and wet summer) and 1996 (hot, dry) is also included. MB denotes glacier
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area) and (b) the ratio of individual component to the river discharge for the MRB
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Figure 6 Simulated melt-season (a) runoff, glacier runoff, as well as glacier runoff contribution
and (b) precipitation, air temperature and PAT in the MRB during 1984—-2006. Straight lines
are fitted for each variable. Dotted line indicates that the trend is significant. PAT denotes
positive accumulated temperature.
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Figure 7 Relationships between total/glacier runoff (TR/GR) in different time scales (monthly and melt-season) and three climate index (PAT,
AT and Pr). PAT represents positive accumulated temperature. AT is air temperature. Pr denotes precipitation. In each figure r represents
correlation coefficient. The value of P is used to identify the statistical significance. R? represents coefficient of determination.
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daily mean temperature at Kensiwate station during the years of 1985-1987(a-c) and comparing
the simulated monthly runoff based on two precipitation datasets (APHRODITE and GT) and

Figure 8 Evaluating the performance of two temperature interpolation methods in simulating

observed monthly runoff during 1984-1993(d). Note: TLR stands for the temperature lapse rate
method; Combined represents the combined IDW and lapse rates method. MAE is mean
absolute error; NSE is the Nash Sutcliffe efficiency. Qogs represents observed runoff; QapH and
Qg denote simulated runoff based on APHRODITE and GT precipitation data, respectively
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Figure 9 Influences of changing in precipitation and air temperature on modeling melt-season
runoff (MSR), glacier mass balance (CMB) and glacier runoff (GR). Here “pr” and * tem” is
precipitation and air temperature, respectively.

36



