
AI translation ・View original & related papers at
chinarxiv.org/items/chinaxiv-202205.00017

Glacier mass balance and its impacts on stream-
flow in a typical inland river basin in the Tianshan
Mountains, northwestern China (postprint)
Authors: PENG Jiajia, Li Zhongqin, XU Liping, MA Yuqing, LI Hongliang,
ZHAO Weibo, FAN Shuang

Date: 2022-05-09T18:44:20+00:00

Abstract
Abstract: Glaciers are known as natural‘’solid reservoirs’’, and they play a dual
role between the composition of water resources and the river runoff regulation
in arid and semi-arid areas of China. In this study, we used in situ observation
data from Urumqi Glacier No. 1, Xinjiang Uygur Autonomous Region, in combi-
nation with meteorological data from stations and a digital elevation model, to
develop a distributed degree-day model for glaciers in the Urumqi River Basin to
simulate glacier mass balance processes and quantify their effect on streamflow
during 1980–2020. The results indicate that the mass loss and the equilibrium
line altitude (ELA) of glaciers in the last 41 years had an increasing trend, with
the average mass balance and ELA being −0.85 ($±0.32)𝑚𝑤.𝑒./𝑎(𝑚𝑒𝑡𝑒𝑟𝑤𝑎𝑡𝑒𝑟−
𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡𝑝𝑒𝑟𝑦𝑒𝑎𝑟)𝑎𝑛𝑑4188𝑚𝑎.𝑠.𝑙., 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒𝑙𝑦.𝑇 ℎ𝑒𝑔𝑙𝑎𝑐𝑖𝑒𝑟𝑚𝑎𝑠𝑠𝑙𝑜𝑠𝑠ℎ𝑎𝑠𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑑𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑡𝑙𝑦𝑑𝑢𝑟𝑖𝑛𝑔1999–2020, 𝑚𝑜𝑠𝑡𝑙𝑦𝑑𝑢𝑒𝑡𝑜𝑡ℎ𝑒𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑖𝑛𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑎𝑛𝑑𝑡ℎ𝑒𝑒𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛𝑜𝑓𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛𝑠𝑒𝑎𝑠𝑜𝑛.𝐷𝑢𝑟𝑖𝑛𝑔1980–2011, 𝑡ℎ𝑒𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑎𝑛𝑛𝑢𝑎𝑙𝑔𝑙𝑎𝑐𝑖𝑒𝑟𝑚𝑒𝑙𝑡𝑤𝑎𝑡𝑒𝑟𝑟𝑢𝑛𝑜𝑓𝑓𝑖𝑛𝑡ℎ𝑒𝑈𝑟𝑢𝑚𝑞𝑖𝑅𝑖𝑣𝑒𝑟𝐵𝑎𝑠𝑖𝑛𝑤𝑎𝑠0.48×$108
m3, accounting for 18.56% of the total streamflow. We found that the annual
streamflow in different catchments in the Urumqi River Basin had a strong
response to the changes in glacier mass balance, especially from July to August,
and the glacier meltwater runoff increased significantly. In summary, it is quite
possible that the results of this research can provide a reference for the study of
glacier water resources in glacier-recharged basins in arid and semi-arid areas.
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Abstract
Glaciers are known as natural “solid reservoirs”and play a dual role in water
resource composition and river runoff regulation in arid and semi-arid regions
of China. In this study, we used in situ observation data from Urumqi Glacier
No. 1 in Xinjiang Uygur Autonomous Region, combined with meteorological
station data and a digital elevation model, to develop a distributed degree-day
model for glaciers in the Urumqi River Basin. This model simulated glacier
mass balance processes and quantified their effects on streamflow during 1980–
2020. The results indicate that mass loss and the equilibrium line altitude
(ELA) of glaciers showed increasing trends over the past 41 years, with
average mass balance and ELA being −0.85 ($±0.32)𝑚𝑤.𝑒./𝑎(𝑚𝑒𝑡𝑒𝑟𝑤𝑎𝑡𝑒𝑟 −
𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡𝑝𝑒𝑟𝑦𝑒𝑎𝑟)𝑎𝑛𝑑4188𝑚𝑎.𝑠.𝑙., 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒𝑙𝑦.𝐺𝑙𝑎𝑐𝑖𝑒𝑟𝑚𝑎𝑠𝑠𝑙𝑜𝑠𝑠𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑑𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑡𝑙𝑦𝑑𝑢𝑟𝑖𝑛𝑔1999–2020, 𝑝𝑟𝑖𝑚𝑎𝑟𝑖𝑙𝑦𝑑𝑢𝑒𝑡𝑜𝑟𝑖𝑠𝑖𝑛𝑔𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑠𝑎𝑛𝑑𝑒𝑥𝑡𝑒𝑛𝑑𝑒𝑑𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛𝑠𝑒𝑎𝑠𝑜𝑛𝑠.𝐷𝑢𝑟𝑖𝑛𝑔1980–2011, 𝑡ℎ𝑒𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑎𝑛𝑛𝑢𝑎𝑙𝑔𝑙𝑎𝑐𝑖𝑒𝑟𝑚𝑒𝑙𝑡𝑤𝑎𝑡𝑒𝑟𝑟𝑢𝑛𝑜𝑓𝑓𝑖𝑛𝑡ℎ𝑒𝑈𝑟𝑢𝑚𝑞𝑖𝑅𝑖𝑣𝑒𝑟𝐵𝑎𝑠𝑖𝑛𝑤𝑎𝑠0.48×10^{8}$
m3, accounting for 18.56% of total streamflow. We found that annual stream-
flow in different catchments of the Urumqi River Basin responded strongly
to changes in glacier mass balance, particularly from July to August, with
glacier meltwater runoff increasing significantly. In summary, these research
results can provide a valuable reference for studying glacier water resources in
glacier-recharged basins in arid and semi-arid regions.

Keywords: glacier mass balance; glacier meltwater runoff; glacier modelling;
Urumqi River Basin; Tianshan Mountains
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1 Introduction
Mountain glaciers, often called the “world’s water tower,”are vital water re-
sources for maintaining ecological environments and ensuring residential wa-
ter availability \cite{Li_{2018}, Deng_{2019}, Immerzeel_{2019}}. The to-
tal glacier area in China is approximately 5.18$×10^{4}$ km2, accounting for
7.10% of the world’s mountain glacier area \cite{Xing_{2018}}. With climate
warming, these glaciers are retreating at an accelerated rate \cite{Huai_{2014},
Huai_{2018}, Xu_{2020}, Bhattacharya_{2021}}. Glaciers are mainly dis-
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tributed in arid and semi-arid areas of northwestern China, where their meltwa-
ter accounts for 25%–29% of surface runoff. They play a pivotal role in water
resource composition and are decisively significant to ecosystems in these arid
regions. If warming continues, glacier meltwater will further increase surface
runoff in mountains \cite{Li_{2018}, Cai_{2021}}. Most studies have shown
that compared with changes in glacier area and length, glacier surface mass
balance serves as a more crucial bridge linking climate change with glacier dy-
namics and hydrology, becoming a significant “indicator”of climate change
\cite{Bolch_{2012}}. Therefore, under the background of climate change, re-
searching inter-annual and annual variations in glacier mass balance is of great
significance for understanding changing water resource patterns, maintaining
sustainable agricultural development and ecosystem stability, and informing
water resource management and disaster prevention in arid and semi-arid north-
western China \cite{Li_{2018}}.

Among several methods for quantifying glacier mass balance, traditional
glaciological methods (stakes or snow pit measurements) can achieve higher
accuracy \cite{Bentley_{2012}}. However, such fieldwork is extremely
difficult due to high altitudes and harsh weather conditions in mountain-
ous regions. Recently, geodetic technology using remote sensing datasets
has largely replaced glaciological methods \cite{Brun_{2017}, Xu_{2017},
Bhattacharya_{2021}, Li_{2021}, Wang_{2021}}. Nevertheless, geodetic
technology cannot estimate annual or inter-annual changes in glacier mass
balance because it is constrained by uncertainties in sensor and satellite data
\cite{Anant_{2018}}. Modelling, as another technical approach for evaluating
glacier mass balance, has evolved from degree-day models to complex energy
balance models. While energy balance models can describe physical processes
on glacier surfaces in detail, they are limited by observations and have
difficulty calculating related energy fluxes because vertical profile data for
cloud cover, wind speed, humidity, and temperature are not readily available.
In contrast, the degree-day model is based on the empirical relationship
between snow or ice melting and positive accumulated temperature near the
surface \cite{Hock_{2003}}, with temperature data being widely available and
easy to interpolate. Therefore, degree-day models have been widely used to
reconstruct glacier mass balance \cite{Braithwaite_{2000}, Slangen_{2016},
Johannesson_{2017}, Zhu_{2020}, Geck_{2021}, Zhang_{2021}}, and their
simulation accuracy is usually better than that of energy balance models at the
basin scale \cite{Hock_{2003}}.

The Urumqi River Basin is located in arid and semi-arid areas of northwestern
China and serves as the major water source for Urumqi City, the capital of Xin-
jiang Uygur Autonomous Region. The basin is a typical glacier-replenishment-
type basin \cite{Liu_{2019}}. Glacier meltwater is important for agricultural
construction and economic development in Urumqi City and is crucial for main-
taining the fragile ecological balance and socioeconomic sustainable development
of the region. Due to global warming, glaciers in the Urumqi River Basin are
generally in a state of retreat \cite{Huai_{2018}}. However, previous glacier
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research in the basin mainly focused on glacier area changes or mass balance
variations of Urumqi Glacier No. 1 (UG1) in the headwaters \cite{Xu_{2017},
Huai_{2018}, Li_{2021}}. Therefore, studying glacier mass balance at the
whole basin scale is urgently needed. For these reasons, this study, based on
mass balance data from UG1 and meteorological and hydrological data, estab-
lished a distributed degree-day model with 1-day temporal resolution and 30-m
spatial resolution to reconstruct glacier mass balance and ELA in the Urumqi
River Basin during 1980–2020. Additionally, we evaluated the contributions of
glacier meltwater runoff to streamflow in typical glacier-recharged basins and
discussed the relationships among glaciers, climate, and streamflow. Our study
can provide scientific guidance and decision-making support for government re-
sponses to glacier change and its impacts.

2 Study Area
The Urumqi River Basin (43°00�–44°07�N, 86°45�–87°56�E) is situated on the
northern slope of the Tianshan Mountains in China, covering an area of 4684
km2. The basin originates from the Tanger II peak and extends northward
through Urumqi City, with a total length of 214 km before disappearing in
the northwestern Gurbantunggut Desert \cite{Saydi_{2019}}. The area above
the Yingxiongqiao hydrological station in the upper reaches, which provides
vital water resources for Urumqi City, was selected as the research area with a
drainage area of 1088 km2 (Fig. 1). The glacier area in the river basin is 33.29
km2, accounting for approximately 3.06% of the total drainage area. Glaciers are
distributed between 3400 and 4500 m a.s.l., with more than 80% concentrated
between 3700 and 4200 m a.s.l. (Fig. 1c). Under the influence of climate
warming, glaciers are melting rapidly, resulting in increased glacier meltwater
runoff in the upper reaches of the Urumqi River Basin \cite{Huai_{2018}}.

UG1 (43°06�N, 86°49�E) is located in the source region of the Urumqi River
Basin (Fig. 1b) and is a north-facing valley glacier. Due to glacier melting,
UG1 separated into eastern and western branches in 1993, with an area of
1.558 km2 in 2015. UG1 has been monitored since 1959 and serves as one of
the reference glaciers of the World Glacier Monitoring Service (WGMS) and a
reference glacier in Central Asia.

The Urumqi River Basin is situated in the hinterland of the Eurasian continent
and has a typical temperate continental climate influenced by the westerlies. As
shown in Figure 2, temperature and precipitation at the Daxigou weather station
showed increasing trends. The average annual temperature and precipitation
during 1980–2020 were –4.7°C and 493 mm, respectively. Generally, 77% of
precipitation occurred from May to August. In winter, temperature is controlled
by the Siberian anticyclonic circulation, resulting in low temperatures and less
precipitation \cite{Li_{2007}}.
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3 Data and Methods
3.1 Meteorological and Area Data

To run the model, we obtained daily temperature and precipitation data from
the Daxigou weather station in the Urumqi River Basin from 1979 to 2020
(Fig. 1; Table 1). The weather station is situated in the river source region
and belongs to the China Meteorological Administration (http://data.cma.cn).
Additionally, we used data from an automatic weather station (AWS) located at
3835 m a.s.l. in the basin source, which has 30-minute scale observation records
of temperature and precipitation.

Considering that variations in glacier area affect mass balance calculations on
long time scales during 1980–2020, we divided the glacier boundary used in the
degree-day model into two periods: the glacier boundary during 1980–2000 was
extracted from a Landsat TM image from 1991, and the boundary during 2001–
2020 was taken from a Landsat TM image from 2010 (http://www.usgs.gov/).
To reduce the influence of clouds and snow on glacier boundary extraction,
we selected satellite images under cloud-free conditions. The digital elevation
model (DEM) used ASTER GDEM2.0 data with 30-m spatial resolution from
the Geospatial Data Cloud (http://www.gscloud.cn/), primarily used to obtain
altitude information of the glaciers.

3.2 Mass Balance Data

In the study region, only one glacier has surface mass balance obtained through
field observations, located at the source of the Urumqi River (Fig. 1). UG1 is
the longest-observed glacier in China and is crucial for understanding glacier
melting mechanisms, hydrological cycles, and climate change in the Urumqi
River Basin. Mass balance data were obtained from WGMS and annual reports
of the Tianshan Glaciological Station, Chinese Academy of Sciences. To ensure
data continuity, we used monthly mass balance data of UG1 from 2001 to 2014
and annual mass balance data from 1980 to 2018 to calibrate and validate the
model, as mass balance data from 1966 to 1979 were reconstructed by previous
models.

3.3 Runoff Data

The catchment areas controlled by the Yingxiongqiao, Houxia, Zongkong, and
UG1 hydrological stations are 1088.00, 400.00, 28.66, and 3.46 km2, respectively
(Fig. 1; Table 1). To investigate the basic relationship between glaciers and
runoff, we selected annual and monthly runoff data from these four hydrological
stations. The dataset was obtained from the China Hydrological Yearbook and
the Tianshan Glaciological Station, Chinese Academy of Sciences.

Table 1 Meteorological and hydrological stations in this study
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Station Latitude Longitude
Elevation
(m)

Observed period (yy-mm-dd–
yy-mm-dd)

Meteorological
sta-
tion
Daxigou 43°06�N 86°50�E 3539 1979-01-01–2020-12-31
AWS 43°07�N 86°48�E 3835 2018-06-01–2019-09-30
Hydrological
sta-
tion
Yingxiongqiao43°22�N 87°12�E 1920 1980-01-01–2011-12-31
Houxia 43°12�N 87°07�E 2160 1980-01-01–2011-12-31
Zongkong 43°07�N 86°52�E 3400 1980-01-01–2011-12-31
UG1 43°06�N 86°49�E 3693 1980-01-01–2011-12-31

Note: AWS, automatic weather station; UG1, Urumqi Glacier No. 1.

4 Model Description and Validation
4.1 Model Description

A spatially distributed degree-day model \cite{Hock_{2003}} and accumula-
tion model were used to calculate glacier mass balance in the Urumqi River
Basin. The main components include glacier melting, snow melting, snow ac-
cumulation, and refreezing. We used daily air temperature and precipitation
from the Daxigou weather station, combined with temperature lapse rates and
precipitation gradients, to drive the model. We defined a mass balance year
from 1 September in one calendar year to 31 August in the following year
\cite{Wu_{2011}}. The formula is as follows:

𝐵 = ∫
𝑡2

𝑡1

(𝑓 ⋅ 𝑀𝑠𝑛𝑜𝑤/𝑖𝑐𝑒 + 𝐴𝑠)𝑑𝑡

where 𝐵 (m w.e.) is glacier mass balance; 𝑓 is the refreezing ratio; 𝑀𝑠𝑛𝑜𝑤/𝑖𝑐𝑒 (m
w.e.) is the ablation amount of snow or ice; 𝐴𝑠 (m w.e.) is snow accumulation;
and 𝑑𝑡 is the simulation period.

𝑀𝑠𝑛𝑜𝑤/𝑖𝑐𝑒 is calculated by a degree-day model based on the empirical
relationship between ice or snow melting amount and air temperature
\cite{Braithwaite_{2000}, Hock_{2003}}:

𝑀𝑠𝑛𝑜𝑤/𝑖𝑐𝑒 = {𝐷𝐷𝐹𝑠𝑛𝑜𝑤/𝑖𝑐𝑒 ⋅ (𝑇 − 𝑇𝑡) if 𝑇 > 𝑇𝑡
0 if 𝑇 ≤ 𝑇𝑡
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where 𝐷𝐷𝐹 (mm/(d・°C)) is the degree-day factor. Because ice and snow sur-
faces have different albedos regarding solar radiation, this factor differs for ice
and snow \cite{Zhang_{2017}, Tsai_{2018}}. 𝑇 (°C) is the extrapolated daily
average temperature at each elevation on the glacier surface, and 𝑇𝑡 (°C) is the
threshold temperature for ice and snow melting. If 𝑇 > 𝑇𝑡 and snow on the
glacier surface is completely melted, the remaining temperature is used to melt
ice.

𝐴𝑠 is modeled from precipitation data using a dual-threshold temperature model
to distinguish between rain and snow. Based on temperature during precipita-
tion, the process can be divided into three possibilities: rainfall, snowfall, and
sleet \cite{Berghuijs_{2014}, Hantel_{2015}}. When 𝑇 is higher than 𝑇𝑟 (crit-
ical temperature of rain), it is rainfall; when 𝑇 is between 𝑇𝑠 (critical tempera-
ture of snow) and 𝑇𝑟, it is sleet, and within this range, the percentage of snow
and rain of total precipitation is obtained by linear interpolation; and when 𝑇
is lower than 𝑇𝑠, it is snowfall. This study did not consider snow redistribution
caused by wind or avalanches. 𝐴𝑠 is calculated by:

snow/icest[(1)],tBfMAd����snow/icettsnow/icet(DDF„0,)TTTTMTT�������

where 𝑃 (mm) is precipitation; and 𝑇𝑟 and 𝑇𝑠 (°C) are the critical temperatures
for rain and snow conversion, respectively.

Glacier meltwater runoff (𝑅, m3) is described as \cite{Yang_{1981}}:

𝑅 = ∫
𝑡2

𝑡1

(𝐵 + 𝑃) ⋅ 𝐴𝑑𝑡

where 𝐴 (km2) is glacier area.

4.2 Model Parameters and Calibration

Our modeling method requires air temperature lapse rates (TLR), altitude pre-
cipitation gradients (APG), DDF values for snow and ice, 𝑇𝑟, and 𝑇𝑠. However,
since glaciers in the Urumqi River Basin are mainly located at high elevations
with limited measured meteorological and glacier data, determining these pa-
rameters is challenging and may substantially affect model performance.

In glacier mass balance simulation, temperature and precipitation are the prin-
cipal input parameters controlling snow/rainfall distribution, which affect snow
cover and glacier melting \cite{Shea_{2015}}. Studies have shown that temper-
ature and precipitation in the Urumqi River Basin vary greatly with elevation
across different months \cite{Li_{2019}}. Therefore, temporal variability of
TLR and APG should be considered in glacier mass balance estimation. We
calculated monthly average TLR and APG based on data from meteorological
stations at different elevations in the basin (Fig. 1) and used these values to
extrapolate temperature and precipitation from the Daxigou weather station to
all glaciers. Details of TLR and APG were provided by Li et al. (2019).
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We used a degree-day model to calculate snow and ice melting on glacier sur-
faces based on the empirical relationship between melting amount and tem-
perature \cite{Braithwaite_{2000}, Hock_{2003}}. In the calculation process,
if snow exists on the glacier surface, melting is calculated as a function of
𝐷𝐷𝐹𝑠𝑛𝑜𝑤. When snow is depleted, ice melting is calculated as a function of
𝐷𝐷𝐹𝑖𝑐𝑒. Some studies deduced DDF values for ice and snow based on field
mass balance data from UG1. Generally, 𝐷𝐷𝐹𝑖𝑐𝑒 varies from 5.6 to 8.9 mm/(d・
°C), and 𝐷𝐷𝐹𝑠𝑛𝑜𝑤 varies from 2.7 to 3.1 mm/(d・°C) \cite{Liu_{1998}, Huin-
tjes_{2010}, Wu_{2011}}. On this basis, since glacier mass loss is mainly con-
centrated in summer (May–August), we calibrated parameters using measured
summer mass balance data of UG1 from 2001 to 2014, finding that 𝐷𝐷𝐹𝑖𝑐𝑒 and
𝐷𝐷𝐹𝑠𝑛𝑜𝑤 values were 7.3 and 2.9 mm/(d・°C), respectively.

In glacier accumulation areas, the melting process is complex. Because the
accumulation area surface comprises grainy snow and new snow, grainy snow
changes and merges during ablation, and meltwater penetrates the grainy snow
layer. Part of the grainy snow refreezes to form “internal recharge,”while the
remainder is lost as ice runoff. Previous studies found that meltwater refreezing
of UG1 accounts for only 1.0% \cite{Wang_{2020}}. UG1 is located in the
source area of the Urumqi River Basin, and its local climate and surrounding
topography are well represented in the basin. Moreover, glaciers in the Urumqi
River Basin are“summer accumulation”continental glaciers \cite{Shi_{2000}}
with high ice temperatures in summer, and less meltwater forms “internal sup-
ply”through refreezing. Therefore, meltwater refreezing in the whole basin
could be ignored. Research on threshold temperatures for ice and snow melt-
ing and rain/snow division is extremely limited in the Tianshan Mountains of
China. Consequently, we adopted the most commonly used values: 𝑇𝑡 = 0°𝐶,
𝑇𝑟 = 2°𝐶, and 𝑇𝑠 = 0°𝐶 \cite{Hock_{2003}, Huintjes_{2010}, Zhang_{2017},
Azam_{2020}}. All parameter values are shown in Table 2.

Table 2 Selected values of parameters used in the glacier mass balance model
and the range of parameters used to estimate errors

Model
parameter

Value used in
model

Range used for error
estimation

Error value (m
w.e./a)

Air
temperature
lapse rate
(TLR)
(°C/m)

Mean monthly
TLR

- -

Altitude pre-
cipitation
gradient
(APG)
(mm/m)

Mean monthly
APG

- -
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Model
parameter

Value used in
model

Range used for error
estimation

Error value (m
w.e./a)

DDF for ice
(mm/(d・
°C))

7.3 6.3–8.3 $±$0.21

DDF for
snow
(mm/(d・
°C))

2.9 2.4–3.4 $±0.08||𝑇 ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑓𝑜𝑟𝑠𝑛𝑜𝑤/𝑖𝑐𝑒𝑚𝑒𝑙𝑡𝑖𝑛𝑔(T_t$)
(°C)

Note: - means no value. DDF, degree-day factor.

4.3 Model Validation

Due to scarce meteorological and glacier mass balance observation data in the
Urumqi River Basin, verifying our model’s accuracy is challenging. The vali-
dation process is crucial for model performance in truly simulating glacier mass
balance. Therefore, we validated our modeling method based on available mea-
sured datasets. First, to ensure accuracy of TLR and APG inputs, we used data
generated from the Daxigou weather station combined with monthly TLR and
APG to compare and verify observations from the AWS in the glacier area (Fig.
1). Then, we simulated the annual mass balance of UG1 using our model and
compared it with measured values (1980–2018) to evaluate the model’s ability
to reproduce annual mass balance changes.

Additionally, the determination coefficient (𝑅2) and root mean square error
(RMSE) were used to calibrate and verify model performance. 𝑅2 values indicate
the model’s ability to simulate glacier mass balance changes, while RMSE
manifests the model’s ability to calculate glacier mass balance magnitude.

4.4 Model Performance

We first evaluated forcing data generated using monthly TLR and APG from the
Daxigou weather station against AWS observations. The AWS measurements of
air temperature during 2018–2019 were reproduced well (Fig. 3). Daily average
temperature changes simulated by the model closely matched observed data
from the AWS (𝑅2 = 0.98; RMSE = 2.43°C) (Fig. 3a). Precipitation was also
well simulated, with good agreement between simulated monthly precipitation
and observed data during 2018–2019 (𝑅2 = 0.99; RMSE = 5.10 mm) (Fig. 3b).
Therefore, temperature and precipitation generated by this method are in good
accordance with observations and can be used as model parameters.

As shown in Figures 4–5, our method performs well during calibration and
validation. Simulated and observed mass balance values of UG1 during the
calibration period from 2001 to 2014 are shown in Figure 4a, indicating that
selected parameters provide good simulation results for monthly mass balance
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changes. Overall, simulated monthly mass balance values correlated significantly
with measured values (𝑅2 = 0.78; 𝑛 = 52; 𝑃 < 0.01; RMSE = 0.10 m w.e.).
From the perspective of different months (Fig. 5), simulated mass balance values
from May to August agreed well with measured values, with 𝑅2 values exceeding
0.50. The June mass balance simulation showed the highest correlation with
measured values (𝑅2 = 0.75; 𝑛 = 13; 𝑃 < 0.01), while remaining months
showed relatively lower correlations, possibly resulting from differences in ice
and snow DDF values across months. Figure 4b shows simulated and observed
annual mass balance values of UG1 during the validation period. Analyses reveal
that simulated annual mass balance values agree well with observed values and
show significant positive correlation (𝑅2 = 0.64; 𝑛 = 39; 𝑃 < 0.01; RMSE
= 0.22 m w.e.). The simulated annual average mass balance is –0.46 m w.e./a,
slightly higher than the observed value (–0.49 m w.e./a). Based on these results,
our model can reproduce observations well and explain mass balance changes,
giving us confidence in using it to estimate mass balance of other glaciers in the
Urumqi River Basin.

4.5 Error Evaluation

To enhance understanding of long-term regional glacier changes, we used the
modeling method to calculate glacier mass balance in the Urumqi River Basin.
Most modeling involves calibration procedures where parameters are adjusted
to maximize agreement between simulated and observed values, representing
a compromise between methodological requirements and database availability.
With only one glacier in the basin having field-observed data, the model uses
data from a single glacier for parameter correction, which may limit reliability
and representativeness of glacier mass balance for the entire basin, introducing
some uncertainty.

Model error sources mainly depend on selected parameters. To quantify un-
certainty in annual mass balance caused by parameters, we reran the model
by changing parameters one at a time while keeping others unchanged. Since
seasonal changes in TLR and APG were considered and their accuracy veri-
fied, their uncertainty was not included. Because a double-threshold temper-
ature model was adopted for rain/snow separation, uncertainty in separation
thresholds (𝑇𝑟 and 𝑇𝑠) was ignored. When the reasonable parameter range
is unknown, the variation range for the ice and snow melting threshold (𝑇𝑡)
should be set to $±$1°C, a common method for estimating parameter uncer-
tainty \cite{Tong_{2016}, Azam_{2019}}. The parameter range used is shown
in Table 2. Results show that 𝐷𝐷𝐹𝑖𝑐𝑒 has the most significant effect on glacier
mass balance in the Urumqi River Basin (Table 2), playing a vital role in sim-
ulation. In this study, error transitivity was used to sum all parameter uncer-
tainties, estimating glacier mass balance uncertainty. Through comprehensive
evaluation, uncertainty in annual glacier mass balance for the whole region is
$±$0.32 m w.e./a.

chinarxiv.org/items/chinaxiv-202205.00017 Machine Translation

https://chinarxiv.org/items/chinaxiv-202205.00017


5 Results
5.1 Glacier Mass Balance Since 1980

Glacier mass balance is a direct and reliable index reflecting glacier
state. Using a distributed degree-day model, we simulated glacier mass
balance in the Urumqi River Basin during 1980–2020. Figure 6 de-
scribes simulated glacier mass balance values. Results showed that
multi-year cumulative mass balance during the study period was –34.68
($±13.12)𝑚𝑤.𝑒., 𝑤𝑖𝑡ℎ𝑎𝑛𝑎𝑛𝑛𝑢𝑎𝑙𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑚𝑎𝑠𝑠𝑏𝑎𝑙𝑎𝑛𝑐𝑒𝑜𝑓–0.85(±0.32)𝑚𝑤.𝑒./𝑎.𝐶𝑜𝑚𝑝𝑎𝑟𝑒𝑑𝑤𝑖𝑡ℎ𝑔𝑙𝑎𝑐𝑖𝑒𝑟𝑚𝑎𝑠𝑠𝑏𝑎𝑙𝑎𝑛𝑐𝑒𝑖𝑛𝑡ℎ𝑒𝑇 𝑖𝑎𝑛𝑠ℎ𝑎𝑛𝑀𝑜𝑢𝑛𝑡𝑎𝑖𝑛𝑠, 𝑚𝑎𝑠𝑠𝑙𝑜𝑠𝑠𝑖𝑛𝑡ℎ𝑒𝑈𝑟𝑢𝑚𝑞𝑖𝑅𝑖𝑣𝑒𝑟𝐵𝑎𝑠𝑖𝑛𝑤𝑎𝑠𝑎𝑏𝑜𝑢𝑡𝑡𝑤𝑖𝑐𝑒𝑡ℎ𝑎𝑡𝑜𝑓𝑡ℎ𝑒𝑇 𝑖𝑎𝑛𝑠ℎ𝑎𝑛𝑀𝑜𝑢𝑛𝑡𝑎𝑖𝑛𝑠(–0.40(±0.09)𝑚𝑤.𝑒.)[?], 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑖𝑛𝑔𝑚𝑜𝑟𝑒𝑟𝑒𝑚𝑎𝑟𝑘𝑎𝑏𝑙𝑒𝑚𝑎𝑠𝑠𝑙𝑜𝑠𝑠.𝑇 ℎ𝑒𝑠𝑒𝑟𝑒𝑠𝑢𝑙𝑡𝑠𝑚𝑎𝑦𝑏𝑒𝑐𝑎𝑢𝑠𝑒𝑑𝑏𝑦𝑙𝑜𝑤𝑒𝑟𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛𝑜𝑓𝑔𝑙𝑎𝑐𝑖𝑒𝑟𝑠𝑖𝑛𝑡ℎ𝑒𝑈𝑟𝑢𝑚𝑞𝑖𝑅𝑖𝑣𝑒𝑟𝐵𝑎𝑠𝑖𝑛𝑐𝑜𝑚𝑝𝑎𝑟𝑒𝑑𝑤𝑖𝑡ℎ𝑡ℎ𝑒𝑇 𝑖𝑎𝑛𝑠ℎ𝑎𝑛𝑀𝑜𝑢𝑛𝑡𝑎𝑖𝑛𝑠, 𝑎𝑛𝑑𝑎𝑠𝑙𝑖𝑔ℎ𝑡𝑙𝑦ℎ𝑖𝑔ℎ𝑒𝑟𝑔𝑙𝑎𝑐𝑖𝑒𝑟𝑚𝑒𝑙𝑡𝑖𝑛𝑔𝑟𝑎𝑡𝑒(0.79P
< 0.01), 𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑧𝑒𝑑𝑏𝑦𝑜𝑏𝑣𝑖𝑜𝑢𝑠𝑖𝑛𝑡𝑒𝑟−𝑎𝑛𝑛𝑢𝑎𝑙𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛, 𝑤𝑖𝑡ℎ𝑎𝑚𝑎𝑥𝑖𝑚𝑢𝑚𝑜𝑓–0.16(±0.32)𝑚𝑤.𝑒.(1993)𝑎𝑛𝑑𝑎𝑚𝑖𝑛𝑖𝑚𝑢𝑚𝑜𝑓–1.56(±$0.32)
m w.e. (2015). According to the nonparametric Mann–Kendall test, the melting
process showed an accelerated trend and shifted to more negative equilibrium
since 1998.

Therefore, we divided glacier mass balance changes into two stages according to
the abrupt change point (Fig. 6). In the first stage (1980–1998), annual mass
balance ranged from –1.18 to –0.16 m w.e., with an average annual value of –0.62
($±0.32)𝑚𝑤.𝑒./𝑎, 𝑠ℎ𝑜𝑤𝑖𝑛𝑔𝑛𝑜𝑡𝑒𝑤𝑜𝑟𝑡ℎ𝑦𝑓𝑙𝑢𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐𝑠.𝐼𝑛𝑡ℎ𝑒𝑠𝑒𝑐𝑜𝑛𝑑𝑠𝑡𝑎𝑔𝑒(1999–2020), 𝑎𝑛𝑛𝑢𝑎𝑙𝑚𝑎𝑠𝑠𝑏𝑎𝑙𝑎𝑛𝑐𝑒𝑟𝑎𝑛𝑔𝑒𝑑𝑓𝑟𝑜𝑚–1.56𝑡𝑜–0.42𝑚𝑤.𝑒., 𝑤𝑖𝑡ℎ𝑎𝑛𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑎𝑛𝑛𝑢𝑎𝑙𝑣𝑎𝑙𝑢𝑒𝑜𝑓–1.04(±$0.32)
m w.e./a. Compared with the first stage, glacier mass loss in the second stage
was more intense, with volume loss about 1.7 times that of the first stage. This
accelerated mass loss was also confirmed by observable glacier UG1 in the
study area \cite{Huai_{2020}}.

To further analyze intra-annual variation, we reconstructed seasonal glacier mass
balance variations (Fig. 6). Inter-annual variation in summer mass balance de-
creased, showing a prominent downward trend (𝑃 < 0.01) during 1980–2020.
Over 41 years, summer mass balance was negative (–0.96 m w.e./a), with inter-
annual fluctuation highly consistent with annual mass balance (𝑅2 = 0.98,
𝑃 < 0.01). The average summer mass balance in the second stage (–1.15 m
w.e./a) was nearly 1.6 times that of the first stage (–0.74 m w.e./a), indicating
significantly increased mass balance loss rates after 1998. This phenomenon was
mainly due to climate warming and precipitation occurring mainly from May to
August, accounting for about 77% of annual precipitation in the Urumqi River
Basin (Fig. 7). Therefore, as temperature increases, the proportion of precip-
itation also increases, and decreased new snow reduces glacier surface albedo,
leading to greater melting \cite{Fujita_{2008}, Jia_{2020}}. By comparison,
over 41 years, inter-annual variation in winter mass balance was small (0.11 m
w.e./a), with a slightly downward overall trend. The average winter mass bal-
ance in the first stage (0.12 m w.e./a) was slightly higher than in the second
stage (0.10 m w.e./a), showing no significant periodic change.

From monthly glacier mass balance changes (Figs. 7–8), the accumulation pe-
riod (September–May of the following year) was long in the study area but not
remarkable (0.14 m w.e.). Compared with other months, the most obvious accu-
mulation occurred in May due to increased precipitation. However, the ablation
period (June–August) was short but serious (–0.96 m w.e.). Glaciers began en-
tering the loss state in early June, showing a gradually increasing ablation trend.
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Ablation was most intense in July, influenced by temperature. During this pe-
riod, overall temperature rise on glaciers changed greatly, leading to striking
differences in monthly mass balance. Generally, annual mass balance changes
showed “weak accumulation and strong ablation”characteristics.

Glacier mass balance changes have notable vertical zonal characteristics due
to significant differences in hydrothermal combinations across elevation zones
\cite{Wang_{2016}}. To explore elevation profile characteristics, we deter-
mined the spatial average of mass balance at 100-m height intervals (Fig. 9a).
Over 41 years, the maximum negative balance (–2.85 m w.e.) of annual aver-
age mass balance appeared at the glacier terminus (3400–3500 m a.s.l.). When
elevation increased to 4100–4200 m a.s.l., it turned positive, with maximum
positive balance (0.47 m w.e.) at 4400–4500 m a.s.l. Glacier advance or retreat
is directly determined by ELA changes. Compared with other parameters (such
as area or length), ELA change most directly reflects climate change. Therefore,
based on annual mass balance of each elevation zone, we calculated ELA of
glaciers in the Urumqi River Basin. During 1980–2020, ELA showed an upward
fluctuating trend (Fig. 9b), with an average value of 4188 m a.s.l. The highest
elevation (4378 m a.s.l.) appeared in 2015, and the lowest (3969 m a.s.l.) in
1993, indicating 2015 and 1993 were the most intense and weakest melting years,
respectively, consistent with annual mass balance estimates. Similar to height
changes in simulated mass balance, ELA of UG1 also showed a fluctuating up-
ward trend overall \cite{Huai_{2020}}.

5.2 Climate Change, Mass Balance and ELA

Over the past 41 years (1980–2020), glaciers in the Urumqi River Basin experi-
enced serious mass loss (Fig. 6), especially in the last 20 years. These findings
align with Huai et al. (2018), who analyzed accelerated glacier retreat over the
past 50 years using topographic maps, Landsat series images, SPOT5 images,
Google Earth, and meteorological data. As shown in Figure 2, basin air tempera-
ture had a significant upward trend during 1980–2020, with a rate of 0.43°C/10a.
In particular, annual mean temperature during 1999–2020 increased by 1.00°C
compared with 1980–1998. Meanwhile, annual precipitation showed a slight in-
creasing trend, with precipitation during 1999–2020 increasing by nearly 75.48
mm compared with 1980–1998 (Fig. 2). Temperature variation was significant,
but precipitation change was less obvious, which may have greatly impacted
glacier accumulation.

For glacier mass balance, snow/ice melting is highly correlated with surface
air temperature, commonly exhibited as cumulative positive temperature, while
accumulation is mainly based on solid precipitation \cite{Braithwaite_{1995},
Hock_{2003}}. Compared with annual average temperature and total precip-
itation, cumulative positive temperature and solid precipitation in the mass
balance can more clearly reveal the reciprocity between glacier mass balance
and local climate change. Therefore, we analyzed changing trends of cumula-
tive positive temperature and solid precipitation during 1980–2020. Cumulative
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positive temperature shows a significant upward trend (𝑃 < 0.01), especially
from 1999 to 2020 (Fig. 10a). Solid precipitation had a slight increasing trend
without obvious periodic fluctuation (Fig. 10b).

We further analyzed impacts of positive accumulated temperature changes on
glacier mass balance and ELA. The number of cumulative positive temperature
days (CPTD) in the second stage (1999–2020) increased more prominently than
in the first stage (1980–1998), and multi-year daily average temperature in the
second stage was notably higher (Fig. 11). Under climate warming, CPTD in
the second stage increased at 0.32 d/a, directly prolonging the ablation period
and increasing glacier mass loss. Cumulative positive temperature in the Urumqi
River Basin was highly synchronous with inter-annual changes in glacier annual
mass balance and ELA, with 𝑅2 values of 0.83 (𝑃 < 0.01) and 0.65 (𝑃 < 0.01),
respectively. This shows that glacier changes in the Urumqi River Basin have
been mainly controlled by temperature in recent years.

5.3 Influence of Glacier Meltwater Runoff Change on Streamflow

In arid and semi-arid western China, mountain glaciers are a vital component of
surface water resources. Glacier meltwater runoff provides valuable freshwater
resources and river runoff \cite{Jansson_{2003}}. In recent decades, almost
all glaciers in the Urumqi River Basin have experienced considerable retreat
\cite{Huai_{2018}}, with accelerated mass loss in recent years (Fig. 5). With
regional population growth and rapid economic development, local water re-
source demand will continue increasing \cite{Org_{2015}, Pritchard_{2017}}.
Therefore, accelerated glacier melting will definitively impact regional water
resource utilization. To explore glacier ablation impacts on streamflow, this
study used the method proposed by Yang (1981) to estimate glacier meltwater
contributions to streamflow in different catchments.

Regarding seasonal distribution (Fig. 12), glacier meltwater runoff and stream-
flow in different catchments were both concentrated in summer, especially July
and August, significantly synchronized with glacier mass balance changes (𝑅2 =
0.98, 𝑃 < 0.01). Seasonal variation showed a single-peak distribution, with high
summer temperatures dominating glacier melting and summer rainfall account-
ing for about 77% of annual precipitation. In contrast, winter (September–April
of the following year) had low temperatures and less glacier melting. Figure 13a
illustrates annual streamflow, glacier meltwater runoff, and their contributions
in the Urumqi River Basin during 1980–2011. The average annual streamflow
was 2.59$×10^{8}$ m3, with glacier meltwater runoff of 0.48$×10^{8}$ m3, ac-
counting for approximately 18.56% of streamflow (Table 3). Notably, in years
with relatively lower streamflow (e.g., 1986 and 2001), glacier meltwater runoff
accounted for a higher percentage. Therefore, although glacier coverage in the
Urumqi River Basin is relatively small, glacier meltwater runoff still constitutes
a considerable proportion of streamflow, indicating it is a crucial water resource
in this arid and semi-arid region with extremely limited water supplies.
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To further explore contributions of different glacier cover areas to runoff, we
constructed a linear regression model between glacier area proportion and glacier
meltwater runoff proportion in different basin sections (Fig. 13b). Qualitatively,
there is a clearly positive correlation between glacier meltwater runoff proportion
and glacier area proportion (𝑅2 = 0.98; 𝑃 < 0.01), indicating that larger glacier
area proportions correspond to larger meltwater runoff proportions. However,
the actual proportion of glacier meltwater in basin streamflow is not simply
affected by glacier area proportion but also by many factors such as temperature,
precipitation, evaporation, and base flow. Therefore, in arid and semi-arid areas,
specific proportions of glacier meltwater runoff in different regions or basins
require further calculation.

Table 3 Areas of glacier and catchment, average annual streamflow, and glacier
meltwater runoff in the Urumqi River Basin

Catchment
Glacier area
(km2)

Catchment
area (km2)

Streamflow
($×10^{4}$
m3)

Glacier meltwater
runoff ($×10^{4}$
m3)

Yingxiongqiao33.29 1088.00 25,868.75 4,800.00
Houxia 16.54 400.00 13,992.27 2,384.00
Zongkong2.89 28.66 1,002.34 416.00
UG1 1.56 3.46 121.03 225.00

Note: UG1, Urumqi Glacier No. 1.

6 Conclusions
In this study, a distributed degree-day model with 1-day temporal resolution and
30-m spatial resolution was established by combining meteorological and remote
sensing data. Based on this model, we reconstructed and analyzed glacier mass
balance changes in the Urumqi River Basin during 1980–2020, discussing factors
affecting glacier mass balance and the glacier-runoff relationship. Model results
were well verified against UG1, confirming the model’s ability to estimate glacier
mass balance in the basin.

Results show that glacier mass loss and ELA in the Urumqi River Basin in-
creased during 1980–2020. During the simulation period, average annual mass
balance was –0.85 ($±$0.32) m w.e./a, slightly higher than average glacier mass
loss in the Tianshan Mountains, with average ELA at 4188 m a.s.l. Especially
in recent decades, glacier mass loss increased significantly, with average annual
mass balance during 1999–2020 being almost 1.7 times that during 1980–1998
due to increased accumulated positive temperature and extended ablation sea-
sons. Annual glacier mass balance changes showed most obvious accumulation
in May due to increased precipitation and most intense ablation in July due to
temperature influence, presenting overall “weak accumulation and strong ab-
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lation”characteristics. Throughout the study period, streamflow changes were
heavily synchronized with glacier mass balance changes.

This study analyzed glacier mass balance changes in a typical glacier-recharged
basin in arid and semi-arid areas and estimated glacier meltwater runoff con-
tributions to streamflow. The results provide a basis for better understanding
glacier-climate relationships and their impacts on streamflow.
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