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Abstract Under current global warming, most glaciers on the Tibetan Plateau have shown significant mass
loss during 2000-2019. However, the average glacier mass balance in the western Kunlun Mountains (WKM)
was positive during this period. The causes of these opposing average status and the temporal glacier mass
changes over the last several decades in the WKM continue to be the subject of active debate. The long-term
mass balance of the Guliya Ice Cap (Guliya) in the WKM during 1970-2019 was reconstructed using an energy
and mass balance model and calibrated ERAS data, which was calibrated and validated by in situ measurements
and geodetic mass balances. Guliya showed a positive mean mass balance during 2000-2019 because annual
snowfall was larger than low ablation-season meltwater caused by low air temperature (7). At interannual
scales, annual mass balances were equally controlled by ablation-season precipitation and T, during 1970-2019.
From 1970s-1990s to 1990s—2010s, most Tibetan glaciers showed decreased mass balance due to increased
ablation season T,, while the WKM glaciers experienced increased mass balance due to increased ablation-
season precipitation related to changes in the Silk Road Pattern. However, during 2000-2019, the annual mass
balance of Guliya followed a decreasing trend due to increasing ablation-season T,,. The positive mass balance
of the WKM glaciers will cease under future warming due to annual snowfall decreasing below ablation-season
meltwater. These changes will threaten lives and livelihoods in the Tarim Basin, whilst also jeopardizing ice
core-derived climate histories from the WKM glaciers.

1. Introduction

Glaciers in the Karakorum, eastern Pamir, and the western Kunlun Mountains (WKM) showed slightly positive
mean mass balance and anomalous stability from 2000 to the 2010s, while most Tibetan glaciers underwent
significant mass loss and widespread shrinkage (Brun et al., 2017; Shean et al., 2020; Yao et al., 2012; Ye
et al., 2017; Zhou et al., 2018; Zhu et al., 2018b, Zhu, Yang, et al., 2021). These regional differences are known
as the Karakoram Anomaly (Farinotti et al., 2020; Hewitt, 2005). Corresponding to this contrasting spatial pattern
of glacier mass balance, long-term trends in ice flow velocities of most Tibetan Plateau (TP) glaciers showed a
sustained slowdown, while glaciers of the Karakoram and WKM experienced slightly accelerated glacier flow
during 2000-2017 (Dehecq et al., 2019). Another distinguishing characteristic of the Karakoram Anomaly is that
frequent glacier surges occurred in the Karakorum and WKM over the last two decades, while glacier surging was
largely absent for most regions of the TP (Farinotti et al., 2020). Evidence related to the Karakoram Anomaly is
increasing with the greater availability of in situ measurements and satellite data.

Considering the importance of glaciers for regional water supplies and the cultural and religious value attributed
to glaciers (Farinotti et al., 2020), several causes have been proposed to explain the anomalous behavior in the
Karakorum, eastern Pamir, and the WKM. First, the Karakoram Anomaly could be associated with changes in
climate forcing, which cause increased snowfall accumulation and/or reduced melting of snow and ice. Examples
of this include the slowdown in warming since 2000 in the northwestern TP (Y. Wang et al., 2018), summertime
cooling during 1979-2010 in the northwestern TP (Forsythe et al., 2017), and an increase in summer and/or winter
snowfall and precipitation in the Karakorum, eastern Pamir, and the WKM (de Kok et al., 2020; Hewitt, 2005;
Zhu et al., 2018b). Second, the Karakoram Anomaly could be related to changes in atmospheric circulation and
land use, such as changes in Karakoram Vortex (Forsythe et al., 2017), mid-latitude climate (Zhu et al., 2018b),
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and evapotranspiration from irrigation agriculture (de Kok et al., 2020). These variables can cause changes in the
climatic factors described above. Third, the anomaly may be linked to these special glaciers and their regional
climate and environmental conditions, such as winter precipitation in the Karakoram (Kapnick et al., 2014), the
different area and thickness of glacier surficial debris cover (Scherler et al., 2011), regional differences in glacier
mass balance sensitivity to climate change (de Kok et al., 2020; Sakai & Fujita, 2017; R. Wang et al., 2019; Zhu
et al., 2018a), or regional differences in glacier distribution with altitude (Hewitt, 2005; Zhu et al., 2018b) and
climatic conditions (Zhu et al., 2018a). Although these explanations have been proposed, understanding the full
causes of the Karakoram Anomaly is far from complete due to differences in regional climate and the lack of
direct glacio-meteorological observations that support model calibration and validation (Farinotti et al., 2020).
This lack of data limits the potential for quantitative analysis to identify the climatic conditions that could lead
to glacier growth.

Changes in climate variables can be used to explain the variability of glacier mass balance (Yang et al., 2016; Zhu
et al., 2020, Zhu, Thompson, et al., 2021). For example, increased ablation-season precipitation has led to slight
mass gains for the Muztag Ata No.15 Glacier in eastern Pamir over the last several decades (Zhu et al., 2018b).
Some studies have shown that the Karakoram Anomaly in some regions of the Karakoram, eastern Pamir, and
the WKM also occurred from the 1970s to 1999 (Y. Wang et al., 2018; Zhou et al., 2018) and may have begun
in the 1940s (H. Zhao et al., 2021). These findings imply that the Karakoram Anomaly could be defined as the
different mean or overall conditions of glacier mass changes for several decades between the WKM/eastern
Pamir-Karakoram and most other regions of the TP and surrounding areas. As an important region with anom-
alous glacier behavior, glaciers in the WKM are excellent natural archives of paleo-climatic information (Pang
et al., 2020; Thompson et al., 2018; Yao et al., 1997) and provide critical water resources for rivers in the Tarim
Basin (Immerzeel et al., 2019). Comparing mean conditions during 2000-2010s for glaciers in the WKM with
published values from representative glaciers in other regions of the TP can increase our understanding of the
anomalous glacier average status in the WKM.

In addition to the average mass balance status over those periods, the temporal variability of glacier mass
balance is also important to understand the relationship between climate drivers and glacier mass changes (Yang
et al.,, 2016; Zhu, Thompson, et al., 2021). Quantifying this temporal variability can help us to explore the
influence of glacier change on both water supplies and glacier-related hazards (Immerzeel et al., 2019; Yao
et al., 2019) and predict future glacier evolution (Farinotti et al., 2020). However, recent information about the
temporal variability of glacier mass balance over the last several decades in the WKM appears contradictory.
For example, de Kok et al. (2020) found that the modeled glacier mass balance showed a decreasing trend for
the WKM and Karakoram during 1980-2010, while remote sensing data showed that the average glacier mass
balance over the WKM was slightly higher during 2000-2010s than during 1970s-2000 (Cao et al., 2020; G.
Zhang et al., 2020). In addition, G. Zhang et al. (2020) indicated that region-wide glacier mass balance increased
in the western part of the WKM but decreased in the eastern part, from 1970s-2000 to 2000-2018. Uncertainties
in satellite data, different research regions, and the extent and timing of glacial surging can lead to differences in
glacier mass balance measurements (Cao et al., 2020; G. Zhang et al., 2020).

To date, few studies have quantitatively investigated glacier mass change in the WKM and the response to climatic
drivers due to the lack of in situ measurements of meteorological data and glacier mass balance. Glacier mass
balance models and calibrated ERAS5 data have been used to reconstruct long-term mass balance in the Himala-
yas (Azam & Srivastava, 2020; Sunako et al., 2019). Guliya is a typical WKM glacier (Figure 1; Li et al., 2019;
Guo et al., 2015), with a slightly positive average mass balance from 2000 to the 2010s (Kutuzov et al., 2018;
Lin et al., 2017). There is no evidence of surging during the period between 1970 and 2018 for Guliya (Cao
et al., 2020), although one glacier, north of Guliya, surged (with no previous surging history) during July and
early November 2015 (Muhammad & Tian, 2020). A glacier with no surging in the study period is better to under-
stand the influence of climate on glacier mass change. Systematic glaciological and meteorological observations
on Guliya from October 2015 to September 2019 are used to calibrate the ERAS data. These data are used to
drive the energy and mass balance (EMB) model that reconstructs the long-term mass balance of Guliya from
1970 to 2019. The aims of this study are: (a) to document the climate conditions driving the anomalous glacier
mass balance from 2000 to the 2010s in the WKM, (b) to quantify the changes in mass balance from 1970 to
2019, and (c) to relate major drivers and thus establish the relationships between mass changes and atmospheric
circulation in the WKM.
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Figure 1. (a) Locations of Guliya (pink star) in the western Kunlun Mountains (WKM). The white triangles indicate the
location of four other glaciers on the Tibetan Plateau. Black dots are the meteorological stations around the WKM and the
two green dots mark the locations of the air temperature probes on Naimona'nyi and Aru No.14 glaciers. The purple and red
dashed polygons indicate the northern Qiangtang Plateau and Kangri Karpo Mountains, respectively. (b) Locations of the
Keriya Hydrological Station (black diamond), Guliya (pink star), Aksayqin, Nangdag, and Gozha Lakes (yellow shading), and
the Keriya River basin (black line) are shown. Glaciers are marked by white colors. (c) Topographic map of the Guliya Ice
Cap (80 m contours), showing the distribution of stakes (blue dots) installed in October 2018, the sites of AWS1 and AWS2
(red circles), and the sites of plateau ice core (PC, purple square) and summit ice core (SC, purple square) drilled on Guliya in
October 2015.

2. Study Area, Data and Methods
2.1. Study Area

Guliya (81.4616°E and 35.2615°N) is a continental glacier (Shi & Liu, 2000) located on the southern slopes of the
WKM (Figure 1a). This glacier provides meltwater to Gozha Co, which then flows into Lake Aksayqin. Guliya is
also adjacent to the upper reaches of the Keriya River (Figure 1b). Under current climate conditions, the glacier
is located within and near the southern boundary of the westerlies-dominated regime (Thompson et al., 2018; Yao
et al., 2013). Guliya has an area of 111.4 km? and the elevation ranges from 5,487 to 6,650 m a.s.l. according to
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the second Chinese glacier inventory (Guo et al., 2015). Most of the glacier surface is flat with an average slope
of <3-5°. The slope increases toward the summit and the east, where the outlet glaciers are located.

2.2. Data

Two automatic weather stations (AWS1 and AWS2) were installed on and near the southern edge of the ice cap
in 2015 (Figure 1c). AWS2 was set up on the glacier surface at an elevation of 6,004 m a.s.l. and records the
meteorological variables every half hour. These variables include wind direction (WD), wind speed (WS), air
pressure (Press), air temperature (T,), relative humidity (RH), incoming and reflected solar radiation (S;, and S),

incoming and outgoing longwave radiation (L,, and L_,), and distance from the sensor to glacier surface. AWS1

out

was set up on a small hill (5,491 m a.s.l.), approximately 1.6 km from the glacier terminus (Figure 1c). Half-
hourly values of WD, WS, Press, T, RH, §;

in’

and precipitation (P,) were recorded. The sensors in the two AWSs
and their specifications are provided in Table 1 of Li et al. (2019). The mass balance for Guliya was measured
using the glaciological method (Cuffey & Paterson, 2010). Seven stakes were inserted into the glacier ice between
5,685 and 6,004 m a.s.l. in September 2015. The number of ablation stakes then progressively increased after
September 2015 (Figure 1). Surface measurements were made at each stake at the beginning of October each
year. These measurements included the stake reading and corresponding snow pit observations, such as snow
depth and density measurements for each snow layer (Zhu, Yang, et al., 2021). We then derived the annual point
mass balance at each stake. Point mass balance at the middle altitude at each individual interval was calculated
by the interpolation and extrapolation of the point mass balance at the stakes. Using the area-averaged method
described in Section 2.2.1 of Zhu, Yang, et al. (2021), the measured annual glacier-wide mass balance was calcu-
lated using the area for each interval, point mass balance at the middle altitude at each individual interval, and the
total glacier area. Five temperature sensors with solar radiation shields were mounted on metal stakes at different
altitudes near the ablation stakes. A mass balance year is defined as 1 October to 30 September of the next year.

To investigate glacier mass changes from a regional perspective, the following data products are utilized in the
present investigation: (a) monthly and daily gridded data from the European Centre for Medium-Range Weather
Forecasts (ERAS) (0.25° x 0.25°, Hoffmann et al., 2019); (b) the standard monthly precipitation data from the
CPC Merged Analysis of Precipitation (CMAP, 2.5° X 2.5°, Xie & Arkin, 1997); and (c) monthly gridded data
from the Japanese 55-year reanalysis data set (JRAS5S, 1.25° X 1.25°, 1958-2019, Kobayashi et al., 2015). In addi-
tion, following Yasui and Watanabe (2010), the Silk Road Pattern (SRP) index is defined as the principal compo-
nent of the leading mode for the 200 hPa meridional wind (V200) anomalies from JRASS, obtained through an
empirical orthogonal function analysis in the domain 20°-60°N and 0°-150°E.

2.3. Energy and Mass Balance Model

To understand the interdecadal changes in mass balance on Guliya, we reconstructed the mass balance history
during 1970-2019 at daily time intervals and at 40 m altitude intervals using the EMB model and calibrated
ERAS data. The EMB model used in this study is based on the point EMB model developed by Fujita and
Ageta (2000). Here, we mainly present the most important features of the model. The model solves the following
equation:

QM Hlal
MB= Cen+Psnow+_+ dt 1
/ < L. " L ) M

where point mass balance (MB) is composed of surface melt (or meltwater), sublimation/evaporation, refreezing
(C,,) and solid precipitation (P, ). Meltwater means the absolute value of the melt. Q,, is the melt energy. L,
is the latent heat of ice melt. H,, is the latent heat flux. L, is the latent heat of evaporation/sublimation. Q,, is
calculated using the surface energy balance equation:

QM =Sin(1 _a)+Lin+Loul+Hsen+Hlal+G (2)

where a is the albedo. H_ is the sensible heat flux. G is the conductive heat flux. Net shortwave and longwave

radiation are written as S, and L, respectively. R is the sum of S and L . Q,, is defined as positive when

net net’

it is larger than 0, and other fluxes are defined as positive when they are directed toward the surface. Here, we

net net”
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used the model of Zhu, Thompson, et al. (2021), with a few modifications based on published work: albedo is
calculated using the methods of Fujita and Sakai (2014).

The model inputs included the reconstructed long-term daily mean for 7, RH, S, ,, WS, and total daily precipita-
tion, as well as their gradients and the glacier area in each elevation band. ERAS data from the grid point (35°N
and 78°75'E) around AWS2 were used to obtain meteorological forcing data from 1 October 1959 to 30 Septem-
ber 2019. The meteorological data (especially for annual precipitation) in that grid has the best relationship with
the measured values from two AWSs. Time series of daily mean 7,, WS, RH, and S, were constructed using
a linear regression that was established between the ERA5 data and the available AWS?2 data for each month,
following similar methods to previous work (Zhu, Yang, et al., 2021). The reconstructed data and the observed
meteorological variables are compared in Figure S1 of Supporting Information S1. The precipitation was recon-
structed using the following two steps. First, the under-catch of precipitation was corrected based on temperature
and WS during precipitation events (Q. Zhao et al., 2014). Daily precipitation was then reconstructed by applying
a scaling factor of 1.16 to the total daily precipitation amount. The data were set as 0 when ERAS5 daily precip-
itation in the corresponding grid was less than 0.45 mm, which is similar to Yang et al. (2013) and Zhu, Yang,
et al. (2021). The cumulative precipitation amount, monthly precipitation and annual precipitation were used
to assess the reliability of the reconstructed precipitation time series (Figure S2 in Supporting Information S1).
These reconstructed meteorological data are referred to as calibrated ERAS data in this work. The reconstructed
and measured meteorological data are well correlated on different time scales, and the reconstructed meteorolog-
ical data are reliable to drive the EMB model in this work.

The gradients of 7, and RH for the ablation season and the cold season (October—-May) were based on data from
five Hobo MX2301 sensors on the glacier from October 2018 to September 2020. P, at different altitudes was
estimated from AWS1 using three constant precipitation gradients (AP, AP,, and AP;). The daily mean WS was
assumed to be independent of altitude because the WS data on the glacier was considered too sparse to derive
a general scheme to quantitatively assess the spatial distribution of WS (Hock & Holmgren, 2005). The daily
mean S, was assumed to be independent of altitude. Ice temperature at a depth of —10 m was set to —11.6°C,
as measured in an ice borehole about 2.5 km away from AWS2 (Thompson et al., 2018). Previous studies have
shown that the density of snowfall is between 50 and 169 kg m~ (Ding et al., 2017; Li et al., 2019). In this
work, the density of snowfall was set to 100 kg m~3, which is similar to the assumption for the continental Xiao
Dongkemadi Glacier (Fujita & Ageta, 2000). In addition, when the density of snowfall is changed from 100 to
200 kg m~3, the average mass balance during 1970-2019 only changed by 4 mm w.e. a~! (Table S2 in Supporting
Information S2). The influence of the density of snowfall on modeled long-term mass balance is small for Guliya.
We do not consider the changes in the ice-covered area (the retreat of the glacier) or surface elevations during
the study period because Guliya was largely stable or slightly gaining in mass over the last several decades (Lin
et al., 2017; Muhammad & Tian, 2020). The glacier area distribution at each elevation band was derived from
the glacier boundaries of the Second Glacier Inventory Data Set of China (Guo et al., 2015) and the 90 m Shuttle
Radar Topography Mission digital elevation model (DEM).

These data were used to drive the EMB model for each 40 m interval (which is similar to the elevation bands
used to calculate glacier-wide mass balance from observed point mass balance at the stakes) over the altitudinal
range of the glacier. Using the area-averaged method described by Zhu, Yang, et al. (2021), glacier-wide mass
balance, energy balance and their components were calculated. In our work, most physical parameters used in the
EMB model were taken from measurements or published data. Unknown parameters required by the EMB model
included AP,, AP,, AP, and the bulk coefficient for sensible and latent heat fluxes (Cg and C,), parameters in the
albedo model, and air-temperature thresholds for rain (7. ) and snow (T, ). Li et al. (2019) obtained the values

for T, and T, . on Guliya. Cg and C, are often set to 0.002 (Fujita & Ageta, 2000). Most parameters in the

albedo model were obtained from Fujita and Sakai (2014). As such, only AP,, AP,, AP, and fresh snow albedo
were adjusted to achieve the best match between the modeled and in situ mass balance (including the annual
glacier-wide mass balance and point mass balance). First, AP, and fresh snow albedo were adjusted to minimize
the root mean square error between in situ measured and modeled albedo, surface temperature, and surface height
at AWS?2, and between in situ measured and modeled mass balance at stakes below 6,020 m a.s.l. The values of

parameters for the EMB model are presented in Table S1 of Supporting Information S2.

However, the modeled mass balance above 6,020 m a.s.l. was lower than the measured values at the stakes
using the calibrated AP,. An elevation 6,020 m a.s.l. is in the interval of 6,000-6,040 m a.s.l. where the AWS2

ZHU ET AL.

5of 20



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2021JD035705

TRMSE=20 W m™

r=091 b)

(0]
=< 300
s 250
[=]
2% 20
on
22 150
.2 100
S

........... L L

temperature (°C) radiation (W m™)

(0]

8

5

w
-39 IRMSE =2.6°C =097 (©)
1.5 {—— Measured

o/E\ 1.0 | —— Modelled

é%’o 0.5 -
'(1)'(5) IRMSE=0.18m =091 (d)
=-1. rrrrrrryrrrrrrrrrrrrrrrrprrrrerrrrrerprrorrrrroroeey
2015-10  2016-10 2017-10  2018-10

Figure 2. Comparisons of simulated results and observations at
AWS?2 on Guliya during the observation period: (a) daily mean

albedo, (b) daily m

ean incoming longwave radiation, (c) daily mean

surface temperature, and (d) glacier surface height. The L, model
is Lin = 0(Ty + 273.15) (1 = Tum) + Tum * (b1 + b2(1/e0)). o is the

Stefan—-Boltzmann
transmissivity (7

atm

constant (5.67 X 1078 W m~2 K~*); Bulk atmospheric
) is the ratio of the measured incoming shortwave radiation

to the incoming shortwave radiation at the top of the atmosphere; ¢, is the
vapor pressure (hPa). The two constants (b, = 0.4574, b, = 0.1819) were

optimized using the measured L,

S.

in?

air temperature, relative humidity at

in®

AWS2. The modeled values are from the energy and mass balance model
using reconstructed meteorological data from ERAS.

is located. We then used another precipitation gradient (AP,) to model the
mass balance between 6,020 and 6,600 m a.s.l. where the plateau core (PC)
is located. We adjusted AP, to obtain the average mass balance at the site of
the PC until a minimum difference between the in situ and modeled mass
balance was achieved. The modeled depths were 6.6 and 5.7 m from 1993
to 2015 and from 1963 to 1992, respectively. These values are similar to
the total length of the PC, which is 6.0 m from 1993 to 2015 and ~6.0 m
from 1963 to 1992 (Thompson et al., 2018). In addition, the modeled average
mass balance during 20002015 at the PC site was 357 + 121 mm w.e. a~!,
which is similar to the geodetic average mass balance during 2000-2015 at
the PC site (279 + 110 mm w.e. a~"). The comparison of modeled point mass
balance with point mass balance from the ice core and geodetic data at the
drilling sites is reasonable over the last several decades, which is presented in
Text S1 of Supporting Information S3.

There are flat areas above 6,600 m a.s.l., which is the summit of Guliya.
Intense winter and spring winds may remove unconsolidated snow at the
summit, which causes a much lower average annual layer thickness of the ice
core at the summit than on the plateau (Thompson et al., 2018). We used the
third precipitation gradient (AP;) to model the mass balance above 6,600 m
a.s.l. where the summit core (SC) is located. The AP, was adjusted to model
the average mass balance at the SC site until a minimum difference between
the in situ and modeled mass balance was achieved. The modeled average
mass balance was 110 and 86 mm w.e. a~! during 1991-2015 and during
1963-1991, respectively. These two values are similar to the average mass
balance from the SC, which was 112.5 mm w.e. a~! (125 ice equivalent
a~!") from 1991 to 2015 and 62.1 mm w.e. a~! (69 ice equivalent a~') during
1963-1992 (Thompson et al., 2018). In addition, the modeled average mass
balance during 2000-2015 at the SC was 160 mm w.e. a~!, which is simi-
lar to the geodetic average mass balance during 2000-2015 at the PC site
(270 + 110 mm w.e. a~'). We modeled the long-term mass balance of Guliya
from 1960 to 2019 to calibrate the EMB model using the average annual
layer thickness of ice cores from Guliya. However, we mainly analyzed
the long-term mass balance of Guliya during 1970-2019 because geodetic
mass balance data can be obtained for this period (Lin et al., 2017; Zhou
et al., 2018).

2.4. Model Calibration, Validation and Uncertainty

The EMB model was calibrated and validated using 4-year in situ mass
balance and meteorological data and the average annual layer thickness of ice

cores from two sites on Guliya. Comparing the model results with field measurements was essential to evaluate
the ability of the model to accurately capture surface EMB. Figure 2 shows that the observed albedo, L, , surface
temperature, and surface height at AWS?2 agree well with the modeled values. Figure 3 compares the simulated
and measured mass balance at stakes and for the whole glacier in different years. The good agreement between

the simulated and measured mass balance validates the model's performance.

We also used the geodetic mean mass balance of regional glaciers in the WKM to validate the modeled mass
balance of Guliya. According to the DEMs of different periods, the regional mean glacier mass balance in the
eastern part of the western Kunlun region (containing Guliya) was 60 + 160 mm w.e. a~! from the mid-1970s to
2000 (Zhou et al., 2018), and the mean mass balance of Guliya was 230 + 55 mm w.e. a~! during 2000-2014 (Lin
etal., 2017) and 90 + 110 mm w.e. a~! during 2000-2015 (Kutuzov et al., 2018). These values are similar to the
modeled average mass balance during 1974-1999 (4 + 121 mm w.e. a~!), 2000-2014 (131 + 121 mm w.e. a™!),
and 2000-2015 (127 + 121 mm w.e. a™!) in this work. Zhou et al. (2018) presented regionally averaged glacier
mass balance in the eastern part of the WKM. Guliya is one of the largest glaciers in this region and accounts

ZHU ET AL.

6 of 20



A7t |

A\ Journal of Geophysical Research: Atmospheres 10.1029/2021JD035705
8
o 1600 |2 2015/16 g RMSE=212 mm w.e.
g v 2016/17 s 600 r=095
= 14 2017/18 - |
=y 8015 2018719 275 300
& =z E B 0 -
gg 0 4 g
BE 0 2 £ 300 1
= T -800{ O 0
3 2 =600 -
§ -1600 | RMSE=246 mm w.e. § —O— Measured
092 @] O -900 {—A— Modelled ®
-1600-800 0 800 1600 2016 2017 2018 2019
Measured mass balance
Year
(mm w.e.)

Figure 3. (a) Comparison between the modeled and measured mass balance at stakes and (b) comparison between the
modeled and measured annual glacier-wide mass balance for different years with their uncertainties.

for 9.2% of the total glacier area (1208.8 km?, Zhou et al., 2018). The top of glaciers connects in this region,
which means that these glaciers possibly experience similar changes. On decadal timescales, the large glaciers
may have a similar average mass balance status (such as mass loss, main gain, or balanced conditions) to regional
glaciers. For example, during the period 1973-2013, the mean annual mass balance for most single glaciers in
Muztagh Ata was from —0.09 + 0.3 to 0.07 + 0.3 m w.e. a~!, which is similar to the regionally averaged mass
balance (—0.01 + 0.3 m w.e. a~!) in this region (Holzer et al., 2015). In addition, during the period 2000-2014,
the mean mass balance of Guliya was 0.23 m w.e. a~!, which was similar to the regionally averaged mass balance
(0.174 + 0.058 m w.e. a~!) of glaciers in the eastern part of the WKM (Lin et al., 2017). As such, the results
from Zhou et al. (2018) can be used to qualitatively verify our modeled value of Guliya from the 1970s to 2000.

Guliya adjoins the upstream of the Keriya River, whose water is mainly derived from glacier meltwater from the
eastern part of the WKM and precipitation in the Keriya River basin (Ma et al., 2019). Therefore, annual precipi-
tation and glacier meltwater at Guliya are likely to be related to the runoff of the Keriya River. Figure 4 shows that
the measured runoff depth at the Keriya Hydrological Station is correlated with annual precipitation on Guliya
(without detrending, » = 0.57, and p < 0.01; with detrending, » = 0.5, and p < 0.01) and modeled ablation-season
(June—September) glacier-wide meltwater for Guliya (without detrending, » = 0.5, and p < 0.01; with detrending,
r=0.41, and p < 0.01). The results confirm that the EMB model, driven by the calibrated ERAS data, can satis-
factorily reconstruct the long-term mass balance on Guliya.

The uncertainty in glaciological mass balance depends on uncertainties of in situ measurements of ablation and
accumulation and on the extrapolation of point measurements to the entire glacier area. To estimate the uncertain-
ties in point measurements of ablation and accumulation, we inserted two or three stakes in the same place (the
distances between each stake was within 100 m) at several sites in the ablation and accumulation zone, respec-
tively. The uncertainties in point measurements of ablation (130 m w.e. a~!) and accumulation (100 mm w.e. a™!)
were defined as the maximum standard deviation of the different stakes in the same place in the ablation zone
and in the accumulation zone, respectively. Such differences contain the uncertainties in snow/firn density, snow
thickness, and the rough surface at the interface between snow cover and ice at the stakes. The uncertainties in
extrapolation for the ablation area (+120 mm w.e. a~!) and accumulation area (+180 mm w.e. a~') were obtained
from Kenzhebaev et al. (2017). Thus, the total uncertainty for measured annual glacier-wide mass balance was
+270 mm w.e. a~! after adding all the parametric uncertainties using the error propagation law.

The uncertainties associated with the assumed values for unknown parameters (fresh snow albedo (a,), three

precipitation gradients, T

wow Lrain» Cs» €, and snowfall density) can greatly influence the model results. The

uncertainty for a;, in the albedo model is unknown, and this parameter was changed by +10% from their orig-
inal/calibrated values. The precipitation gradient was influenced by many factors, such as snowdrift and local
topography, leading to a large uncertainty. In this work, uncertainties in AP, AP,, and AP, were defined as the
standard deviation of these three values. T was always set to 0°C (Zhu et al., 2018a) and the uncertainties for

T, and T . weresetto +1.9°C. The lower and upper bounds for Cgand C, (0.0014 and 0.0026) were taken from
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Figure 4. (a) The measured and modeled annual glacier-wide mass balances and modeled seasonal glacier-wide mass balances for Guliya; (b) seasonal glacier-wide
snowfall on Guliya and ablation-season air temperature at AWS2 site; (c) modeled glacier-wide meltwater for Guliya in this work and measured runoff depth at Keriya
Hydrological Station obtained from Ma et al. (2019); and (d) modeled and geodetic mean glacier-wide mass balance for different periods for Guliya, expect for Zhou

et al. (2018)'s result. Zhou et al. (2018)'s result is the regionally averaged glacier mass balance over the eastern part of the western Kunlun Mountains with glacier area
of 1208.8 km? which contains Guliya. Meltwater indicates the absolute value of the melt. The year in the X axis indicates the balance year which is defined as 1 October
to 30 September of the next year.

Li et al. (2019). We performed sensitivity tests to quantify the uncertainty in modeled annual mass balance by
changing the assumed value for one input parameter at a time while leaving all other parameters unchanged. The
parameter ranges used for the uncertainty estimation are given in Table S2 of Supporting Information S2. The
total model uncertainty in annual mass balance was estimated by adding all the parametric uncertainties using the
error propagation law (Azam & Srivastava, 2020; Zhu, Thompson, et al., 2021). The mean uncertainty for annual
glacier-wide mass balance was estimated to be 121 mm w.e. a~! (Table S2 in Supporting Information S2). Using
the method described above, the calculated mean uncertainty for annual glacier-wide meltwater was 66 mm w.e.
a~! (Table S2 in Supporting Information S2).

Parameter sensitivity tests were conducted to find out which parameters significantly impact the modeled mass
balance. Some previous studies have indicated that the modeled mass balance is more sensitive to parameters
related to albedo because this can influence melt energy by changing available net shortwave radiation and glacier
surface evolution (Li et al., 2019; Zhu et al., 2018b). Considering that a,, was changed by almost 0.1, we also
changed the firn albedo (ay;,,) and ice albedo (4, ) by 0.1 to find out which parameters in the albedo model were
more important to the modeled mass balance. We found that modeled mass balance was more sensitive to ag, .,
and a;;,, compared to g, (Table S2 in Supporting Information S2). This finding implies that the glacier surface

was covered by snow for relatively long periods. In addition, sensitivities to precipitation gradients (AP, and
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Table 1
Mean Seasonal Meteorological Variables at Stations and Glacier-Wide Mass Fluxes (mm w.e. a™') on the Guliya Ice Cap in Different Periods for 1970-2019
1970-2019 1970-1999 2000-2019
Item Cold Ablation Annual Cold Ablation Annual Cold Ablation  Annual
AWS2 T, (°C) -21.3 —6.4 —-145 -21.6 —-6.6 -14.7 -20.9 —6.1 -142
AWS1 P (mm) 74 221 295 70 201 271 79 251 330
Glacier-wide Mass balance (mm w.e.) 24 81 57 -33 60 27 -10 113 103
Snowfall (mm w.e.) 96 287 383 91 261 352 103 325 428
Refreezing (mm w.e.) 0 44 44 0 37 37 0 57 57
Sublimation (mm w.e.) -120 =75 —-195 —124 =79 —203 -113 =70 —-183
Melt (mm w.e.) 0 —-175 —175 0 —-159 —159 0 —-199 —199
Precipitation (mm w.e.) 96 287 383 91 261 352 103 325 428

Note. Meltwater is the absolute value of melt.

AP,) were also very high on Guliya because the precipitation gradient directly influences snowfall accumulation
and indirectly influences ablation. The low sensitivity to AP, (Table S2 in Supporting Information S2) is due to
the small glacial area above 6,600 m a.s.l. Cg and C; showed modest sensitivity because sublimation is also an
important process that causes mass loss of Guliya.

3. Results and Discussion
3.1. Temporal Changes in Mass Balance During 1970-2019

Guliya was in a balanced condition during 1970-2019, with a mean annual mass balance of 57 + 121 mm w.e.
a~! (Table 1). The annual mass balance was positive in most years during 1970-1986, with a mean value of
91 + 121 mm w.e. a~!. The majority of annual mass balance values became negative during 1987-1999, with
a mean value of —57 + 185 mm w.e. a~! (Figure 4a and Table 1). These glacier mass changes contributed to
a slightly positive mass balance during 1970-1999, which is coincident with the geodetic mean glacier mass
balance in the eastern part of the WKM (Figure 4d), in the Gozha Co basin (G. Zhang et al., 2020), and on the
southern slopes of the WKM (Cao et al., 2020). Although annual mass balance decreased during 2000-2019, the
majority of annual mass balance values were positive from 2000 to 2019, with a mean value of 102 + 121 mm
w.e. a~!. The positive mean mass balance during 2000-2010s for Guliya is also shown by the geodetic mean mass
balance of Guliya (Figure 4d) and geodetic regional mean glacier mass balance in the WKM (Brun et al., 2017,
Q. Wang et al., 2021).

In addition, we also analyzed the altitudinal profiles of modeled mean annual mass balance in different periods
(Figure S3 in Supporting Information S1). Below ~5,960 m, glacier mass balance generally increased linearly
with decreasing elevation. Between ~5,960 and ~6,560 m, glacier mass balance remained broadly steady with
increasing elevation. Above ~6,560 m, glacier mass balance decreased with increasing elevation according to the
snow layer thicknesses of two ice cores on Guliya (Thompson et al., 2018) and geodetic surface elevation change
at those two drilling sites (Kutuzov et al., 2018). In addition, for the same altitudes below ~5,860 m (ablation
zone), the mass balance was more negative during 2000-2019 than during 1970-1999 (Figure S3 in Supporting
Information S1). This result is because the increased ablation-season 7, caused higher melt from 1970 to 1999 to
2000-2019 (Table 1). For the same altitudes in the accumulation zone, the mass balance was more positive during
2000-2019 than during 1970-1999 (Figure S3 in Supporting Information S1), mainly due to increased snowfall
accumulation during 2000-2019 (Table 1).

The changes in annual mass balance mainly occurred in the ablation season by changing ablation-season snowfall
and meltwater (Figure 4). Both ablation-season snowfall and meltwater showed the overall upward trends during
1970-2019 (p < 0.05 via linear regression). The maximum value of ablation-season and annual snowfall during
1970-2019 occurred in 1999/2000 (Figure 4b), which had the largest annual layer thickness in the PC during
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1970-2014 (Thompson et al., 2018). Ablation-season snowfall during 1970-1999 was always lower than that
during 2000-2019 (Figure 4b). The modeled meltwater for Guliya showed low values and small interannual
fluctuations from 1970 to 1998 and strong interannual fluctuations with increasing values from 1999 to 2019
(Figure 4c). The maximum ablation-season meltwater from 1970 to 2019 occurred in 2013/14.

Annual precipitation and ablation-season T, can influence changes in mass balance by changing annual snow-
fall accumulation, ablation-season albedo, and thus ablation-season meltwater (Zhu et al., 2018a, Zhu, Yang,
et al., 2021). Linear correlation analysis showed that annual mass balance displays strong relationships with
annual precipitation (after detrending, » = 0.77 and p < 0.01), cold-season (October—May) precipitation (after
detrending, r = 0.56 and p < 0.01), ablation-season precipitation (after detrending, » = 0.64 and p < 0.01) and
ablation-season T, (after detrending, r = —0.66 and p < 0.01). According to the sensitivity tests and variabilities
of detrended ablation-season T, (0.62°C), the detrended ablation-season precipitation (21.6%) and detrended
cold-season precipitation (25.9%) during 1970-2019 (Zhu et al., 2020), changes in mass balance induced by abla-
tion-season precipitation variability (89 mm w.e. a~!) and the ablation-season 7, variability (92 mm w.e. a~!) were
similar and about two times larger than that induced by cold-season precipitation variability (44 mm w.e. a™!).
These results show that ablation-season precipitation and ablation-season 7, had almost an equal influence on
changes in the annual mass balance of Guliya. Annual precipitation has a relatively larger influence on changes
in the annual mass balance when compared to ablation-season T,.

We further analyzed how ablation-season 7, and precipitation affected the changes in the annual mass balance.
Ablation-season T, can impact changes in the L, and latent heat flux, which showed significant relationships with
ablation-season melt energy (the r value between ablation-season L, and melt energy and between ablation-sea-
son latent heat flux and melt energy is 0.67 and —0.41, respectively). The ablation-season melt energy, which is
linked to the L, and latent heat flux, can also impact the albedo and S_ . As such, the ablation-season 7, showed
(after
detrending, r = —0.64 and p < 0.01). Through the above processes, ablation-season 7, can impact ablation-season

significant relationships with ablation-season albedo (after detrending, » = —0.52 and p < 0.01) and S,

out

meltwater (after detrending, » = 0.69 and p < 0.01), and thus annual mass balance.

In contrast, meltwater showed no significant relationship with ablation-season precipitation (after detrend-
ing, r = 0.05 and p > 0.05). Ablation-season precipitation showed a significant relationship with albedo (after
detrending, r = 0.66 and p < 0.01) and S, (after detrending, r = 0.45 and p < 0.01). These correlations are
due to the fact that changes in ablation-season albedo and S_, related to changes in ablation-season precip-
itation have a small influence on changes in meltwater. The changes in albedo that are linked to changes in
ablation-season precipitation can be assessed from the detrended ablation-season glacier-wide albedo minus the
reconstructed albedo established by the linear relationship between the detrended ablation-season glacier-wide
albedo and detrended ablation-season 7, at AWS2 (reconstructed albedo = —0.0247 x T, — 5E-16, determina-
tion coefficient (R?) = 0.29, and n = 50). The above differences between these parameters showed no signifi-
cant relationships with ablation-season meltwater (r = —0.15 and p > 0.05). Following a similar method, the
changes in ablation-season S, related to changes in ablation-season precipitation also exhibited no significant
relationship with ablation-season meltwater (r = —0.16, p > 0.05). From the sensitivity tests and variabilities of
detrended ablation-season T, (0.62°C) and detrended ablation-season precipitation (21.6%) during 1970-2019
(Zhu et al., 2020), the change in meltwater induced by ablation-season precipitation variability (19 mm w.e. a™!)
was significantly smaller than that induced by the ablation-season 7, variability (97 mm w.e. a~'). Therefore, for
Guliya, ablation-season precipitation can influence changes in mass balance mainly by changing ablation-season
snowfall accumulation, and ablation-season 7, can influence changes in the mass balance mainly by changing
ablation-season meltwater.

3.2. Specific Climate Conditions That Were Conducive to Causing the Glacier Anomaly During 2000-
2019 in the Western Kunlun Mountains

Modeled annual mass balance on Guliya was usually positive from 2000 to 2019 (Figure 4a), with a mean value
of 102 + 121 mm w.e. a~!. This finding was confirmed by the geodetic mean mass balance of Guliya (Figure 4d)
and the geodetic regional mean glacier mass balance in the WKM (Brun et al., 2017; Q. Wang et al., 2021). The
positive mean mass balance showed no direct relationship with the increased ablation-season (June—September)
T, and small changes in seasonal precipitation during this period (Figure 4). The dominant control on the mean

ZHU ET AL.

10 of 20



A7t |

NI Journal of Geophysical Research: Atmospheres 10.1029/2021JD035705
AND SPACE SCIENCE
Mean annual precipitation (mm)
SON @) 1000 SON + b ' : T3 ; 1000
900 900
1800 800
40N 700 40N 200
3 600 600
2 500 500
= 400 400
<
5 30N 300 3ON 300
200 w 200
100 100
20N 0 20N 0
60E 70E 80E 90E 100E  110E 60E 70E 80E 90E 100E  110E
1\l}atio of ablation-season snowfall to precipitation i &N Mean ablation-season melt index (W m™)
© 7 0.9
0.8
'S 0.7
%) 0.6 40N
El 05
= 0.4
3 03 30N g8
0.2
0.1
0 20N
60E 70E 80E 90E 100E  110E 60E 70E 80E 90E 100E  110E
Longitude (°) Longitude (°)

Figure 5. (a) The mean annual snowfall (mm), (b) mean annual precipitation (mm), (c) mean ratio of ablation-season snowfall to ablation-season precipitation (%), and
(d) mean ablation-season melt index (W m~2) from 2000 to 2019. The melt index is defined as the sum of incoming longwave radiation (positive values) and outgoing
shortwave radiation (negative values), according to Zhu et al. (2018a). The data is from the ERAS. The black dot indicates the location of Guliya.

Table 2

annual mass balance was the differences between mean annual snowfall and mean ablation-season meltwater,
which is related to the climate (Zhu et al., 2018a; Zhu, Yang, et al., 2021). The question is, what climatic factors
drove the anomalously positive glacier mass balance in the WKM from 2000 to 2019 and how did they impact
the two mass balance components?

Mean Ablation-Season Glacier-Wide Temperature and Energy Fluxes on the
Guliya Ice Cap in Different Periods for 1970-2019

1970 1970 2000~ 2000- 2010~
Item 2019 1999 2019 2009 2019
T, (°C) -6.1 —-6.2 -5.9 -6.3 -55
T,(°C) 6.3 -6.5 -6.0 6.4 -5.6
S, (W m™) 298 301 295 296 294
Albedo 0.76 0.75 0.76 0.77 0.75
S, (W m2) -225 -225 -225 -229 -220
S, (Wm2) 73 76 70 67 74
L, (Wm™?) 243 241 246 243 248
Ly, (Wm™) -289 -288 -290 -288 -292
L., (Wm™) —46 —47 —44 —45 —44
H,, (Wm>) -1 -1 0 0 0
H,, (Wm>) -19 -21 -18 -16 -21
0 (Wm™2) -2 -2 -2 -2 -1
0, (Wm™) 5 5 6 4 8

Note. T is the glacier-wide glacier surface temperature.

Ablation-season 7, and annual precipitation can impact snowfall accumu-
lation and melt processes (Oerlemans, 2001; Zhu et al., 2018a; Zhu, Yang,
et al., 2021). Mean annual precipitation during 2000-2019 was lower in the
WKM than in most regions of the TP (Figure 5b), which contrasts the patterns
of the mean glacier mass balance across the region. Thus, the assumption is
that differences in mean ablation-season 7, contribute to these different mean
glacier mass balance patterns. Compared to conditions on glaciers across
most of the TP, lower T, during 20002019 in the WKM resulted in lower
L,, (Figure S4 in Supporting Information S1), lower turbulent heat fluxes
(Table 2), and lower melt energy (Figure 5d), and also led to almost all of the
precipitation falling as snow in the ablation season (Figure 5c and Table 1).
Melt energy was smaller for the WKM glaciers compared to the majority
of Tibetan glaciers (Figure 5d). For example, the average ablation-season
melt energy on Guliya (6 W m~2, Table 2) was significantly lower than on
Zhadang (61 W m~2) and Parlung No. 4 glaciers (62 W m~2) in the southern
TP (Zhu et al., 2018a), on Muji Glacier (21 W m~2) in the northeast Pamir
(Zhu et al., 2020), and on Naimona'nyi Glacier (18 W m~2) in the western
Himalayas (Zhu, Yang, et al., 2021). Although annual snowfall was moder-
ate in the WKM when compared to other regions on the TP (Figure 5a), the
mean annual snowfall was larger than the mean ablation-season meltwater at
Guliya during 2000-2019 (Figure 4 and Table 1). This process led to higher
mean albedo (Table 2) and a slightly positive average glacier mass balance
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Table 3
Mean Seasonal Meteorological Variables at Automatic Weather Station Sties and Glacier-Wide Mass Fluxes (mm w.e. a™")
on the Guliya Ice Cap in Different Periods for 2000-2019

Item 2000-2009 2010-2019

Variables Cold Ablation Annual Cold Ablation  Annual
AWS2 T, (°C) =21 —-6.4 -144 —20.7 -5.6 -13.9
AWS1 P (mm) 83 255 338 76 246 322
Glacier-wide Mass balance (mm w.e.) 0 172 172 =21 54 33
Snowfall (mm w.e.) 107 331 438 98 319 417

Refreezing (mm w.e.) 0 42 42 0 71 71

Sublimation (mm w.e.) —107 —61 —168 -119 —178 -197

Melt (mm w.e.) 0 —140 —140 0 —258 —258

during 2000-2019, both for Guliya (Figure 4a) and for glaciers in the WKM in general (Cao et al., 2020; Lin
et al., 2017).

For glaciers in most regions of the TP, the processes described above were reversed. The higher T, led to larger
L,, (Figure S4 in Supporting Information S1), turbulent heat fluxes, and thus higher melt energy for these glaciers
when compared to WKM glaciers (Figure 5d). In addition, the high T, also caused a substantial portion of precip-
itation to fall as rain on these glacier surfaces during the ablation season (Figure 5c) because the T, was higher
than the air temperature thresholds for snow (Zhu et al., 2018a). This increase in the proportion of precipitation
falling as rain causes a reduction in ablation season and annual snowfall for most TP glaciers. Although annual
precipitation is higher for glaciers in most regions of the TP than the WKM glaciers (Figure 5b), the differences in
annual snowfall between the two regions are small (Figure 5a). This phenomenon is more significant in the abla-
tion season (Figure S5 in Supporting Information S1). Under these conditions, ablation-season meltwater can be
higher than annual snowfall for these glaciers, such as at Parlung No.4 Glacier (Zhu et al., 2018a) and glaciers in
Hailuogou catchment (Y. Zhang et al., 2015) in southeastern TP, Zhadang Glacier (Zhu et al., 2018a) in the south-
ern TP, glaciers in the central Himalayas (Bonekamp et al., 2019), Naimona'nyi Glacier on a north-facing slope in
the western Himalayas (Zhu, Yang, et al., 2021) and Shiyi Glacier in the northeastern TP (H. Zhang et al., 2021).
Overall, the mean mass balance for these glaciers outside the WKM was negative during 2000-2010s (Brun
etal., 2017; Zhu, Yang, et al., 2021), accompanied by low ablation-season albedo (Zhu et al., 2018a).

Glacier-wide meltwater in the ablation season was lower on Guliya (Table 3) than that on Zhadang and Parlung
No. 4 glaciers (Zhu et al., 2018a) during 2008-2013. These differences were because glacier-wide L, was ~31 W
m~2 lower, the glacier-wide albedo was 0.18 higher, and glacier-wide turbulent heat flux (sum of sensible heat
flux and latent heat flux) was ~19 W m~2 lower on Guliya than Zhadang and Parlung No.4 glaciers. Ablation-sea-
son glacier-wide H , was close to 0 on Guliya because the difference between ablation-season glacier-wide
glacier surface temperature (7) and 7, was small (Table 2). Annual/ablation-season glacier-wide snowfall was
91/99 mm w.e. a~! and 460/0 mm w.e. a~! higher on Zhadang and Parlung No.4 glaciers (Zhu et al., 2018a) than
on Guliya during 2008-2013. However, annual glacier-wide snowfall was 2.2 times higher than ablation-season
glacier-wide meltwater, which resulted in a positive mean mass balance for Guliya during 2000-2019 (Figure 4
and Table 1). Ablation-season glacier-wide meltwater was significantly larger than annual glacier-wide snowfall,
which resulted in a negative mean mass balance on Zhadang and Parlung No.4 glaciers during the 2000s—2010s
(Zhu et al., 2018a).

Low T, in the WKM may also be linked to factors other than high altitudes (Zhu et al., 2018b), such as the loca-
tion (longitude, latitude), surrounding terrain, underlying surface, and regional atmospheric circulation. For these
reasons, ablation-season 7, in 2018/19 measured at a similar altitude was significantly lower on Guliya (—6.3°C at
6,004 m a.s.l.) than on Naimona'nyi Glacier (—2.7°C at 5,980 m a.s.l.) and Aru No.14 Glacier (—4°C at 6,013 m
a.s.l.) (Figure la). Asthe L, ,
are linked to 7, (Zhu et al., 2018a), lower 7, may also cause lower mass sensitivity to precipitation (x61 mm

turbulent heat fluxes and the ratio of snowfall to precipitation in the ablation season
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Figure 6. Differences in climate variables between the periods of 1970-1999

and 2000-2019: (a) ablation-season air temperature, (b) ablation-season
precipitation, and (c) cold-season precipitation. The data is from ERAS.
The pink dot indicates the location of Guliya. Difference: 2000-2019 minus

1970-1999.

w.e. (10%)7") and air temperature (+178 mm w.e. °C~!) on Guliya, when
compared to most glaciers on the TP (e.g., Zhu et al., 2018a, Zhu, Yang,
etal., 2021).

To summarize, the low T, meant that almost all precipitation fell as snow (i.e.,
a high snowfall proportion) and led to low ablation-season meltwater for the
WKM glaciers. These conditions mean that ablation-season meltwater was
lower than annual snowfall, and the mean annual glacier mass balance during
2000-2019 was positive in the WKM. These factors in the WKM can also
explain a slightly positive mean mass balance during 1970-1999 for Guliya
(Figure 4a) and for most WKM glaciers. These findings contrast to most
of the TP glaciers, which have high melt energy and a large proportion of
precipitation falling as rain during the ablation season, due to high T,. These
conditions meant that ablation-season meltwater was larger than annual
snowfall, which caused negative mean mass balance during 2000-2010s.

3.3. Potential Causes of Interdecadal Changes in the Mass Balance of
Glaciers in the Western Kunlun Mountains

Most glaciers on the TP and the surrounding areas have experienced an
accelerating trend of mass loss from the 1970s—1990s to the 1990s—2010s,
especially on glaciers in eastern Tian Shan, Himalayas, Qilian Moun-
tains, southern TP, and western Tibet (Azam & Srivastava, 2020; Maurer
et al., 2019; Shean et al., 2020; WGMS, 2020; Yang et al., 2016; Yao
et al., 2012; Zhou et al., 2018; Zhu, Thompson, et al., 2021). Higher abla-
tion-season 7, (Figure 6) resulted in decreased snowfall (due to a higher
proportion of precipitation falling as rain) and increased L, and turbulent
heat fluxes (Zhu et al., 2018a, Zhu, Thompson, et al., 2021), which contrib-
uted to lower albedo and higher melt energy during the 1990s-2010s
compared to the 1970s—1990s. These processes caused higher meltwater and
lower snow accumulation during the 1990s—2010s. An alternative explana-
tion is that ablation-season meltwater increased from the 1970s—1990s to the
1990s-2010s and was larger than the change in annual snowfall between the
two periods. Thus, the mean annual mass balance for most glaciers on the TP
was more negative during the 1990s—2010s than during the 1970s-1990s.
In addition, lower cold-season (October—May) or ablation-season precipita-
tion can also result in reduced annual snowfall accumulation, lower abla-
tion-season albedo, higher ablation-season melt energy, and lower annual
mass balance (Zhu, Yang, et al., 2021). The regional glacier mass loss rate
from the 1970s—1990s compared to the 1990s—2010s in Kangri Karpo Moun-
tains (Figure 1a) in the southeast TP was larger than most regions of the TP
(Brun et al., 2017; Maurer et al., 2019; Wu et al., 2018; Yang et al., 2016;
Zhou et al., 2018). This change was because ablation-season precipitation
and cold-season precipitation decreased, while ablation-season 7, increased
from the 1970s—1990s to 1990s-2010s (Figure 6).

These patterns contrast with WKM glaciers, which showed a slight increase in mean annual mass balance between
the 1970s-1990s and 1990s-2010s. The average annual mass balance on Guliya was 96 mm w.e. a~! higher
during 2000-2019 than during 1970-1999 (Figure 4a and Table 1), which is in accordance with the geodetic
mass balance for Guliya (Figure 4d). The higher mean mass balance during 2000-2019 than during 1970-1999
on Guliya mainly occurred between 1987-1999 and 2000-2009 (Figure 4a). Most annual mass balance values
were negative during 1987-1999 (with a mean value of —57 + 185 mm w.e. a~!), and the annual mass balance
was always larger during 2000-2009 than in other years (Figure 4a). The annual layer thickness of the ice core
drilled on the plateau of Guliya showed an increasing trend during 1970-2014 (Thompson et al., 2018). This
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result also provides evidence for the increased mass balance on Guliya during
this period, as the net accumulation of ice cores has been used as a proxy
for precipitation change (H. Zhao et al., 2021) and mass balance variability
(Duan et al., 2015). In addition, different types of remote sensing data show
that the mean mass balance for WKM glaciers was slightly higher from 2000
to the 2010s than that from the 1970s to 2000 (Cao et al., 2020; G. Zhang
et al., 2020).

The ERAS data and meteorological stations around the WKM showed
increasing ablation-season 7, and ablation-season precipitation and small
changes in cold-season precipitation from 1970 to 1999 to 2000-2019 (Table
S3 in Supporting Information S2 and Figure 6). The JRASS data also showed
similar patterns in ablation-season 7, and seasonal precipitation between
the two periods (Figure S6 in Supporting Information S1). From 1970 to
1999 to 2000-2019, increasing T, enhanced the meltwater during the abla-
tion season on Guliya (Figure 4b) through increasing L,, and turbulent heat
fluxes (Tables 2 and 3). The precipitation increased by 50 mm a~! during
the ablation season and by only 9 mm a~! during the cold season, according
to the calibrated precipitation at AWS1 (Table 1). The sensitivity analysis
described in Text S2 of Supporting Information S3 shows that from 1970 to
1999 to 2000-2019 increased ablation-season precipitation in the form of
snowfall was the primary contributor to the higher mass balance. This change
compensated for the mass loss that was driven by the rising ablation-season
T,. In addition, increased snowfall accumulation may refreeze more meltwa-
ter in the snow cover, and this likely played a minor role in the higher mass
balance during 2000-2019 than during 1970-1999.

To further support this view and to explore the influence of atmospheric
circulation on mass changes in the WKM, we analyzed the differences in
seasonal circulation patterns (500 hPa geopotential height and wind fields)
between 1970-1999 and 2000-2019 (Figure 7). A zonal wave-like feature
during the ablation season in the 500 hPa geopotential height and wind

anomalies (Figure 7a) extended from the North Atlantic, across Europe, to the northeast of the eastern TP. The
negative geopotential height anomalies and an anomalous cyclone appeared in the far western TP, while the posi-

tive geopotential height anomalies and anomalous cyclone appeared in the far northeastern TP (Figure 7a). Mean-

while, anomalous southerly winds occurred in the western TP. This circulation pattern is conducive to increased

delivery of water vapor to the WKM through its southern regions, resulting in an increased net water vapor flux
over the surrounding mountains (including the WKM) along the southern border of the Tarim Basin (C. Chen
et al., 2020). Molg et al. (2017) found that a similar cyclone in the far western TP and anticyclone in the high-lat-
itudes of Europe can lead to anomalously high ablation-season precipitation in the WKM. The conditions shown
in Figure 7a resemble the negative phase of the SRP on interdecadal scales (Figure 4b in Hong et al., 2017),
suggesting that the SRP drove the changes in ablation-season precipitation between 1970-1999 and 2000-2019
in the WKM. When spatial correlations were performed using a 5-point Gaussian filter, negative correlations on
interdecadal scales were found between the SRP index and ERA5/CMAP precipitation during the ablation season
on the northern Qiangtang Plateau and in the WKM (Figure S7 in Supporting Information S1). However, the
SRP can be influenced by many factors on interdecadal scales, such as the Atlantic Multidecadal Oscillation, sea
surface temperatures in the northwestern Atlantic, and precipitation anomalies over the northeastern Indian conti-
nent (Liu et al., 2020; Han et al., 2021; Sun et al., 2020). These potential links require more investigation. During
the cold season, the anticyclonic anomaly in the far western TP led to northerly wind anomalies over India and
the western TP, which possibly reduced moisture transport to the WKM (Figure 7b). Cold-season precipitation
changes between the two periods were insignificant in the WKM (Figure 6¢). Studies have found that the cyclonic
anomalies in the far western TP and southerly wind anomalies from the Arabian Sea and India to the western TP
are conducive to the transport of moisture from the Arabian Sea to western TP adjacent to the WKM in winter
(Qiu et al., 2019). In summary, most glaciers on the TP underwent accelerated mass loss from the 1970s—1990s
to 1990s-2010s due to increasing ablation-season T,,, while the mean annual mass balance on Guliya was slightly
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higher during 2000-2019 than during 1970-1999, mainly due to increasing ablation-season precipitation, which
may have been related to the changes in phases of the SRP.

3.4. The Possible Changes in Mass Balance for the Guliya Ice Cap During 2000-2019

The annual mass balance on Guliya decreased slightly during 2000-2019 (Figure 4a and Table 3), which is
similar to the result from remote sensing data of the WKM (Hugonnet et al., 2021). Muhammad and Tian (2020)
demonstrated that most of the ice thickening on Guliya during 2004-2015 occurred between 2004 and 2008. The
glacier area on the southern slopes of the WKM increased from 2000 to 2010 and decreased from 2010 to 2018
(Cao et al., 2020). Thus, it is possible that the average mass balance during 2000-2009 was slightly higher than
that during 2010-2019. Such changes were mainly caused by increasing ablation-season T, during 2000-2019
(Text S3 in Supporting Information S3), which increased the L;, and turbulent heat fluxes and reduced albedo and
enhanced melt energy (Table 3 and Table S4 in Supporting Information S2). Ablation-season and cold-season
precipitation during 2010-2019 increased by 21% and 56%, respectively, which would have counteracted the
increased mass loss during 2000-2019 caused by the increased ablation-season T,. ERAS data of cold-season and
ablation-season precipitation showed only a slight change around the WKM between 2000-2009 and 2010-2019
(Zhu, Thompson, et al., 2021). This finding implies that the strength of seasonal precipitation variability was not
significant enough to control the mass balance change between the two periods.

Although there are no direct long-term measurements of 7, in the WKM, indirect evidence indicates that abla-
tion-season T, increased during 2000-2019. Compared to low-altitude meteorological stations in the Tarim
Basin, data from high-altitude meteorological stations such as Gaize and Shiquanhe show higher ablation-season
T, during 2010-2019 than during 2000-2009 (Table S3 in Supporting Information S2). Moderate Resolution
Imaging Spectroradiometer (MODIS) daytime land surface temperature for summer during 2001-2015 increased
throughout the WKM (Cai et al., 2017). Daily cloud-free MODIS snow cover products show that snow cover days
in the Gozha Basin decreased in all seasons during 2003-2017 (G. Zhang et al., 2020). The increase in annual
water level in Bangdag Co was ~2 times higher during 2000-2009 than during 2010-2015 (Qiao et al., 2017).
These changes were driven by a likely increase in ablation-season 7, in the WKM during 20002019 rather than
by decreased annual precipitation. These findings suggest that ablation-season 7, in the WKM was increasing
during 2000-2019.

The Indian summer monsoon (ISM) will likely intensify with future global warming (Roxy, 2017). The enhanced
ISM may reduce moisture transport from the Indian Ocean to the WKM and the Tarim Basin (Y. Zhao et al., 2014).
In turn, this change may reduce ablation-season precipitation on Guliya, indicated by the negative relationship
between annual layer thickness in the Guliya ice core record and the ISM index on decadal time scales (Thomp-
son et al., 2018). The increasing ablation-season T, and reducing ablation-season precipitation will enhance melt
energy and reduce snowfall accumulation on the WKM glaciers. When glacier meltwater is larger than the annual
snowfall, WKM glaciers will change from mass gain to mass loss as the equilibrium line altitudes rise. As the
glacier mass is reduced, the conditions on the glaciers will have a lower compacity to adjust the runoff of the
rivers in the Tarim Basin. These glaciers are extremely important in providing meltwater during drought periods,
preserving snowfall in times of flood, and are likely to lose more mass from higher elevations in the future. It is
likely that the current period of positive balance of the WKM glaciers will end under continuous climate warm-
ing, which will pose potential threats to the lives and livelihoods in Tarim Basin and ice core-derived climate
histories preserved by the WKM glaciers (Thompson et al., 2021).

3.5. The Influence of Changes in Glacier Area and Elevation on Modeled Mass Balance for the Guliya
Ice Cap

According to the Chinese Glacier Inventory, there were 423 glaciers with a total area of 2965.35 km? in the 1970s
in the WKM (Shi et al., 2008). The glaciers (changes in areas, lengths, and mass balances on decadal timescales)
were relatively stable in the WKM (Brun et al., 2017; Lin et al., 2017; Y. Wang et al., 2018; Yao et al., 2012),
where some surge-type glaciers have been found (Guan et al., 2022; Yasuda & Furuya, 2015). Glacier surging can
modify the glacier area, surface velocity, and surface elevation. If surge-type glaciers increase the glacier area at
low altitudes, glacier ablation will increase, leading to more mass loss. However, the initiation time and duration
of the active phase of glacier surging varied greatly for different glaciers in the WKM (Guan et al., 2022). It is
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difficult to estimate the influence of glaciers surging on changes in regional glacier mass balance on interdecadal
timescales. Guan et al. (2022) found that glaciers in the WKM were divided into one of four categories: seven
confirmed surge-type glaciers, one likely surge-type glacier, eight possible surge-type, and 407 non-surge-type
glaciers. Therefore, most WKM glaciers were relatively stable without discernible surging.

The glacier area shrinkage rate in the WKM was 3.6% + 4.8% or 0.07% + 0.1% a~! during 1968-2017, which is
not significant (Y. Wang et al., 2018). Glacier area changes in the WKM over the past 40 years are characterized
by spatial and temporal heterogeneity (Y. Wang et al., 2018). The area of the glaciers on the south and north
slopes of the WKM decreased significantly from 1972 to 1991 (Cao et al., 2020). From 1991 to 2010, the area
of the north slope decreased, and the area of the south slope increased. From 2010 to 2018, the area of the north
slope increased significantly, and the area of the south slope decreased (Cao et al., 2020). In addition, some large
glaciers in this region showed complicated variations. For example, some glaciers presented short-term (one or
several years) advances within a retreating trend during 1972-2020, while some exhibited a continuous advance
or continuously retreated (Guan et al., 2022). However, most glaciers (about 405, including large and small
glaciers and Guliya) in the WKM had a relatively stable terminus position, with total variations of <0.12 km
during 1972-2020 (Guan et al., 2022). Thus, our assumption that ice-covered areas on Guliya did not change
during 1970-2019 is reasonable.

Glacier volume estimation is based on volume-area scaling (V = ¢ X A7, where V and A are the volume and area of
a single glacier, respectively, and c and y are scaling parameters; Bahr et al., 1997). Therefore, when the changes
in glacier area are small, the glacier volume will be stable for Guliya and most WKM glaciers over the last
several decades. This fact means that changes in regionally averaged mass balance over the last several decades
were small, which is also verified by the geodetic mass balance data in the WKM. These data show that glaciers
in the WKM were close to balanced conditions during 1970-1999, with a regionally averaged mass balance of
—0.06 + 0.13 m w.e. a~' (Y. Wang et al., 2018) and 0.02 + 0.1 m w.e. a~' (Zhou et al., 2018), and that glaciers in
the WKM are slight positive during 2000-2010s, with the regionally averaged mass balance from 0.04 + 0.15 to
0.16 + 0.1 m w.e. a~! (Brun et al., 2017; Shean et al., 2020; R. Wang et al., 2019). The regionally averaged mass
balance of glaciers in the eastern part of the WKM and the average mass balance of Guliya also showed similar
values for the two periods (Lin et al., 2017; Y. Wang et al., 2018; Zhou et al., 2018; Figure 4a).

The spatial-temporal patterns of glacier velocities in the WKM are complicated. The velocities in the center-
line within the ablation zone of some glaciers were larger in summer (~0.3 m d=!) compared to those in winter
(<0.05 m d~!) during 2017-2019, while the velocities of some glaciers were faster during winter than during
summer (Guan et al., 2022). For surge-type glaciers, Yasuda and Furuya (2015) found that the surface velocity
is faster in early winter than in summer because of the presence of surface meltwater that reroutes through the
englacial and subglacial drainage. On interannual timescales, some large glaciers in the WKM showed varia-
ble changes in surface velocities (acceleration, deceleration, and relative stability) in different periods during
1991-2020, although most glaciers in the WKM had slow velocities with little variation (Guan et al., 2022). For
example, the modeled mean annual horizontal ice flow speeds of Guliya were relatively low (less than 20 m/a),
and the ice flow velocities on the terminus and the ablation zone were lower compared to those in the accumu-
lation zone (W. Chen et al., 2017). Guliya also has a low velocity without apparent motion on most parts of the
surface in winter (Yan et al., 2015). Guliya is the most stable glacier in China due to the relatively small changes
in the strain rate and the low ice temperature near the glacier terminus (W. Chen et al., 2017).

Interannual fluctuations in the glacier-wide mass balance are mainly due to temperature and precipitation chang-
ing accumulation and ablation processes (Oerlemans, 2005). Our modeled surface mass balance results showed
that the glacier surface is decreasing at low altitudes due to mass loss and is increasing at high altitudes due to
mass accumulation. However, glacier movements can also move mass from high altitudes to low altitudes. These
shifts mean that glacier thicknesses are reduced at high altitudes and increased at low altitudes. Theoretically, for
a stationary glacier with zero mass balance, the glacier thicknesses (from the glacier surface to the bedrock) will
show no change in both the ablation and accumulation zone (Tian et al., 2014). These mean changes in glacier
elevations are small for non-surge-type glaciers in the WKM, according to their geodetic mass balance data. For
example, the total changes in glacier height for non-surge-type glaciers in the WKM during 2000-2014 was from
—5.8mat 5,300 m a.s.1. to 3.7 m at 6,700 m a.s.l. (Lin et al., 2017). The two cores at the same drill site on Guliya
from different years provide further information to show that the changes in altitude of Guliya are small. The
ice core to bedrock is 309.73 m in 2015, which is only 1.13 m longer than in 1992. Thus, the changes in glacier
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surface height, resulting from the mass accumulation and ablation processes, are reduced by the glacier dynamic
process. These processes caused small changes in the elevation or morphology of Guliya on interdecadal times-
cales, meaning that the influence of small changes in the surface elevation of Guliya on the modeled long-term
mass balance will be small. As such, our assumption that the surface elevations on Guliya did not change during
1970-2019 is reasonable.

4. Conclusion

The mass balance history of Guliya in the WKM from October 1969 to September 2019 was reconstructed using
an EMB model and calibrated ERAS data. The key objectives of this work were to analyze the average mass
balance status during 2000-2019, quantify the temporal variability of the mass balance in different periods and
explore the potential driving mechanisms. The model was calibrated and validated by annual layer thickness
measurements obtained from two ice cores drilled on Guliya, in situ meteorological data at AWS2, the mass
balance at different stakes, the geodetic mass balance data from Guliya and the majority of glaciers in the WKM,
and the measured runoff depth at Keriya Hydrological Station. Guliya experienced overall mass gain during
2000-2019 because low T, caused low ablation-season meltwater that was lower than annual snowfall. The low
T, in the WKM was linked to low L, and turbulent heat fluxes and high ratios of snowfall to precipitation (a
high snowfall proportion). In contrast, in most of the TP, high T, caused high melt energy and a large proportion
of precipitation falling as rain during the ablation season. These processes caused ablation-season meltwater
to be larger than annual snowfall, and the majority of glaciers in this region experienced a negative mean mass
balance during 2000-2010s. At interannual timescales, ablation-season precipitation and ablation-season 7, had
a nearly equal influence on changes in the mass balance of Guliya. Ablation-season precipitation can influence
changes in mass balance mainly by changing ablation-season snowfall accumulation, and ablation-season T, can
influence changes in the mass balance mainly by changing ablation-season meltwater. From the 1970s—1990s to
1990s-2010s, most glaciers on the TP and the surrounding areas showed increased mass loss due to increased
ablation-season T, while the WKM glaciers showed an increase in the mean mass balance. The mean mass
balance for Guliya was slightly higher during 2000-2019 than during 1970-1999 due to increasing ablation-sea-
son precipitation, which may be related to changes in the phase of the SRP. From 2000 to 2009 to 2010-2019, the
mean mass balance of Guliya decreased due to increasing ablation-season T,,. Future global warming will result
in that the status of the majority of glaciers will change from mass gain to mass loss when the annual snowfall
becomes lower than ablation-season meltwater. This shift will pose potential threats to the lives and livelihoods
of people in the Tarim Basin, and will jeopardize ice core-derived climate histories preserved in WKM glaciers.
The drivers for changes in mass balance varied during different periods, due to different strengths of climate
variability for these periods. This phenomenon has been found in Zhu, Thompson, et al. (2021). Overall, more
observations of WKM glaciers are needed to fully understand the influence of climate drivers on glacier behavior.

Data Availability Statement

JRA-55 and ERAS reanalysis data sets are freely distributed on the National Center for Atmospheric Research
(http://rda.ucar.edu/datasets/ds628.1/) and the Climate Date Store (https://cds.climate.copernicus.eu/cdsapp#!/
search?type=dataset), respectively. The CMAP precipitation data was provided by the NOAA/OAR/ESRL PSD
(https://www.esrl.noaa.gov/psd/). The calibrated ERAS data and reconstructed mass balance of Guliya Ice Cap
are deposited in National Tibetan Plateau Data Center (https://doi.org/10.11888/Cryos.tpdc.272203).
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