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Abstract. Contrary to the widespread glacier mass loss in
High Mountain Asia under global warming, glaciers in the
Pamir-Karakoram region have exhibited anomalously less
negative mass balances and even slight mass gains in recent
decades. While geodetic studies have quantified decadal-
scale mass loss, the process of glacier mass balance and its
response to extreme climate events remain poorly understood
due to the scarcity of high temporal resolution of mass bal-
ance observations. This study analyses the characteristics of
daily glacier mass balance during the period from 2019/2020
to 2022/2023 and their responses to the 2022 heatwaves
based on time-lapse photography, ablation stake/snow pit
measurements and nearby meteorological records collected
at the Kangxiwa Glacier in the eastern Pamir. Our results
showed that the Kangxiwa Glacier experienced weak mass
loss in 2019/2020 and 2020/2021 balance years and signifi-
cant mass deficits in 2021/2022 and 2022/2023. Observations
show that the Kangxiwa Glacier is a spring-accumulation
and summer-ablation type, with spring (April-June) accu-
mulation of 200-295 mm w.e. and summer (July—September)
mass loss of 306-884 mm w.e. during the past four years. The
heatwaves in July-August 2022 caused an abnormal mass
loss of over 800 mm w.e. within 40d, depleting all winter
snow accumulation one month earlier than the other three

years and driving the equilibrium line altitude above the
glacier summit. Characterized by weakened westerly circula-
tion, the 2022 heatwaves led to increased incoming radiation
and reduced precipitation. These heatwaves likely affected
not only the eastern Pamir region but also the western Kun-
lun Mountains. Our finding revealed that short-term heat-
waves can trigger substantial glacier mass loss in the east-
ern Pamir, once considered climate-resilient, suggesting that
“Pamir-Karakoram” anomaly is increasingly challenged by
the growing frequency of extreme heat events.

1 Introduction

Under global climate warming, glaciers on Tibetan Plateau
and its surrounding regions have suffered from significant
mass loss over recent decades (Brun et al., 2017; Bhat-
tacharya et al., 2021; Hewitt, 2011; Hugonnet et al., 2021;
Shean et al., 2020). However, the notable exception, called
the “Pamir—Karakoram” anomaly, observed in the western
Kunlun, Karakoram and the eastern Pamir ranges, where
glaciers have remained in balance or experienced slight mass
gains since at least the 1970s (Hewitt, 2011; Berthier and
Brun, 2019; Brun et al., 2017; Kaib et al., 2015; Farinotti et
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al., 2020). Recent studies suggested that this anomaly might
be transitioning to a generalized thinning, indicating the end
of the “Pamir—Karakoram” anomaly (Hugonnet et al., 2021).

Glaciers in Central Asia are a critical component of the
hydrological cycle, providing substantial runoff during the
dry summer months for agriculture or hydropower (Huss
and Hock, 2018). In-depth analysis of glacier mass changes
and their climate response is therefore essential for water
resource management and regional sustainability. Geodetic
studies have successfully determined decadal glacier mass
changes (Shean et al., 2020; Hugonnet et al., 2021). How-
ever, the heterogeneous climatic and topographical condi-
tions across the Tibetan Plateau and surroundings result in
high spatial variability in glacier mass balance (Brun et
al., 2019; Barandun et al., 2021; Barandun and Pohl, 2023;
Zhu et al., 2023). In addition, long-term glaciological mea-
surements are scarce across the western Tibetan Plateau, par-
ticularly in the western Kunlun, the Pamir and Karakoram
ranges (Barandun and Pohl, 2023; Yao et al., 2022; Zemp et
al., 2023). Direct glaciological measurements using ablation
stakes and snow pits enable the derivation of seasonal and
annual mass balance, supporting model calibration and vali-
dation (Cogley et al., 2011; Kaser et al., 2003). The limited
availability of in-situ observations and detailed analysis of
physical ablation and accumulation processes has hindered
a comprehensive understanding of the factors driving glacier
mass changes in this region.

Extreme events such as heatwaves have caused abnormal
high-elevation melting in the world (Chen et al., 2023; Gui et
al., 2024; Hassan et al., 2024; Little et al., 2019), threatening
water security and triggering glacier-related disasters (K&idb
et al., 2018; Shugar et al., 2021; Zhao et al., 2022). For ex-
ample, a 25 d heatwave in Switzerland in 2022 caused melt
equivalent to 35 % of the total summer ablation (Cremona et
al., 2023). Similarly, the 2022 heatwave induced unexpected
melting on the central Tibetan Plateau (Zhu et al., 2024a; Zhu
et al., 2024b) and severe mass loss at Urumqi Glacier No. 1
in the eastern Tien Shan (Xu et al., 2024). The increasing
intensity, frequency and duration of regional extreme heat-
waves around the world pose a significant threat to moun-
tain glaciers (Colucci et al., 2017; Perkins-Kirkpatrick and
Lewis, 2020). The glaciological method and geodetic mass
balance method can provide mass balance data at multi-year,
annual, and seasonal scales. However, both approaches face
challenges in capturing the high temporal evolution of sur-
face mass balance, limiting our understanding of glacier re-
sponses to short-term extreme events.

Recent advancements in high temporal resolution monitor-
ing techniques to monitor ablation, such as the SmartStake
by rolling the steel wire up (A2 Photonic Sensors, 2021),
automated cameras monitoring colour-coded ablation stakes
(Landmann et al., 2021; Cremona et al., 2023), and terrestrial
laser scanning techniques (Voordendag et al., 2023), have
provided new insights into short-term surface mass balance
variations, including their response to extreme melt events
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(Cremona et al., 2023). New indices like the Glacier Loss
Day, which was defined as the day when net mass balance
becomes negative and winter snow is exhausted (Voordendag
etal., 2023), have provided new insights into short-term mass
balance variations. In the summer of 2022, heatwaves swept
across many parts of the Northern Hemisphere, causing ex-
treme heat events in North America, Europe, and the Yangtze
River in China (Lu et al., 2024). However, the processes and
mechanisms through which these heatwaves impact glaciers
in the eastern Pamir — long considered climatically stable —
remain poorly constrained. To address this critical knowl-
edge gap, this study prioritizes time-lapse camera observa-
tions to capture daily surface mass balance, complemented
by in-situ stake measurements for cross-validation, and in-
tegrates ground-based meteorological station records and re-
analysis datasets to interpret the associated climatic contexts
and underlying mechanisms. Based on these high-temporal-
resolution daily surface mass balance datasets, this study
aims to (1) characterize the contrasting seasonal mass bal-
ance patterns of the Kangxiwa Glacier in the eastern Pamir
under varying climatic forcing regimes across the 2019/2020
to 2022/2023 balance years; (2) quantify the sensitivity of
surface mass balance to the extreme 2022 summer heat-
waves; and (3) identify the atmospheric circulation anoma-
lies linked to the 2022 heatwaves using ERAS reanalysis
data, and further explore regional glacier response.

2 Study region

The study area is located near Muztagh Ata (7546 ma.s.l.)
and Kongur Shan (7719 ma.s.l.) in the eastern Pamir, Cen-
tral Asia (Fig. 1). This region hosts a total of 434 glaciers
covering 1018 km?, with a continental glacier regime char-
acterized by cold and arid conditions (Shi and Liu, 2000).
The climate of eastern Pamir is dominantly controlled by the
westerly jet stream (Yao et al., 2012). Data from the Taxko-
rgan Meteorological Station (3091 ma.s.l., ~ 50 km south of
Muztagh Ata) show a mean annual temperature of 3.7 °C and
annual precipitation of ~ 70 mm over the period of 1960-
2015 (Li et al., 2022; Lv et al., 2020).

Kangxiwa Glacier (38.28°N, 75.28°E) is a debris-free
valley glacier on the western slope of Kongur Shan, extend-
ing from 5350 to 4960 m a.s.1. with an area of 1.86 km? and
length of ~3km. This glacier was selected as the bench-
mark glacier for long-term measurements (Yao et al., 2022).
Geodetic estimates indicate that the average mass balance
of Kangxiwa Glacier was —0.13+0.99m water equiva-
lent (w.e.) and a near-balanced regional glacier mass state
(+0.13+0.10mw.e.) in the whole eastern Pamir during
2000-2019 (Hugonnet et al., 2021), with mass loss of
—0.07£0.20 m w.e. during 2019-2022 (Falaschi et al., 2023)
and a low area shrinkage rate of —0.7 0.5 % per decade
from 2000 to 2017 (Li et al., 2022).
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Figure 1. Study region and the distribution of in-situ measurements. (a) Location of the studied area in the eastern Pamir, Central Asia; (b)
the location of Kangxiwa Glacier (red square), Automatic Weather Station (AWS) at the elevation of 4900 m and Taxkorgan meteorologic
station (red stars); the background is from World hillshade layer (http://www.arcgis.com, last access: 10 September 2025) and the glacier
outline was obtained from the Randolph Glacier Inventory (RGI 7.0); (¢) photograph of the time-lapse camera and colour-coded stake on the
Kangxiwa Glacier at 5300 m a.s.1. (20 June 2020); (d) topographic map of the Kangxiwa Glacier showing the locations of three time-lapse
camera monitoring systems and the ablation stakes for in-situ surface mass balance observations.

3 Data and Methods

3.1 Surface mass balance measurements by stakes and
snow pits

Glaciological observation of Kangxiwa Glacier has been
conducted by the Muztagh Ata Station for Westerly Environ-
ment Observation and Research, Chinese Academy of Sci-
ences (Fig. 1b) since the 2010/2011 hydrologic year. Nine
ablation stakes were installed along the central flow line of
the Kangxiwa Glacier to measure point-scale surface mass
balance following standard glaciological methods in this re-
search (Cogley et al., 2011; Kaser et al., 2003). In-situ mea-
surements of stake exposure height, snow stratigraphy, and
snow density were conducted at the onset (early June) and
the end (late September) of each ablation season (Fig. 1d).
Ice density was assumed to be 900 kgm~3 (Huss, 2013). Sea-
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sonal (winter and summer) and annual point mass balance
were derived for the 2019/2020 to 2022/2023 balance years.
These annual and seasonal mass balances serve as ground
truth for validating the accuracy of daily surface mass bal-
ance retrieved from time-lapse camera observations in this
study.

3.2 Surface mass balance monitoring by time-lapse
camera

3.2.1 Time-lapse camera monitoring systems

Three time-lapse camera systems were deployed at the
glacier terminus (5005 ma.s.l.), mid-glacier (5137 ma.s.l.),
and accumulation zone (5300 ma.s.l.) (Fig. 1d). The moni-
toring system adhered to methodologies established in prior
research (Landmann et al., 2021; Cremona et al., 2023), inte-
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grating color-coded aluminum stakes and time-lapse cameras
to quantify the stake melt-out length. The aluminum stakes
were marked at 5 cm intervals with alternating red and yellow
bands (Fig. 1c), installed vertically on the glacier surface and
photographed hourly by fixed-position Forsafe H801 time-
lapse cameras. The distance between each stake and its cor-
responding camera was approximately 6-10 m. Powered by
8 AA batteries and a solar panel, the cameras ensured contin-
uous field operation. Featuring waterproof specifications, the
camera captured images in JPEG format and stored them on
a microSD card. In this study, cameras at 5137 and 5300 m
began operation on 1 October 2019 and the camera at 5005 m
started on 20 June 2020. Seasonal maintenance included the
replacements of stakes, microSD cards and batteries.

3.2.2 Changes of stake melt-out length

A semi-automatic procedure was developed to measure the
stake melt-out length, focusing on addressing the challenge
of illumination variation in natural environments. The Hue-
Saturation-Value (HSV) colour space was used for image
processing because it separates luminance from colour infor-
mation, unlike the standard RGB colour space where inten-
sity and colour are intermingled. In the HSV method, H rep-
resents the colour type, such as red, yellow or blue; S refers to
the purity of a colour, describing how much a pure colour is
diluted with white light; and V represents the colour’s bright-
ness, ranging from black to white. These characteristics make
HSV particularly suitable for analysing and segmenting im-
ages captured under diverse lighting conditions (Ganesan et
al., 2014; Hamuda et al., 2017; Yu et al., 2021).

Prior to image processing, photographs taken between
12:00 and 19:00 (UTC+8) were selected to ensure optimal
lighting, and blurry images taken during heavy snowfall were
manually excluded. A fixed frame was then defined to en-
compass the stake, leveraging its stable position across con-
secutive shots (Fig. 2a). Stake contour detection relied on ex-
ploiting the difference in saturation values between the stake
and the glacier surface (Fig. 2b). This involved applying a
Gaussian filter to suppress high-frequency noise, followed by
a morphological top-hat filter on the S-channel of the HSV
colour space to enhance differentiation between the stake and
the background. The method proposed by Otsu (1979) was
used for automatic thresholding during S-channel binariza-
tion, with the largest connected region selected as the stake
in order to eliminate minor segmentation artefacts.

The pixel length of the stake (Lp), which is defined as the
height of the minimum bounding rectangle (Fig. 2c), was
converted to a real-world length in centimetres (L) using a
linear relationship (Fig. S1 in the Supplement). This rela-
tionship was established through a comparative analysis of
Ly and L in reference images. Reference images were man-
ually selected to cover the full measurement range of L. For
each reference image, L was manually calculated by incor-
porating the total number of visible coloured bands (), the
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Figure 2. Illustration of image processing workflow. (a) Original
image with a frame and a zoomed inset of the coloured stake bot-
tom. (b) Grayscale representation of the S channel from the HSV
colour space; (c¢) calibration stake contour with a red minimum
bounding rectangle.

pixel length of the bottom section (L), and the pixel lengths
of the two adjacent upper bands (Lpa), which were manually
counted and measured, respectively (Eq. 1). Figure S1 shows
the significantly linear relationships between L and L, of the
reference images for each monitoring period at each moni-
toring site.

L=(N—1)x5+Lppx10/Lp, (1)

The performance of stake melt-out length derived from
time-lapse cameras was validated by comparing with man-
ually camera photo inspection and tape measurements dur-
ing field campaigns (Fig. S2). During the image selection for
manually inspection, the reference images were excluded to
ensure the independence of the validation dataset. The semi-
automated procedure demonstrated strong agreement with
both methods, yielding a range of —3 to 2cm across the
validation samples. These comparisons highlight the robust-
ness of the time-lapse camera-based semi-automated work-
flow for quantifying stake melt-out length variations.

3.2.3 Glacier mass balance derived from stake melt-out
length

The daily changes in the stake melt-out length recorded by
three cameras were converted into changes in mass balance
by multiplying by the corresponding density for different
surface conditions (snow vs. bare ice) through visual in-
spection of the photos (Fig. S3). For bare ice, a density of

https://doi.org/10.5194/tc-20-2279-2026
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900 kg m~3 was used. For snow surfaces, a mean snow den-
sity of 405kgm™3, which was the average density of snow
pits measured at the three monitoring sites over the period
2020-2023, was applied. To account for uncertainty from
snow density, two boundary values of 286 and 587 kgm 3,
which were the minimum and maximum snow densities mea-
sured during the onset and late ablation season, were incor-
porated into the analysis. Limited data gaps were interpo-
lated using adjacent measured values. The data gap at the
5005 m site from 1 October 2019 to 20 June 2020 was filled
via daily mean mass balance value derived from the corre-
sponding stake measurements.

Glacier-wide daily mass balance was then derived by area-
weighted sum of point-scale mass balance estimates from
the three cameras. A 30 m resolution SRTM DEM was em-
ployed to quantify the area distribution with its elevations.
The cameras were deployed near the terminus, middle and
upper region of Kangxiwa Glacier, allowing the entire glacier
to be partitioned into three distinct zones centered approxi-
mately on each camera’s installation site. These three zones
corresponded to the elevation ranges of 4960-5080 m (area
weighting factor: 0.33), 5080-5200 m (area weighting factor:
0.38), and 5200-5390 m (area weighting factor: 0.29). No-
tably, each zone aligns with one camera deployment location
and accounts for roughly one-third of Kangxiwa Glacier’s
total area. Kangxiwa Glacier features relatively flat topog-
raphy (Fig. 1), and mass balance measurements from 9 ab-
lation stakes further confirmed a linear elevation-dependent
mass balance. These characteristics justified the extrapola-
tion of glacier-wide mass balance from the limited set of
point observations. Finally, the camera-derived mass balance
estimates were validated against results obtained via tradi-
tional glaciological methods based on the 9 ablation stakes
across the glacier.

3.3 Meteorological stations and the reanalysis data

A Campbell automatic weather station (38.28°N, 75.04°E,
4900 m a.s.l.; AWS4900; Fig. 1b) was deployed on the west-
ern slope of Muztagh Ata in 2011 at a similar elevation
to the Kangxiwa Glacier terminus. It continuously recorded
half-hourly measurements of wind speed, wind direction,
air temperature, relative humidity, atmospheric pressure, in-
coming/outgoing shortwave and longwave radiation, and all-
weather precipitation by T200B precipitation gauge (Zhu et
al., 2018). This dataset was used to characterise the near-
surface meteorological features of the study area over the
past four years and identify extreme weather events. This
provides a basis for explaining short-term abnormal changes
in glacier mass balance. Data from the Taxkorgan Meteoro-
logical Station, located approximately 50 km south of Muz-
tagh Ata, were used to analyse long-term climate change
trends in the eastern Pamir.

To investigate the possible climate mechanism for abnor-
mal glacier mass loss, this study also employed the fifth
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generation of reanalysis data from the European Centre for
Medium-Range Weather Forecasts (ERA5) with 2.5° hori-
zontal resolution, which has been widely used in climate re-
search (Hoffmann et al., 2019; Song et al., 2024) and glacier
change analyses (Zhu et al., 2024b). By analysing the spa-
tial anomalies pattern of geopotential height, wind fields, and
surface air temperature, we investigated the change of large-
scale atmospheric circulation and discussed its possible in-
fluences on extreme weather events and the subsequent re-
sponses of glacier surface mass balance.

4 Results

4.1 Performance of glacier mass balance estimation
based on time-lapse camera observations

Figure 3 shows a comparison of the cumulative point mass
balance estimates derived from the time-lapse cameras and
the glaciological method at the three camera sites (5005,
5137 and 5300 m) on the Kangxiwa Glacier during the pe-
riod from 2019/2020 to 2022/2023 balance years. Figure 4a
further presents the seasonal comparative performance of
point-scale mass balance (winter and summer). Quantita-
tive comparisons reveal that the mean seasonal mass bal-
ance differences between the two datasets at the three mon-
itoring sites are —64, —13, and 2 mm w.e., with correspond-
ing standard deviations of 193, 137 and 104 mmw.e., re-
spectively. Over the entire observation period, the mean dis-
crepancies between the two datasets yield an overall mean
of 26 + 149 mm w.e.. These discrepancies between the two
methods could be largely attributed to temporal variations in
snowpack density throughout the observation period.

At the glacier-wide scale (Fig. 4b), the camera-based sea-
sonal mass balances exhibit a robust linear correlation with
the stake-based counterparts (e.g., R = 0.98), with almost
all in-situ stake-based values falling well within the uncer-
tainty bounds of the camera-based estimates. The mean dis-
crepancy between the two datasets is 62 + 54 mm w.e., indi-
cating high consistency between the camera-based method
and the glaciological stake method. This robust agreement
not only validates the reliability of time-lapse camera ob-
servations for quantifying glacier mass balance but also es-
tablishes a solid foundation for investigating temporal evo-
lution characteristics of glacier-wide mass changes for the
Kangxiwa Glacier.

4.2 Evolution of glacier surface mass balance during
the 2019/2020-2022/2023 hydrological years

Figure 5a compares the annual cumulative changes in the
glacier-wide surface mass balance of the Kangxiwa Glacier
during the 2019/2020-2022/2023 hydrological years, which
can be broadly categorised into three phases: a balance pe-
riod from October to mid-April, a snow accumulation pe-
riod from mid-April to June/July, and an intense ablation pe-
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were derived from the minimum and maximum snow densities, respectively.

riod from June/July to September. During the balance period,
low temperatures and low precipitation resulted in limited
changes in the stake melt-out length, with the cumulative
mass balance fluctuating between —78 and +188 mmw.e.
The slight surface mass loss observed during this period was
likely caused by sublimation or mechanical snow drift driven
by strong winter wind, as evidenced by the transition of
snow-covered surfaces to exposed bare ice under cold winter
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conditions (Fig. S3). During the accumulation period (mid-
April to June/July), the glacier experienced different max-
imum snow accumulation across the entire glacier ranging
from 258 to 445 mmw.e. At an elevation of 5300 ma.s.l.,
maximum snow depth reached 1.0-1.5m (Fig. S3). No-
tably, monthly accumulation peaks generally occurred in
May (Fig. S4).

https://doi.org/10.5194/tc-20-2279-2026



Y. Xie et al.: Glacier mass balance and its response to 2022 heatwaves for Kangxiwa Glacier

=N
S
S

1 = 2019/2020
= 2020/2021

2021/2022
= 2022/2023

N
=3
S

%)
S
S

4

[
=1
S

™

Glacier mass balance (mm w.e.)
\ Lo
(=3
=] (=1

>N
S
S

w

S

S
!

N3
=3
S

Cumulative precipitation (mm)

|

=
S
o

w

=3

S
!

CPDD (°C d)
[~
S

=)
S

C

0 T T T r r T 7 T T T T T
10-01 11-01 12-01 01-01 02-01 03-01 04-01 05-01 06-01 07-01 08-01 09-01 09-30
Date

Figure 5. Cumulative glacier-wide mass balance of the Kangxiwa
Glacier during the 2019/2020-2022/2023 hydrological years with
the uncertainties by shaded area (a). The cumulated precipita-
tion (b) and the cumulated positive degree day recorded by the
AWS4900 (c).

The phase of glacier mass loss is predominantly con-
fined to the period from June/July to September, with signif-
icant interannual variability manifested in multiple key as-
pects. First, the onset of surface mass loss — after the an-
nual maximum net accumulation is reached — exhibits sub-
stantial interannual differences: the earliest initiation was ob-
served on around 2 June 2023, whereas the latest occurred
around 22 July 2020. The Glacier Loss Day — defined as
the date when the net mass balance transitions to negative
and all winter snow accumulation is depleted (Voordendag et
al., 2023) — occurred on around 11 July 2022, approximately
one month earlier than in other years (e.g., ~3 Septem-
ber 2021; ~26 August 2023). Notably, no Glacier Loss
Day was recorded in the 2019/2020 hydrologic year, a phe-
nomenon attributed to abundant winter-spring snow accumu-
lation coupled with relatively low summer air temperature
(Fig. 5b, c). The earliest Glacier Loss Day in the 2021/2022
hydrologic year was partly caused by the lowest precipita-
tion in the accumulation season. Specifically, the AWS4900
shows that the cumulative precipitation for the 2021/2022 hy-
drologic year was only 131.8 mm until 11 July, while the cor-
responding values were 195.9, 165.1, and 218.7 mm for the
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201972020, 2020/2021, and 2022/2023 hydrologic years, re-
spectively.

Beyond the timing of ablation onset, the duration of
glacier mass loss also exhibits marked interannual variability.
Specifically, it was approximately 40d in 2020 (from ~ 23
July to 30 August), 80d in 2021 (11 July to 30 September),
58d in 2022 (26 June to 22 August), and 120d in 2023 (2
June to 30 September). Another interannual variability lies
in the magnitude of annual surface mass loss, with values
of —414, —334, —907 and —694 mm w.e. in the 2019/2020,
2020/2021, 2021/2022 and 2022/2023 hydrologic years, re-
spectively. The most significant mass loss occurred in July—
August 2022 (Fig. 5), with the mass loss in July 2022 be-
ing four times greater than the mean for the three other
years. AWS4900 records indicate that interannual fluctua-
tions in both air temperature and precipitation were the pri-
mary drivers of significant differences in both the duration
and intensity of surface mass loss during the 2019/2020-
2022/2023 hydrological years (Fig. 5). The exceptional mass
loss in 2022, for instance, coincided with an anomalous sum-
mer of pronounced warming and aridity. This is evidenced
by the fact that cumulative positive degree days (CPDDs) at
AWS4900 reached 341.7 °C d, which is 1.4-2.3 times higher
than in the other three years, while total precipitation dur-
ing July—August amounted to only 67.2 mm, approximately
50 % lower than the average for the corresponding period
across the other three years.

The annual mass balance of the Kangxiwa Glacier ex-
hibited significant variability throughout the study period. A
slight positive balance was recorded in the 2019/2020 hydro-
logical year (+45 mm w.e.), followed by a weak negative bal-
ance in 2020/2021 (—121 mmw.e.). This contrasts sharply
with the substantial mass loss observed in the following
two years: —654 mmw.e. in 2021/2022 and —337 mm w.e.
in 2022/2023. Four-year observations revealed that the in-
terannual accumulation differences of the Kangxiwa Glacier
were limited to be ~ 187 mm w.e., with the maximum accu-
mulation of 445 mm w.e. in the 2019/2020 hydrological year
and the minimum of 258 mm w.e. in the 2020/2021 hydro-
logical year (Fig. 5). A comparative analysis between the
2019/2020 and 2021/2022 hydrologic years reveals that the
2021/2022 experienced less accumulation of 167 mm w.e. in
winter season, but more ablation of 494 mm w.e. in summer
season. These results emphasize that interannual variability
in the glacier mass balance of Kangxiwa Glacier was pre-
dominantly driven by the variability in mass loss during the
ablation season.

Meanwhile, linear altitudinal interpolation of two comple-
mentary datasets — camera-based point mass balances from
three elevations and stake — based measurement from 9 abla-
tion stakes — allowed for the quantification of the equilibrium
line altitude (ELA) over the study period. The ELAs dis-
played significant interannual fluctuations: the highest ELA
surpassed the glacier summit during 2021/2022 balance year,
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whereas the lowest ELA (5079-5086 ma.s.l.) occurred in
2019/2020.

4.3 Glacier response to the heatwaves in the summer of
2022

Both ERAS reanalysis data and ground-based meteorolog-
ical station observations revealed an unprecedented sum-
mer warming event in 2022 in the eastern Pamir, with the
most pronounced anomaly recorded in July (Figs. 6 and S5).
The ERAS temperature data confirmed that the correspond-
ing grid point of the Kangxiwa Glacier in July 2022 was
the highest recorded between 1981 and 2024 (Fig. 6a). The
AWS4900 records showed that the average July tempera-
ture during 2012-2023 was 2.9 °C, while it reached 6.2 °C
in July 2022, constituting a substantial positive temperature
anomaly (Fig. 6b). Additionally, daily maximum tempera-
ture recorded at Taxkorgan station during summer 2022 was
significantly higher than the long-term mean for 1957-2023
(Fig. S5), with 61 % of days in July exceeding the 90th per-
centile of historical temperatures and satisfying the criteria
for an extreme heat event as defined by Lu et al. (2024). This
evidence indicates that July 2022 was characterized by sig-
nificantly elevated temperatures relative to historical base-
lines. This exceptional climatic event provides a unique op-
portunity to analyse how glaciers respond to extreme heat-
waves in the eastern Pamir.

Based on AWS4900 records, three extreme heat events
were identified between 26 June and 11 July, 18-30 July,
and 5-17 August 2022 (Fig. 7). During the first two heat-
waves, daily temperatures were 6.2 °C and 4.4 °C higher than
the three-year average, with a maximum anomaly of +10 °C
on 5 July (Fig. 7a). Concurrently, daily incoming solar ra-
diation exceeded the average by 90.6 Wm~2 (+31 %) and
487Wm~2 (+17 %) (Fig.7b), while total precipitation de-
creased by 40.4 mm (—100 %) and 31.3 mm (—76 %). These
conditions, characterized by increased temperatures, reduced
snow replenishment, and intensified solar radiation, drove
anomalous mass loss (Figs. 5, 7). The first extreme event in-
duced a mean mass loss rate of —16 mmw.e.d!, whereas
the three-year average for the same period exhibited a near-
balanced state. The second heatwave exacerbated mass loss
to —19 mmw.e. d~!, which is ~ 4 times the three-year mean
(—1 to —7mmw.e.d™1). This significant ablation acceler-
ated the depletion of spring-accumulated snow (Fig. 8) and
thus contributed to the advance of the Glacier Loss Day by
one month (Fig. 5).

The weather conditions during the August heatwave and
the corresponding glacier response were obviously different
from those during the two July heatwaves. The air tempera-
ture during the August heatwave was only 2.5 °C higher than
the corresponding average of the other three years. The re-
duced shortwave radiation of 54.9 W m 2 (—17.1 %) and the
increased longwave radiation of 26.1 Wm~2 (+10.2 %) in-
dicate the increased cloud cover over the eastern Pamir dur-
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ing this period (Liu et al., 2021). There was no significant
change in precipitation. The August heatwave was there-
fore characterized by moderate warming and cloudy con-
ditions. In contrast, the magnitude of mass loss during the
August heatwave was even more intensive than those dur-
ing the two July heatwaves (Fig. 7d). Mass loss intensity
increased to 23 mmw.e.d”! during the August heatwave,
which is 16 mm w.e.d~! higher than the mean value for the
corresponding periods of the other three years.

Glacier surface melting is critically linked to the energy
supply and the surface conditions. The precipitation phase
may greatly influence the snow accumulation and the surface
albedo condition (Jouberton et al., 2022). Seasonal snowfall
and rainfall amount at each camera-monitored site for each
hydrological year were estimated using the method proposed
by Ding et al. (2014), combined with meteorological data
from AWS4900 and the Muztagh Ata observation station
(3650 ma.s.1.). Snowfall accounted for 94 % of total precipi-
tation at the glacier terminus (5050 m a.s.1.), 96 % at the mid—
glacier site (5137 ma.s.l.), and 99 % at the upper—glacier site
(5300 ma.s.l.) in the warmest 2022. The scarcity of rainfall
in summer season across the glacierized area indicates that
precipitation phase transitions likely played a limited role in
modulating the surface energy—mass balance. At the 5005 m
site, the number of bare ice days from June to September
reached 42 in 2021/2022, compared to 4, 23, and 13 d for the
2019/2020, 2020/2021, and 2022/2023 hydrologic years re-
spectively. This marked increase in bare ice days enhanced
glacier surface energy absorption, which partly explained the
substantial mass loss in the summer of 2022. Given the mod-
erate temperature anomaly and reduced shortwave radiation
during the August heatwave, the intensive mass loss could be
primarily attributed to the exceptionally low surface albedo
of exposed ice (Fig. 8), which amplified solar radiation ab-
sorption and subsequent melt processes (Molg et al., 2014).

5 Discussions
5.1 Mass balance characteristics in the eastern Pamir

Glaciers in the Muztagh Ata have been in a near-equilibrium
state since at least the 1970s (K&ib et al., 2015; Bolch et al.,
2019; Brun et al., 2017; Holzer et al., 2015). Based on the
high-resolution Pléiades stereo images, Falaschi et al. (2023)
analyses the annual and seasonal glacier mass balance in
Muztagh Ata and address that the mean mass loss of 2020,
2021 and 2022 was —0.19+0.14, +0.15£0.27, —0.17 &+
0.22 mw.e. Our measurements at the Kangxiwa Glacier in
the Muztagh Ata region for the 2019/2020 and 2020/2021
hydrological years are consistent with the previous knowl-
edge of near-equilibrium in this region (Yao et al., 2012;
Falaschi et al., 2023; Bhattacharya et al., 2021; Hugonnet
et al., 2021). However, the mass balance in 2021/2022 and
2022/2023 hydrological years displayed the significant mass
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loss. In particular, the mass loss in 2022 was the most neg-
ative and agrees well with the reported unprecedented mass
loss of the Urumgqi No. 1 Glacier in the eastern Tien Shan (Xu
et al., 2024) and the notable mass loss in the European Alps
(Berthier et al., 2024; Cremona et al., 2023; Voordendag et
al., 2023). Similar to the Swiss glaciers, the equilibrium line
altitude of the Kangxiwa Glacier rose above the glacier sum-
mit in 2022 due to heatwaves. Extremely high air tempera-
tures covered Eurasia and North America, with long-lasting
extreme heat events affecting China (Lu et al., 2023). Dur-
ing the summer of 2022, three heatwaves within a 40d pe-
riod caused a mass loss equivalent to over 90 % of the to-
tal ablation losses for the season, demonstrating the pivotal
role of heatwaves in driving local glacier ablation in this re-
gion. Similar regional heatwaves around the world (Colucci
et al., 2017; Perkins-Kirkpatrick and Lewis 2020; Zhang et
al., 2025) pose substantial threat to mountain glaciers. Such
significant mass loss by short-time heatwaves could influence
the long-term changes of glacier ablation.

We further compared the annual mass balance of the
Kangxiwa Glacier with those of nearby glaciers from
2019/2020 to 2022/2023 (WGMS, 2025), including Zulmart
Glacier (Glacier No. 139) and Glacier No. 457 in the Pamir,
as well as Abramov Glacier in the Pamir Alay. The annual
mass balance of Zulmart Glacier, which is about 200 km
northwest of Kangxiwa Glacier, was —210, —206, —311, and
—271 mmw.e. for the 2019/2020, 2020/2021, 2021/2022,
and 2022/2023 hydrologic years, respectively. Similar to the
Kangxiwa Glacier, the Zulmart Glacier also exhibited the
most negative mass balance in 2022, which is likely at-
tributed to the same impact of extreme high temperatures
in July. In contrast, neither the Abramov Glacier nor the
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No. 457 Glacier showed similar patterns. These contrasting
mass loss patterns are likely modulated by divergent climatic
regimes and topographic conditions, which influence mass
change patterns and climatic sensitivities across the Pamir
(Brun et al., 2019; Wang et al., 2019).

Based on our daily mass balance dataset, it is evident
that the accumulation in April-May is the primary driver
of annual accumulation magnitude in eastern Pamir. Baran-
dun et al. (2018) found that glaciers in the west Pamir re-
gion experience snow accumulation at the start of the hy-
drologic year, receiving over 1 mw.e. of accumulation dur-
ing the winter season. These different accumulation pat-
terns are linked to divergent precipitation seasonality be-
tween the east and west Pamirs, driving the formation of
distinct mass accumulation types (Maussion et al., 2014).
Published geodetic estimates reveal striking west—east dis-
parities in glacier mass balance since 2000, with a mean
mass loss of —0.26mw.e.a”! in the western Pamir but a
near-balanced state (—0.02mw.e.a~!) in the eastern Pamir
(Bolch et al., 2019).

Furthermore, variations in the timing of heatwave occur-
rence and their combination with seasonal distribution of pre-
cipitation can also contribute to substantial disparities in the
response of glacier surface mass balance to climatic condi-
tions. As illustrated in Fig. 5, the mass loss in 2019/2020
was concentrated in August (—346 mm w.e.), following a pe-
riod of high accumulation (4445 mmw.e.). In contrast, the
2022 mass balance process featured low spring accumulation
and extremely strong summer ablation driven by heatwaves
in July and August. While the ablation periods in 2021 and
2023 were significantly longer than in other years, the av-
erage summer ablation intensity was moderate. Unlike the
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Figure 7. Comparison of daily air temperature (a), daily incoming shortwave radiation (b), daily precipitation (c¢) and daily glacier-wide

mass balance (d) at the Kangxiwa Glacier during the ablation seaso

n (June—September), showing the difference between 2022 and the other

three years. The grey line shows the average for 2020, 2021 and 2023 with standardized variation (grey shaded area), while the red line shows
the records for 2022. Light red rectangles highlight three heatwave events. The meteorological data was derived from the AWS4900.

stable mass accumulation observed in June across the other
three years, the Kangxiwa Glacier experienced early abla-
tion (—107 mmw.e.) in June 2023, followed by the highest
ablation in September over the four-year period. Cumulative
mass loss from June onward reached 628 mmw.e. in 2023,
which was slightly less than the maximum loss in 2022.
These divergent patterns of mass balance evolution not only
underscore the complexity of glacier responses to climate
change in this region but also highlight the critical impor-
tance of continuous, high-temporal-resolution monitoring of
glacier surface mass changes to inform future model-based
explanations (Barandun and Pohl, 2023).
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5.2 The anomalous circulations in July 2022 and its
influence on glacier balance

The extraordinary mass loss of the Kangxiwa Glacier in
the eastern Pamir and Urumgqi Glacier No. 1 in the east-
ern Tien Shan in 2022 (Xu et al., 2024) suggests that heat-
waves may affect glacier conditions in the region on a wider
scale. Analysis using ERAS reanalysis data indicates that the
July heatwave event was mainly located on the Pamir Plateau
(Fig. 9a). The overall impact of the 2022 heatwave was felt in
the western Kunlun Mountains and the Pamir Plateau where
glaciers were previously considered in equilibrium or having
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Figure 8. Contrasting glacier surface conditions at the elevation of 5005 m between July—August 2020 and 2022.

a positive glacier mass balance (Brun et al., 2017; Kéaib et
al., 2015; Hugonnet et al., 2021).

We analysed anomalies in temperature, solar radiation,
cloud cover, geopotential height and wind fields at 200 hPa
during July 2022, compared to the climatological average
from 1991 to 2020, to investigate the anomalous large-scale
atmospheric circulations linked to the 2022 July mass bal-
ance anomaly in this study area. Anomalously high temper-
atures of over 4 °C were observed across the Pamir Plateau
and the western Kunlun Mountains. This suggests that other
glaciers in the region may also have experienced signifi-
cant mass loss during the summer of 2022. Latest research
in the Northwestern Pamirs found that enhanced glacier
mass loss was linked to the 2022 July heatwave (Jouber-
ton et al., 2025). Numerous studies have linked heatwaves
and high-temperature events to anticyclonic systems (Deng
et al.,, 2023; Jiang et al., 2023; Song et al., 2024). Fig-
ure 9b shows that an upper-level anticyclonic anomaly de-
veloped over the northwestern flank of the Tibetan Plateau
at 200 hPa. Under these circulation patterns, strong easterly
wind anomalies occur on the southern side of the anticy-
clonic anomaly, reducing the westerly wind at 30—40° N.
A decrease in westerly winds means less atmospheric wa-
ter is delivered to the Pamir, resulting in reduced precip-
itation and cloud cover. Abnormal anticyclonic circulation
can suppress convection and cause strong subsidence, result-
ing in reduced cloud cover (Fig. 9d). The decrease in cloud
cover, in turn, leads to increased incoming shortwave radi-
ation. Figure 9c indicates anomalously high shortwave ra-
diation during the July 2022 heatwave events. For example,
AWS4900 records showed that shortwave incoming radiation
exceeded the average for 2020-2021-2023 by 90.6 Wm™>
(+31 %) and 48.7Wm~2 (+17 %) during the two heatwave
events. This enhanced solar radiation further amplified the
heatwave. This enhanced solar radiation further intensified
the heatwaves. Overall, anticyclonic circulation anomalies
contributed to air descent and anomalous diabatic heating,
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resulting in sunny and dry weather in eastern Pamir in July
2022 (Fig. 5). This favoured an increase in shortwave radia-
tion to heat the land, which can increase outgoing longwave
radiation and turbulent heat fluxes from the land surface to
the atmosphere, causing higher air temperatures.

Additionally, soil moisture anomalies and teleconnections
via Rossby wave trains (Hood et al., 2020) are also poten-
tial contributing factors. Low soil moisture anomalies on
the Tibetan Plateau may have intensified the development of
heatwaves through land—atmosphere feedback mechanisms
(Jiang et al., 2023). The anomalous anticyclone in eastern
Pamir appears to be linked to the propagation of wave en-
ergy from an upstream mid-latitude wave train originating in
the northwestern North Atlantic (Deng et al., 2023; Song et
al., 2024). Anticyclone development above western Europe
(Fig. 9b) may have acted as a conduit for Rossby wave prop-
agation to the anticyclone developed under the Northwestern
flank of the Tibetan Plateau, linking glacier mass balance in
this region to large-scale climate mode such as the Atlantic
Multidecadal Oscillation.

6 Conclusions

Our study demonstrates that integrating time-lapse camera
imagery with in situ glaciological measurements provides a
reliable method for quantifying daily surface mass balance of
glaciers in the eastern Pamir region. The results revealed the
pronounced interannual variability in the surface mass bal-
ance of Kangxiwa Glacier during the 2019/2020-2022/2023
hydrological years: a modest positive balance in 2019/2020,
followed by successive negative balances, with a record loss
in 2021/2022. High temporal resolution observations char-
acterize eastern Pamir glaciers as “spring-accumulation and
summer-ablation” type, with accumulation concentrated in
April-June and ablation in July—September. Notably, short-
term heatwaves could greatly enhance the mass loss and then
dominate annual surface mass balance in this region. Three
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heatwaves in July—August 2022 induced over 800 mm w.e. of
mass loss within 40d. Coupled with below-average winter—
spring accumulation, these heatwaves pushed the equilibrium
line altitude above the glacier’s maximum elevation. The
2022 extreme melt was linked to weakened westerly circula-
tion over Central Asia, a large-scale atmospheric pattern sup-
pressing moisture transport and amplifying summer warm-
ing. Amid global warming and more frequent extreme heat,
eastern Pamir glaciers — once considered climate-resilient —
face heightened threats to their stability. Our findings clarify
their vulnerability to short-term climatic extremes and vali-
date a practical surface mass balance monitoring method for
remote mountain regions.
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