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Abstract

Hanging glaciers hold the absolute dominant number in West China and their changes had important influences on local hydrology, sea-level
rise and natural hazards (snow/ice avalanches). However, logistic and operational difficulties have resulted in the lack of in-situ-measured data,
leaving us with poor knowledge of the changing behaviors of this type of glacier. Here, we presented the spatiotemporal pattern of seasonal and
annual mass changes of a mid-latitude hanging glacier in the Tien Shan based on repeated terrestrial laser scanning (TLS) surveys during the
period 2016—2018. The distributed glacier surface elevation changes exhibited highly spatiotemporal variability, and the winter elevation
changes showed slight surface lowering at the upper elevations and weak thickening at the glacier terminus, which was contrary to altitudinal
elevation changing patterns at the summer and annual scales. Mass balance processes of the hanging glacier mainly occurred during summer and
the winter mass balance was nearly balanced (—0.10 + 0.15 m w.e.). The glacier exhibited more rapid mass loss than adjacent other
morphological glacier and the estimated response time of the glacier to climate change was very short (6—9 years), indicating hanging glaciers
will experience rapid wastage and disappearance in the future even with climate change mitigation.
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1. Introduction absolute number in China (Shi, 2008). Hanging glaciers are

even relevant at large scales since their vast number, short

The hanging glacier is defined as a glacier that hangs on the
hillside and cannot descend to the foot of a mountain (Qin,
2016). This type of glacier is characterized by small size
(usually less than 1 km?) and thin ice thickness and is very
sensitive to climate change (Qin, 2016; Margreth et al., 2017).
Despite their area is relatively small, the number of hanging
and cirque-hanging type glaciers take predominance in
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response time and snow/ice avalanches (Vincent et al., 2015;
Faillettaz et al., 2016). However, the studies concerning
hanging glaciers are currently sparse, which resulted in an
important knowledge gap concerning the glacier dynamic
process and glacier—climate interactions.

Glacier mass balance is the direct and immediate signal of
climate change (Zemp et al., 2015; Huss et al., 2021). The in-
situ measurements (also called the glaciological method) use
extensive stakes and snow pits to measure the annual or sea-
sonal glaciological mass balance of individual glaciers. The
method can provide high spatiotemporal variability of glacier
surface mass balance, which is extremely expensive and time-
consuming and often gives low spatial coverage (inaccessible
areas, such as crevasses, steep ice, debris cover, etc., often
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exist), all of those have contributed to the small number and
heterogeneous spatiotemporal distribution of glaciological
mass balance (Hoelzle et al., 2017). From our field investi-
gation, hanging glaciers are usually characterized by very
steep slopes and glacier surface is therefore almost inacces-
sible, which limits the implementation of glaciological mea-
surements. To our knowledge, few studies have reported the
mass balance of hanging glaciers in China so far.

By contrast, mass balance can also be measured by differ-
encing multi-temporal digital elevation models (DEMs) via the
geodetic method (Zemp et al., 2019). However, the retrievable
DEMs derived from the current remote sensed images usually
limited the temporal resolution of coarse geodetic mass balance
to multi-annual to decadal intervals (Zemp et al., 2019). Most
of the available global satellite imageries are outdated and
fundamentally flawed, such as the penetration of snow and ice
for Shuttle Radar Topography Mission (SRTM) C-band DEM
(Paul, 2008). High-precision survey technologies, for instance,
real-time kinematic (RTK) global navigation satellite system
(GNSS), unmanned aerial vehicle (UAV) and light detection
and ranging (LiDAR) can cope with the challenges of tradi-
tional imageries and capture local-scale processes of mountain
glaciers (Immerzeel et al., 2014; Schumann and Bates, 2018).
However, RTK surveys are similar to the glaciological method
and only give low spatial coverage. UAV may cover the
shortage of RTK surveys, but the limited flight altitude and
rapid battery consumption usually reduce the capacity of sur-
veys by aircraft (Fugazza et al., 2018). Three-dimensional (3-D)
laser scanning allows the acquisition of dense point clouds and
then the creation of high-precision and -resolution DEMs (Joerg
et al., 2012; Helfricht et al., 2014; Colucci et al., 2015; Fischer
et al., 2016; Klug et al., 2018).

Terrestrial laser scanning (TLS) system can more easily
capture glacier changes with high time resolution compared
with the high cost of airborne laser scanning (ALS) surveys.
Huge terrain undulations and high-altitude massif restrict the
flight range since most ALS devices also have limited flight
altitude. In addition, the steep terrain of hanging glaciers often
leads to the existence of unscanned areas in ALS surveys when
the incident angle of laser pulse relative to a glacier surface is
too small (Xu et al., 2019). TLS is especially suited for the
measurements of annual or seasonal geodetic mass balances of
hanging glaciers since the relative large incident angle (steep
surface slope of hanging glaciers) and almost the whole glacier
surface is visible (glacier size is small) from one scan position
(Fischer et al., 2016; Lopez-Moreno et al., 2016). Under this
opportunity, the knowledge gap about glacier mass changes of
the hanging glacier can be filled.

Up to now, TLS is mainly utilized to monitor valley, cirque
glacier, debris-covered and rock glaciers (e.g., Gabbud et al.,
2015; Fischer et al., 2016; Lopez-Moreno et al., 2016;
Fugazza et al., 2018; Xu et al., 2019; Ulrich et al., 2021).
Some of those studies demonstrate that TLS surveys can
generate high-quality geodetic mass balances, which are in
close agreement with glaciological measurements (Fischer
et al., 2016; Xu et al., 2019). New long-range Riegl VZ®-
6000 TLS is a well-established tool for measuring snowy and

icy terrain even at long distances as the device operates at the
wavelengths in the near-infrared band (class 3B laser beams,
1064 nm), which enables high rates of reflection (>80%)
(RIEGL, 2014). In this context, Riegl VZ®-6000 TLS was
applied, and the main aim of this study is to show the
spatiotemporal pattern of seasonal and annual mass changes of
a mid-latitude hanging glacier in the Tien Shan, to discuss the
possible mechanism of the changing pattern, including snow/
ice avalanches, and to deepen our knowledge of the changing
behavior for the hanging glacier. Our study will aid to better
understand the characteristics of mass changes of hanging
glaciers and associated impacts in western China.

2. Study site

The study site is situated in the source of the Urumgqi River,
Tien Shan (Fig. 1). Here, the investigated glacier (43.102°N,
86.828°E) is a typical northwest-facing hanging glacier (mark
in Fig. 1c). The glacier is situated beside Urumgqi Glacier No.1
(the straight line distance is about 1.2 km), which is one of the
reference glaciers in the World Glacier Monitoring Service
(WGMS) with detailed annual and seasonal glaciological
mass-balance measurements. According to the latest TLS
surveys on 28 August 2018 (Fig. 1b), the hanging glacier had
an area of 0.051 km? with a mean surface slope of 42.29°, the
glacier elevations extended from 3818 to 4055 m a.s.l with a
median elevation of 3948 m a.s.l.

Urumgi River is characterized by a continental climate setting,
the dynamic action of the Tibetan Plateau influences the westerly
circulation in winter and results in a cold climate with scarce
precipitation in the river, and the Tibetan Plateau develops into a
thermal depression and forms a plateau monsoon in summer,
which brings warm and humid air from the Indian Ocean, pro-
ducing abundant precipitation surrounding the plateau (Xu et al.,
2018b). The meteorological records of the nearby Daxigou
meteorological station (located about 3 km southeast of the
glacier at 3539 m a.s.l.) showed that high air temperature and
about 78% of the annual total precipitation with the type of snow,
hail and sleet occurred simultaneously during May—August
(Yang et al., 1992; Yue et al., 2017). It is widely recognized
that air temperature and precipitation of glacierized regions are
the main factors controlling glacier mass balance, the afore-
mentioned climatic conditions determine that both strong accu-
mulation and ablation of the hanging glacier occur synchronously
in summer, thus we defined the hanging glacier as a summer-
accumulation-type glacier (Li et al., 2011). Note that the nearby
Urumgqi Glacier No. 1 is also a typical summer-accumulation-type
glacier since it is situated in the same climate setting (Wang et al.,
2014; Yue et al., 2017; Hoelzle et al., 2017). Thus our results can
be compared with Urumgqi Glacier No.l to investigate the
possible discrepancy of different morphological types of glaciers
response to climate warming.

3. Data and methods

We performed five scan campaigns by using the Riegl VZ®-
6000 to collect TLS data. The instrument was designed by
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Fig. 1. (a) Location of the hanging glacier in the Chinese Tien Shan, (b) surface terrain (contour in 20 m interval) and glacier boundary of the hanging glacier
(black polygon), which were delineated from TLS-derived DEM on 28 August 2018, and (c) the picture of the glacier was taken in September 2018.

Riegl Laser Measurement Systems GmbH (Austria) with a
maximum measuring range of 6000 m and ranging precision of
10 mm (RIEGL, 2014). The detailed performances have been
described by Gabbud et al. (2015) and Fischer et al. (2016).
Here, one scan position was used for the TLS surveys and 3-D
coordinate of the scan position was surveyed using Trimble R10
GNSS with the type of static measurement, and the horizontal
and vertical accuracy was reported to be about 3 mm + 0.5 ppm
and 5 mm + 0.5 ppm, respectively. Point clouds of the scan
campaigns were obtained at the beginning and end of the
ablation seasons to get summer, winter and annual mass balance
according to the long-term glaciological mass balance mea-
surements of Urumgqi Glacier No.1 (Liu et al., 1997). Detailed
survey parameters are given in Table 1.

We pre-processed the TLS data using RiSCAN PRO® 1.8.1
software and ArcGIS 10.2.2 software, including direct

georeferencing, and then point cloud was compressed with an
equal space of 0.1 m and noise or non-ground data was filtered
out. After these, we configured processed point clouds of the
scan campaign on 28 August 2018 as a reference layer to
implement multi-temporal registration by using iterative
closest point algorithms. Interpolating the processed point
cloud generates high-accuracy and -resolution DEMs (0.1 m)
after multi-temporal registration. The workflow of point cloud
processing is described in detail by Xu et al. (2019).

The geodetic (specific) mass balance (Bgeoq) is calculated
based on the multiplication between volume changes (AV) a
volume-to-mass conversion factor (p):

Table 1
Seasonal and annual survey parameters.

Date Number Scanning Point Applied angle
georeferencing, compression, filtering, multi-temporal regis- (yyyy/mm/dd)  of points  range (m?)  density increment (°)
tration and interpolation. For each scan campaign: we first (points m™?)
used the high-precision 3-D coordinate of the scan position to 2016/05/03 3,557,110 385,100 924 0.01
convert the point cloud data from the scanner's own coordinate ~ 2016/09/01 3,543,966 354,650 9.99 0.01
system into the global coordinate system (in the WGS84  2017/04/29 3,594,748 397,850 9.04 0.01

2018/08/28 3,581,168 369,900 9.68 0.01

datum with a UTM 45N projection) to complete direct
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AV
B geod = 5 7
S pWa[er

(1)

where S denotes the mean glacier area of the two TLS survey
times by assuming a linear change (Zemp et al., 2019), pyater 1
the density of water. A commonly applied conversion factor of
850 + 60 kg m ™ is used to convert glacier volume changes
into geodetic mass balance since the in-situ measurements of
snow/firn densities of the hanging glacier are lacking (Huss,
2013).

Glacier area is an important parameter for geodetic mass
balance estimates according to Eq. (1). Following Abermann
et al. (2010). We firstly calculated two shade reliefs on 1
September 2016 and 28 August 2018 (at the end of the abla-
tion season) with an azimuth angle for illumination (300°)
based on TLS-derived high-resolution DEMs to show optimal
visualization of contrasts in different aspects. Then we delin-
eated the glacier boundary directly by manually digitizing the
strongest roughness in the shade reliefs (Fig. 2).

The uncertainty of glacier surface elevation changes
(JFTLS) was assessed following Rolstad et al. (2009) based on
the geostatistical analysis methods and calculated with

1 SCOr
gAhTLS 2 - JZAhTLS ° g‘? (2)

where S, denotes the correlation area, o4, denotes the
standard deviation of the elevation bias in the non-glacierized
stable terrain (Fig. 3) and S equals to Sco since the high-
density of the point cloud (Rolstad et al., 2009; Joerg et al.,
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Fig. 2. Creation of the shaded reliefs of the hanging glacier margin according
to the TLS-derived DEM (28 August 2018) with the glacier boundary in 2016
and 2018.

Table 2

Error (opmsa) of Multi-Station Adjustment (MSA), the number of points (n)
used for multi-temporal registration of two consecutive scan campaigns, the
uncertainty of TLS-derived glacier surface elevation (0 Fims) and corre-
sponding uncertainty of geodetic mass balance (0gc0q) Were also listed.

Period omsa (m)  Number of points O dims (M)  Ggeoa (M w.e.)
2016 summer 0.059 47,314 0.15 0.16
2017 winter 0.084 41,389 0.17 0.15
2016—2018 0.056 59,723 0.06 0.13

2012). Then we estimated the uncertainty of geodetic mass
balance (0geoq) as:

Ogeod = i\/(AhTLS ‘Up)z + (P"Tm)z 3)

where Ahrgs is the average glacier surface elevation changes and
0 ,is the error of the density conversion (60 kg m ) (Table 2).

4. Results

4.1. Changes in glacier surface elevation and mass
balance

The TLS-derived high-resolution DEMs (0.1 m) provided
exceptional levels of a detailed glacier surface elevation
change and its spatial variability. The spatial patterns in sur-
face elevation changes of the hanging glacier presented a
significant difference among summer, winter and annual scales
(Fig. 4). Distributed glacier elevation change exhibited pro-
nounced thinning at the lower-elevation parts with the most
negative values up to —4.0 to —3.5 m, gradually decreasing
with the increase of altitude, and slight thickening was
observed at higher elevations with positive values in the range
of 0—1 m during the summer months. Elevation change pat-
terns were contrary over the winter mass-balance period and
the relatively slight surface lowering occurred at the upper
elevations and weak thickening was observed at the glacier
terminus, the proportion of surface lowering area was about
59.8% of the whole glacier. At the annual scale, glacier surface
lowering occurred across all the elevations and was pro-
nounced at the terminus with 99.4% of the elevation changes
falling in the range of —4.0 to —1.0 m. In addition, some
stripes of noticeable thinning were observed for all of the three
periods, which were probably related to snow/ice avalanches.

Multiplying the spatially distributed glacier surface eleva-
tion changes and density conversion factor gives glacier-wide
geodetic mass balance. Our results suggested that the summer
and annual mass balance were clearly negative with the values
of —1.38 + 0.16 m w.e. and —0.86 + 0.10 m w.e. per year for
summer 2016 and the period 2016—2018, respectively, and the
winter mass balance was almost close to zero with a value of
—0.10 = 0.15 m we., confirming that the glacier
mass—balance processes mainly occurred during the summer
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Fig. 3. (a) Spatially distributed elevation changes over stable non-glacier terrain for the two complete mass-balance years (2016—2018), (b) corresponding fre-
quency distribution of these changes over stable terrain (The median (u), standard deviation (o), fitting coefficient (R?) and the number of pixels (V) over the stable

non-glacier terrain are given).

months. The magnitude of summer, winter and annual mass
balances were consistent with other morphological shapes of
glaciers. Thus, the hanging glacier presented a similar
response to climate warming and was a valuable indicator.

4.2. Altitudinal distribution of glacier surface elevation
changes

The altitudinal elevation changes are the comprehensive
result of glacier dynamic processes and mass balance.
Therefore, changes in glacier elevation over the altitude can
help us understand glacier status between different morpho-
logical shapes. Overall, we observed decreasing thinning with
altitude at the summer and annual scales, which was a
commonly changing pattern and agreed well with the glacio-
logical measurements of other morphological shapes of gla-
ciers (WGMS, 2020). But the altitudinal distribution of
elevation changes exhibited an opposite pattern in winter, and
reduced slight thickening and increased slight thinning were
observed at the terminus and high elevations, respectively,
potentially due to the removal of existing snow depositions
from the high elevations to glacier terminus since the steep
slope of high elevations existed and very poor precipitation
was observed by Daxigou meteorological station during
winter, which cannot supply large fresh snow for glacier
accumulation in the high elevations (Fig. 5a). Specifically,
increased annual surface lowering was observed at the glacier
terminus and relatively small thinning occurred at the altitude
below 3900 m a.s.l., which could be due to remarkable
accumulation at the upper-left corner of the glacier during the
winter (Fig. 4b), and the thinning then continuously decreased
with increasing altitude. Compared with the annual altitudinal
elevation changes, summer glacier thinning was more negative
in the lower elevations and more positive in the higher glacier
parts. The discrepancy of summer and annual altitudinal

elevation changes may be related to the climate setting, which
determines that both strong accumulation (mainly occurs in
high elevations) and ablation (mainly occurs in low elevations)
of the hanging glacier mainly take place during the summer
months. Additionally, the steep slope at the higher elevations
may increase the removal of large snow depositions by ava-
lanches (Fig. 7a), which was confirmed by the observed stripes
with notable thinning in Fig. 4c (Xu et al., 2018a). Annual
altitudinal elevation changes were therefore more negative at
the high-elevation parts than the summer changes. We
compared the altitudinal elevation changes in summer 2016
with the TLS-derived corresponding results of Urumgqi Glacier
No.1, which showed that surface lowering of the hanging
glacier was generally larger than Urumgqi Glacier No.l,
especially for the west branch of Urumgqi Glacier No.l
(Fig. 5b). The exception was the glacier terminus, the higher
thinning of Urumqi Glacier No.l was observed at the glacier
terminus, which was probably attributed to glacier retreat.
This finding suggested that the hanging glacier was more
sensitive to climate change compared with other morpholog-
ical shapes of glaciers in the same local climate setting and
thus exhibited more rapid mass loss.

5. Discussion
5.1. Climate and local terrain controls

Air temperature and precipitation are the main climatic
factors controlling glacier mass—balance processes (Li et al.,
2021). Meteorological records of the Daxigou meteorolog-
ical station confirmed that more than 70% of the daily mean
air temperature was considerably lower than 0 °C and pre-
cipitation was also very poor during winter (September to
April of the next year). Glacier ablation is directly related to
the air temperature (the sum of daily mean air temperatures
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Fig. 4. Spatial distribution of seasonal (a, b) and annual (c) glacier surface elevation changes (The black polygon indicates the TLS-derived glacier outline in the

corresponding years).

above 0 °C) and accumulation directly depends on solid pre-
cipitation (Qin, 2016). The above-mentioned low air temper-
ature and very poor precipitation would probably result in
slight negative mass balances in winter 2017 (Fig. 6). High air
temperature (>0 °C) mainly occurred in summer (April to
September), which may cause pronounced summer mass loss.

Our results suggested that the hanging glacier exhibited
more negative summer mass balance than Urumgqi Glacier
No.1 (—1.03 m w.e.) and the observed mean annual geodetic
mass balance was slightly more negative compared to the
direct glaciological value of Urumgqi Glacier No.l (—0.70 m
w.e. per year over the two-consecutive mass-balance years
(2016—2018)). But the winter mass balance was negative for
the hanging glacier and positive for Urumqi Glacier No.l,
which may be related to local terrain controls, the steep slope
of the hanging glacier surface was detrimental to glacier
accumulation. As shown in Fig. 7a, glacier surface slope
increased approximately linearly with the increase of altitude,

Area distribution (kmz)
0.02

and the mean surface slope of the hanging glacier was 42.37°
in 2016, indicating glacier surface presented a slightly
decreasing trend over the recent two years and the decrease
mainly occurred at the middle-elevation regions. Surface slope
of the upper elevations and glacier terminus presented an
increasing trend over the two years, which will accelerate the
removal of snow depositions and contribute to ongoing glacier
mass loss. This may explain glacier thinning was observed
even at high elevations. Additionally, glacier surface slope and
elevation changes exhibited a significant negative correlation,
indicating the steep slope of the glacier surface can increase
the removal of snow depositions by avalanches (Fig. 7b).

5.2. Hanging glacier change in future
Several recent studies have found that glaciers in High

Mountain Asia will continue to shrink under the background
of climate warming or even climate change mitigation since
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the present glacier mass is in disequilibrium with the current
climate (Kraaijenbrink et al., 2017; Marzeion et al., 2018). As
we know, changes in glacier geometry have a delayed response
time to mass balance disturbance caused by climatic variation
(Haeberli, 1995). Here we got glacier area changes to inves-
tigate the possible response time. The hanging glacier had an
area of 0.053 km” and 0.051 km® in 2016 and 2018, respec-
tively, with a shrinkage rate of 0.001 km? per year or 1.89%
per year, which was large than the corresponding value of
Urumgi Glacier (0.21% per year over two consecutive mass-
balance years (2015—2017) (Xu et al., 2019) and mean
value of 0.38% per year in the Chinese Tien Shan (Xing et al.,
2017). Indicating hanging glaciers exhibited more rapid
shrinkage compared with other morphological shapes of gla-
ciers. If the glacier holds the current decrease rate, it will
completely disappear within the next 50 years, which is
shorter than the numerical simulation results of Urumgqi
Glacier No.l (ultimately vanish within 50—90 years under
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different climate scenarios) (Li et al., 2021). The response of
glaciers to climate change is complex and the delayed
response time relies on glacier topographic and physical
properties. Here we roughly estimated the response time based
on the simple formula:

=H/d, (4)

where H equals the mean thickness of a glacier and dg denotes
the ablation rate at the glacier terminus (Cuffey and Paterson,
2010). The mean thickness of hanging glacier is generally less
than similarly sized other morphological shapes of glaciers
and we estimated the value according to statistical
volume—area scaling proposed by Shi (2008) since the lack of
in-situ-measured data:

H=3445"% (5)

The calculated mean thickness was 9.01 m. Thus, we
estimated the response time to be about 6—9 years (dy was
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Fig. 7. (a) Hypsometry of glacier surface slope at the end of ablation season of 2016 and 2018 (in 10 m elevation bands), (b) relation between the surface slope and

winter surface elevation changes.
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1.0—1.5 m per year based on the repeated TLS surveys), which
was far less than the response time of Urumgqi Glacier No.1
(Wang et al., 2016). Note that the rough estimate was imple-
mented by assuming that glacier mass balance perturbation
remains constant. Therefore, the response time was probably
rather shorter than the estimated value, suggesting that
hanging glacier is very sensitive to climate warming and will
experience rapid wastage and disappearance in future even
climate change mitigation.

6. Conclusions

Here, we took a mid-latitude hanging glacier in the Tien
Shan as a case and present the spatiotemporal pattern of sea-
sonal and annual mass changes of the glacier according to the
latest repeated TLS surveys. We discussed the possible
mechanism of glacier changing behavior and its response to
climate warming.

Our results indicated a high spatiotemporal variability of
the distributed glacier surface elevation changes. Summer and
annual elevation changes exhibited a common changing
pattern, i.e., pronounced thinning occurred in the lower-
elevation areas and weak thinning to slight thickening in
higher-elevation parts, but winter elevation changing patterns
were contrary, potentially due to the removal of existing snow
depositions from the high elevations to glacier terminus.
Resulting summer and annual mass balance were clearly
negative (—1.38 + 0.16 m w.e. and —0.86 + 0.10 m w.e. per
year for summer 2016 and the period 2016—2018, respec-
tively), and the winter mass balance was nearly balanced
(—=0.10 #+ 0.15 m w.e.), which may be attributed to very low air
temperature and very poor precipitation. Compared with the
adjacent Urumqi Glacier No. 1, altitudinal surface elevation
lowering of the hanging glacier was generally larger, and the
hanging glacier also exhibited more negative summer and
annual mass balances, but the winter mass balance was more
negative. The hanging glacier exhibited more rapid mass loss
and the estimated response time of glaciers to climate change
was very short (6—9 years), indicating hanging glaciers will
experience rapid wastage and disappearance in the future even
climate change mitigation. However, the present study is
preliminary and our speculations about disappearance of the
hanging glacier are mainly concluded from statistical and
empirical formulas and we need more in-sifu-measured data
and numerical simulations to validate those speculations.
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