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Abstract: Artificial glacier melt reduction is gaining increasing attention because of rapid glacier
retreats and the projected acceleration of future mass losses. However, quantifying the effect of ar-
tificial melt reduction on glaciers in China has not been currently reported. Therefore, the case of
Urumgi Glacier No.1 (eastern Tien Shan, China) is used to conduct a scientific evaluation of glacier
cover efficiency for melt reduction between 24 June and 28 August 2021. By combining two high-
resolution digital elevation models derived from terrestrial laser scanning and unmanned aerial ve-
hicles, albedo, and meteorological data, glacier ablation mitigation under three different cover ma-
terials was assessed. The results revealed that up to 32% of mass loss was preserved in the protected
areas compared with that of the unprotected areas. In contrast to the unprotected glacier surface,
the nanofiber material reduced the glacier melt by up to 56%, which was significantly higher than
that achieved by geotextiles (29%). This outcome could be attributed to the albedo of the materials
and local climate factors. The nanofiber material showed higher albedo than the two geotextiles,
dirty snow, clean ice, and dirty ice. Although clean snow had a higher albedo than the other mate-
rials, its impact on slowing glacier melt was minor due to the lower snowfall and relatively high air
temperature after snowfall in the study area. This indicates that the efficiencies of nanofiber material
and geotextiles can be beneficial in high-mountain areas. In general, the results of our study demon-
strate that the high potential of glacier cover can help mitigate issues related to regions of higher
glacier melt or lacking water resources, as well as tourist attractions.

Keywords: artificial melt reduction; terrestrial laser scanning; unmanned aerial vehicle; material;
Urumgqi Glacier No.1; Chinese Tien Shan; glaciology

1. Introduction

In the European Alps, glaciers are an economic factor, contributing to hydroelectric
power and serving as parts of ski resorts [1]. Recently, some efforts have been undertaken
to maintain snow in ski resorts [2,3] and manage meltwater production [4]. Covering glac-
iers with geotextiles has become widespread as an effective method to mitigate glacier
ablation in Switzerland and Austria [1,5,6]. In Asia, mountain glaciers as “water towers’
are particularly important in semi-arid regions that lack sufficient precipitation water
supply seasonally [7,8]. People in Central Asia rely heavily on glacier and snow melt for
their water supplies [8]. Thus, international efforts to artificially reduce glacier melt are
necessary in this region, given the better water storage and management of glaciers and
SNOW.

Various materials and technologies have been developed to protect snow and ice.
For example, glacier cover, artificial snow, and water injection have been applied to re-
duce the glacier melt rates in a few small glaciers and glacier ski resorts [1,6]. Of these
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methods, glacier cover has been shown to have a significant impact on melting and is
practical in Alpine ski resort operations [9,10]. For example, geotextiles have higher al-
bedo—they reflect more incoming shortwave radiation —than a melting glacier’s surface.
According to previous studies, geotextiles can slow down glacier melting by approxi-
mately 50-70% compared with unmanaged areas [4-6,9,10]. These approaches have been
utilized on glaciers in the European Alps. Geotextiles could be installed in accumulation
or ablation areas before the ablation season. During the winter months, materials in the
accumulation or ablation areas should be moved to guarantee accumulation and the ma-
terial’s efficiency [11].

However, so far, the quantification of the mitigation effects of glacier cover has never
been carried out in China. Furthermore, in current glacier-protection studies, the quanti-
fication of the impact of artificial melt reduction is limited by point measurements of field
observations and the low spatiotemporal resolution of long-range remote sensing meth-
ods [1,10]. Moreover, only artificial snowfall has been preliminarily tested in China to re-
duce glacier melt [12], but snow production by machines is impossible or too risky due to
weather uncertainties [2]. The type of material that is most effective in reducing the rate
of glacier ablation has not been systematically evaluated. Consequently, there is an urgent
need to use high-resolution technologies in glaciology research to quantify the mitigation
effects of different covering materials on glacier ablation in China.

In this study, we selected Urumgqi Glacier No.1 (UG1) in Tien Shan as the projected
glacier. UG1 is one of the reference glaciers in the world glacier monitoring service net-
work and provides reliable long-term observation data for documenting glacier mass bal-
ance [13,14]. During the glacier ablation period in 2021, we set up the nanofiber material
and two different geotextiles on the tongue of the glacier’s surface. This study aimed to
evaluate (i) the protective efficiency of various covering materials on UGI based on ter-
restrial laser scanning (TLS) and unmanned aerial vehicle (UAV) surveys; (ii) the possible
reasons for differences in glacier ablation mitigation with different covering materials by
combining albedo, mass balance, and meteorological data; and (iii) the feasibility of the
artificial reduction of glacier melt for continental glaciers.

2. Study Site

UGI1 (43°07'30" N, 86°49'30" E) is a northeast-oriented valley glacier with an area of
1555 km?, as recorded in 2015, located on the northern slope of the Tianger Summit II (4848
m above sea level (a.s.l.)) in eastern Tien Shan (Figure 1). It is composed of eastern and
western branches. Its elevation ranges from 3743 to 4484 m a.s.l. The Tien Shan Glaciolog-
ical Station has conducted intensive glaciological observations of UG1 since 1959. From
1980 to 2008, the glacier experienced two accelerated mass losses that commenced in 1985
and 1996 [13]. The average annual equilibrium line altitude (ELA) was 4080 m a.s.l., and
the glacier’'s ELA showed an upward trend during the period of 1959-2021. From 1980 to
2021, the ELA of the east branch and the west branch increased by 193 m and 282 m, re-
spectively. The ELA of Urumgqi Glacier No.1 was 4275 m a.s.l. (4200 m a.s.l. for the eastern
branch and 4350 m a.s.l. for the western branch) in 2021 [15] (Figure 1b).

UG1 is a typical summer-accumulation-type glacier with a continental climate
[13,14]. Precipitation mainly originates from water vapor transported by westerlies [16].
Approximately 78% of the total annual precipitation occurs from May to August (sum-
mer), dominated by solid precipitation [17]. During the winter months, the area is affected
by the Siberian anticyclonic circulation [18], producing low air temperature and little pre-
cipitation. These climatic situations were recorded by the Daxigou Meteorological Station
(3539 m a.s.l.), situated approximately 3 km southeast of UG1. The annual mean air tem-
perature is 4.9 °C, and the mean yearly precipitation is 469 mm. The climatic conditions
determine that both strong ablation and accumulation of UG1 mainly occur from May to
August; accumulation is weak during the other months.
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Figure 1. (a) Location of UGI and Tien Shan. (b) The extent of the monitored area with artificial melt
reduction in UGI. (c) Overview of the glacier tongue.

3. Data and Methodology
3.1. Artificial Glacier Melt Reduction Experiment

To slow down glacier retreat, a preliminary trial was carried out at the tongue of
UGI1. We installed nanofiber material and two types of geotextiles at elevations between
3800 and 3900 m a.s.l. (Figure 1). The experimental period was from 24 June to 28 August
2021. At the time of installation, the nanofiber material and geotextiles had areas of 100
and 350 m?, respectively (Figure 2). The geotextiles were divided into two parts with areas
of 200 m? and 150 m2. We drilled stakes next to the covered material area for mass-balance
observations (see Section 3.2). To map the extent of areas covered with materials, we relied
on high-resolution imagery acquired by the TLS and UAV surveys (see Section 3.3). The
TLS survey on 24 June was conducted for the east branch of UG1, whereas the UAV sur-
vey on 28 August focused on the tongue of the east branch (3740-3830 m a.s.l). Subse-
quently, we used the elevation range between the two survey dates. In addition, we rec-
orded the air temperature and precipitation during the experiment and measured the re-
flectivity of ice, snow, and the materials at 325-1075 nm (see Sections 3.4 and 3.5).
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Figure 2. Covered nanofiber material (a) and geotextile (b) on 24 June 2021.

3.2. Glaciological Mass Balance

The mass balance could be calculated from the stakes or snow pits on 24 June and 28
August 2021. We drilled three new ablation stakes into the glacier’s surface covered by
two geotextiles and nanofiber materials in the east branch. There were five ablation stakes
around the experimental site for the long-term mass balance measurement of UG1 (Figure
1b). The observations included the stake’s vertical height above the glacier’s surface, thick-
ness of superimposed ice, and thickness and density of each snow/firn layer. The single-
point mass balance can be expressed as [19]:

bn = bs +bice +bsi (1)

where bs, bice, and bsi are the mass balances of the snow, glacier ice, and superimposed ice,
respectively. The uncertainty of the glaciological mass balance was +0.2 m w.e., without
considering the system’s uncertainty [20].

3.3. Geodetic Mass Balance
3.3.1. TLS Digital Elevation Model (DEM)

The first survey was conducted using a Riegl VZ®-6000 (Riegl Laser Measurement
Systems GmbH, Horn, Austria; 2012; weight, 14.5 kg) terrestrial laser scanner on the east
branch of UG1 on 24 June 2021. TLS data for UG1 were collected from four scan positions
(Figure 1b). We fixed each scanning position with reinforced concrete to obtain the precise
point cloud coordinates. The real-time kinematic-global navigation satellite system (RTK-
GNSS, Unistrong E650 instrument) positioning measured four scanning positions to ac-
quire precise point cloud georeferencing. Scans were performed on a sunny day to reduce
the effect of precipitation and fog. To obtain a fine scan of the glacier’s surface, we first set
the repetition rate of the laser pulse to 50 kHz with vertical and horizontal angle ranges
of 60-120° from zenith and 0-360°, respectively. Then, the repetition rate was set to 30 kHz
and the overlap percentage of four scans was at least 30% [21].

Point cloud data were processed using RiSCAN PRO® v 1.81. First, we converted
these data from the scanner coordinate system to a global coordinate system using four
scan positions. In the second step, we used multi-station adjustment to register the data
for each scan location according to the iterative closest point algorithm [22,23]. Subse-
quently, point cloud data compression was conducted using an octree algorithm to gen-
erate equally spaced points for the merged layer [24]. The terrain filter was then used to
filter out noise and non-terrestrial data that resulted from atmospheric reflection, such as
dust or moisture [25]. Finally, the DEM with a spatial resolution of 0.5 m was generated
from the TLS measurement.

3.3.2. UAV DEM

The second survey was conducted using a lightweight UAV in the ablation zone of
UGI1 on 28 August 2021. A Phantom 4 RTK from DJI was used. It is a fixed-wing UAV



Remote Sens. 2022, 14, 2802

5 of 16

capable of a flight time of approximately 15 min when the UAV takes off above 3800 m
a.s.l. The UAV was equipped with a GNSS and a small 20-megapixel digital camera, which
was electronically activated by the automatic system to obtain images at the required
place. During the survey, we collected 775 images along 15 north-south routes. The se-
lected image overlap was 80% in both the transverse and longitudinal directions of the
UAV flight path. This level of redundancy ensured that there were no gaps in stereo cov-
erage. Before the aerial survey, we used RTK-GNSS (Unistrong E650, Beijing, China) to
collect five stakes on the glacier’s surface as ground control points (GCPs) (Figure 1). The
accuracy of this survey was +1 cm in the horizontal direction and +2 cm in the vertical
direction [26].

The UAV-collected images and GCPs were processed with Pix4D Mapper. First, we
adopted the structure from motion (SfM) to create a sparse 3D point cloud [27]. Next,
multi-view stereo methods were applied to derive a higher point cloud density [28]. The
use of GCPs or in combination with camera GPS positions allowed for the georeferencing
of the 3D model in a coordinate system. Finally, DEM and ortho-photo mosaics were gen-
erated at a spatial resolution of 0.03 m. The DEM was resampled to a resolution of 0.5 m,
and the world geodetic system 1984 (WGS84) datum (EPSG: 4326) and UTM 45N projec-
tion were used for coordinate normalization.

3.3.3. Co-Registration of DEMs and Mass Balance Calculation

Because of the different surveying techniques, horizontal and vertical distortions
may exist between the TLS and UAV DEM. Therefore, two DEMs need to be registered
before calculating the elevation changes [29]. Given the high resolution of the UAV DEM,
some identifiable bedrocks and boulders in off-glacier regions were selected as a reference
to co-register the TLS DEM. After the relative registration procedure, the geodetic mass
balance was obtained based on the different DEMs.

AV ice
geod = X p
S

B )

p water

where AV is the total volume change, S is the glacier area, pwatr is the density of water,
and pice is the density of ice [14]. Only bare ice melted during the mass balance observation
period, and no firn was found. Thus, the ice density was used conservatively in our study.

3.3.4. Uncertainty Assessment
The error in the geodetic mass balance had two primary sources: glacier elevation

O . e .
change (~#") and volume-to-mass conversion (op). Uncertainties related to the geodetic
mass balance (0geod) were calculated as [30,31]:

o;=0;%%? ©3)
Tgeod ~ \/(EGP )2 " (paﬂ )2 @

where oar is the standard deviation of the stable terrain, S is the glacier area, Scor is the

spatially correlated area equal to S [1], Al s the average value of the TLS and UAV-
derived elevation change, and the related uncertainty relies on the accuracy of the used

DEMs. Here, the value of % was £0.13 m. To convert volume change to water equiva-
lent (w.e.) for the entire glacier, a density of 900 kg m= with an uncertainty of +17 kg m
(0p) was used [32].
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3.4. Ice and Snow Spectral Reflectance Measurements

To evaluate the mechanisms of different covering materials to reduce ablation, we
measured the reflectivity data of ice, snow, two geotextiles, and nanofiber material at 325
1075 nm with an Analytical Spectral Device Field Spec Handheld 2 spectroradiometer. It
had a resolution of 3 nm and an error of <4%. The measurement sensor was installed on a
tripod 0.5 m above the ground, and had 25 fields of view at a point with a diameter of
0.225 m. We recalibrated our instrument under different sky radiation conditions. Meas-
urements were taken at the direction perpendicular to the glacier surface between 12:00
and 16:00 local time (4:00-8:00 GMT). After completing the measurement, we processed
the raw data from the device using spectrum analysis. Broadband albedo was calculated
from the weighted mean of the spectral reflectivity and incident solar radiation over the
entire spectral wavelength of each location [17,33].

3.5. Meteorological Measurements

We installed a monitoring tower near 200 m of the tongue of UG1 (Figure 1a). The
monitoring tower was equipped with a high-resolution temperature sensor (PT100 RTD,
£0.1 K) 2 m above the surface. Its temperature readings could be regarded as the same as
the air temperatures at the UR1 due to its proximity. We recorded the mean values for this
parameter at 20 min intervals. Precipitation was measured using an automatic weighing
scale (T-200B; Geonor, Branchville, NJ, USA) with an accuracy of approximately 0.1%. All
sensors could operate at low temperatures (down to -55 °C).

4. Results
4.1. Effects of Glacier Ablation Mitigation

The difference in the high-resolution DEMs at the tongue of UG1 demonstrated the
significant efficiency of the materials for ice ablation (Figure 3). Between 24 June and 28
August, the average elevation change, excluding that of the material-covered areas, was
—2.47 m, whereas the protected area only exhibited an elevation change of 1.69 m. As a
result, 32% of the glacier ablation was reduced by the materials. Al and A2 were the geo-
textile-covered areas, and the average surface elevation changes were -1.81 m and -1.71
m over Al and A2, respectively. B was the nanofiber-covered area, and its elevation
change was —1.08 m. The nanofiber material reduced the melting process by 56% com-
pared with the two geotextiles (29%). According to the density of 900 + 17 kg m= [32], 0.70
£ 0.01 m w.e. of the total mass loss was mitigated for the protected areas. In the nanofiber
material and geotextile-covered areas, the mitigation effect could reach up to 1.25 + 0.02
m w.e. and 0.64 + 0.01 m w.e., respectively.
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Figure 3. Ortho-mosaic on 28 August 2021 (left panel), hillshade generated from the DEM on 28
August 2021 (middle panel), and changes in elevation between 24 June and 28 August 2021 (right
panel). Glacier ablation was monitored using ablation stakes (51-S3).

Based on four field surveys, we used stakes to evaluate the efficiency of the nanofiber
material during the study period (Figure 4). At the time of installation, the glacier surface
was relatively flat. After seven days (1 July), the effect of the nanofiber material was al-
ready obvious, as the protected area was 0.18 + 0.2 m w.e. higher than the surrounding
surfaces (Figure 4a). The ice height saved by the nanofiber ranged between 0.45 + 0.2 and
0.65 + 0.2 m w.e. (on 9 July and 25 July, respectively) (Figure 4b,c). The last observation
was carried out on 15 August, and the mean elevation change between the protected and
unprotected surface was 1.26 £ 0.2 m w.e. (Figure 4d).

Figure 4. Effectiveness of the nanofiber material on UGI: 1 July (a), 9 July (b), 25 July (c), and 15
August (d).
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4.2. Difference between the Three Covering Materials for Reducing Ablation

Figure 5 and Table 1 illustrate the significant spatial variation in the efficiency of the
materials for melt reduction. In all profiles, the mass balance management thickness loss
ranged between 1.05 and 1.95 m, whereas the reference area loss was between 2.12 and
2.30 m. The changes calculated during the study period were larger than the measurement
errors. The difference in elevation change between the covered and uncovered areas was
0.65 m on average during the experiment period, which demonstrated the considerable
effect of nanofiber coverage on ice loss. Al and A2 saved an ice height of up to 0.35 m and
0.47 m, respectively; in contrast, B saved up to 1.14 m (Table 1).

In the longitudinal transect, the highest DEM differences between managed profiles
and reference profiles were in the following order: B, A2, and Al (Figure 5 and Table 1).
Al and A2 showed lower elevation changes than B in the mass-balance-managed profiles,
although some oscillations occurred. Changes in surface elevation between the mass-bal-
ance-managed profiles and reference profiles could also be observed in the transversal
transect (Figure 5 and Table 1), in which lower changes in B and higher differences be-
tween Al and A2 were present in the covered profiles.

Figure 5 also shows small-scale effects. The area encircled by a solid black ellipse
showed substantially higher efficiency owing to the double geotextile layer at the seams
of the two rolls. The seams of Al and A2 saved mass loss of up to 0.72 m and 0.64 m,
respectively. However, this caused an undulation aligned in the direction of the seams.
This situation amplified over time, ultimately leading to low mitigation effect and the
need to replace the materials [11].
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Figure 5. Detailed change in the selected area of UG1. Ortho-mosaic on 28 August 2021 (left panel),
elevation changes between 24 June and 28 August 2021 (middle panel), and spatial transect differ-
ences for elevation change (right panel). A1 and A2 were the geotextile-covered areas. B was the
nanofiber—covered area.
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Table 1. Mean elevation of the profiles. The mean (u) and standard deviation (¢) of glacier elevation
changes as well as absolute differences (abs. diff) of the experimental area (exp) values to the refer-
ence area (ref) values are listed.

Mean Elevation

From 24 June to 28 August

Profile Name Ref Exp Abs.
(m a.s.l.) .
# (m) o (m) # (m) o (m) diff (m)
albl 3804 -2.25 0.08 -1.86 0.16 0.39
a2b2 3809 -2.30 0.06 -1.78 0.13 0.52
a3b3 3811 -2.12 0.05 -1.05 0.27 1.16
cldi1 3803 -2.26 0.17 -1.95 0.14 0.31
c2d2 3809 -2.27 0.13 -1.85 0.04 0.42
c3d3 3811 -2.17 0.15 -1.06 0.23 1.11

5. Discussion
5.1. Quality of Point Cloud Data and DEM Differencing

For TLS, the fixed scanning locations used in our fieldwork were situated at different
elevations and directions relative to the glacier surface, which improved the stability of
the TLS survey. The overlap percentage of point clouds was >30%, which met the require-
ments of data registration (CH/Z 3017-2015, 2015). Dry, windless weather conditions were
selected to reduce the influence of atmospheric refraction. However, the TLS and glacier
surface may have caused the acquired point cloud errors. Manufacturers generally pro-
vide simplified and constant values for precision because of unquantifiable systematic er-
rors. A TLS precision of approximately 10 mm satisfies the measurement accuracy in glac-
iology [25]. This study selected the best measurement data at the ablation area to ensure
good TLS DEM quality.

The point density and distribution of GCPs for UAV surveys are crucial for DEM
derivation [34-36]. In our study, UAV photogrammetry was well-depicted in vertical pho-
tos owing to the homogeneity of the point density (Figures 3 and 5). All GCPs were meas-
ured with RTK-GPS to provide accurate direct geo-referencing and registration. The root-
mean-square errors for the GCPs were within 0.5 m for the horizontal and vertical direc-
tions. The error sources may include the suboptimal distribution and density of the GCPs.
Well-distributed GCPs could improve the accuracy of DEM, but it was difficult to access
the steep slopes on either side of the glacier and deploy the GCPs. For the desired distri-
bution, the GCPs should be evenly distributed over the glacier lateral moraines.

Additionally, systematic shifts in DEMs in the horizontal and vertical directions in-
troduce other errors [29]. Therefore, the elevation difference in the off-glacier terrain be-
tween the TLS DEM and UAV DEM was calculated to quantify the accuracy of the results
for the vertical direction. The mean vertical difference between the two DEMs was 0.02 m
and had a standard deviation of 0.28 m (Figure 6); such a decimeter-scale uncertainty in-
dicates that the DEMs used in the following analyses were aligned accurately in the ver-
tical direction.
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5.2. Accuracy of Geodetic Surface Change

The stake observations were used to objectively evaluate the precision of the glacier
elevation changes in material-covered areas. Figure 7 shows a scatter plot of the observed
change in stake height versus the elevation change from the two surveys at the corre-
sponding location. The correlation coefficient (R?) between glaciological elevation changes
and geodetic elevation changes at the same positions was 0.93, indicating that the geodetic
surveys generally provided a high-accuracy elevation change. A comparison of the stake
measurement and geodetic approach results produced a mean difference of 0.07 m and a
relative error of 3%. These results indicate a satisfactory comparison of the geodetic and
glaciological surface elevation changes.
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Figure 7. Comparison of the surface elevation change from two surveys and in situ measurements
at each stake in the study area. The red dots represent the glaciological elevation change against
geodetic elevation change at corresponding ablation stakes.

5.3. Possible Reasons for Reducing Ablation Differences

The glacier melt reduction differences between nanofiber and the two types of geo-
textiles may be attributed to the factors regulating the local energy balance, such as the
optical and thermal properties of the materials, local climatic conditions, or topographic
effects. The albedo is known to decrease with time due to the deposition of fine particu-
lates (dust), regardless of the type of geotextile [37,38]. Thus, considering the last meas-
urement (28 August 2021), material coverage albedo was in the following order (from
higher to lower albedo): nanofiber material, geotextile with an area of 150 m? and
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geotextile with an area of 200 m? (Figure 8). A similar comparative experiment at the Pre-
sena Ovest Glacier discussed the optical properties of geotextiles [10]. Their findings are
consistent with those of our study, which showed that materials with higher albedo were
the best at slowing glacier melt. However, all of the materials showed a lower albedo than
that of clean snow (Figure 8); therefore, the application of materials installed on the glacier
surface was conducted in the absence of seasonal snowfall. In addition, we measured the
spectrally resolved reflectance of the surrounding unprotected snow and ice surfaces with
different impurity coverage (Figures 8 and 9). In contrast to the geotextiles, the nanofiber
material had a higher albedo than the surrounding dirty snow, clean ice, and dirty ice,
which indicated the notable effectiveness of nanofiber materials in reflecting solar radia-
tion and reducing the absorbed energy.

1.0 :
0.8+
nanofiber
o] clean snow
206 ,
) geotextile(150m?)
O
o« dirty snow
% i Ngeotextil 2
¥ g xtile (200m?)
0.2+
clean ice
dirty ice

0.0

200 500 600 700 800 900
Wavelength (nm)

Figure 8. Spectral reflectance of materials and surrounding snow and ice surfaces. The situations of
the observation surface are shown in Figure 9.

Figure 9. Images of the surface of UGI and measured albedo (a) values. (a—g) represent the nano-
fiber material, geotextile with an area of 150 m?, geotextile with an area of 200 m?, clean snow, dirty
snow, clean ice, and dirty ice, respectively.

As shown in Figure 8, the albedo of clean snow was higher than that of the geotextiles
and nanofiber material. Once snowfall occurs, it rapidly whitens the glacier’s surface and
increases its albedo. We presumed that solid precipitation also played a significant role in
slowing glacier ablation during the experiment. We applied a sinusoidal function to iden-
tify the amount of solid precipitation accumulated on the glacier surface [39]. This func-
tion gives the conversion between liquid and solid precipitation in the temperature range
of +2 to +4 °C [40,41]. When the air temperature is below 2 °C, solid precipitation (snow)
occurs, and between 2 and 4 °C, rainfall with snow occurs. In our study, the mean air
temperature was approximately 5 °C and the total precipitation was 231 mm. Only a 12-
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day snowfall event occurred, but there was no continuous solid precipitation for a week
(Figure 10). During 16-19 August 2021, there was solid precipitation for four consecutive
days, with a total snowfall of 41 mm. However, effective snowfall accumulation in the
ablation area is difficult because of the relatively high air temperature after snowfall.
Based on the 1988-1989 stake data, the mass balance of UG1 below 3900 m a.s.l. was neg-
ative in the summer, indicating that the glacier’s surface experienced ablation [42]. Our
stake observation results also showed negative mass balance values (Figure 7). Therefore,
in the study area controlled by high air temperature, solid precipitation during the exper-
iment period had a minor impact on slowing glacier melt compared with the geotextiles
and nanofiber material. In contrast, the prepared nanofiber material exhibited excellent
cooling performance owing to selective thermal emissions. An outdoor experiment
demonstrated that the material exhibited a sub-ambient temperature drop of 5 °C, even at
a peak solar intensity of approximately 900 W m= in the daytime, and ~7 °C below the
ambient temperature at night, excluding the effect of sunlight [43]. For future practical
applications, durability is a crucial property for radiative-cooled materials.
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Figure 10. Air temperature and precipitation measured at the automatic weather station from 24
June to 28 August 2021.

In addition to the material properties, the effect of artificial glacier melt reduction
may depend on topographical parameters, such as the slope, aspect, and elevation of the
site [11]. These factors influence the relative importance of the energy balance components
altered by material coverage. For example, this theoretically means that the sites with the
greatest input of solar radiation were more efficient because the materials efficiently re-
duced shortwave radiation [6]. However, the number of available studies that have inves-
tigated or included these dependencies is fewer. Our study did not account for such topo-
graphical parameters, but these dependencies should be further researched.

5.4. Compared with Previous Similar Studies

Previous experiments on artificial measures to slow down glacier melt were per-
formed in the European Alps (Table 2). These geotextiles could reduce glacier melting by
50-70% compared with the uncovered glacier surface. However, using geotextiles on UG1
was less efficient than similar experiments conducted in Europe. This difference may be
related to factors that alter the local energy balance, such as albedo changes, local climatic
conditions, and topographical influences [10]. However, the number of available studies
(Table 2) to investigate or include these dependencies is too small, and our consideration
was based on the mean of &0 (g0 refers to the percentage reduction in melting compared
with an uncovered location). Moreover, using nanofibers on UG1 had a significant effect,
which could slow down the ablation of the glacier by 56%. The different material proper-
ties of covers are key parameters affecting their performance in reducing snow and ice
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ablation [9]. These properties directly or indirectly affect the energy balance of snow and
ice surfaces in different ways. Therefore, further efforts will consider a basic comparison
of the different mass and energy balance regimes, comparing the basic settings of UG1 to
other studies.

Table 2. Studies documenting local melt reduction by geotextiles. eo refers to the percentage reduc-
tion in melting compared with an uncovered location.

Glacier Tested Period Latitude LongitudeAltitude Area Material’s € Source
(Country) (N) (E)  (mas.l) (m?) Chemical Composition (%)
Dosde Est Polyest
osde Es 15 May 20084 October 2008 46°23'  10°13' 2800 150 oryestet, 69 [10]
(Ttaly) polypropylene
P t
resg?:lgves 28 June 2010-14 September 2010~ 46°13'  10°34' 2765 600 Polypropylene 49  [10]
Schaufelferner ) @ \¢ 2005-16 September 2005 46°59'  11°07' 2870 180 Polyester, 60 9]
(Austria) polypropylene
Mount Aragatz Double-bedded
" 6 29 June 2012-22 June 2013 40°28' 44°10" 3200 20,000 polypropylene/polyeste 57 [4]
(Armenia) .
UGI , .
(China) 24 June 2021-28 August 2021 43°07 86°49' 3800 350 Polypropylene 29 This study
val 24 June 2021-28 August 2021 43°07°  86%49' 3800 100  Cchuloseacetate iyl rndy
(China) molecules

5.5. Feasibility Analysis of the Artificial Reduction of Glacier Melt

Based on the positive results for UG1, glacier covers can be applied to natural glaci-
ers. Previously, there have been benefits of such measures at a local scale. In Switzerland,
glaciers have been actively covered with geotextiles for 15 years to reduce the accelerated
ice melting caused by atmospheric warming. This technology mitigates approximately
350,000 m? of ice melt annually [11]. Seasonal water shortages in arid areas affect irrigation
and the domestic water supply. Therefore, seasonal reservoirs have been established
through the artificial management of snow and ice melt [44,45]. Geotextiles placed over a
glacier’s surface can delay peak meltwater by 1-2 months into dry summers [4]. This pro-
vides a valuable way to store water for local agriculture in arid regions. In the Austrian
Alps, geotextiles installed in glacier ski resorts can reduce the negative effects of glacier
retreat on ski resort infrastructure [10,46]. Thus, the present artificial glacier melt reduc-
tion on a local scale provides an effective method for areas with rapid glacier melting and
a lack of water resources or in other tourist attraction areas.

Although the above analysis showed that such measures were beneficial at a local
scale, the recovery operations of the materials were difficult. Geotextiles often broke and
were replaced with new ones because of their cold and frozen surfaces, thus increasing
the cost. Geotextiles are composed of polypropylene fibers. Geotextile degradation may
also negatively affect the local environment and the downstream water quality. Nano-
fibers typically consist of abundant and eco-friendly cellulose acetate molecules. They are
biodegradable and can be digested by microorganisms in nature [47]. Thus, further stud-
ies are needed to assess the effective glacier volume saved by artificial melt reduction, the
financial cost of saving glacier ice, and the environmental sustainability if larger areas
(such as all ablation zones of a glacier) are to be covered.

Note that artificial melt reduction measures were determined only in the ablation
area of UG in this study. For glacier ski resorts in Austria, this approach has the potential
to maintain the surface stability at the accumulation areas of the glaciers, thus preserving
the glacier’s resources [1]. However, UG1 is a summer-accumulation-type glacier, and
78% of the total annual precipitation (mainly solid) occurs from May to August [17]. While
ablation also occurred in the accumulation areas in the summer, the amount of ablation
was smaller [48]. This situation may limit the effect of glacier ablation mitigation, as
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covering materials can easily prevent snow accumulation. Thus, mass balance manage-
ment at glacier tongues is feasible in situations where the managed area does not need to
be extended to the accumulation areas of the glaciers.

In addition to the glacier cover approach, the application of artificial precipitation
activities to glaciers is a promising option, which is known to target the amplification of
accumulation. The albedo of snow was higher than that of ice, thus achieving more sig-
nificant glacier retreat mitigation. Technical snow production on glaciers has less impact
on the downstream environment and is a more realistic view of a protected glacier [11].
The efficiency of this method and that of geotextile coverage can be combined in the future
to effectively preserve glacier melting.

6. Conclusions

This study takes UG in the Tien Shan Mts. as an example and provides the first
estimate of the mitigation effect of different covering materials on glacier melt reduction
between 24 June and 28 August 2021. By surveying the glacier surface elevation changes
between TLS and UAYV, an efficiency of 32% in melt reduction was found beneath the
installed materials compared with that of the uncovered surfaces. During this period, the
efficiency of the installed nanofiber to reduce snow and ice melt was 56%, approximately
27% higher than that of the two types of geotextiles. The average difference in thickness
loss between the protected and unprotected areas was 1.14 m for nanofiber and 0.41 m for
the two geotextiles in all profiles, demonstrating the considerable effect of nanofiber cov-
erage on ice loss.

Field information regarding the surface albedo of the materials and the local climatic
conditions was collected for UG, allowing the determination of the possible factors af-
fecting ablation differences. We found that the nanofiber material had a higher albedo
than the two types of geotextiles and surrounding dirty snow, clean ice, and dirty ice,
which suggested a strong effectiveness of the nanofiber material in reflecting solar radia-
tion and in decreasing the absorbed energy. Although clean snow had a higher albedo
than the other materials, its impact on slowing glacier melt in the ablation area of the
glacier was minor in dry climates.

Our study demonstrated that the effect of materials on glacier melt reduction is sig-
nificant. This approach can be widely promoted in areas with rapid glacier melting and a
lack of water resources, or in other tourist attraction areas. Our current work is a prelimi-
nary experiment. Further efforts will consider the effective glacier volume saved by arti-
ficial melt reduction, the financial cost of saving glacier ice, and the environmental sus-
tainability if larger areas were to be covered. Nevertheless, using geotextiles on UG1 was
less efficient than similar experiments conducted in Europe. Further efforts will consider
a basic comparison of the different mass and energy balance regimes comparing the basic
settings of UG1 with other studies. The technical production of snow on glaciers is also a
promising alternative. A combination of artificial snowfall and glacier cover could be a
good option to reduce the melting of glaciers in the future.
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