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Abstract As global warming accelerates, leading to the retreat of glaciers, the 10 

effectiveness of artificial coverings, in particular geotextiles, in reducing glacier 11 

ablation has emerged as a topic of increasing concern. Nevertheless, a critical gap in 12 

knowledge persists regarding the specific physical processes involved in the mitigation 13 

provided by these coverings. This study explores the underlying mechanisms that 14 

govern the interaction through field observations and COSIPY model simulations at 15 

Bailanghe Glacier No. 21 in the Qilian Mountains from 26 June to 17 September 2023. 16 

It compares covered and uncovered areas to evaluate differences in mass and energy 17 

balance fluxes. It was discovered that geotextiles could decrease ice melt by up to 1000 18 

mm w.e. in comparison to the surface of glaciers without cover, primarily because of a 19 

23% increase in albedo compared to ice, leading to a decrease in net short-wave 20 

radiation and available melt energy. The effect of covering the entire glacier with a 21 

geotextile, which has varying albedo properties, was also simulated. It was found that, 22 

with every 5% increase in the albedo of the geotextile, ablation was reduced by 10%‒23 

25%, resulting in a decrease in ice volume loss of approximately 2.5 × 105 m3. While 24 

artificially covering glaciers can reduce ablation rates, it faces challenges such as high 25 

costs, environmental risks, and issues with replicability. Ultimately, this study aims to 26 

analyze the feasibility of glacier coverage from a mechanistic perspective for glacier 27 

management amidst ongoing climate change. 28 
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1. Introduction 31 

Glaciers worldwide have been thinning at an accelerated pace since the beginning 32 

of the 21st century (Gardner et al., 2013; Dehecq et al., 2019), with a mean mass balance 33 

of －0.42 m w.e. per year (Burn et al., 2017). The glaciers on the Tibetan Plateau and 34 

surrounding ranges, known as High Mountain Asia (HMA), serve as the Asian water 35 

tower, offering the most abundant glacier resources outside the polar regions (Pritchard 36 

et al., 2019; Bhattacharya et al., 2021). However, the majority of these glaciers are 37 

undergoing remarkable shrinkage and becoming increasingly vulnerable due to 38 

continuous climate warming (Yao et al., 2022; Zhao et al., 2022). Under scenarios 39 

involving high greenhouse gas emissions, it is predicted that glaciers will almost 40 

completely disappear in many areas (Farinotti et al., 2019). As a consequence of these 41 

changes, alterations in river flow are anticipated, impacting cryosphere-related hazards, 42 

regional ecosystems, socio-economic activities, and the culture and tourism associated 43 

with glaciers and human societies (Huss and Hock, 2018). 44 

To address this existential challenge, researchers have attempted to develop innovative 45 

and effective methods for snow and ice protection, especially for alpine glacier ski 46 

resorts (Spandre et al., 2016). Glaciers in the Alpine region are indisputably key 47 

economic contributors, attracting tourists with their captivating beauty, and their 48 

diminishing presence adversely affects the viability and profitability of ski resorts in 49 

the European Alps (Fischer et al., 2016). In light of this, since the early 2000s, 50 

remarkable efforts have been made to develop methods to artificially decelerate snow 51 

and ice melt in order to preserve glacier surface elevation as required (Olefs and Fischer, 52 

2008). The majority of these techniques focused on either enhancing albedo or reducing 53 

thermal conductivity to diminish the energy available for melting the underlying snow 54 

or ice (Senese et al., 2020). Wang et al. (2018) explored the impact of artificial snowfall 55 
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on the mass balance of Muz Taw Glacier (Sawir Mountains, China) on 19 and 22 August 56 

2018, finding an increase in mass balance of between 32‒41 mm w.e. Moreover, several 57 

studies have shown that covering glaciers with geotextiles greatly affects their mass 58 

balance during the ablation period (Wang et al., 2023; Huss et al., 2021). For example, 59 

during the 2004‒2005 ablation period, the Schaufelferner and Gaißkarferner glaciers 60 

were covered with various types of geotextiles (Olefs and Fischer, 2008). The results 61 

demonstrated that a 0.004 m thin cover material greatly improved the glaciers' mass 62 

balance, reducing the melting rate and total ablation by 60%. In Switzerland, active 63 

coverage of glaciers using geotextiles has been achieved at nine sites for up to 15 years, 64 

covering an area of 0.18 ± 0.01 km² by 2019. This technique mitigates up to 350,000 65 

m3 of ice melt per year, preserving an average of 2 m of ice annually in the covered area 66 

(Huss et al., 2021). Until 2018, a comprehensive scientific assessment of active glacier 67 

protection strategies in China had not been conducted. Since then, three experiments 68 

involving non-woven geotextiles have been carried out in different regions, including 69 

Urumqi Glacier No. 1 and Dagu Glacier No.17 in summer, revealing through 70 

observation that geotextiles with higher albedo than bare ice can effectively reduce 71 

glacier ablation. (Xie et al., 2023; Wang et al., 2023). Despite the practical success of 72 

these initiatives during ablation period, most studies focused primarily on the protective 73 

effect of the cover material and the radiation balance recorded by weather stations. The 74 

knowledge gap remains regarding the precise physical processes that govern the 75 

application of geotextiles to snow and ice cover.  76 

This study is based on data from automatic weather stations (AWS) of Bailanghe 77 

Glacier No.21 (BLH), used as input for a process-oriented adaptation of an open-source 78 

coupled snowpack and ice surface energy and mass balance model (COSIPY) (Sauter 79 

et al., 2020). In order to characterize in detail the process of mass and energy transport 80 

transformations of geotextile-covered snow and ice surfaces, we investigated mass 81 

balance management by using geotextiles covering glaciers from June 26 to September 82 

19, 2023. Specifically, this study aims to: 1) compare the effects of geotextiles covering 83 

glacier mass balance change patterns in covered and uncovered areas by applying high-84 

resolution digital elevation models (DEMs) and in-situ measurements; 2) apply the 85 
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COSIPY model to simulate changes in glacier mass balance, energy fluxes, and ice 86 

volume utilizing AWS data within both covered and uncovered areas to assess and 87 

quantify the mass and energy transport transformations under different covering 88 

conditions. This study enhances our understanding of the mechanisms by which 89 

geotextiles modulate energy and mass balance, highlighting their significant potential 90 

and limitation to mitigate glacier melt in the background of climate change. 91 

2. Study area 92 

The BLH (38°56.8′N, 99°17.2′E), located on the northern slope of the middle part 93 

of the Qilian Mountain Nature Reserve (Fig. 1), covers an area of 1.45 km2 and has a 94 

length of 2.5 km (Chen et al., 2023). The glacier flows in a northeastward direction 95 

from elevations of 4290‒5103 m a.s.l. Chen (2023) reported that the average mass 96 

balance of the BLH was –534 ±166 mm w.e. in 2020–2021. On the basis of glacial 97 

meteorological data, the temperature mostly surpasses 0 °C from May to September, 98 

and the average temperature is –7.4 °C. Furthermore, the annual precipitation total of 99 

the BLH is 568.7 mm in 2020–2021, which occurs mainly from April to August, 100 

accounting for 80.6% of the annual precipitation. The prevailing weather conditions are 101 

characterized by a predominance of cloudy skies. In terms of short-wave radiation, the 102 

highest monthly incident and reflected radiation levels are observed in May and April, 103 

respectively. 104 

 105 
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Fig. 1. (a) Overview of the BLH, including the unmanned aerial vehicle (UAV) survey areas and 106 

in-situ measurement area, coverage area, automatic weather stations, and glacier outlines (the 107 

background image is a Sentinel_2A false color image on 2 October 2023), and (b) UAV-derived 108 

three-dimensional images of the glacier, the details of the coverage area, the measuring sites and 109 

ground control points (GCPs) for mass balance on the BLH. 110 

3. Data and methods 111 

3.1 Field observations and installation 112 

In the selected area, annual point surface mass balances were monitored using five 113 

ablation stakes, which were positioned at elevations corresponding to AWS2 and the 114 

coverage area. These stakes, 6 m in length, are composed of six 1-m-long iron bars (Fig. 115 

2d). Four ablation stakes were installed around the covered area on 26 June 2023, and 116 

an additional two stakes were added one week later to complete the mass-balance 117 

observation network in the experimental area. Detailed observations were conducted 118 

unscheduled from 26 June to 19 September, 2023, throughout the entire trial period. 119 

These observations included measuring the vertical height of the stakes above the 120 

glacier surface and determining the thickness and density of each snow/ice layer. The 121 

mean mass balance uncertainty measured was ±0.2 m w.e. per year, excluding the effect 122 

of system factors (Zemp et al., 2010). Specifically, the mass balance from field 123 

measurements is utilized to assess the coverage effectiveness and to validate the model 124 

simulations between covered and uncovered areas. 125 

Hourly meteorological data were used to drive the COSIPY model for the 126 

simulation of covered and uncovered areas. Two AWSs were critical for comprehensive 127 

meteorological data collection: AWS1, installed at the glacier terminus in 2020, and 128 

AWS2, installed in June 2023 at the edge of the experimental site (Fig. 1). AWS1 129 

records air temperature, relative humidity, precipitation, wind speed, wind direction, air 130 

pressure, as well as short-wave and long-wave radiation components. The 131 
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meteorological elements used have undergone rigorous quality control procedures to 132 

ensure the absence of outliers for temperature, relative humidity, air pressure, long-133 

wave incoming radiation, short-wave incoming radiation, and precipitation. 134 

Additionally, AWS2 was equipped with two four-component net radiation systems 135 

(CRN4), primarily used for measuring the short-wave and long-wave reflectivity of ice 136 

and associated materials (Fig. 2c). Due to the complex meteorological environment on 137 

the ice surface, AWS data may exhibit gaps. To address this issue, AWS1 and AWS2 138 

data were mutually complementary for corresponding time periods, ensuring a 139 

continuous meteorological dataset. COSIPY is optimized with observations from the 140 

two AWSs, especially in terms of ice albedo. 141 

Late June to early September marks the end of the summer melt and the beginning 142 

of winter accumulation, a crucial period since snow contributes to glacier accumulation, 143 

mitigating the rate of glacier melting (Wang et al., 2019). Covering the glacier during 144 

this period does not compromise the protective impact of snow on the glacier. The cover 145 

material is a non-woven fabric (geotextile) made of UV-stabilized polypropylene fibers, 146 

known for its high tensile strength and short-wave reflectivity. Ideally, the cover is 147 

placed on the glacier surface before the start of the summer ablation period. At the end 148 

of the ablation period, the covers are recycled to ensure the material’s reuse. In practice, 149 

rolls of geotextile (50 m × 6 m) are transported by hand to the glacier surface and 150 

secured with ropes and bags. Placing the cover directly on the snow or ice surface 151 

influences the energy balance of the underlying snow surface, reducing the amount of 152 

energy available for melting (Fig. 2a). Ultimately, the geotextile was deployed over a 153 

300 m2 experimental field (Fig. 2b) from 26 June to 17 September 2023. 154 
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 155 

Fig. 2. Schematic diagrams of the early stage (a) and end (b) of the experiment of artificial cover 156 

in the ablation zone to reduce glacier melt (refer to Huss et al., 2021), (c) overview of the 157 

geotextile cover, (d) AWS2, and (e) ablation stake. 158 

3.2 UAV flights and data processing 159 

To perform high-precision observations, a DJI Phantom 4 Real-Time Kinematic 160 

(RTK) UAV was flown twice, connecting to the network RTK; initially on 26 June 2023, 161 

coinciding with the laying of the geotextile fabric and installation of the meteorological 162 

station, and subsequently on 17 September 2023. Two UAV surveys with high overlap 163 

were conducted between June‒September 2023, yielding raw images with higher 164 

ground sampling distances (GSD). The details of the UAV survey-related information 165 

are in Table 1. The images captured during each UAV survey were post-processed using 166 

structure-from-motion and multi-view-stereo (SfM-MVS) techniques. The Pix4D 167 

Mapper software was chosen for the experiments because of its ability to quickly 168 

process the images and reconstruct DEMs and Ortho-mosaics with high quality. 169 

Table 1. Details of the UAV coverage area and flight-related information. 170 

Parameter 26 June 2023 17 September 2023 

Coverage (km2) 0.259 0.073 

Flight type RTK RTK 
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Flight altitude (m) 190 155 

Ground resolution (cm) 3.9 1.7 

Number of photos taken/valid 

photos 
186/193 188/193 

Number of checkpoints used 5 5 

Flight time (Beijing time) 14:43‒15:18 13:55‒14:14 

Accuracy traditionally relies on ground control points (GCPs; Qiao et al., 2023; 171 

Martínez-Carricondo et al., 2018). Five square ground reflective targets (1 m × 1 m) 172 

were installed on the survey areas of the BLH as GCPs (Fig. 1c). These GCPs were 173 

measured before the flight in RTK mode using a global navigation satellite system 174 

(GNSS) receiver, with the base station located within the glacier terminus. Five ground 175 

validation points were established on the BLH surface to determine the accuracy of the 176 

UAV-derived outputs (Fig. 1a), coinciding with the UAV surveys, whose absolute 177 

geolocation accuracy were measured using GNSS (Table 2). 178 

Table 2. Absolute geolocation accuracy differences between ground ground validation points 179 

and UAV-derived DEM. 180 

Date X (m) Y (m) Z (m) 

26 June 2023  0.09 0.07 0.12 

17 September 2023 0.04 0.03 0.08 

3.3 COSIPY model 181 

COSIPY combines a surface energy balance with a multilayer subsurface snow 182 

and ice model to compute the glacier mass balance. The surface energy balance can be 183 

written as follows: 184 

 𝑄M = 𝑆in(1 − 𝛼) + 𝐿in + 𝐿out + 𝑄sens + 𝑄lat + 𝑄G         (1) 185 

where 𝑄M represents the energy available for melting, 𝑆inis the incoming short-186 

wave radiation, α denotes albedo, 𝐿in  is the incoming long-wave radiation, 𝐿out 187 

refers to the outgoing long-wave radiation, 𝑄sens  stands for the sensible heat flux, 188 

𝑄lat represents the latent heat flux, and 𝑄G denotes the glacier heat flux. In COSIPY, 189 

𝑆in is computed using radiation model, which calculates clear-sky shortwave radiation 190 

based on geographical and topographical factors (Kumar et al., 1997). The radiation 191 

Jo
urn

al 
Pre-

pro
of



model operates using the SRTM DEM (30 m). Energy fluxes towards the surface are 192 

positive, and ablation occurs via sublimation, subsurface melt, and surface melt, with 193 

surface melt requiring the surface temperature (𝑇s) to be at 273.15 K and positive energy 194 

flux (𝑄M). COSIPY uses meteorological data to compute atmospheric energy fluxes 195 

and the subsurface temperature profile to determine 𝑄G. 𝑄M and 𝑄lat are converted 196 

to mass fluxes, contributing to the MB at the glacier surface. 𝑇s  is crucial for 197 

calculating 𝐿out , 𝑄sens , 𝑄lat , and 𝑄G , and its iterative calculation ensures energy 198 

equilibrium at the surface. If 𝑇s exceeds 273.15 K, it is reset, and the residual energy 199 

flux 𝑄M equals the energy available for surface melting (𝑄melt) (Sauter et al., 2020). 200 

All snowfall on the ice surface brings mass accumulation to the glacier because the 201 

sublimation processes of fresh snow and firn are not calculated. The separation of rain 202 

and snow is achieved using a logistic transfer function, and the proportion of solid 203 

precipitation typically varies smoothly between 100% (0 °C) and 0% (2 °C) (Hantel et 204 

al., 2000). To achieve optimal simulation performance of COSIPY in the BLH setting, 205 

parameter optimization is required. The final key parameterizations and parameter 206 

selections refer to Mölg et al. (2012), Arndt and Schneider (2023), Potocki et al. (2022), 207 

and Blau et al. (2021). The albedo of the ice is based on the empirical data collected by 208 

AWS2. 209 

4. Results 210 

4.1 Microclimatic conditions on the glacier surface 211 

The main data required in the energy‒mass balance model were meteorological 212 

data, which are often representative of one station in the study region. The hour-by-213 

hour meteorological data from which the daily average data are also derived serve as 214 

input data for the COSIPY model (Fig. 3). Thus, hourly meteorological data were input 215 

into the model to simulate the mass balance of the BLH between 26 June and 17 216 

September. Throughout the experimental period, relative humidity was consistently 217 
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high, with an average of 68% (Fig. 3a). A gentle breeze was observed on average across 218 

the glacier, with a mean wind speed of 2.14 m s−1 (Fig. 3b). 𝐿in was highly variable, 219 

with a mean of 275.32 W m−2 (Fig. 3c). 𝑆in played a crucial role as a model forcing 220 

factor. Daily variations in 𝑆in  ranged from 26‒411 W m−2 due to fluctuating cloud 221 

cover, with values varying approximately from 600 W m−2 during the day to 200 W m−2 222 

at night, resulting in an average value of 220 W m−2 (Fig. 3d). The total precipitation 223 

recorded throughout the period with complete data was 203 mm (Fig. 3e), of which 84 224 

mm was classified as snowfall (Mölg et al., 2012; Ageta and Fujita, 2000). The hourly 225 

mean air temperature was around 3 °C for the duration of the experiment. The range of 226 

mean daily air temperatures varied from −1.07 to 7.93 °C, with temperatures almost 227 

always remaining above the melting point (Fig. 3f). Daily mean observed temperature 228 

lapse rate values were calculated using linear regression of the daily air temperatures, 229 

showing a variability of −0.03 °C d−1. Pressure remained relatively stable throughout 230 

the experimental period, with an average value of 625 hPa (Fig. 3g). 231 
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 232 

Fig. 3. Hourly means of meteorological variables at the BLH from 26 June to 17 September 2023 233 

showing (a) relative humidity, (b) wind speed, (c) long-wave incoming radiation, (d) short-wave 234 

incoming radiation, (e) precipitation, (f) air temperature, and (g) air pressure. 235 

4.2 Observed and simulated energy fluxes in covered and uncovered 236 

areas 237 

The model simulations are satisfactory and offer an accurate depiction of the 238 

energy fluxes’ inflow and outflow. Fig. 4 presents the average daily surface energy 239 
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fluxes near the AWSs in the BLH experimental area from June‒September 2023. The 240 

net energy flux directed toward the glacier was converted into daily melt rates in ice 241 

equivalent, utilizing an ice density of 917 kg m−3 (Schaefer et al., 2020). For BLH, the 242 

primary energy contribution was from net short-wave radiation (𝑆net: average +130 W 243 

m−2), as during the summer 𝑆net on a glacier constitutes a portion of the surface energy 244 

balance, frequently comprising 75% or more of the energy available at the surface 245 

(Olson and Rupper, 2019). This was followed by the 𝑄sens (average +5.46 W m−2), 246 

indicating that the air temperature 2 m above the glacier is higher than that of the glacier 247 

surface, thereby transferring energy to the glacier surface, and the 𝑄G (average +4.71 248 

W m−2). Alternatively, the mean values of the shares of 𝑆net, 𝑄sens and 𝑄G in the 249 

energy income term of the glacier surface during the experimental period were 93%, 250 

4%, and 3%, respectively, with 𝑆net being the main source of energy input at the glacier 251 

surface. The daily average value of 𝑄lat  (average −2.21 W m−2) was consistently 252 

negative, indicating that the specific humidity of the air was lower than that of the 253 

glacier surface, resulting in the transfer of heat from the glacier surface to the 254 

atmosphere in the form of latent heat (Mölg et al., 2012). Net long-wave radiation (𝐿net) 255 

acted as a heat sink ( average −26.70 W m−2). Most of the surface energy was utilized 256 

for melting surface snow/ice melting ( average −91.98 W m−2).  257 

In the covered area, the individual energy fluxes differed greatly. The 𝑆net at the 258 

covered area showed strong day-to-day variability, fluctuating between 9‒151 W m−2 259 

(on average +80.09 W m−2). The average 𝑆net at the covered area was 50 W m−2 than 260 

in the uncovered area, while the values of 𝑄sens (on average +5.57 W m−2) and 𝑄G 261 

(on average +3.24 W m−2) in the covered area were roughly equivalent to those in the 262 

uncovered area (Fig. 4). The mean contributions of 𝑆net, 𝑄sens and 𝑄G in the energy 263 

income term of the glacier surface during the experimental period were 90%, 6%, and 264 

4%, respectively. Generally, the net long-wave radiation (𝐿net ) was negative in the 265 

covered area, with an average value of –25.45 W m–2, indicating a negative impact of 266 

long-wave radiation on glacier melting. This area is similar to the uncovered area in 267 

that most of the surface energy is used for surface snow/ice melt, with a mean value of 268 

−49.93 W m–2. In contrast to 𝑄melt and 𝐿net, the 𝑄lat turbulent fluxes in the glacier 269 
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cove area were small, at only −1.51 W m–2. The results of comparing the simulations 270 

for each energy flux show that the covered area has a reduction in energy income of 271 

approximately 52 W m–2. Specifically, 𝑆net decreased by approximately 51 W m–2, 272 

and 𝑄G  decreased by nearly 1.5 W m–2. Compared with the uncovered area, the 273 

covered area had a 37% reduction in energy income, but 𝑆net was still the dominant 274 

energy income. On the energy output side, 𝑄𝑚𝑒𝑙𝑡 was reduced by 42 W m–2, 𝐿net by 275 

1.2 W m–2, and 𝑄lat by 0.7 W m–2. 𝑄melt was greatly reduced by 46%. 276 

 277 

Fig. 4. Daily energy components of the BLH in the covered and uncovered areas from 26 June to 278 

17 September 2023. 279 

4.3 Spatial and temporal changes in observed and modeled glacier 280 

mass balance 281 

Up to the final stage of the experiment, the elevation of the covered area was 282 

greater than that of the uncovered area, as shown on the topographic map of the BLH 283 

terminal and the partial profile of the covered area (Fig. 6). The elevation of the covered 284 
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area is greater than that of the uncovered area, which is approximately 1 m greater. For 285 

example, the uncovered area in the middle section of the covered area in the right panel 286 

of Fig. 5a is mostly located at 4356‒4357 m a.s.l., while the elevation of the S1‒S2 287 

section is mostly greater than 4358 m a.s.l. The elevation of the covered area is 288 

approximately 1 m greater than that of the uncovered area in the right panel of Fig. 6a, 289 

indicating greater glacier thickness in the covered area. Fig. 5b shows the multi-period 290 

DEM obtained via repeated photogrammetry to examine changes in glacier thickness 291 

within the BLH experimental area and to objectively evaluate the effectiveness of 292 

textile materials in glacier protection. The results reveal that in the uncovered areas, 293 

elevation changes mainly vary from –3 to –1.5 m, with some regions undergoing 294 

changes between –4 to –3 m and −2 to –1 m. In contrast, elevation changes in the areas 295 

covered by textile materials are less severe, generally ranging from –1.5 to –1 m. 296 

 297 

Fig. 5. UAV high-resolution image maps of covered and uncovered areas and their derived data, 298 

(a) topographic map of the BLH coverage test area (The background image is a digital elevation 299 

model (DEM) acquired by a UAV on 17 September 2023) and the profile topography of the blue 300 

line portion, and (b) the surface elevation change statistics for the experimental periods and the 301 

corresponding frequency distribution. 302 

 303 
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The modeled and measured mass balances were in agreement throughout the 304 

experiment, as illustrated in Fig. 6. The experimental period showed a consistent 305 

decrease in glacier mass balance, with the exception of night frosts, during which all 306 

available heat was dedicated to raising the glacier surface temperature to the melting 307 

point. Fig. 6 displays the melt rates inferred from COSIPY model simulations. The net 308 

energy flux reaching the glacier was converted into a daily melt rate equivalent to ice, 309 

using an ice density of 917 kg m–3. During 26 June to 17 September 2023, the simulation 310 

indicated a mass balance (ablation) for the covered area of −1052 mm w.e. (−12.5 mm 311 

w.e. d−1). Ablation was marginally higher in the initial period (26 June to 6 August) 312 

compared to the latter period (7 August to 17 September), with totals of 568 and 484 313 

mm w.e., accounting for 54% and 46% of the total ablation, respectively. The average 314 

daily ablation difference between July and August was 14%, with rates of 14 and 12 315 

mm w.e. d−1, respectively. Nighttime ablation rates varied from 0‒0.6 mm w.e., while 316 

daytime rates ranged from 0‒4.5 mm w.e. Over the same period, the simulated total 317 

ablation in the uncovered area was 2029 mm w.e., or 24.2 mm w.e. d−1. Snowfall and 318 

refreezing processes contributed to an accumulation of 48 mm w.e., mainly occurring 319 

at night. 320 
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 321 

Fig. 6. Modeled hourly scale changes in mass balance for covered (a) and uncovered areas (b), and 322 

modeled (c) and measured (d) daily scale changes in mass balance from 26 June to 17 September 323 

2023. 324 

5. Discussion 325 

5.1 Uncertainty assessment and validation 326 

The primary sources of uncertainty stem from errors in UAV positioning and 327 

model simulations. By comparing ground validation point measurements with UAV-328 

derived Ortho-mosaics and DEMs, we determined the absolute XYZ accuracies of the 329 

UAV-SfM survey product as presented in Table 2. The uncertainties in UAV 330 

measurements, analyzed as the mean absolute deviation in the X, Y, and Z directions, 331 
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are 0.09 and 0.04 m, 0.07 and 0.03 m, and 0.12 and 0.08 m, respectively (Table 2). 332 

Notably, the vertical uncertainty is double that of the horizontal uncertainty, 333 

corroborating other findings (James et al., 2017; Zhao et al., 2023). Further, when 334 

comparing model simulation with measured data, it was observed that the model 335 

slightly overestimated the total ablation, with a root mean square error (RMSE) of the 336 

mass balance in the uncovered area of 165 mm w.e., while the simulated RMSE of the 337 

mass balance in the covered area was 103 mm w.e. At the experiment’s conclusion, the 338 

modeled mass balance in the uncovered area (–2029.34 mm w.e.) exceeded the 339 

measured mass balance by 170 mm w.e.; conversely, the modeled mass balance in the 340 

covered area (–1051.80 mm w.e.) was 108 mm w.e. lower than the measured mass 341 

balance. The comparison between measured and modeled mass balances reveals 342 

correlation coefficients above 0.95 for both covered and uncovered areas. The notable 343 

disparity between modeled and measured ablation in the covered area can be attributed 344 

to the mitigating effect of summer snowfall on surface melting (Yang et al., 2011). 345 

Regarding the simulation outcomes for the uncovered area, the discrepancy primarily 346 

arises from the use of measured albedo parameters, which may not accurately reflect 347 

the albedo across the entire glacier terminus, suggesting that an underestimation of 348 

albedo contributed to the difference between simulated and measured results. In 349 

summary, the discrepancies observed between UAV-SfM survey comparisons and 350 

model simulations relative to measured data fall within acceptable limits. 351 

5.2 The mechanism of action of artificial coverage 352 

Multi-scale interactions between the glacier surface and the overlying atmosphere 353 

greatly affects various energy fluxes at glacier surfaces (Mott et al., 2020). The 354 

difference in energy gain or loss compared to the uncovered area may be attributed to 355 

the covered area reducing glacier ablation by nearly 1000 mm w.e., leading to a 12 mm 356 

w.e. d−1 deceleration in the melt rate. As illustrated in Fig. 3, with an average air 357 

temperature of 3 °C in the glacier area during the testing period, the temperature 358 
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remained above the melting point approximately 75% of the time; thus, accelerating the 359 

glacier melt rate. 𝑆net acts as the primary energy source for glacier melting, with an 360 

average incident short-wave radiation value of 220 W m−2 during the experimental 361 

period. However, there is a slight discrepancy between the 𝑆net values of the covered 362 

and uncovered areas, with a difference of +50 W m−2. 𝐿net is predominantly negative, 363 

with values around −26 W m−2 for both the covered and uncovered areas. The absorbed 364 

heat is mainly used for melting and evaporation/sublimation processes (Osipov and 365 

Osipova, 2021). Other energy components such as 𝑄sens , 𝑄G , and 𝑄lat , exhibit 366 

minimal variation between the simulation results with and without geotextile cover, as 367 

indicated in Table 3. This minimal variation is primarily because the impact of the 368 

geotextile on increasing the ice surface albedo surpasses its thermal insulation 369 

properties. Given that the geotextile is only 0.5 mm thick, its main function is to 370 

enhance the ice surface’s ability to reflect short-wave radiation. A decreased albedo on 371 

the glacier surface leads to weakened reflection of short-wave radiation, thereby 372 

accelerating glacier ablation (Zhang et al., 2020; Naegeli and Huss, 2017). Conversely, 373 

increasing glacier surface albedo leads to weakening of shortwave absorption and net 374 

radiation, further affecting the mass balance of the glacier. 375 

Fig. 7 comprehensively depicts the recorded albedo changes between the glacier 376 

and geotextile surfaces throughout the experiment, utilizing meteorological instruments. 377 

The albedo of the geotextile was greatly higher than that of the glacier surface, with the 378 

geotextile’s albedo showing greater fluctuations, ranging from 0.5‒0.8. This variability 379 

was mainly due to snowfall deposition, which led to substantial changes in surface 380 

albedo (de Vrese et al., 2021). On the other hand, the glacier surface’s albedo remained 381 

relatively stable, fluctuating between 0.3‒0.55. Both surfaces showed a decreasing 382 

trend in albedo values, with the geotextile decreasing from about 0.8‒0.5 and the glacier 383 

surface from 0.55 to 0.35 (Fig. 7). The decline in the geotextile’s albedo is primarily 384 

attributed to factors such as snow and ice erosion, microorganisms, chemical agents, 385 

and various environmental conditions (Senese et al., 2020). Conversely, the changes in 386 

the glacier surface’s albedo are mainly due to wind erosion in the valley, atmospheric 387 

deposition, and gradual accumulation of light-absorbing materials (Williamson and 388 
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Menounos, 2021; Kang et al., 2020). Nonetheless, the geotextile’s albedo was 389 

consistently higher than that of the ice surface during the covering period. The higher 390 

albedo of the geotextile contributed to reducing the energy absorbed by the ice surface, 391 

thereby diminishing the energy available for melting. The energy consumed for melting 392 

in the uncovered area (91.98 W m−2) was higher than that in the covered area (49.93 W 393 

m−2) by 42 W m−2. However, this experiment focused exclusively on monitoring the 394 

albedo parameter, without a detailed investigation into the ice surface temperature or 395 

the geotextile’s thermal insulation effect, which suggests the need for further research 396 

in these areas. 397 

 398 

Fig. 7. Short-wave albedo changes on geotextiles and glacier surfaces from 26 June to 17 399 

September, 2023. 400 

Table 3. Comparison of simulated average energy components for geotextile-covered and 401 

geotextile-uncovered areas with different albedo performances. 402 

Type 
Energy flux (W m–2) 

𝑆net 𝑄sens 𝑄G 𝑄melt 𝐿net 𝑄lat 

Experiment 
Covered  80.09 5.57 3.24 −49.93 −25.45 −1.51 

Uncovered 130.81 5.46 4.71 −91.98 −26.70 −2.21 

Albedo 

−10% 102.93 5.62 4.06 −67.50 −25.95 −1.62 

−5% 127.02 5.57 3.66 −58.83 −25.84 −2.21 

+5% 70.08 5.65 2.97 −41.57 −25.17 −1.22 

+10% 61.32 5.60 2.57 −33.26 −24.92 −1.19 

+15% 50.37 5.56 2.27 −25.37 −24.50 −1.05 
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5.3 Sensitivity to albedo 403 

Results from both model simulations and in-situ measurements in covered and 404 

uncovered areas corroborate the anticipated outcome that an increase in albedo leads to 405 

reduced ablation. To evaluate the mass balance sensitivity to variations in cover albedos, 406 

model runs were conducted with albedo parameters adjusted by −10% to +15%. The 407 

outcomes from point-model analyses (Fig. 8 and Table 3) demonstrate that alterations 408 

in geotextile albedo substantially influence both the glacier surface mass balance and 409 

the energy balance. These changes predominantly impact net short-wave radiation and 410 

the energy necessary for ablation, more so than other energy components. A 5% 411 

enhancement in geotextile albedo leads to a reduction in 𝑆net by an average of 10 W 412 

m−2 per hour and 𝑄melt by an average of 8 W m−2 per hour, culminating in a total 413 

ablation reduction of 0.20 m w.e. With a 10% and 15% increase in geotextile albedo, 414 

𝑆net shows a decreasing trend, accompanied by a reduction in the energy utilized by 415 

𝑄melt to a certain extent, resulting in a total reduction in ablation ranging from 0.35‒416 

0.55 m w.e. Conversely, a decrease in geotextile albedo by 10% and 5% leads to reduced 417 

reflection of short-wave radiation, thereby increasing 𝑆net. This, in turn, escalates the 418 

energy consumed by 𝑄melt, weakening the geotextile’s protective impact. However, 419 

the level of ablation still remains lower than that in the uncovered area, primarily due 420 

to the higher albedo of the geotextile compared to the natural ice surface. 421 

 422 

Fig. 8. Short-wave albedo changes on glacier mass balance from 26 June to 17 September, 2023. 423 
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 424 

Fig. 9. Distributed mass-balance modeling for various coverage contexts of the BLH from 26 425 

June to 17 September, 2023, (a) natural state, (b) different albedo parameter coverage scenarios, 426 

and (c) difference between simulation and UAV measurements. 427 

 428 

The distributed mass balance assessments in BLH show that glacier ablation 429 

averages about 2.2 m in the terminus areas, with a decrease observed towards the upper 430 

parts of the glaciers, as shown in Fig. 9a. The modeled (observed) mean specific 431 

ablation within the UAV scanning area is recorded at –2.39 m (–2.15 m). These findings 432 

are considered promising, taking into account the model parameterizations and the 433 

utilization of a high-resolution DEM derived from UAV data, despite the glacier 434 

surface’s complex terrain. Additionally, glacier terminal melting is notably more 435 

intense, leading to a slightly higher absolute value of elevation change detected by the 436 

UAV compared to the simulated value. According to the distributed simulation results, 437 

during the testing period from 26 June to 17 September, 2023, glacier ablation in BLH 438 

without coverage ranged from 1.8‒2.2 m, resulting in an ice volume loss of 2.90 × 106 439 

m3. Covering the glacier completely with geotextile material reduced glacier ablation 440 

to between 0.85‒1.13 m, leading to an ice volume loss of 1.45 × 106 m3. In essence, 441 

over a two-month period, complete coverage of the glacier could reduce ice volume 442 
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loss by up to 50%. Enhancements in the albedo performance of the cover material, such 443 

as increases of 5%, 10%, and 15%, lead to further reductions in ablation. As depicted 444 

in Fig. 9b, with each 5% increase in the albedo of the cover material, the total ice 445 

volume loss is reduced to 1.16 × 106 m3, 0.89 × 106 m3, and 0.64 × 106 m3, 446 

corresponding to reductions in ice loss of 60%, 69%, and 78%, respectively. Achieving 447 

albedo performance of glacier protection materials exceeding 70% is feasible, not 448 

considering cost. Li et al. (2022) demonstrated the efficacy of high albedo radiation-449 

cooled nanomaterials in protecting mountain glaciers. However, this study was limited 450 

to establishing a test field at the glacier’s terminus and did not extend observations to 451 

the middle and upper parts. The distributed model simulation seems to underestimate 452 

albedo in the accumulation area and overestimate the mass balance in the upper part of 453 

the glacier, underscoring the necessity for future research to provide more 454 

comprehensive data supporting glacier protection strategies through coverage. This 455 

study focused exclusively on observing and modeling the effects and physical processes 456 

of artificial cover on continental glaciers. Given that the Tibetan Plateau, with its 457 

extensive glacier coverage, is the largest glacier field outside the polar regions and 458 

includes marine glaciers, future research should assess the efficacy of artificial cover in 459 

various glaciated regions of the Tibetan Plateau and at different elevations. 460 

5.4 Benefit, impacts and alternatives 461 

The examination of these studies shows the efficacy of using geotextiles to reduce 462 

glacier melting rates. The simulation of this experiment indicates that the protective 463 

effect of geotextiles is primarily due to their high short-wave albedo. However, previous 464 

studies and available data suggest that the short-wave albedo of geotextiles is lower 465 

than that of fresh and granular snow (Xie et al., 2023). This paper purposely analyzed 466 

the effect of geotextiles with different albedos on glacier ablation, and validate through 467 

modeling that regular geotextiles with low albedos will weaken the snow recharge 468 

effect during the accumulation period.In addition, the geotextile will also be affected 469 
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by the environment with time gradually aging, albedo gradually reduced (Fig. 7), and 470 

𝑄melt will increase. The above factors will cause the protection effect to be reduced. 471 

Therefore, in practice, geotextiles should ideally be deployed at the beginning of the 472 

ablation period and removed at its conclusion (Senese et al., 2020; Huss et al., 2021). 473 

Additionally, Fig. 7 illustrates that the albedo of geotextiles decreases over time, 474 

reducing their protective effect, and suggests that periodic replacement is necessary for 475 

their long-term effectiveness. These measures have been applied in limited areas due to 476 

the high costs and labor requirements, restricting their use to areas that are most 477 

vulnerable. Ski resorts on glaciers in the European Alps have assessed the expense of 478 

glacier conservation against its benefits, resulting in greater investments in glacier 479 

coverage in recent period (Fischer et al., 2016). This suggests the viability of employing 480 

geotextile coverings for glacier protection in economically feasible locations such as 481 

glacier ski resorts or parks. Utilizing geotextiles in glacier settings offers several 482 

advantages. For instance, geotextiles can function as insulating barriers, enhancing ice 483 

surface reflectivity, decreasing heat absorption, and thus lowering the rates of glacier 484 

melting (Olefs and Fisher, 2007). Furthermore, geotextiles, when used on seasonal 485 

snow or ice and combined with artificial snow production, can delay the release of 486 

meltwater in a manner similar to ice stupas, by postponing meltwater runoff by one to 487 

two months, extending into the dry summer season (Nestler et al., 2014). 488 

However, while the mitigation efforts using geotextile coverage show potential for 489 

combating glacial retreat, it is critical to evaluate the possible environmental and socio-490 

economic effects of its application. A major concern is the impact on natural glacier 491 

dynamics and landscape processes, which could influence downstream water flow, 492 

sediment transport, and ecological systems (Huss et al., 2021). Additionally, questions 493 

about the long-term durability and environmental impact of geotextiles highlight 494 

concerns about their ecological footprint and accumulation in delicate ecosystems 495 

(Cauvy-Fraunié and Dangles, 2019). On the social front, deploying geotextile solutions 496 

could lead to disputes over resources, land usage, and traditional ways of living, 497 

emphasizing the need for thorough engagement with stakeholders and inclusive 498 

decision-making processes. Although these effects are expected to be minimal due to 499 
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the currently limited trials on the Chinese glacier, a broader evaluation of environmental 500 

sustainability is warranted if the coverage is extended to the entire glacier or a larger 501 

area. 502 

Given the challenges and uncertainties associated with geotextile use, it is crucial 503 

to investigate alternative glacier management methods. With the pressing need to 504 

address glacier melting due to climate change, prioritizing the reduction of greenhouse 505 

gas emissions is essential over finding technological interventions to slow glacier 506 

melting (Zheng et al., 2019). Lowering greenhouse gas emissions remains the most 507 

effective strategy to curb future atmospheric warming and, consequently, global glacier 508 

mass loss. An alternative technological solution to physically covering glaciers is 509 

artificial or technological snow production (Oerlemans et al., 2017; Wang et al., 2023), 510 

which enhances the glacier’s mass balance and surface reflectivity, thereby reducing 511 

solar radiation absorption and aiding in glacier preservation, creating a beneficial 512 

feedback loop. Large-scale artificial interventions in solar radiation management, such 513 

as increasing stratospheric sulfate aerosols or injecting SO2 into the stratosphere to 514 

stabilize the net radiative forcing at the top of the atmosphere, are emerging as 515 

promising approaches for reducing glacier melt rates without relying exclusively on 516 

geotextile interventions (Zhao et al., 2017). 517 

The mitigation of glacier geotextile coverage represents a promising yet complex 518 

approach to addressing the challenges of glacial retreat. Artificial melt reduction may 519 

be useful in a clear economic context and on a small scale. In this case, however, the 520 

goal is not to protect the glacier as a whole, but to slow down the melting of the targeted 521 

area, for example for tourism development (Huss, 2024). While offering potential 522 

benefits such as enhanced glacier stability and hydrological regulation, geotextile 523 

deployment entails environmental, socio-economic, and ethical considerations that 524 

warrant careful scrutiny. Exploring alternative strategies and embracing a holistic, 525 

interdisciplinary approach to glacier management are essential for navigating the 526 

complexities of climate change adaptation. 527 
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6. Conclusion 528 

This study indicates that the geotextile covering the glacier had a greatly effect on 529 

slowing the ablation rate. A total of 300 m2 of geotextile covering the BLH end was 530 

found to have slowed the glacier from ablation by nearly 1 m w.e. by approximately 531 

48%, according to field measurements from 26 June to 17 September, 2023.  532 

It was observed that the thickness in the uncovered area decreased by 3 to 2 m, 533 

while in the covered area, the thickness change predominantly ranged from –1.5 to −1 534 

m. The COSIPY model effectively conducted single-point and distributed simulations 535 

for both the covered and uncovered areas, with the outcomes closely aligning with the 536 

observed summer mass balance data. Simulation results indicated that the mass balance 537 

in the covered area was –1052 mm w.e. (ablation rate: –12.5 mm w.e. d−1), whereas, in 538 

the uncovered area, it was –2029 mm w.e. (ablation rate: –24.2 mm w.e. d−1). 𝑆net was 539 

the primary source of melt energy in both the covered (80.09 W m−2, 93%) and 540 

uncovered (130.81 W m−2, 90%) areas, yet it was greatly lower in the covered areas. 541 

This reduction is primarily attributed to the geotextile’s high albedo of 0.63%, markedly 542 

higher than the glacier surface’s albedo of 0.39. Furthermore, a sensitivity study on 543 

geotextile albedo revealed that an increase in albedo leads to a decrease in ablation; 544 

specifically, for every 5% increase in albedo, ablation was reduced by 10%‒25%. 545 

Assuming complete coverage of the glacier with geotextile, the glacier’s volume loss 546 

could be reduced by up to 50%, with every 5% increase in the albedo of geotextile 547 

potentially mitigating ice volume loss by approximately 2.5 × 105 m3. 548 

However, this study is constrained by cost and labor limitations, and experimental 549 

observations were not conducted on a larger scale; simulations were restricted to 550 

available meteorological parameters. Future research will involve further experiments 551 

across various scales, elevations, and seasons, utilizing improved meteorological data. 552 

Although geotextiles demonstrate promise for glacier conservation, it is crucial to 553 

differentiate between large-scale applications and localized measures. The implications 554 

of artificial snow production/augmentation in conjunction with geotextiles for glacier 555 
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preservation need more detailed examination.  556 
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