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14 Abstract. Extreme climate events are increasingly recognized as important drivers of glacier change.
15 Although tropical cyclones (TCs) are a type of extreme weather event, their impacts on glacier mass
16  balance and the associated physical processes remain poorly understood. This study used more than 10
17 years of in situ observational data and an energy—mass balance model to reconstruct the energy and mass
18 balance of Naimona’'nyi Glacier over 2000-2024, and analyzed the impacts of TC Tauktae on glacier
19  mass balance and associated physical mechanisms in May 2021. During May 18-21, 2021,
20 meteorological and energy conditions changed markedly. Precipitation reached its highest level for the
21 same period since 2000 and occurred almost entirely as snowfall, enhancing mass accumulation and
22 surface albedo. Meanwhile, increased cloud cover reduced incoming shortwave radiation, and higher
23 relative humidity decreased latent heat flux. These variations reduced melt energy, suppressed melt and
24 sublimation, and increased mass accumulation, resulting in an extreme positive glacier mass balance for
25 four consecutive days. Regional analysis shows that the associated meteorological and energy anomalies
26 extended across the central and eastern Himalayas. This study reveals the physical mechanisms through

27 which TCs drive glacier change on the Tibetan Plateau from an energy-balance perspective, filling a
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28 research gap in this area and providing important insights for regional glacier assessment and future

29  projections.
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30 1 Introduction

31 The Tibetan Plateau (TP) contains the largest concentration of glaciers in the middle and low latitudes
32 of the world and plays a crucial role in supplying water to Asian inland rivers, maintaining regional
33 ecological security, and supporting downstream socioeconomic development (Gao et al., 2019; Kaab et
34 al., 2012; Milner et al., 2017; Yao et al., 2004, 2022). In recent decades, under global climate warming,
35 glaciers across the TP have shown a persistent retreat trend (Davies et al., 2014; Duan et al., 2022; Vuille
36 et al., 2008; Wang et al., 2019; Yang et al., 2013; Yao et al., 2012; Zhu et al., 2022). Meanwhile, the
37 frequency and intensity of extreme climate events, such as heatwaves, have been increasing, making a
38 non-negligible contribution to glacier mass loss (Chen et al., 2024; Kropac et al., 2021; Luo et al., 2026;
39 Mote, 2014; Thibert et al., 2018; White et al., 2023; Xu et al., 2024; You et al., 2025; Zhu et al., 2024).
40 Consequently, current studies on glacier change have mainly focused on negative mass balance processes.
41 However, relatively less attention has been paid to events that may induce positive glacier mass balance.
42 Positive mass balance processes are also important components of glacier evolution, influencing glacier
43 mass balance states and potentially regulating regional hydrological processes. Therefore, investigating
44 such processes is essential for a comprehensive understanding and accurate assessment of glacier mass
45 balance changes.

46 Positive glacier mass balance is typically closely associated with processes such as snowfall, low air
47 temperature, and cloud cover conditions (Fujita and Ageta, 2000; Kang et al., 2009; Zhang et al., 2021;
48 Zhu et al., 2022, 2023, 2026b). Snowfall not only directly increases glacier mass accumulation, but also
49 enhances glacier surface albedo, thereby reducing energy input (Fujita and Ageta, 2000). Low air
50 temperature alters precipitation phase partitioning, causing more precipitation to fall as snow rather than
51 rain, which further enhances accumulation and strengthens albedo feedback effects (Jouberton et al.,
52 2022; Zhu et al., 2022). In addition, changes in cloud cover can modulate surface energy processes,
53 thereby influencing glacier mass balance (Conway and Cullen, 2016). In real weather conditions, these
54 factors do not act independently but instead influence glacier energy and mass balance through complex
55 synergistic or compensating interactions. However, most studies on glacier mass balance have focused
56 on single driving factors. While such approaches help identify the individual contributions of

57 meteorological variables, they do not fully capture how multiple factors interact to jointly control glacier

3
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58 mass balance during integrated weather events, which remains poorly understood.

59 A tropical cyclone (TC) originates over tropical oceans and is driven principally by heat transfer from
60  the ocean (Emanuel, 2003). It can transport large amounts of water vapour and trigger intense
61 precipitation within its circulation. Therefore, in affected regions, TC-related precipitation can account
62 for a substantial proportion of total annual precipitation and exert a significant influence on regional
63 meteorological conditions (Dare et al., 2012; Khouakhi et al., 2017; Ren et al., 2006). Glaciers are highly
64 sensitive to climate variability. However, how TCs influence glacier mass balance through the combined
65 effects of multiple meteorological variables, as well as the underlying physical mechanisms, remains
66  insufficiently understood in the TP. This limits a comprehensive understanding of the role of such
67 complete weather systems in glacier change.

68 Tropical cyclone Tauktae formed over the Arabian Sea on May 14, 2021, and made landfall along the
69 coast of Gujarat in western India on May 17, 2021. It was one of the most severe cyclonic events in
70 recent years, causing the deaths of at least 12 people, destroying hundreds of homes, and resulting in
71 power outages and traffic jams (Kannaujiya et al., 2024). After landfall, its residual moisture continued
72 to move northward and triggered a significant snowfall event over the western TP, particularly affecting
73 Zanda, Burang, and Gar counties. Naimona’nyi Glacier is located in Burang County on the northern
74 slope of the Himalayas in the southwestern TP. Continuous glacier mass balance and meteorological
75 observations have been conducted in this region for more than a decade, providing valuable long-term
76 observational data for investigating the impacts of TC events on glacier change. Building on these
77 observations, this study focuses on Naimona’nyi Glacier and combines long-term observations with an
78 energy and mass balance model to analyze the meteorological variations, the energy and mass balance
79  response to the TC Tauktae event in May 2021. The objectives of this study are to (1) determine whether
80 a TC event can induce a positive glacier mass balance and (2) clarify the mechanisms through which
81 such events influence glacier mass balance. The results are expected to improve understanding of how
82 TC events affect glacier energy and mass balance processes and to provide scientific support for future

83 glacier change projections, glacier hazard assessment, and alpine water resource management.

84 2 Study Area and Data
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2.1. Study Area

Naimona’nyi Glacier is located in the southwestern TP (Fig. 1). As one of the largest glaciers in the
Mount Naimona’nyi region, it consists of southern and northern branches. Meltwater from the northern
branch drains into the Majiazangbu River, a tributary of the Ganges, and runoff from the southern branch
flows into Lake Manasarovar. This study focuses specifically on the northern branch. The glacier covers
an area of 7.34 km? and spans an elevation range from 5400 to 7400 m above sea level (a.s.l.), with
approximately 90% of its area located below 6200 m a.s.l. (Guo et al., 2015). The region is jointly
influenced by the Indian summer monsoon and the westerlies; the former dominates in summer, whereas
the latter prevails in winter (Yao et al., 2012). Meteorological records from an automatic weather station
(AWS) at 5,910 m a.s.l. on the slopes north of the glacier indicate a mean annual air temperature of —
6.0 °C, with the highest monthly temperatures occurring in July. Annual precipitation averages 292.5 mm
and exhibits a bimodal distribution (Zhu et al., 2021). In recent decades, Naimona’nyi Glacier has
experienced marked mass loss, with a mean annual mass balance of approximately ~390 mm w.e. a™'
during 2011-2018 (Zhu et al., 2021). Mass loss occurs predominantly during the ablation season, while

the glacier remains near a balanced condition during the cold season (Zhu et al., 2021).
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Figure 1: (a) Location of Naimona’nyi Glacier. (b) Contour map showing mass balance stakes (blue circles),
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102 air temperature probes (green diamonds), and AWSs (red circles). (c) Photograph of AWS1.

103

104 2.2. Field measurements

105 Three automatic weather stations (AWSs) were installed at different altitudes on and around
106 ~ Naimona’nyi Glacier (Fig. 1b). Two stations (AWS1 and 2) were placed on a hillside north of the glacier
107 at an elevation of 5910 m a.s.l. (Fig. 1b). AWS1 began operation in October 2011 and measured air
108 temperature (Ta), relative humidity (RH), wind speed (WS), wind direction (WD), and incoming
109 shortwave radiation (Sin) at half-hourly resolution. Due to instrumental issues, all measurements from
110 AWSI were unavailable between April and September 2012. In addition, Ta and RH measurements were
111 missing from January to September 2013 because the temperature and humidity sensor detached from its
112 radiation shield. Precipitation data were obtained from all-weather precipitation gauges (T-200B)
113 equipped with hanging weighing transducers, which were installed close to AWS1 in September 2013.
114 AWS?2 was installed near AWS1 in October 2021 and has recorded WD, WS, T., RH, air pressure, Sin,
115 outgoing shortwave radiation (Sout), incoming longwave radiation (Lin), and outgoing longwave radiation
116 (Lou) at half-hourly resolution since October 11, 2021.

117 AWS3 (6039 m a.s.l.) was installed on the glacier surface. It recorded meteorological variables at 10
118 Hz from October 2023 to October 2024, including Ta, RH, WS, WD, Sin, Sout, Lin, and Lou. A WindMaster
119 Pro three-dimensional sonic anemometer (Gill Instruments Ltd.) and a LI-7500DS Open Path CO2/H20
120 Analyzer (Li-Cor Inc.) were used to measure eddy-covariance turbulence. All raw turbulence data were
121 collected at 10 Hz, including the three wind velocity components, virtual temperature, and water vapor
122 concentrations. Observations from AWS3 were used to evaluate the accuracy of the model simulations.
123 Details of the sensors used for each variable are provided in Table S1.

124 Glacier mass balance on the northern branch of Naimona’nyi Glacier has been measured using the
125 glaciological method since 2004 (Zhao et al., 2016; Zhu et al., 2021). The number of monitoring stakes
126 distributed across the entire glacier surface increased progressively from 4 in 2004 to 31 in 2013 (Zhao
127 et al., 2016; Zhu et al., 2021). Some stakes lost due to glacier surface melt or were damaged by animals,
128 and some measurements failed because of extremely bad weather. Nevertheless, after the 2013/2014

129  mass balance year (defined as October of the previous year to September of the current year), our
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130 observation network provided at least 10 point mass balance measurements per year. Fieldwork was not
131 conducted in 2015 or 2022 because of logistical constraints. However, point measurements were obtained
132 in October 2016 and November 2023. These measurements allowed us to calculate glacier-wide mass
133 balance for the extended periods of 2014-2016 and 20212023, respectively. The stakes were distributed
134 between 5750 and 6130 m a.s.l., as the glacier is inaccessible above 6130 m a.s.l. (Fig. 1b). In early
135 November of each study year, we manually recorded stake heights and snow-pit features (snow layer
136 density and stratigraphy) to derive annual point mass balance. Annual glacier-wide mass balance was

137 calculated following the method of Zhu et al. (2021).
138 2.3. Other data

139 We additionally used the fifth-generation reanalysis data from the European Centre for Medium-Range
140  Weather Forecasts (ERAS), including Ta, RH (derived from dew point temperature and air temperature),
141 WS, precipitation, and Sis, to reconstruct a continuous hourly meteorological dataset covering the period
142 from July 1, 1994, to September 30, 2024. Data from July 1, 1994, to September 30, 1999, were used for
143 model spin-up. ERAS5 has a horizontal resolution of 0.25° x 0.25° and has been widely used in climate

144 research.

145 3 Methods

146 3.1. The energy and mass balance model

147 In this study, we use the coupled energy and mass balance firn model (EBFM), which consists of a
148 surface energy balance model and a subsurface model that describes the evolution of vertical profiles of
149  temperature, density, and water content (van Pelt et al., 2012, 2019). The energy and mass balance model
150  employed here is described in detail in van Pelt et al. (2012); therefore, we only present the main features

151 of the model. The mass balance is calculated as follows:

152 MB=C, +P +M, . +E, )

snow water
153 where point mass balance (MB) consists of refreezing (Cen), snowfall (Psnow), melting (Mwater), and

154 sublimation/evaporation (Ev). Melt energy (QM) is calculated from the surface energy balance equation:

155 QM = Sin +Saut +Lin +L0ut +H +H +G (2)

sen lat
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156 where Hsen is the sensible heat flux, Hia is the latent heat flux, and G is the conductive heat flux. Qwm is
157 defined as positive when it exceeds zero. The surface energy balance module calculates the surface
158 temperature by iteratively solving the energy balance equation. When the calculated surface temperature
159 exceeds the melting point of ice (0 °C), it is constrained to 0 °C, and the surplus energy is used for snow
160 and ice melt. Energy fluxes directed toward the glacier surface are defined as positive, whereas fluxes
161 leaving the surface are defined as negative.

162 The model was run at an hourly time step with a spatial resolution of 90 x 90 m from October 1999 to
163 September 2024. The meteorological forcing data, including T., RH, WS, precipitation, and cloud cover
164 from AWSI1, were used to drive the EBFM model. Air temperature was interpolated across the glacier
165 using a lapse rate of —0.69 °C 100 m ™' above 5919 m a.s.l. and —0.84 °C 100 m! below 5919 m a.s.l.,
166 derived from five air temperature and humidity probes on the glacier and AWS]1. Precipitation was
167 interpolated using two different elevation-dependent gradients. Above 5800 m a.s.l., a gradient of 8.6%
168 100 m™ was applied based on observations from AWS2 and the Burang meteorological station during
169 October 2013 to September 2018 (Zhu et al., 2021). Below 5800 m a.s.1., a gradient of 2% 100 m™! was
170 used, which was adjusted to ensure that the EBFM model simulations achieved satisfactory performance.
171 Wind speed and RH from AWS1 were assumed to be spatially homogeneous, as observations on the
172 glacier were too sparse to develop a reliable elevation-dependent parameterization (Fujita and Ageta,
173 2000; Hock and Holmgren, 2005). Air pressure at each grid point was calculated using an exponential
174 decay with elevation. Cloud cover was estimated as the ratio of Sin to the top-of-atmosphere (TOA)
175 radiation. Energy balance components (e.g., Sin, Sout, Lin, and Lout) and mass balance components (e.g.,
176 snowfall and melting) were calculated using physically based parameterizations. Detailed information
177 about the EBFM model is provided in Text S1, and the input parameters are listed in Table S2.

178 The densities of fresh snowfall and ice were assumed to be 200 and 900 kg m™3, respectively. For each
179 grid cell on Naimona’nyi Glacier, the temperature at ice depth was estimated using the multi-annual
180 mean air temperature recorded at AWS1 (Zhu et al., 2021). The initial snow depth was set to 0.03 m w.e.
181 for all grid cells, with an initial snow density of 200 kg m=. To eliminate the influence of initial condition
182 uncertainties on model results, a spin-up procedure was performed prior to the main simulations. The

183 model was forced with data starting from July 1, 1994, but the analysis focuses primarily on the period



https://doi.org/10.5194/egusphere-2026-3661
Preprint. Discussion started: 7 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

184 from October 1999 to September 2024. Most physical parameters used in the EBFM model were derived
185 from in situ measurements and published literature. Only the parameters of the albedo model and the
186  precipitation gradient below 5800 m a.s.l. were adjusted to achieve the best agreement between the
187 modelled and measured mass balance (considering both glacier-wide and stake-specific values) and

188 albedo data during the 2000-2024 period (from October 1999 to September 2024).
189 3.2. Data processing

190 To obtain continuous meteorological data from October 1999 to September 2024, gaps in the hourly
191 time series of Ta, WS, RH, precipitation, and Sin at AWS1 were filled using the downscaled ERAS data.
192 Monthly and hour-specific linear regression relationships were established between ERAS data and
193 AWSI observations, following the method of Zhu et al. (2026). These relationships were then applied to
194 correct the ERAS data, generating continuous time series of the above variables. Prior to regression,
195 anomalous AWS1 observations were removed, including WS <0 m s™', RH < 0% or RH > 100%, and
196 S, exceeding the solar constant (1361 W m2). For Sin, only daytime periods with non-zero radiation
197 values were considered. Monthly and hour-specific regression relationships were developed to
198 reconstruct the Sin time series. Comparisons between the reconstructed and observed meteorological
199  variables demonstrate the reliability of the reconstructed Ta, WS, RH, and Sin (Fig. S1). Precipitation
200  reconstruction was achieved by matching both the occurrence frequency and total precipitation between
201 ERAS data and AWSI observations (Zhu et al., 2021). A precipitation threshold was first determined;
202 ERAS values below this threshold were set to zero to align the frequency of precipitation events with
203 observations. A scaling factor, calculated as the ratio of total observed precipitation to total ERAS
204  precipitation, was then applied to the ERAS data to produce a complete precipitation time series. The
205 cumulative number of precipitation events, total precipitation amount, and monthly precipitation from
206  the reconstructed data show good agreement with observed values (Fig. S2). Figure S3 presents the data

207 (T, RH, WS, precipitation, Sin, and cloud cover) that were used to run the EBFM model for the glacier.
208  3.3. Model calibration and uncertainty analysis

209 To evaluate the performance of the EBFM model, simulated results were compared with observed data

210 for several variables. The model was calibrated using data measured at AWS1 and 2, and validated using
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data measured at AWS3 (Fig. 2). The evaluation variables included daily mean Sin from July 2012 to
October 2024 at AWSI; daily mean Lin from October 2021 to October 2024 at AWS2; and daily mean
glacier surface temperature, surface albedo, Lin, Hsen, and Hiar from November 2023 to October 2024 at
AWS3 (Fig. 2). The root mean square error (RMSE) and correlation coefficient (R) between simulated
and measured Lin at AWS2 were 15.5 W m 2 and 0.96, respectively (Fig. 2a). For surface albedo at AWS3,
the RMSE was 0.1 and R was 0.5 (Fig. 2b). The main discrepancies occurred in late winter, from late
February to mid-to-late March 2024, when frequent blowing snow events significantly reduced the
observed albedo. This likely introduced a warm bias in the simulated surface temperature. However,
because these deviations occurred during the non-ablation season, their impact on the overall
representativeness and reliability of the simulation is considered limited. For glacier surface temperature
at AWS3, the RMSE and R values were 3.2 °C and 0.98, respectively (Fig. 2¢). For Lin at AWS3, the
RMSE and R values were 19.6 W m? and 0.95, respectively (Fig. 2d). The turbulent heat flux data
measured by the eddy covariance system were also used to verify the calculated fluxes (Fig. 2e and 2f).
The RMSE between the modelled and observed Hn values at AWS3 was 19.9 W m™, and the
corresponding R was 0.7. The RMSE between the modelled and observed Hia values at AWS3 was 9.9
W m2, and the corresponding R was 0.71. The simulated turbulent fluxes were in good agreement with
the direct measurements. Overall, the agreement between modelled and measured variables is good,

despite some discrepancies during certain periods, indicating that the simulation performed well.
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231 observed and simulated incoming longwave radiation (Li,, W m™2) at AWS2 during 2021-2024. (b-f)
232 Comparison between observed and simulated surface energy balance variables at AWS3 from December 2023
233 to September 2024, including (b) surface albedo, (c) surface temperature (T, °C), (d) incoming longwave
234 radiation (Li,, W m2), (e) sensible heat flux (Hsen, W m2), and (f) latent heat flux (H., W m2).

235

236 In addition, the model was evaluated using stake mass balance measurements from multiple
237 observational periods within each mass balance year. Figure 3 shows the modelled and measured annual
238 mass balance at different elevations. Over the period 2009-2024, the RMSE between observed and
239 modelled mass balance at all stakes ranged from 0.17 to 0.89 m w.e. a”', with a mean value of 0.37 m
240  w.e. a'; the R between observed and modelled mass balance at all stakes ranged from 0.82 to 0.97, with
241 a mean value of 0.91. This performance is slightly better than that reported in Zhao et al. (2016) and
242 Zhang et al. (2018), indicating generally good agreement between observations and simulations at the
243 stake scale. A discernible underestimation of modelled mass balance occurred during the 2013/2014 mass
244  balance year across different altitudes. This underestimation may be related to anomalous snowfall
245 frequency and amount, which led to lower albedo and consequently higher melt. Additionally, the
246 complex topography and snowdrift effects can cause high spatial variability in precipitation and its
247 gradient across the glacier surface (Zhang et al., 2012). These factors can introduce spatial heterogeneity
248 in mass balance at the same altitude by modifying albedo, melt energy, and accumulation, thereby
249  explaining the mismatches between measured and modelled mass balance at some locations (Fig. 3).
250 Opverall, this analysis demonstrates that the model is capable of capturing changes in glacier mass balance.
251 Therefore, the simulation results can be used to analyze the response of glacier mass and energy balance
252 to extreme weather and climate events.

253 Uncertainty in the model results is primarily associated with key parameters, including snow albedo,
254 firn albedo, ice albedo parameters, precipitation gradient, critical temperature, and turbulent flux
255 parameters, as their prescribed values can strongly influence model outputs. The uncertainty associated
256  with each parameter was quantified by perturbing its value by +10%, while keeping other parameters
257 unchanged. This method has been widely used in glacier modelling (Zhu et al., 2021). Given that our
258 study focuses on glacier mass balance change from May 18-21, 2021, we assess uncertainties in the

259  modelled mass balance over this period arising from parameter perturbations. The calculated

11
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uncertainties for each parameter are listed in Table S2 of Supporting Information S1. Among all tested

parameters, fresh snow albedo in the albedo scheme showed the highest sensitivity (Table S3). The

average uncertainty in the modelled glacier mass balance during May 18-21, 2021, and for the same

period since 2000 were 0.11 and 0.15 mm w.e. d!, respectively, estimated using the error propagation

method described by Zhu et al. (2021).
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Figure 3: Comparison of modelled and observed glacier mass balance across different elevations from 2008

to 2024. Blue dots represent modelled mass balance values, while open circles denote field observations. The

correlation coefficient (R) and root mean square error (RMSE) are shown in each panel to evaluate model
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269 performance.

270

271 4. Results

272 4.1 Meteorological conditions during the tropical cyclone Tauktae influence period

273 Tropical cyclone Tauktae made landfall on May 17, 2021, along the coast of the western Indian state
274 of Gujarat. The residual moisture subsequently propagated northeastward, leading to substantial
275 precipitation over Ngari Prefecture. Therefore, meteorological observations from May 18, 2021, onward
276  were selected for analysis. As shown in Fig. S4, meteorological conditions such as precipitation and Ta
277 exhibited pronounced variability during May 18-21, 2021. Accordingly, we defined May 18-21, 2021,
278 as the TC influence period (TC period). In addition, the multi-year mean for the same period from 2000
279 102024 was used as a reference for comparison and defined as the baseline period for subsequent analysis.
280 The percentile threshold method is widely used to define extreme events in meteorological studies
281 (DeGaetano and Allen, 2002; Nerantzaki and Papalexiou, 2022; Schir et al., 2016). This study adopts
282 this method and defines values exceeding the 90th percentile as extreme conditions, in order to reveal
283 the anomalous meteorological characteristics during the TC period.

284 Precipitation increased markedly during the TC period, with a mean daily precipitation of 5.6 mm,
285 compared to only 0.85 mm during the baseline period, representing an increase of 4.75 mm d'. In terms
286 of precipitation frequency, the total number of precipitation hours during the TC period reached 80,
287 approximately four times higher than that during the baseline period. As the event occurred in May, air
288 temperatures at high elevations were relatively low, resulting in only minor differences in precipitation
289  phase between the two periods. Snowfall accounted for 99.98% and 99.86% of total precipitation during
290  the TC and baseline periods, respectively. To further assess the extremity of the event, daily precipitation
291 during the TC period was ranked against records from the same calendar period during 2000-2024. The
292 results showed that the mean daily precipitation during the TC period reached the highest value in the
293 record, making it the most extreme precipitation event for the same calendar period over the past 25
294  years. In addition, compared with other precipitation events from March to May 2021 (Fig. S5), daily

295 precipitation during most periods was generally below 2.5 mm, except for April 21-24, 2021, and May
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28-29, 2021. Moreover, intense precipitation events typically persisted for less than three days. In
contrast, during the TC period, daily precipitation exceeded 3 mm for four consecutive days, indicating
both higher precipitation intensity and longer duration. Therefore, relative to the baseline period, the TC
period was characterized by substantial increases in both precipitation frequency and intensity, reaching
an extreme level for the historical period. Compared with other precipitation events in spring 2021, the
precipitation also exhibited a longer duration and greater precipitation intensity.

During the TC period, RH increased markedly, with a daily mean of 73%, which was 21% higher than
that during the baseline period and corresponded to the 92nd percentile (Fig. 4¢). Wind speed also showed
a marked increase, with an average of 8.7 m s, 4.8 m s higher than the baseline period, reaching the
100th percentile (Fig. 4b). Cloud cover during the TC period daily averaged 42.5%, which was 1% higher
than during the baseline period, corresponding to the 64th percentile (Fig. 4c). Air temperature averaged
—6.0 °C, 1.9 °C higher than the baseline period, reaching the 96th percentile (Fig. 4d). Surface
temperature daily averaged —8.4 °C, which was 4.23 °C higher than that during the baseline period and
reached the 100th percentile (Fig. 4f). Overall, the TC period was characterized by pronounced changes
in meteorological conditions, with RH, WS, T, and Ts all reaching the highest values in the historical

record, while cloud cover remained slightly higher than the baseline period average.
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313 Figure 4: Interannual variability of meteorological variables during 18-21 May (2000-2024). (a) Precipitation
314 (mm), (b) wind speed (WS, m s™), (c) cloud cover (%), (d) air temperature (T, °C), (e) relative humidity
315 (RH, %) and (f) surface temperature (T;, °C). All variables represent averages during May 18-21 of each year.
316 The black dots indicate values in 2021. The dashed black lines represent the mean of the baseline period
317 (2000-2024).

318

319 4.2 Mass balance and flux variations during the tropical cyclone period

320 Figure 5a shows the mass balance and its fluxes during the TC period and the baseline period, including
321 mass balance, snowfall, refreezing, sublimation, and melting. During the TC period, glacier mass balance
322 remained positive for four consecutive days (Fig. S4a), with a mean daily value of 4.87 mm w.e. d!,
323 which is approximately 6.17 mm w.e. d™' higher than that in the baseline period and 1.72 times the
324 standard deviation (Fig. 5a). At the diurnal scale, a slight negative value occurred only around 16:00
325 during the TC period, while the remainder of the day stayed positive. In contrast, during the baseline
326  period, mass balance remained negative from 11:00 to 19:00 (Fig. S6). Percentile analysis shows that
327 mass balance during the TC period reached the highest value in the 20002024 record (Fig. 5f), indicating
328 an exceptionally extreme positive mass balance event.

329 Spatially, the TC event substantially altered the vertical pattern of glacier mass balance. During the
330  baseline period, areas below 6200 m a.s.l. were predominantly characterized by negative mass balance,
331 while only higher elevations (>6200 m a.s.l.) exhibited weakly positive values (Fig. 6b). In contrast,
332 during the TC period, the entire glacier maintained positive mass balance (Fig. 6a). These results indicate
333 that the TC event not only increased the magnitude of mass balance but also expanded the extent of

334  positive balance from high elevations to the entire glacier.
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335
336 Figure 5: Comparison of glacier mass balance and fluxes during the TC period (May 18-21, 2021), the baseline

337 period (2000-2024), and interannual variability over the same calendar window. (a) Mean daily snowfall,
338 melting, refreezing, sublimation, and mass balance during the TC period and the baseline period. (b—f)
339 Interannual variations of each component averaged over May 18-21 for 2000-2024. (b) Snowfall (mm w.e.
340 d™), (c) melting (mm w.e. d™), (d) refreezing (mm w.e. d™*), (e) sublimation (mm w.e. d™*), and (f) mass balance

341 (mm w.e. d™). The black dot highlights the year 2021 (TC period).

342

343 To investigate the causes of the pronounced increase in mass balance, the mass balance fluxes during
344  the TC period were further compared with those during the baseline period (Fig. 5). The results show
345 that, in terms of mass accumulation, snowfall during the TC period reached 5.6 mm w.e. d!, compared
346  to approximately 0.8 mm w.e. d! during the baseline period, representing an increase of 4.8 mm w.e. d!
347 and reaching the highest snowfall for the same period during 2000-2024. Refreezing was 0.095 mm w.e.
348 d!, about 0.07 mm w.e. d! lower than that during the baseline period (Fig. 5d). In terms of mass loss,
349  both melting and sublimation were reduced. Melting was 0.2 mm w.e. d”', 1.4 mm w.e. d™! lower than
350  that during the baseline period (Fig. 5¢), while sublimation decreased from 0.59 to 0.47 mm w.e. d!, a
351 decrease of 0.12 mm w.e. d! (Fig. Se). Therefore, the positive mass balance during the TC period was

352 primarily driven by extremely high snowfall together with reduced melting and sublimation.
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Figure 6: Spatial distribution of daily mean glacier mass balance during (a) the TC period, and (b) the baseline

period.

4.3 Mechanisms driving changes in glacier mass balance during the tropical cyclone period

We analyzed the energy flux characteristics during the TC and baseline periods. Figure 7a shows the
variations in energy fluxes for the two periods, including Sin, Sout, Lin, Lout, G, Hiat, Hsen, and QM. The
results indicate a pronounced difference in QM magnitude between the TC and baseline periods. The
mean daily QM during the TC period was 0.71 W m™2, which was about 5.4 W m2 lower than the 6.09
W m™ during the baseline period. The relative contributions of Sin, Sout, Lin, Lout, Hsen, G, and Hiat to the
surface energy balance during the TC period are 27.0%, —22.5%, 20.5%, —25.6%, 2.6%, —0.3%, and
—1.4%, respectively, whereas the corresponding values during the baseline period were 30.2%, —21.9%,
18.5%, —25.4%, 1.6%, —0.4%, and —1.8%. Overall, both periods exhibit an energy balance dominated
by shortwave and longwave radiation, with Sin and Lin acting as the main energy sources, and Lout and
Sout as the primary energy sinks.

We further compared the energy fluxes and surface albedo differences between the TC and baseline
periods to understand the mechanisms driving the decrease in QM, as shown in Fig. 7. During the TC

period, Sin dropped substantially by about 18.6 W m2 compared to the baseline period. At the same time,
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371 Sout increased by 19.0 W m due to higher surface albedo (Fig. 7a). Together, these changes reduced net
372 shortwave radiation (Snet) by roughly 37.6 W m™. In contrast, Lin during the TC period increased by about
373 32 W m2 relative to the baseline period. Outgoing longwave radiation also increased by about 16.5 W
374  m2 resulting in a net increase of 15.5 W m2 in net longwave radiation (Lxer). However, the enhancement
375 in Lout occurred predominantly during nighttime. During daytime, when melt processes were most active,
376 Lout was generally lower than during the baseline period (Fig. S7). Therefore, the increase in Lout cannot
377 be considered a major contributor to the reduction in QM. Meanwhile, the absolute value of Hia decreased
378 by about 3.5 W m relative to the baseline period, while Hsen increased markedly by about 11.5 W m™.
379 Thus, even though the higher Lin and Hsen during the TC period contributed more energy to the glacier
380 surface, the large drop in Sin and the stronger energy losses through Sou together controlled the energy
381 changes, resulting in a significant reduction in QM.

382 To understand how TC affects glacier mass balance, we linked the meteorological conditions with the
383 energy and mass balance processes and found that the impact of the TC event on glacier mass balance is
384  mainly driven by the following mechanisms. First, increased cloud cover during the TC period led to a
385 decrease in Six of about 18.6 W m2. Meanwhile, the additional snowfall increased the surface albedo,
386  thereby enhancing Sou. The combined effect of these two processes results in a reduction in Snet of
387 approximately 37.6 W m™2. Second, the reduced humidity gradients between the surface and the
388 atmosphere weakened the Hia. Finally, the substantially enhanced snowfall provided an additional mass
389 input of approximately 5.6 mm w.e. d”!. Under the combined influence of these mechanisms, QM was
390  reduced and sublimation was suppressed, leading to a decrease in melting of about 1.4 mm w.e. d™' and
391 a reduction in sublimation of about 0.12 mm w.e. d!, while mass accumulation increased by
392 approximately 5.6 mm w.e. d™'. Consequently, glacier mass balance during the TC period increased by
393 about 6.17 mm w.e. d' compared to that during the baseline period, shifting from negative to positive

394 mass balance.
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Figure 7: Comparison of energy fluxes during the TC period (18-21 May 2021), the baseline period (2000—
2024), and interannual variability over the same calendar window. (a) Mean daily Sin, Sout, Lin, Lout, Hsen,
G, Hlat, and QM during the TC period and the baseline period. (b—i) Interannual variations of each
component averaged over 18-21 May for 2000-2024. (b) G (W m™), (¢) Hlat (W m™), (d) Lin (W m™), (e)
Lout (W m™), (f) Hsen (W m™), (g) Sin (W m™), (h) Sout (W m™), and (i) QM (W m™). The black dot
highlights the year 2021 (TC period).

5. Discussion

5.1 Spatial extent of tropical cyclone Tauktae impacts over the Himalayas

North Indian Ocean tropical cyclones are an important component of global TC activity, primarily
occurring in the Arabian Sea and the Bay of Bengal, and accounting for approximately 6% of global
tropical cyclone activity (Ali, 1999). Their formation and evolution are controlled by local oceanic
thermal conditions, and are also modulated by multi-scale climate variability (Bhardwaj et al., 2019;
Felton et al., 2013; Krishnamohan et al., 2012; Singh et al., 2020; Singh and Roxy, 2022; VinodKumar
etal., 2014). The genesis and rapid intensification of TC Tauktae resulted from the synergistic interaction
between oceanic and atmospheric conditions, with anomalously warm ocean conditions playing a key
role. Prior to its formation, sea surface temperature (SST) in the Arabian Sea increased persistently to
30-32 °C, with SST anomalies reaching 0.8—1.6 °C. The TC heat potential was as high as 120-140 kJ
cm 2, accompanied by elevated upper-ocean heat content and warm-core eddy activity, which provided

a continuous and abundant energy supply for the TC. Meanwhile, high relative humidity, strong low-
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416 level absolute vorticity, weak vertical wind shear, and a high genesis potential index collectively created
417 a highly favorable atmospheric environment for tropical cyclone development (Kannaujiya et al., 2024;
418 Ratnakaran and Abish, 2023; Umakanth et al., 2024). In addition, La Nifia conditions, a negative Indian
419 Ocean Dipole (IOD), and an active Madden—Julian Oscillation (MJO) further enhanced moisture
420  transport and low-level vorticity over the eastern Arabian Sea, providing additional support for cyclone
421 formation and rapid intensification (Zahid and Harikumar, 2025). Under these exceptionally favorable
422 ocean—atmosphere conditions, TC Tauktae underwent a marked and rapid intensification and ultimately

423 became the strongest pre-monsoon cyclone over the Arabian Sea since TC Kandla in 1998.
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425 Figure 8: Spatial distribution of daily precipitation from ERAS data over the Tibetan Plateau and
426 surrounding regions from May 17 to 22, 2021. Precipitation is shown using a blue color gradient, with darker
427 shades indicating higher precipitation intensity. The black dashed line denotes the boundary of the Tibetan
428 Plateau, while the green solid line represents the extent and subdivision of the Himalayas. The red diamond
429 markers indicate the location of Naimona’nyi Glacier. Panels (a)—(f) correspond to May 17-22, 2021,
430 respectively.

431

432 The meteorological and energy changes induced by TC Tauktae are not confined to a single glacier. To
433 further assess the spatial influence range of TC Tauktae, we analyzed daily precipitation (Fig. 8), snowfall
434 (Fig. 9), albedo, RH, Siet, Sin and cloud fraction from May 17 to 22, 2021, using ERA5 data (Fig. S8—
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S12). The results showed a clear south-to-north progression of precipitation across the Himalayas during
the TC period. As the cyclone moved inland, the affected area gradually expanded into the central and
eastern Himalayas from May 18, 2021, onward. The precipitation reached its maximum extent and
intensity during May 19-20, 2021, when it extensively covered the central and eastern Himalayan regions.
By May 21, 2021, precipitation had weakened and the affected area retreated to the central Himalayas,
and by May 22, 2021, with no significant precipitation remaining over the region. Relative humidity, Sqet,
Sin and cloud fraction exhibited consistent spatiotemporal patterns (Fig. S9—12). From May 18 to 20,
2021, the affected area extended across the central and eastern Himalayas, while conditions began to
weaken on May 21, 2021, and returned to near-normal by May 22, 2021. Surface albedo and snowfall
increased over parts of the central-eastern Himalayas from May 18 to 20, 2021, and persisted until May
21,2021 (Fig. S8). However, no pronounced increase in albedo was observed in the eastern Himalayas,
which may be related to the differences in precipitation phase in this region. Integrating the spatial
patterns of precipitation, snowfall, cloud fraction, RH, albedo and shortwave radiation, our results

indicate that the influence of TC Tauktae primarily affected the central-eastern Himalayas.
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Figure 9: Spatial distribution of daily snowfall from ERAS data over the Tibetan Plateau and surrounding
regions from May 17 to 22, 2021. The black dashed line denotes the boundary of the Tibetan Plateau, while

the green solid line represents the extent and subdivision of the Himalayas. The red diamond markers
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453 indicate the location of Naimona’nyi Glacier. Panels (a)—(f) correspond to May 17-22, 2021, respectively.

454

455 5.2 Multivariate validation of the impact range of tropical cyclone Tauktae

456 To further verify the spatial extent of the impacts of TC Tauktae, daily anomalies of precipitation, cloud
457 fraction, radiation-related variables and RH were calculated from ERAS data for May 18-21, 2021,
458 relative to the baseline period (Fig. 10). The precipitation, cloud fraction, and RH anomalies (Fig. S13)
459 exhibited clear spatiotemporal evolution. On May 18, 2021, significant positive anomalies were mainly
460 concentrated over the central Himalayas, while anomalies in the eastern Himalayas were relatively weak.
461 During May 19-20, 2021, the positive anomalies expanded eastward and covered the central and most
462 of the eastern Himalayas. By May 21, 2021, the affected area had substantially contracted, with
463 pronounced positive anomalies remaining only in limited parts of the central Himalayas. The radiation
464  variables showed a similar spatiotemporal pattern. Anomalies in Snet and Sin were characterized by
465  widespread negative values across the central and eastern Himalayas during May 18-20, 2021. By May
466 21, 2021, the negative anomalies had weakened considerably and were mainly confined to the central
467  Himalayas. Meanwhile, albedo and snowfall anomalies were predominantly positive over the central
468 Himalayas throughout May 18-21, 2021 (Fig. 10). This spatial pattern is generally consistent with the
469 albedo and snowfall changes during the TC period, indicating a weaker albedo response in the eastern
470  Himalayas, associated with limited snow cover. Isotope-based studies also indicate that the moisture
471 transported to the TP is influenced by large-scale circulation (Gao et al., 2026). Accordingly, the
472 meteorological and energy perturbations associated with TC Tauktae mainly affected the central and

473 eastern Himalayas, reaching their maximum intensity during May 19-20, 2021.
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Precipitation anomaly (mm)

474
475 Figure 10: Daily anomalies of meteorological variables over the Tibetan Plateau during May 18-21, 2021.

476 Panels show (a—d) cloud fraction (%), (e-h) precipitation (mm), (i-1) snowfall (mm), (m—p) net shortwave
477 radiation (Sye, W m™), (q—t) incoming shortwave radiation (Sin, W m™2), and (u—x) surface albedo. Anomalies
478 are calculated relative to the 2000-2024 climatology for the corresponding day of the year. The black dashed
479 line indicates the Tibetan Plateau boundary, green outlines denote the Himalaya region, and the red diamond

480 marks the location of Naimona’nyi Glacier.

481

482 5.3 Multiple impacts of tropical cyclones on glacierized regions

483 Tropical cyclones are commonly accompanied by intense precipitation and can exert dual impacts on
484  high-mountain environments and glacio-hydrological processes. In high-altitude regions, precipitation
485 often falls as snow and is temporarily stored in glacierized areas in solid form. During the subsequent
486 ablation season, this snow is gradually melted and released, helping to sustain the stability of downstream
487  river discharge, thereby partially alleviating seasonal water scarcity (Pritchard, 2019; Ultee et al., 2022).
488 On the other hand, during the intense ablation season, deposited snow can increase surface albedo and
489 reduce Snet, thereby suppressing rapid glacier melt and lowering the risk of extreme meltwater events.
490  Moreover, snowfall events may also have adverse impacts on high-mountain ecosystems and human

491 activities. In high-altitude pastoral regions, heavy snowfall can disrupt transportation networks and
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492 negatively affect pastoral production and livestock survival, and in some cases may even lead to livestock
493 mortality (Li et al., 2018). In addition, snow anomalies produce thick snow cover that serves as a mass
494 source for avalanches, and through snow entrainment, they increase avalanche volume and lubricate
495 avalanche movement, thereby exacerbating avalanche hazards (Bartelt et al., 2016; Vera Valero et al.,
496 2018; Zhuang et al., 2024). Under a changing climate, studies suggest that the intensity of tropical
497 cyclones may increase in the future (Swapna et al., 2022; Vidya et al., 2023). Therefore, it is important
498 to enhance our understanding of the mechanisms by which TC influences glacier mass balance and

499  regional hazard risk, as well as to improve related assessments.

500 6. Conclusion

501 This study used observational meteorological data and an energy—mass balance model to simulate the
502 energy and mass balance of Naimona’nyi Glacier from 2000 to 2024, and to analyze the impacts of TC
503 Tauktae and the underlying mechanisms driving glacier changes in May 2021.

504 Results indicate that the TC Tauktae caused pronounced meteorological anomalies during the TC
505 period, with precipitation, RH, and WS reaching the highest values recorded for the corresponding
506 calendar period since 2000, accompanied by increases in Ta and cloud cover. Under these conditions, Sin
507  decreased while albedo increased, resulting in a 37.6 W m™ decrease in Snet. These changes reduced melt
508 energy by 5.4 W m and glacier melt by 1.4 mm w.e. d”'. At the same time, increases in RH weakened
509  Hua, reducing sublimation by 0.12 mm w.e. d'. Moreover, nearly all precipitation fell as snow, adding
510 5.6 mm w.e. d' to glacier mass accumulation. The combined effects of these processes led to a markedly
511 positive mass balance across the entire glacier during the TC period. Moreover, these meteorological and
512 energy anomalies were not confined to Naimona’nyi Glacier. The spatial distributions and anomalies of
513 meteorological and energy variables derived from ERAS data indicate that the influence of the cyclone
514 extended to the central-eastern Himalayas.

515 The formation and intensity of TCs are controlled by ocean—atmosphere conditions, and this study is
516 the first to reveal how TCs affect glacier mass balance. However, under the context of climate change,
517  TC activity is likely to intensify in the future, potentially amplifying its impacts on glaciers. Therefore,

518 to better understand the potential effects of tropical cyclones on glacier change, systematic studies across
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519 different regions and temporal scales are necessary, alongside enhanced long-term observations and
520  monitoring, which will provide critical support for glacier change assessments and water resource

521 management.
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