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s Abstract

9  High Mountain Asia shows strong regional differences in climate and glacier change, yet how future
10 warming and precipitation responses vary with elevation remains unclear. Here, we examine
11 elevation-dependent changes in near-surface temperature, snowfall fraction, snowfall amount and
12 rain—snow transition elevations across glacier-containing grid cells of the Karakoram—Himalaya. We
13 analyse a future simulation with the dynamically coupled regional glacier—climate model REMOyjqcicr
14 under RCP4.5, comparing 2021-2050 with 1980-2005 across 500-m elevation bands, with emphasis
15 on the Karakoram and Central Himalaya. REMOg,ier reproduces the main precipitation seasonality
16  and captures part of the interannual variability in the reference datasets, while annual spatial-mean 2-
17 m temperature agrees more closely with ERAS than standalone REMO. During June—September,
18  warming increases with elevation in the Karakoram (+0.23 + 0.04 °C km™") but decreases slightly
19 with elevation in the Central Himalaya (—0.05 = 0.02 °C km!'). Snowfall fraction decreases by 2.4%
20 and 21.5%, respectively; however, snowfall increases across all analysed Karakoram elevations

21 (+1.3% to +41.7%) but decreases across the Central Himalaya (—11.0% to —32.4%). Freezing-level
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22 and rain—snow transition elevations generally shift upward, with the Central Himalayan summer
23 transition frequently moving above the modelled terrain. Random Forest diagnostics identify
24  downward longwave radiation as the variable most strongly associated with the contrasting summer
25  warming gradients. These results show that future mountain snowfall depends on the vertical structure

26  of warming, precipitation phase and moisture supply, rather than warming magnitude alone.

27 Introduction

28  Glaciers and seasonal snow in High Mountain Asia (HMA) store substantial freshwater and feed
29  major Asian rivers, including the Indus, Ganges and Brahmaputra. Changes in this storage affect
30  downstream water supply, agriculture, hydropower and ecosystems [1-3]. Across the Karakoram—
31  Himalaya (KH), glacier accumulation is controlled by contrasting climatic regimes. The Karakoram
32 (KR) and Western Himalaya (WH) receive much of their cold-season precipitation from Western
33  Disturbances (WDs), whereas the South Asian summer monsoon becomes increasingly important

34 toward the Central (CH) and Eastern Himalaya (EH) [4,5].

35  Most Himalayan glaciers have retreated and lost mass in recent decades, whereas parts of the KR
36 have remained near balance or shown slightly positive mass budgets, commonly referred to as the
37  Karakoram anomaly [6-8]. This contrast has been linked to differences in precipitation seasonality,

38  winter snowfall, summer temperature and regional circulation [4,9-11].

39  Warming affects glacier accumulation partly by shifting precipitation from snow to rain. Such phase
40  changes reduce solid precipitation and can intensify glacier mass loss [12]. Their sensitivity depends
41  strongly on the background thermal state: cold regions can retain high snowfall fraction (SF), whereas

42 regions near the rain—snow transition respond much more strongly to similar warming [13,14].

43 However, declining SF does not necessarily imply less snowfall. Snowfall may increase if total

44  precipitation (T,) rises sufficiently, whereas modest SF losses can produce substantial snowfall
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45  reductions where T, decreases. Rain—snow transition elevation (RSTE) and near-surface freezing-
46  level elevation (NS-FLE) therefore provide complementary measures of how snow-favourable

47  conditions shift vertically.

48  Mountain snow responses can also be influenced by elevation-dependent warming (EDW), in which
49  warming varies with altitude. EDW is widely observed and simulated, but its magnitude and sign
50  differ across regions and seasons [15-18]. Proposed mechanisms include changes in albedo,
51  atmospheric moisture, clouds, longwave and shortwave radiation, and land—atmosphere energy

52 exchange [16,19].

53  Previous studies have examined glacier mass balance (MB), snowfall variability, EDW and
54  precipitation phase across HMA, but largely separately [11,14,17,20]. Consequently, how warming,
55  precipitation phase and snowfall interact as a function of elevation across contrasting KH climates
56  remains poorly constrained. In addition, many regional climate simulations do not explicitly represent
57  dynamically evolving two-way glacier—atmosphere interactions, limiting their ability to capture
58  feedbacks between changing glacier surfaces and the overlying atmosphere. REMOgjycier provides
59  such a coupled framework by linking the regional climate model REMO with a dynamic glacier

60  module [11,20,21].

61  Here, we extend previous REMOglacier hindcast applications by analysing what is, to our knowledge,
62  the first future REMOglacier simulation driven by MPI-ESM-LR under RCP4.5 [23-25]. We first
63  evaluate the coupled model against reference datasets and standalone REMO and then compare near-
64  future (2021-2050) with historical (1980-2005) conditions across the KR, WH, CH and EH. Focusing
65  onthe contrasting KR and CH, we (i) quantify seasonal EDW; (ii) assess elevation-dependent changes
66 in SF and snowfall amount; (iii) diagnose shifts in NS-FLE and RSTE and local SF—temperature
67  sensitivity; and (iv) identify atmospheric and surface variables associated with EDW. Complementary

68  WH and EH results are provided in the Supporting Information. Together, these analyses provide a
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69  process-based framework for assessing how elevation-dependent warming, precipitation phase and

70 moisture supply jointly shape future mountain snowfall across HMA.

71 Materials and methods

72 Study region

73 The study covers the glacier-containing grid cells of four climatically distinct sectors of the KH
74 defined by Bolch et al. [2]: KR, WH, CH and EH (Fig 1a), spanning approximately 26.9-37.4°N and
75 72.6-95.4°E. Each sector was analysed separately because the sectors differ in topography, elevation

76  distribution and precipitation regime [4,5].

77 We use the term glacier-containing grid cell because a REMOygjqcier cell may be only partly covered
78 by glacier; the cell footprint is not the actual glacier area. The same historical cell mask was used for

79  both periods, so that the diagnosed changes are not affected by changes in the mask.

80  Elevations of the selected cells range from approximately 262 to 5569 m. The KR is the highest sector
81  (3376-5569 m; mean 4838 m). The WH spans 1503-5317 m (mean 4265 m), the CH 1495-5408 m

82  (mean 4104 m, the lowest), and the EH 262-5481 m (mean 4253 m, the widest range) (Fig 1a).

83  Inthe KR, 41.3% of cells lie between 5000 and 5500 m and 29.3% between 4500 and 5000 m. The
84  4500-5000 m band is also the most common in the WH (35.3%), CH (34.5%) and EH (42.6%), but
85  low-elevation cells become more frequent toward the CH and EH (Fig 1b). These different
86  hypsometries give a wide vertical range for studying EDW and phase change, but they also mean that

87  each sector samples a different part of the elevation profile.

Fig 1. Study region and elevation distribution of the glacier-containing REMOg,er grid cells.

(a) Spatial distribution of the grid cells across the KR, WH, CH, and EH from west to east. Shading
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represents REMOgj,cier model-grid topographic elevation. (b) Number and percentage contribution of
glacier-containing grid cells within 500-m elevation bands for each region. Percentages denote the

contribution of each elevation band to the total number of selected grid cells within that region.

88 REMOgj,cier configuration and experimental design

89  REMO is a hydrostatic regional climate model based on the Europa Model dynamical core, with
90  physics parameterisation derived from ECHAM4 and ECHAMS [21,22]. REMOyjycier couples REMO
91  with the Dynamic Glacier Module (DYNAMICE), which represents glacier fraction, surface energy
92  and mass balance, runoff, soil heat diffusion and two-way glacier—atmosphere feedbacks [11,20,21].
93  Grid cells may contain glacier, ice- and snow-free land and water, while glacier fraction evolves with
94  accumulation and ablation (Fig 2a). REMO provides meteorological and surface-energy forcing to

95 DYNAMICE, which returns updated glacier and surface properties to the atmosphere (Fig 2b).

96  The model runs at 0.22° x 0.22° horizontal resolution with 27 vertical levels. The historical simulation
97  is driven by MPI-ESM-LR historical forcing [23,24] for 1980-2005, while the future simulation is
98  driven by MPI-ESM-LR under RCP4.5 [25], with 2021-2050 analysed here. Separate ERA-Interim-

99  forced hindcasts [26] are used for model evaluation over 1989-2016.

100 REMOg,cier provides a physically consistent coupled framework in which glacier-surface conditions
101 interact with the atmosphere. A standalone REMO hindcast is additionally used to assess the added
102 value of the coupled configuration for historical T,,,. Future-minus-historical changes are analysed

103 only with REMOyj,ier and therefore are not interpreted as the isolated effect of glacier coupling.


http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 I nternational
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

Fig 2. Schematic of the coupled REMOy,ier framework. (a) Sub-grid scale glacier representation
within a model grid box containing glacier, land and water surfaces. Static and dynamic glacier masks
illustrate fixed and evolving glacier fractions, respectively. (b) Two-way coupling between REMO
and the Dynamic Glacier Module (DYNAMICE). REMO provides atmospheric and surface-energy
forcing, while DYNAMICE calculates glacier fraction, energy and mass balance, runoff, soil heat

diffusion and area adjustment, and feeds the updated surface properties back to REMO.

104 Model evaluation

105 REMOgycier Was evaluated for 1989-2016 using the seasonal cycle, interannual variability and grid-
106  cell temporal agreement. The reference datasets were first conservatively remapped to the REMOyjacier
107 grid, after which only collocated valid grid cells were retained for spatial comparisons. Monthly
108  climatologies of T, rainfall and snowfall were computed over the full period. T, was compared with
109  ERAS [27], MSWEP [28] and CRU [29], and rainfall and snowfall with ERAS [27] (S1 Table).
110  Interannual variability was assessed with the Spearman rank correlation between annual domain-

111 mean model and reference values:

112 rs = CorrSpearman(XREMoglacieT ’ Xref)

113 where Xzeuogiacier and X, represent corresponding annual model and reference values.
114 For the spatial evaluation, the same temporal correlation was calculated at each collocated grid
115  location, and the share of cells with a significant positive correlation was computed as:

N(rs>0, p<0.05)

Nyaiia

116 Psig:

117 where N, 1s the number of grid cells with sufficient overlapping observations. ERAS and
118  REMOgycier hypsometries were also compared using common 500-m elevation bands to assess the

119  consistency of the vertical sampling framework used in the elevation-dependent analyses.
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120 T,y was evaluated against ERAS using REMOgj,cier and standalone REMO. Annual trends were
121  estimated by ordinary least squares, while agreement was quantified using the squared Pearson
122 correlation coefficient (R?), root-mean-square error (RMSE) and mean absolute error (MAE). Grid-
123 wise Pearson correlations were calculated from annual T,,, with significance at p <0.05. Spatial trend
124  differences were defined as model minus ERAS, and historical EDW was estimated from the elevation

125 dependence of annual T,,, trends across 500-m bands.

126 Elevation-dependent warming

127 EDW was estimated from how the projected change in 2-m temperature (T,,,) varies with elevation.

128  The change is:

129 AT = Tfuture - Thistorical
130 where Tyure and Thisioricar are the mean Ty, for the future and historical periods, respectively.

131 Grid cells were grouped into 500-m elevation bands, and only bands with at least three valid cells
132 were kept. The elevation-band-mean 47 was regressed against the mean elevation of each band using

133 ordinary least squares:
134 ATJ = DO-I_ Elzj+ &j

135 where 47 is the mean temperature change in elevation band j, z; is the mean elevation of the band,
136 is the regression intercept, f3; is the fitted warming-elevation slope, and ¢; represents the regression

137  residual.

138  The EDW is defined as:

139 EDW = —= =
w dz D1
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140 expressed in °C km™!. A positive value means that warming increases with elevation; a negative value
141  means that warming decreases with elevation. This approach follows earlier mountain EDW studies
142 [15-17,30,31]. For each regression, we report the slope, its standard error, the 95% confidence

143 interval, R? and the p-value.

144 Snowfall fraction and area-integrated snowfall change

145 Precipitation phase was described by the snowfall fraction (SF), the share of T, that falls as snow:

Snowj

146 SF; = Rain; + Snow;

147 SF ranges from 0 (all rain) to 1 (all snow).

148 The relative change in SF is:

Ffut:ure,j - SFhisto‘rical,j

S
149 ASF (%) = X 100

SFhistorical,j
150  Positive values mean a larger share of snow; negative values mean a shift toward rain.

151  Because SF does not show how much snow falls, the relative change in snowfall amount (S) was also

152  calculated for each band:

Sfuture,j - Shistorical,j

153 AS;(%) = x 100

Shistori(:al,j

154 This was computed only where historical snowfall was at least 0.1 mm, to avoid unstable percentages

155  from near-zero values.

156  To combine the size of the snowfall change with the area that each band represents, an area-weighted

157  diagnostic was calculated. The mean snowfall change in band j is:

158 AS]- = Sfuture,j - Shistorical,j

159  The area represented by each band is:
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160 Aj= NjAcen

161 where N; is the number of valid model cells within the elevation band, and a nominal model-cell area

162 of A,y = 596.3364 km? was used in the present analysis.

163  The contribution of band j is:

164 ASgreaj= AS; X A;

165  With units of mm km? month-!. The regional total is the sum over all bands:
166 ASarearegion = 2j ASarea,

167  Expressed as a water volume in m? (1 mm over 1 km? equals 103 m?):

168 AVregion = 10% Z; ASyrea,)

169  Because a fixed nominal cell area is used, these totals are area-weighted diagnostics rather than exact

170  area integrals.

171 Near-surface freezing-level and rain-snow transition elevation

172 Vertical shifts in the precipitation-phase transition were described with two thresholds: NS-FLE, the
173 elevation where the band-mean T,,, profile crosses 0 °C, and RSTE, the elevation where SF = 0.5
174 (equal snow and rain). These thresholds are used as operational climate diagnostics for comparing
175 vertical changes between periods and are not interpreted as universal event-scale rain—snow

176  thresholds.

177 As before, only bands with at least three valid cells were used. Each profile was first made monotonic
178  with weighted isotonic regression (T, decreasing and SF increasing with elevation), using the

179  number of valid cells in each band as the weight.

180  When the threshold fell between two adjacent bands, its elevation was found by linear interpolation:
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Xthr_Xl

181 Z =Z1+—7"7F7
thr 1 X2 _Xl

(22 — 21)

182  where z; and z, are the elevations of the two adjacent bands, and X; and X, are their corresponding
183  fitted T,,, or SF values.
184  For NS-FLE, X = T and X;;, = 0 °C, whereas for RSTE, X = SF and X,;, = 0.5.

185  Thresholds outside the represented terrain were kept as censored states. NS-FLE is ‘below range’
186 when Ty, is below 0 °C at all supported elevations and ‘above range’ when it is above 0 °C
187  everywhere. RSTE is ‘below range’ when SF > 0.5 everywhere and ‘above range’ when SF < 0.5

188  everywhere.

189  For years with a valid in-range crossing, the period mean is:

N,
_ 1
190 zZ= N— ZZy
y=1

v

191  where N, is the number of valid crossings.

192 Interannual variability is given by the standard deviation and the standard error:

s 2y — 2)°
193 SD = ey~ 2)

N,—1
194 and
SD
195 SE = ﬁ
196  The shift between the two periods is:
197 AZthr = Efuture - Ehistorical

198  where a positive value denotes an upward displacement.

199  Its standard error was estimated as

10
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A 95% confidence interval for the difference was calculated using the corresponding #-distribution

with Welch-type degrees of freedom.
The frequency of in-range crossings is:

Nvalid

X 100

F cross = N
total

where N, 1s the number of years in which the threshold occurred within the represented elevation

range and N, is the total number of complete years or season-years.

Local SF-temperature sensitivity near the RSTE

This analysis measures how quickly SF changes with temperature near the RSTE. Here, RSTE is
diagnosed from the multi-year climatological SF profile and need not equal the mean annual RSTE
as in the last section because threshold extraction is nonlinear and annual means include only valid

in-range crossings.

A window of about +750 m (at least three bands) around the historical climatological RSTE was used

for both periods. Keeping the same window lets us compare sensitivities without simply following

the upward movement of the transition. Within the window, SF was regressed on band-mean T,
SFij=a+ BTj+¢

where SF; is the SF in elevation band j, 7; is the corresponding mean Ty, a is the intercept, and

d(SF)

dT

represents the local SF-temperature sensitivity in fraction °C-!. A negative value indicates decreasing

SF with increasing temperature.

11
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220  Elevation-dependent sensitivity profiles were built by repeating this regression in moving windows

221  centred on each supported band.

222 Finally, the relationship between SF change and warming across bands was fitted as:

223 ASFj=a + yAT; + ¢

224 where

225 ASF; = SF ruturej — SFhistoricalj
226  and

227 AT; = Truturej — Thistorical

228  The coefficient

A(SF
229 y = E\—T)

230  was expressed in fraction °C-!, with R? and p-values reported as descriptive measures of the strength

231  of the relationship.
232 Random Forest diagnosis of predictor contributions to EDW

233 Random Forest (RF) regression was used to diagnose how projected changes in downward LW |, net
234 SWy, cloud cover (C), specific humidity (¢) and surface albedo (o) are associated with the elevation

235  dependence of warming;:
236 ATL = fRF(ALWl,L'r ASWnet,it ACi' Aqi’Aai) + ;.

237  where AT; is the future-minus-historical T,,, change at grid cell i. Separate RF models were fitted for
238  each region and season using 500 trees, a minimum of three samples per terminal leaf, bootstrap
239  sampling and a fixed random seed of 42. Model skill was evaluated using grouped cross-validation

240  with up to five folds, where 500-m elevation classes were kept intact between training and validation

12
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241  sets. Analyses required at least 30 valid grid cells and four elevation groups, and performance was

242 assessed using R?2, RMSE and MAE.

243 Predictor contributions were estimated using a reference-based decomposition. For each region and
244 season, the regional median change of all predictors defined the reference state. Each predictor was
245  varied individually while the others were held at their median values, and the resulting change in RF
246  prediction was taken as its diagnostic contribution. The remaining difference from the full RF

247  prediction was retained as an interaction remainder.

248  The resulting grid-cell contributions were averaged within 500-m elevation bands. For predictor j, its

249  contribution to EDW was defined as the elevation gradient of its band-mean contribution:

d

R

250 s; =

U

Z

251  withunits of °C km'!. Positive s; values indicate that the corresponding predictor strengthens warming
252 with elevation, whereas negative values indicate that it weakens warming with elevation or

253  contributes toward negative EDW. The relative magnitude of each predictor was calculated as

|Sj|
254 P;=10055 4

Sialsil
255 The normalised absolute contributions of the five predictors sum to 100%, while the sign of s; retains
256  the direction of the associated EDW response. Interaction and residual terms were retained separately
257  and were not included in the normalised predictor percentages. These RF-derived contributions are
258  interpreted as diagnostic associations within the selected predictor set rather than causal fractions of

259  the physical surface-energy budget.
260  Statistical analysis and reproducibility

261  Statistical significance was assessed at p < 0.05 unless otherwise stated. Linear trends and EDW

262  gradients were estimated using ordinary least-squares regression. Interannual precipitation variability

13
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263  was evaluated using Spearman rank correlation, whereas T,,, agreement was assessed using Pearson
264  correlation, R?, RMSE and MAE. Elevation-based analyses retained 500-m bands containing at least
265  three valid grid cells. Transition-elevation uncertainty was represented using standard errors and 95%
266  confidence intervals calculated with Welch-type degrees of freedom. Analyses were conducted using
267  Python 3.13.2, with NumPy 2.2.3, pandas 2.2.3, xarray 2025.10.1, SciPy 1.16.0 and scikit-learn 1.8.0.

268  Analysis scripts are archived at Zenodo (doi:10.5281/zenodo.23105265).

260 Use of generative Al

270 A generative Al tool (ChatGPT) was used solely to improve the readability and grammar of the
271  manuscript. No data generation, analysis, or scientific interpretation was performed using these tools.

272 The authors reviewed and verified all content and take full responsibility for the work.

273 Results

274  Historical model evaluation

275 For 1989-2016, REMOglacier reproduces the broad seasonal cycle of precipitation (Fig 3a-c),
276  including the JJAS maxima in total precipitation (T,) and rainfall and the winter-to-early-spring
277 snowfall maximum. The seasonal timing is well represented, although REMOyjqcier generally produces

278  more snowfall and less monsoon rainfall than ERAS.

279  Interannual variability is reproduced with moderate skill. Domain-mean Spearman correlations for T,
280  are 0.48 with ERAS, 0.51 with MSWEP and 0.14 with CRU (Fig 3d). Against ERAS, correlations are
281  higher for snowfall (, = 0.70; Fig 3f) than rainfall (», = 0.50; Fig 3e). Significant positive grid-cell
282 correlations occur in 49%, 42% and 39% of cells for T, against ERA5, MSWEP and CRU,
283 respectively, and in 41% and 56% of cells for rainfall and snowfall against ERAS (Fig 3g-1). ERAS

284  and REMOyjier also show similar hypsometry over the common domain (Fig 3j).

14
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285  The T,y evaluation shows closer agreement of REMOgycier With ERAS than standalone REMO (Fig
286 3k). ERAS shows a warming trend of +0.355 °C decade’!, compared with +0.379 °C decade! in
287  REMOyjqcier and +0.249 °C decade! in REMO. REMOyj,cier also shows closer agreement for annual
288  spatial-mean Ty, (RZ=0.907, RMSE =0.173 °C, MAE = 0.134 °C) than REMO (R?=0.627, RMSE
289  =0.979 °C, MAE =0.912 °C; S2 Table). Grid-wise annual T, correlations are significant over 98.7%
290 of cells for REMOygjqcier and 96.5% for REMO. However, REMOyj,ier €xhibits a stronger positive
291  historical EDW than ERAS, indicating that some elevation-dependent temperature bias remains

292 despite improved domain-mean performance (S1 Fig).

Fig 3. Historical evaluation of REMOygj,ier for 1989-2016. Climatological annual cycles of (a)
T, (b) rainfall and (c¢) snowfall compared with the available reference datasets. Domain-mean
interannual Spearman correlations between REMOyjqcier and ERAS, MSWEP, and CRU for (d) T,
(e) rainfall, and (f) snowfall. Percentage of analysed grid cells exhibiting statistically significant
positive temporal correlations for (g) T, (h) rainfall, and (i) snowfall. (j) Distribution of glacier-
containing grid cells across 500-m elevation bands from ERAS5 and REMOygjycier- (K) Annual spatial-

mean T, time series and linear trends from ERAS, REMOgj,cier and REMO.

293

294 Future EDW, precipitation-phase and snowfall responses

295  The near-future (2021-2050) climate is compared with the historical period (1980-2005) for the

296  annual mean, winter (DJF) and summer (JJAS), using 500-m elevation bands.

297  Regional and seasonal EDW

298  Projected warming changes with elevation very differently in the KR and CH (Fig 4). In the KR,
299  warming increases with elevation in all three seasons. The annual (+0.132 + 0.059 °C km™!; R? =

300 0.552, p=0.090) and DJF (+0.133 £ 0.101 °C km™'; R>=0.304, p = 0.257) gradients are positive but

15
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301  not significant. The JJAS gradient is the strongest and is significant (+0.233 £+ 0.040 °C km™!; R? =

302 0.893, p=0.004; 95% CI: 0.121-0.345 °C km™).

303 In the CH, the gradients are weaker and change sign with season. The annual (+0.034 + 0.024 °C
304 km!; R2=0.259, p=0.197) and DJF (+0.062 + 0.043 °C km!; R?> = 0.259, p = 0.198) gradients are
305  small, positive and not significant. In JJAS, the sign reverses, and warming decreases significantly

306  with elevation (—0.046 + 0.017 °C km™!; R?> = 0.549, p = 0.036; 95% CI: -0.088 to -0.004 °C km™!).

307  The two regions therefore differ most in JJAS, when EDW is significantly positive in the KR and
308  significantly negative in the CH. This sets the thermal context for the snowfall and phase changes

309  described below. Corresponding results for the WH and EH are provided in S2-S8 Figs.

Fig 4. Contrasting seasonal EDW in the KR and CH. Elevation dependence of projected Ty,
change for Annual, DJF, and JJAS conditions in the KR (a—¢) and CH (d—f). Blue profiles show
mean warming within 500-m elevation bands for 2021-2050 relative to 1980-2005, and dashed
lines show the linear EDW fit. Panel annotations report the EDW gradient + standard error, R2, and

p-value.

310

311 Elevation-dependent redistribution of snowfall fraction

312 SF shows a strong regional contrast in both its elevation structure and projected change (Fig 5). The
313 KR remains predominantly snow-dominated. Annual mean SF decreases slightly from 0.962 to 0.954
314 (—0.78%), with the largest losses at lower and middle elevations. In DJF, SF remains close to unity
315  and increases marginally from 0.977 to 0.980 (+0.33%). The largest KR decrease occurs in JJAS,

316  when SF declines from 0.870 to 0.849 (—2.44%), with reductions across most elevation bands.

317  Changes are substantially larger in the CH. Annual mean SF decreases from 0.506 to 0.447

318 (—11.60%), with the largest relative reductions at low elevations. DJF SF decreases from 0.901 to
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319 0.887 (—1.58%), mainly at low and middle elevations. The largest change occurs during JJAS, when

320  SF declines from 0.265 to 0.208 (—21.46%) across nearly all supported elevation bands.

Fig 5. Elevation-dependent changes in SF. Elevation-dependent SF changes in the KR and CH
for Annual, DJF and JJAS. (a) Historical and future SF profiles across 500-m elevation bands, with
inset regional mean values and absolute changes. (b) Relative SF change between future and
historical periods; blue bars indicate increases, red bars decreases, and the dashed line denotes no

change.

321

322 Contrasting snowfall changes across elevation

323 Snowfall responses differ markedly between the KR and CH (Fig 6). In the KR, annual snowfall
324  changes are small, shifting from losses below 4500 m (—0.3% to —2.9%) to gains above this elevation
325  (+1.6% to +3.2%). DJF snowfall decreases across nearly all elevation bands, with the strongest

326  reductions at lower elevations and progressively weaker losses upward.

327  Incontrast, JJAS snowfall increases at every analysed KR elevation, ranging from +41.7% at 3250 m

328  to +1.3% at 5750 m. This increase occurs despite the concurrent reduction in JJAS SF.

329  The CH shows widespread snowfall loss. Annual reductions range from approximately —13.6% to
330 —50.8%, while DJF losses range from —14.2% to —52.3%. During JJAS, snowfall decreases by
331 —11.0% to —32.4% between 2750 and 5250 m. Percentage changes are not reported for the two lowest

332 bands because historical snowfall is <0.1 mm.

Fig 6. Contrasting elevation-dependent snowfall responses. Relative change in snowfall between
the future period (2021-2050) and historical period (1980-2005) across 500-m elevation bands in

the KR and CH for Annual, DJF, and JJAS. Panels (a—c) show the KR and panels (d—f) show CH.

17


http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 I nternational
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

333 Elevation-band contributions to regional snowfall change

334  The contribution of individual elevation bands further highlights the contrasting regional snowtfall
335 responses (Fig 7). In the KR, the annual total is positive (+349.8 mm km? month-!), as lower-elevation

336  losses are outweighed by gains above approximately 4500 m, particularly between 4750 and 5250 m.

337  During DJF, the KR shows a net loss of —929.5 mm km? month-!, with the largest negative
338  contributions between approximately 3750 and 4750 m and a small positive contribution near 5250
339  m. InJJAS, the regional total becomes strongly positive (+988.0 mm km? month-!), with gains across

340  all supported elevation bands and the largest contributions around 4250—4750 m.

341  In the CH, snowfall contributions are negative in all three periods: —3912.2 mm km2 month-1
342 annually, —6883.3 mm km? month-!' in DJF and —4203.0 mm km? month'! in JJAS. Annual and DJF
343 losses occur across the full elevation range, whereas JJAS losses are concentrated mainly around

344 4750-5250 m.

Fig 7. Elevation-band contributions to regional snowfall change. Contributions of 500-m
elevation bands to the future-minus-historical snowfall change in the KR and CH for Annual, DJF,
and JJAS. Blue bars indicate positive contributions and red bars indicate negative contributions to
the area-weighted snowfall change; the dashed vertical line denotes no change. Insets report the total
contribution summed across elevation bands in mm km? month-!. Panels (a—c) represent the KR and

panels (d—f) represent CH.

345

346  Upward migration of freezing and rain—snow transition elevations

347  Both NS-FLE and RSTE generally shift upward, although their behaviour differs by region and season

348 (Fig 8).
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349  In the KR, historical annual NS-FLE cannot be estimated because mean T,,, remains below 0 °C
350  across all sampled elevations. In the future, annual NS-FLE becomes identifiable at 3310 = 10 m,
351  although no period-to-period shift can be calculated. In DJF, NS-FLE remains below the terrain in
352 both periods. During JJAS, NS-FLE rises from 4507 + 14 m to 4745 + 30 m, corresponding to an

353  upward shift of +238 + 33 m.

354  In the CH, NS-FLE rises by +202 &+ 22 m annually, from 3554 + 15 to 3757 £ 17 m, and by +220 +
355 37 m in DJF, from 2433 £ 27 to 2653 £ 25 m. In JJAS, NS-FLE lies above the represented terrain

356  because Ty, exceeds 0 °C across all sampled elevations.

357  The KR annual and DJF RSTE remain below the terrain because SF exceeds 0.5 at all elevations. In
358  JJAS, RSTE rises from 3759 + 56 m to 3972 £ 31 m (+214 £+ 64 m). In the CH, RSTE rises by +337
359 £ 85 m annually, from 4060 £+ 64 to 4397 + 56 m, and by +127 + 36 m in DJF, from 2019 + 29 to

360 2146 + 22 m. The JJAS RSTE increases by +85 + 35 m, from 5087 £ 21 to 5171 £29 m.

361  However, CH JJAS RSTE lies above the sampled terrain in 4 of 26 historical years (15.4%) and 25
362 of 30 future years (83.3%). The conditional +85 m shift therefore represents only years with valid in-
363  range crossings, whereas the strong increase in above-range occurrence indicates a more substantial

364  transition toward increasingly rain-favouring conditions.

Fig 8. Upward migration of snow—rain transition elevations. Transition-elevation diagnostics for
the KR and CH for Annual, DJF, and JJAS. (a) Historical and future temperature—elevation profiles
with NS-FLE. (b) Historical and future SF—elevation profiles with RSTE. Blue lines denote historical
conditions, and red lines denote future conditions. Horizontal dotted lines indicate the mean
transition elevation, and annotations report the historical and future mean values and the future-

minus-historical shift.

365
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366 Temperature sensitivity of SF near the RSTE

367  The temperature sensitivity of SF is strongest near the rain—snow transition and differs markedly
368  between the KR and CH (Fig 9). In the KR, annual and DJF SF remain above 0.5 across all elevations,
369  preventing estimation of an RSTE-centred sensitivity. During JJAS, the climatological RSTE rises
370 from 3737 to 3794 m (+57 m), while the local SF—temperature sensitivity weakens from —0.0507 to

371  —0.0407 fraction °C.

372 In the CH, the annual climatological RSTE rises from 4013 to 4307 m (+294 m), while sensitivity
373 weakens slightly from —0.0317 to —0.0285 fraction °C-'. During DJF, the RSTE increases from 2064
374 to 2197 m (+133 m), while the magnitude of the sensitivity strengthens from —0.0644 to —0.0755

375  fraction °C!.

376  The strongest historical sensitivity occurs in CH JJAS, reaching —0.1425 fraction °C-! near an RSTE
377 of 5067 m. In the future, the climatological RSTE moves above the sampled terrain; at the historical

378  RSTE elevation, the future sensitivity is —0.1174 fraction °C-!.

379  The ASF-AT regressions across elevation bands are not significant for any region or season (p >
380  0.05). Nevertheless, the local analysis shows that SF is most temperature-sensitive near the transition

381  zone, particularly during JJAS in the CH.

Fig 9. Temperature sensitivity of snowfall fraction near the transition zone. Temperature
sensitivity of SF in the KR and CH for Annual, DJF, and JJAS. (a) Historical and future SF-T,,,
relationships across elevation bands. Dashed segments indicate local linear fits around the RSTE,
and the horizontal dotted line denotes SF = 0.5. Insets report the climatological RSTE and local
d(SF)/dT, where estimable. (b) Elevation profiles of local d(SF)/dT for historical and future
conditions. The vertical dotted line denotes d(SF)/dT=0, while horizontal dashed lines indicate

historical and future RSTE.
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382 Atmospheric and surface variables associated with EDW

383  The RF diagnostic reveals substantial regional and seasonal differences in the variables associated
384  with EDW (Fig 10). In the KR, downward LW has the largest relative contribution annually (47.2%)
385  and during DJF (64.8%), although its signed EDW slope is negative in both periods. During JJAS,
386  downward LW accounts for 72.6% of the normalised contribution and has a strong positive slope

387  (+0.214 °C km!), while cloud cover and specific humidity contribute negatively.

388 In the CH, annual EDW is associated primarily with downward LW (46.2%) and surface albedo
389  (36.9%). During DJF, specific humidity (50.9%) and downward LW (44.6%) dominate. In JJAS,
390  downward LW accounts for 67.7% of the normalised contribution and has a negative slope (—0.045

391 °C km).

392 The clearest regional contrast therefore occurs during JJAS where downward LW is the leading
393 associated variable in both regions, but its elevation-dependent contribution is positive in the KR and

394  negative in the CH.

Fig 10. Atmospheric and surface variables associated with EDW. RF-based relative
contributions of downward LW, net SW, cloud cover, specific humidity, and surface albedo to
EDW in the KR (a—c) and CH (d—f) for Annual, DJF, and JJAS. Bar lengths show normalised
absolute contribution magnitudes, while signed values indicate the corresponding EDW slopes in

°C km!.

395

396  Discussion

397  Theresults reveal a strong seasonal and regional contrast in EDW, with the clearest divergence during

398  JJAS, when warming increases with elevation in the KR but decreases slightly with elevation in the
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399  CH. This is consistent with previous evidence that EDW varies substantially across regions and
400  seasons and can arise from different combinations of radiative, moisture and surface feedbacks [16-
401  19]. EDW is therefore not necessarily positive; its magnitude and sign depend on regional climate,

402  season and model configuration.

403  The KR summer response is consistent with its distinct climatic setting, where mid-latitude
404  circulation, WDs and the western edge of the South Asian monsoon interact. Earlier studies have
405  shown that snowfall seasonality and summer temperature variability in the KR differ from those of
406  the CH and EH and strongly influence glacier behaviour [4,9-11]. In contrast, the negative JJAS EDW
407  diagnosed in the CH does not indicate cooling at high elevations, but rather weaker warming aloft
408  than at lower elevations. The contrasting gradients therefore describe differences in the vertical

409  structure of warming rather than opposite signs of regional mean temperature change.

410 The RF diagnostic provides additional insight into these regional differences. During JJAS,
411  downward LW is the leading associated predictor in both regions, but its elevation-dependent
412 contribution is positive in the KR and negative in the CH. Downward LW, atmospheric moisture,
413 clouds and albedo have all been linked to EDW, although their relative importance varies substantially
414  among regions and models [19,32]. Because downward LW is itself influenced by lower-atmospheric
415  temperature, humidity and cloud conditions, its contribution cannot be interpreted as an independent
416  radiative forcing. The opposing LW gradients therefore indicate a strong statistical association with

417  the contrasting EDW patterns rather than a direct causal attribution.

418  The contrasting thermal structures are accompanied by markedly different precipitation-phase
419  responses. The KR remains strongly snow-dominated, with only modest changes in SF, whereas the
420 CH experiences substantially larger SF losses, particularly during JJAS. This agrees with the
421  expectation that precipitation phase is most sensitive to warming where background temperatures are

422 close to the RSTE, while persistently cold regions are less responsive [13,14]. The larger SF losses at
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423  lower and middle elevations of the CH are therefore consistent with its warmer background climate
424 and proximity to the RSTE. Similar behaviour has been reported in Central Asian mountain regions,

425  where SF declines most strongly at elevations close to the phase-transition threshold [33].

426  Importantly, changes in SF are not equivalent to changes in snowfall amount. Because snowfall can
427  be expressed as § = SF X T, declining SF can coexist with increasing snowfall if total precipitation
428  increases sufficiently. This is evident in the KR during JJAS, where snowfall increases across all
429  analysed elevation bands despite a modest decline in SF. The response therefore reflects the combined
430  effects of precipitation phase and moisture supply rather than a temperature-only mechanism. This is
431  consistent with previous evidence that KR snowfall is comparatively less sensitive to warming
432 because of its seasonal precipitation cycle and that changes in regional moisture supply can alter
433 snowfall independently of temperature [9,34]. In the CH, by contrast, decreasing SF coincides with
434  snowfall losses across most elevations. Although JJAS EDW is negative, the region still warms
435  overall, and its background climate lies much closer to the rain—snow transition. The combination of
436  warming, lower historical SF and reduced solid precipitation therefore produces a substantially

437  stronger snowfall loss than in the colder KR.

438  The elevation-band analysis further shows that regional snowfall change depends not only on the
439  percentage change within each elevation band but also on the amount of terrain represented by that
440  band. The KR combines winter snowfall losses with summer gains, whereas the CH exhibits negative
441  snowfall contributions across all analysed periods. This distinction is important because large
442  percentage changes at sparsely represented elevations may contribute less to the regional signal than

443 smaller changes occurring over extensive elevation ranges.

444 The upward migration of NS-FLE and RSTE provides an additional indicator of changing snow
445  conditions. Where these thresholds remain within the represented terrain, both generally shift upward,

446  consistent with warming displacing snow-favourable conditions to higher elevations [35]. However,
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447  censored cases provide important information that mean transition elevations alone cannot capture.
448  In the KR, annual and DJF RSTE remain below the terrain, reflecting a persistently snow-dominated
449  regime. In the CH, the JJAS RSTE lies above the represented terrain in 15.4% of historical years but
450  1in 83.3% of future years. This strong increase in above-range occurrence indicates a more substantial
451  regime shift than the conditional +85 m mean change calculated only from years with valid in-range

452 crossings.

453 The local SF—temperature analysis also shows that phase sensitivity is strongest near the transition
454  zone. The strongest historical sensitivity occurs in CH JJAS, where SF changes by —0.1425 fraction
455  °C! near the RSTE, substantially more than in the KR. This behaviour is consistent with the
456  transition-regime framework proposed by Li et al. [ 14]. However, precipitation phase is not controlled
457 by near-surface temperature alone; humidity, pressure and local atmospheric conditions can shift the
458  rain—snow threshold over a wide temperature range [13,36]. Accordingly, the absolute NS-FLE and
459  RSTE values should be interpreted as operational climate diagnostics rather than universal
460  precipitation-phase thresholds. The principal EDW, SF and snowfall changes, however, are calculated

461  independently of these threshold definitions.

462  These contrasting responses imply different future snow-climate trajectories for the KR and CH. The
463 KR maintains a high SF and gains JJAS snowfall despite strong summer EDW, whereas the CH loses
464  both SF and snowfall and experiences an upward displacement of phase boundaries. This is consistent
465  with the broader spatial heterogeneity of glacier change across the KH, where relatively stable KR
466  glaciers contrast with widespread glacier mass loss farther east [7,8,10,37]. However, projected
467  snowfall changes should not be interpreted directly as future glacier MB changes. Glacier MB also
468  depends on ablation, radiation, snow and ice albedo, debris cover, glacier geometry, ice dynamics and
469  the timing of accumulation and melt [37]. Increased summer snowfall may therefore partly offset

470  accumulation losses without necessarily compensating for enhanced melt.
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471  The upward movement of snow—rain transition zones also has implications for downstream
472 hydrology. As snow-favourable conditions migrate upward, a smaller fraction of precipitation may
473 be stored seasonally as snow, potentially altering the timing and magnitude of snowmelt runoff [3,35].
474 Such changes are particularly relevant across the KH because snow and glacier melt contribute to

475  major Asian river systems, although runoff responses were not explicitly analysed here.

476  Several uncertainties should be considered when interpreting these results. The projections are based
477  on a single REMOyjycier simulation driven by MPI-ESM-LR under RCP4.5 and therefore represent
478  one model realisation rather than a multi-model estimate. EDW and its associated processes may vary
479  across models, scenarios and internal climate variability [17,18,32]. The 500-m elevation-band
430  framework also simplifies complex mountain topography, while differences in the number and
481  elevation range of supported bands may influence fitted EDW gradients. NS-FLE and RSTE are
482  censored when thresholds fall outside the represented terrain, so mean shifts apply only to years with
433  valid in-range crossings. In addition, the RF analysis is diagnostic rather than causal: predictor
484  contributions describe relative statistical associations with EDW within the selected predictor set and

435  should not be interpreted as independent physical fractions of total warming.

486  Overall, the study demonstrates that future snow-climate responses across the KH are controlled not
487  simply by the magnitude of warming, but by how warming varies with elevation and interacts with
488  precipitation phase and moisture supply. During JJAS, EDW is strongly positive in the KR but weakly
489  negative in the CH, while snowfall fraction declines modestly in the KR and much more strongly in
490  the CH. Despite the reduction in SF, snowfall increases across all analysed KR elevations but
491  decreases across most of the CH, and transition elevations generally migrate upward. Downward LW
492  shows the strongest statistical association with the contrasting summer EDW patterns, although this
493  relationship is diagnostic rather than causal. These regional contrasts highlight the need to evaluate

494  warming structure, precipitation phase and snowfall amount together when assessing future high-
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495  mountain climate. Multi-model simulations and additional independent high-elevation observations

496  will be important for testing the robustness of these responses.

497  Conclusion

498  This study reveals a pronounced seasonal contrast in EDW and snow-climate response between the
499 KR and CH. During JJAS, warming increases with elevation in the KR (+0.233 °C km!) but decreases
500  with elevation in the CH (=0.046 °C km'). Over the same season, SF decreases by only 2.44% in the
501 KR, compared with 21.46% in the CH. Despite the modest SF decline, JJAS snowfall increases across
502 all analysed elevations in the KR, whereas the CH experiences snowfall losses across nearly the entire
503  supported elevation range. Where identifiable, the transition elevations generally shift upward, and
504  the CH JJAS rain—snow transition lies above the represented terrain in most future years. These results
505  show that changes in precipitation phase and snowfall amount should be considered separately, and
506  that snowfall response cannot be inferred from warming alone. Downward LW is the variable most
507  strongly associated with the contrasting JJAS EDW gradients, although this relationship is diagnostic
508  rather than causal. Future high-mountain snow conditions will depend on the elevation structure of
509  warming, precipitation phase, precipitation supply and surface—atmosphere feedbacks. Multi-model
510  simulations and additional independent high-elevation observations are needed to assess the

511  robustness of these regional contrasts.
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686  S1 Fig. Historical evaluation of REMOglacier and REMO with ERAS for 1989-2016. Annual
687  T2m evaluation for 1989-2016. (a) Model-minus-ERAS5 grid-wise trend differences, (b) annual EDW
688  across 500-m elevation bands, and (c) grid-wise annual T2m correlations, with statistically significant

689  cells stippled at p < 0.05.

690  S2 Table. Annual T,,, performance of REMOygj,cier and REMO relative to ERAS for 1989-2016.
691  R? denotes the squared Pearson correlation between model and ERA5 T,,; RMSE and MAE are

692  expressed in °C.

693  S2 Fig. Contrasting seasonal EDW in the Western and Eastern Himalaya. Elevation dependence
694  of projected T, change for annual, DJF and JJAS conditions in the WH (a—) and EH (d—f). Blue
695  profiles show mean warming within 500-m elevation bands for 2021-2050 relative to 1980-2005,
696  and dashed lines show the linear EDW fit. Panel annotations report the EDW gradient + standard

697  error, R* and p-value.

698  S3 Fig. Elevation-dependent changes in snowfall fraction. Elevation-dependent SF changes in the
699  WH and EH for annual, DJF and JJAS. (a) Historical and future SF profiles across 500-m elevation
700  bands, with inset regional mean values and absolute changes. (b) Relative SF change between future
701  and historical periods; blue bars indicate increases, red bars decreases, and the dashed line denotes no

702 change.

703  S4 Fig. Contrasting elevation-dependent snowfall responses. Relative change in snowfall between
704  the historical and future periods across 500-m elevation bands in the WH and EH for annual, DJF and

705  JJAS. Panels (a—) show the WH and panels (d—f) show the EH.

706 S5 Fig. Elevation-band contributions to regional snowfall change. Contributions of 500-m

707  elevation bands to the future-minus-historical snowfall change in the WH and EH for annual, DJF
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708  and JJAS. Blue bars indicate positive contributions and red bars indicate negative contributions to the
709  area-weighted snowfall change; the dashed vertical line denotes no change. Insets report the total
710  contribution summed across elevation bands in mm km? month!. Panels (a—c) represent the WH and

711 panels (d—f) represent the EH.

712 S6 Fig. Upward migration of snow—rain transition elevations. Transition-elevation diagnostics for
713 the WH and EH for annual, DJF and JJAS. (a) Historical and future temperature—elevation profiles
714 with NS-FLE. (b) Historical and future SF—elevation profiles with RSTE. Blue lines denote historical
715  conditions and red lines denote future conditions. Horizontal dotted lines indicate the mean transition
716  elevation, and annotations report historical and future mean values and the future-minus-historical

717 shift.

718 S7 Fig. Temperature sensitivity of snowfall fraction near the transition zone. Temperature
719 sensitivity of SF in the WH and EH for annual, DJF and JJAS. (a) Historical and future SF—T2m
720  relationships across elevation bands. Dashed segments indicate local linear fits around the RSTE, and
721 the horizontal dotted line denotes SF = 0.5. Insets report the climatological RSTE and local d(SF)/dT,
722 where estimable. (b) Elevation profiles of local d(SF)/dT for historical and future conditions. The
723 vertical dotted line denotes d(SF)/dT = 0, while horizontal dashed lines indicate historical and future

724 RSTE.

725 S8 Fig. Atmospheric and surface variables associated with EDW. RF-based relative contributions
726  of downward LW, net SW, cloud cover, specific humidity and surface albedo to EDW in the WH (a—
727  ¢) and EH (d—f) for annual, DJF and JJAS. Bar lengths show normalized contribution magnitudes,

728 and signed values indicate the corresponding EDW slopes in °C km!.

729
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