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Abstract. Glacier and valley winds are characteristic fea-
tures of the microclimate of glacierised valleys. The speed
of such winds influences the turbulent heat flux, which con-
tributes to ice melt significantly. Sparse in-situ meteorolog-
ical measurements and the inability of large-scale climate
data products to capture such local winds introduce uncer-
tainty into glacier- to global-scale mass-balance calculations.
Here, we propose an empirical model having three parame-
ters, namely, the mean wind speed, the sensitivity of the di-
urnal winds to temperature, and a time-scale parameter, to
predict the mean summertime diurnal wind speed on valley
glaciers, based only on reanalysis temperature. Utilising data
from 28 weather stations on 18 valley glaciers across the
globe, we show that the model, driven solely by reanalysis
temperature, reproduces the observed mean summertime di-
urnal wind speed with a mean RMSE of 0.24 ms~! across
stations, which is 8.8 % of the mean observed wind speed.
Interestingly, the three model parameters can be estimated
even on an ungauged glacier based on the mean temperature
and regional slope. A leave-one-out analysis of the stations
suggests a root-mean-squared error of 0.85 ms~! on average,
which is a ~ 200 % improvement over a standard reanalysis
product. The performance of the model is largely indepen-
dent of the number of stations available for calibration, as
long as itis 21 or more. The presented empirical parametrisa-
tion can improve wind speed estimates on ungauged glaciers,
leading to better glacier mass-balance calculations.

1 Introduction

The microclimate of a glacierised valley has a characteristic
system of local winds consisting of a glacier wind and a val-
ley wind (e.g., Oerlemans, 2010; Broeke, 1997a, b). Glacier
wind is a shallow, persistent, katabatic wind flowing down-
valley. It’s caused by the cooling of air by the ice surface
and the associated down-slope buoyancy force (Oerlemans,
2010). Away from the glacier, as the valley floor and the
hillsides are heated up during the day by solar insolation,
the buoyant forces acts up-slope, leading to a daytime an-
abatic valley wind, which flows up-valley. It is a relatively
deeper wind with a depth of ~ 10> m (Nickus and Vergeiner,
1984; Vergeiner and Dreiseitl, 1987). Near the glacier ter-
mini, glacier and valley winds compete with each other at the
surface level during the day (e.g., Cai et al., 2007). The buoy-
ancy forcing in the valley, and consequently the valley wind,
changes sign at night (e.g., Mannouji, 1982). This leads to
a diurnal cycle of valley winds with up-valley (down-valley)
flow during the day (night).

Glacier winds and valley winds fall under the general cat-
egory of thermally driven slope winds (Farina and Zardi,
2023), which can be described approximately using the
steady-state Prandtl model (Prandtl, 1952). This model de-
scribes the vertical profile of slope winds via a dynamic equi-
librium between buoyant force and friction, and reproduces
the characteristic wind speed maxima or jet at a height of a
few meters above the surface (e.g., Oerlemans, 2010). During
the ablation season, a linear relation between instantaneous
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glacier wind speed and the ambient air temperature has been
empirically observed (e.g., Bjornsson et al., 2005). Similar
trends have also been reported for valley winds (e.g., Man-
nouji, 1982). This may imply that the buoyancy forces scale
with the horizontal temperature gradient between the valley
and the surrounding terrain (Miller et al., 2003). A simple en-
ergy exchange model was successfully used to describe the
effect of katabatic cooling due to glacier wind on the vari-
ation of 2 m-air temperature along the flow-line of glaciers
(Greuell and Bohm, 1998; Ayala et al., 2015).

Accurate knowledge of instantaneous wind speed on
glaciers is important for energy- and mass-balance studies,
as surface winds mediate energy and mass exchanges be-
tween the atmosphere and glacier surface (Cuffey and Pater-
son, 2010; Stigter et al., 2018). The latent heat fluxes result-
ing from these winds influence glacier ice sublimation rates,
which can account for ~ 10 %-20 % melt contribution for
typical glaciers and up to 90 % contribution for glaciers in
cold, arid climates (e.g., Yafiez San Francisco et al., 2025;
Stigter et al., 2018). Latent heat fluxes are the dominant
source of ablation for high-altitude glaciers in arid regions
(Mandal et al., 2022). The net turbulent heat fluxes, which
is the sum of latent and sensible heat fluxes due to these
winds, can cause up to ~ 10 %-35 % of the total melt on
glaciers in the Himalaya (e.g., Azam et al., 2014), the Alps
(e.g., Oerlemans et al., 1999), and Alaska (e.g., Klok et al.,
2005). The turbulent fluxes are also important in the con-
text of the climate response of glaciers. This is because the
response of glaciers to the temperature change is largely de-
termined by the corresponding changes in the long-wave ra-
diation balance and those in the turbulent heat fluxes (Oer-
lemans, 2001). Glacier winds can affect the spatial gradients
of near-surface meteorological variables such as temperature
and humidity on glaciers (e.g. Shea and Moore, 2010). Sim-
ple temperature-index based methods (Hock, 1999) for es-
timating glacier melt involve extrapolating the near-surface
air temperature for the entire glacier surface using lapse rates
estimated from nearby weather stations. However, this ap-
proach can lead to overestimations of glacier melt because
the air near glaciers is cooler than its immediate surround-
ings. The gradients of temperature, humidity, and wind speed
drive heat, moisture, and momentum exchanges between
valley winds and glacier winds. The presence of extensive
supra-glacial debris cover favours valley winds over the ab-
lation zone (Collier et al., 2015), which influences the glacier
energy balance and the moisture transport along the valley
(Lin et al., 2021).

The above discussion highlights the need of accurate wind
speed estimates for glacier energy- and mass-balance studies.
However, the number of glaciers where in-situ meteorolog-
ical measurements are publicly available is probably of the
order of ~ 10? or less. This means an overwhelming major-
ity of ~ 2.75 x 10° glaciers on earth are ungauged. On these
glaciers, coarse-scale reanalysis wind speed products need to
be used to estimate the turbulent heat fluxes (e.g., Rupper and
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Roe, 2008; Rye et al., 2010). Even on the small minority of
the glaciers, where weather stations are present, the data are
often available for a relatively short period, or have gaps. On
such glaciers, coarse-scale reanalysis data (e.g., Arndt et al.,
2021; Kronenberg et al., 2022) have to be used in conjunc-
tion with the weather station data. The coarse = 10km res-
olution reanalysis products do not capture local-scale winds,
and heavily underestimate their speed, and therefore, the as-
sociated turbulent fluxes (Draeger et al., 2024). The reanal-
ysis temperature estimates on the other hand, owing to a
longer spatial correlation length, are relatively more accu-
rate (Draeger et al., 2024). Various down-scaling methods are
typically applied to these coarse-scale wind speed products to
estimate the local-scale winds. Statistical down-scaling mod-
els (Dujardin and Lehning, 2022; Hu et al., 2023), which es-
sentially fit coarse-resolution climate products to point-scale
weather-station data, do not work well on data-scarce moun-
tain glaciers. Physically based methods (e.g., Burlando et al.,
2007) that rely on simple scaling relations between local and
large-scale climate variables cannot be applied on glacierised
valleys as they do not incorporate the microclimatic effects
of glaciers. Dynamical down-scaling (Goger et al., 2022; Ti-
wari and Bush, 2025) requires high-resolution regional cli-
mate model simulations, which are computationally inten-
sive and are impractical for regional- to global-scale stud-
ies. Thus, there is a clear need for a simple, parsimonious,
and preferably physically motivated model of wind speed on
glaciers that can be applied to ungauged mountain glaciers
globally.

This study proposes a parsimonious model to estimate the
mean diurnal cycle of wind speed during summer on any
glacier, solely based on easy-to-access reanalysis tempera-
ture and topographic data. In-situ data from a set of 28 on- or
near-glacier weather stations worldwide are used to calibrate
the model. We evaluate the predictive power of this model on
an ungauged glacier using a leave-one-out analysis, and also
assess its performance as a function of the number of stations
used for calibration. We discuss the limits of applicability of
the model and its potential utility for ungauged glaciers.

2 Data
2.1 Automatic weather stations

The hourly time series of wind speed and wind direction
observed at 28 weather stations (Fig. 1) were used in this
study. The data were primarily sourced from open-access on-
line databases like Zenodo (https://zenodo.org, last access:
20 August 2026) and Pangaea (https://www.pangaea.de, last
access: 20 August 2026), along with a few other publicly
available datasets from the literature (Table S1 in the Sup-
plement). Since we were interested in on- or near-glacier
winds, a spatial filter was applied to select stations within
a 1 km buffer around any glacier in the same valley. This was
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done to ensure the stations were located within the same val-
ley, which was visually verified through Fig. S1 in the Sup-
plement. This procedure yielded 28 weather stations located
on or near 18 glaciers with an approximately global cover-
age (Fig. 1a), though the Southern Hemisphere was under-
represented. There were 14 stations from the Himalaya, six
from the Canadian Rockies, five from the European Alps,
and one each from Alaska, the Caucasus, and the Southern
Andes. Out of the 28 stations, 27 were within latitudes of
28-80°N, and only one station was in the Southern Hemi-
sphere. The elevation of the stations ranged from 196 to
8323 m above sea level. The available stations sampled a
wide variety of mountain glaciers, with their lengths being in
the range 2-45 km and the widths in the range 0.3—-14.2 km.
Six of the glaciers were debris-covered ones, and the remain-
ing 12 were clean glaciers (Table S1). We note that five sta-
tions (Balcony, Bishop, Southcol, Place4 and Weart2) are
located on ridges or near glacier headwalls. These stations
may not be dominated by glacier-valley wind system. How-
ever, we included all of them in our analysis so as to not
reduce the number of stations. The number of days for which
data were available ranged between 56-586, with a median
of 198. For the 28 weather stations, the hourly time-series of
2 m wind speed for the summer months were selected for all
the available years (see Fig. 2a for an example). Only sta-
tions with more than eight weeks of data during the sum-
mer months were used. For glaciers located in the North-
ern (Southern) Hemisphere, the summer was assumed to be
1 June to 30 September (1 December to 31 March). The mean
summertime diurnal wind speed at a station was calculated
by averaging wind speeds for each hour of the day for the
entire duration of the dataset (Fig. 2b).

2.2 Climate and topography

We used 0.1° x 0.1° resolution ERAS-Land (ERASL) hourly
reanalysis data (Hersbach et al., 2020) from European Centre
for Medium-Range Weather Forecasts to obtain the 2 m air
temperature, matching the observation period and location of
each of the 28 weather stations. The temperature data were
corrected for the elevation difference between the station and
the corresponding ERASL pixel using an hourly lapse rate.
This lapse rate was derived by regressing temperature and
elevation for all ERAS5 pixels within a 10 x 10 grid centred
around the station. The 10 m wind speed from ERASL was
used for comparison with the 2m windspeed predicted us-
ing the model developed here. We did not attempt to correct
the ERASL wind speed to bring it to 2m level, using the
logarithmic law as is typically done in these cases (Clare-
mar et al., 2012). Wind profiles of slope wind systems are
known to have a maxima, and hence cannot be described
with a logarithmic profile. Glacier geometry data from Ran-
dolf Glacier Inventory 7 (RGI7.0-Consortium, 2023) and to-
pographic static variables derived from the 30 m resolution
digital elevation model (DEM) from ALOS World 3D (Ta-
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dono et al., 2014) was used for predicting the three model
parameters (see Sect. 3.1.3).

3 Methods
3.1 Model
3.1.1 Model for wind speed

Empirically, glacier wind is known to have a characteristic
diurnal variation, with the maximum wind speed occurring in
the afternoon (e.g., Obleitner, 1994; Oerlemans et al., 1999;
Bjornsson et al., 2005). It has also been noted that the timing
of the wind speed maxima lags behind that of the tempera-
ture by a few hours (Oerlemans and Grisogono, 2002). The
time series of the observed wind speed and ERAS-derived
temperature for Drang Drung Glacier, the western Himalaya
illustrate this behaviour (Fig. 2). It may be seen that the
hourly wind speed signal is noisy (Fig. 2a). However, the
mean diurnal wind speed has a relatively smooth variation,
which appears to be a delayed response to the mean diurnal
2m air temperature on this glacier (Fig. 2b). A similar be-
haviour is known to be present in valley-wind systems, and
consequently, it could be described well using simple linear-
response models (e.g., Nickus and Vergeiner, 1984). A sim-
ilar linear-response model exists for land-sea breeze (Bjerk-
nes, 1898).

Motivated by this, here we attempted to predict the mean
diurnal wind speed for both glacier winds and valley winds
on or near a glacier, using the corresponding mean diurnal
temperature. We restricted our analysis to the summer sea-
son as most of the melt happens during this time. We used
a coordinate system in which z axis points vertically up and
x axis is along the glacier flow direction. We assume that
winds are generally either in the upslope or downslope di-
rection. We decomposed the mean summertime diurnal wind
speed u, into its mean value u and the diurnal anomaly ugq,
i.e., u = u+ugq. Similarly, the mean summertime diurnal tem-
perature was decomposed into 7 and Ty. Then, we modelled
uq as an empirical linear combination 7y and its time deriva-
tive % Ty, to obtain the following equation:

d
u=u-+sTy stdtTd, Q)
where, s is the sensitivity of the mean diurnal wind speed
anomaly to that of temperature, and 7 is the corresponding
time-scale parameter. Note that this is not a linear-response
model (e.g., Boyce et al., 2017; Oerlemans, 2005), where the
forcing variable (e.g., Ty) is taken to be an empirical lin-
ear combination of the response variable (e.g., uq) and its
time derivative. We chose the present empirical version over
a traditional linear-response model because the derivative of
wind speed was found to be relatively more noisy as com-
pared to that of temperature (Fig. 2b), which resulted in poor
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Figure 1. (a) Locations of 28 on- or near-glacier weather stations (red solid circles) used in this study. The circles have been artificially
spread out up to about 2° to avoid overlap. The number of stations in different regions are shown within light blue circles. (b) The relative,
scaled locations of the weather stations used in this study (red circles) with respect to an idealised glacier (light blue rectangle) having a unit
length and width. Here X and Y denotes the longitudinal and transverse distance, respectively, with respect to a coordinate system whose
origin is at the headwall of the idealised glacier, and X increases downglacier.
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Figure 2. (a) Time-series of hourly wind speed (purple line) observed on Drang Drung Glacier in the western Himalaya, along with corre-
sponding ERAS5-Land temperature (red line) and wind speed (light blue line) estimates during the summer season of 2023. (b) The corre-
sponding mean diurnal cycles, with the standard error of mean shown as shaded bands.

fits. In our problem, the dominant frequency w was diur-
nal (~ 0.26h~") and the typical time-scale parameter T was
~ 1h, so that w?>72 « 1. In this limit, both models were, in
fact, equivalent to each other (Sect. S1 in the Supplement).

3.1.2 Extracting model parameters for the station

The model parameter & for each of the 28 stations was ob-
tained by averaging the observed mean summertime diurnal
wind speed °°. The remaining two model parameters s and
T were obtained for each station by performing a bilinear
least-square regression of 7y and its derivative %Td, against
ugbs (Eq. 1). This obtained 28 triplets of best-fit parameters
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{u, s, T} — one each for each station. Here, the diurnal vari-
ation 7Ty was obtained by decomposing the ERASL-derived
mean diurnal summertime temperature 7', into its mean and
the anomalies. The time derivative %Td at time step i was
approximated as (7; — T;—1) / At, where T; is temperature at
ith time instant and At is the time step, which is 1 h.

3.1.3 Estimating model parameters for ungauged
glaciers

To apply the above model to an ungauged glacier, one re-

quires the knowledge of 7y and the three model parameters
u, s, and t for that valley. It is possible to estimate 7gq from
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reanalysis datasets. However, the model parameters are not
known a priori. We derived predictors for each model param-
eter based on some simple dimensional arguments, express-
ing them in terms of easy-to-access variables like tempera-
ture and slope.

Let us denote the air density with p and acceleration due
to gravity with g. Let the ambient air temperature (temper-
ature at a same elevation as the glacier, but far away from
the glacier) be denoted as T, and the air temperature near
glacier surface be T, + AT,. Note that AT, is positive for
anabatic winds and negative for katabatic winds. Assuming
the air temperature near a melting glacier surface is close to
273 K, the magnitude of AT, may be approximated by the
absolute value of the mean summertime ERAS5-Land tem-
perature expressed in degrees Celsius, denoted by |T|. For
steady slope winds, the buoyancy term B in the momentum
equation is equal to turbulent friction term F (Oerlemans,
2010). The buoyancy term is given by:

_ gIT|sin()
T,

B @)
Here ¢ is the surface slope, and we have assumed sin¢ =
¢ for gentle slopes, which is true for most glaciers studied
here. Since the ambient temperature across stations varies at
most 10 % of its absolute magnitude (~ 300 K), the B-term
is likely to scale as follows:

B~|T|s A3)

The turbulent friction term F in the momentum equation is
estimated as d,u’w’, where u’ and w’ are high frequency
components of horizontal and vertical wind speeds (e.g., Oer-
lemans, 2010). We assume ' to scale as u, w’ to scale as w,
and denote the vertical scale of the winds by H. For winds
flowing along the slope, the vertical component of wind ve-
locity w is related to the horizontal component u, as w ~ ug.

2
Feonww ~" %<
z H H

From Egs. (3) and (5), for steady slope wind,

“

uz/g/ -
Nh ~|T|g. (5)

= u> ~H|T| (6)

Steeper (gentler) glaciers are generally small (large), and
therefore tend to have a smaller (larger) elevation range H.
Assuning that H is related to elevation range, H ~ Hg /¢ ~
1/¢. Therefore we propose that the variability in # is con-
trolled by the ratio |T|/<.

=>M2"’?. @)

The sensitivity of wind speed variation to temperature vari-
ation s is likely related to the ratio of the diurnal wind-
speed range to the temperature range. Assuming that near
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the glacier surface, the diurnal wind speed range scales as
the horizontal wind speed u, and that the diurnal temperature
range scales as 6, we have:

u 1

s~ =~ —.

o JVITls
The model parameter 7, which is the response-time scale, is
assumed to scale with the ratio of some characteristic hori-

zontal length scale (L) to the wind-speed scale (). This leads
to the following approximate relation:

®)

L
T~=~L 2. )

We search for a good candidate for ¢ by trial and error from
among various possible choices. These include the glacier
slope, and three versions of topographic slope computed at
scales of 0.1, 1, and 10 km (Table S2). We also consider all
possible ratios of seven vertical (e.g., glacier elevation range,
relief, etc.) and three horizontal length scales (e.g., length of
glacier, width of glacier, etc.). In total, we tested 25 possi-
ble candidates for the RHS of Egs. (7)—(9). Given the lim-
ited sample size of only 28 stations and the generally high
noise level, we relied primarily on visual comparison to as-
sess the performance of these candidates. The 28 model pa-
rameter triplets were plotted against their corresponding pre-
dictor values and visually assessed for linear relations of the
form:

; (10)

s=p

N (11)
VITls

r=mhﬁ%, (12)

where B1, B2, and B3 are the best-fit regression coefficients.
If no clear relationship was seen between a model parame-
ter and any of its predictors, the median value of that model
parameter across the 28 stations was used as the predictor.

3.2 Model performance
3.2.1 Performance of the calibrated model

The performance of the calibrated model (Egs. 1, 10-12),
was assessed on each of the 28 weather stations. For each
station, the mean summertime diurnal wind speed predicted
by the calibrated model at hourly time steps were compared
with the corresponding observed values. The mean, median,
and interquartile range of the set of 28 root-mean-squared
errors (RMSE) between the model predictions and observa-
tions were compared with the set of RMSEs between the
ERASL products and observations. Note that these predicted
u values were obtained from the calibrated equations, only
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Figure 3. The workflow for modelling the mean summertime diurnal wind on an ungauged glacier employed in this paper. Step 1: Observed
wind speed and ERAS temperature at each station were fitted to Eq. (1) separately, obtaining 28 triplets of best-fit {u, s, and t}. Step 2: This
set of 28 triplets were used to obtain the best-fit regression coefficients defined in Egs. (10)—(12). Step 3: For any ungauged glacier location,
the best-fit Eqs. (10)—(12) were used to predict the three model parameters, which along with the corresponding ERASL temperature, were

fed to Eq. (1) to obtain the wind speed predictions.

using the corresponding ERASL temperature and the static
variables as inputs.

3.2.2 Leave-One-Out-Cross-Validation

To evaluate the performance of the model for an ungauged
location, we performed a Leave-One-Out-Cross-Validation
(LOOCYV) (Hastie et al., 2009). For this, we calibrated the
model following the procedure described in Sect. 3.1.2 and
3.1.3 with 27 out of 28 weather stations. We find out the best-
fit values of 81, B2 and B3 in each iteration and use them to
predict the model parameters. The calibrated model was then
used to predict the wind speed at the left-out 28th weather
station, using only the corresponding ERAS5L temperature
and slope, and without using any in-situ data from the left-
out station. We repeated this process 28 times, leaving out
a different station each time, and computing the RMSE be-
tween the predicted and observed wind speeds for the left-out
station. The mean, median, and interquartile range of the set
of 28 RMSEs thus obtained were compared with the set of
RMSEs between the ERASL products and observations. We
do not consider the uncertainties in the predicted model pa-
rameters in this LOOCYV analysis. Also, we assume the same
form of Eqgs. (10)—(12) in each iteration, without repeating
the search for the best set of choices for the temperature and

The Cryosphere, 20, 4911-4925, 2026

slope variables. The present estimates of model performance
in this LOOCYV protocol are likely to be conservative, as we
may not be working with the best model in some of the iter-
ations.
3.2.3 Minimum number of stations required

We tested how sensitive the predictions from the calibrated
model were to the number of stations available for calibra-
tion. To do this, the model was calibrated only using a ran-
domly selected subset of N stations. For each subset, the
model was calibrated exactly as discussed in Sect. 3.1.2—
3.1.3, and then evaluated across all 28 stations by comput-
ing the RMSEs between the observed and predicted mean
summertime diurnal wind speed. The median RMSE was
recorded. The step was repeated for N = 13, 14, ...,28. The
exercise was repeated 100 times to obtain a set of 100 mean
RMSE:s for each N. The resulting distributions of RMSEs
were plotted as a function of N, to see if the RMSEs con-
verge to a fixed value with increasing N. The minimum value
of N, for which the median RMSE differed by less than 1 %
from that obtained for N = 28, was defined as the minimum
number of stations required for model calibration. Note that
this exercise was also helpful in ascertaining the model per-
formance on ungauged glaciers, as only a subset of glaciers

https://doi.org/10.5194/tc-20-4911-2026
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were used here to calibrate the model, which was then used
to predict the wind speed on all 28 stations.

3.3 Estimation of uncertainty

The uncertainty in the predicted windspeed was estimated
via a Monte-Carlo simulation with 1000 iterations. In each
iteration, the triplet of model parameters were drawn from a
corresponding Gaussian distribution. The mean of the Gaus-
sian represented the best model listed later in Eqs. (13)—(15).
The standard deviations of the Gaussian distributions were
chosen either from the fit errors of the linear regressions
(Egs. 10-12) or from the IQR of the empirical distribution of
the corresponding parameter, as applicable (see Sects. 3.1.3
and 4.1.2). A Gaussian noise was also added to the input val-
ues of T which had zero mean and the standard deviation
was equal to the standard error of mean (Fig. 2b).

4 Results
4.1 Model calibration
4.1.1 Extracting model parameters for the stations

The linear-response equation (Eq. 1) reasonably captured the
mean summertime diurnal wind speed across all the weather
stations. The results of fitting Eq. (1) to the observed wind
speed and ERASL temperature on a selected weather sta-
tion shown in Fig. 4. Across the 28 weather stations, the
quality of fits varied (Fig. 4c). The mean (median) RMSE
was 0.24 (0.17)ms™!, and an interquartile range of 0.12—
0.36ms~! (Table S3). In contrast, a direct comparison be-
tween the ERASL wind-speed product with the observed
mean summertime diurnal wind yielded a mean (median)
RMSE of 1.99 (2.11)ms~!, with an interquartile range of
1.31-2.57ms™ 1.

The distribution of best-fit model parameter triplet {u, s,
and 7} obtained for the 28 stations showed a significant vari-
ability between stations (Fig. S2). The best-fit mean wind
speed i ranged from 0.96-5.12ms~! with a mean (median)
value of 2.71 (2.96)ms~'. The best-fit sensitivity s ranged
from 0.0-1.04ms~!' °C~! with a mean (median) value of
0.27 (0.18)ms~ ! °C~!. The best-fit time-scale parameter t
ranged between 0-3.4 h, with a mean (median) value of 1.07
(0.68) h.

4.1.2 Estimating model parameters for ungauged
glaciers

The predictor v/|T|/c1o was found to be the most suit-
able to estimate model parameter i (Fig. 5a), where |T| is
the absolute value of the mean summertime temperature T
from ERASL (Sect. 2.2), and ¢j¢ is the topographic slope
of the station for a resampled 10km resolution DEM us-
ing a 3 x 3 window. A regression between this predictor and
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the observed best-fit values of i yielded an R? value of 0.9
(p < 0.001), confirming a strong relationship. The next best

model was /|T|/ Gg» Where ¢, is the mean glacier slope,

which had an R? value of 0.83 but was not significant within
p < 0.01 level (Fig. S3). For the case of model parameter
s, no reliable predictor could be found (Sect. S2). The pre-
dictor 1/+/|T|/c10 had the highest R? of 0.57 (p < 0.001).
However, visual inspection indicated that this apparent per-
formance was likely influenced by an outlier (Fig. 5b). Af-
ter excluding the outlier, the R? value decreased to 0.32,
which was not significant at the p < 0.01 level. Therefore,
we used the median value of s across the 28 stations as its
predictor. For the model parameter t, none of the candi-
date predictors performed well on visual inspection (Fig. 5¢).
The best-performing predictor, Lg+/ 610/ |T|, where Ly is
glacier length, was not significant, confirming the absence
of a strong relationship. We therefore obtained the following
parameterisations:

T
= (0.26810.017),/U, (13)
S10

s =0.184+0.25, (14)
1=07+14. (15)

In the above three equations the uncertainty is the standard
error of regression in Eq. (13). Whereas, for Eqgs. (14)—(15),
it is the standard deviation of the Gaussian distribution with
the same inter-quartile range as the “observed” distributions
of corresponding set of 28 corresponding observed best-fit
model parameters as described in Sect. 3.1.2.

The mean wind speed P9 predicted using Eq. (13) com-
pared favourably with the corresponding observed values,
with a mean RMSE of 0.57 ms~! (Fig. 5a). In comparison,
the corresponding mean RMSE for the ERASL product was
1.87ms~!, which was 3.3 times higher. The diurnal wind
speed anomaly ugred predicted using Egs. (1), (14)—(15),
matched the observations ugbs reasonably well with an mean
RMSE of 0.49ms~!. In comparison, ERAS5L predicted the
diurnal anomaly with an mean RMSE of 0.46ms~!, which
was comparable to our model.

4.2 Model performance
4.2.1 Performance of calibrated model

The calibrated model (Egs. 1, 13-15) was able to capture
the mean summertime diurnal wind speed better than the
corresponding ERASL product for all the weather stations
(Fig. 6). For example, the RMSE of the predicted wind speed
had a mean (median) value of 0.87 (0.64)ms~!, and an
interquartile range of 0.42-0.88ms~!. In comparison, the
ERASL wind speed product had two times higher mean of
1.98 ms~!, three times higher median of 2.09ms™ !, and a

The Cryosphere, 20, 4911-4925, 2026



4918

J. Krishnanand et al.: Predictability of glacier winds

a. b. c.
—o— uobs < o -
44 -A- upred o RMSE = 0.04 ms™? r©
_m- yer L«
_ A
7 A A © - e
n
§3' ) TA HT 0.0 0‘2 0'4 0‘6 °
3 E A 4 E RMSE
o TM T <4 o
a § §
° 2 A 3 E] A
B A Y
i A ~ s W
11 o L 4
= | o A )
el Ny P A
[P FETE g =a A
A © 4
6 12 18 24 3.0 3.2 3.4 0 2 4 6 8
Hour of day in UTC us (ms~1) uobs (ms—1)
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(purple solid circle) and ERASL temperature for a selected weather station (Place Glacier in British Columbia, see Table S1). (b) Comparison
of the predicted and observed mean wind speeds for this station. (¢) Comparison of the predicted and observed mean wind speed for all 28

station, with different symbol colours denoting different stations. The inset shows the distribution of RMSEs obtained in the fits.
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Figure 5. The value of model parameters predicted by Eqgs. (10)—(12) are plotted against their observed best-fit values from all 28 stations.

The grey vertical line shows the median value of each model parameter across all stations. (a) The predictor % was found to have a

strong relationship with u, with an R% 0f 0.9 ( p < 0.001). (b) For s, the predictor 1/+/|T|/¢10 was found to have a significant relationship
with an R? of 0.57 (p < 0.001), but upon removal of the data point marked with red arrow, the relationship became insignificant. (¢) None
of the predictors discussed in Sect. 3.1.3 showed a significant relation with 7. Due to the lack of predictability of s and tau, we used the
corresponding median values to estimate them for ungauged glaciers, which does not capture variability of these quantities between glaciers.

two times larger interquartile range of 1.29-2.57 ms~! (Ta-
ble S3).

4.2.2 Leave-One-Out-Cross-Validation

In general, the result of the LOOCV was satisfactory, and
the model fitted to data from 27 stations was able to predict
the mean diurnal wind speed at the left-out station reason-
ably well (Fig. 6b and Table S3). In comparison to ERASL,
the set of 28 RMSEs of the wind speed predicted for the
left-out station by the corresponding calibrated model had
two times lower mean (0.87 ms~!), three times lower me-
dian (0.64ms~"), and three times lower interquartile range
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(0.42-0.88 ms~!). We do not find any clear pattern in the
spatial distribution of the RMSE values (Fig. S8).

4.2.3 Minimum number of stations

A general decline in model performance with decreasing N
was observed. The mean RMSE for the predictions over all
28 stations was 0.853ms~! for N =21, which was within
1 % of the mean RMSE value of 0.848 ms~! obtained when
all N = 28 stations were used for calibration. This indicates
that as long as the number of weather stations available for
calibration N was 21 or more, the calibrated model was reli-
able (Fig. 7a).
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5 Discussion
5.1 Predicting wind speed on ungauged glacier

The proposed model for the mean summertime diurnal
wind speed (Eq. 1), which computed the local wind
speed on/around glaciers with ERASL temperature as in-
put, worked reasonably well for all the 28 weather stations.
This may not be unexpected given the existing studies, where
thermally driven wind systems such as land-sea breezes and
valley-wind circulation have been successfully described as
a linear response to diurnal pressure-gradient forcing (e.g.,
Nickus and Vergeiner, 1984; Vergeiner and Dreiseitl, 1987;
Bjerknes, 1898).

The novel result in this study is that the three associ-
ated triplet of model parameters {i, s, and t} could be pre-
dicted for any given glacier using the relations Eqgs. (13)-
(15), without the need for any in-situ data. It is apparent
from the LOOCYV analysis (Sect. 4.2.2) and the performance
of the models calibrated with a smaller subset of stations
(Sect. 4.2.3), that the performance of the present model on
ungauged glaciers, is quite robust. The present model, thus,
appears to be a reliable and parsimonious alternative to the
presently available methods and products, for estimating lo-
cal wind speed on ungauged glaciers.

Interestingly, the model appears to perform quite well also
for the 13 stations that are located near a glacier, and not on
it (Fig. S4). In addition, it works well for five stations located
on debris-covered glaciers (Fig. S1). In all these 16 cases,
the station locations are dominated by valley winds, and not
by glacier winds. This suggests that both valley and glacier
winds are captured by the same model to a good approxima-
tion.
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5.2 Predictability of model parameters

The strength of the present model, which predicts the mean
summertime diurnal wind speed on any glacier with only
ERASL temperature as input, is that the model parameter u
can be calculated from mean temperature and regional slope
(Egs. 13). However, the predictability of the other two model
parameters s and t was relatively low (Fig. 5b, c). In fact,
most of the improvements in wind speed predicted by the
present model, over that obtained from ERASL, was due to
the ability of the present model to capture the variability of
the mean wind speed u between stations (Sect. 4.1.2). Per-
haps with more data, a larger set of stations, having a higher
time resolution, can help improving the predictability of the
remaining parameters.

Time-scales of prediction

We tested if the calibrated model, which was derived for
mean summertime diurnal winds, could be used to predict
wind speeds across different time-scales. We first filtered the
ERASL hourly temperature data over different time-scales
by taking 1h to 10d moving average. For each station and
each averaging window, the filtered temperature data were
fed into the calibrated model (Egs. 1, 13—15) to obtain wind
speed predictions for that station and that time-scale. While
the calibrated model performed better than ERASL wind
speed product across all time-scales, its performance reduced
at finer time-resolutions (Fig. 7b). For moving-average win-
dows of length greater than 96 h, the distribution of RMSEs
between observed and predicted winds across the 28 sta-
tions had a median value below 1 ms~!. For shorter time-
averaging lengths, the median RMSE increased systemically,
with RMSE of ~ 1.8 ms~! for hourly predictions. In com-
parison, the ERASL wind speed product had a median RMSE
of more than 2ms™~! across all the time-averaging lengths. It
appears that model, which is calibrated for the mean diurnal
wind speed over the entire summer season, is still useful at
shorter times scales as well. This maybe because the vari-
ability of the mean diurnal wind speed averaged over sev-
eral days is less than that of the mean wind speed between
glaciers (Fig. 5b), which the model is able to capture. An
analysis of variance of observed and predicted wind speed
data across different time-scales (Fig. S5) revealed that this
improvement in prediction is not simply due to a reduction
in variance due to higher smoothing.

5.3 Implication for melt calculations

For a rough estimate of the effects of improved estimates
of surface wind speed on ice melt calculations, we used a
simple bulk-aerodynamic formulation (e.g., Cuffey and Pa-
terson, 2010) to compute the hourly sensible (Qgyf) and la-
tent (Qinr) heat fluxes for the entire data range of all the 28
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stations as follows:

Oshf =0.0129C*P u T, (16)
Omf=222C" u (e —ey). a7

Here, C* = 0.002 is a transfer coefficient (Cuffey and Pater-
son, 2010), P is the air pressure (in Pa), T is the air temper-
ature (in °C), e is the vapour pressure (in Pa) above the melt-
ing surface, and ey is the vapour pressure (in Pa) at the melt-
ing ice surface. The variables P and T were obtained from
ERAS. The saturation vapour pressure eg and actual vapour
pressure e were derived from the dew-point temperature ob-
tained from ERASL (Bolton, 1980). The sum of Qs and
Oinr gave the total turbulent heat flux Qur. At each station,
the turbulent heat flux calculations were repeated thrice for
the different estimates of the mean wind speed u#, namely,
(a) the observed ones, (b) those predicted using Eq. (13), and
(c) those obtained directly from ERASL.

The mean RMSE between the heat fluxes calculated us-
ing the observed wind speed (i2°®) and that predicted us-
ing Eq. (13) (#P%) for all stations was 3.5 W m~2 (Fig. 8),
which was about three times smaller than the mean RMSE
of 10.15' W m~2 obtained for the ERAS5L derived mean wind
speed (2°?). For 17 out of the total 28 stations, where the net
Owr was positive, the heat fluxes increased by a factor of 3.7
on average (Table S4). For the remaining 11 stations with net
negative turbulent heat fluxes, the magnitude of the fluxes
increased by a factor of 2.3. This suggested that the turbu-
lent heat fluxes on glaciers might be systematically underes-
timated when ERASL wind-speed products are used. This is
due to the general underestimation of surface-wind speed by
ERASL at the stations (Fig. 6). While Eq. (13) captures the
variability of wind speed between stations, that does not nec-

essarily ensure the corresponding estimates Qﬁffd reproduce
well the variability of the total turbulent heat fluxes between
the stations at a global scale. This is because the temperature
and humidity dependent factors in Egs. (16) and (17) can po-
tentially vary strongly between regions. However, for a given
region, the spatial variability of turbulent heat flux is likely
to be controlled mainly by that of the wind speed. There-
fore, the present model can help in improving the turbulent
heat flux calculations for a region, compared to that derived
from ERASL wind speed. This is also seen from the three
times lower mean RMSE between heat fluxes calculated us-
ing the model and that using ERASL-derived winds. We em-
phasise that the values of turbulent heat fluxes estimated us-
ing the bulk aerodynamic method are meant to be illustra-
tive in nature. Although such methods have been used widely
and shown to outperform profile-based methods when a wind
speed maximum is present (Denby and Greuell, 2000), some
recent reports suggest they may perform poorly on glaciers
where their underlying physical assumptions may be unreal-
istic (Litt et al., 2015; Radic et al., 2017; Steiner et al., 2018).
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Figure 8. Total turbulent heat flux Qﬁ:?d derived using the mean
wind speed predicted in this study (red triangles), and those from
ERASL (blue circles) are compared with the turbulent heat flux
Q?ﬁ’fs computed using observed wind speed. Inset shows the cor-
responding distributions of RMSEs for the 28 stations.

5.4 Applicability of our model

It is important to assess whether the glaciers used in this
study are representative of the global glacier population. If
not, applying the model to ungauged glaciers may introduce
extrapolation errors. The distributions of static glacier vari-
ables in our dataset were therefore compared with the global
distributions from RGI7 (Fig. 9). Based on this comparison,
the model is likely to work better for glaciers with:

1. Mean summertime temperature between —17 to 10 °C,

2. Mean summertime diurnal temperature range between
3t010°C,

3. Mean glacier slope < 0.6,
Glacier area > 1km?,

Glacier length > 2km,

AN

Mean elevation > 2000 m.

Our station distribution is biased toward larger and more
gently sloping glaciers, which are generally easier to ac-
cess. More than 80 % of the world’s glaciers are smaller than
1 km?, yet our dataset does not contain a single weather sta-
tion from glaciers in this size range. Arguably, because such
glaciers are typically located near mountain ridges, synop-
tic wind systems may dominate there rather than thermally
driven flows. Also, the small, steep glaciers may not have
well developed glacier wind (Sauter et al., 2026). In contrast,
high-altitude glaciers in High Mountain Asia, despite being

https://doi.org/10.5194/tc-20-4911-2026

4921

among the most challenging environments to access, are well
represented in our dataset.

5.5 Limitations

Ideally, a first-principle derivation for our Eq. (1) is required.
We were unable to derive our model systematically from
existing theories like the Prandtl model (Oerlemans, 2010).
However, in general, it is difficult to derive linear-response
relations for complex problems. We acknowledge that the
present model provides only a first-order solution to the prob-
lem of estimating the surface winds on or near a glacier.
The present results pertain to the mean summertime diurnal
wind, while the wind speed is expected to vary over different
timescales — hourly, daily,and weekly, (e.g., Fig. 2a) to sea-
sonal and annual. However, our analysis over different time
windows (Sect. 5.2.1) suggests that the magnitude of such
temporal variability over time-scales of weeks or longer is
often not very large compared to the variability of the mean
winds between stations.

An inter-annual variation of the mean summertime wind
speed was apparent at the stations with more than one year
of data (Fig. S6). Such a temporal variability is, of course,
not captured by the present model, which produces a time-
independent prediction for mean winds at each station based
on Eq. (13). For example, the mean value of the fractional
absolute inter-annual deviation was less than 10 % in all but
two of the studied locations (Fig. S6), suggesting that the
mean wind speed predicted using Eq. (13) are still useful.
More work is needed, possibly utilising a larger set of sta-
tions with longer records, and higher time resolution to see if
the observed temporal variability could be incorporated into
the present model with the help of additional time-dependent
meteorological variables.

A significant spatial variability of the surface wind within
any given glacierised valley is expected (e.g., Cai et al.,
2007), which we do not try to capture with this present
model. Only few studies report on within-glacier variation of
wind speed and they differ in their conclusion (e.g., Strasser
et al., 2004; Greuell et al., 1997; Zou et al., 2008). No clear
spatial pattern for winds within the same valley was present
in our dataset (Fig. S7). It should be noted, however, that only
four out of 18 glaciers in our study had more than one sta-
tion in the same valley. Hence, we do not attempt to explain
within-glacier variation with our model and rather focus on
between-glacier variability. Also, in glacierised valleys, there
is a competition between the valley and the glacier winds at
the surface level, which flow in opposite directions during
the daytime. The present formulation is likely to fail over the
region near the glacier terminus where these two winds col-
lide. In fact, the present model gives only wind speed and not
the wind direction.

There were some peculiarities in the mean summertime
diurnal wind speed at a few stations, which could not be
captured by the present model. For example, some sta-
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Figure 9. (a) The distribution of glacier length and glacier area for glaciers in this study (red dots) compared with that of the global population
of glaciers (blue dots). Similar comparison for mean glacier elevation and glacier slope is shown in (b). Glaciers with a mean slope greater
than 2 (22 glaciers) were excluded from panel (b) for clarity. Our stations are biased towards larger and gently sloping glaciers, suggesting

the possibility of extrapolation errors for smaller steep glaciers.

tions there were additional early-morning maxima of wind
speed (Fig. S1), apart from the prominent late-afternoon one.
This behaviour could not be reproduced with the present
temperature-based linear response model, as the mean diur-
nal temperature decreased monotonically between sunset and
sunrise. At Langenferner Glacier, the temperature and wind
speed was out of phase (Fig. S1), which was unusual. Here
Eq. (1) could not be fitted to the data for a finite 7, and the
wind speed predictions using Egs. (1), (10)—-(12) produced a
large RMSE (Table S3).

Most of the improvement in mean summertime diurnal
wind speed predicted using the present model, vis-a-vis the
estimates obtained directly from ERASL, was due to a better
estimation of the mean wind speed #P™? by the former. As
discussed above, the mean RMSEs for izP™d was three times
smaller in the present model, compared to that of the corre-
sponding ERASL product. In addition, the ERASL had a sig-
nificant negative bias, which was 1.9ms~! on average, for
u. Here we acknowledge that the ERAS5L-derived 10 m wind
speed is not directly comparable to the 2 m values. However,
as discussed before, the interpolation of the value to 2 m level
is complex. In contrast, both the present model and ERASL
had similar mean RMSEs for the diurnal anomaly u4, indi-
cating that there is scope for improving the estimates of the
model parameters s and 7. As can be seen from the Fig. S2,
64 % of the stations have a 7 less than the time resolution of
our data (1 h). This might explain why it is difficult to param-
eterise the variability of 7.
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6 Conclusion

In this study, we propose a model to estimate the mean sum-
mertime diurnal wind speed on any ungauged glacier. Given
the values of three model parameters, the model obtains the
wind speed as a linear combination of the mean summertime
diurnal temperature and its time derivative. The required in-
put temperature data are derived from a reanalysis product
(ERA5-Land). Among the three model parameters, the pa-
rameter i, which is the mean summertime wind speed, can
be estimated from mean reanalysis temperature and regional
slope. For the sensitivity parameter s and time-scale param-
eter 7, we prescribe to use the median values obtained from
the corresponding “observed” values from 28 weather sta-
tions. We show that this model captures well the observed
mean summertime diurnal wind speed on 28 on- or near-
glacier weather stations across the globe. Interestingly, an
analysis of 28 weather stations established that mean wind
speed parameter i can be estimated using simple linear func-
tions of temperature and slope. This implies that the present
model can be applied to ungauged glaciers, which is en-
couraging. A leave-one-out-cross-validation indicated that
the method indeed works reasonably on ungauged glaciers,
and may improve the RMSE between the observed and es-
timated mean summertime diurnal wind speeds by about
200 % on average, compared to the corresponding reanaly-
sis estimates. Most of this improvement is, in fact, due to the
ability of the present model to capture the variability of the
mean summertime wind between glaciers better than the re-
analysis product. The number of stations used for calibrating
the model is shown to be adequate for robust predictions. We
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discuss the limitations of the model in capturing the tempo-
ral variability of wind speed over different time-scales. Al-
though winds are expected to have a within-glacier spatial
variability, due to the limited sample size and noise in the
data, we could not robustly assess this in our model. Us-
ing this model to parametrise the mean summertime diurnal
wind speed may improve the turbulent heat flux estimates on
glacierised valleys, which tend to be underestimated with re-
analysis wind speed products. Improving the estimates of the
other two model parameters, and developing a similar model
for smaller timescales, and finding the physical mechanism
that explains the success of the empirical model emerge the
three most interesting open problems.

Code and data availability. All codes and input data for
our model have been uploaded to the Zenodo repository:
https://doi.org/10.5281/zenodo.21756089 (Krishnanand, 2026).

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/tc-20-4911-2026-supplement.

Author contributions. KJ and AB designed the study, conceived the
model, and wrote the paper. KJ compiled the meteorological data,
did the data analysis, and prepared the figures. RS contributed to
the theoretical development. HK and MFA provided field data from
Drang Drung Glacier. All authors participated in the discussions,
and edited the manuscript.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Acknowledgements. We thank Joseph Shea for sharing weather sta-
tion data from Place and Weart Glaciers. We acknowledge the con-
tribution of H. C. Nainwal and his team to the field measurements
on Satopanth Glacier. We thank the Ev-K2-CNR Committee for
making the data from the weather stations around Khumbu Glacier
available. We also thank the three anonymous reviewers of the pre-
vious versions of the manuscript for their constructive comments.
KJ is supported by INSPIRE scholarship from the Department of
Science and Technology, Government of India.

https://doi.org/10.5194/tc-20-4911-2026

4923

Review statement. This paper was edited by Emily Collier and re-
viewed by three anonymous referees.

References

Arndt, A., Scherer, D., and Schneider, C.: Atmosphere Driven
Mass-Balance Sensitivity of Halji Glacier, Himalayas, Atmo-
sphere, 12, https://doi.org/10.3390/atmos 12040426, 2021.

Ayala, A., Pellicciotti, F., and Shea, J. M.: Modeling 2-m air temper-
atures over mountain glaciers: Exploring the influence of kata-
batic cooling and external warming, J. Geophys. Res.-Atmos.,
120, 3139-3157, https://doi.org/10.1002/2015JD023137, 2015.

Azam, M. F,, Wagnon, P., Vincent, C., Ramanathan, AL., Favier, V.,
Mandal, A., and Pottakkal, J. G.: Processes governing the mass
balance of Chhota Shigri Glacier (western Himalaya, India) as-
sessed by point-scale surface energy balance measurements, The
Cryosphere, 8, 2195-2217, https://doi.org/10.5194/tc-8-2195-
2014, 2014.

Bjerknes, V. F. K.: Uber einen hydrodynamischen Fundamental-
satz und seine Anwendung besonders auf die Mechanik der At-
mosphire und des Weltmeeres, Kungliga Svenska Vetenskaps-
Akademiens Handlingar, 31, 35 pp., 1898.

Bjornsson, H., Gudmundsson, S., and Pélsson, F.: Glacier winds
on Vatnajokull ice cap, Iceland, and their relation to temper-
atures of its lowland environs, Ann. Glaciol., 42, 291-296,
https://doi.org/10.3189/172756405781812493, 2005.

Bolton, D.: The Computation of Equivalent Po-
tential Temperature, Mon. Weather Rev.,
108, 1046-1053, https://doi.org/10.1175/1520-
0493(1980)108<1046: TCOEPT>2.0.CO:;2, 1980.

Boyce, W. E., DiPrima, R. C., and Meade, D. B.: Elementary differ-
ential equations, John Wiley & Sons, ISBN 978-1-119-77773-1,
2017.

Broeke, V. D.: Momentum, Heat, and Moisture Budgets of the
Katabatic Wind Layer over a Midlatitude Glacier in Summer,
J. Appl. Meteorol., 36, 763-774, https://doi.org/10.1175/1520-
0450(1997)036<0763:MHAMBO>2.0.CO;2, 1997a.

Broeke, V. D.: Structure and diurnal variation of the atmospheric
boundary layer over a mid-latitude glacier in summer, Bound.-
Lay. Meteorol., 83, 183-205, 1997b.

Burlando, M., Carassale, L., Georgieva, E., Ratto, C. F., and Solari,
G.: A simple and efficient procedure for the numerical simulation
of wind fields in complex terrain, Bound.-Lay. Meteorol., 125,
417-439, 2007.

Cai, X., Song, Y., Zhu, T., Lin, W., and Kang, L.: Glacier winds
in the Rongbuk Valley, north of Mount Everest: 2. Their role
in vertical exchange processes, J. Geophys. Res.-Atmos., 112,
https://doi.org/10.1029/2006JD007868, 2007.

Claremar, B., Obleitner, F., Reijmer, C., Pohjola, V., Waxegard,
A., Karner, F.,, and Rutgersson, A.: Applying a Mesoscale At-
mospheric Model to Svalbard Glaciers, Adv. Meteorol., 2012,
321649, https://doi.org/10.1155/2012/321649, 2012.

Collier, E., Maussion, F., Nicholson, L. I., Molg, T., Immerzeel, W.
W., and Bush, A. B. G.: Impact of debris cover on glacier abla-
tion and atmosphere—glacier feedbacks in the Karakoram, The
Cryosphere, 9, 1617-1632, https://doi.org/10.5194/tc-9-1617-
2015, 2015.

The Cryosphere, 20, 4911-4925, 2026


https://doi.org/10.5281/zenodo.21756089
https://doi.org/10.5194/tc-20-4911-2026-supplement
https://doi.org/10.3390/atmos12040426
https://doi.org/10.1002/2015JD023137
https://doi.org/10.5194/tc-8-2195-2014
https://doi.org/10.5194/tc-8-2195-2014
https://doi.org/10.3189/172756405781812493
https://doi.org/10.1175/1520-0493(1980)108<1046:TCOEPT>2.0.CO;2
https://doi.org/10.1175/1520-0493(1980)108<1046:TCOEPT>2.0.CO;2
https://doi.org/10.1175/1520-0450(1997)036<0763:MHAMBO>2.0.CO;2
https://doi.org/10.1175/1520-0450(1997)036<0763:MHAMBO>2.0.CO;2
https://doi.org/10.1029/2006JD007868
https://doi.org/10.1155/2012/321649
https://doi.org/10.5194/tc-9-1617-2015
https://doi.org/10.5194/tc-9-1617-2015

4924

Cuffey, K. and Paterson, W.: The Physics of Glaciers, Academic
Press, ISBN 9780080919126, 2010.

Denby, B. and Greuell, W.: The use of bulk and pro-
file methods for determining surface heat fluxes in the
presence of glacier winds, J. Glaciol.,, 46, 445-452,
https://doi.org/10.3189/172756500781833124, 2000.

Draeger, C., Radi¢, V., White, R. H., and Tessema, M. A.: Eval-
uation of reanalysis data and dynamical downscaling for sur-
face energy balance modeling at mountain glaciers in western
Canada, The Cryosphere, 18, 17-42, https://doi.org/10.5194/tc-
18-17-2024, 2024.

Dujardin, J. and Lehning, M.: Wind-Topo: Downscaling near-
surface wind fields to high-resolution topography in highly com-
plex terrain with deep learning, Q. J. Roy. Meteor. Soc., 148,
1368-1388, https://doi.org/10.1002/qj.4265, 2022.

Farina, S. and Zardi, D.: Understanding thermally driven slope
winds: recent advances and open questions, Bound.-Lay. Meteo-
rol., 189, 5-52, 2023.

Goger, B., Stiperski, I., Nicholson, L., and Sauter, T.: Large-
eddy simulations of the atmospheric boundary layer over an
Alpine glacier: Impact of synoptic flow direction and gov-
erning processes, Q. J. Roy. Meteor. Soc., 148, 1319-1343,
https://doi.org/10.1002/qj.4263, 2022.

Greuell, W. and Bohm, R.: 2 m temperatures along melting mid-
latitude glaciers, and implications for the sensitivity of the
mass balance to variations in temperature, J. Glaciol., 44, 9-20,
https://doi.org/10.3189/S0022143000002306, 1998.

Greuell, W., Knap, W. H., and Smeets, P. C.: Elevational changes
in meteorological variables along a midlatitude glacier dur-
ing summer, J. Geophys. Res.-Atmos., 102, 25941-25954,
https://doi.org/10.1029/97JD02083, 1997.

Hastie, T., Tibshirani, R., Friedman, J. H., and Friedman, J. H.:
The elements of statistical learning: data mining, inference, and
prediction, vol. 2, Springer, https://doi.org/10.1007/978-0-387-
84858-7, 2009.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Hordnyi, A.,
Muiloz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers,
D., Simmons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo,
G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara,
G., Dahlgren, P., Dee, D., Diamantakis, M., Dragani, R., Flem-
ming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L.,
Healy, S., Hogan, R. J., Hélm, E., Janiskova, M., Keeley, S.,
Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., de Rosnay, P,
Rozum, 1., Vamborg, F., Villaume, S., and Thépaut, J.-N.: The
ERAS global reanalysis, Q. J. Roy. Meteor. Soc., 146, 1999—
2049, https://doi.org/10.1002/qj.3803, 2020.

Hock, R.: A distributed temperature-index ice- and snowmelt model
including potential direct solar radiation, J. Glaciol., 45, 101—
111, https://doi.org/10.3189/S0022143000003087, 1999.

Hu, W., Scholz, Y., Yeligeti, M., Bremen, L. v., and Deng, Y.:
Downscaling ERAS wind speed data: a machine learning ap-
proach considering topographic influences, Environ. Res. Lett.,
18, 094007, https://doi.org/10.1088/1748-9326/aceb0a, 2023.

Klok, E., Nolan, M., and Van den Broeke, M.: Analysis of meteo-
rological data and the surface energy balance of McCall Glacier,
Alaska, USA, J. Glaciol., 51, 451-461, 2005.

Krishnanand, J.: krrishj2000/Mountain_glacier_winds_parameterisation:

Mountain_glacier_winds_parameterisation (Ver-

The Cryosphere, 20, 4911-4925, 2026

J. Krishnanand et al.: Predictability of glacier winds

sion Glacier_winds), Zenodo [code and data set],
https://doi.org/10.5281/zenodo.21756089, 2026.

Kronenberg, M., van Pelt, W., Machguth, H., Fiddes, J., Hoelzle,
M., and Pertziger, F.: Long-term firn and mass balance mod-
elling for Abramov Glacier in the data-scarce Pamir Alay, The
Cryosphere, 16, 5001-5022, https://doi.org/10.5194/tc-16-5001-
2022, 2022.

Lin, C., Yang, K., Chen, D., Guyennon, N., Balestrini, R., Yang, X.,
Acharya, S., Ou, T., Yao, T., Tartari, G., and Salerno, F.: Sum-
mer afternoon precipitation associated with wind convergence
near the Himalayan glacier fronts, Atmos. Res., 259, 105658,
https://doi.org/10.1016/j.atmosres.2021.105658, 2021.

Litt, M., Sicart, J.-E., Helgason, W. D., and Wagnon, P.: Turbulence
characteristics in the atmospheric surface layer for different wind
regimes over the tropical Zongo glacier (Bolivia, 16° S), Bound.-
Lay. Meteorol., 154, 471-495, 2015.

Mandal, A., Angchuk, T., Azam, M. F., Ramanathan, A., Wagnon,
P., Soheb, M., and Singh, C.: An 11-year record of wintertime
snow-surface energy balance and sublimation at 4863 ma.s.l. on
the Chhota Shigri Glacier moraine (western Himalaya, India),
The Cryosphere, 16, 3775-3799, https://doi.org/10.5194/tc-16-
3775-2022, 2022.

Mannouji, N.: A numerical experiment on the mountain and valley
winds, J. Meteorol. So. Jpn. Ser. II, 60, 1085-1105, 1982.

Miller, S., Keim, B., Talbot, R., and Mao, H.: Sea breeze:
Structure, forecasting, and impacts, Rev. Geophys., 41,
https://doi.org/10.1029/2003RG000124, 2003.

Nickus, U. and Vergeiner, L.: The thermal structure of the Inn Valley
atmosphere, Arch. Meteor. Geophy. A, 33, 199-215, 1984.

Obleitner, F.: Climatological features of glacier and valley winds at
the Hintereisferner (Otztal Alps, Austria), Theor. Appl. Clima-
tol., 49, 225-239, 1994.

Oerlemans, J.: Glaciers and climate change, CRC Press,
https://doi.org/10.1201/9781003760672, 2001.

Oerlemans, J.: Extracting a Climate Signal from
169 Glacier Records, Science, 308, 675-6717,
https://doi.org/10.1126/science.1107046, 2005.

Oerlemans, J.: The microclimate of valley glaciers, IGITUR, Uni-
versiteitsbibliotheek Utrecht, ISBN 987-90-393-5305-5, 2010.
Oerlemans, J. and Grisogono, B.: Glacier winds and parameterisa-
tion of the related surface heat fluxes, Tellus A, 54, 440452,

https://doi.org/10.3402/tellusa.v54i5.12164, 2002.

Oerlemans, J., Bjornsson, H., Kuhn, M., Obleitner, F., Pals-
son, F., Smeets, C., Vugts, H., and Wolde, J. D.: Glacio-
meteorological investigations on Vatnajokull, Iceland, summer
1996: An overview, Bound.-Lay. Meteorol., 92, 3-24, 1999.

Prandtl, L.: Essentials of Fluid Dynamics: With Applications to Hy-
draulics, Aeronautics, Meteorology and Other Subjects, Hafner
Publishing Company, ISBN 9780028503301, 1952.

Radié, V., Menounos, B., Shea, J., Fitzpatrick, N., Tessema, M.
A., and Déry, S. J.: Evaluation of different methods to model
near-surface turbulent fluxes for a mountain glacier in the Cari-
boo Mountains, BC, Canada, The Cryosphere, 11, 2897-2918,
https://doi.org/10.5194/tc-11-2897-2017, 2017.

RGI7.0-Consortium: Randolph Glacier Inventory — A Dataset of
Global Glacier Outlines, Version 7.0, Boulder, Colorado USA,
NASA National Snow and Ice Data Center Distributed Active
Archive Center [data set], https://doi.org/10.5067/f6jmovySnavz,
2023.

https://doi.org/10.5194/tc-20-4911-2026


https://doi.org/10.3189/172756500781833124
https://doi.org/10.5194/tc-18-17-2024
https://doi.org/10.5194/tc-18-17-2024
https://doi.org/10.1002/qj.4265
https://doi.org/10.1002/qj.4263
https://doi.org/10.3189/S0022143000002306
https://doi.org/10.1029/97JD02083
https://doi.org/10.1007/978-0-387-84858-7
https://doi.org/10.1007/978-0-387-84858-7
https://doi.org/10.1002/qj.3803
https://doi.org/10.3189/S0022143000003087
https://doi.org/10.1088/1748-9326/aceb0a
https://doi.org/10.5281/zenodo.21756089
https://doi.org/10.5194/tc-16-5001-2022
https://doi.org/10.5194/tc-16-5001-2022
https://doi.org/10.1016/j.atmosres.2021.105658
https://doi.org/10.5194/tc-16-3775-2022
https://doi.org/10.5194/tc-16-3775-2022
https://doi.org/10.1029/2003RG000124
https://doi.org/10.1201/9781003760672
https://doi.org/10.1126/science.1107046
https://doi.org/10.3402/tellusa.v54i5.12164
https://doi.org/10.5194/tc-11-2897-2017
https://doi.org/10.5067/f6jmovy5navz

J. Krishnanand et al.: Predictability of glacier winds

Rupper, S. and Roe, G.: Glacier Changes and Regional Climate:
A Mass and Energy Balance Approach, J. Climate, 21, 5384 —
5401, https://doi.org/10.1175/2008JCLI2219.1, 2008.

Rye, C. J., Amnold, N. S., Willis, I. C., and Kohler, J.: Mod-
eling the surface mass balance of a high Arctic glacier us-
ing the ERA-40 reanalysis, J. Geophys. Res.-Earth Surf., 115,
https://doi.org/10.1029/2009JF001364, 2010.

Sauter, T., Brock, B. W., Collier, E., Goger, B., Groos, A. R., Haua-
land, K. F.,, Mott, R., Nicholson, L., Prinz, R., Shaw, T. E.,
Stiperski, 1., Georgi, A., Haugeneder, M., Mandal, A., Reynolds,
D., Saigger, M., Sicart, J. E., and Voordendag, A.: Glacier-
Atmosphere Interactions and Feedbacks in High-Mountain
Regions — A Review, Rev. Geophys., 64, ¢2024RG000869,
https://doi.org/10.1029/2024RG000869, 2026.

Shea, J. M. and Moore, R. D.: Prediction of spatially dis-
tributed regional-scale fields of air temperature and vapor pres-
sure over mountain glaciers, J. Geophys. Res.-Atmos., 115,
https://doi.org/10.1029/2010JD014351, 2010.

Steiner, J. FE, Litt, M., Stigter, E. E., Shea, J., Bierkens,
M. F, and Immerzeel, W. W.: The importance of tur-
bulent fluxes in the surface energy balance of a debris-
covered glacier in the Himalayas, Front. Earth Sci., 6, 144,
https://doi.org/10.3389/feart.2018.00144, 2018.

Stigter, E. E., Litt, M., Steiner, J. F., Bonekamp, P. N. J., Shea, J. M.,
Bierkens, M. F. P.,, and Immerzeel, W. W.: The Importance of
Snow Sublimation on a Himalayan Glacier, Front. Earth Sci., 6,
https://doi.org/10.3389/feart.2018.00108, 2018.

https://doi.org/10.5194/tc-20-4911-2026

4925

Strasser, U., Corripio, J., Pellicciotti, F., Burlando, P., Brock, B.,
and Funk, M.: Spatial and temporal variability of meteorological
variables at Haut Glacier d’Arolla (Switzerland) during the ab-
lation season 2001: Measurements and simulations, J. Geophys.
Res.-Atmos., 109, https://doi.org/10.1029/2003JD003973, 2004.

Tadono, T., Ishida, H., Oda, F., Naito, S., Minakawa, K.,
and Iwamoto, H.: Precise Global DEM Generation by
ALOS PRISM, ISPRS Annals of the Photogrammetry, Re-
mote Sensing and Spatial Information Sciences, 1I-4, 71-76,
https://doi.org/10.5194/isprsannals-11-4-71-2014, 2014.

Tiwari, U. and Bush, A. B. G.: Understanding the Atmospheric Dy-
namics over High-Altitude Glaciated Regions in the Central Hi-
malayas Using High-Resolution Numerical Simulations, J. Hy-
drometeorol., 26, 239-257, https://doi.org/10.1175/JHM-D-24-
0084.1, 2025.

Vergeiner, 1. and Dreiseitl, E.: Valley winds and slope winds — Ob-
servations and elementary thoughts, Meteorol. Atmos. Phys., 36,
264-286, https://doi.org/10.1007/BF01045154, 1987.

Yanez San Francisco, E., MacDonell, S., and Casassa, G.: The Im-
portance of a Glacier Complex for Downstream Runoff in the
Semiarid Chilean Andes During Dry Years, Hydrol. Process., 39,
€70064, https://doi.org/10.1002/hyp.70064, 2025.

Zou, H., Zhou, L., Ma, S., Li, P, Wang, W., Li, A, Jia, J.,
and Gao, D.: Local wind system in the Rongbuk Valley on
the northern slope of Mt. Everest, Geophys. Res. Lett., 35,
https://doi.org/10.1029/2008 GL033466, 2008.

The Cryosphere, 20, 4911-4925, 2026


https://doi.org/10.1175/2008JCLI2219.1
https://doi.org/10.1029/2009JF001364
https://doi.org/10.1029/2024RG000869
https://doi.org/10.1029/2010JD014351
https://doi.org/10.3389/feart.2018.00144
https://doi.org/10.3389/feart.2018.00108
https://doi.org/10.1029/2003JD003973
https://doi.org/10.5194/isprsannals-II-4-71-2014
https://doi.org/10.1175/JHM-D-24-0084.1
https://doi.org/10.1175/JHM-D-24-0084.1
https://doi.org/10.1007/BF01045154
https://doi.org/10.1002/hyp.70064
https://doi.org/10.1029/2008GL033466

	Abstract
	Introduction
	Data
	Automatic weather stations
	Climate and topography

	Methods
	Model
	Model for wind speed
	Extracting model parameters for the station
	Estimating model parameters for ungauged glaciers

	Model performance
	Performance of the calibrated model
	Leave-One-Out-Cross-Validation
	Minimum number of stations required

	Estimation of uncertainty

	Results
	Model calibration
	Extracting model parameters for the stations
	Estimating model parameters for ungauged glaciers

	Model performance
	Performance of calibrated model
	Leave-One-Out-Cross-Validation
	Minimum number of stations


	Discussion
	Predicting wind speed on ungauged glacier
	Predictability of model parameters
	Implication for melt calculations
	Applicability of our model
	Limitations

	Conclusion
	Code and data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Review statement
	References

