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Abstract. The South Col Glacier is an iconic
:
a
:
small body of ice and snow (approx. 0.2 km2), located on the southern ridge

of Mt. Everest. A recent study proposed that South Col Glacier is rapidly losing mass. This seems
:
is
:
in contradiction with our

comparison of two digital elevation models derived from aerial photographs taken in
::::::::
December

:
1984 and a stereo Pléiades

satellite acquisition from
:::::
March 2017, from which we measure

:::::::
estimate a mean elevation change of 0.01 ± 0.07

::::
0.05 m a−1.

To reconcile these results we investigate wind erosion and surface energy and mass balance, and find that melt is unlikely a5

dominant process, contrary to previous findings.

1 Introduction

Glaciers and ice caps are losing mass at an accelerated rate in almost all regions on Earth and are icons of climate change

(IPCC, 2021; Zemp et al., 2019; Hugonnet et al., 2021). It is generally observed that the lowest parts of glaciers thin at large

rates ,
::::
rates

:
often exceeding 1 m a−1, with variability between regions and glaciers (Hugonnet et al., 2021). Upper accumula-10

tion areas are more stable, with rates of elevation changes often close to zero, even for some
:::::::::::
high-elevation regions where the

warming of the firn column is documented (Vincent et al., 2020).

In the Everest region, glaciers have lost mass at a continuously-accelerating
::::::::::
continuously

::::::::::
accelerating

:
rate since 1962, reach-

ing a regionally-averaged mass loss
::::::::
regionally

::::::::
averaged

::::
mass

::::::
change

:
rate of -0.38 ± 0.13 m w.e a−1 for the period 2009-201815

(King et al., 2020). Thinning for the period 1984-2018 was observed up to elevations of approximately 6000 m a.s.l., and was
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close to zero at higher elevations (King et al., 2020). Within this context,
:

a recent study surprisingly suggested substantial

thinning of the South Col Glacier, located at 8020 m a.s.l. (Potocki et al., 2022). Based on the interpretation of an ice core

and surface energy balance modeling, Potocki et al. (2022) estimated that contemporary thinning rates — or ablation
:::::::
negative

::::::
surface

::::
mass

:::::::
balance rates, because the authors did not consider ice dynamics — were approaching 2 m a−1 over the

::
∼ 1990-20

2019 period.

The South Col Glacier is a small body of snow and ice, covering an area of approximately 0.2 km2. It is located on the

ascent route of Mt. Everest from Nepal. Despite this iconic location, it is largely without prior scientific investigation, due to

the logistical challenge to conduct
:
of

::::::::::
conducting scientific fieldwork in this very high altitude environment. It is also a difficult25

target for remote sensing techniques, being small and subject both to bright snow conditions and persistent cloud coverage

during monsoon (occurring in JJAS). Processes governing the surface energy balance of the ice and snow in the extreme high

altitude weather remain poorly constrained, despite the installation of an Automatic Weather Station
::::::::
automatic

:::::::
weather

::::::
station

(AWS)in ,
::::::
which

:::
was

:::::::
running

:::::::
between

:
May 2019

:::
and

::::::
August

:::::
2022,

:::::
with

::::
some

:::::
gaps, on a rock outcrop close to the South Col

(Matthews et al., 2020).30

Interpreting a shallow ice core (approximately 10 m long) drilled in May 2019 and modeling the surface energy balance,

Potocki et al. (2022) concluded that the glacier surface state likely transitioned from a snow-dominated surface to an ice

dominated
:::::::::::
ice-dominated

:
surface in the 1990s, leading to large amounts of melt (averaging to 1.5 m

:::
w.e. a−1 over the consid-

ered period), which was the main cause for the disappearance of ∼55 m of ice over a 30 year period covering 1990 to present.35

:::::
2019. Based on these observations, Potocki et al. (2022) suggest

:::::::
suggested

:
that Himalayan glaciers at or above 8000 m a.s.l.

may not survive beyond the middle of the 21st century.

In this brief communication, we explore the elevation change of South Col Glacier for the period 1984-2017, based on

digital elevation model (DEM) differencing. We also explore
:::::::::
investigate the processes governing the mass balance of South40

Col Glacier from satellite images and models in order to compare our findings with those of Potocki et al. (2022).

2 South Col Glacier elevation change

We used aerial photographs and tri-stereo Pleiades data to generate DEMs and investigate surface elevation changes. The Pléi-

ades DEM was generated from imagery acquired
::
on

:::
the 23 March 2017 using the Ames Stereo Pipeline software (Shean et al., 2016)

::::::::::::::::::::::::::::::::
(Berthier et al., 2014; Beyer et al., 2018). The 1984 DEM was generated from a subset of images acquired by Bradford Wash-45

burn over the wider Everest region on 20 December 1984 using a Wild RC-10 camera (Washburn, 1989) on behalf of the

National Geographic Survey. We focus on three images in which the South Col Glacier is located centrally within the frame to

avoid peripheral image distortion, and we processed images from a single flight line in the survey to avoid problems associated

with DEM merging. The images were produced by scanning of the original diapositives at 1693 dpi which results in a ground
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resolution
::::
pixel

:::::::
spacing of 0.5 m. The 1984 DEM was generated using PCI Geomatica with the aid of 10 ground control points50

::::::
(GCPs) extracted from the 2017 Pléiades orthoimage and DEM. Both the Pléiades and aerial photograph DEMs were generated

at
:::
We

::::
used

:::::
these

:::::
GCPs,

::
in
:::::::::::
combination

::::
with

:::
90

::
tie

::::::
points,

::::::
which

:::::
relate

::::::
ground

:::::::
features

::::::
visible

::
in

::::::::::
overlapping

::::::
images

::
to

::::
one

::::::
another,

:::
to

:::::::
perform

:
a
::::::
bundle

::::::::::
adjustment

::
–

:::
the

::::::::::
optimisation

:::
of

::::::
camera

:::::::
position

::::
and

::::::::::
orientation.

:::
The

::::
root

:::::
mean

::::::
square

:::::
error

:::::::
(RMSE)

:::::::::
associated

::::
with

:::::
these

::
10

::::::
GCPs

:::
was

:::::
0.76,

::::
0.94

::::
and

::::
1.92

::
m

::
in

:::
X,

::
Y

:::
and

::
Z
:::::::::
directions,

:::::::::
following

::::::
bundle

::::::::::
adjustment,

:::::::::
suggesting

::
the

:::::::
precise

:::::::::
rectification

:::
of

::
the

:::::
1984

:::::::
imagery

::
in

::::::
relation

::
to

:::
the

::::::::
reference

:::::::
Pléiades

:::::
scene.

::::::
Stereo

:::::::::::
triangulation

:::::::
between55

::
the

::::::::
rectified

::::::::::
overlapping

::::::
images

::::
was

:::::::::
performed

:::::
using

:::
the

::::::::::
semiglobal

::::::::
matching

:::::::
method

::::::::::::::::::
(Hirschmuller, 2008)

:::::::
resulting

::
in

::
a

::::
DEM

:::::
with

:
2 m ground resolution

::::::
posting

::
to

::::::
match

::
the

:::::::::
resolution

::
of

:::
the

:::::::
Pléiades

:::::
DEM.

::
To

::::::
ensure

:::
the

:::::::
precise

::::::::::::
coregistration

::
of

::::
both

::::::
DEMs

:::::
prior

::
to

:::::::::::
differencing,

:::
we

::::::::
removed

:::::
shifts

::::
(all

:::::
below

::
2
:::
m)

:::::::::
following

::::::::::::::::::
Nuth and Kääb (2011).

:
We modified the GAMDAM glacier inventory

:::::::::::::::::
(GG18; Sakai, 2019)

::::
over

:::
the

:::::::::::
surroundings

::
of

:::
the

:::::
South

:::
Col

:::::
using

:::
the

:::::::
Pleiades

::::::::::
orthoimage (GGI18) (Sakai, 2019) over the South Col surroundings using the Pléiades high resolution60

(0.5 m) orthoimage. The revised inventory allowed for coregistration of DEMs
:
to

::::::::
delineate

::::::
glacier

::::::::::
boundaries,

::::::::
allowing

:::
for

::::
DEM

:::::::::::::
co-registration over stable, off-glacier areas, following the methods of Nuth and Kääb (2011)

::::::
surfaces. We also define

::::::
defined

:
the outlines of South Col Glacier, which is not identified as a single glacier in the original GGI18

:::::
GG18 inventory

(Fig. 1). Following DEM differencing, surface elevation change data (dH) were filtered to remove outliers, with values outside

the range of five times the standard deviation of dH estimates within 50 m elevation bands removed below 6800 m a.s.l. Above65

6800 m, or from the base of the much steeper Lhotse face, we applied a threshold of three times the standard deviation of dH

estimates, as the range of elevation change values were higher here
:::
here

::::::
include

::::
high

:::::::::
magnitude

::::::::
elevation

:::::::
changes

:::
(±

::
∼

::
35

:::
m)

::::::::
associated

::::
with

::::::::
crevasse

::::
field

::::::::
evolution

:::::::
captured

:::
by

::::
both

::::::
DEMs.

:::
To

::
fill

:::::
small

::::
data

:::::
voids

:::
we

::::::::
computed

::
a
::::::::
smoothed

:::::::
version

::
of

::
the

:::
dH

::::
grid

::::::
where

:::
the

::::
value

:::
of

::::
each

:::
cell

::::
was

::::::
derived

::
as

:::
the

:::::
mean

::
of

::
a
:::
5x5

::::
cell

:::::::
window,

:::::::
centered

:::
on

:::
the

::::::::
respective

:::::
pixel.

:::::
Data

::::
voids

::
in
:::
the

:::::::
original

:::
dH

::::
grid

::::::
smaller

::::
than

::::
this

:::::::
window

:::
size

:::::
were

::::
then

:::::
filled

::::
with

:::
the

::::::
‘mean’

:::::
values. Any resulting minor data70

voids were filled using mean values from surrounding pixels within the dH grid.

Uncertainty
:::
The

:::::::::
uncertainty

:
associated with the average

::::
mean

:
elevation change over glacier surfaces (σ∆z,g) was established

following the methods of Rolstad et al. (2009) and Fischer et al. (2015), whereby:
::::
South

::::
Col

::::::
Glacier

:::::::::
(σdH,SCG)

::::
was

::::::::
estimated

::::::::
following

::::::::::::::::::
Hugonnet et al. (2022)

:
.
::::
This

::::::
robust

::::::::
approach

::::::
applies

::::
error

:::::::::::
propagation

:::
for

::::::::
correlated

::::::::
variables

::::::::::
considering,

:::
in

:::
the

:::::::
structure

::
of

:::::
error,

:::
the

::::::
spatial

:::::::::
correlation

::
of

:::::
errors

::
at

:::::::
multiple

::::::
ranges

::::::::
modelled

:::
by

:
a
:::::::::
variogram

:::::
γzdH ,

:::
and

:::
the

:::::::::::::::
heteroscedasticity75

::::
(i.e.,

::::::::
variability

:::
in

:::::
error)

::::::::
modelled

:::
by

:
a
:::::::

variable
::::::::

variance
::::::::
σ2
dH(α,c)

::::
that

::
is
::
a
:::::::
function

::
of

::::
the

:::::
terrain

:::::
slope

::
α
::::

and
:::::::::
maximum

:::::::
absolute

::::::::
curvature

::
c:

σ∆z,g
2
dH,SCG
::::::

= σ2
dH(α,c)|A

1

N2

N∑
i=1

N∑
j=1

:::::::::::

(
1− γzdH (di,j)
:::::::::::

)
, (1)

where σ∆h (m) is the standard deviation of dH over stable , off-glacier terrain , Acor = πL2, with L being the distance over

which dH data are spatially correlated (Rolstad et al., 2009), here measured to be 1193 m, and Ag is the area of the glacier.80
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:::::
where

::::::::::
σ2
dH(α,c)|A::

is
:::
the

:::::::
average

::
of

:::
the

::::::::
variance

::
of

::::::::
elevation

:::::::::
differences

:::::::::
σ2
dH(α,c)

::
in

:::
the

::::::
glacier

::::
area

::
A,

:::::::::
composed

::
of

:::
N

:::::
pixels.

:::::::::
σ2
dH(α,c)

::
is

:::::::
inferred

:::
by

:::
the

::::::
square

::
of

:::
the

::::::::::::
half-difference

::::::::
between

:::
the

:::::
0.025

::::
and

:::::
0.975

::::::::
quantiles

::
(a

:::::
robust

::::::
proxy

:::
for

::
the

::::
2-σ

:::::::::
uncertainty

::::::
range)

::
in

::::::
binned

::::::::
categories

:::
of

:::::::
elevation

::::::::::
differences

::
on

:::::
stable

:::::::
terrain.

::::
γzdH ::

is
:::
the

::::::::
variogram

:::
of

::
the

::::::::
standard

::::
score

::::
zdH:::

on
:::::
stable

:::::
terrain

:::::
(i.e.,

:::::::
elevation

::::::::::
differences

::::::::::
standardized

:::
by

:::::::::
σdH(α,c)),

:::::::::
estimated

::
by

::
a

::::::
median

::::::::
empirical

:::::::::
variogram

:::
and

::::::::
modelled

::
by

::
a

:::
sum

:::
of

:::
two

::::::::
spherical

:::::::
models.

:::
The

:::::::::
variogram

::
of

:::
the

:::::::
standard

:::::
score

::::
takes

::::::
values

:::::::
between

::
0

:::::
(fully

:::::::::
correlated)85

:::
and

:
1
::::::::::::
(uncorrelated)

:::::::::
depending

:::
on

:::
the

:::::
spatial

:::
lag

::::
di,j :::

(i.e.
:::::::
distance

::::::::
between

::::
pixel

:
i
::::
and

::
j).

:::
We

::::::
found

:::
that

::::
89%

:::
of

::
the

::::::::
variance

:
is
:::::::::
correlated

::::
until

::
a
:::
first

::::::
range

::
of

::
87

:::
m,

:::::
while

:::
the

:::::::::
remaining

::::
11%

:::
are

:::::::::
correlated

::::
until

::
a

::::::
second

:::::
range

::
of

:::
6.5

::::
km,

::::
after

::::::
which

:::::
errors

:::
are

::::
fully

:::::::::::
decorrelated.

Within a 50 m diameter circle centered on the drilling location, the elevation change is 1.7± 2.2 m for the period 1984-2017,

corresponding
::::::
Several

:::::::
patterns

::
of

:::
dH

:::
are

::::::
evident

::::
over

:::
the

:::::::
Western

:::::
Cwm

::::
and

:::::
South

:::
Col

:::::::
Glacier

:::::::::::
surroundings,

::::::
which

:::::
relate

::
to90

::::
both

::
ice

::::
flow

::::
and

::::::
surface

:::::
mass

::::::
balance

::::::::
processes

:::::
(Fig.

::::
A1).

::::::::
Thinning

:::
and

::::::::
recession

::
of

:::
the

:::::
steep

:::::::
hanging

:::::::
glaciers

::
on

:::
the

:::::
north

:::
face

:::
of

:::
the

:::::::
Western

:::::
Cwm

::
is
:::::::
evident

:::::
north

::
of

::::::
Camp

::
II

::
at

::
an

::::::::
elevation

:::
of

:::::
6500

::
m
:::::

a.s.l.
::::
(Fig.

::::
A1

:::::
panels

:::::
d-f).

:::::
Slight

:::
(∼

:::
10

::
m

::
or

::::
less)

:::::::
thinning

::
is
:::::::

evident
::::
over

:::
the

::::::::
Khumbu

::::::
Glacier

:::
up

:
to an elevation change rate of 0.05 ± 0.07 m a−1, meaning that

the thickness change is statistically not different from zero
:
of

:::::
7000

::
m

::::
a.s.l.

::::::
Above

::::
this

::::::
height,

:::::::::
substantial

::::::::
elevation

::::::
change

::
is

::::::
limited

::
to

:::::
areas

:::::
where

:::
ice

::::
flow

:::
has

::::::
driven

:::::::
crevasse

::::
field

::::::::
evolution

::::::::
between

:::
the

:::
two

:::::
DEM

::::::
dates,

::::::::
primarily

::
on

:::
the

::::::
Lhotse

::::
and95

:::::::::
Kangshung

:::::
faces,

::
to
:::
the

:::::::::
southwest

:::
and

::::
east

::
of

::::::
South

:::
Col

:::::::
Glacier,

::::::::::
respectively

:
(Fig. 1

:::
A1

::::::
panels

:::
a-c). Over the whole glacier

area
:::::
South

::::
Col

::::::
Glacier

::::::::::
specifically, we find a mean elevation change of 0.01 ± 0.07 m a−1 for the period 1984-2017. The

distribution of dH on South Col Glacier is rather homogeneous and not different from the distribution of dH over ice-free areas

or over glacierized areas located within the same elevation range (Fig. A2).
:::
The

:::::::::
distribution

:::
of

:::::::
elevation

::::::
change

::::::
values

::::::
off-ice

:::::::
centered

::::::
around

::::
zero

:::::
(mean

:::
of

::::
0.07

::
m,

:::::::
standard

::::::::
deviation

:::
of

::::
3.72

::
m)

:::::
gives

::
us

::::::::::
confidence

::
in

:::
the

::::::::
successful

:::::::::
processing

:::
of

::::
both100

:::::
DEMs

::
in

:::
the

:::::
study

::::
area.

::::::
Within

::
a
::
50

::
m
::::::::
diameter

:::::
circle,

::::::::
centered

::
on

:::
the

:::::::
drilling

::::::
location

:::
of

:::::::::::::::::
Potocki et al. (2022),

:::
the

::::::::
elevation

::::::
change

:
is
:::
1.7

::
±
:::
5.1

::
m
:::
for

:::
the

::::::
period

:::::::::
1984-2017,

::::::::::::
corresponding

::
to

:::
an

:::::::
elevation

::::::
change

::::
rate

::
of

::::
0.05

::
±

::::
0.15

::
m

::::
a−1.

:::::::::::
Glacier-wide

:::
and

::::
local

:::
(at

::::
drill

::::
site)

::::::::
thickness

::::::
change

:::
are

:::
thus

::::::::::
statistically

:::
not

:::::::
different

:::::
from

::::
zero

::::
(Fig.

:::
1).

::::
This

:::::::::
observation

::::
can

::
be

::::::::
extended

::::
back

::
in

:::
the

::::
past,

::
at

::::
least

::
in
::

a
:::::::::
qualitative

::::
way,

::
as

:::
the

::::::::::
comparison

::
of

:::::::::::
photographs

::::
from

:::
the

:::::
Swiss

:::::::::
expedition

:::
to

::::::
Everest

::
in

:::::
1956

::::
with

::::::::::
photographs

:::::
from

::::
2008

::::
and

:::::
2022

:::::
shows

::::
that

:::::
there

:::
are

::
no

:::::
large

:::::::
changes

::::::
visible

:::
of

:::
the

::::::::
thickness

::
of

::::::
South

:::
Col

:::::::
Glacier105

::::::::::::::::::::::::
(Machguth and Mattea, 2022).

:

3 Surface mass balance processes

We investigate the mass balance processes to further understand the different
:::::::::
contending

:
conclusions between the findings

of Potocki et al. (2022) and the non-elevation change result found here
::
our

:::::::::::
observations

:::
of

::
no

::::::::
elevation

:::::::
change

::
of

::::::
South

:::
Col

::::::
Glacier

:::::
over

:::
the

:::
last

:::::
three

:::::::
decades. Little is known about the surface mass balance processes at such high altitude, and110

consequently, we mobilize multiple methods
:::::
utilize

:::::::
multiple

::::::::
methods

:::
and

::::
data

:
to investigate them. We first analyze high

temporal resolution satellite images to document the seasonal evolution of the glacier surface state. We then model the potential
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magnitude of wind erosion, as it could be a very important process (Litt et al., 2019). Finally, we run different
:
a surface energy

balance models to discuss the importance of
:::::
model

::::
with

:::::::
different

::::::::::::
configurations

::
to

:::::::::
investigate

:::
the

::::::::::
significance

::
of

::::::
surface

:
melt.

3.1 Seasonal surface state changes from satellite images115

Due to its small size, bright environment
:::::
highly

::::::::
reflective

::::::
surface

:
and persistent cloud coverage during monsoon season, the

South Col Glacier is challenging to observe with standard optical satellite imagery.
:::
The VENµS satellite acquired multispectral

images every 2 to 30 days from November 2017 to October 2020 that are suitable to qualitatively document the surface state

changes of South Col Glacier (e.g., Bessin et al., 2022). The VENµS mission is jointly developed and managed by the French

Space Agency (CNES) and the Israeli Space Agency (ISA). VENµS images consist of 12 narrow spectral bands from blue120

visible (0.424 µm) to near-infrared (0.910 µm), with a 5 m ground resolution, acquired at 11:00 local time (Dick et al., 2022).

We use 267 VENµS surface reflectance (SRE) multispectral images that we crop to the South Col Glacier surroundings. We

horizontally shifted
:::::::
Fourteen

:
14 images with poor co-registration

::::
were

::::::::::
horizontally

::::::
shifted, by manually selecting four ground

control points
:::::
GCPs. All other images are well co-registered and orthorectified in the original SRE product. We produce natural

color composites using the band combination 7-4-3, corresponding to red, green and blue bands, respectively. We use the
:::
The125

equalize_adapthist function from Python scikit-image package
::::
was

::::
used to obtain a rendering that highlights the blue ice areas

(Fig. 2). We rely on visual inspection of the images only, and did not attempt to automatically classify the snow covered areas.

The South Col Glacier exhibits strong seasonal contrasts in terms of snow cover. Here we show only one image per month

for the year 2019 (Fig. 2), but the whole image series is available (Brun, 2022). From January to June, the glacier surface is

partially covered by snowand
:
,
:::::
while ice is exposed in multiple places. The exposed ice area increases, at least until May, and130

even sometimes June. After mid June, the number of usable images is limited due to monsoon cloud coverage
:::::
cover, and the

only image available in July shows that the glacier is covered by a thin layer of snow, as the ice is visible below
:::::::::
underneath.

The glacier is then covered by an apparently thicker layer of snow in August, September and October. The ice is not visible,

except at the serac falls above
::
on

:::
the

:::::
lower

::::
cliff

::
of

:::::
South

:::
Col

:::::::
Glacier,

:::::
above

:::
the

:
Western Cwm (upper part of Khumbu Glacier,

on the west side of South Col Glacier) in October. The ice re-appears in November, and its
::::::
exposed

:
area increases through the135

course of December (Fig. 2).

The series of VENµS images shows an excellent qualitative agreement with the albedo series measured by
:
at

:
the South Col

AWS in 2019 (Matthews et al., 2020). The South Col AWS (purple star on Fig. 2) was installed on a rock outcrop, which

became covered by snow in early July 2019 (Matthews et al., 2020).
::::
2019.

:
Then the albedo of the surface below the AWS

remained high until mid October 2019, when the rock outcrop was re-exposed (Matthews et al., 2020).140

With VENµS, we observe only three monsoon years (2018, 2019 and 2020), but our findings are similar for the three years.

The qualitative interpretation of the VENµS image series hints at a dominant role of wind erosion in the surface mass balance.

Large
::::
They

:::::
show

:::
that

::::
late

::::::::
monsoon

:::::::::::
accumulation

::
is

:::::::
removed

::::::
during

:::::::::
subsequent

:::::::
periods

::
as

::::
large

:
blue ice areas,

:::::::
starting

::
at

:::
the

:::
east

::::
part

::
of

:::
the

::::::
glacier,

:
become exposed within a few days in October-November when the available energy is limited for melt

(Potocki et al., 2022)
:::
and

:::::
when

::
the

:::::
wind

:::::
speed

::
is

::::
high.145
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3.2 The quantitative importance
::::::::
potential of wind erosion

In order to test the quantitative importance of wind erosion, we implement a simple model inspired from Amory et al. (2021).

For the sake of clarity, the difference between precipitationand erosion is named deposition(and not accumulation).

::::::::
Hereafter

::
we

::::::
define

:::::::::::
accumulation

::
as

:::
the

:::::
snow

::::
that

:
is
:::::::::
deposited

::
to

:::
the

::::::
glacier

::::::
surface

::::
(i.e.

:
a
:::::::
fraction

::
of

:::::::::::
precipitation)

::::::
minus

::
the

:::::::
erosion

:::
(i.e.

:::
the

:::::
snow

:::
that

::
is

:::::::::::
mechanically

:::::::
removed

:::
by

::::
wind

::::
from

:::
the

::::::
glacier

::::::
surface

::::
after

:::
the

::::::::::
deposition).

::::::::::::
Accumulation

:::
can150

:::
thus

:::
be

:::::::
negative

:::::
when

::::::
erosion

:::::::
exceeds

::::::::::
deposition. The parameterization of wind erosion is based on a set of semi-empirical

formulations, originally implemented in the polar-oriented regional climate model MAR (Gallée et al., 2001; Amory et al.,

2021). MAR has been used to study the cryosphere under various climates, and the erosion/deposition processes have been

largely validated in Antarctica where these processes are critical (e.g., Agosta et al., 2019). The cold and windy environment of

Antarctic glaciers is also the most similar to high elevation sites such as South Col Glacier. Here we develop a simplified analyt-155

ical approach expressed in a 1D vertical framework, assuming
:
in
::::::
which

:::
the

::::::
erosion

:::::
model

::
is
::::
only

::::::
forced

::
by

:::
the

:::::::::::::
meteorological

:::::::
variables

::::
with

:::
no

::::::
further

:::::::::
interactions

:::::::
between

:::
the

::::::
surface

::::
and

:::
the

::::::::::
atmosphere.

:::
We

::::::
assume

:
that snow re-mobilized from the sur-

face by wind is entirely exported by horizontal transport off the glacier boundaries, which is justified by the local topography,

with steep slopes around the glacier , especially toward the east (westerly predominant winds). Due to its one-dimensional,

offline nature, our analytical erosion model does not account for horizontal advection of airborne snow from upstream areas
:
,160

and interactions of airborne snow particles with the atmosphere are neglected. Following Amory et al. (2021), fresh snow is

assumed to be deposited with a density ρ of 300 kg m−3, the erosion rate is parameterized as a function of surface snow

density only
:::
and

::::
wind

:::::
speed, and erosion is not allowed to occur when ρ ≥ 450 kg m−3 or when the air temperature exceeds

the freezing point. In this approach the snowpack is described with a 3-layer model, representing a range of ρ values from

fresh snow (top layer; ρ = 300 kg m−3), erodible aging snow (intermediate layer; 300 kg m−3 < ρ < 450 kg m−3) and non-165

erodible firn (bottom layer; ρ ≥ 450 kg m−3). This discretization limits the eroded snow mass to the available erodible mass

budget and allows accumulation in the firn
::::::
ensures

::::
that

:::
the

:::::
upper

::::
limit

:::
for

:::
the

::::::
erosion

::::
rate

:
is
:::
set

::
to

:::
the

:::::
mass

::::::
content

::
of

:::
the

::::
two

::::
first,

:::::::
erodible

::::::
layers,

:::
and

::::::
allows

:::::
dense

:::::
snow

::
to
:::

be
:::::::::::
permanently

:::::
added

::
to

:::
the

:::::::::
snowpack. Snow densification of the top layer

is parameterized following a linear densification rate as implemented in MAR, and is considered to occur under the action

of erosion only. Note that our model does not resolve the surface energy balance and other mass balance processes (sublima-170

tion and melt), and inherently ignores the related snow metamorphism. The snowpack is initialized as a single non-erodible

firn layer. The model is described in more details in Appendix A. The meteorological inputs (precipitation, wind speed, air

temperature and surface pressure) required to drive the parametrization of wind erosion are directly taken from Potocki et al.

(2022), and cover the period 1950-2019 as they originate from ERA5 downscaled data (Hersbach et al., 2020). We use their

uncorrected precipitation rates
::::::::
However,

::::::
instead

::
of

:::::
using

:::::::::
artificially

:::::::
reduced

:::::::::::
precipitation (averaging at 191

::::
66.9 mm a−1) ,175

as the tuned estimates
::
to

::::::::
implicitly

:::::::
account

:::
for

::::
wind

::::::
erosion

::::
that

::
is

:::::::
missing

::
in

:::::::::::::::::
Potocki et al. (2022),

:::
we

::::::::
prescribe

::::::::::
uncorrected

::::::::::
precipitation

::::
rates

:
(averaging at 66.9

:::
191

:
mm a−1) aimed at correcting for missing wind erosionin Potocki et al. (2022)

::
as

:::
we

:::::
intend

:::
to

::::::::
explicitly

::::::
model

::::
wind

::::::
erosion.
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The dominant meteorological conditions at South Col Glacier were previously described (Matthews et al., 2020; Potocki

et al., 2022). We focus on wind and precipitation
::::::::::
precipitation

:::
and

::::
wind, which both have a strong seasonal cycle (Fig. 3a). Most180

of the precipitation falls during the monsoon (
:::::
June,

::::
July,

::::::
August

:::
and

::::::::::
September; JJAS). In general,

:::::
winter

::::::::::
(December,

:::::::
January,

::::::::
February;

:::::
DJF), the winds are extremely strong, with mean daily values approaching 20 m s−1 in winter when the westerlies

hit the topography (Maussion et al., 2014). During monsoon, the winds progressively decrease, from a daily mean of around 10

m s−1 in early June, to 2.5 m s−1 in the core of the monsoon season (July and August). After mid September
::::::::::::
mid-September,

the wind speed increases very sharply, marking the end of monsoon (Khadka et al., 2021). As a consequence, the precipitation185

falling before June is not deposited, and the deposition
:::::::::::
accumulation

:
efficiency (ratio of daily deposition

:::::::::::
accumulation over

precipitation, defined only when precipitation is non-zero) is close to zero (Fig. 3b). During the course of the monsoon, the

deposition efficiency gradually increases, and a large proportion of falling snow
:::::::
deposited

:::::::::::
precipitation is not eroded,

::::
and

:::
the

:::::::::::
accumulation

::::::::
efficiency

::::::::
gradually

::::::::
increases. The cumulative deposition

:::::::::::
accumulation

:
reaches a maximum in mid September

::::::::::::
mid-September

:
and ultimately decreases in October, when winds strengthen again, meaning that erosion becomes larger than190

precipitation, thus leading to a negative deposition
:::::::::::
accumulation

:
efficiency (Fig. 3b). At that time of

::
the

:
year, in our model, the

snow reaches the density of 450 kg m−3, which does not allow any additional erosion.

Over the period 1950-2020
:::::::::
1950-2019, the annual

:::::::::
uncorrected

:
precipitation ranges from 147 to 259 mm w.e.(mean value

191 mm w.e.), and only 0 to 51 % (mean value 25 %) of the precipitation is deposited, ranging from 0 to 97 mm w.e. (mean

value 48 mm w.e.), the rest being eroded by wind. The interannual variability of the deposition
:::::::::::
accumulation

:
efficiency is high,195

and the model results are very sensitive to the wind
:::::
speed

:
(Figs. 3c and d). With a wind speed increased by 30 to 40 %, the

annual deposition
:::::::::::
accumulation is almost reduced to zero (Fig. 3d). Conversely, if the wind speed is 40 % lower, the mean

annual deposition
:::::::::::
accumulation is about 120 mm w.e., which is 63 % of the mean annual precipitation. The results are also

very sensitive to the total amount of precipitation, with an increase of 40 % in precipitation corresponding to an increase in the

deposition
:::::::::::
accumulation of 80 % (Fig. 3d).200

The model of wind erosion is a simple model that
::::
wind

:::::::
erosion

::::::
model

::
is

::::::
simple

:::
and

:
has large limitations. It takes into

account only wind erosion and time-dependent densification of snow, which acts as a negative feedback on
:::::::
regulates erosion.

Despite these limitations, the results are in good qualitative agreement with the VENµS images. For instance, the pre-monsoon

and early monsoon (MAM) snowfalls disappear
:::::
snow

::
on

:::::
South

::::
Col

::::::
Glacier

:::::::::
disappears

:
systematically both in the model and

images. Then, the images show that the glacier is covered by snow during the core of the monsoon (August), which is when205

the model finds the highest deposition
:::::::::::
accumulation efficiency (Fig. 3b). This pattern is conserved when testing the model

sensitivity to the wind and precipitation input (Fig. A6). However, the images show erosion, or sublimation, during winter

(Fig. A3). This is not predicted
:::::::::
reproduced

:
in the model, because the snow reaches a density

:::::
snow

::::::
density

::::::
reaches

:::
the

:::::::
erosion

::::
limit of 450 kg m−3 that is the maximum imposed in the model, preventing further erosion. It is noteworthy that sublimation

accounts for 100-400 mm w.e. a−1 (Potocki et al., 2022), which is larger than the mean annual deposition simulated within the210

range of precipitation and wind values tested here. .
:

From the analyses of the satellite images and the modeling of wind erosion, we conclude that large parts of the fallen snow

are likely eroded or re-mobilized after deposition. Our findings have two main implications. First, we suggest that the South Col
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Glacier is entirely covered by snow during large parts of the monsoon season (at least during the whole months of August and

September,
::
in

::::::
which

::::
more

::::
than

:::
40

::
%

::
of

:::
the

::::::
annual

::::
melt

::::::
occurs

::
in

::::::::::::::::
Potocki et al. (2022)), strongly limiting the potential for ice215

::::::
amount

::
of

::::::::
incoming

:::::
short

::::
wave

::::::::
radiation,

::::
and

::
in

::::
turn,

:::::::
limiting

::::::
surface

:
melt. Second, the fact that the deposition

:::::::::::
accumulation

efficiency is not constant in time, together with the high magnitude of snow erosion, imply that
::
low

:::
to

:::::::
negative

:::::
values

:::
of

:::
the

:::::::::::
accumulation

::::::::
efficiency

::
at

:::
the

:::
end

::
of

:::
the

::::::::
monsoon,

:::::::
suggest

:::
that

:::
(1)

:::
the

:::::::
temporal

:::::::::
variability

::
of

:::::::::::
accumulation

::::::
cannot

:::
be

:::::::
properly

:::::::
resolved

::
by

::::::::
reducing

::::::::::
precipitation

:::
by

:
a
::::::::
constant

:::::
factor

::::
over

::::
time,

::::
and

:::
that

:::
(2)

:
wind erosion is a major ablation process, that is

not constant in time
::::
snow

:::::::
ablation

::::::
process

::
in
::::
this

::::
area. As a consequence, using "net precipitation" (defined as precipitation af-220

ter removal of snow by wind erosion in Potocki et al. (2022)) artificially balances the surface mass losses of a snow surface for

an arbitrary period. Indeed, the snow that falls during monsoon would have a longer residence time compared to snow which

fell outside the monsoon, and would thus integrate the surface energy balance over a much longer period. As a consequence,

the ,
::::
and

::::
thus

:::
the net precipitation rates estimated in Potocki et al. (2022) are likely affected by very large uncertainties.

225

From the wind erosion model, we demonstrate that wind erosion is an important surface mass balance component. However,

our model is intrinsically limited because it does not consider the other mass balance processes, such as melt and sublimation.

Despite the availability of VENµS images, we cannot determine precisely the temporal share of ice exposed or snow covered

conditions for South Col Glacier. We therefore investigate the ablation processes by modeling the glacier mass balance over

icy surfaces to consider a worst-case scenario that maximizes ablation (relative to a snow covered scenario).230

3.3 The challenge of modeling the surface mass balance

Modeling the changes of ice or snow masses in response to atmospheric forcing is a complex task which involves resolving heat

transport and conservation, with concurrent phase changes (e.g., Tubini et al., 2021).
::::::::::::::::::
(e.g., Anderson, 1976).

::::::
There

:::
are

:::::
many

::::::
existing

::::::
models

::
in
:::
the

::::::::
literature

:::::
which

:::::
tackle

:::
the

:::::::
problem

::
of

::::::::
coupling

:::::::
incoming

::::::
energy

:::::
fluxes

::::
with

:::::::::
subsurface

:::::::::
processes.

::::::
Recent

::::::
studies

::::
show

:::
the

:::::::::
importance

::
of

::::
this

:::::::
coupling

::
to

:::::::::
accurately

:::::
model

::::
melt

::
in

:::
the

:::
firn

::::
zone

::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g., Covi et al., 2022; Mattea et al., 2021; MacDonell et al., 2013)235

:
. To model the surface mass balance of the South Col Glacier, Potocki et al. (2022) relied on the COSIPY model (Sauter et al.,

2020). They notably found that
:
,
:
in the case of a yearly snow free

::
an

:::::::
all-year

:::::
snow

:::
free

::::::
glacier

:
surface, the COSIPY model

predicts a substantial 1508 mm w.e. a−1 of melt on average for the simulation period 1950-2020
:::::::::
1950-2019. The goal of this

section is to assess the robustness of this large modeled annual melt. For this purpose, we performed similar mass balance

simulations of an ice surface, with different models.
:::::
model

::::::::::::
configurations.

::::
The

:::::::
purpose

::
of

:::
the

::::::::
numerical

::::::::::
simulations

::::
that

:::
we240

::::::
perform

:::
in

:::
this

::::::
section

::
is
::::

not
::
to

:::::::
produce

:::::::
realistic

::::::::
estimates

::
of

:::
the

:::::::
surface

::::
mass

:::::::
balance

:::::::::
prevailing

::
at

:::::
South

::::
Col

:::::::
Glacier,

:::
but

::
to

::::
show

::::
that

:::::::
various

:::::::::
acceptable

::::::
choices

:::
in

:::
the

::::::::
numerical

:::::::::
treatment

::
of

:::
the

:::::::
surface

::::::
energy

::::::
balance

:::
in

:::::::
COSIPY

::::::::
produce

::::
very

:::::::
different

::::::
results

::
in

:::::
terms

::
of

::::
melt.

We compared three different models
:::::::
compare

::::
two

:::::::
different

::::::
model

::::::::::::
configurations forced with the same meteorological in-245

puts, taken from Potocki et al. (2022), to simulate the ice ablation for the year 2019 (arbitrarily chosen). First, we
::::
Note

::::
that

:::::::::
simulations

:::
are

:::::::::
performed

::::
over

::::
only

::::
one

::::
year

::
as

:::
the

::::
aim

::
is

::
to

:::::::::
investigate

:::
the

:::::::::::
fundamental

:::::::
potential

:::
of

::::
large

::::
melt

::::::
rather

::::
than
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:::::
mimic

:::
the

:::::
entire

::::
long

::::
term

::::
melt

:::::::::
evolution.

:::
For

::::
that,

:::
we

:::
first

:
use the standard version of COSIPY run with an hourly time-step,

as in Potocki et al. (2022). This simulation is named hereafter COSIPY_P22. We then used a slightly modified version of

COSIPY with (i) a one minute time-step and (ii) a modified computation of the heat conduction flux between the surface and250

the ice below, that is
:::::::
abusively

:
referred to as the ground heat flux in COSIPY (Sauter et al., 2020) and in Potocki et al. (2022).

Indeed, in the default COSIPY settings used in Potocki et al. (2022),
:
the heat conduction flux is computed by considering the

temperature gradient on the first 10 cm of the ice column. With this implementation the temperature gradients remained rather

small, and we thus modified
:::::::
However,

:::::::::
physically

:::
this

::::
heat

:::::::::
conduction

::::
flux

::
is

:::::
driven

:::
by

:::
the

::::::::::
temperature

:::::::
gradient

::::
right

:::::
under

:::
the

::::::
surface

::::::::::::::::
(Sauter et al., 2020)

:
.
:::
We

:::
thus

:::::::
modify the COSIPY source code to compute the temperature gradient as close as possible255

to the surface. Specifically, we use the temperature values at the surface and at the node below (usually at 1 cm depth), in order

to compute the temperature gradient in the vicinity of the surface. This simulation is named hereafter COSIPY_grad. Finally,

we run a simulation using the detailed snowpack model Crocus, with a version adapted to an icy surface. This version was

notably used in the Alps to model glacier mass balance (Vionnet et al., 2012; Réveillet et al., 2018). The model is described in

more detail in Appendix B. This simulation is named hereafter Crocus_ice. In order to maintain an icy surface in Crocus_ice260

and COSIPY_grad, we set the precipitation to zero, thus enhancing the potential for melt. All three simulations are
::::::::::
maintaining

:::::
albedo

::
at

:::
its

::::::::
minimum

:::::
value

:::
and

:::::
likely

:::::::::
enhancing

::::
melt.

::::::::::::
COSIPY_grad

:::::::::
simulation

::
is initialized with the thermal state predicted

by a COSIPY simulation similar to COSIPY_P22, that ran from 2010-01-01 to 2019-01-01.

Among the three simulations, only the COSIPY_P22 predicts a significant amount of melt (1368 mm w.e. for the year 2019),265

while COSIPY_grad only predicts 15 mm w.e. a−1 and Crocus_ice predicts no melt at all (Fig. 4). Note that a small amount of

melt that immediately refreeze could occurs within the same time step (i.e. 15 min) but is not shown by the outputs. This large

difference cannot be accounted for by differences in the radiative or turbulent fluxes, as they are similar for all three
::::
both sim-

ulations (Fig. ??
:::
A4). In particular, the daily sublimation rate is very close for the three simulations (Fig. 4)

::::
both

::::::::::
simulations

with a cumulative sublimation of 453 , 482 and 413
::
and

::::
482

:
mm w.e. simulated by COSIPY_P22 ,

::
and

:
COSIPY_gradand270

Crocus respectively,
:::::::::::
respectively, for the year 2019. Furthermore, in all three

:::
both

:
simulations, the surface reaches the melting

point during daytime in the monsoon period (Fig. 4), but only COSIPY_P22 predicts a large amount of melt. The simulated

surface temperatures are very closefor
:
,
:::::
when

:::::::::
comparing

:::
the

::::::
hourly

::::::::
averages,

::::
with

:
COSIPY_grad and Crocus

::::
being

:::::::
slightly

::::::
warmer

::::
than

::::::::::::
COSIPY_P22 (RMSE = 0.9 K, bias

:::
2.2

::
K,

:::::
mean

::::::::
difference

:
= 0.6 K)while they are almost systematically higher

for
:::
-0.1

:::
K).

::::::::
However,

:::
the

:::::
daily

:::::::
maxima

::
of

:
COSIPY_P22 than for Crocus (RMSE = 3.5 K, bias = 2.7 K

::
are

:::
on

:::::::
average

:::
2.1

::
K275

:::::
higher

::::
than

::::::::::::
COSIPY_grad

:::::
(Fig.

:
4).

As the three models
:::
both

::::::::::
simulations

:
predict surface temperature reaching melting temperature and similar surface fluxes,

the discrepancies between their predicted melt can likely be explained by differences in the representation of energy absorption,

distribution and transportbetween the three models. In COSIPY_P22 and COSIPY_grad
:::::::
transport.

:::
In

::::
both

::::::::
COSIPY

:::::::
versions280

the surface temperature is computed by searching for the temperature that equilibrates the energy fluxes at the surface, assuming

that a given portion (80 %) of the incoming shortwave radiative flux is absorbed right at the surface and does not penetrate
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further. If the equilibrium temperature is above the melting point, the surface temperature is capped at the melting temperature

and the excess energy is used for melting the surface. The computation of this equilibrium temperature requires to compute

the amount of energy transported by conduction from the surface into the ice column, the so-called ground heat flux in Sauter285

et al. (2020) and Potocki et al. (2022), and actually representing the subsurface heat conduction flux. As explained above,

in the standard COSIPY version this subsurface heat conduction flux is estimated using the first 10 cm of the ice column,

and is therefore potentially not representative of the strong temperature gradient that can be present in the direct vicinity (i.e.

the first centimeters) of the surface. This can lead to a poor estimate
::
an

:::::::::::::
underestimation

:
of the subsurface heat conduction

flux, affecting the amount of energy accumulated at the surface and, in this case, favoring melt. This phenomenon is further290

exacerbated by the use of an hourly time-stepand
:
, the decoupling of the energy absorption and of the internal heat diffusion

processes in COSIPY: energy is accumulated during a full hour before it can be removed by internal diffusion, leading to

temperature and melt overshoots. The reduction of the time-step to a minute in COSIPY_P22 reduces the predicted melt by

about 30 % (not shown here). We note that the simulation at one hour time-step and a temperature gradient calculated very

close to the surface is unrealistic as it results in a
::::
leads

::
to

::::::::::::
unrealistically

::::
high

:
mean annual subsurface flux of

:::
heat

::::
flux

::::
(i.e.295

600 W m−2 .In comparison, in COSIPY_grad the computation of the subsurface conduction heat flux is performed as close

as possible
::
to

::::::::
compare

::
to

:::
the

::::::
annual

:::::
mean

::::::::
incoming

:::::::::
shortwave

:::::
below

::::
300

::
W

:::::
m−2

:::
for

:::
the

::::
same

:::::::
period).

::::
The

:::::::::
calculation

:::
of

::
the

:::::::::::
temperature

:::::::
gradient

:::::
close to the surface. This, in combination with a smaller time step, allows the model to efficiently

evacuate energy from the surface, hindering melting. As seen in Fig. A5, the COSIPY_grad simulation predicts much higher

subsurface heat conduction fluxes during the monsoon period, strongly limiting the surface melt.300

Finally, in Crocus the surface temperature is computed by considering a finite thickness for the first layer as opposed to

COSIPY, which is a skin temperature model (e.g., Covi et al., 2022). Consequently Crocus does not require the computation

of the surface temperature that equilibrates the surface energy fluxes, and thus does not need to approximate the subsurface

heat conduction flux. Furthermore, in Crocus the absorption and conduction of energy are performed simultaneously, making

it less likely to locally accumulate enough heat for melting.305

This numerical experiment demonstrates that the structure and configuration
:::::::
physical

:::::::::::::
implementation

:
of a model can

strongly affect the way the energy is spatially allocated and transported, leading to large variations in predicted melt de-

spite solving, in principle, the same physical processes. Notably, the COSIPY_grad and CROCUS_ice simulations highlight

::::::::
simulation

:::::::::
highlights that physically consistent modeling configurations can lead to little or no melt when considering the en-

ergy budget of an ice surface in the conditions of South Col Glacier.
::::::::
However,

:::
we

::::
raise

::::
some

:::::::::
awareness

:::::
about

:::
the

:::::::::::::
parametrization310

::::::
choices

:::::
made

:::
for

:::
the

:::::::::
simulation,

:::::
such

::
as

:::
for

:::::::
instance

:::
the

:::::::
albedo,

:::
that

:::::::
increase

:::
the

::::::
model

::::::::::
uncertainty.

::::::
Indeed,

:::
the

:::::
blue

::
ice

:::
of

:::::
South

:::
Col

:::::::
Glacier

:::::
might

:::::
have

:
a
:::::
larger

::::::
albedo

::::
than

::::
0.4,

:::
as

:
it
::
is
::::::::
observed

:::
for

::::::::
Antarctic

::::
blue

:::
ice

::::
that

:::
has

:::
an

::::::
albedo

::
of

:::
0.5

:::
to

:::
0.6

::::::::::::::::::::::
(e.g., Smedley et al., 2020).

::
A

::::::
higher

:::
ice

:::::
albedo

::::::
would

:::::::::::
dramatically

:::::
reduce

:::
the

::::
melt

::::::
totals,

::
as

::::::::
suggested

:::
by

:::
the

:::::::::
sensitivity

::::
tests

::
of

::::::::::::::::::
Potocki et al. (2022)

::
and

:::::::::::::::::::::::::
Machguth and Mattea (2022).

:
In view of this

::
the

:
large modeling uncertainty,

:::
and

:::::::
without

::::::::::::
measurements, it is therefore not possible to definitely

:::::::::
definitively

:
conclude on the amount of surface melting when ice is ex-315

posed on South Col Glacier (i.e. when snow-free conditions are observed in June and
::::::::
potentially

:
July) solely from a modeling

point of view. However, the very large annual melt totals in COSIPY_P22 appear, at least, very questionable. This is reinforced

10



by the little evidence for large amounts of melt happening at South Col Glacier. For instance, there are no large supraglacial

stream features visible in the aerial photographs or satellite imagery, even though they would be expected to develop when 1.5

m w.e. of iceis melted every year. Similarly, in the photographs of the glacier surroundings, there is no evidence of runoff, such320

as stones being embedded into in re-frozen water , or crevasses being filled by re-frozen ice , all of which are usually observed

when melt occurs on cold glaciers. Yet, these qualitative observations cannot be used as model evaluation.
::::::::::
Additionally,

:::::
even

::::::
though

::::
there

::::::
would

::
be

:::::
some

:::::::
surface

::::
melt

::
on

::::
this

::::::
glacier,

::
it
::
is

:::::
likely

::::
that

:
a
:::::
large

:::::::
amount

::
of

:::
this

:::::::::
meltwater

::::::
would

:::::::
refreeze

::
at

::
the

:::::::
surface

::
in

::::
case

::
of

:::
the

::::::::
presence

::
of

:::::
snow

::
or

::::
firn,

::
or

::::::
would

::::
form

::::::::::::
superimposed

:::
ice.

::::::
While

::::::::
COSIPY

:::::::
accounts

:::
for

:::::::::
refreezing

::
in

:::::
snow,

:
it
::::::::
considers

:::::
water

::::::::::
originating

::::
from

:::
an

:::
ice

::::::
surface

::
as

::::::
runoff,

:::::::
limiting

::
its

:::::::::::
applicability

::
in

::::
such

::
a
::::
cold

:::::::
context. We thus325

highlight here that snow and ice energy balance models are developed and tested in specific conditions, and might not be

applied directly to other conditions, such as the very
:::::::
COSIPY

:::::
does

:::
not

:::::
seem

::
to

:::
be

:::::::
suitable

::
to

::::::
model

::::
mass

:::::::
balance

:::
in

:::
the

specific conditions of South Col glacier,
:::::
Glacier

:
without extensive validation.

4 Implications for the interpretations
:::::::::::
interpretation

:
of the South Col Glacier ice core

In the original interpretation of the South Col Glacier ice core, (Potocki et al., 2022)
:::::::::::::::::
Potocki et al. (2022) dated the top 10–69330

cm of the core and found an age of 1966 ± 179 years. Based on a layer counting estimate of annual accumulation of 27 mm

w.e. a−1, they concluded that ∼55 m of ice was missing and has
::::
were

::::::
missing

::::
and

::::
have

:
been removed. Relying on surface

mass balance modeling with COSIPY, they estimated contemporary thinning
::::
local

::::
mass

:::::::
balance

:
rates approaching 2 m a−1,

and thus dated the initiation of thinning in the 1990s, leading to a cumulative mass loss of ∼55 m by 2019.

:
. The interpretation of Potocki et al. (2022) relies on two assumptions: (i) a continuous and stable accumulation of ∼ 27335

mm w.e. a−1 for a 2000 year period and (ii) the absence of ice flow and ice emergence that would transport old ice from the

accumulation zone to the surface of the ablation zone(e.g. Fig. 1, Jouvet et al., 2020).

Regarding (i), given the small value for accumulation, and the magnitude and variability in wind erosion, it seems difficult

to accept that accumulation is stable and continuous. Moreover, the accumulation is estimated based on 10 m of ice, which340

consequently corresponds
:::::
would

:::::::::::
consequently

::::::::::
correspond to an approximate duration of only 330 years. The assumption that

similar surface mass balance conditions persisted for up to the past 2000 years is therefore based on a large extrapolation. If

the accumulation was not continuous, i.e. if there are some missing years in the core records, then the 1966 ± 179 year old

ice exposed near to the surface would not imply 55 m of missing ice. More precise dating of the deeper sections
::
of

:::
the South

Col Glacier ice core could help resolve the question of continuity of accumulation.
::::
Note

::::
that

:::
our

::::::
present

:::::
study

:::::::
focuses

:::
on345

::
the

::::::
period

:::::::::
1984-2017

:::::::::::::::::::::::::::::::::::::
(or 1956-2022; Machguth and Mattea, 2022)

:::::
where

:::
no

:::::::
thinning

::
is

::::::::
observed,

:::
but

:::
we

::::::
cannot

::::::
exclude

::::
any

::::::::
thickening

::::::
and/or

:::::::
thinning

:::::::
episodes

:::::::
anterior

::
to

:::
this

:::::::
period,

:::::::::
potentially

::::::::
explaining

::::
why

::::::::::::::::::
Potocki et al. (2022)

:::::::
observed

:::
ice

::
as

:::
old

::
as

::::
1966

:::::
years

::
at

:::
the

::::::
surface

::
of

::::
their

:::
ice

:::::
core.
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Regarding (ii), Potocki et al. (2022) neglected ice flow, and thus did not distinguish surface mass balance and elevation/thick-350

ness change. However, South Col Glacier is flowing at an unknown velocity as evidenced by the presence of a bergschrund,

large crevasses and primary stratification visible on the Pléiades ortho image
:::::::::
orthoimage (Fig. ??

::
1c). Given that the ice core

has a density of 0.89
:::
890 kg m−3, and that no firn is mentioned in Potocki et al. (2022), we suggest interpret the core was drilled

in the ablation area of South Col Glacier. Based on the drilling location, the glacier topography and the presence of exposed

ice visible on Pléiades ortho image, we delineate a minimum extent of the ablation area of South Col Glacier (Fig. ??). Our355

observations from DEM difference (Section 2) show that the elevation change of South Col Glacier is close to zero for the

period 1984-2017 implying that ablation is compensated by the ice flux (Φ in m3 a−1) coming from the accumulation area
:::
are

:::::::::
wondering

::::::
whether

:::
the

::::
core

:::::
could

::::
have

:::::
been

:::::
drilled

::
in

:::
an

::::
area

::
of

:::
the

:::::
glacier

::::::
where

:::::::
ablation

:::::::::
conditions

::::::::
frequently

:::::::
prevail.

::
As

::
a

:::::::::::
consequence,

:::
the

:::::::::
divergence

::
of

:::
ice

:::
flux

::::::
would

::
be

:::::::
negative

::::
and

:::
ice

:::::
would

::::::
emerge, leading to (e.g., Cuffey and Paterson, 2010):

360

Φ = LH̄Ū = ḃablAabl

where L is the length of the section (L = 670 m here, Fig. ??), H̄ is
:::
old

:::
ice

:::::
being

:::::::
exposed

::
at

:::
the

:::::::
surface.

::::
One

::::::::
possible

:::::::::::
interpretation,

::
is
::::
that

:::::::::
avalanches

:::::::::
occurring

::
at

:::
the

::::
foot

::
of

::::::::
Everest’s

:::::::::
south-east

::::
face

::::
feed

::
an

::::
area

::
of

:
the mean depth along the

section (we conservatively assume H̄ = 50 m here), Ū is the depth-averaged velocity along the section (in m a−1), ḃabl is the

area averaged surface mass balance in the ablation area (assumed to be 2 m a−1) andAabl is the area of the ablation area (Aabl =365

0.14 km2 here). This back of the envelope calculation leads to a depth-averaged velocity of 8.5 m a−1, which is unrealistically

high (for reference, the drilling site is located only 150 m downstream of the bergschrund and the velocity deformation is

estimated at 0.2 to 0.7 m a −1 for an ice thickness of 50 m and is an order of magnitude smaller for 25 m of ice; see Appendix

C)
:::::
glacier

:::::
with

:::::
dense

::::
snow

::::
that

::
is

::::
more

:::::::
difficult

::
to

::::::
erode,

::::::
leading

::
to

::
a

::::
local

::::::
excess

::
of

:::::
mass,

:::
and

::::
thus

::::::
actual

:::::::::::
accumulation.

::::
For

::
the

::::
rest

::
of

:::
the

::::::
glacier

:::::
area,

::::::
erosion

::::
and

::::::::::
sublimation,

::::
that

:::
are

::::
both

:::::::::
controlled

::
by

::::::
wind,

:::::::
maintain

::
a

::::::::
near-zero

::::::
balance

::::::::
between370

:::::::::::
accumulation

:::
and

:::::::
ablation.

Finding
::::::::::
Furthermore,

::::::
finding

:
ice that is as old as 1966 ± 179 years at the surface suggests that South Col Glacier is flowing

very slowly. Given that the core was drilled less than
:::::::
distance

:::::::
between

:::
the

::::::::::
bergschrung

::::
and

:::
the

::::::
drilling

::::
site

::
is

::::::::::::
approximately

150 m downstream of the bergschrund, the maximum velocity averaged along the flow line is approximately 7 cm
::::
(Fig.

::::
A1),375

::
ice

:::
as

:::
old

::
as

::::
1966

::
±
::::

179
:::::
years

::::::
cannot

::
be

::::::::::
encountered

::
in
:::

the
::::

core
::
if
:::
the

:::::::
average

:::::::
velocity

:::::::
exceeds

::::::::
150/1966

:
=
::::
0.08

:::
m a−1, but

could be much smaller as we
:
.
:::
We

:
do not know where the

:::
this ice formed along this flowline

::
the

::::
flow

:::::
line,

::
so

:::
the

:::::::::
horizontal

::::::
velocity

::
is
:::::
likely

:::::
lower

::::
than

:::
this

:::::::::
maximum

:::::::
estimate

::
of

::::
0.08

::
m

::::
a−1. The South Col Glacier is thus likely a very continental type

of glacier with small ice fluxes. This would be in good agreement with our modeling of wind erosion and surface mass balance,

suggesting arid conditions. A large fraction of precipitation (> 60 %) is not deposited, limiting the incoming precipitation380

deposition
::::::
eroded,

:::::::
limiting

::::::::::::
accumulation. Then sublimation is likely the dominant ablation process, that removes 90 to 450

mm w.e. of snow or ice per year (Potocki et al., 2022)
::::::::::::::::::::::::::::
(this study and Potocki et al., 2022), leading to a very small

:::::
limited

:
mass

turnover (i.e.
:::
low

:
absolute value of surface mass balance), and therefore

:
in
:::::::::
agreement

::::
with

:
small ice fluxes (e.g., Cuffey and

Paterson, 2010).
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One alternative process is that avalanches occurring at the foot of Everest south east face feed the accumulation area of385

the glacier with dense snow that is more difficult to erode, leading to a local excess of mass, and thus actual accumulation.

For the rest of the glacier area, deposition and sublimation, that are both controlled by wind, maintain a thin balance between

accumulation and ablation.

5 Conclusions

In our study, we demonstrate on the basis of remote sensing information that no significant elevation change occurred at South390

Col Glacier between 1984 and 2017. This is in contrast with the postulated strong melt, or thinning, rates
:::::
strong

::::
rates

:::
of

::::
melt

::
(or

::::::::
thinning)

:::::::::
postulated

::
by

:::::::::::::::::
Potocki et al. (2022),

:
of almost 2 m a−1 at the location of the ice core during the recent pastproposed

by Potocki et al. (2022). Our results show that large magnitude of melt is
::::
high

::::
melt

::::
rates

:::
are

:
unlikely to happen on South Col

Glacier for three
:::
two main reasons: i- the glacier is covered by snow during large parts of

::::
most

:::
of

:::
the monsoon season, limit-

ing the net incoming shortwave radiation,
:::
and

:
ii-

::
the

::::::
glacier

::::
did

:::
not

:::
thin

::::
over

:::
the

::::
last

::::
three

:::::::
decades

::::
and

:::
the

:::
ice

::::
core

:::::::
analysis395

:::::::
suggests

:::
low

::::::::
velocities

::::
and

:::
thus

::::
low

::::
mass

::::::::
turnover.

:::::::::
Moreover, when the glacier surface consists of exposed ice, the occurrence

:::::
which

::
is

:::
the

::::
case

:::::
where

:::::::
highest

::::
melt

::
is

:::::::
expected

::::
due

::
to

::::
low

::::::
albedo,

:::
the

:::::::::
magnitude

:
of melt is highly dependent on modeling

choices (i.e. model structure and parameters) for similar meteorological inputs, and the COSIPY model structure might not be

well suited for this particular application, and iii- first order estimates of ice fluxes do not allow for a large amplitude of mass

turnover.400

The surface mass balance processes happening in the extreme meteorological context of South Col Glacier are complex, and

our study does not reach any definitive conclusion about the relative importance of each of these processes. The lack of direct

observations hampers our ability to decipher the dominant glaciological processes, and thus to model the glacier recent and

future evolution in a realistic way. Specifically, stake measurements would be needed to measure the surface mass balance and405

surface velocity in a direct way, ground penetrating radar measurements would help constrain the ice thickness, and a number

of subsurface temperature, snow-depth, snow transport or turbulent fluxes measurements would help constrain the processes.

Without more data constrained
::::::::::
observational

:
knowledge, it appears currently impossible

::::
very

:::::::
difficult to conclude about the

sensitivity of South Col Glacier to climate change, nor to predict its future evolution.

Code and data availability. The dH map is on a public repository together with the arerial photograph DEM (https://doi.org/10.5281/zenodo.410

7529761). The Pléiades DEM is available at https://doi.org/10.5281/zenodo.6979691 (Berthier, 2022). License restrictions apply to the

Pléiades ortho images, that are available upon request to E.B., pending the signature of license agreement with CNES.

The uncertainty analysis code is available at: https://github.com/rhugonnet/uncertainty_analysis_SCG/blob/main/uncert_SCG_from_Hugonnet2022.

ipynb, and based on the Python package xDEM available at: https://github.com/GlacioHack/xdem.

VENµS data are available at: https://doi.org/10.5281/zenodo.6685515 (Brun, 2022)415

The wind erosion code is available at: https://github.com/antonplanchot/wind-snow-scg (Planchot and Amory, 2022)
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Mass balance simulations presented in this study are available at https://doi.org/10.5281/zenodo.7006744.

Appendix A: Parameterizing wind erosion

The contribution of wind erosion of snow to the local glacier mass balance results from three-dimensional interactions of the

atmospheric flow with the surface which thus, in principle, cannot be properly treated with a one-dimensional model. Although420

the erosion process, which describes the removal of snow from the surface by wind, may be expressed in a one-dimensional

vertical framework, the net export of snow by horizontal transport, however, needs resolving in the horizontal dimensions

by definition. Due to the relatively small dimensions of the glacier (0.2 km2) and its complex topographical surroundings,

capturing the erosion process over this full range of spatial scales requires an eddy-resolving, three-dimensional model with a

very fine, meter-scale horizontal resolution and appropriate lateral boundary fluxes. This approach would also require a very425

large amount of computational resources and is thus not suited for climatological time scales. As a much more computationally

efficient alternative, we used a simplified approach to parameterize wind erosion of snow as a one-dimensional vertical model.

Our parameterization is inspired from the erosion scheme of the regional climate model MAR (Gallée et al., 2001; Amory

et al., 2021) and assumes a complete export of eroded snow outside of the glacier boundaries by horizontal wind transport.

This assumption is crude but has some theoretical support. Due to the geometry and the NE-SW orientation of the South Col430

Glacier (Fig. 1), westerlies are the dominant and strongest local winds (Fig. A7) as a result of local topographical channeling.

They may thus mostly be responsible for snow erosion and export off the eastern side of the glacier. An illustration of this

process is the striking expansion of blue ice surfaces revealed by analysis of VENµS images during the last quarter of year

2019 (Fig. 2), when strong wind speeds of high erosive potential occur after the monsoon season. Another way to support this

assumption is to confirm that a snow model equipped with a parameterization of wind erosion can reproduce this feature.435

Wind erosion is usually considered to initiate when the friction velocity, u∗ (m s−1), exceeds a threshold value, u∗t (m s−1),

mostly determined by snow microstructural characteristics at the surface including snow density, grain size and bond number

and strength (Schmidt, 1980). In our model, the friction velocity u∗ is derived from the 2-m local wind speed forcing U, directly

taken from Potocki et al. (2022) and assuming a logarithmic wind profile:

u∗ =
kU

ln(2/z0)
(A1)440

where k is the von Kármán constant (0.4) and z0 the roughness length for momentum set to 10−4 m. Following Amory et al.

(2021), in the absence of observational characterization of local surface snow characteristics, the threshold friction velocity u∗t

is expressed as a function of snow surface density only:

u∗t = u∗t0 exp

(
ρice
ρ0
− ρice

ρs

)
(A2)

with u∗t0 the expression for the standard friction velocity (0.211 m s−1), ρice the density of ice (920 kg m−3), ρ0 the density445

of fresh snow (set to 300 kg m−3) and ρs the density of surface snow (kg m−3).

When u∗ > u∗t, the air temperature is below the freezing point and the surface snow density is below 450 kg m−3 (see

below), the particle ratio in the saltation layer qsalt (kg kg−1 ; mass of saltating snow particles per unit mass of atmosphere) is
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computed as a function of the excess of shear stress responsible for removal of snow particles from the surface:

qsalt =
u2
∗−u2

∗t
ghsalt

esalt (A3)450

where g = 9.81 the gravitational acceleration (m s−2), hsalt = 0.08436u1.27
∗ is the height of the saltation layer (m) and esalt =

1

3.25u∗
is the saltation efficiency expressed as a dimensionless coefficient inversely proportional to the friction velocity. A

surface turbulent flux of snow, referred to as potential erosion Ep (m s−1 kg kg−1), is then approximated assuming that it

follows a bulk formula:

Ep = CDU(qsalt− qs) (A4)455

where CD is a drag coefficient (10−3) similar to that used for sensible and latent heat fluxes, U is the near-surface wind at

standard level (10 m) and qs is the snow particle ratio (kg kg−1) at the same level. Assuming that any re-mobilized snow is

quickly removed by horizontal transport, then qsalt - qs ≈ qsalt, and re-expressing U assuming a logarithmic wind profile, Ep

writes
:
is
:::::
given

:::
by:

Ep = Cdqsalt
u∗
k

ln

(
10

z0

)
(A5)460

Equation A3 contains semi-empirical formulations assumed to implicitly account for all the physical processes that contribute

the airborne snow mass, including the gravitational settling of snow particles. Equation A5 expresses turbulent vertical ex-

change between the saltation layer and the overlying atmosphere but not settling. However, the saltation layer contains signif-

icant quantities of snow under strong winds (Nemoto and Nishimura, 2004; Huang et al., 2016), in which case turbulence is a

dominant contributor over settling which is consequently ignored. We then deduce an expression for the maximum amount of465

erodible snow ER (kg m−2) during one time step dt (1 h):

ER= Epρairdt (A6)

where ρair = P/(RT) is the density of air (kg m−3), P the surface pressure (Pa), R = 287 the specific gas constant (J kg−1 K−1)

and T the air temperature (K). The effective erosion EReff (kg m−2) is then taken as the minimum between the maximal

erosion ER and the available snow mass for erosion (mass content in the top and intermediate layer) in the snow model. Note470

that u*t
:::
u∗t:is recomputed for each snow layer. If a layer is completely eroded during a time step, the layer below is also eroded

during the same time step. The maximal erosion ER of this layer is then computed taking into account the time spend to erode

the upper layer.

In natural environments, wind erosion contributes to the densification of the snow surface due to the combined actions of475

wind and saltation which break original crystal shapes and favour the formation of smaller, rounded snow grains (Sato et al.,

2008), leading to enhanced sintering, more efficient mechanical packing and increased density (Vionnet et al., 2013). Erosion-

induced densification, together with the exposure of denser snow or ice layers through erosion, both naturally contribute to

reduce the likelihood of additional erosion. In our model, erosion-induced densification is applied to the top snow layer that
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has experienced erosion following a linear densification rate from the fresh snow value ρ0 (assumed to be representative of480

snow that have been barely altered by post-depositional processes) to the prohibitive density value for snow erosion ρmax:

dρs
dt

=
ρmax− ρ0

τER
(A7)

where ρmax = 450 kg m−3 and τER is the characteristic time scale for erosion-induced densification set to 24 h. As our model

time step (our
:::
one

:
hour) is small compared to τER, the negative feedback of snow erosion within one time step can be neglected

and is only active from one time step to another.485

After the densification step, if the snow density exceeds the density criteria of the layer, it is transferred to the next denser

layer. When snow is moved from the top layer to the intermediate layer, the density of the intermediate layer is recomputed by

weighted average of the former thickness
::::::::::
thicknesses of each layers.

Our model is a simplified approach aiming at quantifying the effect of wind erosion on the mass balance of the South Col

Glacier. Other ablation processes (melt, sublimation) resulting from the surface energy balance, snow metamorphism processes490

and snowpack internal changes in snow characteristics which can lead to additional densification are neglected. However, we

expect few implications since erosion of a snow layer of density above ρmax of 450 kg m−3 is prohibited. Even if some internal

model parameters (ρ0, ρmax, τER) have been scaled for Antarctic conditions (Amory et al., 2021), we simply re-used without

additional tuning the original configuration of MAR, considering the similarities in the climatological context between Coastal

Antarctica and the South Col Glacier (extreme wind speeds and relatively low air temperatures).495

The erosion parameterization proposed above is admittedly very approximate. It ignores notably the sublimation of airbone

snow (Gallée et al., 2001). However, as we assume a complete export of drifting snow, whether the suspended snow is finally

exported in the solid or vapor phase makes no difference. Although other formulations of wind erosion could be devised, a

more constrained parameterization could not necessarily be developed without additional measurements or through a coupling

with a multidimensional model and/or a multilayer snow model. Our main point here is that, in order to explain the gradual500

removal of snow and resulting appearance of blue ice areas as revealed from analysis of VENµS images and understand the

reasons behind its temporal variability, it is necessary to account for wind erosion.

Appendix B: Crocus Model

Crocus is a full energy balance, one-dimensional snowpack model, driven by meteorological variables. It simulates a layered

snowpack with a Lagrangian representation, each layer being characterised by its thickness, density, temperature, liquid505

water content and two semi-empirical variables to describe the snow/ice microstructure (i.e. SSA and sphericity).The model

solves the heat diffusion equation in the snowpack at a 15 min time step considering the different energy fluxes between the

surface and the atmosphere and between the bottom of the snowpack and the soil. Physical processes such as solar radiation

absorption, liquid water percolation, snow metamorphism and settlement are also considered by the model. While it was

originally developed to simulate seasonal snowpack and to assist in avalanche hazard forecasting over the French mountain510

ranges (Vionnet et al., 2012), the model can be used on icy surfaces, considering an ice layer as a specific snow layer with
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a density of 917 kg m−3 (Gerbaux et al., 2005; Lejeune et al., 2007; Dumont et al., 2012; Réveillet et al., 2018). However, to

our knowledge, the model has never been applied to simulate cold glacier mass balance and a careful evaluation would be

necessary to further apply Crocus in such context.

Crocus model is forced using the same hourly meteorological forcing described in Potocki et al. (2022). The ’ice simulation’515

is performed without considering the precipitation (to ensure simulating icy surface mass balance only). Initialisation of the

ice thickness and thermal profile is initialized with the state predicted by a COSIPY simulation that ran from 2010-01-01

to 2019-01-01 from Potocki et al. (2022). Model parameterization (i.e. ice albedo, ice roughness values, atmosphere stability

correction) is done following the study of Potocki et al. (2022). More details, data to reproduce the simulations and simulation

outputs are found at: https://doi.org/10.5281/zenodo.7006744520

Appendix B: Estimating the surface velocity due to ice deformation

The surface velocity (us in m s−1) of a glacier can be approximated as (Cuffey and Paterson, 2010):

us = ub +
A

n+ 1
τnb H

where ub (in m s−1) is the basal velocity, assumed to be zero for cold glaciers, A (in s−1 Pa−3) is the creep parameter , n is

the exponent of Glen’s flow law, H (in m) in the ice thickness (Cuffey and Paterson, 2010). τb (in Pa) is the basal shear stress,525

expressed as:

τb = ρicegHα

Where ρice = 0.9 ×103 kg m−3 is the ice density, g = 9.81 m s−2 is the gravitational acceleration, and α = 0.36, is the slope

(corresponding to 20 degrees). We take n = 3, and the values recommended forA (Table 3.4, pp 75 in Cuffey and Paterson, 2010)

. We assume 1 year = 3.16 ×107 s. The results are shown in Table ??.530

Surface velocity (in m a−1) for different ice temperatures and ice thicknesses T (°C) / Thickness (m) 5 10 25 50 1000

7.6×10−4 1.2×10−2 4.8×10−1 7.6×100 1.2×102 -5 3.0×10−4 4.7×10−3 1.8×10−1 3.0×100 4.7×101 -10 1.1×10−4 1.8×10−3

6.9×10−2 1.1×100 1.8×101 -15 6.7×10−5 1.1×10−3 4.2×10−2 6.7×10−1 1.1×101 -20 3.8×10−5 6.1×10−4 2.4×10−2

3.8×10−1 6.1×100 -25 2.2×10−5 3.5×10−4 1.4×10−2 2.2×10−1 3.5×100
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Figure 1. Surface elevation change over the Western Cwm (a) between 1984 and 2017, and over the South Col Glacier (b). The location of the

ice core and AWS from Potocki et al. (2022) are shown with blue dots. Background is a shaded relief from the Pléiades DEM. The conditions

at the surface of the South Col Glacier on the 23 March 2017 are captured by a Pléiades orthoimage in panel c(.
:
Pléiades, copyright CNES

2017, Distribution Airbus DS).
:::::::
Elevations

:::
are

::::::
reported

::::::
relative

::
to

:::
the

:::::
geoid.

:::
The

::::
inset

:
in
:::::

panel
:
a
:::::
shows

:::
the

::::::
location

::
of

:::::
Mount

::::::
Everest

Pléiades orthoimage of South Col Glacier (23 March 2017), showing the location of some remarkable features. A tentative

accumulation area of South Col Glacier is highlighted with dots. The dashed line is the separation between the accumulation660

and ablation area, along which the ice flux Φ is calculated. Red arrows show the direction of the ice flux. The shaded hashed

area represent glacierized area that might belong to South Col Glacier, but it is not possible to conclude solely from satellite

imagery. Contour lines in gray are plotted every 10 m and extracted from the Pléiades DEM, the elevation corresponds to height

relative to the ellipsoid WGS84. Pléiades, copyright CNES 2017, Distribution Airbus DS.
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Figure 2. Natural color composites (
::::
bands 7-4-3) of VENµS images (CC BY-NC 4.0) showing the seasonal variability of the surface snow

cover of South Col Glacier. The yellow star shows the location of the drilling site and the purple one, the location of the South Col AWS.

Note the striking expansion of blue ice areas outside the monsoon months, i.e. Oct. – Dec. 2019, or Jan. – April 2019.
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Figure 3. Seasonal cycle of wind and precipitation from downscaled ERA5 data (a) and cumulative precipitation/deposition
::::::::::
accumulation

from the wind
:::::
erosion

:
model (b) for the period 1950-2020. The black curve on panel b shows the 9 day moving average of the daily ratio

of deposition
::::::::::
accumulation

:
over precipitation. Panel c shows the annual values of precipitation, deposition

:::::::::
accumulation

:
and deposition

::::::::::
accumulation efficiency. The model sensitivity to the wind and precipitation factors is shown on panel d, where the averages are calculated

for the period 1950-2020.
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Figure 4. Daily melt rate
::
(a), sublimation rate

::
(b)

:
and

:::::::
maximum

::::
daily

:
surface temperature

::
(c)

:
simulated by COSIPY_P22 (dashed blue

:::
grey)

,
:::
and COSIPY_grad (blue

::
red) and Crocus (orange) models for the year 2019. Daily ablation rates are computed from the hourly sum. The

daily surface temperature corresponds to the maximum simulated during the day. Note that the initial thermal state is identical for these

three simulation
::
all

:::::::::
simulations and is predicted

::::::
estimated

:
by a COSIPY simulation similar to COSIPY_P22, that ran from 2010-01-01 to

2019-01-01.
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Figure A1.
:::::::
Examples

::
of

:::::
glacier

::::::
surface

::::::::
conditions

::::::
captured

::
by

:::::
aerial

:::::::::
photographs

:::::
(1984)

::::
and

::::::
Pléiades

::::::
imagery

::::::
(2017)

:
in
:::
the

::::::
Western

:::::
Cwm

:::
and

::::::::
associated

::::::
changes

::
in

::::::
surface

:::::::
elevation.

:::
Top

::::
row:

:::::::::
Crevassing

::
of

::
the

::::::
Lhotse

:::
face

::
in

::::
1984

:::
(a)

:::
and

::::
2017

:::
(b)

:::
and

:::::::::::
corresponding

:::::::
elevation

:::::
change

:::::::
estimates

:::
(c)

:::
over
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Figure A2. Distribution of the elevation change values off-glacier and on South Col Glacier (a). Elevation changes for 1984-2017 as a

function of elevation for every 50 m elevation bin for the whole glacierized area and for South Col Glacier (b).
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Figure A3. Natural color composites (
::::
bands

:
7-4-3) of VENµS images (CC BY-NC 4.0) showing episodes of snow cover loss in November

and December 2019. the yellow star shows the location of the drilling site and the purple one, the location of the South Col AWS. The red

arrows point to the area of large changes.

Figure A4. Day-of-year mean energy fluxes for the ice simulations with (a) COSIPY_P22, (b) COSIPY_grad and (c) CROCUS_ice for the

year 2019.
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Figure A5. Daily averages of ground heat flux for the COSIPY_P22 and the COSIPY_grad simulations.

Figure A6. Deposition
:::::::::::
Accumulation efficiency averaged over the period 1950-2020. Each line represents one simulation with a varying

wind or precipitation factor. All the lines are smoothed with a 9 day running mean.
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Figure A7. Erosion as a function of wind direction for the period where wind data are available from the AWS, showing the dominant role

of WSW winds.
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