Journal of Glaciology

e

IGS

Article

Cite this article: Collao-Barrios G, Favier V,
Gillet-Chaulet F, Fettweis X, Gallée H,
Santolaria-Otin M, Davaze L, Raleigh MS
(2026) Surface mass balance of the Northern
Patagonian Ice Field and links with climate
variability modes and atmospheric variables.
Journal of Glaciology 72, €9, 1-21. https://doi.
org/10.1017/jog.2025.10106

Received: 21 May 2024
Revised: 1 October 2025
Accepted: 27 October 2025

Keywords:
accumulation; glacier mass balance;
surface mass budget

Corresponding author:
Gabriela Collao-Barrios;
Email: gcollaobarrios@gmail.com

© The Author(s), 2025. Published by
Cambridge University Press on behalf of
International Glaciological Society. This is an
Open Access article, distributed under the
terms of the Creative Commons
Attribution-NonCommercial-ShareAlike
licence (http://creativecommons.org/licenses/
by-nc-sa/4.0), which permits non-commercial
re-use, distribution, and reproduction in any
medium, provided the same Creative
Commons licence is used to distribute the
re-used or adapted article and the original
article is properly cited. The written
permission of Cambridge University Press or
the rights holder(s) must be obtained prior to
any commercial use.

cambridge.org/jog

Surface mass balance of the Northern
Patagonian Ice Field and links with climate
variability modes and atmospheric variables

Gabriela Collao-Barrios?, Vincent Favier!, Fabien Gillet-Chaulet! (9,
Xavier Fettweis?, Hubert Gallée!, Maria Santolaria-Otin'3, Lucaz Davaze* and
Mark S. Raleigh®

!Institut des Géosciences de I’Environnement, Univ. Grenoble Alpes, CNRS, IRD, INRAE, Grenoble-INP, Grenoble,
France; 2Department of Geography, SPHERES Research Unit, University of Liege, Liege, Belgium; 3Group of
Meteorology, Universitat de Barcelona (UB), Barcelona, Spain; *Mediation Climat, Grenoble, France and 5College
of Earth, Ocean, and Atmospheric Sciences, Oregon State University, Corvallis, OR, USA

Abstract

Patagonia Icefields are large ice masses with a significant contribution to sea level rise among
mountain glaciers in the Southern Hemisphere. In order to improve the estimation of the Northern
Patagonia Icefield (NPI) surface mass balance and to better understand its relationship with cli-
mate variables and modes, we simulated the surface mass balance over the icefield during the
period 1980-2014 with the MAR model. Model reliability was assessed against: weather stations,
albedo from MODIS data and previous estimates of the San Rafael glacier’s surface mass balance.
We obtain a surface mass balance of -2.48 + 1.86 Gta™! and a non-significant trend. Temperature
(a physically downscaled variable) was a key variable through its direct impact on melting, but also
on solid precipitation. We found that the annual, spring and autumn icefield mean surface mass
balance had a significant negative correlation with the Southern Annular Mode (SAM) through
air temperature. Over the next century, the impacts of greenhouse gas emissions are projected to
keep the SAM in a positive phase and accelerate atmospheric warming. Thus, the NPI is expected
to increase its mass loss and its contribution to future sea level rise. However, more in-situ data
(precipitation, temperature and accumulation/ablation on the icefield) are needed to improve the
projection’s uncertainty.

1. Introduction

The Northern Patagonian Icefield (NPI, 3976 km?, 46.7°S — 73.5°W) and Southern Patagonian
Icefield (SPI, 13219 km?, 50.3°S, 73.6°W) constitute the largest ice mass in the Andes and
the second largest in the Southern Hemisphere (Rignot and others, 2003). These extensive
Patagonian icefields are an important component of the changing cryosphere and climate sys-
tem, and significant contributors to recent sea level rise among southern hemisphere mountain
glaciers (Dussaillant and others, 2019a). Observations over the last 40 years show an accel-
erating trend in Patagonian ice mass loss (Aniya, 1999; Lopez and others, 2010; Casassa and
others, 2014), with several analyses of the underlying causes (Rignot and others, 2003; Glasser
and others, 2011; Jacob and others, 2012; Foresta and others, 2018; Braun and others, 2019;
Wouters and others, 2019; Zemp and others, 2019; Dussaillant and others, 2019a; Van Wyk de
Vries and others, 2023). Based on remote sensing observations, Dussaillant (2019b) showed
increasing mass loss from 1975 to 2016 over the NPI, with icefield-wide losses on the order
of —0.6 mw.e.a~! before 2000 and —0.8 mw.e.a™! through 2012. We need to understand the
reason for the increase in the loss of these ice fields and to do so we must understand the influ-
ence of climate on the mass balance. More studies are still needed in the Patagonian area to
improve the understanding and predictions of the cryosphere and its relation with climate and
meteorological variables.

Understanding and quantifying mass loss over the NPI requires estimation of changes in
ice mass at the surface and ice loss at the front of the glaciers. More formally, the total mass
balance accounts for all the processes to gain or lose mass in a glacier (Haeberli, 2011). For
Patagonian glaciers, with a large percentage of calving glaciers, surface mass balance accounting
for accumulation and ablation, and ice discharge, accounting for calving and frontal ablation
loss (Hooke, 2019; Minowa and others, 2021)(see Equation 1 in Section 2.) All these processes
rely upon weather variables (precipitation, temperature, humidity, pressure, wind, radiation,
etc.) (Hock and Holmgren, 2005), that depend on climate.

In the global circulation climatic context, Patagonia is located in the southern part
of the mid-latitude in the core of the Westerly winds (Fig. 1). The Andes mountains,
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Figure 1. Patagonian Icefields location in southern South America and model
domain in red. Background corresponds to mean zonal winds (m/s) at 850 hPa,
and grey arrows are >10 m/s winds, from ERA-interim 1980-2014. The 850 hPa cor-
responds to approximately 1.5 km a.s.l. and mid-level westerly flow correlated to
precipitation over Patagonia (Garreaud and others, 2013).

where the icefields are placed, constitute a barrier to the west-
erly winds, which are forced to ascend along the slopes. Together
with the high air humidity of the surface atmosphere associ-
ated with the presence of the Pacific Ocean, the especially strong
zonal winds observed at these latitudes have a direct influence on
Patagonian climate and precipitation (Garreaud and others, 2009).
Precipitation in Patagonia is mainly due to synoptic-scale frontal
systems related to migratory surface cyclones caused by the baro-
clinic atmospheric structure. These cyclones travel along the zonal
flow, within a narrow latitudinal range known as the storm track
(Garreaud, 2007). This justifies why a higher precipitation band
extends along the western slopes of Patagonia and over the Tierra
del Fuego (Garreaud and others, 2009). The westerly flow advects
large amounts of moisture from the southern Pacific Ocean toward
the continent. Moisture is lifted upwards over the Andes, leading to
large orographic precipitation on the western side of the Andes and
a strong westward gradient in precipitation (Carrasco and others,
2002; Garreaud and others, 2013). Climate in western Patagonia
is thus temperate and very humid, the largest measured annual
mean precipitation is 7.2 ma~! at Guarello Station (50.35°S) on the
west side of Southern Patagonian Icefield (Aravena and Luckman,
2009). Due to the foehn effect, precipitation decreases quickly on
the eastern side of the Andes, with values of less than 0.3 ma™, 100
km away from maximum elevations (Garreaud and others, 2013).
Seasonal variability of precipitation is small in stations at the east
and almost disappears at the stations located on the fjords at the
west (Lopez and others, 2010).

Mean annual temperatures in the western valleys of Patagonia
vary from 10.3°C at Puerto Montt station at 41.4°S in the north, to
6.1°C at Punta Arenas station at 53.0°S at the southern end. Mean
annual temperature is slightly different between coastal and inland
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stations (Carrasco and others, 2002). There is an important tem-
perature seasonality which is less marked on the coast due to ocean
influence (Lopez and others, 2010). The monthly average temper-
atures are between 8 and 14°C in summer and 2 and 6°C in winter.
And the 0°C isotherm or freezing level is located at 1691 m a.s.l.
(Garcia-Lee and others, 2024).

Patagonia and the NPI climate are significantly influenced by
the Southern Annular Mode (SAM) through the position and
strength of the midlatitude storm track and westerlies (Thompson
and Wallace, 2000; Garreaud and others, 2009). These strong
zonal winds transport large amounts of moisture from the south-
ern Pacific Ocean toward the continent (Fig. 1). In addition to
frontal precipitation, air parcels lifted upwards over the Andes pro-
duce intense orographic precipitation on the west side (Garreaud
and others, 2009), with strong west-east gradients. Precipitation
is highly uncertain but expected to exceed 10 m w.e. a~! in the
highest zone (Carrasco and others, 2002; Garreaud and others,
2013), where cold temperatures and solid precipitation favor the
development of large glaciers.

Furthermore, El Nifio Southern Oscillation (ENSO) is another
climatic pattern impacting South America, but the influence
of ENSO is rather limited in the mid-latitudes (Aravena and
Luckman, 2009; Moreno and others, 2018). Both of these climatic
indices could potentially impact the accumulation and ablation
processes in the icefield and, therefore, the surface mass balance;
however, this relationship has not yet been studied conclusively.

Changes and trends in the icefield-wide surface mass balance
have been estimated with reanalysis data and different models
spanning a range of complexity, but these have yielded inconsis-
tent findings over the NPI (Schaefer and others, 2013; Lenaerts
and others, 2014; Mernild and others, 2017; Bravo and others,
2021; Carrasco-Escaff and others, 2023). For instance, Lenaerts
and others (2014) and Mernild and others (2017) found positive
icefield-wide surface mass balance, with the first study report-
ing increasing trends. In contrast, Schaefer and others (2013) and
Bravo and others (2021) showed a negative surface mass balance.
The largest uncertainty in the icefield-wide surface mass balance,
for all the studies, is the accumulations due to poorly constrained
precipitation estimates in the accumulation zone, where long-term
meteorological data are not available.

A different approach to estimate the surface mass balance was
proposed by Collao-Barrios and others (2018), who estimated the
San Rafael Glacier glacier-wide surface mass balance indirectly
as the residual between the mass balance and the ice discharge

(D) (see Equation 1). Using an ice-flow model including ice dis-
charge constrained by satellite mass balance change observations,
their results suggested that the San Rafael Glacier surface mass
balance was 0.08 & 0.06 Gta™' during the period 2000-12. They
proposed that the maximum accumulation at 4000 m a.s.l. was
5.4 + 0.6 mw.e.a" !, two to four times lower than the values pro-
posed by Lenaerts and others (2014) and Mernild and others
(2017). With a similar method, Minowa and others (2021) esti-
mated the San Rafael Glacier and NPI surface mass balance from
the ice discharge during the period 2000-19 derived using ice flow
velocities from satellite data and from the mass balance given by
geodetic techniques. Their results yielded a surface mass balance
equal to 0.18 + 0.35Gta ' and —1.5 4 0.9 Gta ' for San Rafael
Glacier and NPI, respectively. They also confirmed that previous
surface mass balance values given by downscaling approaches were
too large to agree with the mass balance and ice discharge, in agree-
ment with the results from Collao-Barrios and others (2018) and
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with a recent review of precipitation in Patagonia (Sauter, 2020).
The recent studies from Bravo and others (2021) and Carrasco-
Escaff and others (2023) agree with the results from Minowa and
others (2021). Carrasco-Escaff and others (2023) estimated the
combined surface mass balance of the NPI and SPI, focusing on
interannual anomalies and their relation to climate and contribut-
ing to the knowledge in this area. Therefore, more precise estimates
of the surface mass balance of NPI have only recently been made,
and the linkages between climate, surface mass balance and NPI
mass loss are still under study.

The motivation of this study is to improve the estimation of
the surface mass balance and its uncertainty of the NPI through
a new calculation in order to improve our understanding of the
relationship with meteorological variables and climatic indices, to
ameliorate predictions in the future. With special focus on the
San Rafael glacier because of its glaciological importance, since
this glacier covers the entire elevation range of the NPI and is
the second largest glacier in the ice field. Here we use a model
that solves the atmospheric physics coupled with a complete sur-
face model with 10 layers that solves the surface mass balance and
surface energy balance, unlike previous studies that use parameter-
izations or simplified surface mass balance models (Schaefer and
others, 2013; Lenaerts and others, 2014; Mernild and others, 2017;
Carrasco-Escaff and others, 2023), with the exception of Bravo and
others (2021). This physically based modeling allows a better analy-
sis of the impact and relationship between the surface mass balance
and meteorological variables and climatic indices, as the physical
processes are more accurately represented and contribute to a new
result for model inter-comparison.

We used the MAR regional atmospheric model (Gallée and
Schayes, 1994) over the NPI during the period 1980-2014 forced by
ERA-Interim. With the objective of reduce and asses surface mass
balance uncertainty, we evaluated the sensitivity of the model to
key parameters in order to select the model setup in best agreement
with accumulation measurements in the plateau, precipitation in
the valleys, as well as the San Rafael Glacier’s surface mass bal-
ance results from previous studies with different approaches and
mass balance from geodetic methods (Collao-Barrios and others,
2018; Minowa and others, 2021), allowing a better constrain of
accumulation as has been show by Bravo and others (2021) and
Carrasco-Escaff and others (2023). We focus on the San Rafael
glacier because of its glaciological importance, since this glacier
covers the entire elevation range of the NPI and is the second
largest glacier in the icefield. With the selected model setup, we
obtained the NPI icefield-wide surface mass balance over the
period 1980-2014 and discuss our results in comparison with pre-
vious estimations. Finally, to understand how climate impacts the
NPI, we analyzed the relationship between surface mass balance
interannual variability and large-scale modes of climate variabil-
ity, namely SAM, and we also included the ENSO to check if it has
some influence.

2. Data and methods
2.1. Study area description

The study area is the NPI which is located between 46.5°S and
47.5°S (Fig. 1). The NPI is formed by 38 main glaciers of dif-
ferent terminus types: one tidewater calving glacier (18% of the
total surface area), 18 freshwater calving glaciers (64% of the total
surface area) and 19 land-terminating glaciers (18% of the total sur-
face area) (Rivera and others, 2007; Willis and others, 2012). This
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icefield is characterized by an Equilibrium line (ELA) between 950
to 1300 m a.s.l, leading to a mean accumulation area ratio of 0.68
(Rivera and others, 2007). This elevation band corresponds to a
flat and vast plateau, making the icefield-wide surface mass balance
particularly sensitive to changes in temperature and accumulation.
Among all NPI glaciers, the San Rafael Glacier is one of the largest
with a surface of 734 km? (Collao-Barrios and others, 2018) and
the fastest with velocities above 7 km a~! (Mouginot and Rignot,
2015b) due to its tidewater calving front. It is located in the north-
western part of the icefield and covers the entire altitude range of
the NPI The highest point of the glacier catchment is San Valentin
Peak (4032 m a.s.l.) and it ends at sea level in Laguna San Rafael.

2.2. Observational data

The data used to develop and evaluate the model include in-situ
measurements from the plateau and precipitation and temperature
data from weather stations located around the icefield at lower ele-
vations. We also utilized the albedo derived from satellite remote
sensing measurements to further evaluate the model.

2.2.1. In-situ measurements

Direct observations of surface mass balance at a point and tem-
perature acquired by Geoestudios and DGA (2014) during a
field campaign on the San Rafael Glacier plateau were used
to assess the accuracy of solid precipitation and ablation in
the model. Observations included: (i) snow height acquired on
an 18-m high tower installed directly on the snowpack (1158
m asl, 46.75°S, 73.51°W), and (ii) surface air temperature
recorded by an automatic weather station (AWS) (1197 m a.s.l,
46.71°S, 73.60°W). Sensor characteristics are: i) snow height
during the period 03/09/2013 — 22/08/2014 from a Campbell
SR50A sensor with +1cm or 0.4% of uncertainty and ii) air
temperature during the period 03/09/2013 — 22/08/2014 from
Campbell 107 Temperature probe sensor with +0.2°C of uncer-
tainty. Additionally, six-point surface mass balance at a point
measurements on NPI from previous publications were used as a
reference (Table 1).

Precipitation and temperature data from 12 and 8 AWSs,
respectively, located at lower elevations around NPI were also used
to validate the model (Table 2 and Fig. 2). These datasets were
obtained from the compiled metadata of CR2 (Center for Climate
and Resilience Research, Universidad de Chile) for the period
2000-14. Precipitation was measured by the DGA (‘Direcciéon
General de Aguas de Chile’) and DMC (‘Direccién meteorolog-
ica de Chile’) with ‘standard’ rain gauges (details not specified in
the CR2 metadata). There is a high uncertainty in the precipita-
tion measurements, as strong winds and solid precipitation events
are common in Patagonia, and this directly impacts hydrometeor
collection in gauges, typically resulting in an underestimation of
solid precipitation. A reference value of uncertainty of 20% was
proposed by Schneider et al. (2003) for an unshielded tipping-
bucket rain gauge at Puerto Bahamondes in Tierra del Fuego at
53°S, which has similar climatic conditions to our study area.

Monthly precipitation data from 12 stations were used, corre-
sponding to stations with more than 70% of data available (Table 2).
From these datasets, anomalous data were removed, such as con-
stant values or values above a realistic threshold. The monthly
mean temperature from two stations was also used (stations 4 and
12 in Table 2), as they were the only stations with more than 50%
data available over the study period. Finally, monthly averages of
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Table 1. Published point surface mass-balance measurements over the Northern Patagonia Icefield.

Method Elevation

Source Source Glacier Date (m a.s.l) (m w.e. a) b

Yamada, (1987) D1 San Rafael 1985 Firn core 1300 3.50
Matsuoka and others (1999) D2 leed side NPI 1997 Stake (Winter accum.) 1500 2.20
Ohata and others (1985) D3 San Rafael 1983 Stake (only summer) 50 -22.57
CECs and DGA, (2012) D4 Nef Jan-Aug 2012 Stake 572 -8.40
CECs and DGA, (2012) D5 Nef Jan-Aug 2012 Stake 511 -9.86
Geoestudios and DGA, (2014) D6 San Rafael 2013-14 stake 1152 0.74

Table 2. Weather stations and data. Data availability (in %) is given for the period 2000-14. P is monthly mean precipitation, T is monthly mean temperature,
Tmax is average of monthly maximum temperature and Tmin is average of monthly minimum temperature.

Elevation Data
N Name Lon. Lat. (mas.l) (%)
1 Puerto Chacabuco —72.8W —45.46°N 20 P(97)
2 Rio Aysen en Pto. —72.6°W —45.4°N 32 P(72)
3 El balseo —72.5° W —45.4°N 25 P(78)
4 Teniente Vidal C. Ad. —72.1°W —45.6°N 310 P(100), T(100), Tmin(98), Tmax(100)
5 Coyhaique Conaf —72.1°W —45.6°N 340 P(81), Tmin(79), Tmax(81)
6 Coyhaique Esc. Ag. —72.0°W —45.6°N 343 P(81), Tmin(58), Tmax(70)
7 Coyhaique Alto —71.6°W —45.5°N 730 Tmin(76), Tmax(76)
8 Balmaceda Ad. —71.7°W —45.9°N 517 P(100), T(98), Tmin(99), Tmax(100)
9 Villa Cerro Castillo —72.2°W —46.12°N 345 P(81)
10 Chile Chico Ad. —71.7°W —46.6°N 306 P(73), Tmin(77), Tmax(74)
11 Bahia Murta —72.7°W —46.5°N 240 P(87), Tmin(86), Tmax(86)
12 Lord Cochrane Ad. —72.6°W —47.2°N 204 P(71), T(84), Tmin(83), Tmax(84)
13 Rio Pascua —73.1°W —48.2°N 20 P(71)

daily maxima and minima from eight stations were also used to
check the simulation’s accuracy.

Observations were compared with model outputs from the
reanalysis grid cell (used to force the model, section 2.3) in which
each weather station is located. Because the elevations of the
weather stations and corresponding grid cells differed, we applied
a correction factor to the temperature data. Temperatures simu-
lated with the MAR model were corrected to the elevation of each
weather station using regional linear lapse rates. The lapse rate val-
ues were estimated for each station, using the temperature and
altitude of the cell where the meteorological station is located and
of the nearest surrounding cell. No correction with elevation was
applied to the precipitation data because precipitation is highly
dependent on location and orientation, and no clear linear lapse
rate was found.

2.2.2. Remotely sensed albedo

Albedo data at the scale of the NPI were retrieved using
MODIS satellite imagery and the MODImLab Matlab toolbox
(Sirguey, 2009). This methodology has been used in previous
studies to estimate the albedo in New Zealand, the Himalaya
and the Alps (Brun and others, 2015; Sirguey and others, 2016;
Davaze and others, 2018). The data products used in this study
were the MODIS/TERRA Level 1B C5 products (MOD02QKM,
MODO02HKM, MODO021KM, MODO03). They correspond to cali-
brated radiances at the top of the atmosphere and relative geometry
parameters such as solar and sensor zenith angles to provide 250m
resolution albedo.

The albedo values used in this study are the white-sky albedo,
which enables comparisons of albedo maps obtained at differ-
ent periods of the year when the solar zenith angles are not the
same. Albedo maps at a 250 m resolution were obtained from each
processed MODIS image with MODImLab. We then checked the
cloud cover maps and manually selected the albedo maps with-
out clouds, filtering for errors in the cloud recognition. After this
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filtering, a total of 114 albedo maps under clear sky conditions were
obtained over San Rafael Glacier for the validation period of 5 years
(2010-14), due to the time-consuming filtering.

2.2.3. Large scale forcing

The regional climate model (MAR, see section 2.6) was forced
with ERA-interim data from the ECMWF (European Centre for
Medium-Range Weather Forecasts; Dee and others (2011)) over
the period from 1980 to 2014. There are a few observations to con-
strain regional models in the Southern Hemisphere and Patagonia,
due to the low population and the small land cover compared
to the ocean surface (Nicolas and Bromwich, 2010). In Patagonia
and Tierra del Fuego, only three or four radiosondes are assim-
ilated by ERA-interim every day, depending on the period, with
one to three reports available every two days on average (Uppala
and others, 2005). We used ERA-Interim data because when our
analysis commenced, these data were among the most reliable
global reanalyses in high altitude southern latitudes: in Antarctica
(Nicolas and Bromwich, 2010; Bracegirdle and Marshall, 2012)
and in the Amundsen and Bellingshausen sea areas (Bracegirdle,
2013), which are climatically similar to Patagonia. Here, we use
temperature, humidity, wind, atmospheric pressure and sea sur-
face temperature from ERA-interim at 6-hourly resolution and
~79km spatial resolution to force MAR at its lateral and top
boundaries.

2.2.4. Evaluation of large-scale forcing

In this study, we have used the ERA-Interim to force the model
because this reanalysis was one of the most reliable global reanaly-
ses at high altitude southern latitudes when we ran the model and
developed our analysis. However, other reanalyses are now avail-
able, in particular a new version of the ECMWF reanalysis data,
ERA5 (Hersbach and others, 2020). This new version has a higher
spatial and temporal resolution, and several improvements like
the troposphere description, global balance between evaporation
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Figure 2. Northern Patagonian Icefield (NPI; black contour), San Rafael Glacier (SRG;
red contour), low altitude weather stations (black points; weather stations around the
icefield), weather station with air temperature sensor (magenta circle) and weather
station with snow height sensor (yellow circle) at the icefield plateau.

and precipitation, and precipitation over land and in the tropi-
cal zone, among others (Condom and others, 2020). Nevertheless,
a recent evaluation of the representation of the spatio-temporal
variability of temperature and precipitation over southern South
America from several reanalyses, including ERA-interim and
ERAS5 (Balmaceda-Huarte and others, 2021), has shown that the
major improvements of the last ERA version result in a better rep-
resentation of precipitation to the east of the Andes mountain range
in Central Argentina. But the analysis showed a non-significant dif-
ference in precipitation values and trend between the two versions
of ERA on the southwestern side of the Andes mountain, where the
NP1 is located. Regarding temperature, similar values and trends in
southern South America and the southern west Andes region were
found by the analysis from Balmaceda-Huarte and others (2021).
Inter-annual variability was also analyzed and they found a simi-
lar correlation between both the ERA reanalysis and the observed
data. The resemblance between ERA-interim and ERA5 in our
study area shown by Balmaceda-Huarte and others (2021) gives
confidence to our results.

2.3. Modes of large-scale climate variability

The SAM corresponds to the main mode of extratropical cli-
mate variability in the Southern Hemisphere, associated with
changes in the strength and position of the polar jet and the
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westerly winds (Fogt and Marshall, 2020). Since the Patagonian
climate is strongly regulated by westerly winds (Garreaud and oth-
ers, 2013), the SAM mode has a strong influence on Patagonia
and NPI climate. To study the SAM mode impacts on the
NPI surface mass balance, we used the SAM index from the
NOAA Climate Prediction Center estimated as the first leading
mode from the EOF analysis of monthly mean height anoma-
lies at 700-hPa (SH). (https://www.cpc.ncep.noaa.gov/products/
precip/CWlink/daily_ao_index/aao/aao.shtml). Other important
climate index in south America that can influence Patagonian
climated is El Nifio-Southern Oscillation (Garreaud, 2018;
Agosta and others, 2020). We use the El Nifio3.4 index from
the NOAA Physical Sciences Laboratory (https://psl.noaa.gov/
data/correlation/nina34.anom.data) to study El Nifio-Southern
Oscillation impacts on NPI surface mass balance because El
Nino3.4 index is the most influential for central-southern Chile
climate (Montecinos and Aceituno, 2003).

2.4. Glacier geometry

The SRTM2000 digital elevation model (30 m resolution) was
used to obtain the glacier and icefield surface elevations. The
glacier and icefield hypsometries were used to estimate the icefield-
wide surface mass balance as described in section 2.6.4. The NPI
outlines were taken from Rivera and others (2007), which corre-
sponds to the margins observed in March 2001 with a total area
of 3953 km?, excluding the nunataks. This outline was chosen
because it is the closest to the beginning of the validation period
(2000-14). The San Rafael Glacier drainage basin delineation was
taken from Mouginot and Rignot (2015a), who used surface veloc-
ity data to define the ice divide over the plateau where the sur-
face slope is too small to be defined accurately. Therefore, this
likely corresponds to the best glacier delineation available on the
plateau.

2.5. Icefield-wide surface mass balance and surface mass
balance at a point

Icefield-wide mass balance (M) is equal to the total icefield sur-

face mass balance (B) and the losses from the ice discharge (D),
accounting for calving and ablation loss (Equation 1):

M=B+D (1)
We define the icefield-wide surface mass balance (B) equal to

the surface mass balance at a point (B) integrated over the icefield
surface (Equation 2):

B= / bds Q)
surface

And the b is defined as the sum of mass gains (accumula-
tion) and losses (ablation) at the icefield surface at a specific point
location, which are calculated by the model MAR.

2.6. MAR model description

We used the Modéle Atmosphérique Regional (MAR v.9.3.2),
a regional climate model that simulates atmospheric dynamics
solving the fundamental equations using the hydrostatic approx-
imation and the normalized pressure as the vertical coordinate.
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The atmospheric dynamics simulated by MAR are coupled to the
1D surface model SISVAT (Soil Ice Snow Vegetation Atmosphere
Transfer) (De Ridder and Gallee, 1998; Gallée and others, 2001).
SISVAT represents three classes of surface with three different
modules for ocean, soil-vegetation and snow-ice. The snow-ice
module is a multi-layer model that estimates the surface energy
balance, surface mass balance and the transfers between surface,
sea ice, ice sheet surface, snow-covered tundra and atmosphere.
This module is based on the CROCUS model developed by the
CEN (Centre d’Etudes de la Neige; Brun and others (1992)).
Among the surface mass balance processes, MAR represents the
snowfall, melt and sublimation. To estimate the snowfall ratio,
the model uses a threshold value in air temperature to differ-
entiate between rainfall and snowfall. A complete description
of the atmospheric model can be found in Gallée and Schayes
(1994).

2.6.1. MAR model performance in previous studies

MAR model is known to perform well in the estimation of the SMB
in Antarctica, as has been demonstrated in the inter-comparisons
(The IMBIE team, 2018; Mottram and others, 2021). Uncertainty
is complicated to estimate but the Agosta and others (2019) esti-
mated a mean bias of 6 kg m~2 yr! (4% of the mean observed
SMB), as well as a very strong correlation with the observed sur-
face mass balance (R2=0.83, p value < 0.01). They estimated the
SMB over the entire Antarctic over the period 1979-2015, and used
3043 reliable SMB values averaged over 3 years. In Greenland, a
model inter-comparison evaluation found MAR to be between the
two models with the most accurate representation of surface mass
balance in both the Greenland accumulation and ablation zones,
using ice core data (BIAS = 0.01 m w.eq. and RMSE = 0.08 m.
w.eq).

The study made by Damseaux and others (2020) in Patagonia
showed acceptable results but they found an overestimation of
annual precipitation compared to the CRU dataset (Harris and oth-
ers, 2014) with a bias of +125 to 4250 mm/yr, locally above 250
mm. This is one of the reasons why we paid special attention in
the sensitivity test and in the selection of the model setup to avoid
overestimation of the accumulation, a frequent problem in this
area.

2.6.2. General model setup

The model domain was centered on the NPI and extended from
the Pacific Ocean to eastern Patagonia, spanning from 78.2°W to
69.2°W in longitude and from 44.7°S to 49.3°S in latitude (Figs. 1
and 2). The troposphere was represented by 23 vertical layers
and the first layer at 2m. Different model spatial resolutions were
tested in a sensitivity analysis (not shown), and the resolution
was fixed at 7.5 km, with 90 x 160 cells covering the full NPI
study domain. Model grid cell elevations were calculated based
on the average from the finer-scale 1 arc-minute (~1.3km) global
relief model ETOPO1 (Amante and Eakins, 2009). An initial 10-
year spin-up simulation (from 2000 to 2010) was performed to
initialize the 20-layer snowpack, which was then used for all
simulations.

2.6.3. Model sensitivity and uncertainty

As MAR was not initially developed to be used in Patagonia, we
performed a sensitivity analysis for the key parameters. From the
sensitivity analysis, we selected and evaluated the best model setup
and estimated the model uncertainty.
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Sensitivity experiments.

First, we tested model resolutions of 20 km, 10 km and 7.5 km,
because spatial resolution can have an important impact on oro-
graphic precipitation (Damseaux and others, 2020). Then, we
tested the sensitivity of the modeled icefield-wide surface mass
balance to model setup that impacts accumulation through solid
precipitation and thereafter icefield-wide surface mass balance:
humidity from atmospheric forcing at the boundary of the model
domain and solid/liquid precipitation ratio.

In Patagonia, precipitation and accumulation also rely on
humidity coming from the Pacific Ocean. Air humidity at the
boundaries directly impacts precipitation and accumulation; how-
ever, it can also impact the latent heat release during condensation,
the downward longwave and shortwave radiations, and in the end,
the turbulent heat fluxes, cloud cover and temperature. The resolu-
tion change between large-scale (ERA-interim) and MAR generally
leads to underestimated saturation, inducing a lack of atmospheric
moisture for precipitation inside the model domain (Verfaillie and
others, 2019). Additionally, Sauter (2020) has pointed out a nega-
tive bias in ERA-interim water vapor flux. Therefore, simulations
were performed with 5 different sets of conditions at the model
boundary amounts, i.e., with a relative humidity increase of +5%,
+7.5%, +10% and +20%. Snow accumulation also depends on
the solid/liquid precipitation ratio that varies according to pre-
cipitation conditions (convective/subsidence, frontal, orographic
precipitation...) over different regions. In the model, a tempera-
ture threshold is used to consider whether precipitation is solid
or liquid in the atmosphere. This threshold was initially calibrated
in Antarctica with a value of —1°C. However, 2°C is a typical
value for Patagonia (Rasmussen and others, 2007; Koppes and
others, 2011; Bravo and others, 2021). Here, different values of
the snow/rain temperature threshold were tested: —1°C, 0°C, 1°C
and 2°C. Second, we analyzed the impact of albedo and surface
roughness length parameterizations involved in the surface energy
balance and ablation over the icefield. Albedo is a key parame-
ter for the icefield-wide surface mass balance and surface energy
balance since the shortwave radiation budget and the energy avail-
able for melting are directly related to this variable. The presence
of different types of dust at the surface impacts albedo values of
bare ice and of superimposed ice lenses. We tested various values,
varying ice albedo from 0.50 to 0.75, covering from almost max-
imum clean ice (0.46) to above maximum blue ice (0.65) values
given by Cuffey and Paterson (2010). We assumed higher values for
superimposed ice from 0.7 to 0.8, than Cuffey and Paterson (2010)
(min = 0.63 and max=0.66), since the low resolution of the model
makes it impossible for a cell to be covered only by ice. The quality
of the albedo parameterization was checked using albedo estimates
from MODIS images. The tested albedo values can be found in
Table S1.1.

Turbulent heat fluxes are generally assumed as the main source
of energy available for melting in Patagonia. Indeed, in Patagonia,
the latent has been found to be either positive (Bravo and oth-
ers, 2021) or negative but small (Schaefer and others, 2020) and
together with sensible heat fluxes contribute strongly to melting.
This differs from many regions of the world, including Antarctica,
where the latent and sensible heat fluxes have generally opposite
signs and compensate for each other. Then, uncertainties in the
surface roughness length have only small consequences in the final
surface energy balance and icefield-wide surface mass balance. This
is not the case in Patagonia, where the surface roughness length
has an important impact on the icefield-wide surface mass balance
calculation. For this reason, the sensitivity of the model to surface
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roughness length was tested. In the model, the momentum rough-
ness length (z0m) used to compute fluxes was initially calibrated in
Antarctica to accurately reproduce the blowing snow fluxes mea-
sured at the coast of Adelie Land (Amory and others, 2017). There,
the surface roughness length value is parameterized to account for
the ageing of snow depending on air temperature, and the initial
surface roughness length values for momentum (zOm) is higher
than the higher limit of values proposed by Cuffey and Paterson
(2010) in the ablation zone (1-5 mm for ice and 0.01-0.1 mm in
smooth ice) and for new snow (0.05-1 mm). Here, we tested the
model response to zOm values for Antarctica (between 4.5 and 14.5
mm) as proposed by Amory and others (2017) and to reduced
values by one and two orders of magnitude, closer to the values pro-
posed by Cuffey and Paterson (2010). Table S1.2 shows the tested
roughness length and drag coefhicient.

First, for each sensitivity analysis comparison, the simulations
used had the same configuration and the only change was the
parameter being investigated. Then we did some combinations.

Model setup selection.

After the sensitivity analysis, we evaluated the best set of param-
eters among 22 possible model configurations by comparing the
model results to observed data from the icefield plateau and the
surrounding valleys and previous San Rafael Glacier glacier-wide
surface mass balance estimations (see Table S2.1 in the supplemen-
tary material). This assessment was based on minimizing the RMS
and total differences between model and observations of: (i) snow
height from one station on the plateau during the period 2013-14,
(ii) daily precipitation from 12 stations in the valleys during the
period 2000-14, (with less than 30% data gap) (iii), daily mean
temperature at one station over the plateau (2013-14) and maxi-
mum and minimum daily temperature from 8 stations located in
the valleys over 2000-14, (iv) remotely sensed albedo from MODIS
over the plateau during 2013-14 and (v) previous glacier-wide sur-
face mass balance estimation over San Rafael Glacier constraint
with geodetic mass balance from: Collao-Barrios and others (2018)
for the period 2000-12 and from Minowa and others (2021) for the
period 2000-19.

Model uncertainty.

To estimate the uncertainty of modeled surface mass balance at
a point and icefield-wide surface mass balance, we considered
three sources: 1) the uncertainty from the MAR model, 2) the
uncertainty resulting from the forcing (mainly humidity/precipi-
tation) and 3) the uncertainty from the estimation of the icefield

or glacier-wide surface mass balance (B) from the point surface

mass balance (i)). To quantify the first source of uncertainty (i.e.,
MAR surface mass balance at each point), we used an ensemble of
six simulations in good agreement with the observed data during
the period 2013-14 (see the supplementary material). The sec-
ond source of uncertainty (i.e., forcing) was taken into account,
including the simulations with +0% and +10% humidity, based
on 10% ERA-interim water vapor flux bias used by Sauter (2020).
At each cell, the uncertainty of surface mass balance at a point
was estimated as the standard deviation between the ensemble of
eight simulations (ab.v), representing the model uncertainty and

the forcing uncertaintxy. Finally, for the third source of uncertainty
(i.e., uncertainty in icefield-wide surface mass balance due to the
icefield-wide estimation from the modeled point surface mass bal-
ance at each cell), we calculated the icefield-wide surface mass
balance for each simulation using the results at each cell plus an
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error (65)’ Equation 3, where the error corresponded to a random
number between 0 and 9 the uncertainty associated with that

cell (Equation 4). This was repeated 1000 times for each of the
eight simulations from the selected ensemble, giving 8000 icefield-
wide surface mass balance results. From these results, we estimated
the icefield-wide surface mass balance uncertainty as the standard
deviation of the 8000 results.

Bj+€B} =flb+e) 3)

€, = random(0, aél) (4)
Where surface mass balance at a point is the point surface mass
balance estimate with MAR, ¢ is the error from the model and

from the forcing, o, is the standard deviation at each cell from
the 8 simulations that represent the uncertainty from the model

and from the forcing, Bj is one of the 8000 icefield-wise surface
mass balance results, €y is the error associated to the icefield-wise

J
surface mass balance result and f is the function used to estimate

the icefield-wide surface mass balance (B), described in the next
section.

2.6.4. Icefield-wide surface mass balance estimation from MAR
results

MAR modeled values of surface mass balance at a point, accumu-
lation, ablation, temperature and precipitation were produced at
each cell (7.5 km resolution) defined as partially or completely cov-
ered by ice. Due to the difference between the model resolution,
frontal geometry of glaciers and elevation distribution, icefield-
wide surface mass balance cannot be directly estimated from
the model. Therefore, to estimate icefield-wide surface mass bal-
ance, we interpolated surface mass balance at a point with respect
to elevation for the cells representing the NPI and San Rafael
Glacier.

We used two linear functions of surface mass balance at a point
vs. elevation, which were fitted separately below and above the ELA
(around 1250 m a.s.l.) for the ablation and accumulation zones.
Due to the model resolution, the NPI was only represented by
cells covering the range between 250 m a.s.l. to 2149 m a.s.l. But
the icefield is from 0 to 4032 m a.s.1, the hypsometry is presented
in Fig. 5b. Below 250 m a.s.1, which corresponds to 2.2 % of the
total area, we assumed that surface mass balance at a point fol-
lowed the fitted linear relationship with elevation. Above 2149 m
a.s.l, which corresponds to 7.1 % of the total area, we proposed
surface mass balance at a point was constant and equal to the value
computed at 2149 m a.s.l. because precipitation cannot increase
indefinitely with elevation (Roe, 2005; Houze, 2012) and melt was
assumed negligible at higher elevations. The fraction of the ice-
field above 2149 m a.s.l. where the precipitation is taken constant,
is equal to 7.1% of the total area. Therefore, the modeled snow
accumulation was maximum around 2149 m a.s.l, i.e., below the
summit (4032 m a.s.1.). We then split the glacier hypsometry into
bands of 100 m, and the icefield-wide surface mass balance was
estimated based on the weighted average of surface mass balance
at a point according to the area of each elevation band.

2.6.5. Icefield-wide surface mass balance relation with the
climate

To better understand linkages with large-scale climate variability,
we computed Pearson correlation coefficients between ENSO and
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SAM index time series and annual surface mass balance at a point,
snowfall and melting over the NPI. Additionally, we analyzed the
cell-by-cell surface mass balance and meteorological variables (air
temperature and zonal winds) over the NPI at a seasonal time scale,
and correlated modeled data with SAM and ENSO indices. Finally,
we also studied the relationship between the SAM and tempera-
ture and zonal winds covering the Pacific Ocean and Patagonia
to account for large-scale impacts. The latter was performed using
the ERA-Interim reanalysis, the same reanalysis used to force the
simulations.

We use calendar years and seasons for our results analysis, as
it is more common for climate analysis and comparisons with cli-
mate indices, which is the objective of the study. This could be a
problem when comparing with other studies results in hydrolog-
ical years. Although, due to the fact that we compare the average
over several years, the difference between the average of calendar
years and hydrological years is very small (1.2% in our case).

3. Results
3.1. Model sensitivity, selection and uncertainty

3.1.1. Model sensitivity results

Based on the model parameters sensitivity experiments at San
Rafael Glacier, we found glacier-wide surface mass balance vari-
ations were primarily controlled by i) the snow/rain threshold
temperature (1.09 Gt a~! difference between 0°C and 2°C thresh-
olds), ii) the surface roughness (0.56 Gta~! difference when surface
roughness length was reduced by two orders of magnitude) and iii)
albedo (0.48 Gt a~! difference between alb0 and alb3 simulations).
Changes in the humidity at the boundaries had smaller impacts on
glacier-wide surface mass balance, 0.32 Gt a~! difference between
simulations with 40 and +20% humidity increase, because they
induced counteracting effects at low and high elevations of the
glacier.

The simulations with combined parameter changes suggest that
parameter interactions may amplify the impacts on model esti-
mates in the glacier-wide surface mass balance. For instance, when
humidity and the snow/rain temperature threshold were changed
concurrently (from +0% to +20% for humidity and from -1°C to
2°C for the temperature threshold), then the increase in glacier-
wide surface mass balance reached 1.18 Gt a~! (see Table 3). The
combination of these two variables produced enhanced snowfall
and accumulation on the plateau, which induced larger differences
in glacier-wide surface mass balance. The amplified impact showed
that temperature has a large indirect influence on the final glacier-
wide surface mass balance, due to its link with snowfall occurrence
(or not), and because snowfall controls both accumulation and
ablation (e.g., through albedo changes). A more extensive anal-
ysis of model sensitivity for each variable can be found in the
supplemental materials.

3.1.2. Selected model setup

Among the different model configurations (Table S2.1 in supple-
ments), we selected an humidity increased by 7.5%, an albedo
parameterization referred to as ‘alb3’ setup (see supplement mate-
rial), a snow/rain temperature threshold of 2°C and a decreased
surface roughness length by one order of magnitude relative to the
default simulation (sim14). This configuration agrees with a known
model error that underestimates the orographic precipitation gen-
erated by turbulence in mountainous regions and shows the best
agreement with almost all the assessment variables. While sim15
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Table 3. Sensitivity of the glacier-wide surface mass balance melt and accu-
mulation of the San Rafael Glacier according to different parameterizations. N
corresponds to the simulation number in Table S2.1.

Simulation B N
Gta™! Table S2.1

Rh + 0% —0.53 )

Rh + 5% —0.62 (10)
Rh + 7.5% —0.62 (13)
Rh + 10% —0.83 (16)
Rh +20% —0.85 (19)
Tthreshold = 0°C —0.63 (1)
Tthreshold = 1°C —0.29 (2)
Tthreshold = 2°C —0.09 (3)
albo —0.29 ()
albl —0.28 (4)
alb2 —0.27 (5)
alb3 0.19 (6)
z0m —0.84 (0)
z0m *10-1 —0.48 (8)
20m *10-2 —0.28 (9)
Rh + 0% - Tthreshold = -1°C —0.84 (0)
Rh + 20% - Tthreshold = 2°C 1.18 (21)

also yielded similar agreement, the glacier-wide surface mass bal-
ance at San Rafael Glacier from sim14 was closer to the results from
Collao-Barrios and others (2018), in which the surface mass bal-
ance was tuned in order to reproduce observed elevation changes
by an ice flow model.

The selected configuration was an adequate compromise
between satisfying the reproduction of the snow height measured
at an automatic weather station at 1158 m a.s.l. (target was RMSD
< 1 m, on the daily values) and a realistic representation of the
monthly precipitation amount in low-lying areas (RMS <= 0.74 m
w.e. month™, Table $2.1). Modeled temperature in sim14 was not
the closest to observations, but it was reasonable over the plateau
(i.e., mean error of 0.7°C). Mean, maximum and minimum tem-
perature values were correctly reproduced in the valleys (Table
$2.2).

Finally, sim14 was among the more accurate simulations of
snow height, relative to the in-situ data (Table S2.1). A complete
evaluation of the 21 different model setups is presented in the
supplementary materials.

3.1.3. Comparison of selected model setup with weather
station data and the albedo from MODIS

The spatial distribution of modeled precipitation generally agrees
with observations. The MAR model successfully reproduces the
east-west gradient, with significantly lower precipitation on the
eastern side compared to the western side of the NPI. However,
the model tends to underestimate annual precipitation at stations
located near the Patagonian fjord system (stations 1, 2, 3 and 13;
Fig. 3a). In contrast, the average annual precipitation is generally
well represented at the other stations, with average discrepancies
ranging from -0.4 to -0.8 m a~! (Table S1.1).

The overall underestimation of precipitation by the model on
the western side of the NPI is primarily attributed to the models
spatial resolution and its representation of topography. Specifically,
the model fails to capture the narrow valleys where these stations
are located.

Regarding temperature, the model results were evaluated
against three datasets: (1) daily temperature measurements on the
plateau from 2013 to 2014; (2) monthly average temperatures from
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Air Temperature (°C)

Figure 3. a) Mean annual precipitation: results in background and weather station
observation in circles. b) Mean annual surface air temperature: results in background
and observed at stations 4 and 8 in circles. The numbers correspond to the stations
in Fig. 2. The purple circle corresponds to the location of temperature observations
on the NPI plateau.

stations 4 and 8 located in the valleys; and (3) monthly maxi-
mum and minimum temperatures from eight valley stations over
the period 2000-14 (see Table S2.2). These data represent the only
available station data covering this period.

The model accurately reproduced the spatial distribution of the
annual mean surface air temperature and its relationship with alti-
tude. The warmest areas in the model were situated near the Pacific
Ocean, with temperatures ranging from approximately 8 to 11°C,
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while the lowest temperatures occurred at the highest elevation
cells (-4.6°C at 2410 m a.s.l; Fig. 3b). Simulated mean tempera-
tures at stations 4 and 8 closely matched observations, averaging
6.5°C and 6.0°C, respectively.

Additionally, the simulated temperatures showed a strong cor-
relation with observations on the plateau (R > 0.88 at the daily
timescale), with RMSD (root mean square deviation) between
1.47°C and 1.69°C. Model bias was positive and ranged from 0.2
°C to 0.8 °C. The primary discrepancy was the model’s inability to
accurately capture some extremely cold days.

Figure 4a shows the temporal evolution of simulated and
observed snow height changes. The correlation between observed
and modeled daily surface snow heights was significant (R> 0.6
and p-value < 0.001). This demonstrates that the model was able
to simulate snowfall, snow densification and snow ablation with
temporal accuracy. However, the final bias is -1.54 m, which is rea-
sonable if we take into account that the observation is at one point
and the simulation is in a 7.5km X 7.5km cell.

As the albedo simulated by the model is critical for the mod-

eled B, we compared the albedo with the values given by MODIS
images. The comparison focused on the plateau, where the equilib-
rium line is located, because this area is flat and large enough to be
represented by MODIS images (with a resolution of 250 m), during
the period 2013-14. Figure 4b presents the results of two simu-
lations, sim14 based on alb3 and sim0 based on alb0 (see Tables
S1.1 and S2.1), to show the extreme variations of the simulated
albedos. The main difference between these two simulations was a
higher albedo of sim14 during periods of high ablation, resulting in
areduced ablation at the end of the period. On average, the differ-
ences were not very large, with an average albedo of 0.75 and 0.79
for sim14 and sim0, respectively, but this resulted in a 16% differ-
ence in the net shortwave radiation between both simulations and
aslight improvement of 0.040 to 0.005 in the RMSD estimated with
albedo from MODIS.

3.1.4. Uncertainty in icefield-wide surface mass balance

The model uncertainty was estimated by considering three sources:
1) the uncertainty from the model, 2) the uncertainty coming
from the forcing (e.g., humidity/precipitation) and 3) the uncer-
tainty in the calculation of the icefield or glacier-wide surface mass
balance using point mass balance values (see section 2.5.2). We cal-
culated an uncertainty of +1.68 Gta™" for the NPI icefield-wide
surface mass balance and +0.30 Gt a™! for the San Rafael Glacier
glacier-wide surface mass balance.

3.2. Surface mass balance reconstruction over 1980-2014

The mean glacier-wide surface mass balance over the period
1980-2014, was —2.48 +1.68 Gta™ ' for NPT and 0.60 +-0.30 Gta™!
at San Rafael Glacier. The mean point surface mass balance values
were -10.0 m w.e. a~! at 201 m a.s.l. and 4.8 m w.e. a! at 2149 m.
a.s.l. These elevations corresponded to the lowest and highest cells
of the model grid (see Fig. 5a). The ELA was 1257 m a.s.l,, with a
difference between the west and east side in the north, the ELA at
the north-west side and, equal to 1211 m a.s.l. , and the north-east
side of NPI, equal to 1375 m a.s.l. Melt decreased with elevation
and changed from -10.5 m w.e. a~! at 201 m a.s.l. to -0.1 m wee.
a~! at 2149 m a.s.l. The solid precipitation was very low (< 0.1 m
w.e. a!) in the lowest zones, where precipitation is always liquid,
and increased until reaching 4.7 m w.e. a—! at 2149 m a.s.. Solid
condensation was 0.27 m w.e. a~! at 201 m a.s.l. and 0.08 m w.e.
a !at 2149 m a.s.l. Rain or liquid precipitation is present up to the
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Figure 4. a) Observed and simulated snow height for the
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Figure 5. a) Mean surface mass balance at a point, melt, snowfall and sublimation over the period 1980-2014, of NPI versus altitude. The green solid line is the segmented
linear fit of the one-point surface mass balance versus altitude. b) Area of the NPI versus altitude in black and the cumulative area versus altitude in blue.

highest cell, and the refreezing of melted water and liquid precipi-
tation begins at 1467 m a.s.l., with a significant contribution to the
surface mass balance at high altitudes.

Over the NPI, the annual icefield-wide surface mass balance
over 1980-2014 had large interannual variability, on the order of
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2.09 Gt a~! (estimated as the standard deviation from the annual
mean), which was 83% of the annual mean. It showed a slight
and non-significant increasing trend with time (0.05 Gt a™!, p-
value=0.16, Fig. 6). Similar to NPI, the values of glacier-wide
surface mass balance for San Rafael Glacier had a large inter-annual
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Figure 6. Yearly NPIs and SGRs surface mass balance for
the period 1980-2014, where the shaded region represents
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variability of 0.35 Gta™!, which corresponded to 58% of the annual
mean, and a non-significant trend of 0.01 Gt a~! (p-value=0.15).
As the NPT’s icefield-wide surface mass balance has no significant
trend, it cannot be the cause of increasing mass loss during the
study period, which must have been augmented by an increase in
calving ice fluxes (see Equation 1).

3.3. Icefield-wide surface mass balance trends and links with
climate variability

To study trends and links with climate, we analyzed the correlations
between the annual icefield-wide surface mass balance (Table 4)
and its main variables: accumulation (snowfall), ablation (melt
only, as computed sublimation was negligible due to high humid-
ity amounts over NPI (Fig. 5a)) and the annual and seasonal
values of key meteorological variables (i.e., air temperature, Ta,
and zonal wind speed, UU) given by the model at the first layer
over the cell representing the icefield. Trends and correlations
were also performed with the cell-by-cell seasonal surface mass
balance.

Asreported above, NPI’s icefield-wide surface mass balance was
-2.48+1.68 Gta~! over 1980-2014 with a slightly positive but non-
significant trend (0.05 Gt a™!, p-value=0.16). If we look to the
cells analysis there are only some cells, of point surface mass bal-
ance at the highest elevations in winter with positive trend (see Fig.
S$3.0), mainly related to a slightly positive trend in the snowfall in
these zones in autumn and winter (Fig. $3.1) and associated with a
slightly increasing trend in the zonal winds at the east of the icefield
(Fig. S3.2). Melt showed a downward trend during spring linked
with a slight decrease in temperature (Figs. S3.1 and S3.2), but it
was not strong enough to be significantly reflected in point surface
mass balance trends.

At the annual scale, the correlations between icefield-wide sur-
face mass balance—melt and icefield-wide surface mass balance—
snowfall were both high and statistically significant, demon-
strating that accumulation (i.e., solid precipitation) and ablation
had similar impacts on the final icefield-wide surface mass bal-
ance (Table 4). Despite high correlation with solid precipitation,
significant correlations were observed between air temperature and
icefield-wide surface mass balance (R=-0.73, p-value=0.7*10"°),
demonstrating the key influence of temperature on accumulation
and melt. Icefield-wide surface mass balance also had a significant
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SRG B (Gta~1)

the uncertainty in the results and the dotted lines are the
trends, with their characteristics written in the same color.

2015

Table 4. Correlation coefficient between NPI's icefield-wide surface mass
balance snowfall and Melt vs. meteorological variables at the annual scale.

Variable B Snowfall Melt Ta uu
B 1 - - - -
Snowfall 0.86 1 - - -
Melt -0.92 -0.65 1 - -
Ta -0.73 -0.67 0.74 1 -
uu 0.47 0.54 -0.26 -0.11 1

Ta is the Air temperature, UU is the zonal wind. Significant correlations with confidence
level 95% are in bold.

but less strong correlation with zonal wind speed (R=0.47, p-
value=0.40"10"2), possibly indicating the particularly large con-
tribution of orographic precipitation to the total precipitation on
the icefield (Garreaud and others, 2009).

The seasonal cell-by-cell point surface mass balance analysis
showed the spatial correlation of simulated point surface mass
balance and zonal wind (UU) and temperature (Ta) over the
NPI (Fig. 7). In the accumulation zone, we found positive corre-
lations between point surface mass balance and zonal wind but
negative correlations between point surface mass balance and air
temperature (Fig. S3.3, Supplementary information). However, in
winter, there were non-significant relationships between point sur-
face mass balance and air temperature and between snowfall and
air temperature in the accumulation zone. This lack of significant
correlations may be explained by the low winter temperatures (typ-
ically well below freezing) with precipitation always being solid.
Finally, melt was related to zonal winds but not at all the loca-
tions on NPI, whereas a link between melt and air temperature was
visible almost everywhere on NPI in all seasons (Fig. S3.4).

Annually, there was a low but significant (negative) correla-
tion between the icefield-wide surface mass balance of NPI and
the SAM (r=-0.39, p-value=0.02). The SAM index was negatively
correlated with snowfall (r=-0.46, p-value=0.01) and positively
correlated with melt (r=0.35, p-value=0.04). These correlations
were related to an increase in surface temperature over the NPI
associated with the pole-ward location of the westerlies and of the
storm track (Garreaud and others, 2009). The seasonal cell-by-cell
analysis showed that point surface mass balance and SAM were
related during spring (Fig. 8), through changes in snowfall and melt
(Fig. S3.5), mainly through temperature because zonal wind is not
correlated with the SAM (Fig. $3.6). In autumn, a relationship was
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Figure 7. Cell by cell correlations, upper panel point surface mass balance—zonal wind (u) and lower panel point surface mass balance—air temperature (Ta). Only cells with
statistically significant correlations (95% confidence level) are shown in color, with a white center dot. Cells with non-significant correlations are shown in white with an x in

the center, for each cell used to represent the NPI.

also observed, but this was mainly related to variations in melt-
ing, whereas snowfall impacted only a few cells at the eastern side.
During winter, point surface mass balance was correlated with the
SAM only at some cells along the western side of the NPI, due
to snowfall and the influence of air temperature (see Fig. 8, S3.5,
Fig. 7). There was no correlation with SAM during the summer,
probably related to the southerly location of the westerlies during
summer, and the fact that the air temperature is not correlated with
the SAM in the NPI area or Patagonia (Fig. 9, right panels) during
this season. Precipitation was not correlated with SAM in any sea-
son (Fig. $3.7), unlike temperature, in agreement with Garreaud
and others (2009) on the location of the NPI.

Using large-scale ERA-interim data for wind at 925hPa and
850hPa, associated with superficial and mid-level westerlies, we
observed a distinctive relation between western winds and SAM
over the Pacific Ocean and southern South America (Fig. 9, left
panels and Fig. S 4.1). During DJF, the westerly wind correlations
with the SAM lie superficial and farther south at the southern tip
of South America. At MAM and SON, the NPI is at the northern
boundary of a region with significant correlations coming from
the Pacific and descending over Patagonia and Tierra del Fuego,
at a superficial level. This correlation is only maintained in spring
at mid-level. During JJA, the correlation between zonal winds and
SAM is not present over the continent at superficial or mid-level.

Regarding temperature (from ERA-interim at 925hPa, approxi-
mately 780 m a.s.l.), we found a significant correlation between air
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temperature and SAM over Patagonia and the NPI during winter,
and close to the NPI in autumn and spring (Fig. 9, right pan-
els). During summer, the SAM did not impact air temperature
over Patagonia or point surface mass balance over NPI (Fig. 8).
The difference in the findings with the temperature estimated with
MAR in autumn and spring can be due to the resolution, as sig-
nificant correlation can be found close to and around the NPI
location.

Finally, we analyzed the potential impact of ENSO over the
NPI region, but did not find significant correlations between the
El Nifno3-4 index and icefield-wide surface mass balance (r=-
0.10, p-value=0.57), accumulation (r=0.01, p-value=0.97) and
melt (r=0.14, p-value=0.43); these correlations were absent at the
annual scale and at the seasonal cell-by-cell scale (not shown). On
the one hand, we observed that years with a strong ENSO index
(> 0.7, e.g., 1982, 1987 and 1997) presented low icefield-wide
surface mass balance values (-5.05, -6.55 and -2.93 Gt a1, respec-
tively). In 1987 and 1997, the impact of strong El Nifo events
seems to exceeded the influence of the negative SAM, leading to
negative icefield-wide surface mass balance for NPI (Fig. 10). This
overwhelming influence of El Nifio over the SAM on Patagonia cli-
mate was previously noted by Cai and others (2020). But on the
other hand, La Nifa years are also associated with low icefield-
wide surface mass balance values (e.g., 1999, 2008, 2013). This
suggested a non-consistent relation between the ENSO index and
NPT’ icefield-wide surface mass balance.
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4. Discussion
4.1. Comparisons with previous estimates

4.1.1. Point surface mass balance

This study contributes new estimates of the surface mass balance
(ablation and accumulation zones) and ELA of the NPI and San
Rafael Glacier during the period 1980-2014. We compare our
results with in situ measurements for reference only, as they were
taken during different periods and at insufficiently documented
locations, to use them as validation. However, our modeled point
surface mass balance values were in agreement with this data, with
absolute differences between observed and simulated values gen-
erally less than 3.5 m w.e. a~! (Fig. 11) except for one very negative
measurement in the ablation zone (see point d3 in Fig. 11). But, the
value of d3 is derived from a short measurement during the austral
summer and therefore probably does not represent well the annual
value.

The surface mass balance at a point estimated in the ablation
zone was close to those obtained from previous studies (Koppes
and others, 2011; Schaefer and others, 2013; Collao-Barrios and
others, 2018), see Fig. 11, although our results with MAR were
slightly less negative below 600 m a.s.l. The ELA was also in line
with these previous studies (Koppes and others, 2011; Schaefer and
others, 2013; Collao-Barrios and others, 2018) with an elevation
ranging from 1210 to 1320 m a.s.l. Differences in the ELA, however,
can have a high impact on surface mass balance at a point because
of the hypsometry. The most prominent differences in surface mass
balance at a point estimates were found in the accumulation zone,
where the lowest accumulation values were those from our esti-
mates with MAR. If we compare with the estimates from Bravo
and others (2021); Carrasco-Escaff and others (2023), to obtain
the SMB vs. elevation relation we used the QFuego-Patagonia
dataset, our results are approximate at the center of the points
from Carrasco-Escaff and others (2023), but Bravo and others
(2021) results have a more flatten distribution with elevation, with
larger accumulation. A continuous increase in precipitation with
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elevation is unrealistic due to the limited water vapor content in
the atmosphere (Roe, 2005; Houze, 2012). However, reproduc-
ing a limit in precipitation requires a detailed representation of
topography and a very high resolution, which was impossible to
produce assuming the hydrostatic hypothesis in MAR. Above 1800
m a.s.l., the results from Koppes and others (2011) accounts for
a decrease in available precipitable water in the atmosphere lead-
ing to a precipitation decrease, however, their accumulation values
below this limit are still large and are above the values estimated
by Sauter (2020). As our surface mass balance estimate is between
those from Sauter (2020) and Koppes and others (2011) and among
Carrasco-Escaff and others (2023), we believe that it is a good
compromise and a realistic accumulation value for the highest
elevations. For comparison, the figure also displays the total pre-
cipitation (solid and liquid) estimated with MAR, which aligns well
with the precipitation estimates reported by Sauter (2020).

4.1.2. Icefield-wide surface mass balance and mass balance

The negative icefield-wide surface mass balance mean value esti-
mated with MAR for NPT was —2.48 +1.68 Gta™ ' over 1980-2014,
significantly lower than the positive icefield-wide surface mass bal-
ance estimates by Lenaerts and others (2014) ( 8.00 Gt a™!), lower
than the slightly positive value of Mernild and others (2017) (0.14
Gt a7 !) and lower than the values of Schaefer and others (2013);
Bravo and others (2021) (-0.71 Gta—'). However, within the uncer-
tainty estimated by Bravo and others (2021), see Fig. 12a. This
difference could be due to the snow accumulation overestimation
in the previous studies with positive icefield-wide surface mass bal-
ance estimates (Schaefer and others, 2013; Lenaerts and others,
2014; Mernild and others, 2017), as explained by Sauter (2020).
The discrepancy may also be explained by the model rather low
precipitation at the western side, as indicated by comparisons with
data from weather stations situated on the western flank. And
the slightly warmer simulated temperatures, in comparison with
the observed temperatures. Although the discrepancies with the
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Figure 11. Surface mass balance and precipitation profiles from this study and from previous studies (Koppes and others, 2011; Schaefer and others, 2013; Collao-Barrios
and others, 2018; Bravo and others, 2021; Carrasco-Escaff and others, 2023), precipitation profile from Sauter (2020) and previous in-situ measurements (d1 to d6), described
in Table 1. a, Surface mass balance vs. elevation is calculated with SMB tifs and SRTM Dem from QFuego-Patagonia.org data.

observed data are small. Furthermore, the differences with Bravo
and others (2021) can be attributed to differences in models and
temporal resolution.

The snow accumulation differences with Schaefer and others
(2013); Lenaerts and others (2014); Mernild and others (2017)
are not due to precipitation/temperature discrepancies but to
the total precipitation estimated by the different models. They
are also not due to meteorological forcings, because Schaefer
and others (2013) uses NCEP/NCAR and Lenaerts and others
(2014) uses ERA-interim and Mernild and others (2017) uses
MERRA as forcings. And the discrepancies are not explained
by the constant precipitation above 1850 m a.s.l. because the

https://doi.org/10.1017/jog.2025.10106 Published online by Cambridge University Press

percentage of the icefield surface above 1850 m a.s.l is very
small (7.1%).

As Sauter (2020) states in his detailed study of Patagonian
precipitation “The large ensemble spread in maximum values indi-
cates that precipitation is very sensitive to small uncertainties in
ambient flow conditions’ He also concludes that some microphys-
ical parameterization schemes in the models are more ‘graupel-
friendly’ than others, which can lead to strong hydrometeor forma-
tion. And the choice of parameterization combinations can lead to
very different precipitation results. The inter-comparison among
models is a way of identifying uncertainties and trying to reduce
them. However, it is also very important to have in situ measured
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Figure 12. Comparison of the surface mass balance of the entire NPI and SRG with other studies. a) NPI surface mass balance from models during periods close to our
study period (1980-2014). b) NPI surface mass balance from other methods, mainly geodetic mass balance and equation 1, using frontal ablation (D) equal to 2.5 Gt a~! from
Minowa and others (2021). @ converted to Gt a—! using 3959 km? as surface area (Rivera et al. 2007), ¥ converted to Gt a~! using the average of their results and 900 kg m—3 of
density , ¢ converted to Gt a~! using their area equal to 3917 km? and ¢ using the average from their results from Table $2.1, quality flag 1 and the area from Dussaillant and
others (2019a), 3917 km?. c) SRG surface mass balance from models during periods close to our study period (1980-2014). d) SRG surface mass balance from other methods,
geodetic mass balance and equation 1, flux modeling. @ converted to Gt a~! using density equal to 900 kg m—3.? converted to Gt a~! using 734 km? of area. ¢ value from

Minowa and others (2021). Shaded areas correspond to uncertainty.

values to validate the model parameterizations or to use other con-
straints such as ice discharge and total mass balance, as in our
case.

Regarding trends, we found a positive but non-significant trend
for the NPI-SMB estimate, which is in line with the trends esti-
mated by Schaefer and others (2013); Lenaerts and others (2014);
Mernild and others (2017), and not too different from the small
negative trend estimated by Bravo and others (2021). Carrasco-
Escaff and others (2023) do not provide trend results. We attribute
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the SMB trend to an increasing trend in winter accumulation
at high elevations and a decreasing trend in snowmelt during
spring due mainly to an increase in wind speed during winter
and fall and in temperature during spring. The slight increase
in temperature is in agreement with Mernild and others (2017)
and Lenaerts and others (2014). The increase in accumulation is
also found by Schaefer and others (2013) and Lenaerts and oth-
ers (2014); Mernild and others (2017) found a slight increase in
precipitation, but they did not analyze wind speed. Bravo and
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others (2019) estimated a positive not significant trend in accu-
mulation during winter, however, they estimated a negative sig-
nificant trend in autumn. But, the difference may be due to the
resolution of Bravo and others (2019) model which did not rep-
resent the higher elevations where the other studies found the
accumulation increase, associated with temperature increase. As
mentioned above, there is a large uncertainty in meteorological
variables in the ice field, so small differences in trends are within
the uncertainty.

If we estimate icefield-wide surface mass balance over the
NPI using Equation 1, mass balance from: Willis and others
(2012); Abdel Jaber and others (2019); Braun and others (2019);
Dussaillant and others (2019a); Dussaillant (2019b); Minowa and
others (2021) and the ice discharge from Minowa and others (2021)
(-2.5 Gta™!), then we obtain values similar to our result in a similar
period (—1.91+1.67 Gta™! for 2000-14) or within our uncertainty
range (-0.05 and -3.77 Gt a™!), see Fig. 12b. The exception is the
value obtained using the mass balance from Foresta and others
(2018), equal to -4.2 Gt a™%, not shown. However, as suggested by
Minowa and others (2021), the estimate from Foresta and others
(2018) should be considered with caution because they used a dif-
ferent technique and estimated a much higher ice loss than other
studies. The agreement with the geodetic mass balance estimates
supports our results.

For the San Rafael Glacier, our estimates of glacier-wide sur-
face mass balance are smaller than those from Schaefer and others
(2013) (1.18 Gt a=!), which were considered too high by Minowa
and others (2021) and Sauter (2020), and close to those from
Koppes and others (2011), who also used a limited precipitation
gradient with elevation, as shown in Fig. 12c. Our result during
the 1980-2012 period (0.73 & 0.30 Gta ) is slightly higher, but
assuming uncertainty ranges our value agrees with estimate from
Minowa and others (2021), equal to 0.18 4 0.35Gta™ ", Fig. 12d.
However, our estimates are larger than those from Collao-Barrios
and others (2018) (—0.08 + 0.06 Gta! for 2000-12). The differ-
ence between our results and those of these last two studies could
come from different sources. First, the MAR resolution (7.5 km)
is not ideal for representing slender glacial tongues, and our bare
ice albedo configuration is rather high and constant. Second, it is
possible that Collao-Barrios and others (2018) underestimates dis-
charge due to its uncertainty, resulting in an underestimation of
glacier-wide surface mass balance.

4.2. Surface mass balance relationships with climate

As previously mentioned, NPI is located at the boundary of the
westerlies band, with humidity from the Pacific as the main mois-
ture source for precipitation. We found a positive correlation
between icefield-wide surface mass balance and winds (Fig. 7,
upper panels). We also found a significant negative correlation
between icefield-wide surface mass balance (through snowfall and
melt) and air temperature at the annual scale and during each sea-
son (Fig. 7, lower panels). Significant negative correlation of snow-
fall and air temperature (Fig. S3.3 lower panels, Supplementary
information) is explained by the decrease in solid precipita-
tion with higher temperatures. The positive correlation between
icefield-wide surface mass balance and atmospheric temperature
(Ta) during the summer over all the NPI area is consistent with
Carrasco-Escaff and others (2023) during summer (DJF). But, dur-
ing winter, we only found a positive relationship in the ablation
zone and no correlation in the accumulation zone. For their part,
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they found a positive, albeit insignificant, correlation between sur-
face mass balance across the entire ice sheet and temperature, and
a significant positive correlation between accumulation and tem-
perature. We do not know the explanation behind these results of
Carrasco-Escaff and others (2023). However, it can be influenced
by the positive relation between precipitation and temperature in
southern Patagonia. In our study, we restricted our analysis to NPI,
while Carrasco-Escaft and others (2023) analyzed both Patagonian
ice fields (i.e., NPI and SPI) together. And although their principal
component analysis shows that 59% of the variability is explained
by the principal mode of variability and dominates most of the
Patagonian Icefields area, this is especially high in the SMB of
glaciers located on the western margin of the SPI, which could
cause this difference since the NPI is at the boundary of wester-
lies, this icefield may be more sensitive to a southward shift of the
westerlies than the SPI, which is located closer to the center of the
wind band (Fig. 1).

Our analysis shows a positive and significant relationship
between the SAM (also known as the Antarctic Oscillation index
with the acronym AAO) and temperature explaining the increased
melt. The relationship with snow accumulation is slightly more
complex. Through an increase in temperature, the SAM can induce
less solid precipitation. In addition, through its effect on the wind,
an increase in the SAM produces two impacts: an increase in
the westerlies and a southward shift of the storm track (Favier
and others, 2016). The southward shift of the storm track may
be the reason why we did not find a correlation between wind
and SAM over the NPI, which is currently not under the direct
influence of westerly winds. The two impacts have potential oppos-
ing impacts on precipitation and accumulation. Indeed, enhanced
westerlies should produce enhanced orographic precipitation over
NPI, whereas the storm track shift would induce a decrease in pre-
cipitation. Our analysis suggests a negative correlation between the
positive SAM and solid precipitation, suggesting that the second
effect is the strongest. The impact of the positive SAM over pre-
cipitation has already been studied by changes in tree ring growth
in Patagonia since the Little Ice Age (LIA) (Villalba and others,
2012). Villalba and others (2012) found that the persistent pos-
itive trend of the SAM in recent decades has been related to a
shift to higher latitudes of the Westerlies and associated storm
track, the pole-ward migration of the descending branch of the
Hadley cell, and the consequent southern expansion of the dry sub-
tropical belts. However, Villalba and others (1998) noted that the
influence of high-latitude circulation on precipitation may have
been significantly linked to the changes in the wave-numbers 3
pattern of the mean planetary wave structure over the Southern
Hemisphere.

The non-significant correlation between the SAM and winds
over the NPI is in agreement with the large-scale climate indices
analysis from Carrasco-Escaff and others (2023) (Fig. S3.6).
However, over the SPI, the SAM-temperature relationship is
weaker, and the SAM-winds relationship is significant and very
strong. The difference in study area (NPI vs. NPI and SPI
combined) may explain the difference between our results and
Carrasco-Escaff and others (2023). This implies the SAM may have
very different impacts on the mass balance of each Patagonian ice
field.

In terms of the impact of ENSO, we found that only very strong
ENSO events that coincide with negative SAM, as part of the tele-
connection ENSO-SAM, have a positive influence on icefield-wide
surface mass balance anomalies over NPI, as previously noted by
Cai and others (2020). This finding aligns with Carrasco-Escaft
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and others (2023), who suggested that normal ENSO anomalies
alone are ineffective at impacting the westerlies impinging the
Patagonian icefields.

The link between icefield-wide surface mass balance and SAM
can be considered as a hypothesis to explain larger icefields dur-
ing the LIA. Indeed, after SAM reconstruction (Abram and others,
2014), very negative SAM index values were observed between
1400 and 1800, which could have resulted in higher accumulation
and lower melt. During the LIA (around AD 1870 in this region),
NPI and SPI areas were 4636 km? and 14862 km?, respectively,
(Davies and Glasser, 2012). Since that time, more neutral or posi-
tive SAM values have been more commonly observed. The increase
toward a SAM positive phase was progressive, but a clear change
in phase occurred after 1970, which has been demonstrated to
be related to increasing greenhouse gas concentrations and ozone
depletion (Thompson and others, 2011; Abram and others, 2014).
As the SAM shifted to a more positive phase, most of the glaciers
from NPI and SPI retreated between 1870 and 2011, with an accel-
eration during the period 2001-11 (0.22% a~!) compared to the
period 1870-1986 (0.1% a~!) (Davies and Glasser, 2012).

4.3. Comparison of selected model setup with observed data

In general, the spatial distribution of modeled precipitation aligns
well with observations, indicating that the MAR model is capa-
ble of capturing the east-west precipitation gradient. However,
the model tends to underestimate precipitation at stations located
on the western side, particularly those situated in narrow valleys
that cannot be adequately represented due to the model’s spatial
resolution.

Using higher-resolution models would be computationally
demanding, and moreover, these valley stations are not representa-
tive of the conditions in the high elevation areas. This highlights a
key limitation: the lack of high-elevation or on the icefield weather
stations, which hampers the ability to simulate glacier accumula-
tion and mass balance with low uncertainty.

Regarding temperature, the model accurately reproduced the
annual mean surface air temperature, its spatial distribution, and
its relationship with altitude. But, the temperature estimated by the
model is warmer than the observed (bias of 0.2C and 0.8C). The
main discrepancy with observed data was the model’s inability to
capture some extremely cold days. As with the precipitation data,
the lack of observations in the high elevation areas limits a more
comprehensive understanding of the processes occurring in these
areas.

The simulated and observed changes in snow height showed
a good correlation, indicating that the model accurately captures
snowfall, snow densification and ablation over time. Although the
final snow height is underestimated, the result remains reasonable
given that the observation represents a single point, whereas the
simulation corresponds to a 7.5 km x 7.5 km grid cell.

The comparison between the simulated albedo and the MODIS-
derived albedo enabled improvements in the albedo parameteri-
zation and in the estimation of B. This highlights that comparing
model outputs with satellite-derived data can be a valuable
approach in contexts where in-situ observations are limited, as was
the case in this study.

5. Conclusion

In this study, we modeled the climate and surface mass balance
at a regional scale in the NPI including the tidewater glacier San
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Rafael Glacier over the period 1980-2014 using the regional model
MAR, and we analyzed the local and regional scale climate vari-
ability and its impact on NPI’s mass balance. According to our
calculations, the glacier-wide surface mass balance of San Rafael
Glacier was positive (0.60 4+ 0.30 Gta™'), placing it at the lower
end of the range compared to previous estimates. In contrast, the
icefield-wide surface mass balance for NPI reported in this study
is negative (—2.48 + 1.68 Gta™ '), consistent with or slightly lower
than prior assessments. Furthermore, these results align with pre-
vious estimations of the icefield-wide surface mass balance derived
from geodetic measurements combined with ice discharge data.

Our results suggest that the NPI is not in equilibrium under the
present climate. No significant trend was found for NPT’s icefield-
wide surface mass balance during the study period, indicating that
the icefield-wide surface mass balance was not the cause of the
observed increase of mass loss (Dussaillant, 2019b; Piermattei and
others, 2024), which must have increased due to an enhancement
of calving ice fluxes.

The considerable year-to-year variability (annual mean stan-
dard deviation 2.09 Gt a~!) demonstrates the sensitivity of the
NPI icefield-wide surface mass balance to atmospheric conditions.
Temperature and zonal wind have a large impact on accumu-
lation and ablation, and consequently on icefield-wide surface
mass balance. The role of temperature was major (correlation
surface mass balance-temperature is -0.73, correlation snowfall-
temperature is -0.67 and correlation melt-temperature is 0.74),
but accumulation was also related to variations in the zonal wind
speed (correlation equal to 0.54), through its impact on orographic
precipitation.

A significant link was found between icefield-wide surface mass
balance and the SAM. Positive SAM index values were associated
with decreases in snowfall and increases in atmospheric temper-
ature, which both reduce the surface mass balance of NPI and are
probably related to the southward shift of the storm track. This link-
age varied seasonally and was strongest during spring and autumn
but still significant in winter. The impact of SAM on the icefield is
thus likely significant and should be studied in greater depth, par-
ticularly for future projections of the NPI mass balance. Over the
next century, the impacts of greenhouse gas emissions are expected
to keep the SAM in a positive phase, despite the recovery of a nor-
mal state of the ozone hole, and accelerate atmospheric warming.
Under these conditions, snowfall should decrease and melt rates
increase, increasing a negative trend in the NPI surface mass bal-
ance for the 21st century. The NPI is expected to increase its retreat
and increase its contribution to future sea level rise.

Additional in-situ observations (precipitation, temperature and
accumulation/ablation) on the icefield and high elevation areas are
essential to reduce uncertainties in surface mass balance processes
and enhance future projections.

Supplementary material. The supplementary material for this article/letter
can be found at https://doi.org/10.1017/jog.2025.10106.
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