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Abstract
We assess the ability of the regional circulation model MAR to represent the recent negative surface mass balance (SMB) 
observed over the Kerguelen Islands ( 49◦S , 69◦E ) and evaluate the uncertainties in SMB projections until the end of the 
century. The MAR model forced by ERA-Interim reanalysis shows a good agreement with meteorological observations at 
Kerguelen, particularly after slight adjustment of the forcing fields (+ 10% humidity, + 0.8

◦
C , all year round) to improve 

precipitation occurrence and intensity. The modeled SMB and surface energy balance (SEB) are also successfully evaluated 
with observations, and spatial distributions are explained as being largely driven by the elevation gradient and by the strong 
west to east foehn effect occurring on the ice cap. We select five general circulation models (GCMs) from the Coupled Model 
Intercomparison Project phase 5 (CMIP5) by evaluating their ability to represent temperature and humidity in the southern 
mid-latitudes over 1980–1999 with respect to ERA-Interim and use them to force the MAR model. These simulations fail 
to replicate SMB observations even when outputs from the best CMIP5 model (ACCESS1-3) are used as forcing because 
all GCMs fail in accurately reproducing the circulation changes observed at Kerguelen since the mid-1970s. Global models 
chosen to represent extreme values of SMB drivers also fail in producing extreme values of SMB, suggesting that more 
rigorous modeling of present and future circulation changes with GCMs is still needed to accurately assess future changes 
of the cryosphere in this area.

Keywords  Surface mass balance · Regional climate model · Subantarctic · Reanalyses · CMIP5

1  Introduction

Regions located between 45 and 55◦S constitute the meet-
ing point between tropical and polar air masses, resulting in 
some intense cyclonic activity influencing the global atmos-
pheric circulation (Garreaud et al. 2009; Thompson et al. 
2011; Purich et al. 2013). Low temperature and high humid-
ity advected by the westerly winds (inside so-called storm 
tracks) enabled the formation of ice caps at low elevations 
in these sub-polar regions (Fitzharris et al. 1997; Takeuchi 
et al. 1999; Fitzharris et al. 2007; Garreaud et al. 2009). 
Among those, the Cook Ice Cap on the Kerguelen Islands 
( 49◦S , 69◦E ) in the Southern Indian Ocean has experienced 
one of the largest wastages (melting or evaporation of ice/
snow) over the last 15 years (Verfaillie et al. 2015; Favier 
et al. 2016). However, the future evolution of the Cook Ice 
Cap remains unclear because its wastage was largely con-
trolled by the recent southern hemisphere storm track shift, 
and future precipitation changes remain highly uncertain in 
GCM projections.
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The processes involved in glacial mass balance occur at 
small spatial scales (typically a meter to a few kilometers), 
and thus downscaling must be carried out, usually by using 
Atmosphere-Ocean General Circulation Models (AOGCMs, 
resolution of several tens or hundreds of kilometers) to drive 
regional climate models (RCMs, resolution of a few kilo-
meters). The ability of RCMs to accurately model glaciers 
and ice cap SMB has frequently been tested (Fettweis et al. 
2013; Schaefer et al. 2013) and represents the first step to 
assess glacier SMB projections. Such a dynamical downscal-
ing step is also necessary for future SMB projections even 
though the accuracy of modeling first depends on AOGCM 
ability to accurately simulate the regional climate. Indeed, 
numerous previous studies have used outputs from CMIP3 
or CMIP5 (Coupled Model Intercomparison Project phase 
3 and 5, Taylor et al. 2012) GCMs as such (Falvey and Gar-
reaud 2009; Thompson et al. 2011; Purich et al. 2013; Wang 
and Kay 2013), to drive RCMs (Schaefer et al. 2013; Cabré 
et al. 2016) or other climate or impact models (Marzeion 
et al. 2012; Delworth and Zeng 2014; Radić et al. 2014) 
in the southern sub-polar latitudes. However, Favier et al. 
(2016) showed that most CMIP5 GCMs are unable to cor-
rectly reproduce glacier wastage in regions characterized 
by strong precipitation decrease, like the Kerguelen Archi-
pelago (southern Indian Ocean), and that outputs from these 
models should first be corrected (at least for mean tempera-
ture and precipitation biases compared to observations) 
before using them to force RCMs or other models. Moreo-
ver, producing multi-decadal simulations of climate using 
an ensemble of RCMs requires much computing time, and 
using a multi-model mean would not prove useful because 
of its inaccurate positioning of the storm tracks and repre-
sentation of their shift (Favier et al. 2016). Several studies 
have shown this discrepancy of CMIP5 GCMs and proposed 
to select only few models that correctly represent the local 
climate settings (Fettweis et al. 2013; Agosta et al. 2015). 
Here we select a few CMIP5 GCMs based on their accu-
rate representation of the 1980–1999 climate (temperature 
and humidity in the free troposphere) in the southern Indian 
Ocean, evaluated against ERA-Interim, the best available 
reanalysis data in this region. These GCMs are then used 
to force an RCM centered on the Kerguelen Islands, and we 
analyze the surface mass balance results for the recent period 
(1980–2005) and the 21st century.

In the present study we investigate the recent glacial 
retreat of the main ice body on the Kerguelen Islands, the 
Cook Ice Cap, a region marked by fast-changing climate 
linked to circulation changes promoting a precipitation 
decrease (Favier et al. 2016). We determine whether this 
glacial retreat can be modeled using the MAR (Modèle 
Atmosphérique Régional, Gallée and Schayes 1994) regional 
model forced by ERA-Interim and by selected CMIP5 
AOGCMs. After presenting the materials and methods 

(Sect. 2), atmospheric outputs of the MAR driven by the 
ERA-Interim reanalysis are evaluated against observations 
and their spatial representation is analyzed (Sect. 3.1). 
Surface mass balance and surface energy balance (SEB) 
obtained from MAR, forced by outputs from ERA-Interim 
are assessed in Sect. 3.2. Subsequently, results concerning 
the selection of CMIP5 GCMs are presented (Sect. 3.3). 
Finally, surface mass balance (SMB) over the last decades 
and future projections modeled using the MAR driven by 
these selected models are critically examined (Sect. 3.4) and 
discussed (Sect. 4).

2 � Materials and methods

2.1 � Study site

The Kerguelen Islands ( 49◦S , 69◦E ) are located in the south-
ern Indian Ocean (Fig. 1) and form a unique sub-polar obser-
vation site due to the scarcity of glacier-covered zones in 
this area (Verfaillie et al. 2015; Favier et al. 2016). Their 
glaciers, located on low-lying islands, are directly influenced 
by the ocean and the associated atmospheric variations 
(Poggi 1977a, b; Vallon 1987; Jomelli et al. 2017, 2018). 
Following relative stability between the 1800s and the 1960s 
(Frenot et al. 1993), the Cook Ice Cap retreated extremely 
rapidly, losing 20% of its surface area in 40 years (Berthier 
et al. 2009). This acceleration has initially been attributed 
to warming (Frenot et al. 1993, 1997; Berthier et al. 2009) 
but was recently proven to be associated to a reduction of 
precipitation on the archipelago due to circulation changes 
induced by the strengthening of the Southern Annular Mode 
(Verfaillie et al. 2015; Favier et al. 2016).

2.2 � The regional climate model MAR

2.2.1 � Model description

The model used in this study is the regional climate model 
MAR (version 3.3, Fettweis et al. 2017), coupled to the 1D 
surface scheme SISVAT (Soil Ice Snow Vegetation Atmos-
phere Transfer) through the exchange of energy fluxes. This 
limited area model fully resolves the continuity equation 
(Gallée and Schayes 1994). It is a hydrostatic model solving 
primitive equations, and uses sigma pressure coordinates. 
The mass conservation equation is written in its compress-
ible form, i.e. without approximation. A cloud microphysics 
model is also included, solving the conservation equations 
of the concentration of cloud droplets, water drops, cloud ice 
crystals and snow crystals based on Kessler (1969) and Lin 
et al. (1983). Bechtold et al. (2001)’s convective scheme is 
used. Radiative schemes implemented are based on Fouquart 
and Bonnel (1980) for solar radiation and Morcrette (2002) 
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for the infrared. The constitutive equations of the MAR 
model are presented in detail in Gallée and Schayes (1994).

To compute glacier surface mass balance an energy bal-
ance approach is used through SISVAT. The SISVAT surface 
scheme (De Ridder and Gallée 1998; Gallée et al. 2001) 
determines the exchanges between the different surface 
components. SISVAT includes a vegetation and soil unit 
as well as a snow and ice unit. In the case of Kerguelen, 
devoid of trees, the only vegetation considered is tundra. 
Pixels can thus be partly covered by snow or ice, bare soil, 
tundra or water (ocean or lakes). The unit describing snow 
and ice in SISVAT was developed by Gallée and Duynkerke 
(1997), Gallée et al. (2001) and Lefebre et al. (2002). It is 
a multi-layer model that determines the exchanges between 
the surface of the ice cap, sea ice (not present in the Ker-
guelen Islands), snow-covered tundra and the atmosphere. 
The soil and vegetation unit was developed by De Ridder 
and Gallée (1998). SISVAT accounts for water percolation 
and refreezing in the snowpack, pore closure in the firn and 
meltwater runoff on ice and its influence on the albedo. Heat 
conduction in the snow is based on Yen (1981). The snow 
metamorphism parameterization is based on the CROCUS 
model (Brun et al. 1992), which enables a fine represen-
tation of surface albedo depending on the size and shape 
of snow grains. Turbulent fluxes are calculated following 
Monin and Obukhov (1954) similarity theory, by using the 
relationships between fluxes and gradients from Duynkerke 
and van den Broeke (1994). This scheme has been validated 

for cold glaciers in Antarctica (Gallée and Schayes 1994; 
Gallée et al. 2001), over melting zones in Greenland (Gallée 
and Duynkerke 1997), and also for other regions such as the 
Himalayas (Ménégoz et al. 2013).

2.2.2 � Model inputs

The MAR RCM was forced at its lateral boundaries by 6-h 
meteorological fields (temperature, humidity, winds and 
pressure) from the ERA-Interim reanalysis dataset (Dee et al. 
2011) or CMIP5 (Coupled Model Intercomparison Project 
phase 5) GCM output. Daily sea ice concentration and sea-
surface temperature data from the reanalysis data and CMIP 
models were also prescribed into MAR as surface oceanic 
conditions. Topography in the MAR regional model was 
taken from the global topographic model ETOPO1 [1 arc-
minute resolution, Amante and Eakins (2009)], which gives 
a better representation of the topography on the Kerguelen 
Islands than other topographic models such as ETOPO5 or 
GTOPO30. We used the ERA-Interim reanalysis data from 
the European Centre for Medium-Range Weather Forecasts 
(ECMWF), and outputs from 5 different CMIP5 GCMs 
selected from the CMIP5 ensemble after a critical analysis 
of the capabilities of the reanalysis data and the different 
models to reproduce the regional climate settings (Sect. 2.4). 
Models selected were: ACCESS1-3 (Commonwealth Sci-
entific and Industrial Research Organisation, and Bureau 
of Meteorology, Australia), MRI-CGCM3 (Meteorological 

Fig. 1   MODIS© image of the 
Kerguelen Islands showing the 
Cook Ice Cap and the location 
of Port-aux-Français scien-
tific station where the Météo 
France meteorological station 
is installed. The five other 
meteorological stations used in 
this study are also indicated (in 
yellow and orange). The loca-
tion of the Kerguelen Islands is 
indicated by the green dot on 
the world map in the top right 
corner. Adapted from Verfaillie 
et al. (2015)

Cook Ice Cap 
1050 m 

Port-aux-Français 

Port Christmas 

Cap Co�er 

Sourcils Noirs 

Armor 

Mortadelle 

20 km 
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Research Institute, Japan), GFDL-CM3 (National Oceanic 
and Atmospheric Administration Geophysical Fluid Dynam-
ics Laboratory, USA), GISS-E2-R (National Aeronautics 
and Space Administration Goddard Institute for Space Stud-
ies, USA) and NorESM1-M (Norwegian Climate Centre, 
Norway).

Reanalysis datasets consist of output from a model using 
data assimilation, i.e. combining observations (from radi-
osondes, buoys, satellites, etc.) and prior forecast model 
information, to obtain a physically coherent estimate of the 
state of the atmosphere that is as close to reality as possible. 
Each reanalysis is produced with a single version of a data 
assimilation system. Surface and radiosonde observations 
performed at Port-aux-Français (PAF) have been assimi-
lated in the reanalyses since 1979 for ERA-Interim (Dee 
et al. 2011). CMIP5 (Taylor et al. 2012) gathers 20 climate 
study groups, which produced long-term simulations (cen-
tennial scale) using atmosphere-ocean global climate mod-
els (AOGCMs) sometimes also coupled to a carbon cycle 
model, initialized from pre-industrial simulations. In this 
study, we used outputs from the historical (1950–2005) and 
future (2006–2100) RCP 8.5 CMIP5 scenarios (long-term 
experiments). A list of the different CMIP5 models analyzed 
here is given in Supplementary Table S1.

2.2.3 � Simulations

The MAR model was run on a grid centered on the Ker-
guelen Islands, at a resolution of 10 km ( 800 × 800 km 
domain). In the configuration used for this study the model 
has 23 atmospheric sigma levels, from � = 0.11 (an altitude 
of ∼ 15 km) to � = 0.9998 (3 m above the surface).

For SMB estimates, the 8 MAR grid cells partially or 
entirely covered by ice at the location of the Cook Ice Cap 
were used to derive the relation between SMB at individual 
grid cells and the cells’ elevation. Hypsometry (i.e. the rela-
tion between glacier surface area and elevation) of the Cook 
Ice Cap in 2009 (Verfaillie et al. 2015) was then used for 
extrapolating the 1980–2005 MAR SMB to the whole ice 
cap. For SEB estimates, only the 5 MAR grid cells where the 
ice mask exceeded 75% were considered, in order to avoid 
biases in air temperature resulting from the warming of bare 
soil or tundra-covered adjacent surfaces.

2.3 � Meteorological and glaciological network 
for evaluation

MAR outputs of daily precipitation and near-surface tem-
perature were evaluated against observations from weather 
stations installed in six different locations on the Kerguelen 
Islands. Figure 1 shows the location of each station. Direct 
meteorological measurements have been routinely collected 
by Météo France at the station of Port-aux-Français (29 m 

a.s.l.) since 1950. The automatic weather station (AWS) of 
La Mortadelle was installed in December 2010 on a rock 
outcrop close to the Cook Ice Cap (see Verfaillie et al. 
(2015) for more details about Port-aux-Français and La 
Mortadelle stations). Additionally, four new meteorologi-
cal stations (Port Christmas, Cap Cotter, Sourcils Noirs and 
Armor, see Fig. 1) were set up in 2012 in the framework of 
the LEFE-KCRUMBLE project, in order to gain insight into 
the spatial variability of climate on the archipelago. At Port 
Christmas, only temperature measurements are available 
because precipitation is biased by moisture transport from 
the lake located just upwind. Characteristics of the different 
sensors of the stations can be found in Table 1. Additionally, 
for SMB and SEB evaluation, the 2011 glaciological net-
work presented in Verfaillie et al. (2015) was used, as well as 
stake measurements carried out in the 1970s (Vallon 1977a, 
b, 1987); these have previously been used and described in 
Verfaillie et al. (2015).

2.4 � Selection of CMIP5 global models

As a first attempt to give a range of SMB estimates on the 
Cook Ice Cap for the recent period (1980–2005), we used 
a method derived from that developed by Fettweis et al. 
(2013) over Greenland to select the most suitable CMIP5 
GCMs and to determine the two models that would yield 
the most extreme climate. This method was used and further 
refined (using 5 different fields for the GCM selection) over 
the whole Antarctic continent by Agosta et al. (2015). In 
this method, fields from the reanalysis closest to observa-
tions, i.e. generally the ERA-Interim reanalysis, are used 
to select the models, over the period 1980–1999 (used by 
Fettweis et al. (2013) and Solomon et al. (2007) as the refer-
ence period for the current climate). Surface and radiosonde 
observations performed at the station of Port-aux-Français 
on the Kerguelen Islands are assimilated daily in the ERA-
Interim reanalysis. The latter was satisfactorily evaluated 
against in-situ observations of temperature, precipitation and 
shortwave and longwave radiation by Verfaillie et al. (2015).

To correctly represent the surface mass balance on the 
Kerguelen Islands, temperature and precipitation are the 

Table 1   Characteristics of sensors installed on the LEFE-KCRUM-
BLE stations: name, data measured, accuracy (according to the man-
ufacturer) and measurement height

Name Data Accuracy Height (m)

Young anemometer 
05103

Wind speed ± 0.3 m s−1 2
Wind direction ± 3◦

CS215 Air temperature ± 0.9 ◦C 2
Relative humidity ± 4%

CS ARG100 pluviom-
eter

Precipitation ± 8% 1
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most important parameters (Favier et al. 2016). Summer 
temperature controls ablation on the surface of the ice cap, 
which is temperate and thus very sensitive to small vari-
ations around 0 ◦C . Moreover, the influence of the South-
ern Annular Mode on temperature is strong in summer. 
For each CMIP5 GCM and for ERA-40 (ECMWF, Uppala 
et al. 2005) and NCEP1 (National Centers for Environmen-
tal Prediction, National Center for Atmospheric Research 
NCEP-NCAR, Kalnay et al. 1996) reanalyses, a comparison 
with ERA-Interim is performed for the summer (Decem-
ber, January and February) mean temperature at 850 hPa, 
impacting the melt at the surface of the ice cap. Biases 
are calculated on the whole 40◦–60◦S latitudinal belt as: 
(X

CMIP5
− X

ERA−Int)∕�(XERA−Int) , where X is the variable of 
interest and � represents the standard deviation. Precipita-
tion controls the accumulation on the ice cap and is driven 
by regional circulation and the position of the storm tracks. 
However, precipitation is not used as a forcing field in the 
MAR model, which simulates its own precipitation based 
on the forcing fields of temperature, wind, humidity and 
pressure. Thus specific humidity at 850 hPa was also ana-
lyzed against ERA-Interim. Similarly, Agosta et al. (2015) 
use the precipitable water field as a proxy of precipitation. 

Unlike Fettweis et al. (2013), wind speed was not taken 
into account, because variations in the wind field are not so 
important in the Kerguelen Islands due to the general west-
erly flow in this region. Anomalies of the 850 hPa summer 
temperature and the 850 hPa specific humidity with respect 
to ERA-Interim over 1980–1999 for all CMIP5 GCMs and 
ERA-40 and NCEP1 reanalyses are presented in Figs. S1 
and S2 respectively.

3 � Results

3.1 � Evaluation of MAR atmospherical outputs 
against observations

MAR outputs were evaluated against observations from 
weather stations installed on six locations of the Kerguelen 
Islands (Sect. 2.3), for different time periods depending on 
the data available. Figure 2 and Table 2 give an overview 
of temperature and precipitation outputs at the location of 
La Mortadelle station. Comparison at the other sites yields 
similar results (Tables S2, S3). The elevation differences 
between the stations and MAR grid cells are indicated in 
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Fig. 2   Comparison between modeled and measured temperature and 
precipitation at La Mortadelle station in 2011 and 2012 (731 observa-
tions): a 10-day averaged temperature, b accumulated total precipi-
tation, c number of daily precipitation events of different intensities 
(percentages above the charts indicate the ratio of each precipitation 
class compared to the total observed amounts) and percentages of 
modeled and observed events in agreement (Yes: both show some 

precipitation or both show no precipitation) and in disagreement 
(No: one shows some precipitation while the other shows no pre-
cipitation). MARERA stands for results of the MAR model forced 
by ERA-Interim, while MARERAcorr represents results of the MAR 
model forced by ERA-Interim after applying the optimal tempera-
ture ( + 0.8 ◦C ) and humidity (+ 10%) corrections at the MAR lateral 
boundaries
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Table S4. This evaluation shows that ERA-Interim is suit-
able for forcing the MAR model in its present configura-
tion, although modeled precipitation is underestimated in 
ERA-Interim-driven MAR, which simulates only 75% of 
observed precipitation or less at every site (Fig. 2b). The 
model estimates the timing of precipitation events relatively 
well (model and observations in accordance for more than 
70% of cases at La Mortadelle station). However, the inten-
sity of large events (> 20 mm per day), which represent 70% 
of the total precipitation at La Mortadelle station (and from 
21 to 77% at other sites), is usually underestimated by MAR 
when forced by ERA-Interim (Fig. 2c).

Because of the resolution gap between the driving large-
scale model (reanalysis or GCM) and the MAR model, and 
the fact that the calculation of the saturation humidity in the 
MAR model could be different from the forcing models, 
we adjust the humidity field from the forcing model prior 
to using it to force MAR. To increase the precipitation rate 
simulated by MAR, we increased humidity in ERA-Interim 
at each vertical level of the MAR boundaries by different 
percentages and assessed the improvement of precipitation 
results in MAR compared to observational data. Different 
temperature corrections in the forcing fields were also tested 
(Tables S2, S3). Increasing the humidity in ERA-Interim 
by 10% greatly improves MAR precipitation results (Fig. 2, 
Table 2 and Table S3), without affecting significantly tem-
perature (Table S2). In particular, it reduces annual pre-
cipitation biases and increases the intensity of large events, 
thereby improving total precipitation amounts. Temperature 
biases at the MAR lateral boundaries can also be corrected 
following Fettweis et al. (2017). Adding 0.8 ◦C to ERA-
Interim (Fig. 2a, Table 2), slightly improves MAR tempera-
ture results compared to all stations, except at Sourcils Noirs 
(Fig. 2, TableS 2, S2). This correction is a good compromise 
between obtaining reasonable temperature biases at all sta-
tions, and not changing too drastically the mean temperature 
at the boundaries of the MAR, which we expect to have a 
large impact on the final SMB. Applying such corrections at 
the MAR lateral boundaries improves the comparison with 

observations because they compensate some biases of MAR; 
it does not mean that the ERA-Interim data are wrong.

Near-surface mean temperature and annual accumulated 
precipitation modeled over 1980–2005 on the Kerguelen 
Islands by the MAR driven by corrected ERA-Interim fields 
(Fig. 3) are generally in good agreement with data measured 
at stations across the archipelago, as already presented above 
(Fig. 2, Tables S2, S3). In addition, the spatial distribution 
of temperature and precipitation is in agreement with Fon-
seca and Martín-Torres (2018). It represents well the foehn 
effect occurring in this area (Verfaillie 2014) with very wet 
conditions in the western part of the islands, and drier con-
ditions in the East; this is a recurring feature in Southern 
mid-latitudes (Neale and Fitzharris 1997; Garreaud et al. 
2009). Temperature is mainly correlated with elevation (see 
Fig. 1 in Berthier et al. (2009) for the topography of the Ker-
guelen Islands), although at the same elevation temperature 
is greater downstream of the ice cap than upstream. About 
80% less precipitation is measured at Port-aux-Français than 
at La Mortadelle station [Table S3 and Verfaillie (2014)], 
which can be partly explained by the elevation difference. 
This is well captured by the MAR model, which gives high 
precipitation amounts on the western part of the archipel-
ago—about 3–4 m per year, and up to 7 m per year on the ice 
cap, similar to what is observed in Patagonia (Garreaud et al. 
2013; Schaefer et al. 2013) or in New Zealand (Neale and 
Fitzharris 1997; Hooker and Fitzharris 1999)—and rather 
dry conditions on the eastern part (less than 1 m per year on 
the Courbet Peninsula where Port-aux-Français is located). 
Those precipitation amounts are also fairly consistent with 
precipitation simulated by the WRF model in Fonseca and 
Martín-Torres (2018).

3.2 � Evaluation of the MAR surface scheme

3.2.1 � Evaluation of the surface mass balance of the MAR

We now focus on MAR results in terms of SMB. Table 3 
presents mean SMB values for 1980-2005 on the Cook 

Table 2   Mean observed value and statistics of the comparison 
between modeled and measured daily temperature and precipitation 
at La Mortadelle station in 2011 and 2012: Root Mean Square Error 

(RMSE), correlation between observed and modeled values (R, all 
values are significant based on a Student’s test with p < 0.05) and 
mean annual, summer and winter biases

Variable Temperature ( ◦C) Precipitation (mm day−1)

Mean (observation) 3.89 10.0

Forcing ERA ERAcorr ERA ERAcorr
RMSE 1.10 1.11 14.9 13.5
R (-) 0.94 0.94 0.72 0.73
bias Annual − 1.70 − 1.02 − 3.7 0.5

Summer − 1.65 − 0.90 − 4.5 0
Winter − 1.74 − 1.13 − 3.0 1.0

Author's personal copy



Regional modeling of surface mass balance on the Cook Ice Cap, Kerguelen Islands (  , )﻿	

1 3

Ice Cap modeled with the MAR forced by ERA-Interim. 
Because no direct SMB measurement is available from 1980 
to 2005, geodetic SMB values obtained from the difference 
between two digital elevation models, between 1963 and 
2000 and between 2000 and 2010 from Favier et al. (2016), 
are shown for reference. We use the modeling method from 
Favier et al. (2016), i.e. a positive degree day (PDD) model 
forced by atmospheric data from the station of Port-aux-
Français and MAR-derived temperature and precipitation 
altitudinal dependency. This yields a modeled SMB of 
− 1.22 ± 0.33 m w.e. a−1 for the period 1980-2005 with sur-
faces and elevations from 2009 (Table 3). Similarly, in this 
study, the hypsometry of the Cook Ice Cap in 2009 (Verfail-
lie et al. 2015) was used for calculating the 1980–2005 SMB 
derived from MAR results at the scale of the whole ice cap, 

which yields slightly less negative values than if it was inte-
grated on the surfaces and elevations from 2005.

When the MAR is forced by ERA-Interim without cor-
rection, the SMB value is the same order of magnitude as 
SMB measurements and PDD model estimates. Using the 
corrected (humidity increased by 10% and temperature 
increased by 0.8 ◦C ) ERA-Interim fields to drive the MAR 
yields slightly more negative SMB values (difference of 
-0.27 m w.e. a−1 , see Table 3), but still within the uncer-
tainty ranges. The variability of SMB with elevation is 
well represented in the MAR forced by ERA-Interim fields 
compared to stake measurements carried out in the 1970s 
(Fig. 4). However, the MAR is unable to represent the cur-
rent slope of observed SMB, which is closer to horizontal 
(“stakes 2011” in Fig. 4).
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Fig. 3   Maps of 10 km-resolution a mean near-surface temperature 
and b accumulated precipitation over 1980-2005 on the Kerguelen 
Islands simulated by the MAR model forced by ERA-Interim after 

corrections (humidity increased by 10% and temperature increased by 
0.8 ◦C ) at the MAR lateral boundaries

Table 3   Mean SMB and ice loss for the whole ice cap over the period 
1980-2005 from the MAR model forced by ERA-Interim (ERA) and 
selected CMIP5 models. corr indicates corrected forcings (humid-
ity increased by 10% and 5% respectively for ERA-Interim and 
ACCESS1-3, and temperature increased by 0.8 ◦C and decreased by 

0.9  ◦C respectively for ERA-Interim and ACCESS1-3). Measured 
SMB (m w.e. a−1 ) from 1963 to 2000 and from 2000 to 2010 (Favier 
et  al. 2016) is also shown for reference, as well as SMB calculated 
from 1980 to 2005 using the PDD modeling method from Favier 
et al. (2016)

Period Method SMB  
(m w.e. a−1)

Ice loss  
(Gt a−1)

MAR
ERA

1980–2005 MAR model − 1.32 − 0.51
MAR

ERAcorr
1980–2005 MAR model − 1.59 − 0.61

MAR
ACCESS1-3

1980–2005 MAR model − 2.89 − 1.11
MAR

ACCESS1-3corr
1980–2005 MAR model − 1.16 − 0.44
2006–2100 MAR model − 4.60 − 1.77
2090–2100 MAR model − 7.86 − 3.03

MAR
NorESM1-M

1980–2005 MAR model − 3.47 − 1.33
MAR

GISS-E2-R
1980–2005 MAR model − 3.63 − 1.40

MAR
GFDL-CM3

1980–2005 MAR model − 4.69 − 1.80
MAR

MRI-CGCM3
1980–2005 MAR model − 9.54 − 3.67

Favier et al. (2016) 1963–2000 Geodetic − 1.33 ± 0.90 − 0.51
Favier et al. (2016) 2000–2010 Geodetic − 1.59 ± 0.19 − 0.61
Favier et al. (2016) 1980–2005 PDD model − 1.22 ± 0.33 − 0.47

Author's personal copy



	 D. Verfaillie et al.

1 3

3.2.2 � Evaluation of the surface energy balance of the MAR

The SMB computed by the MAR model forced by (cor-
rected) ERA-Interim fields is in good agreement with 
field data, showing a similar gradient with elevation and a 
similar ELA value as found in Figure 4 of Verfaillie et al. 
(2015). This is due to a correct modeling of SEB, although 
the very high quality of SMB partially hides several error 
compensations. Comparison with measurements done at 
the Mortadelle’s AWS (for which radiation measurements 
are available) reveals a slight overestimation of the incom-
ing shortwave radiation (SWi, difference of + 34 W m−2 ) 
which is compensated by lower incoming longwave radia-
tion (LWi, difference of − 32 W m−2 ) in the MAR model 
compared to observations, although this could also be due 
to a local artefact at this AWS. MAR values are however 
similar to those given by ERA and NCEP reanalyses, and 
those measured at PAF meteorological station (Verfaillie 
et al. 2015). The potential biases in radiation partly result 
from a slight underestimation of the cloud cover for the sub-
Antarctic regions in the MAR version used in this study 
(Fettweis et al. 2017). The energy budget was then evalu-
ated for MAR grid cells where the ice mask exceeds 75%, 
in order to avoid large biases caused by warming of ice-free 
surfaces in the same cells. Evaluations were performed with 
SMB and SEB calculations made by Verfaillie et al. (2015) 
whenever data was available at a similar elevation as the 
MAR grid cell (Table 4). This was possible for one grid 
cell (581 m a.s.l.) near the P4 profile presented in Verfaillie 
et al. (2015), where MODIS albedo calculations and stake 

data allowed calculations of the SEB. The SMB at the P4 
profile was analyzed using 3 stakes with slightly different 
surface characteristics (Fig. 4). Two stakes are located in 
areas where some snow overaccumulation was observed. As 
a result, they yield SMB values that are not extremely nega-
tive. The last stake of the P4 profile is located in a zone with 
lower observed accumulation, resulting in more negative 
SMB. The computed SMB from the MAR is more similar to 
data from the overaccumulation zone, reflecting several error 
compensations. In Verfaillie et al. (2015), a mean albedo 
value of 0.63 was computed at this location for 2011 using 
clear sky MODIS images. In this cell, a higher albedo in the 
MAR compensates for higher incoming shortwave radiation, 
leading to very similar net shortwave radiation (SW). The 
computed turbulent heat fluxes ( LE + H ) are also close to 
data provided by Verfaillie et al. (2015) using the approach 
of Favier et al. (2011) and more reduced than those meas-
ured by Poggi (1977a, b). Because the surface temperature 
modeled by the MAR is very close to the one from Verfail-
lie et al. (2015), the net longwave radiation (LW) results 
are 30 W m−2 more negative, and the final ablation is more 
reduced. This compensates for lower accumulation simu-
lated by the MAR than observed in Verfaillie et al. (2015), 
at least for the stakes located in the overaccumulation region. 
As a consequence, MAR values are very similar to observa-
tions around 540 m asl. However, if one considers the points 
with lower accumulation, then the MAR tends to yield insuf-
ficiently negative SMB values in this grid cell (Table 4). 
However, it must also be kept in mind that precipitation 
(especially snow) measurements in case of strong winds are 
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Fig. 4   SMB as a function of elevation on Ampere Glacier: SMB 
measured with stakes in the 1970s (Vallon 1977a, b, 1987) and in 
2011 (Verfaillie et al. 2015), and modeled by the MAR RCM forced 
by ERA-Interim uncorrected (MARERA) and corrected (MARERAcorr) 
and ACCESS1-3 uncorrected (MARACCESS1-3) and corrected 

(MARACCESS1-3corr) over 1980-2005. Linear regression lines are indi-
cated along with their equations and correlation coefficients. Stakes 
from the P4 profile in 2011 discussed in Sect. 3.2.2 are represented by 
grey triangles with black contours
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often underestimated compared to reality (Larson and Peck 
1974; Wagnon et al. 2009). Since precipitation in the MAR 
is calibrated thanks to precipitation observations, not only 
do the error compensations within the RCM come into play, 
but also the precipitation undercatch of rain gauges.

3.3 � CMIP5 models selected

The analysis of anomalies presented in Fig. S1 and S2 
reveals that the GCM closest to ERA-Interim over 1980-
1999 in the Kerguelen region in terms of both temperature 
and humidity was ACCESS1-3. Its mean anomalies with 
respect to ERA-Interim are comparable to the mean anom-
alies of the ERA-40 and NCEP1 reanalyses with respect 
to ERA-Interim. For the selection of extreme models, the 
GCMs combining both high temperature biases and low 
humidity biases should yield the lowest SMB, and the 
one combining low temperature biases and high humidity 
biases should provide the highest SMB, once they are used 
to drive the MAR model. The two most extreme models in 
terms of temperature were MRI-CGCM3 and GFDL-CM3. 
GFDL-CM3 presents the coldest biases and MRI-CGCM3 
the warmest biases (GISS-E2-H was not considered, as the 
6h outputs necessary to force the MAR model were unavail-
able). However, it is also clear that the models that were 
most extreme in terms of temperature were not the most 
extreme in terms of humidity. In fact, GFDL-CM3, which 
was the coldest, is also too dry compared to ERA-Interim, 

while MRI-CGCM3, the warmest GCM, is also too humid, 
which would result in moderate SMB values. This behav-
iour, common to all CMIP5 models, is somewhat similar 
to the Clausius-Clapeyron behaviour, which establishes a 
relation between the amount of precipitable water to the 
moisture holding capacity of the air, which is itself linked 
to temperature (e.g., Krinner et al. 2007). To select the two 
GCMs that would give the most extreme SMB MAR results, 
it is necessary to compare the joint biases of temperature 
and humidity of each model with respect to ERA-Interim, 
as presented in Fig. 5. Biases are calculated, as previously, 
over 1980–1999 and over the entire 40◦-60◦S latitudinal belt 
in order to take into account the potential regional impact of 
each CMIP5 model on the final MAR SMB results. GISS-
E2-R was chosen as the GCM combining both dry and hot 
biases (the only other dry and hot model, FGOALS-s2, did 
not have the 6h outputs necessary to force the MAR model), 
and NorESM1-M as the one combining wet and cold biases 
(among a selection of GCMs presenting similar biases).

A summary of the temperature and humidity anomalies 
with respect to ERA-Interim for these five selected CMIP5 
GCMs is presented in Figs. 6 and 7. We can see from these 
figures that the spatial variability of the temperature and 
humidity anomalies can be high, depending on the model. 
For example, GFDL-CM3 and NorESM1-M are too cold 
in almost the entire region of the 40◦–60◦S latitudinal belt, 
while other GCMs (ACCESS1-3, GISS-E2-R and MRI-
CGCM3) show opposite temperature anomalies to the north 

Table 4   Comparison between SEB components estimated from 
Verfaillie et al. (2015) and from MAR in this study forced by ERA-
Interim (ERA) and ACCESS1-3 corrected fields, over 1980–2005, 
at similar elevations: incoming shortwave radiation (SWi), incom-
ing longwave radiation (LWi), albedo, outgoing longwave radiation 
(LWo), net shortwave radiation (SW), net longwave radiation (LW), 

latent heat flux (LE), sensible heat flux (H), LE+H, ablation, snow 
precipitation (Snow), and surface mass balance (SMB). (1) Using 
stake SMB values in the observed snow overaccumulation zone of the 
P4 profile (See Fig. 4), (2) using stake SMB values in the “regular” 
accumulation zone of the P4 profile, (3) using the MODIS albedo

Verfaillie et al. (2015) This study (MAR)

MODIS MODIS MODIS ERA ACCESS ERA ACCESS

cell cell (1) cell (2) corr corr corr (3) corr (3)

Elevation (m a.s.l.) 540 581 581
SWi (W m−2) 109 143 147
LWi (W m−2) 320 288 283
Albedo (-) 0.63 0.72 0.71 0.63 0.63
LWo (W m−2) 311 309 299
SW (W m−2) 44 41 43 53 54
LW (W m−2) 10 −21 −17 −21 −17
LE (W m−2) 21 20
H (W m−2) 6 6
LE+H (W m−2) 30 27 26 27 26
Ablation (mm w.e. a−1) −7876 −7876 −7876 −4359 −4962 −5504 −6015
Snow (mm w.e. a−1) 870 3351 464 259 919 259 919
SMB (mm w.e. a−1) −7006 −4525 −7412 −4100 −4043 −5245 −5097
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of Kerguelen (with cold anomalies) compared to the south 
(with warm anomalies). In terms of humidity, the spatial 
variability in the 40◦–60◦S latitudinal belt is less pronounced 

than that of temperature. This demonstrates that mean tem-
perature biases are not sufficient to describe model behavior, 
and that the choice of model will change according to the 
region of interest.

Additionally, we compared the temporal variability and 
trends in temperature and precipitation in the five selected 
models (ACCESS1-3, NorESM1-M, GISS-E2-R, GFDL-
CM3 and MRI-CGCM3), and also after downscaling with 
the MAR model, to observed variability and trends in 
Table 5. Temperature trends in the CMIP5 models are gener-
ally overestimated, although slightly less after downscaling 
with MAR (differences range between − 0.07 ◦C decade−1 
and + 0.03 ◦C decade−1 depending on the model). None of 
the five selected GCMs are able to reproduce the magnitude 
of observed decreasing trends in precipitation. NorESM1-M 
and MRI-CGCM3 display the most negative trends, but they 
are still around one-tenth of observed trends. Forcing the 
MAR model by these large-scale models does not system-
atically improve precipitation trends. Only the precipitation 
trends from the MAR forced by reanalyses ( MAR

ERA
 and 

MAR
ERAcorr

 ) are realistic (although still overestimated).
Finally, we calculated the mean spreads in temperature in 

summer and winter and compared them to observations over 
1980–2005. Both the winter and the summer temperature 
variabilities are underestimated in CMIP5 models compared 
to observations, especially the summer variability (Table 5). 
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Fig. 5   Plot of the normalized biases of summer temperature (DJF) 
at 850 hPa for all CMIP5 GCMs with respect to ERA-Interim over 
1980–1999 for the entire 40◦–60◦S latitudinal belt, versus the same 
normalized biases but for specific humidity at 850 hPa

Fig. 6   Mean anomaly ( T
CMIP5

− T
ERA−Int ) of summer tempera-

ture (DJF) at 850hPa with respect to ERA-Interim over 1980–1999, 
plotted on the ERA-Interim grid, for ACCESS1-3, NorESM1-
M, GISS-E2-R, GFDL-CM3 and MRI-CGCM3. Biases indi-
cated are calculated on the whole 40◦-60◦S latitudinal belt as : 

(T
CMIP5

− T
ERA−Int)∕�(TERA−Int) , where � represents standard devia-

tion. Hatched zones indicate regions where anomalies are more than 
two times higher than the standard deviation of temperature in ERA-
Interim. The black circles indicate the location of the Kerguelen 
Islands
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Both temperature variabilities (summer and winter) are 
improved when downscaled with the MAR. In the follow-
ing, we test the impact of these discrepancies on the SMB 
modeling with the MAR, and assess whether the CMIP5-
MAR simulations offer interesting information with regards 
to the Kerguelen Islands.

3.4 � SMB from the MAR forced by selected CMIP5 
models

As can be seen in Table 3, mean SMB values from the MAR 
model over the last decades vary greatly depending on the 
large-scale model used for forcing. From Table 3, it is clear 
that SMB values from CMIP5-forced simulations are gener-
ally too negative.

3.4.1 � Evaluation of the SMB from the MAR forced 
by ACCESS1‑3

The MAR outputs forced by the “reasonable” CMIP5 cli-
mate model ACCESS1-3 were compared to long series 
of data at the scale of the archipelago. These long series 
correspond to the outputs of MAR forced by corrected 
ERA-Interim reanalysis fields. We observe that humidity 
from the ACCESS1-3 simulation needs to be adjusted and 
increased by 5% to reach acceptable long-term (30 years) 
precipitation amounts in MAR compared to the simulation 
forced by ERA-Interim with corrections. Furthermore, we 
removed 0.9 ◦C from the ACCESS1-3 forcings to be as close 

as possible to values from the MAR forced with corrected 
ERA-Interim fields.

Fig. 7   Same as Fig. 6, but for specific humidity

Table 5   Trends of precipitation (P, % change compared to the mean 
observed value over the period 1980-2005) and temperature (T, ◦C 
decade

−1 ) and winter and summer temperature spreads (maximum–
minimum, ◦C ) in observations from the Port-aux-Français station and 
in the five selected CMIP5 GCMs ACCESS1-3, NorESM1-M, GISS-
E2-R, GFDL-CM3 and MRI-CGCM3 over 1980-2005. The same 
calculations for the MAR model forced with those GCMs, and with 
ERA-Interim (ERA), are also given for comparison

Dataset P trend T trend Winter T spread Summer 
T spread

(%) (◦C decade−1) (◦C) (◦C)

Observation − 157 − 0.01 10.2 11.6
ACCESS1-3 + 1 + 0.09 8.1 4.1
NorESM1-M − 13 + 0.10 6.8 5.9
GISS-E2-R − 5 + 0.36 5.9 5.0
GFDL-CM3 + 16 + 0.34 7.0 3.9
MRI-CGCM3 − 16 + 0.10 5.8 3.3
MAR

ERA
− 190 − 0.09 7.2 6.5

MAR
ERAcorr

− 310 + 0.08 7.5 6.2
MAR

ACCESS1-3
+ 44 + 0.09 8.5 5.6

MAR
ACCESS1-3corr

+ 24 + 0.08 8.8 5.7
MAR

NorESM1-M
− 56 + 0.13 9.5 9.7

MAR
GISS-E2-R

+ 25 + 0.34 8.1 8.6
MAR

GFDL-CM3
+ 22 + 0.33 8.7 4.5

MAR
MRI-CGCM3

− 16 + 0.03 10.2 3.9
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Correcting ACCESS1-3 fields before driving the MAR 
allows one to obtain more reasonable SMB values that are 
closer to ERA-driven values and measurements and SMB 
pseudo-reference from Favier et al. (2016), even though 
the values remain very negative (Table 3). Moreover, the 
evolution of SMB with elevation is very similar to the one 
obtained with MAR forced by ERA-Interim corrected fields 
and realistic compared to stake observations from the 1970s, 
but not from 2011 (Fig. 4).

3.4.2 � Analysis of the SMB from extreme CMIP5 models

We analyze the SMB obtained by forcing the MAR model 
with GCMs initially selected to represent the extremes of 
SMB on the Cook Ice Cap (Sect. 2.4). Surprisingly, those 
CMIP5 models fail in reproducing extreme values of SMB 
(Table 3). NorESM1-M was chosen as the GCM combining 
both wet and cold biases compared to ERA-Interim, thus 
meant to yield the less negative MAR SMB. GISS-E2-R, 
on the other hand, displayed both dry and cold biases, and 
was thus supposed to yield the most negative MAR SMB. 
Forcing the MAR with NorESM1-M, however, yields more 
negative SMB values (Table 3) than ACCESS1-3 (without 
correction). Moreover, GISS-E2-R displays slightly more 
negative MAR SMB values than NorESM1-M, but not the 
most negative ones, as MAR SMB values using GFDL-CM3 
or MRI-CGCM3 models are more negative (much more neg-
ative in the case of MRI-CGCM3).

3.4.3 � Future SMB estimates

For future projections of SMB, we should be able to rely on 
estimates from MAR driven by corrected ACCESS1-3 fields 
with some confidence, even though there is no indication 
that the future trend given by this GCM is correct. Correct-
ing the forcing fields from all CMIP5 models in a similar 
manner to what was done for ACCESS1-3 would probably 
require initial humidity and temperature field corrections 
that are too drastic and unrealistic for most GCMs. Moreo-
ver, it would not have provided us with any information on 
the expected possible spread of values in the future, because 
it would be suppressed by the adjustment. As a result, only 
the projections for the (corrected) model considered as the 
most adequate over the recent period are discussed. MAR 
driven by corrected ACCESS1-3 fields provides values of 
SMB of -4.60 m w.e. a−1 over the period 2006-2100 and 
-7.86 m w.e. a−1 for the last decade of the twenty-first cen-
tury (Table 3), assuming present surface extent and eleva-
tion. The latter value is difficult to compare to the mean 
SMB value of − 3.22 m w.e. a−1 for ACCESS1-3 over the 
same period from Favier et al. (2016) because the methods 
for meteorological downscaling and SMB computation are 

very different. However, both approaches demonstrate that 
the ice cap will continue to lose mass at a very high rate.

4 � Discussion

4.1 � Evaluation of MAR atmospherical outputs 
against observations

The Kerguelen Islands, located in the middle of the ocean 
and under the influence of a westerly circulation system, 
represent an ideal setting for regional downscaling analy-
sis and the assessment of CMIP5 models. Temperature 
and precipitation simulated by the MAR model driven by 
ERA-Interim were evaluated against 6 stations across the 
Kerguelen Islands (Sect. 3.1). The comparison showed that 
MAR driven by ERA-Interim generally reproduced satis-
factory temperature and precipitation measurements, but 
that precipitation was underestimated. This was due to an 
underestimation of intense precipitation events, as already 
noted in Verfaillie et al. (2015), which account for 21–77% 
of total precipitation amounts depending on the station con-
sidered. A mean adjustment of temperature and humidity 
fields in the MAR forcing dataset was necessary to better 
reproduce station data. These adjustments generally reduced 
biases in temperature and precipitation simulated by MAR, 
and increased the proportion of intense precipitation events. 
Maps of mean annual temperature and cumulated annual 
precipitation over 1980-2005 from MAR forced by ERA-
Interim after those corrections reveal a realistic distribution 
of these variables across the islands (Fig. 3). The data also 
show a clear dependence with elevation, which was used 
to determine the climatic settings over the islands for SMB 
modeling using a positive degree day model in Favier et al. 
(2016).

4.2 � Evaluation of the MAR surface scheme in terms 
of SMB and SEB

MAR forced by ERA-Interim correctly reproduces the 
regional climate settings and the associated SMB and SEB. 
The good RCM results help to study the spatial distribution 
of SMB over the Cook Ice Cap. The SMB variation with ele-
vation is largely explained by the increasing amount of snow 
precipitation with elevation, which results in a quick increase 
in the albedo and a decrease in the net shortwave radiation 
budget. The variations of turbulent heat fluxes LE+H are 
also significantly correlated to elevation, even though the 
variations of each turbulent heat flux taken independently 
(H and LE) are poorly linked to this variable alone. The 
surface temperature is highly correlated with elevation as 
well, resulting in a progressive decrease in surface energy 
losses by outgoing longwave radiation (LWo). The SEB 
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from the MAR driven by corrected ERA-Interim fields is 
satisfactorily close to MODIS-derived estimates from Ver-
faillie et al. (2015) when similar elevations are compared 
(about 30% lower in the MAR than in MODIS-derived esti-
mates). However, at the scale of the whole ice cap, some 
error compensations occur, mainly through an overestima-
tion of the incoming shortwave radiation, compensated by 
a lower incoming longwave radiation. This is probably due 
to a slight underestimation (10–20%) of the cloud cover in 
the MAR version used in this study, which has been largely 
reduced in the latest version of the MAR (MAR v3.9, see 
e.g. Wyard et al. 2018).

Other key parameters impacting the spatial distribution 
of the SEB at the scale of the ice cap are mainly related to 
the very strong west to east foehn effect over the ice cap. 
This is visible through the decrease of the cloud cover which 
results in a quick increase in the SWi values (from the west 
to the east). This increase is largely compensated by the 
decrease in LWi values. This effect extends also westward 
from the Cook Ice Cap summit. However, since impacts of 
cloud cover on LWi and SWi tend to compensate for each 
other, their impact on the net radiation balance is limited. 
Turbulent heat flux values are also impacted by the decrease 
in moisture associated with the foehn effect, nevertheless, 
the exact consequences are hard to discuss because only few 
cells present a significant ice cover in our model, and only 5 
cells present ice mask values exceeding 75%. In other cells, 
the warming of tundra surfaces impacts the buoyancy, lead-
ing to biased values of turbulent heat fluxes. Yet, changes in 
turbulent heat fluxes and longwave radiation are largely more 
reduced than those associated with albedo variations, dem-
onstrating that albedo variations caused by the decreasing 
snow precipitation amounts are a first order variable explain-
ing the SEB on the Cook Ice Cap (Verfaillie et al. 2015).

However, this key role of albedo in the ablation processes 
is currently inducing a limitation in our MAR simulations. 
Our SMB modeling is able to represent the slope of SMB 
with elevation measured in the 1970s, but not the one meas-
ured in 2011. Indeed, in the 1970s, there was still enough 
snowfall to see a gradual evolution of the snowpack with 
elevation, i.e. increasing albedo values with elevation. More 
recently, however, albedo became almost uniform on the ice 
cap due to the large disappearance of snowpack and firn, 
leading to the presence of bare ice over large parts of the 
glacier. As a result, melt rates increased and became more 
uniform and the slope of observed SMB with elevation 
became much flatter (Fig. 4). However, since ERA-Interim 
data is only available since 1979, it was impossible in our 
model to reproduce the full firn removal that occurred since 
the beginning of the 1960s. Nearly 20 years of negative SMB 
were missing in our spin-up period to correctly reproduce 
the current observed surface state, i.e. with a similarly low 
albedo between the front and 800 m asl. As a consequence, 

our SMB modeling is not able to reproduce the current sur-
face state of the ice cap.

4.3 � Selection of CMIP5 models and resulting SMB

For large ice caps, it has been demonstrated that important 
feedbacks between temperature and melting occur, and thus 
mass balance anomalies in the MAR model due to tempera-
ture anomalies will tend to be amplified with time because 
a GCM which is too warm will produce a rapid melt of the 
ice cap in MAR and thus mass balance values that are too 
negative (and vice-versa for a GCM which is too cold). One 
can thus reasonably assume that the GCM simulating best 
the temperature (and circulation) conditions over the recent 
period for these large ice caps will be the most suitable for at 
least near-future projections, and that current extreme GCMs 
will continue to diverge in the future (Fettweis et al. 2013). 
For future SMB estimates, the model selection approach 
(Fettweis et al. 2013) we used indicated the Australian GCM 
ACCESS1-3 as the most appropriate for our region of inter-
est. It was also the model chosen as the most pertinent for 
forcing RCMs over Antarctica in Agosta et al. (2015). This 
seems logical considering that the physics of the GCM is 
probably adapted to Southern mid- and high-latitudes (Bi 
et al. 2013). Additionally, two GCMs were selected in order 
to represent the extremes of SMB on the ice cap due to their 
combined temperature and humidity biases (NorESM1-M 
and GISS-E2-R), and two other GCMs which displayed cold 
and warm conditions in the subantarctic region (GFDL-CM3 
and MRI-CGCM3) were also tested.

We observed that this method fails for the Kerguelen 
Archipelago. SMB from the MAR model forced by 
ACCESS1-3 from 1980 to 2005 is too negative. Even the 
forcing fields from this GCM selected as most appropriate 
based on mean meteorological fields must be corrected in 
order to yield SMB results close to geodetic measurements 
and PDD estimates. The GCMs initially selected as extremes 
did not provide the ensemble variability we were trying to 
find as they failed in giving the most extreme values of 
SMB. This was already observed in Favier et al. (2016), who 
showed that the CMIP5 multi-model mean and the major-
ity of GCMs were not able to reproduce the Cook Ice Cap 
wastage from the 1950s onwards, mainly due to an incorrect 
representation of the decrease in precipitation in the Ker-
guelen region. Here we confirm this finding, showing that 
the five GCMs selected in this study present very different 
trends in temperature and precipitation, and that no model is 
able to reproduce the observed trend in precipitation. Most 
GCMs follow a Clausius-Clapeyron law (Krinner et al. 2007; 
Agosta et al. 2013; Palerme et al. 2017), where humidity 
increases with increasing temperature. Only two models dis-
play dry and warm biases, among which GISS-E2-R, which 
did not yield the expected most negative SMB after forcing 
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the MAR. This is also due to the fact that our GCM selection 
is based on an assessment of the mean biases in temperature 
and humidity compared to ERA-Interim, but the temporal 
variability (e.g. the drying trend) is not taken into account 
because the models do not reflect the observations.

4.4 � Reducing means biases in CMIP5 models is still 
not sufficient

Furthermore, in Favier et al. (2016), a reduction of the mean 
interannual biases of temperature and precipitation was 
applied to each CMIP5 GCM in order to better reproduce 
the local climate settings and SMB. Indeed, because model 
outputs were largely biased in the Kerguelen region, the 
temperature bias over the period 1951-2005 was removed 
from each GCM by subtracting the mean bias, whereas 
precipitation rates were divided by the mean ratio between 
observations and the model. This approach allowed us to 
show that the ensemble mean model (EMM) SMB value 
was similar to the one computed with the observed climate 
data from Kerguelen Islands, but assuming an hypothetical 
situation without drying. Here, we analyzed more deeply 
ablation in each simulation from Favier et al. (2016), and 
observed that modeling biases were significantly corre-
lated to summer temperature biases rather than the annual 
temperature biases. Thus, we reproduced the Favier et al. 
(2016) approach but removing the summer temperature bias 
over the period 1951–2005 from each GCM. This approach 
slightly improves the EMM SMB results (not shown), but 
the final trend is still close to the one obtained assuming an 
hypothetical situation without drying because the precipita-
tion trend is not correctly reproduced in CMIP5 models. 
This means that neither removing the mean annual nor mean 
summer biases in GCMs is sufficient to compute further 
SMB values, and a more complex bias correction (of the 
whole probability distribution) is required.

Here, in addition, we show that the temporal evolution of 
SMB cannot be explained solely by the corresponding evo-
lution in temperature and precipitation (Fig. 8). For exam-
ple, MAR forced by MRI-CGCM3 yields the steepest trend 
in SMB even though the trends in (decreasing) precipita-
tion and (increasing) temperature are not the strongest of 
all the different models used (see Table 5 for trend values). 
Although temperature and precipitation are the main drivers 
of SMB in the Kerguelen region, other drivers exist (e.g., 
radiation and albedo) that should be taken into account when 
analyzing the temporal evolution of SMB.

MAR SMB projections indicate that significant shrink-
ing of the Cook Ice Cap is expected to continue through 
the twenty-first century, as projected in Favier et al. (2016), 
even though the SMB value for ACCESS1-3 for the end 
of the century can hardly be compared to the mean value 
obtained for ACCESS1-3 from the update of the method 

from Favier et al. (2016) because this study and Favier et al. 
(2016) use different methods. However, it is not possible to 
validate the future trends, and the ensemble variability of 
SMB projections using CMIP5 models cannot be assessed 
as it still has not been obtained for the recent period using 
the model selection method from Fettweis et al. (2013). Pos-
sible refinements to the selection method could have been 
performed. Sea-level pressure could have been included in 
the selection of CMIP5 models, or precipitable water could 
have been taken into account instead of the 850 hPa specific 
humidity, similarly to what was done in Agosta et al. (2015). 
However, as noted above, most models are unable to cap-
ture the spatial pattern and temporal variability of observed 
precipitation trends in the southern Indian Ocean correctly. 
This will remain a key aspect that prevents us from deriv-
ing realistic projections of SMB changes, regardless of the 
selection method.

5 � Conclusions

In our study we show the good quality of the MAR model 
in reproducing the regional atmospheric settings, SMB and 
SEB over the Cook Ice Cap. When the MAR is forced by 
accurate large-scale forcing such as ERA-Interim, it provides 
accurate SMB time series and realistic variability compared 
to observations. However, it fails when forced by “biased” 
GCMs. Moreover, we show that the MAR RCM also fails 
in simulating accurate SMB time series and realistic vari-
ability when it is forced by CMIP5 models selected against 
observations, even after removing their mean temperature 
and humidity biases.

Indeed those GCM models represent precious tools to 
assess global climate change and the link between tempera-
ture and greenhouse gases, and to highlight the large-scale 
changes in the main climatic modes and circulation. How-
ever, we show from a relatively simple case study that robust 
observed changes in climatic modes and circulation are not 
simulated at the regional scale. This is the case for example 
of the increase in the Southern Annular Mode and the result-
ing observed storm track shift. Only the multi-model mean 
temperature is consistent with reality. As a result, CMIP5 
models are useful, when considering their mean value, 
where general circulation patterns are not so important (i.e., 
temperature is the first order variable). But they need to be 
considered with caution in regions where important circula-
tion changes occurred and will likely continue to occur in 
the future (Favier et al. 2016).

A possible solution would be to improve bias-adjustment 
methods in these regions. To this end, sophisticated adjust-
ment methods such as quantile-mapping (Déqué 2007; 
Gobiet et al. 2015; Verfaillie et al. 2017) are appealing. 
However, they need robust, long-term and spatially dense 

Author's personal copy



Regional modeling of surface mass balance on the Cook Ice Cap, Kerguelen Islands (  , )﻿	

1 3

measurement series (or fine-scale reanalyses) to operate, 
which are available in Northern regions such as the Alps, 
but rare in the Southern mid-latitudes. Combining bias-
adjustment with spectral nudging, as proposed by Guldberg 
et al. (2005) and Kharin and Scinocca (2012), would be 
another seductive solution. Finally, further improvements 
of decadal-scale modeling in these regions where circulation 
changes occur seem to remain a prerequisite to any realistic 
projections of the future evolution of glaciers and ice caps.
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