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Abstract
Outputs from the regional climate model Modèle Atmosphérique Régionale at a spatial
resolution of 25 km are used to study 21st century projected surface mass balance (SMB) over
six major drainage basins of the Greenland ice sheet (GrIS). The regional model is forced with
the outputs of three different Earth System Models (CanESM2, NorESM1 and MIROC5)
obtained when considering two greenhouse gas future scenarios with levels of CO2 equivalent
of, respectively, 850 and >1370 ppm by 2100. Results indicate that the increase in runoff due
to warming will exceed the increased precipitation deriving from the increase in evaporation
for all basins, with the amount of net loss of mass at the surface varying spatially. Basins along
the southwest and north coast are projected to have the highest sensitivity of SMB to
increasing temperatures. For these basins, the global temperature anomaly corresponding to a
decrease of the SMB below the 1980–99 average (when the ice sheet was near the
equilibrium) ranges between +0.60 and +2.16 ◦C. For the basins along the northwest and
northeast, these values range between +1.50 and +3.40 ◦C. Our results are conservative as
they do not account for ice dynamics and changes in the ice sheet topography.

Keywords: Greenland, surface mass balance, future projections, sea level rise
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1. Introduction and rationale

The Greenland ice sheet (GrIS) plays a crucial role in
current estimates and future projections of sea level rise,
highlighted by the recently observed response of polar ice to
increasing surface temperatures (Lemke et al 2007, Comiso
2002, Abdalati and Steffen 2001, Serreze et al 2000, Vaughan
and Doake 1996, Tedesco 2007, Tedesco et al 2008, 2011,
Rignot et al 2004, 2011). The surface mass balance (SMB) of
the GrIS can be approximated as the mass gained from solid
accumulation minus the mass lost from meltwater runoff,
with evaporation and sublimation being negligible (e.g., Box
et al 2004). The effect of rising surface temperature on

the SMB can be twofold: on one hand, it can decrease
SMB through enhanced surface melting and runoff; on the
other hand, a warmer climate may be also responsible for
increasing atmospheric moisture content, leading to increased
solid accumulation and potentially pointing towards an
increased SMB. Recent surface melting records studied by
means of remote sensing data and modelling outputs indicate
increasing runoff along the west coast of Greenland (Tedesco
2007, Tedesco et al 2008, 2011, Fettweis et al 2011) and
measurements performed in the interior of Greenland indicate
thickening in its interior (Krabill et al 2000, Thomas et al
2001) while the thickening rate is observation dependent
(Thomas et al 2006).
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In this context, studying how SMB, runoff and
accumulation will be affected by a warming climate is key
to understanding and quantifying the future behaviour of
the GrIS. In particular, because of the diverse response
to warming expected from different areas of the GrIS
(e.g., depending on topography, atmospheric circulation and
latitudinal gradient, for example), it is essential to study
SMB trends at a regional scale. Moreover, a detailed spatial
representation of the response of the GrIS to a warming
climate is the basis for the coupling of surface ice sheet
hydrology models with surface mass balance models, with
the overall goal of reducing uncertainties associated with
projections of the total mass balance (Alley and Joughin 2012,
Helsen et al 2012).

General Circulation Models (GCMs) and Earth System
Models (ESMs) generate global scale projections of (near-
surface) temperature and other variables driving SMB, but at
a relatively coarse spatial resolution. This limits their use in
studying the spatio-temporal evolution of the SMB over the
GrIS, where the ablation zone width (e.g., the area where
runoff exceeds accumulation) in many places is of the order
of magnitude of the spatial resolution of the GCMs outputs.
Moreover, many of the GCMs or ESMs often use a simplistic
parameterization to describe the physical processes used to
obtain parameters related to the SMB. Compared to GCMs,
regional climate models (RCMs) are computationally more
expensive but produce physically based outputs at a higher
spatial resolution.

The combination of GCMs and RCMs offer a unique
opportunity to project SMB changes over the GrIS at high
spatial resolution. Outputs from GCMs can, indeed, be used
to generate forcings for regional models, which, because of
their higher resolution and more detailed physics, can generate
the required outputs for a more appropriate regional SMB
analysis. In this study, we force the Modèle Atmosphérique
Régionale (MAR) regional model (e.g., Fettweis et al
2011 and Tedesco et al 2011) with the outputs of three
different ESMs from the Coupled Model Intercomparison
Project Phase 5 (CMIP5) database obtained considering two
recommended radiative forcing scenarios (Moss et al 2010),
planned to be used in the next report of the Intergovernmental
Panel on Climate Change (IPCC). One of the advantages of
MAR over most other available RCMs is that it incorporates a
sophisticated snow model (Brun et al 1992) and thus actually
calculates all SMB components. Moreover, the availability of
the MAR outputs at a spatial resolution of 25 km allows for
the study of SMB projections at a regional scale. In particular,
we divide the GrIS into six drainage basins (figure 1) based on
topography. For each basin, we study the annual near-surface
air temperature (3 m, TAS), the SMB and the relative driving
components (e.g., runoff, snowfall, rainfall) obtained from
MAR when forced with the outputs of the ESMs. We compare
the TAS and SMB changes at basin scale with those of
globally averaged TAS anomalies obtained by the ESMs. Our
main goals consist of evaluating the SMB projections for the
21st century over the different drainage systems; studying the
sensitivity of TAS and SMB of each of the drainage basins to
TAS global ESM anomalies; and identifying TAS global ESM

Figure 1. Map of the Greenland ice sheet drainage basins used in
this study. Numbers in parentheses indicate the area of each basin in
thousands of square kilometres.

anomaly values for which the SMB of each would fall below
the mean SMB values during the historical period (1980–99).

2. Models and scenarios

For studying the current climate, the ERA-40 reanalysis
(1958–78) and after that the ERA-INTERIM reanalysis
(1979–2011) from the European Centre for Medium Range
Weather Forecasts (ECMWF) are used to initialize the
meteorological fields at the beginning of the MAR simulation
in September 1957 and to force the MAR lateral boundaries
with temperature, specific humidity and wind components
every 6 h during the simulation. The sea surface temperature
(SST) and the sea ice cover (SIC) are also prescribed by the
reanalysis. The atmospheric model within MAR interacts with
a physically based snow/ice model (Brun et al 1992), which
provides the state of the snowpack and associated quantities
(e.g., runoff, liquid water content, etc). We refer to Fettweis
et al (2012) for a more detailed description of the MAR
version used here as well as its setup. The outputs of the MAR
model over Greenland have been evaluated in several studies
(e.g., Lefebre et al 2005 and Fettweis et al 2005). Recently,
Fettweis et al (2011) have assessed the outputs of the MAR
model using automatic weather station measurements and
melt time series derived from passive microwave data. Box
et al (2012) also evaluated MAR downward shortwave (SW)
radiation and surface temperature (2001–10) against in situ
weather station data from the Greenland Climate Network
(GC-Net).
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Table 1. Linear regression coefficients between MAR regional and ESM mean global-surface temperature anomalies (2006–2010).
Numbers in the parentheses indicate the coefficient of determination (R2). The last two columns report the multi-model mean (µ) of the
RCP45 and RCP85 simulations, as well as the standard deviation (σ ).

Basin

NorESM1 CanESM2 MIROC5 Multi-model Multi-model

RCP45 RCP85 RCP45 RCP85 RCP45 RCP85 µRCP45 ± σRCP45 µRCP85 ± σRCP85

1 1.55 (0.65) 1.41 (0.85) 1.67 (0.83) 1.57 (0.93) 1.28 (0.57) 1.65 (0.87) 1.50 ± 0.20 1.55 ± 0.12
2 1.45 (0.63) 1.34 (0.87) 1.67 (0.83) 1.52 (0.92) 1.10 (0.52) 1.53 (0.85) 1.41 ± 0.29 1.46 ± 0.10
3 1.30 (0.59) 1.22 (0.84) 1.47 (0.77) 1.28 (0.89) 0.92 (0.43) 1.34 (0.84) 1.23 ± 0.28 1.28 ± 0.06
4 1.30 (0.61) 1.21 (0.82) 1.36 (0.74) 1.16 (0.88) 0.78 (0.38) 1.20 (0.82) 1.15 ± 0.32 1.19 ± 0.03
5 1.23 (0.50) 1.20 (0.78) 1.42 (0.70) 1.20 (0.86) 0.82 (0.33) 1.23 (0.78) 1.16 ± 0.31 1.21 ± 0.02
6 1.31 (0.52) 1.24 (0.79) 1.51 (0.73) 1.31 (0.88) 0.99 (0.40) 1.37 (0.79) 1.27 ± 0.26 1.31 ± 0.06

The three ESMs used in this study to generate the forcing
over 1980–2100 for MAR are the Norwegian Community
Earth System Model (NorESM1), the second generation
of the Canadian Earth System Model (CanESM2) and the
Model for Interdisciplinary Research on Climate (MIROC5)
of the University of Tokyo, Japan. The ESMs are used to
generate MAR outputs for the historical period (1980–2005)
and for future projections (2005–2100). The Canadian Earth
System Model (CanESM2, e.g. Arora and Boer 2010
and Chylek et al 2011) combines the fourth generation
climate model (CanCM4) from the Canadian Center for
Climate Modelling and Analysis model with the terrestrial
carbon cycle based on the Canadian Terrestrial Ecosystem
Model (CTEM), which models the land–atmosphere carbon
exchange. The Norwegian community Earth System Model
(NorESM1) is built under the structure of the Community
Earth System Model (CESM) from the National Center for
Atmospheric Research (NCAR). The major difference from
the standard CESM configuration concerns the modification
of the treatment of atmospheric chemistry, aerosols and clouds
(Seland et al 2008), and the ocean component. Lastly, the
Model for Interdisciplinary Research on Climate (MIROC)
is a coupled general circulation model developed at the
Center for Climate System Research (CCSR) of the University
of Tokyo, composed of the CCSR/NIES (National Institute
of Environmental Studies) atmospheric general circulation
model (AGCM 5.5) and the CCSR Ocean Component Model,
including a dynamic–thermodynamic sea ice model (e.g.,
Watanabe et al 2010, 2011). The three models have been
chosen in Fettweis et al (2012) among the CMIP5 ESMs
because of their ability to simulate the current climate (general
circulation and summer atmospheric temperature at 700 hPa)
over Greenland. In particular, MAR forced by these three
ESMs performs satisfactorily over the period 1980–99 with
respect to MAR forced by ERA-INTERIM, with most of the
biases being below the inter-annual variability of MAR forced
by ERA-INTERIM. We refer to Fettweis et al (2012) for
the evaluation of the outputs of MAR when forced with the
outputs of the ESMs during the historical period (1980–2005).

The first of the two CO2 future scenarios considered in
this study (denoted as RCP45) corresponds to an increase
of the atmospheric greenhouse gas concentration to a level
of 850 ppm CO2 equivalent by 2100. The second scenario
(RCP85) corresponds to an increase of the atmospheric
greenhouse gas concentration to a level of >1370 ppm

CO2 equivalent by 2100. More detailed information on the
scenarios can be found in Moss et al (2010) or Meinshausen
et al (2011).

3. Results and discussion

We point out that the discussion reported in the following is
based on the analysis of annual values of the quantities under
study smoothed using a 30 yr filter, unless stated otherwise. A
30 yr running mean was applied to the time series to remove
the inter-annual variability and to improve the readability of
the figures. Using a filter based on a shorter period (e.g. 10 yr)
did not considerably impact the results. We also point out that
both SMB and TAS changes over the 21st century are given
with respect to the 1980–99 average.

3.1. Near-surface temperature

Figure 2 illustrates the regionally averaged TAS anomaly
obtained from MAR (when forced with the two RCP scenarios
and ESMs outputs) as a function of TAS global anomaly
values from the ESMs computed over 1980–2100, using
the period 1980–99 as a baseline after having applied a
30 yr running mean. We point out that, in view of the
physically based nature of the coupled atmosphere/snow
model in MAR, the TAS anomaly projected by the model
for each basin accounts for the impact on TAS of the
different terms of the surface energy balance (e.g., albedo,
latent heat and surface heat fluxes, etc). In table 1, we
report the linear regression coefficients relating the TAS
from MAR to global ones. The number in the parentheses
in the table represent the coefficient of determination (R2),
defined as the square of the correlation coefficient between
the outcomes and their predicted values. The simulations
obtained with MIROC5-RCP45 for Basins 3–6 are the only
ones where the regression coefficients are below 1, with
values ranging between 0.78 and 0.99, with relatively low
values of the coefficient of determination (0.3–0.4). The
coefficients for the remaining simulations are above 1 for
all basins. This implies that the projected warming over the
GrIS is higher than the global warming, as a consequence
of the Arctic amplification already pointed out over current
climate by Serreze et al (2009), with the exception of the
MIROC5-RCP45 forced MAR simulation. The regression
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Figure 2. MAR basin-averaged surface (3 m) temperature anomaly values (1980–99 baseline) from the different simulations as a function
of the global mean surface temperature anomaly obtained from the ESM used to force MAR. For readability purposes, a 30 yr running mean
was applied to the data in the plots.

coefficients for the multi-model mean in the case of the
two CO2 scenarios (obtained from the average of the
regression coefficients for the different simulations) and the
corresponding standard deviations are also reported in table 1.
The coefficients for the multi-model mean are similar for all
basins, for both CO2 scenarios. The results obtained with the
RCP45 scenario, however, show a higher value of standard
deviation than those obtained with the RCP85 scenario,
because the temperature changes in the case of RCP45 are
lower than those in the case of RCP85, with the results less
driven by the ESM dependent inter-annual variability. The
highest model-averaged regression coefficients are obtained

for the north (Basin 1) and northeast (Basin 2) basins, with
values ranging between 1.41 ± 0.29 and 1.55 ± 0.12. This
might be the consequence of the local warming induced
by the Arctic sea ice cover reduction (Fettweis et al
2012). Basins 3 (east) and 6 (northwest) have also similar
regression coefficients for the multi-model mean, with their
values ranging between 1.23 ± 0.28 and 1.31 ± 0.06.
Lastly, the remaining Basins 4 and 5 are the ones with the
lowest-averaged coefficients, with values between 1.15± 0.32
and 1.21 ± 0.02, because the temperature increase over these
basins is dampened by the thermal inertia of the Atlantic
Ocean. The warming is generally higher for the remaining
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Table 2. Mean SMB values and standard deviation for the period
1980–99 obtained from MAR when forced with ERA-INTERIM
and the outputs of the three ESM models.

1980–99 SMB values (Gt yr−1)

Basin

ERA-INTERIM NorESM1 CanESM2 MIROC5

µ σ µ σ µ σ µ σ

1 22 17 54 16 −2 23 14 22
2 40 13 56 18 59 14 31 18
3 114 27 105 23 134 26 112 24
4 116 19 117 30 154 22 149 25
5 58 46 93 38 74 48 82 41
6 39 18 58 24 −9 20 48 19

basins as they are more affected by the sea ice cover decrease
than Basins 4 and 5, which are already surrounded by open
water for most of the year.

3.2. SMB over current climate

Before discussing the projected SMB trends over the drainage
basins, in this section we analyse the SMB over current
climate obtained by MAR when forced with ERA-INTERIM
with respect to the same quantity simulated by the three
ESMs (table 2). This analysis is important because a low
(high) SMB bias (with respect to ERA-INTERIM runs over
1980–99) can result in a slower (faster) rate of SMB decrease
relative to other simulations, as a consequence of the fact
that the melt does not increase linearly with temperature
(Franco et al 2012). Results in table 2 indicate that CanESM2
overestimates SMB (with respect to the current climate values
obtained with ERA-INTERIM, SMB ERA 1980–1999) in Basin
4 and underestimates SMB in Basins 1 and 6. Results from
NorESM1 overestimate SMB over Basins 1 and 5 while
MIROC5 overestimates SMB in Basin 5. In the remaining
cases, all biases are below the inter-annual variability of the
ERA-INTERIM forced MAR run. We refer to Fettweis et al
(2012) for more explanations about these biases.

3.3. Future projections of SMB

The annual SMB anomalies (Gt yr−1) obtained from the
different simulations over the different basins are plotted in
figure 3 as a function of the ESM TAS global anomalies.
A similar plot for runoff is reported in figure 4. In the
supplementary material (available at stacks.iop.org/ERL/7/
045405/mmedia), for the reader’s convenience, we also
show the same plots for rainfall (figure S1 available
at stacks.iop.org/ERL/7/045405/mmedia), snowfall (figure
S2 available at stacks.iop.org/ERL/7/045405/mmedia), and
albedo (figure S3 available at stacks.iop.org/ERL/7/045405/
mmedia). All simulations point to a negative SMB trend,
indicating that the increase in runoff and rainfall will
exceed the increase in snowfall. The projected increase
for rainfall (figure S1 available at stacks.iop.org/ERL/7/
045405/mmedia) is generally smaller than the increase in
snowfall (figure S2 available at stacks.iop.org/ERL/7/045405/
mmedia) for most basins, with the exception of Basins 4

and 5, where the increase in rainfall is greater than or
comparable to the snowfall increase. In table 3 we report
the values of the regression coefficients (and the coefficient
of determination in the parentheses) between the SMB
anomalies and ESM TAS global anomalies. In contrast to
the case of the near-surface temperature analysis, the results
from the two CO2 scenarios suggest a different sensitivity
of the SMB in each drainage basin to ESM TAS global
anomalies, with the results obtained from the simulations
using RCP85 showing higher regression coefficients than
those obtained in the case of the RCP45 scenario. The
MAR results discrepancies for a same RCP scenario are
largely due to the ESMs sensitivity to the greenhouse gases
scenarios considered, which propagate into the MAR outputs
through the forcing applied at the boundaries of the MAR
region containing Greenland. The basin with the highest
multi-model-averaged regression coefficients is Basin 5 (thus
the most sensitive to ESM TAS changes), in southwest
Greenland, with a multi-model average trend of −40.59 ±
8.39 Gt yr−1 ◦C−1 in the case of the RCP45 scenario and
−68.27 ± 21.78 Gt yr−1 ◦C−1 in the case of RCP85. For
this basin, the maximum projected SMB, runoff, snowfall
and rainfall anomalies are, respectively, ∼−250 Gt yr−1

(SMB), ∼+300 Gt yr−1 (runoff), +50 Gt yr−1 (snowfall)
and +50 Gt yr−1 (rainfall), corresponding to a global
near-surface temperature anomaly of ∼+3.5 ◦C. This basin
is strongly affected by southerly warm air advection because
of the average general circulation flowing from southwest
to northeast over Greenland. Moreover, Basin 5 is also the
one with the highest projected runoff rate, given that the
average surface temperature is already near the melting point
over the current climate during the summer (June through
August). For the same basin, the maximum projected decrease
in albedo is about −0.1 in the case of the CanESM2-RCP85
scenario (figure S3 available at stacks.iop.org/ERL/7/045405/
mmedia), because of the expansion of the bare ice zone
(Franco et al 2012). Basin 1 in north Greenland ranks
second in terms of sensitivity of SMB to ESM TAS global
anomalies, with a regression coefficient for the multi-model
average of −22.58 ± 4.86 Gt yr−1 ◦C−1 in the case of the
RCP45 scenario and −38.99 ± 9.92 Gt yr−1 ◦C−1 in the
case of the RCP85 scenario. For this basin, the maximum
projected negative SMB anomaly is∼−200 Gt yr−1 for a TAS
global anomaly of ∼+5 ◦C. For the same basin, the projected
increase in rainfall is smaller than the projected increase in
snowfall (see figures S1 and S2 available at stacks.iop.org/
ERL/7/045405/mmedia), with the SMB negative trend mostly
driven by the projected increasing runoff. The projected
albedo decrease for this basin suggests a maximum decrease
similar to that of Basin 5 (∼−0.1), but occurring at a lower
TAS global anomaly than that of Basin 5 (∼+4 ◦C in the
case of Basin 1 versus a value of ∼+5 ◦C in the case of
the Basin 5). Multi-model-averaged trends for Basin 4 in
southeast Greenland (ranking third in terms of sensitivity
to global near-surface temperature anomaly) are −19.88 ±
2.43 Gt yr−1 ◦C−1 for the RCP45 scenario and 35.50 ±
4.57 Gt yr−1 ◦C−1 in the case of the RCP85 scenario. For
this basin, a large contribution of the increase to runoff

5

http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia
http://stacks.iop.org/ERL/7/045405/mmedia


Environ. Res. Lett. 7 (2012) 045405 M Tedesco and X Fettweis

Figure 3. Same as figure 2 but for the SMB anomaly. Horizontal continuous lines indicate the SMB anomaly that will balance the
basin-wide mean SMB for the period 1980–99 obtained from MAR forced with ERA-INTERIM.

(one third in the case of the maximum projected runoff
increase with the CanESM2-RCP85 configuration) is due to
the increase of rainfall (figure S1 available at stacks.iop.
org/ERL/7/045405/mmedia), with the changes in projected
snowfall being negligible. Basins 2 in the northeast and
6 along the northwest show similar trends of SMB as a
function of the global near-surface temperature anomaly, with
values around −10 Gt yr−1 ◦C−1 in the case of the RCP45
scenario and ∼−25 Gt yr−1 ◦C−1 in the case of the RCP85
scenario. Basin 3, along east Greenland, shows the weakest
sensitivity to global TAS anomaly in the case of the RCP45
scenario, with a multi-model-averaged regression coefficient
of −6.03 ± 8.36 Gt yr−1 ◦C−1. But in the case of the RCP85
scenario, the multi-model-averaged regression coefficient is

comparable to those obtained in the case of Basins 2 and 4.
We point out that one reason that SMB trends differ between
the RCP45 and RCP85 scenarios for Basin 3, aside from the
sensitivity of runoff to surface temperature change, lies in
different projections of changes in snowfall.

Absolute values of SMB from each simulation cannot be
used to estimate when the SMB becomes negative, because
for those simulations underestimating (overestimating) the
current SMB, a negative SMB will occur earlier (or later,
if ever) during the 21st century. Because of this, we use
the SMB mean value (denoted SMB ERA 1980–1999 hereafter)
for the period 1980–99 obtained from MAR-ERA-INTERIM
as a reference. In particular, we focus on identifying
those years when the modelled annual SMB anomaly
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Figure 4. Same as figure 2 but for the runoff anomaly.

becomes lower than SMB ERA 1980–1999 (i.e. when the SMB
in absolute value becomes negative with respect to the
ERA-INTERIM forced MAR simulation) and report in
table 4 the corresponding globally annual-averaged surface
temperature anomaly simulated by the ESMs. All simulations
indicate that projected SMB anomaly values for both Basins 1
and 5 will be lower than SMB ERA 1980–1999 before the end
of this century. In the case of Basin 1, the TAS anomaly
values corresponding to the condition when SMB falls below
SMB ERA 1980–1999 range between +0.60 and +1.90 ◦C.
In the case of Basin 5 the TAS anomaly values range
between +0.67 and +2.16 ◦C, depending on whether MAR
projects a strong increase of solid precipitation (NorESM1)

or not (CanESM2 and MIROC5). In the case of Basin 6,
four simulations indicate that the SMB will be below the
historical mean from SMB ERA 1980–1999 (with a near-surface
temperature range of +1.50 to +3.40 ◦C) where only three
simulations satisfy the same condition for Basin 2. For the
remaining basins there are only two simulations projecting a
SMB below the historical MAR-ERA-INTERIM average in
the case of Basin 2. This never occurs in the case of Basin 3.

4. Conclusions

The results of the MAR regional climate model forced
with the outputs of ESMs obtained in the case of two

8
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Table 4. Values of mean global-surface temperature anomaly (1980–99 baseline) corresponding to the condition when the annual projected
SMB value is below the 1980–99 mean SMB obtained from MAR forced with ERA-INTERIM. Empty cells indicate that the condition was
not met during the study period.

GCM TAS negative SMB scenario (◦C)

Basin NorESM1-RCP45 NorESM1-RCP85 CanESM2-RCP45 CanESM2-RCP85 MIROC5-RCP45 MIROC5-RCP85

1 1.21 1.90 0.64 0.60 0.70 1.21
2 2.70 3.18 2.20
3
4 4.11 3.50
5 1.76 2.16 0.67 0.92 1.64 1.68
6 3.40 1.50 1.89 2.25

greenhouse gases scenarios indicate a regional variability of
projected SMB and regional-surface temperature anomalies
over Greenland, confirming the importance of studying such
quantities at higher spatial resolution than the one achieved
with current GCMs. The projected increase of surface
temperatures over the Arctic region by the end of this century
favours both an increase in runoff (because of increased
surface melting) and precipitation (because of increased
atmospheric moisture content). Our results indicate that the
increase in runoff will exceed the increase in precipitation
for all drainage basins, pointing towards negative trends for
modelled SMB at all basins.

Basins 1 (north) and 5 (southwest) are the most sensitive,
in terms of SMB, to the projected increase of temperature over
the 21st century. The advection of warm air in Basin 5 and
the projected disappearance of sea ice during the 21st century
are likely the major drivers for the increased sensitivity of
such basins to a warming scenario. The range for the global
TAS anomaly for these two basins to shift to a SMB below
the 1980–99 modelled mean value (when the ice sheet was
near the equilibrium) is +0.60 to +2.16 ◦C, depending on
the model and scenario. Above those values, the SMB for
those basins will be below the equilibrium, potentially moving
towards negative SMB absolute annual values. Basin 3 is
the only basin where no simulation indicates that SMB will
become below the 1980–99 SMB mean simulated by MAR
when forced with ERA-INTERIM.

Our results generally point to the fact that higher-surface
temperature anomalies are needed to have negative SMB
over the eastern basins with respect to the western ones and
that the western part of the ice sheet will be in imbalance
sooner than the eastern part. This will potentially impact ice
sheet dynamics and topography and highlights the necessity
of coupling MAR with an ice sheet model. Indeed, due to
the absence of this coupling in the simulations reported in
this study, the estimated runoff by MAR is not distributed
horizontally among the different cells. Moreover, because the
ice sheet topography is kept fixed in MAR, the feedback
arising from changes in elevation is not accounted for in the
current version of the model. Beside impacting melting and
runoff through the elevation feedback mechanism, changes
in the topography can also impact the surface routing of
water and streams distribution, which in turn can impact ice
dynamics (e.g., Das et al 2008 and Tedesco et al 2012b).
Increased meltwater production at higher elevations can

Figure 5. 2100 cumulated sea level rise for the different basins
obtained from the different scenarios. Top and bottom values in the
boxplots represent the values obtained, respectively, with RCP45
(bottom) and RCP85 (top) scenarios.

impact the formation and evolution of supraglacial lakes,
especially in the southwest region (Basin 5) of Greenland
(where such lakes are more abundant), increasing the potential
that the lake population will extend to higher elevations
over the summer (Liang et al 2012). These lakes will, in
turn, trigger other positive feedback mechanisms which will
enhance melting or mass loss, impact ice dynamics, reduce
surface albedo (because of the increased surface covered by
darker water) and increase the ice ablation rate (Tedesco et al
2012a). Because our results do not account for the ice sheet
topography changes and for ice dynamics, it is plausible to
assume that they are conservative with respect to the projected
surface mass loss.

Understanding the uncertainty associated with the results
of different ESMs to projected increase in CO2 is a crucial
step to obtain improved estimates of SMB changes at a high
spatial resolution. The results obtained in this study indicate
that the projected cumulative SMB values from each basin
translated into a cumulative contribution to sea level rise (in
mm) by the end of this century (figure 5) can be up to ∼8 cm
for Basin 5, and up to ∼4 cm for Basin 1. We remark again
here that these values do not account for ice dynamics, for the
routing of surface water and for changes in elevation. While it
is fundamental to continue evaluating the outputs of regional
models when forced with outputs from multiple ESMs that
have not been considered in this study, it is also important to
move in the direction of coupling the regional models with ice
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sheet hydrology and ice dynamic models, with the overall goal
of reducing the uncertainty associated with the projection of
future trends of the total mass balance over the different basins
of the Greenland ice sheet.
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