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Abstract. With the aim to force an ice dynamical model, the
Greenland ice sheet (GrIS) surface mass balance (SMB) was
modelled at different spatial resolutions (15-50 km) for the
period 1990-2010, using the regional climate model MAR
(Modéle Atmosphérique Régional) forced by the ERA-
INTERIM reanalysis. This comparison revealed that (i) the
inter-annual variability ofthe SMB components is consistent
within the different spatial resolutions investigated, (ii) the
MAR model simulates heavier precipitation on average over
the GrIS with decreasing spatial resolution, and (iii) the SMB
components (except precipitation) can be derived from a sim-
ulation at lower resolution with an “intelligent” interpolation.
This interpolation can also be used to approximate the SMB
components over another topography/ice sheet mask of the
GrlS. These results are important for the forcing of an ice
dynamical model needed to enable future projections of the
GrIS contribution to sea level rise over the coming centuries.

1 Introduction

Meltwater run-off from the Greenland ice sheet (GrIS) has
increased significantly during the past two decades, as high-
lighted by model simulations (Van den Broeke et al., 2009:
Box et al., 2010: Tedesco et al., 2011) and satellite-based ob-
servations (Haii et al., 2008: Tedesco et al., 2008: Wouters
et al., 2008), as a consequence of atmospheric warming over
the Arctic (Box and Cohen, 2006: Hanna et al., 2008). Fur-
thermore, recent studies have highlighted an important inter-
annual variability in GrIS mass balance during the past sev-
eral years (Howat et al., 2008: Wouters et al., 2008: Van den

Broeke et al., 2009). For example, high summer temperatures
in 2007, 2008 and 2010 in Greenland (Tedesco et al., 2008,
2011) led to record GrIS melting and surface mass loss. A fu-
ture warmer climate will induce a strengthened freshwater
flux exceeding an increase in precipitation rate, consequently
the GrIS is expected to accelerate its mass loss (Lemke et al.,
2007) and to contribute substantially to the global sea level
rise (SLR) (Meehl et al., 2007).

As suggested by Hanna et al. (2005) and Box et al. (2006),
numerical models represent an opportunity to efficiently sim-
ulate the current GrIS surface mass balance evolution over
long periods, given the gap in time and space of measure-
ments in the field that causes large uncertainties in the related
studies. Because of their sophisticated atmospheric physics
and surface schemes parameterised for polar regions, re-
gional climate models (RCMs) are often used to produce
high-resolution GrIS surface mass balance (SMB) outputs
with great success and reliability (e.g. Dethloff et al., 2002:
Mote, 2003: Box et al., 2006: Ettema et al., 2009: Fettweis
et al., 201 la).

The regional climate model MAR (Modéle Atmo-
sphérique Régional) running at a resolution of 25 km has
been used with demonstrable success to simulate the GrIS
SMB since 1958 (Fettweis, 2007: Fettweis et al., 2011a:
Lefebre et al., 2005), and through the 20th and 21st centuries
(Fettweis et al., 2011b). Moreover, this RCM has been sat-
isfactorily compared to passive microwave-derived observa-
tions (Fettweis et al., 2005, 2007, 2011a).

As a part of the ICE2SEA project (http://www.ice2sea.
eu/policy/objectives), the 25 km resolution SMB outputs of
the MAR model are required as forcing fields in ice sheet
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models in order to produce future projections of the GrIS
contribution to SLR over the next 200 yr. Indeed, RCMs are
usually designed to produce reliable SMB outputs as op-
posed to global models, from which SMB fields are gener-
ally deduced from temperature and precipitation fields sepa-
rately (e.g. Huybrechts, 1994; Ritz et al., 1997; Van de Wal,
1999) or extracted by downscaling techniques (e.g. Robin-
son et al., 2010; Vizcaino et al., 2010). Although the current
spatial resolution of the MAR model (25 km) is much higher
than the general circulation models (GCMs) resolution (150
300 km), ice dynamical models are often run at a higher res-
olution (typically 5-10km). Such higher-resolution simula-
tions with the MAR model, on the same integration domain,
require a significant additional computing time compared to
the 25 km resolution MAR simulations. In addition, the to-
pography of the ice dynamical models varies and the SMB
outputs from RCM cannot be directly transferred into the ice
sheet models without topography-based corrections. This is
because the ice sheet-tundra masks at different spatial reso-
lutions do not match and the SMB is a complex function of
spatial resolution and Greenland topography. Therefore en-
hanced methods of spatial interpolation are needed to use the
25 km resolution SMB outputs in ice dynamical models.

In this study, GrIS SMB outputs simulated by the MAR
model at different spatial resolutions (20, 25, etc. up to
50 km) were compared with 15 km resolution MAR results.
By gauging comparative anomalies, this work aims to assess
the lack of accuracy generated when linearly interpolating
SMB outputs from MAR onto a higher-resolution grid, com-
pared to results of MAR running at this higher resolution.
This analysis formed a necessary step before claiming the
use of interpolated outputs to be suitable as forcing fields for
an ice sheet model. Moreover, this type of experiment en-
abled the investigation of the impact of different spatial res-
olutions on the SMB simulated by MAR. Indeed, conflicting
model behaviours related to the amount of simulated precip-
itation over Greenland have already been observed between
RACMO (Ettema et al., 2009) and HadRM3 (J. L. Bamber
and C. Vernon, personal communication, 2011) with decreas-
ing spatial resolution of the RCM. In order to improve the
comparison between the interpolated MAR results and the
15 km resolution MAR outputs, this study includes an en-
hanced SMB interpolation based on daily vertical gradients
of the investigated field in the vicinity of each grid point. In
addition, this interpolation can be used to correct the SMB
components (except precipitation) for another GrlS topogra-
phy/ice sheet mask.

A brief description of the MAR model and its set-up is
given in Sect. 2. The validation of the MAR simulation at
different spatial resolutions along the K-transect is presented
in Sect. 3. Section 4 is devoted to the assessment of the MAR
outputs interpolated onto a higher-resolution grid, compared
to the results of the MAR model running at this higher reso-
lution. In Sect. 5, the impacts of an expanded integration do-
main on the MAR simulations are investigated. An enhanced
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SMB interpolation and its related results are developed in
Sect. 6. Finally, Sect. 7 details a MAR simulation performed
with a coarse topography, and is followed by the discussion
and conclusion of this study.

2 The MAR model

The RCM used in this study was the MAR (Modéle Atmo-
sphérique Régional) model, described by Fettweis (2007),
and whose atmospheric part is detailed in Gallée and Schayes
(1994). The MAR model is fully coupled with an energy
balance-based snow model allowing feedbacks between the
surface and the atmosphere: the SISVAT scheme (Soil Ice
Snow Vegetation Atmosphere Transfer) explained in De Rid-
der and Gallée (1998), Gallée et al. (2001) and Lefebre
et al. (2003). The snow-ice part of SISVAT is a vertical one-
dimensional multi-layered energy balance model, consisting
of a thermodynamic module, a turbulence module, an inte-
grated surface albedo module, a water balance module taking
into account meltwater refreezing, a snow/ice discretionary
module, and a snow metamorphism module. Based on the
CEN (Centre d’Etudes de la Neige) snow model called CRO-
CUS (Brun et al., 1992), the SISVAT scheme works out the
exchanges between the ice sheet surface, the snow-covered
tundra, the sea ice and the atmosphere.

The MAR model is forced at the boundaries every 6h
by the ERA-INTERIM reanalysis. In this study, we used
the same version as Fettweis et al. (2011a), whose radia-
tive and snow model has been improved to reduce the simu-
lated bias in melt highlighted by Fettweis et al. (2008). The
Greenland topography used for our simulations was derived
from the high-resolution (5 km) digital elevation model im-
plemented by Bamber et al. (2001a,b) from radar altime-
try, and the ice sheet mask is based on the Greenland land
surface classification mask from Jason Box (http://bprc.osu.
edu/wiki/Jason_Box_Datasets) using MODIS calibrated radi-
ances imagery.

3 Validation of the MAR simulations

In the framework of this study, we ran MAR at 15, 20, 25, 30,
40 and 50 km resolutions to simulate the GrIS SMB over the
1990-2010 period covered by the ERA-INTERIM reanalysis
(see the definition of the MAR simulations in Table 1). Given
the relative computing time of the 15 km resolution MAR run
compared to the 25 km resolution, a 10 km simulation would
have required additional computing time, making it unreal-
istic for this study. Moreover, the hydrostatic hypothesis of
the current MAR version cannot be applied to perform such
high-resolution runs and the non-hydrostatic version is still
under developement. All the simulations were carried out
over the same integration domain, except for the 40-50km
resolution runs (40ed and 50ed) which needed an enlarged
domain to keep a reasonable number of grid points between
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the Greenland margins and the domain boundaries. The im-
pact ofthis extended domain on the MAR results is discussed
later in this study (see Sect. 5).

In order to validate our MAR simulations, we have com-
pared the 15-50 km resolution MAR results with in situ SMB
observations along the Kangerlussuaq transect (K-transect),
located at 67° N in Western Greenland. The stations of the
K-transect spread eastwards over the ice sheet, ranging from
4km from the western margin up to 140 km into the GrIS.
The surface height of the stations and the annual SMB data
of the ice sheet are provided by Van de Wal et al. (2005).
For each resolution, we selected the closest pixel to the ice
sheet margin at 67° N, so that all the cross sections start from
this pixel and extend on both sides from west to east as the
K-transect on the tundra and ice sheet (see Fig. 1). By chal-
lenging the outputs with the K-transect data, we were able
to assess at each spatial resolution the accuracy of the MAR
simulations in the ablation zone and the vicinity of the ice
sheet margin. The same cross sections but using the eleva-
tion of S9 and SIO to match the relative grid point locations
are also presented in the Supplement (Fig. SI).

The comparison between the different topographies and
the surface height ofthe K-transect stations show vertical bi-
ases not exceeding 100 m, except along the ice sheet mar-
gin where the resolutions used are too coarse to represent the
steep slope ofthe ice sheet between S4 and SHR stations with
sufficient accuracy (Fig. la). However, it should be noted that
the 15-25 km surface heights form a curve very close to the
K-transect data, while the curves formed by 40-50 km reso-
lution topographies are too smoothed.

These cross sections through the GrIS highlight the rela-
tionship between the ice sheet topography and annual snow-
fall simulated by the MAR model (Fig. la and b): higher ele-
vations of the ice sheet surface lead to heavier snowfall. This
increase in precipitation is dependent on the slope of the to-
pography and thus on the resolution. Further inland, the pre-
cipitation rates stop increasing because the surface slopes are
more gentle and temperatures become too cold to add signif-
icant snowfall.

Figure le illustrates the increasing meltwater run-off when
approaching the ice sheet margin, regardless of the spatial
resolution. However, we can seec that a resolution of 40-
50 km is too coarse to represent the high run-off rates along
the ice sheet margin.

Inland, towards the centre of the GrIS, the SMB is slightly
positive but gradually diminishes towards the tundra, finally
reaching very low values approaching the ice sheet margin
(Fig. 1d). Although the highest resolutions are still insuffi-
cient to allow a comparison with the S4, S5 and SHR sta-
tions, the shape of the 15, 20 and 25 km resolution cross
sections decreasing towards these stations gives encourag-
ing results. The 40-50 km resolution topographies are mod-
elled as too low-lying between S6 and S9, and consequently
the 40-50 km simulations underestimate the SMB because
of the overestimated run-off (see Fig. S2 for a comparison
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Fig. 1. (a) Cross section of surface height (m) through the GrIS
along the K-transect (67° N, West Greenland) for the 15-50 km
resolution MAR runs, with station data drawn in black symbols,
(b) The same as (a), but for annual snowfall (mmW Eyr over
the 1990-2010 period, (¢) The same as (b). but for the annual run-
off of meltwater (mmW Eyr-1). (d) The same as (b). but for the
annual SMB (mm WE yr-1).

between the modelled and observed SMB as function of ele-
vation along the K-transect).

These cross sections show that a minimum resolution of
30 km is needed to represent the SMB increase as observed
between S6 and S9, but resolving S4 and S5 requires resolu-
tions higher than 15 km. Indeed, although most of the 5km
GrIS topography can be reproduced at a lower resolution ac-
cording to Fig. 2, a model resolution of at least 10-15 km is
needed to resolve the steep 5km slopes in the vicinity of the
ice sheet margin, and an even higher-resolution topography
(less than 5km) to resemble S4 and S5.
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Table 1. Definition of the different MAR simulations performed in the framework of this study, and their related abbrevations.

Abbreviation

Definition of the MAR simulation

15rt 15 km simulation on Real 15 km Topography

20rt 20 km simulation on Real 20 km Topography

25rt 25 km simulation on Real 25 km Topography

25st 25 km simulation onSmooth 50 km Topography
30rt 30 km simulation on Real 30 km Topography

40ed 40 km simulation on real 40 km topography over Extended Domain
400d 40 km simulation on real 40 km topography over Original Domain

50ed 50 km simulation on real 50 km topography over Extended Domain

500d 50 km simulation on real 50 km topography over Original Domain

Skm resolution

22 10km resolution

20 20km resolution
25km resolution

8 30km resolution
40km resolution

a 6 50km resolution

o=
¥

B ~On

1.00 0.90 0.80 0.70 0.60 0.50 0.40 0.50 0.20 0.10 0.00
Cosine of fall line angle

Fig. 2. Distribution (in percentage ofthe ice sheet area) ofthe cosine
of fall line angle of the 5km ice sheet topography of Bamber et al.
(2001a,b), interpolated at 10-50 km resolutions.

4 Comparison of the MAR resolutions

As suggested by Table 2, increasing the spatial resolution
of MAR requires a large additional computation time (CPU
time) to perform the simulation: e.g. running the MAR model
at 15 km resolution takes five times longer than the 25 km
simulation. To reduce the additional computing time needed
by the relatively high resolution MAR simulations, we inter-
polated the outputs produced by the MAR model running at
a lower resolution (20-50 km) onto a higher-resolution grid
(here 15km). The intention behind this was to obtain out-
puts at higher spatial resolution, reliable enough to be used
as forcing fields and requiring acceptable computing time to
be produced. However, we first had to gauge the lack of in-
formation of the interpolated data compared to the results
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directly provided by the simulations at this higher spatial res-
olution.

In order to compare simulations at different spatial resolu-
tions, we linearly interpolated (without applying any correc-
tions) the surface height, daily precipitation, meltwater run-
off and SMB data onto the 15km grid by using the inverse
distance weighting of the original pixels situated closest to
each new 15km pixel (the 15-50 km resolution ice sheet
masks are presented in Fig. S3). Therefore, in order to al-
low a direct comparison between the MAR simulations, only
the ice sheet mask common to all the spatial resolutions has
been used here, with the knowledge that the GrIS margins
differ slightly between the resolutions.

The averaged annual outputs of the MAR simulations con-
sidered here are presented in Table 2. When using the GrIS
mask specific to each spatial resolution, the 15-30 km results
are quite close, but the 40-50 km simulations provide higher
SMB values induced by heavier precipitation (for 50ed) or
lower run-off (for 40ed). As regards the common ice sheet
mask, decreasing the spatial resolution of the MAR model
causes the simulated precipitation over the GrlS to increase
from 582 Gtyr-1 at 15 km resolution to 621 Gtyr-1 for 50ed
(these increased precipitation rates will be discussed further
later in this study). The increasing run-off when reducing the
resolution is not sufficient to counterbalance the heavier pre-
cipitation, resulting in higher SMB simulated at lower reso-
lution.

In order to add a statistical approach to our MAR sim-
ulations assessment, we also calculated an averaged error
on the interpolated outputs (precipitation, run-off and SMB)
averaged over the 1990-2010 period compared to the 151t
results, based on the skill score methodology of Connol-
ley and Bracegirdle (2007). Firstly, we calculated the root
mean square (RMS) deviation ofthe interpolated field (multi-
annually averaged over the 1990-2010 period) to the multi-
annual averaged outputs at 15 km resolution, normalized by
the standard deviation of this 15 km field to produce RMSn.
Finally, this normalized deviation was rescaled by a func-
tion into a weight between 0 and 1to produce a measure of
the model “skill”. According to this statistical approach, the
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Table 2. (a) Annual GrIS SMB components simulated by MAR at 15-50 km resolution for the 1990-2010 period on the ice sheet mask
specific to each spatial resolution, (b) The same as (a), but on the ice sheet mask common to all the spatial resolutions.

(a) MAR results on the GrIS mask specific to the spatial resolution

MAR Estimated GrIS area Precipitation PP trend Run-off RU trend SMB SMB trend
simulation ~ CPU time  (I03km2) (Gtyr"1) (Gtyr"1l) (Gtyr"l) (Gtyr"l) (Gtyr"]) (Gtyr"l)
151t 500 % 1780 642 -2.22 305 7.92 328 -10.04
20rt 250 % 1782 648 -2.38 331 8.52 309 -10.82
251t 100% 1764 649 -2.44 307 9.17 335 -11.53
30rt 66.7 % 1781 657 -2.60 340 9.07 310 -11.58
40ed 25% 1742 657 -2.75 277 9.52 375 -12.20
50ed 12.5% 1752 666 -2.76 283 10.02 379 -12.73
(b) MAR results on the GrIS mask common to all the spatial resolutions
MAR Estimated GrIS area Precipitation PP trend Run-off RU trend SMB SMB trend
simulation ~ CPU time  (I03km2) (Gtyr"1) (Gtyr"1l) (Gtyr"l) (Gtyr"l) (Gtyr"]) (Gtyr"l)
151t 500 % 1630 582 -2.51 165 13.36 413 -15.75
20rt 250 % 1630 589 -2.67 176 14.22 410 -16.79
25rt 100% 1630 595 -2.66 181 13.98 412 -16.60
30rt 66.7 % 1630 598 -2.90 189 14.42 408 -17.29
40ed 25% 1630 610 -3.00 193 13.37 418 -16.34
50ed 12.5% 1630 621 -3.03 193 14.22 431 -17.22
(c) 50ed SH anomalies to 15rt (m)
3200 300
3000 250
2800
2600 200
2400 150
2200 100
2000 50
1800
1600
1400 50
1200 -100
1000 -150
800 -200
15km 600 50km 250
400
200 300
0

Fig. 3. (a) Surface height (m) of the MAR model at 15km resolution (15rt), with the 15km ice sheet mask drawn in solid blue line, (b-
c) Surface height anomalies (m) ofthe 25 and 50 km resolution surface height ofthe MAR model (25rt and 50ed) interpolated onto the 15km
MAR grid, compared to (a), with the ice sheet mask common to all the spatial resolutions drawn in solid blue line (see the Supplement for

the 20, 30 and 40km surface height anomalies).

interpolated field that receives a skill score close to 1 can be
considered highly reliable with respect to the outputs pro-
vided by the 15rt run. We refer to Connolley and Bracegirdle
(2007) for further details about the skill score methodology.
In Sect. 4, the skill scores are calculated on the common GrIS
mask only. The main skill scores calculated in this study are
summarized in Table 3.

The same methodology was additionally carried out for
each of the annual 15rt outputs (precipitation, run-off, etc.):

www.the-cryosphere.net/6/695/2012/

the RMS deviation of the multi-annual 1990-2010 averaged
15rt run compared to each annual 15rt output was normal-
ized by the multi-annual standard deviation over the 1990—
2010 period, and then rescaled between 0 and 1 to obtain
multi-annual averaged 15 km skill scores (0.31 for precipita-
tion, 0.79 for run-off, 0.76 for sublimation and evaporation,
and 0.54 for SMB). These results allow a comparison with
the skill scores calculated on the interpolated outputs: skill
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Table 3. Summary of the main skill scores calculated (a) on the GrIS mask common to all the spatial resolutions, (b) on the 15 km GrlS

mask, and (c) on the 25 km GrIS mask.

(a) Comparison on the GrlS mask common to all the spatial resolutions

Precipitation Run-off SMB Temperature
Skill score  Figure Skill score  Figure Skill score  Figure Skill score  Figure
151t outputs / Fig. 4a / Fig. 4d /' Fig. 4g / Fig. S9a
20rt anom. to 151t 0.94 Fig. Shb 0.89 Fig. S7b 0.90 Fig. S8b 0.93 Fig. S9b
251t anom. to 151t 0.86 Fig. 4b 0.78  Fig. 4e 0.77  Fig. 4h 0.86 Fig. S9¢
30rt anom. to 15rt 0.77  Fig. Sbd 0.74  Fig. S7d 0.65 Fig. S8d 0.78  Fig. S9d
40ed anom. to 15rt 0.55 Fig. Sbe 0.54 Fig. S7e 0.38  Fig. S8e 0.64  Fig. S9e
50ed anom. to 15rt 0.36  Fig. 4c 0.37 Fig. 4f 0.21  Fig. 4i 0.46  Fig. SOf
(b) Comparison on the 15 km GrlS mask
Precipitation Run-off Sublimation SMB
Skill score  Figure Skill score  Figure Skill score  Figure Skill score  Figure
151t outputs / Fig. 7d /" Fig. Ta / Fig. S12a ! Fig. 7g
251t anom. to 151t 0.85 Fig. 7e 0.76  Fig. b 0.70  Fig. S12b 0.75  Fig. 7h
Corr. 25rt anom. to 151t 0.84 Fig. 7f 0.85 Fig. 7c 0.72  Fig. S12¢c 0.80  Fig. 7i
(¢c) Comparison on the 25 km GrlS mask
Precipitation Run-off Sublimation SMB
Skill score  Figure Skill score  Figure Skill score  Figure Skill score  Figure
251t outputs / notshown / Fig. 8d / notshown /' Fig. 8g
25st anom. to 25rt 0.89 Fig. 8¢ 0.79  Fig. 8e 0.60  notshown 0.83 Fig. 8h
Corr. 25st anom. to 25rt / notshown 0.93 Fig. 8f 0.85 notshown 0.90 Fig. 8i

scores higher than these values are lower than the standard
deviation of the 15rt run over 1990-2010.

4.1 Surface height anomalies

According to Fig. 3, the 25km topography reveals discrep-
ancies not exceeding 200 m over the tundra compared to the
15 km topography, while the biases are less than 100 m along
the GrIS margin and close to 0 in the centre of the ice sheet.
These anomalies considerably increase for the lower reso-
lutions (40-50 km), especially along the south-eastern coast
of Greenland, which is characterized by a huge orography,
with biases higher than 300 m (see Fig. S4 for the 20, 30 and
40 km surface height anomalies). On average, over the cen-
tre part of the ice sheet, the 20-50 km topographies generally
underestimate the 15 km surface height, and are more lev-
elled at close proximity to the ice sheet margins. To a large
degree, the differences between SMB components at differ-
ent resolutions clearly come from this smooth orography.

4.2 Annual precipitation anomalies

The 20-25 km resolution outputs interpolated onto the 15 km
MAR grid match the 151t precipitation outputs with a high
degree of accuracy (Fig. 4b) (the 20, 30 and 40 km anoma-
lies are presented in Fig. S5), with anomalies generally less
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than 0.5 standard deviations (except locally over the tun-
dra) and high skill scores (0.94 and 0.86) compared to the
15 km standard deviation skill score (0.31). These precipi-
tation anomalies slightly increase (up to 1 standard devia-
tion) for the 30rt outputs due to (1) an overestimation of
the precipitation within the ice sheet and (2) an underesti-
mation around the margin where the interpolated topography
is overly level compared to the 15 km topography. However,
these discrepancies remain quite moderate with a skill score
of 0.77. Finally, the 40 and 50km resolution precipitation
fields, too high on the GrIS and ocean and too low around
the margin, show anomalies reaching up to 2 standard de-
viations (Fig. 4c). At low spatial resolution, the underesti-
mated surface height in the coastal regions compared to the
hilly 15 km topography dampens the topographic barrier ef-
fect and results in more moisture being brought towards the
interior of the ice sheet.

The 15-50km precipitation outputs were also compared
to Jason Box’s GrIS accumulation map (http://bpre.osu.
edu/wiki/Greenland_Accumulation_Grids) over 1990-2008
(Fig. S6). This comparison over the common GrIS mask re-
vealed skill scores diminishing with decreasing MAR reso-
lution (from 0.28 at 15 km to 0.10 at 50 km).

www.the-cryosphere.net/6/695/2012/
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(c) 50ed PP anomalies to 15rt
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Fig. 4. (a) Annual precipitation (mmW Eyr-1) simulated by the MAR model at 15km resolution (151t) over the 1990-2010 period, (b-
¢) Annual precipitation anomalies (in standard deviation) ofthe 25 and 50 km resolution MAR outputs (25rt and 50ed) interpolated onto the
15km MAR grid, compared to (a). On the bottom left side of each view is the annual amount of precipitation (Gtyr- ) on the ice sheet mask
common to all the spatial resolutions, drawn in solid blue line. On the bottom right side of each view, in brackets, is the skill score of the 25rt
and 50ed field compared to the 151t outputs, on the common GrIS mask, (d— The same as (a-c). but for the annual run-off (mmW Eyr-1).
(g-i) The same as (d-f). but for the annual SMB (mm WE yr * . See the Supplement for the 20,30 and 40 km resolution anomalies.

4.3 Anomalies of meltwater run-off

The 20-25 km run-offs compared quite well with the 15 km
simulation (Fig. 4e) and both have high skill scores (0.89
and 0.78) with respect to the 15 km standard deviation skill
score (0.79). Most of the anomalies lie along the south-
ern and western GrIS margins where the run-off is under-
estimated in the closest vicinity of the margin (less than
1 standard deviation), and overestimated (up to 2 stan-
dard deviations) towards the interior of the central ice
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sheet. Compared to the annual run-off rate in these border-
ing regions, especially in the western and southern parts
where it exceeds 3000 mm WE yr-1, the biases represent
less than 10% of the annual run-off. The discrepancies are
more constrained to the border of the ice sheet in North-
ern and Eastern Greenland, where the melting rate is lower
(less than 1000 mm W Eyr-1). For the 30-50 km simulations
(Fig. 4f), the biases are largely strengthened (often exceeding
300mmW Eyr-1 and 2 standard deviations) in the southern
and western GrIS and gradually spread out further towards
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the interior of the ice sheet, resulting in diminishing skill
scores (0.74, 0.54 and 0.37).

Comparison with the 15rt run revealed underestimation
along the margin and overestimation towards the interior of
the ice sheet, related to the different topographies between
the investigated resolutions, as previously highlighted by
the cross sections along the K-transect (see Fig. 1). Steeper
ice sheet slopes towards the tundra simultaneously induce
lower surface height along the GrIS border and higher sur-
face height towards the interior of the ice sheet, meaning that
higher-resolution runs simulate increased melting rates along
the ice sheet border and decreased rates inland. According to
the comparison between the 20-50 km near-surface temper-
ature and the 15rt MAR outputs (see Fig. S9), the anomalies
pattern is in full agreement with the topography and run-off
discrepancies (Fig. S7) that have been highlighted here.

4.4 Anomalies in surface mass balance

The pattern of the 20-30 km SMB anomalies (see Figs. 4h
and S8) with respect to the 15rt outputs is related to the
run-off discrepancies observed previously (see Fig. 4d—f).
Indeed, the underestimated run-off along the ice sheet mar-
gin produces positive anomalies of annual SMB (up to
300mmW Eyr-1 for the 40-50km runs) compared to the
15rt outputs, and overestimated melting generates negative
anomalies towards the interior of the ice sheet (generally ex-
ceeding 300mmW Eyr-1 for the lower resolutions). More-
over, the heavier precipitation over the ice sheet simulated
by the MAR model at 40-50 km resolutions is responsible
for the strengthened SMB observed within the central parts
of the GrIS (see Fig. 4i).

4.5 Inter-annual variability

The next important issue to investigate was the inter-annual
variability of the MAR results coming from simulations at
different spatial resolutions. Indeed, if the resolution impacts
the inter-annual variability, this could harshly challenge the
reliability ofthe MAR simulations to study anomalies related
to the spatial resolution.

According to Fig. 5, the MAR simulations at all resolu-
tions present the same inter-annual variability of the SMB
components. Moreover, the record melt years (e.g. 2003,
2008 and 2010) as well as the annual precipitation peaks
(e.g. 1996 and 2008) are generally well reproduced by the
MAR model whatever its spatial resolution. Figure 5a illus-
trates the very slight decrease (approximately of 50 Gtyr-1)
of the annual precipitation simulated by the MAR model at
all resolutions from 1990 to 2010. Conversely, from 1990 to
2010 the MAR model produced an increase of the run-off
between 150 and 200Gtyr-1 (Fig. 5b), inducing a negative
trend of SMB over the reference period (up to —10 Gtyr-2),
as plotted in Fig. Sc. This comparison proves that the MAR
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Fig. 5. (a) Annual precipitation (Gtyr ” on the GrIS simulated by
the MAR model at 15-50km resolution (in solid lines), over the
ice sheet mask common to all the spatial resolutions. The 20-50 km
resolution outputs have been interpolated onto the 15 km MAR grid.
The linear regressions throughout the 1990-2010 period are drawn
in dashed lines. (b) The same as (a), but for the annual run-off of
meltwater (Gtyr-1) from the GrIS. (¢) The same as (a), but for the
annual GrIS SMB (Gtyr-1).

model produces consistent results throughout this period for
runs at high or low spatial resolution.

Nevertheless, when examined in more detail, some differ-
ences between spatial resolutions in the run-off values for
2005 or 2008 were revealed (Fig. 5b): the higher the resolu-
tion, the lower the run-off. Such discrepancies are an artefact
due to the use of an ice sheet mask common to all the res-
olutions. Indeed, according to Table 2, the 40-50 km GrIS
margins (where most of the run-off increase takes place) are
included in the common ice sheet mask, while a larger num-
ber of 15km pixels located in the vicinity of the 15 km res-
olution margin are not contained in the common mask. This
explains why the higher-resolution melting values appear to
be slightly dampened throughout the 1990-2010 period com-
pared to the low-resolution MAR runs (Fig. 5b). Conversely,
if the ice sheet masks specific to each simulation were used,
the differences in the run-off trend disappeared (see Table 2
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and Fig. SIO). As regards precipitation, the trends are still
slightly more important for the low-resolution MAR runs,
whatever the common (Fig. 5) or specific (Fig. SIO) ice sheet
masks.

As seen in Fig. 5a and previously observed in Fig. 4a-c,
the MAR model produced heavier precipitation on average
over the ice sheet with decreasing spatial resolution, even if
the inter-annual variability does not seem to be influenced by
the spatial interpolation. Such increased precipitation sim-
ulated by a RCM when decreasing its spatial resolution has
already been observed on the GrIS with HadRM3 (J. L. Bam-
ber and C. Vernon, personal communication, 2011). Con-
versely, RACMO produces heavier precipitation in Green-
land for higher-resolution runs (Ettema et al., 2009) due to
enhanced orographic precipitation in South-Eastern Green-
land. For even higher spatial resolutions, this increase in
RACMO stops since more high accumulation points fall out-
side the GrIS mask. The following sections present several
MAR experiments, which attempt to explain the increased
precipitation simulated by the low-resolution MAR runs.

5 Impact of the domain size

As previously mentioned, the integration domain of the 40-
50 km resolution MAR runs was enlarged (11.2 x 106 km?2)
in comparison with the other simulations (7.0 x 106km2),
in order to ensure a sufficient number of pixels between
the Greenland limits and domain boundaries. Indeed, if the
model boundaries are too close to Greenland, the precipita-
tion over the ice sheet is overestimated because MAR needs
several pixels from the domain boundaries before simulat-
ing precipitation, and hence no precipitation is seen to occur
over the ocean. For this reason, it was necessary to investi-
gate whether these different domain sizes could impact on
the precipitation simulated by the MAR model at 40-50 km
resolutions. Indeed, a wider domain involves a larger ocean
area, which could eventually increase the water evaporation
in MAR, in turn bringing more moisture to the ice sheet. For
this reason, the 40-50 km resolution MAR model was run
over the original domain (as for the other MAR resolutions)
with the same set-up.

As mentioned before, the 40-50 km simulations over the
smaller domain (40od and 500d) generated somewhat heav-
ier precipitation on the GrIS (~ 20 Gtyr-1 at 40 km reso-
lution and ~ 50 Gtyr-1 at 50 km resolution) than over the
extended domain (40ed and 50ed) (Fig. 6). Nevertheless,
these GrlS precipitation anomalies between both domains are
generally not significant (less than 1 standard deviation and
16 %) and remain restricted to the north-eastern part of the
ice sheet. This is explained by the proximity of the north-
eastern boundary of'the domain, resulting in additional mois-
ture observed at the eastern ice sheet.

According to this comparison, the enlarging of the inte-
gration domain cannot be responsible for the MAR model
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Fig. 6. (a) Annual precipitation anomalies (in standard deviation)
of the 50 km resolution outputs from the MAR model running over
the original domain (500d), compared to the 50 km resolution out-
puts from MAR simulation over the extended domain (50ed), over
the 1990-2010 period. Positive (negative) anomalies mean higher
(lower) precipitation simulated by 50od than 50ed. On the bottom
left side of the view is the annual amount of precipitation (Gtyr-1)
from 50ed (in red) and 500d (in pink). On the bottom right side of
the view, in brackets, is the skill score of 50ed (in red) and 50o0d
(in pink) compared to the 15 km MAR outputs (15rt). (b) The same
as (a), but for the 40ed (in clear green) and 40o0d (in dark green).

producing heavier precipitation on the GrIS with decreasing
spatial resolution: a larger domain is required here for a bet-
ter comparison with the higher-resolution results (see skill
scores in Fig. 6). Moreover, the domain size does not impact
the run-off simulation (not shown here).

6 Enhanced GrIS SMB interpolation

Section 4 highlighted some biases within the fields of precip-
itation, run-off and SMB coming from the different spatial
resolutions investigated in this study. However, while these
biases gradually increase with reduced spatial resolution,
the 20-25 km resolution runs provided quite reliable results
compared to the 15rt outputs. Moreover, as the 20-25 km
simulations require a reasonable computing time, their out-
puts interpolated at a higher spatial resolution can be consid-
ered a suitable alternative to the very high-resolution results
required to act as forcing fields of an ice dynamical model.
We therefore sought to dampen the anomalies of the SMB
components we have highlighted between the 20-50 km re-
sults and the 151t MAR outputs in order to produce more
reliable SMB fields as potential forcing fields for higher-
resolution simulations. Nonetheless, although most of the
SMB components can be captured by the 15-25 km resolu-
tion runs, the rugged parts of the GrIS in the closest vicinity
ofthe margin require an even higher resolution to be resolved

(Fig. 1).
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6.1 Method

This section details the correction of the 25 km outputs (25¢t)
interpolated onto the 15km ice sheet mask to reduce the
anomalies with respect to the 15km MAR SMB compo-
nents (15rt) by applying a correctional factor to each interpo-
lated point (taking into account the differences between the
15km and the 15km interpolated 25 km topographies): an
explanatory figure is presented in the Supplement (Fig. S11).
For each point of the 15 km grid, we identified the eight ice
sheet points from the 25km grid the closest to this 15 km
grid point. For each pair of these eight points, a local ver-
tical gradient of the SMB component was calculated (at a
daily time scale) according to the difference in surface height
on the 25km resolution grid. Then these vertical gradients
were averaged by the total difference in elevation between
the eight 25 km points to produce a daily vertical gradient
of the SMB component, specific to the 15km grid point. Fi-
nally, as correction factors, this daily vertical gradient was
applied to correct the 25rt SMB component interpolated onto
the 15km grid according to the difference between the in-
terpolated 25 km surface height and the original 15km to-
pography on this point. The use of vertical weighting (in-
stead of a simple average) in the gradient computation aimed
to dampen the influence of “extreme” local gradients; i.e. a
strong variation of the SMB component between two 25 km
points located almost at the same surface height generates a
very large gradient. Finally, if the 15 km point lies beneath
all the eight closest 25km points (e.g. along the ice sheet
margin), only the maximum local gradient was taken into ac-
count in order to strengthen the correction.

This correction was applied to each SMB component sep-
arately (snowfall (SF), rainfall (RF), run-off of meltwater
(RU), sublimation and evaporation (SU)). The SMB was af-
terwards reconstructed (with SMB = SF4+RF—-RU—-SU). As
the forcing fields for ice dynamical models are required over
all ice sheet pixels of these models, the 25rt outputs were in-
terpolated onto the whole 15 km ice sheet mask (instead of
using a mask common to all the spatial resolutions) to allow
a more reliable comparison with the 15rt outputs. Another
implementation of local gradients for accumulation and ab-
lation regimes, based on the method of Helsen et al. (2012),
was tested here but did not produce results as good as those
achieved using our method when applied to the SMB com-
ponents.

6.2 Run-off of meltwater

Figure 7a-c illustrate the significant improvement (a skill
score of 0.85 instead of 0.76 previously) brought about by
the application of the correction factors to the 251t run-off
when compared to the 15rt MAR outputs in the 1990-2010
period. Indeed, while the annual run-off anomalies could lo-
cally reach up to 2 standard deviations in Southern Greenland
without correction (Fig. 7b), these biases were significantly
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reduced to, on average, less than 1 standard deviation after
applying the daily gradients (Fig. 7c). Moreover, the posi-
tive run-off anomalies previously observed around the west-
ern border regions of the GrIS were dampened almost to the
point of deletion.

Nevertheless, some improvements were still required in
the closest vicinity of the GrIS margin, where even the maxi-
mum local gradients were unable to satisfactorily strengthen
the higher run-off values, causing negative anomalies ex-
ceeding 1 standard deviation at these points. The surface
height of the ice sheet at 15 km resolution becomes very steep
when approaching the margin, which increases the run-off.
Unfortunately, the 25 km topography cannot match this gra-
dient so close to the GrIS border. Furthermore, we do not
have any 25km resolution ice sheet point located just be-
yond the margin, beneath the elevation of the 15km point
located closest of the GrIS margin, to represent with full re-
liability the increasing gradient of the surface height. There-
fore, despite the use of the maximum local gradients, the run-
off gradients of the 15 km interpolated 25rt points located in
close proximity to the GrIS margin could be slightly under-
estimated, making the correction factor insufficient to signif-
icantly reduce the negative anomalies along the border of the
ice sheet. In addition, at the beginning of the melt season,
bare ice appears earlier over the original 15 km pixel (induc-
ing high run-off rates), while the closest 25 km pixels, higher
in altitude, are still covered by melting snow, retaining a large
part of the meltwater. Consequently, the local gradients de-
rived from these 25 km pixels are not fully reliable when used
in place of a 15 km interpolated 251t pixel.

Due to both the significant reduction of positive anomalies
within the ice sheet and better reproduction of the high melt-
ing rate in the marginal region, the interpolated 25rt total run-
off from the GrIS ice sheet was increased from 291 Gtyr~!
to 300 Gt yr~ ! after applying the correction factors.

6.3 Sublimation and evaporation

As previously for run-off, the same methodology was applied
to the 25rt daily sublimation and evaporation from the MAR
model. Before correction, the 25rt outputs strongly overesti-
mated the sublimation and evaporation along the GrIS mar-
gin (up to 2.5 standard deviations) and caused overestimated
deposition within the central ice sheet (up to —1.5 standard
deviation) compared to the 15rt outputs (see Fig. S12). Ap-
plying the correction factors to the 25rt outputs resulted in
dampening the positive anomalies of sublimation and evap-
oration around the ice sheet margin, thereby enhancing the
skill score to 0.72 (instead of the original 0.70).

6.4 Snowfall and rainfall
After applying the correction factors to the daily precipi-

tation (snowfall and rainfall) from the 25rt run, no further
improvement could be made comparative to the 15rt MAR
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Fig. 7. (a) Annual run-off of meltwater (mmW Eyr-1) simulated by the MAR model at 15 km resolution (15rt). over the 1990-2010 period.
On the bottom left side of the view is the total run-off of meltwater (Gtyr-1) from the GrIS. on the 15 km ice sheet mask, (b) Annual run-off
anomalies (in standard deviation) of the 25 km resolution outputs (251t) interpolated onto the 15km ice sheet mask, compared to (a). On the
bottom right side, in brackets, is the skill score of the interpolated field compared to the 15rt outputs, (¢) The same as (b). but for the 25rt
outputs interpolated onto the 15 km GrIS mask and corrected with daily gradients, (d-f) The same as (a-c). but for the annual precipitation
(mmW Eyr-1) simulated by the MAR model, (g-i) The same as (a-c). but for the annual SMB (mmW Eyr-1) simulated by the MAR

model, and the reconstructed SMB from the corrected 25rt outputs.

outputs (Fig. 7d-f). The main precipitation pattern and its
inter-annual variability are determined by atmospheric circu-
lation, specifically by cyclonic activity and the main storm
tracks around Greenland (Dethloff et al., 2002). Moreover,
the precipitation rate is not a linear function of the surface
height of Greenland (Fig. S13). Therefore, daily gradients of
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precipitation according to the local difference of elevation are
quite unreliable for implementing suitable correction factors
to this field.

Nevertheless, as the annual precipitation anomalies be-
tween the 25rt results and the 15rt outputs were quite limited
(less than 10%, as previously observed in Sect. 4), and the
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related comparison benefits from a high skill score (0.85),
the snowfall and rainfall outputs simulated by the 25rt MAR
run without correction can be used to approximately recon-
struct the GrIS SMB field at 15 km resolution.

6.5 Reconstructed GrIS SMB

From the snowfall and rainfall simulated by the MAR model
at 25 km resolution and interpolated onto the 15 km ice sheet
mask, as well as the run-off, sublimation and evaporation
previously corrected by daily gradients, we can reconstruct
the GrIS SMB field over the 1990-2010 period at a 15 km
resolution (Fig. 7g-i).

As highlighted by the annual anomalies in Fig. 7h and i,
the reconstructed SMB field represents an improvement com-
pared to the 25rt SMB interpolated onto the 15km MAR grid
(with a skill score of 0.75 increased to 0.80). Nevertheless,
this improvement is limited by the inability of the correction
factors to adequately strengthen the melting rate in the clos-
est vicinity of the GrIS margin, causing continued positive
anomalies of SMB locally along the border of the ice sheet
while slightly reducing the SMB of the whole GrIS (from
349 Gtyr~! to 341 Gtyr~!). In South-Eastern Greenland, the
discrepancies observed around the coastal region are related
to the differences in annual precipitation between the MAR
simulations at 25 and 15 km resolutions which are not cor-
rected when reconstructing the 15 km SMB.

Furthermore, we carried out the same reconstruction of
the 15 km GrIS SMB field over the 1990-2010 period from
the 25rt MAR outputs, but using daily gradients determined
on each grid point according to the four and twelve closest
points at 25 km resolution (instead of the eight closest points
as outlined previously), with the aim to test the strength of the
daily gradient implementation. As highlighted in Table 4a,
the variation of the field around each grid point is not signif-
icantly influenced by the number of reference points we take
into account in the daily gradient calculation. On the other
hand, further expanding the investigated zone around each
grid point in the vertical gradient implementation would not
be reliable because we would lose the “local skill” of the
daily gradients specific to each grid point.

In order to estimate the maximum spatial resolution
Y'Y km of the MAR model required to obtain reliable SMB
outputs at a higher resolution XX km, the method imple-
mented in this study was also used to interpolate and correct
the RU and SU outputs from different MAR simulations onto
higher-resolution GrIS masks. The related skill scores and
SMB results are summarized in Table 5. This table shows
that a maximal resolution of less than twice the desired spa-
tial resolution (YY km < 2 x XX km) is needed to produce
reliable interpolated SMB results at XX km resolution, oth-
erwise too large biases (assessed by the skill scores) remain
after interpolation.
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7 Impact of a coarse topography

The GrIS topography is very steep in the margin regions and
the complicated orographic features around the borders can
only be fully resolved with a horizontal resolution higher
than 25 km (Stendel et al., 2008). As previously pointed out,
the 15-50 km MAR simulations use different topographies
according to the spatial resolution, and this impacts the MAR
outputs. Therefore, the effect of a smooth topography is here
investigated by analyzing high-resolution simulations using
lower-resolution topography. We also applied the enhanced
SMB interpolation developed in this study to the MAR re-
sults provided by the coarse-topography run to investigate
whether this SMB interpolation is able to significantly reduce
the anomalies generated by another topography, and hence to
test the reliability of our method.

For this purpose, we interpolated the 50km resolution
MAR topography onto the 25km resolution grid and run
the MAR model at 25 km resolution throughout the 1990
2010 period covered by the ERA-INTERIM reanalysis, using
the original 25km ice sheet mask (25st). As in Sect. 6, the
run-off (Fig. 8d-f), sublimation and evaporation were cor-
rected by applying daily gradients to each grid point, imple-
mented from the 25 km resolution MAR outputs provided by
the coarse topography run (25st), and taking into account the
discrepancies of surface height between the original 25km
topography (from 25rt) and the coarse topography. Finally,
the 25 km resolution GrIS SMB field was reconstructed by
using these corrected outputs and the precipitation pattern
produced by the 25st MAR run (Fig. 8g-i).

According to Fig. 8a, the 50 km surface height appears to
be generally too low around the whole eastern border of the
GrlS where the topography is actually very hilly (with large
biases reaching up to —300 m), but conversely overestimated
along the western margin compared to the original 25 km to-
pography. Due to these surface height anomalies, the 25st
MAR run simulated higher annual near-surface temperatures
in Fastern Greenland (locally exceeding 1.5 standard devi-
ation), and lower temperatures along the western ice sheet
margin, with discrepancies up to —1.5 standard deviation
(Fig. 8b), with respect to the original 25rt results. This com-
parison only identifies non-significant precipitation anoma-
lies (less than 1 standard deviation) located all along the GrIS
margin (Fig. 8c), causing a high skill score (0.89).

Furthermore, the comparison between the precipitation
anomalies pattern (Fig. 8c) and surface height biases to the
25rt outputs (Fig. 8a) does not lead to a direct relationship
between the precipitation simulated by the MAR model and
the smooth topography. Indeed, while a locally higher sur-
face height enhances the topographic barrier effect that acts
to raise air masses and produce condensation (and hence
precipitation during their forced ascent) (Fettweis et al.,
2005), a lower surface height induces higher temperatures,
which also strengthen the precipitation in Greenland. Given
these two processes influencing the simulated precipitation
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Table 4. (a) Skill scores related to the annual anomalies over the 1990-2010 period between the 15 km resolution MAR outputs (15rt) and
the 25km resolution (251t) sublimation and evaporation (SU), run-off of meltwater (RU) and GrIS SMB from the MAR model, without
correction (CP0), and corrected with daily gradients implemented on each grid point from the four (CP4), eight (CP8) and twelve (CP12)
closest points at 25 km resolution. (b) The same as (a), but between the 25rt and 25st outputs.

(@ CP0 CP4 CP8 CPI2

() CPO CP4 CP8 CPI2

SU 070 072 072 073
RU 076 084 085 0.8
SMB 0.75 080 080 0.80

SU 060 081 085 0.8
RU 079 091 093 093
SMB 083 0.88 090 0.90

Table 5. Summary of the main skill scores and annual GrIS SMPB results (in brackets) of MAR simulations (e.g. 20rt) interpolated onto
higher-resolution GrIS mask (e.g. 15 km) and corrected with daily vertical gradients, for the 1990-2010 period.

SMB skill scores (and annual SMB results in Gt yr_l) for the GrIS

201t 251t 30rt 40ed 50ed
15km 0.91(343) 0.80(341) 0.69(357) 0.46 (377) 0.33 (392)
20km 0.88 (321) 0.82(335) 0.54 (358) 0.38 (372)
25km 0.90 (362) 0.70 (382)  0.45 (390)
30km 0.75 (352)  0.55 (368)
40 km 0.72 (416)

in conflicting ways, no direct relationship can be extrapolated
between the surface height and the precipitation pattern. Due
to the high skill score for precipitation (0.89), the precipi-
tation outputs provided by the 25st MAR run can be used
without correction in the reconstruction of the SMB field.

Along the western and southern ice sheet margin, where
the 50 km topography is generally too high compared to the
25km surface height, the MAR simulation with the 25st
simulation was unable to reproduce the high melting rates
because of underestimated temperatures (Fig. 8b), resulting
in large negative biases of run-off (locally more than 1.5
standard deviations) compared to the original 25rt outputs
(Fig. 8e). After applying the correction to the run-off results,
these anomalies were significantly reduced around the ice
sheet border (even in the closest vicinity of the GrIS mar-
gin) and generally did not exceed 0.5 standard deviations,
greatly increasing the related skill score from 0.79 to 0.93
(Fig. 8f). This highlights the close relationship between the
melting rates and the steep orography around Greenland,
but also proves our method to be effective when correct-
ing the run-off discrepancies induced by a MAR simulation
with a smooth topography, compared to the run using the
same resolution with the original surface height. Neverthe-
less, when comparing over the 1990-2010 period the annual
amounts of precipitation produced by 25st (652 Gtyr~!) and
25rt (649 Gtyr~1), we were unable to prove the coarse to-
pography of the 40-50 km simulations to be responsible for
the MAR model’s production of heavier precipitation at low
resolution.
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Figure 8g-i illustrates the significant overestimation of the
SMB on the coarse topography in the western GrlS (with bi-
ases locally higher than 1.5 standard deviation) compared to
the 25rt run, mainly due to underestimated run-off. By us-
ing the precipitation outputs (without correction), corrected
run-off and corrected sublimation and evaporation (where the
skill score is significantly enhanced from 0.60 to 0.85) pro-
duced by 25st, the GrIS SMB field can be reconstructed, as in
Sect. 6. The SMB interpolation significantly dampened these
anomalies, improving the skill score (0.90 instead of 0.83)
with respect to the original 251t MAR results. As regards
the daily gradient implementation, it should be noted that the
same experiment using the four, eight and twelve closest grid
points was carried out, leading to similar results (compiled in
Table 4b).

8 Discussion and conclusion

In this study, we performed several MAR runs of the GrIS
SMB over the period 1990-2010 at different spatial resolu-
tions: 15, 20, 25, 30, 40 and 50 km. Cross sections through
the GrIS validated the MAR outputs along the K-transect
(67° N, West Greenland) and revealed a very good match be-
tween the MAR results from the higher-resolution runs and
the observations. It also appeared that most of the Skm ice
sheet topography can be reproduced at lower resolutions, but
that a model resolution of at least 10-15 km is needed to re-
solve the steep slopes in the vicinity of the ice sheet margin.

The outputs (precipitation, run-off of meltwater and SMB)
produced by the MAR model running at these different
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Fig. 8. (a) Surface height anomalies (m) of the 50 km resolution MAR topography interpolated onto the 25 km MAR grid (25st), compared
to the original 25 km topography (25rt). (b) Annual near-surface temperature anomalies (in standard deviation) ofthe 25st outputs compared
to the 25rt outputs, over 1990-2010. On the bottom right side of the view, in brackets, is the skill score of 25st compared to 25rt. (¢) The
same as (b). but for the annual precipitation anomalies (in standard deviation). On the bottom left side of the view is the annual amount of
precipitation over the GrIS from 25st. (d) Annual meltwater run-off (mmW Eyr-1) provided by 25rt over the 1990-2010 period, (e) Annual
run-off anomalies (in standard deviation) of the 25st outputs compared to (d). On the bottom right side of the view, in brackets, is the skill
score of the 25st run-off compared to (d). (f) The same as (e). but for the 25st run-off corrected by daily gradients, (g-i) The same as (d-f),
but for the annual SMB (mmW Eyr-1) simulated by the MAR model, and the reconstructed SMB from the corrected 25st outputs.

spatial resolutions were interpolated onto the 15 km grid, and
compared to the 15 km outputs over the 1990-2010 period.
This comparison highlighted increasing biases between the
interpolated fields and the 15 km resolution outputs related
to the decrease of the model resolution. Nevertheless, the

The Cryosphere, 6, 695-711, 2012

20-25 km resolution results were proved to be quite reliable
compared with the 15km outputs for the GrIS. Moreover,
the MAR model produced outputs with an inter-annual vari-
ability consistent throughout the whole 1990-2010 period,
whatever the spatial resolutions of the MAR run, as well as
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equivalent linear trends. Subsequently, an enhanced SMB in-
terpolation has been satisfactorily tested for improving the
comparison between the SMB outputs interpolated onto a
higher-resolution ice sheet mask, and the SMB field sim-
ulated at this higher resolution. Finally, a comparison was
carried out between the 25 km resolution MAR outputs and
results produced by the MAR model running at 25 km reso-
lution with a coarse topography, with the aim of highlighting
the anomalies induced by a smoothed topography on the sim-
ulated fields.

This study has also revealed that the MAR model produces
heavier precipitation on the GrIS for low-resolution simula-
tions (e.g. 40-50 km), while the amount of precipitation re-
mains reasonably consistent within the 15-30km resolution
runs. The same observation has been made for HadRM3 run-
ning at low spatial resolutions (J. L. Bamber and C. Vernon,
personal communication, 2011), but these results contradict
RACMO, which simulates higher precipitation rates on the
GrlS with increasing spatial resolution (Ettema et al., 2009).
Therefore, several experiments investigating integration do-
main size and the topography were performed with MAR in
an attempt to explain what increases simulated precipitation
at low spatial resolution. However, the extended integration
domain specific to the 40-50 km resolution runs (in order to
maintain a sufficient number of pixels between the Green-
land and the domain boundaries) is not responsible for the
increased precipitation, but on the contrary reduced the MAR
precipitation. Furthermore, a comparison between the 25 km
resolution MAR runs implemented either with the 25 km sur-
face height or the 50 km topography interpolated onto the
25km grid proved that the coarse topography at 40-50 km
resolution does not explain these differences. However, the
discrepancies in precipitation estimates by the RCMs are
more problematic than their different responses to the spatial
resolution. Because snowfall and rainfall represent the main
input to the GrIS SMB, further investigations are required to
develop a full understanding of what causes heavier precipi-
tation in each RCM. For instance, a detailed comparison be-
tween the specific physics of each model should reveal more
information about this issue.

In the framework of the ICE2SEA project, the SMB out-
puts from the MAR model are due to force ice dynamical
models with the aim to perform future projections of the
G1IS contribution to the global sea-level rise over the next
200 yr. However, the very-high resolution MAR outputs re-
quired as forcing fields for this purpose (5-10 km resolution)
would need significant computing time, making such simu-
lations unrealistic over a long period. Through this work, it
has been shown that “intelligent” interpolation of GrIS SMB
outputs from the MAR model at a higher spatial resolution
can constitute a satisfactory option in addressing the issue of
using SMB results coming directly from MAR runs at this
higher resolution without substantial additional computing
time. Such experiments are valuable in the process of cou-
pling RCMs with ice dynamical models.
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The correction of the interpolated SMB components (espe-
cially the run-off of meltwater and the sublimation and evap-
oration) using vertical gradients of this field, calculated at
a daily time scale in the neighbourhood of each grid point,
has been proved to be effective for the MAR model and has
given satisfactory results for the GrIS SMB reconstructed on
a higher-resolution ice sheet mask. Moreover, this method
has highlighted that a maximal resolution YY km of less than
twice the desired higher resolution XX km is required to ob-
tain reliable interpolated SMB results at this higher resolu-
tion XX km. It also appears from this study that the anoma-
lies of precipitation outputs interpolated at a higher resolu-
tion cannot be significantly reduced by vertical gradients, be-
cause precipitation is a non-linear function of the topography.

From the comparison of the MAR outputs with observa-
tions along the K-transect, it is clear that the 15 km spatial
resolution is not high enough to resolve the topography and
SMB in the closest vicinity of the GrIS margin. Therefore, it
is necessary to perform MAR simulations at a higher spatial
resolution than 15 km, e.g. 5-10km, to obtain further GrIS
SMB results including the ice-sheet margins which can be
compared with the MAR outputs coming from simulations
at 15-50 km resolution.

This work has shown that smoothed topography affects the
outputs simulated by the MAR model, and that the enhanced
SMB interpolation is able to significantly reduce the anoma-
lies generated by such a coarse topography, compared to the
MAR simulation with the original topography. As regards the
increasing present day mass loss of the GtIS and the future
warmer climate projected in the Arctic that would enhance
the melting in Greenland, the related surface height changes
of the ice sheet would be of particular interest due to the to-
pography feedbacks on the temperature, run-off of meltwa-
ter, etc. Therefore, further endeavours of this type should be
set up to develop a full understanding of the behaviours of the
MAR model in response to, for example, the raising or low-
ering of the whole GrIS surface height by 100 m. In a more
general sense, response of the RCMs to this kind of stimulus
is still relatively unknown.

As the SMB interpolation presented in this work is not
based on a statistical approach and is completely indepen-
dent of the investigated field, it would be possible to carry
out an investigation of different spatial resolutions and an en-
hanced SMB interpolation using GrIS outputs provided by
other RCMs, with the aim of testing its reliability. More-
over, this could highlight differences in the dependency of
a field to the topography within these RCMs. Indeed, what
has been discovered for the MAR model might not hold true
for another RCM (e.g. as the RCMs sensitivity to the sim-
ulated precipitation varies according to the spatial resolu-
tions). Such studies would lead to a better knowledge of the
GrIS SMB modelling.
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Supplementary material related to this article is
available online at: http://www.the-cryosphere.net/6/695/
2012/tc-6-695-2012-supplement.pdf.
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