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ABSTRACT

This study presents the first twenty-first-century projections of surface mass balance (SMB) changes for the
Greenland Ice Sheet (GIS) with the Community Earth System Model (CESM), which includes a new ice sheet
component. For glaciated surfaces, CESM includes a sophisticated calculation of energy fluxes, surface al-
bedo, and snowpack hydrology (melt, percolation, refreezing, etc.). To efficiently resolve the high SMB
gradients at the ice sheet margins and provide surface forcing at the scale needed by ice sheet models, the
SMB is calculated at multiple elevations and interpolated to a finer 5-km ice sheet grid. During a twenty-first-
century simulation driven by representative concentration pathway 8.5 (RCP8.5) forcing, the SMB decreases
from 372 + 100 Gtyr ! in 1980-99 to —78 *+ 143 Gtyr ™! in 2080-99. The 208099 near-surface temperatures
over the GIS increase by 4.7K (annual mean) with respect to 1980-99, only 1.3 times the global increase
(+3.7K). Snowfall increases by 18 %, while surface melt doubles. The ablation area increases from 9% of the
GIS in 1980-99 to 28% in 2080-99. Over the ablation areas, summer downward longwave radiation and
turbulent fluxes increase, while incoming shortwave radiation decreases owing to increased cloud cover. The
reduction in GIS-averaged July albedo from 0.78 in 1980-99 to 0.75 in 2080-99 increases the absorbed solar
radiation in this month by 12%. Summer warming is strongest in the north and east of Greenland owing to
reduced sea ice cover. In the ablation area, summer temperature increases are smaller due to frequent periods

of surface melt.

1. Introduction

The Greenland Ice Sheet (GIS) is the largest ice body
in the Northern Hemisphere. It holds a volume of ice
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equivalent to 7.3m of average global sea level rise
(Bamber et al. 2001). Ice sheets gain mass through
snowfall and deposition and lose mass through sub-
limation, basal melt due to geothermal heating, surface
melt and subsequent meltwater runoff, basal melt of ice
shelves, and iceberg calving. Of the processes that re-
move mass, the largest contributions come from calving,
ocean melt, and surface meltwater runoff (Jacobs et al.
1992; Silva et al. 2006; Ettema et al. 2009; van den Broeke
et al. 2009; Lenaerts et al. 2012). In Antarctica there is
little runoff due to the extremely cold environment
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(Lenaerts 2012). In Greenland, however, runoff is an
important process of mass removal (Ettema et al. 2009).
Between 1961 and 1990, accumulation over the GIS was
estimated at ~700 Gtyr ™!, runoff at ~250 Gtyr ', and
ice discharge at ~450 Gtyr !, under the assumption of
the ice sheet being in equilibrium (Ettema et al. 2009; van
den Broeke et al. 2009). In recent years runoff has in-
creased more strongly than discharge (Rignot et al. 2011).
The Greenland and Antarctic Ice Sheets are currently
losing mass (Rignot et al. 2011; Shepherd et al. 2012). For
Greenland, roughly half of the current mass loss has been
attributed to accelerated ice flow and half to increased
surface meltwater runoff (van den Broeke et al. 2009).

Future changes in the surface mass balance (SMB) of
the Greenland Ice Sheet are projected either by melt
calculations based on temperature index models [so-
called positive-degree-day (PDD) models] or by consid-
ering the surface energy balance (SEB) of the ice sheet.
PDD calculations rely on the empirical relationship be-
tween near-surface temperature and melt (Reeh 1991).
The parameters used are tuned to present-day observed
SMB. PDDs are a useful method when a SEB calculation
is not possible, but the parameters used might not be valid
for climate regimes different from the reference climate
used for tuning (Bougamont et al. 2007). In addition,
these parameters are site specific. SEB methods repre-
sent a more physically based approach that permits de-
tailed examination of individual processes contributing
to the ice sheet energy and mass balance budget.

Projections of changes in the GIS SMB that are based
on SEB schemes have mostly been performed with re-
gional climate models (RCMs) (Fettweis et al. 2013; Rae
et al. 2012; van Angelen et al. 2013). RCMs are able to
resolve important processes related to the small-scale
(tens of kilometers) ice sheet orography and to include
sophisticated calculations of the surface energy balance,
snow hydrology, and albedo evolution. However, RCMs
suffer from their dependency on a global climate model
that supplies the boundary conditions.

Projections from general circulation models (GCMs)
have been performed with PDD methods or simplified
SEB schemes. Ohmura et al. (1996) used a short (5yr)
model simulation with the atmospheric model ECHAM4
at relatively high resolution (T106, or ~1.25°) to calculate
ice sheet SMB from a simple SEB scheme with parame-
terized albedo (as a linear function of surface tempera-
ture) and without refreezing. Thompson and Pollard
(1997) used a SEB scheme with a parameterization
for refreezing and albedo in their calculations with
the model Global Environmental and Ecological Sim-
ulation of Interactive Systems (GENESIS) (~3.75° at-
mospheric resolution). Wild and Ohmura (2000) used
ECHAM4/T106 and a temperature index SMB calculation

JOURNAL OF CLIMATE

VOLUME 27

for their study. Gregory and Huybrechts (2006) used
a combination of low- and high-resolution (T106) models
and a PDD scheme to calculate melt. The first projections
with an ice sheet model (ISM) bidirectionally coupled to
an atmosphere—ocean GCM were performed with PDD
schemes and through anomaly forcing (Ridley et al. 2005;
Vizcaino et al. 2008; Mikolajewicz et al. 2007). A more
recent study with the ECHAMS/Max Planck Institute
Ocean Model (MPI-OM) used a surface energy balance
calculation with parameterized albedo (Vizcaino et al.
2010).

Here we present the first projections of the contribu-
tion from changes in the SMB of the GIS to twenty-first-
century sea level rise with version 1.0 of the Community
Earth System Model (CESM1.0). In CESM, ice sheet
SMB is calculated with an SEB scheme that includes
albedo evolution. Meltwater percolation and refreezing
within the snowpack are explicitly modeled (Oleson
et al. 2010). The SMB is calculated in the land model
[Community Land Model (CLM)] at several fixed ele-
vations and then horizontally and vertically interpolated
to the higher resolution of the ice sheet model (5 km). In
a companion paper, the model was shown to realistically
simulate the present-day SMB of the Greenland Ice
Sheet (Vizcaino et al. 2013).

The paper is organized as follows. The model and
simulations setup are described in section 2. In section 3,
the global climate changes during the twenty-first cen-
tury and the local climate change over Greenland are
presented. Section 4 presents the simulated changes in
the surface mass balance of the GIS. Section 5 summa-
rizes the main results and conclusions.

2. Method

The model used here is CESM1.0 (Hurrell et al. 2013),
which includes atmosphere, ocean, sea ice, and land
components. In addition, the model includes a new ice
sheet component. The calculation of the SMB of the
Greenland Ice Sheet is done within the land model (CLM)
at several prescribed elevation ranges and downscaled
to the higher resolution of the ice sheet model (5 km).
The GIS SMB calculation is described in the companion
papers by Lipscomb et al. (2013) and Vizcaino et al.
(2013). Here, a brief summary is given.

The calculation of the SMB of glaciated surfaces, in-
cluding the Greenland Ice Sheet, is done over two sur-
face types, snow and bare ice, according to

SMB(ice + snow) = SNOW + RAIN — RU — SU,

where SNOW is snowfall, RAIN is rainfall, RU is run-
off, and SU is sublimation.
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Runoff is calculated as the portion of the available
liquid water (ALW) that is not refrozen:

RU =ALW — RF =ME + RAIN — RF,

where ME is melt and RF is refreezing. ME is calculated
from the sum of surface fluxes (radiative, turbulent, and
subsurface heat):

ME = SW (1 —a) + LW, — eoT; + SHF + LHF + GF,

where SW, is downwelling shortwave radiation, « is
albedo, € = 0.97 is the emissivity of the snow/ice surface,
sigma is the Stefan-Boltzman constant, 7§ is surface
temperature, LW, is downward longwave radiation,
SHF is sensible heat flux, LHF is latent heat flux, and
GF is the subsurface heat flux toward the surface.

In the configuration of CESM used for this study, all
components are active except the dynamics of the ice
sheet model. Two simulations have been performed for
this study. The first one corresponds to the period 1850
2005 and has been subject to analysis in a companion
paper (Vizcaino et al. 2013). The period 1980-99 is used
as reference for the future climate projections. A second
simulation was branched from the first for the period
2005-2100, with forcing according to the representative
concentration pathway 8.5 (RCP8.5) high emissions
scenario.

For the analysis of climate and surface mass balance
changes, the period 2080-99 is chosen and anomalies are
shown with respect to the 1980-99 reference period. The
topography of the ice sheet in the ice sheet model is
prescribed to present-day values (Bamber et al. 2001)
for all simulations.

3. Global and local climate change

The mean annual global temperature increases by
3.7K for 2080-99 with respect to the reference period
1980-99 (Fig. 1a). The average temperature change
north of 60°N is 7.9 K, which represents a polar ampli-
fication factor of 2.1. The pattern of warming (Fig. 1b)
shows the usual feature of higher warming over the
continents than over the oceans. Northern high latitudes
warm much more strongly, with anomalies of more than
10K over the Arctic Ocean. The northernmost land-
masses (Canadian Archipelago, northern Alaska, and
northern Siberia) warm the most, with warming exceed-
ing 9K for the annual mean. Globally, a local minimum
of warming occurs over the North Atlantic, associated
with a reduced North Atlantic meridional overturning
circulation.
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FI1G. 1. Global climate change: (top) time series of anomalies of
global-mean temperature (black) and annual-mean temperature
averaged over the area 60°~90°N (blue) for the period 1980-2099
with respect to the mean of the reference period 1980-99. (bottom)
Near-surface temperature anomaly 2080-99 minus 1980-99.

The 2080-99 mean increases of annual and summer
temperatures over the Greenland Ice Sheet are 4.7 and
4.1K, respectively. Figure 2b shows the summer pattern
of warming over Greenland and surroundings by the end
of the century. In the ice-free regions, the warming is
highest in areas at the north and east (>5K) due to re-
duced sea ice cover at the coast, as well as small areas in
the southeast. The lowest increase corresponds to the
western part of Greenland (3-4 K). Over the ice sheet,
the warming is largest for higher elevations (>5K over
3000 m) and decreases toward the margins, where melt
occurs with higher frequency, imposing a temperature
limit to the surface and reducing the increase in near-
surface air temperature. The minimum increase there-
fore occurs over the lower part of the western ablation
area (~1-2K).

Changes in surface energy fluxes over Greenland

Figure 3 illustrates the changes in summer [June-
August (JJA)] surface fluxes over Greenland by 2080-99
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FIG. 2. Temperature change (K) with respect to the period 1980
99 averaged over the Greenland Ice Sheet: (top) summer (red) and
annual (black) time series; (bottom) summer anomalies 2080-99.

with respect to 1980-99. Only statistically significant
changes have been plotted. Incoming solar radiation
decreases over the ice sheet owing to increased cloud
cover, with the highest decrease over the ablation
areas (15-65 W m™?), particularly in western Greenland
(>40 Wm™?). Albedo changes are significant over the
ablation areas, with anomalies between 0.10 and —0.05,
and the highest interior, where it slightly increases
(~0.02) due to increased snowfall. Incoming longwave
radiation increases over the whole ice sheet. Over the
ablation zones, the magnitude of the change (5-15Wm ™ *
over most of the areas and >15W m ™ over the western
Greenland margin) is smaller than for the incoming solar
radiation. The effects of increased incoming longwave
radiation and reduced albedo offset the effect of reduced
incoming solar radiation, which results in net radiation
increase over the ice sheet. Over most of the ablation
areas, changes are 15-25 W m™ 2. Turbulent flux anoma-
lies are positive over the ablation areas, with similar
contributions (5-15 Wm ™ ?) from the latent and sensible
fluxes. Latent heat anomalies are negative over the in-
terior of the ice sheet.
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4. Changes in surface mass balance

The net SMB decreases from 372 + 100Gtyr ' in
198099 to —78 + 143 Gtyr~ ' in 2080-99 (Table 1). Both
precipitation and melt increase. Precipitation increases
by 35%, with a substantial contribution from increased
rainfall (+174 Gtyr~'). When related to the GIS annual
temperature change, this increase in precipitation corre-
sponds to 7.4% K ', higher than the rates of ~5% K '
from Rae et al. (2012) and Gregory and Huybrechts
(2006). Snowfall increases by 18%. The difference be-
tween melt and runoff becomes smaller with time (Fig. 4).
Within two years from the last decade of the twenty-first
century, runoff actually exceeds melt, a situation that is
unrealistic and is caused by overestimation of rainfall and
underestimation of refreezing in the model. These biases
will be discussed below. Rainfall increases with time, with
an almost threefold increase by 2080-99. The trend line
of SMB crosses zero in year 2094.

Linear fits relating the change in GIS SMB to changes
in global mean or GIS mean annual temperature with
respect to 1980-99 values give sensitivities of —107 and
—79Gtyr 'K™!, respectively. If these linear functions
are used, the temperature rise with respect to 1980-99
required for the SMB to become negative is 3.6 K for the
global mean and 4.7 K for the GIS mean. Negative SMB
has been suggested as a threshold for complete elimi-
nation of the GIS (Gregory and Huybrechts 2006). The
range of values found by Gregory and Huybrechts (2006)
for the GIS annual temperature increase with respect to
preindustrial is 3.2-6.5K, while Robinson et al. (2012)
suggest 2.0-3.5K.

Figure 5 shows the mean SMB at the ice sheet grid
resolution (5km) for the periods 1980-99 and 2080-99.
The first map is similar to the map for 1960-2005, which
is discussed in Vizcaino et al. (2013). The ablation area
increases from 9% of the ice sheet in 1980-99 to 28 % of
the ice sheet in 2080-99. The width of the ablation area
increases the most along the western, northern, and
northeastern margins. The equilibrium line altitude in-
creases by ~500 m on average, with a maximum increase
of almost 1000 m in the northeast. In the east and south-
east, where previously the ablation areas had a width
smaller than the model resolution (5 km), the 2080-99
equilibrium line is simulated at approximately 1000 m
for most of the eastern part and between 1000 and 2000 m
over a minor part of the southeastern margin. Above
2000 m, the SMB slightly increases.

a. Changes in precipitation

Precipitation rates increase by 303 Gtyr ' (Table 1).
More than half of this increase (57%) is due to rainfall.
However, as described in the companion paper (Vizcaino
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FIG. 3. Summer 2080-99 anomalies of surface fluxes (W m~2) and albedo (unitless) with respect to 1980-99 values:
downward shortwave and longwave radiation (SW,, LW,), surface albedo, net radiation (R,.;), and sensible and
latent heat fluxes (SHF, LHF). Only statistically significant anomalies are plotted. The left color bar corresponds to

surface fluxes, and the right color bar to albedo.

et al. 2013), CESM overestimates rainfall in the current
climate, and it is particularly unrealistic in simulating
rainfall events in the cold interior of the Greenland Ice
Sheet, where near-surface temperatures are well below
the freezing point, even in the warmest days of the sum-
mer. The projected increase in rainfall is likely to be ex-
cessive in connection with this bias. Biases in the simulation
of rainfall affect several components of the surface en-
ergy and mass balance budgets. First, snowfall contrib-
utes to mass gain of the ice sheet, while only the part of
rainfall that refreezes contributes to mass gain. Second,
the partition between rainfall and snowfall affects sur-
face albedo since snowfall events increase it, while rain-
fall events decrease it [these effects have been quantified
in Box et al. (2012) with the Modele Atmosphérique
Régional (MAR) and satellite data]. Surface albedo, in
turn, modifies the energy budget directly through modi-
fication of absorbed solar radiation and indirectly via

changes in near-surface temperature, melt rates, and wa-
ter vapor fluxes. Finally, rainfall rates impact the amount
of refreezing and therefore the energy budget of the
snowpack, which in turn conditions refreezing.

As a result of the higher atmospheric temperatures,
the rain fraction increases from 15% to 26% (Table 1).
Snowfall rates increase between 50 and 200kgm ~2yr !
over most of the ice sheet but decrease along the mar-
gins of the southern half, where a larger fraction of
precipitation now falls as rain (Fig. 6). Absolute values
of rainfall increase the most (>200kgm ?yr ') along
the western and southern margins.

b. Changes in melt and runoff

By the end of the twenty-first century, melt increases
by 215% or 634 Gtyr~ ! (Table 1). The melt area, de-
fined as the sum of grid cells with a climatological mean
of more than 1kgm ™ 2yr ', increases from 77% of the
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TABLE 1. Change in different terms of the surface mass balance
(SMB) (Gtyr ') between 1980-99 and 2080-99. The mean and the
standard deviation, the latter in parentheses, are given. The re-
lationship between these terms is given by SMB(ice + snow) =
SNOW + RAIN — RU — SU and RU = ALW — RF = ME +
RAIN — RF.

Anomaly 2080-99
minus 1980-99

SMB term 1980-99 2080-99 (ratio)
SMB (ice) 372 (100)  —78 (143) —450 (—121%)
SNOW 728 (59) 857 (47) +129 (+18%)
RAIN 127 (19) 301 (43) +174 (+237%)
Precipitation 855 (70) 1158 (74) +303 (+35%)
Runoff 438 (98) 1168 (168) +730 (+266%)
Melt (only snow) 442 (75) 689 (68) +247 (+156%)
Melt (snow + ice) 552 (119) 1186 (155) +634 (+215%)
Refreezing 240 (25) 318 (25) +78 (+33%)
Sublimation 54 (3) 60 (4) +6 (+11%)

total area to 100% (Fig. 7). The largest increases
(>2000kgm 2yr ') take place in the southern margin.
Above 2000 m, simulated melt increases by more than
300kgm2yr~ ! in the southern third of the ice sheet.
The sum of the melt and rain anomalies gives a total
increase in the available liquid water of 808 Gtyr '
(Table 1). However, refreezing increases only slightly
(78 Gtyr ). The ratio of refreezing to available liquid
water drops from 35% in 1980-99 to 21 % in 2080-99. In
simulations with the regional model, Regional Atmo-
spheric Climate Model version 2 (RACMO?2), the

1980-99
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FIG. 4. (top) Time evolution of integrated terms of the surface
mass balance (SMB): total SMB (black), snowfall (blue), rain
(green), melt (magenta), and runoff (red). The dashed black line
indicate SMB trend. Units are Gt yr~ . (bottom) Cumulative SMB
anomaly with respect to 1980-99 (Gt).

refreezing ratio drops from 38% in 1992-2011 to 29% in
2079-98 under RCP4.5 (van Angelen et al. 2013).

The decrease in the refreezing ratio is due to three
processes. The first is the warming of the snow layers
owing to heat released during refreezing and to warming
of the near-surface atmosphere (Fig. 2). The two re-
maining processes are related to model constraints and
are not physically based. First, in CESM1.0 the thickness

2080-99

FIG. 5. Mean SMB (kgm ™ ?yr ') at 5-km resolution for the periods (left) 1980-99 and (right)
2080-99: contours are plotted every 1000 m.



1 JANUARY 2014

VIZCAINO ET AL.

221

6000
1980-99
5 2000
1000
4000
700
2000
500
1000
00
o 00
500 100
30 50
200 20
1
100
¥
50
-0
20
-50
2 -100
1 -200
0.001 -300
2080-99 -500
minus 66
1980-99
-2000

FIG. 6. Spatial pattern of (left) mean precipitation, (middle) snowfall, and (right) rainfall (kgm 2 yr ') in the (top)
reference climate 1980-99 (left color bar) and (bottom) anomalies of 2080-99 with respect to 1980-99 components

(right color bar).

of the snowpack is limited to a maximum H,x = 1m
liquid water equivalent. This imposes a tight constraint
on the refreezing capacity of the snowpack. Second,
rainfall over the accumulation zone at times when the
thickness equals H,,x does not refreeze but runs off.
The overestimation of rainfall over the interior of the ice
sheet amplifies this effect.

Absolute values of refreezing decrease at most low
elevations and increase in the interior (Fig. 7). The total
runoff increases by 730 Gtyr~!, even more than melt.
The spatial distribution of runoff anomalies is similar to
that of melt.

c. Changes in surface albedo

Surface radiation represents the largest contribution
to the energy budget during melt (van den Broeke
2008a,b). Surface albedo is highly variable over the ice
sheet (van Angelen et al. 2012; Box et al. 2012). Typical

measured values of albedo over the Greenland Ice Sheet
are ~0.80 for dry snow, ~0.70 for wet snow, and ~0.50
for bare ice. Impurities can further reduce the latter
value, for instance in the ““dark zone” in the western part
of the ice sheet (Wientjes and Oerlemans 2010). Some of
the processes driving changes in albedo are snowfall
and rainfall events, snow temperature, the occurrence of
melt, and exposure of bare ice. These changes have a
large impact on the local climate and the amount of
energy that is available for melt (Box et al. 2012). Part I
of this study (Vizcaino et al. 2013) examines the simu-
lated present-day climatological GIS albedo, seasonal
evolution, and impacts on the energy balance. Here we
will examine the modeled changes in surface albedo by
the end of the twenty-first century.

The modeled mean July albedo over the ice sheet
decreases from 0.78 during 1980-99 to 0.75 in 2080-99
(Fig. 8), increasing the absorbed solar radiation in this
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FIG. 7. Spatial pattern of (left) mean surface melt, (middle) refreezing, and (right) runoff (kgm ™ 2yr~") in the (top)
reference climate 1980-99 (left color bar) and (bottom) anomalies of 2080-99 with respect to 1980-99 (right color bar).

month by 12%. The surface albedo drops over most of
the margins, reaching values close to 0.50 below 1000 m,
with the largest reduction in the north and northeast. In
the northeast and southwest the albedo drops close to
bare ice values in areas above 1000 m. Along the north-
western margin, where the topographic gradient is strong,
there are no changes in the albedo, which does not drop
below the values typical for wet snow (~0.7). For heights
over 2000 m in the northern half of the ice sheet, the al-
bedo does not change substantially and even increases in
mid-Greenland due to increased snowfall events. Over
the higher elevations of the southern half of the ice sheet,
the area with values typical of wet snow (~0.7) increases.

The high increase in rainfall in CESM is likely to have
a substantial impact in the simulated albedo (Box et al.
2012). The role of rainfall on albedo variability and
trends, along with the relative role of other factors, will
be examined in future studies.

d. Changes in seasonality

Figure 9 shows the mean daily values of melt and re-
freezing averaged over the whole ice sheet for the pe-
riods 1980-99 and 2080-99. The curves for 1980-99 are
similar to those for 1960-2005, discussed in Vizcaino
et al. (2013). The date of seasonal melt onset does not
change by the end of the century, being still mid April.
However, bare ice is exposed approximately 15 days
earlier in 2080-99 in early June. For reference, recent
trends in the date of bare ice exposure indicate higher
anomalies than these projected changes in the mean
climate (Fettweis et al. 2008; Mote 2007; Tedesco 2007;
Tedesco et al. 2011). Snowmelt peaks in early June in
1980-99 but continues increasing one more week in
2080-99 before declining. After mid-September, very
little snowmelt occurs during both periods. Ice melt
peaks in early August in 1980-99 and 5 days later in
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FIG. 8. Mean July albedo of the periods (left) 1980-99 and (right) 2080-99. Only grid cells
with glacier coverage of more than 1% have been plotted. The albedo values correspond only
to the glacier fraction of each cell. Typical values are ~0.80 for dry snow, ~0.70 for wet snow,

and ~0.50 for bare ice.

2080-99. Ice melts approximately 15 days longer at the
end of the melt season in September. This, together with
the earlier exposure of bare ice, represents a lengthening
of the period of bare ice melt by one month.

The number of melt days (considering a melt thresh-
old of 1kgm >day ') increases over 89% of the ice
sheet (Fig. 10). The average increase is 57 days. The highest
increases (~90 days) take place in the southern interior
and between 1000 and 2000 m in the north. Along the
southern margin of the ice sheet, the length of the melt
season increases to more than 200 days, up to a maxi-
mum of 273 days in one of the southernmost grid points.

The timing and amount of refreezing do not change
much by 2080-99. The peak of refreezing is in early June
in both periods. Also, some refreezing takes place after
melt has ceased in late September owing to refreezing of
small amounts of rain.

Sublimation peaks earlier in 2080-99, in late June (not
shown); the peak for 1980-99 takes place in early July.
Summer sublimation is reduced, while sublimation rates
increase at other times of the year.

e. Changes in SM B variability

Variability of the SMB increases with the warming
over the ice sheet. The SMB standard deviation increases
from 100Gtyr ! in 1980-99 to 143Gtyr ' in 2080-99

(Table 1). This increase in variability is related to in-
creased melt rates and the impact of melt on the surface
climate via the albedo feedback.

5. Summary and conclusions

This paper presents the first projection of the twenty-
first-century surface mass balance (SMB) of the Greenland

R
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F1G. 9. Daily values of simulated snowmelt, ice melt, and refreezing
(Gt) averaged over the years 1980-99 (black) and 2080-99 (red).
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Fi1G. 10. (a) Mean number of melt days during 2080-99 and (b) anomalies with respect to
1980-99; the melt threshold is 1kgm ™2 day .

Ice Sheet with the Community Earth System Model
(CESM). This projection is forced with the Coupled
Model Intercomparison Project phase 5 (CMIP5) sce-
nario RCP8.5. Version 1.0 of CESM includes a new ice
sheet component and calculates the ice sheet SMB in the
land component with an energy balance scheme at sev-
eral fixed elevation classes. The SMB is downscaled to
5-km resolution. In Part T of this study (Vizcaino et al.
2013) the model is evaluated against data from in situ
and satellite observations and from the output of the
regional climate model (RACMO?2) (van Angelen et al.
2012).

CESM1.0 projects a global increase of the annual-
mean temperature of 3.7K by 2080-99. Over the GIS,
the annual and summer anomalies are 4.7 and 4.1K,
respectively. From the downward radiation changes
over the ablation areas, shortwave fluxes decrease more—
in response to increased cloud cover—than longwave
fluxes increase in response to changes in cloud cover,
water vapor, and atmospheric temperature. However,
reduced surface albedo causes a net increase in radia-
tion, which becomes the major source for increased
surface energy input over the ablation and percolation
areas, followed by roughly equal contributions of sen-
sible and latent heat fluxes.

The net SMB decreases from 372 + 100Gtyr ' in
1980-99 to —78 + 143 Gtyr ! in 2080-99. This is equiv-
alent to a contribution from the GIS SMB to (global
mean) sea level rise of 5.5 cm by 2100 with respect to the
198099 level. For reference, the contribution from the

GIS SMB by 2000 with respect to the 1880-99 level is
1.0cm (Vizcaino et al. 2013), much lower than the esti-
mate of 3.0cm for the period 1865-1990 from Zuo and
Oerlemans (1997). The surface mass balance calculations
have been done at the present-day observed topography
of the ice sheet (Bamber et al. 2001), and therefore nei-
ther the effects of changes in ice dynamics nor inte-
ractions between surface mass balance and topography
(e.g., SMB height feedbacks) have been included here.
These effects are included in the study of Lipscomb et al.
(2013), where an ice sheet model is forced with CESM
SMB for the period 1850-2100.

Precipitation rates increase by 18% but surface
melting and runoff increase more (215% and 266%,
respectively). The ratio of refreezing to total available
liquid water (i.e., the sum of melt and rainfall) decreases
from 35%-21%. The ablation area increases most along
the western, northern, and northeastern margins, with
an average lifting of the equilibrium line of approxi-
mately 500 m. CESM1.0 results up to 2100 are similar to
results from the state-of-the-art regional climate mod-
els MAR (Fettweis et al. 2013; Rae et al. 2012) and
RACMO?2 (van Angelen et al. 2013). MAR projects
a GIS SMB contribution to sea level rise of 4 = 2 cm for
RCP4.5 and 9 * 4cm for RCP8.5 (Fettweis et al. 2013).
RACMO?2 projects a sea level rise of 7 = 1 cm for RCP4.5.
Neither MAR nor RACMO?2 projections account for the
melt-height feedback.

Two major limitations of our projections of GIS SMB
have been identified. The first one is the simulation of
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rainfall events at temperatures well below freezing in
the interior of the ice sheet. Biases in rainfall impact
the energy and mass balance budgets in various ways.
Rainfall, as opposed to snowfall, only contributes as
a mass source if it refreezes. The refreezing of rainfall
increases temperatures in the snowpack, limiting sub-
sequent refreezing. Lastly, rainfall events reduce surface
albedo (Box et al. 2012). The second major limitation is
the limited thickness of the snowpack in the current
model configuration. This limits the amount of refreez-
ing in the percolation and ablation areas, potentially
biasing the transient response of the GIS to climate
changes. Additional work is needed to explore the sen-
sitivity of the steady-state and transient SMB to the
choice of maximum snowpack thickness.

The results presented here and in Part I of this study
for the preindustrial and historical (1850-2005) periods
(Vizcaino et al. 2013) represent the first successful at-
tempt to generate the SMB of the Greenland Ice Sheet
with a global climate model. CESM is a promising
modeling tool for the simulation and understanding of
ice sheet SMB and its impact on local and global climate.
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