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Abstract The surface mass balance for Greenland and Antarctica has been calculated
using model data from an AMIP-type experiment for the period 1979-2001 using the
ECHAMS spectral transform model at different triangular truncations. There is a signifi-
cant reduction in the calculated ablation for the highest model resolution, T319 with an
equivalent grid distance of ca 40 km. As a consequence the T319 model has a positive
surface mass balance for both ice sheets during the period. For Greenland, the models at
lower resolution, T106 and T63, on the other hand, have a much stronger ablation leading
to a negative surface mass balance. Calculations have also been undertaken for a climate
change experiment using the IPCC scenario A1B, with a T213 resolution (corresponding to
a grid distance of some 60 km) and comparing two 30-year periods from the end of the
twentieth century and the end of the twenty-first century, respectively. For Greenland there
is change of 495 km?/year, going from a positive to a negative surface mass balance
corresponding to a sea level rise of 1.4 mm/year. For Antarctica there is an increase in the
positive surface mass balance of 285 km3/year corresponding to a sea level fall by 0.8 mm/
year. The surface mass balance changes of the two ice sheets lead to a sea level rise of
7 cm at the end of this century compared to end of the twentieth century. Other possible
mass losses such as due to changes in the calving of icebergs are not considered. It appears
that such changes must increase significantly, and several times more than the surface mass
balance changes, if the ice sheets are to make a major contribution to sea level rise this
century. The model calculations indicate large inter-annual variations in all relevant
parameters making it impossible to identify robust trends from the examined periods at the
end of the twentieth century. The calculated inter-annual variations are similar in mag-
nitude to observations. The 30-year trend in SMB at the end of the twenty-first century is
significant. The increase in precipitation on the ice sheets follows closely the Clausius-
Clapeyron relation and is the main reason for the increase in the surface mass balance of
Antarctica. On Greenland precipitation in the form of snow is gradually starting to decrease
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and cannot compensate for the increase in ablation. Another factor is the proportionally
higher temperature increase on Greenland leading to a larger ablation. It follows that a
modest increase in temperature will not be sufficient to compensate for the increase in
accumulation, but this will change when temperature increases go beyond any critical limit.
Calculations show that such a limit for Greenland might well be passed during this century.
For Antarctica this will take much longer and probably well into following centuries.
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1 Introduction

The ice sheets on Antarctica and Greenland are exposed to a number of processes on a
variety of time scales. These include long-term adjustments over millennia and fast
changes driven by ice-dynamics related to processes in grounding lines or calving fronts.
Several of these processes are incompletely understood. The net contribution to sea level
change is a very complex process that requires a long-term integration including realistic,
high-resolution land-ice models. However, in this study we restrict the investigation to the
surface mass balance, SMB, and in particular how SMB is expected to change in a warmer
climate. We determine the change in SMB from the difference in mass that is gained from
solid precipitation and the losses that come from evaporation, sublimation or direct run-off
of water. Consequently, we will ignore losses due to calving, as this has to be calculated
using a dynamical model of the complete land ice. It has been suggested that the mass
losses on Greenland due to calving is of the same order as SMB (Lemke et al. 2007; IPCC
AR4). For Antarctica, on the other hand, iceberg calving or episodic losses of large part of
the ice shelf are the overall dominating mechanisms for mass losses.

The sink terms are or the ablation is generally well estimated from routine meteoro-
logical observations such as surface temperature, cloudiness, etc., but the source term of
solid precipitation requires the knowledge of the three-dimensional atmospheric circulation
and is generally more difficult to estimate. There are several reasons for this. Firstly,
precipitation varies widely in time and space and available observations, such as those that
exist on the ice sheets, are insufficient to provide a satisfactory sampling. Secondly,
precipitation is extremely difficult to measure accurately due to wind and similar problems
making it difficult to accurately collect snow in the precipitation gauges (Bromwich et al.
2004). Generally there is a considerable underestimation of snow (Groisman et al. 1999;
Allerup et al. 2000). Estimates from snow on the ground are also unreliable for several
reasons including the problem with snowdrift leading to a very uneven deposition.

Precipitation on the Greenland ice sheet falls essentially as snow except in coastal
regions. Over Antarctica practically all precipitation comes as snow. This is also likely to
occur even if the climate is warming by some degrees Celsius towards the end of this
century as suggested from the IPCC model simulations (Lemke et al. 2007; [IPCC AR4).
Even if precipitation occasionally comes as rain it is likely to subsequently freeze as the
water percolates into the depth of the ice.

Simulation of the surface mass balance of glaciers and ice sheets has therefore been
struggling with the difficulty of estimating precipitation (Oerlemans 1990) and in particular
to estimate how future precipitation will evolve in conditions of higher surface and tro-
pospheric temperatures. The methodology that has evolved during the last decades (e.g.
Ohmura et al. 1996) is to make use of weather prediction models or similar models used for
climate simulation. The principle is simple. The model calculates the temperature and the
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surface energy balance from which the mass changes can be calculated. The net mass
balance is obtained from the model’s calculation of solid precipitation minus the net loss
from melting and sublimation/evaporation. In the case of rain, the water is assumed to be
drained away but might refreeze if percolated into the depth of the land ice. However, the
refreezing is not normally considered in these kinds of studies and will not be included
here.

As atmospheric models have improved in resolution and the handling of physical
processes such as clouds, convection and radiation, they have increasingly been used to
estimate the surface mass balance. The calculation of precipitation cannot be made from
initial data but requires a short-time integration to avoid adjustment problems (Bengtsson
et al. 2007b). Alternatively, one might also calculate the net divergence of water vapour
over a region covering the ice sheets. Such estimates have been undertaken with
increasingly realistic models during the last decade (Serreze et al. 2006; Jakobson and
Vihma 2009). The advantage with this approach is that it can be calculated directly from
analyses of horizontal winds and water vapour.

In a warmer climate the net water vapour transport increases rapidly as it scales with the
Clausius-Clapeyron (C—C) relation as will be outlined below, the reason for this unex-
pected consequence, that will significantly influence the SMB, is the circumstance that
different physical processes regulate the change in atmospheric water vapour and the
change in evaporation. As a consequence, water vapour is expected to increase more
rapidly than evaporation and consequently also faster than the global precipitation.
Following the C—C relation the increase is some 6—7% for each degree of warming, while
global mean precipitation increases only by about 1% per degree warming (Held and
Soden 2006). It further follows that the change in the horizontal net transport of water
vapour is also scaled by the C—C relation (Held and Soden 2006). This will have important
consequences for the net mass accumulation on the ice sheets as precipitation over the ice
sheets is expected to increase accordingly.

The result is sensitive to horizontal resolution. A high horizontal and vertical resolution
will provide a better description of both physical and dynamical processes as well as a
more realistic topographical mapping of the ice sheets that will affect both accumulation
(solid precipitation) and ablation (evaporation, sublimation and run-off). We will exem-
plify this by analyzing a series of climate model integrations for the present as well as for a
future climate.

In Sect. 2 we will first try to show the principal ideas by means of a simple Gedank-
enexperiment and demonstrate how temperature and precipitation are likely to influence
SMB in a warmer climate. In Sect. 3 we show some results from SMB calculation from a
high-resolution version of the ECHAMS model. Section 4, finally, contains a general
discussion and comparison with other recent studies.

2 Some General Consideration on the Mass Balance of Ice Sheets
in a Warmer Climate

Let us undertake a simple Gedankenexperiment in addressing the following question:
What will happen to the Earth’s ice sheets if the global temperature increases by some
3°C?
Let us assume at the outset that the ice sheets are in a quasi-equilibrium or that the
imbalance is not caused by a temperature perturbation. This means that accumulation
and ablation, at least when averaged over a period of time, are of the same magnitude.
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Furthermore, we will not consider any changes in iceberg discharges, but simply assume
that these at first order are either neutral or proportional to any changes in the net surface
mass balance. We use here 1.75 and 13.92 Mkm? for the ice-covered area of Greenland and
Antarctica, respectively.

According to observations and model studies (Ohmura 2001), ablation can be estimated
from the mean summer temperature over the ice using the empirical formula

A =514Tya +930 if Ty > —1.8°C (])
A=0 ifTJJA<7l.8OC

Here A is the total annual ablation A (mm/year) and Tjj, is the mean summer tem-
perature in °C. For the southern hemisphere we use DJF, December, January and February
instead. As a first step we need to estimate the size of the area where the summer
temperature is higher than —1.8°C. For Antarctica, preliminary studies (Wild et al. 2003)
indicate that the —2°C isotherm for a comparative global warming to 3°C falls outside the
Antarctic continent and consequently no significant ablation will occur. For Greenland on
the other hand the area of ablation will increase. However, as has been shown by Wild
et al. (2003) this must be estimated from detailed topographic data and not from low-
resolution model topography.

The majority of present climate models, such as used in IPCC AR4, have a rather crude
representation of the topography and are therefore in this respect highly misleading in
representing steep slopes. A warming of some 3°C corresponds to a height difference of ca
400 m and using detailed topographic data that means that the melt zone of Greenland is
increasing by some 10%. This would correspond to a total increase in ablation according to
expression (1) by some 2.71 x 10'* kg or 271 km*/year water. Using a topography rep-
resentation (ca 100 km grid length) of a similar resolution as the climate model used in
IPCC ARA4 the melt zone area will lead to a higher ablation (Wild et al. 2003, their Figure 6).

As climate is warming the water vapour is increasing proportional to the Clausius-
Clapeyron relation (Pierrehumbert et al. 2007). It also follows that the change in the transport
or net convergence of water vapour also scales with the C—C relation, (Held and Soden 2006).
For a 3°C warming the net transport of water vapour is expected to increase by 20-25%. Let
us here use the lower value of 20%. The annual mass accumulation (precipitation-
sublimation) of Greenland is estimated to 340 mm/year corresponding to some 600 km>/year
water. A 20% increase in net moisture convergence would then correspond to 120 km*/year
water. Together with the increase in ablation this will result in a mass loss for Greenland of
151 km?*/year corresponding to an increase in sea level rise by ca. 0.4 mm/year.

For Antarctica the situation is different. Here the ablation is insignificant and the cor-
responding mass increase of 20% (precipitation—sublimation) is equal to an increase in
precipitation of ca 33 mm/year equal to 460 krn3/year water. The corresponding contri-
bution to sea level would correspond to a fall of ca. 1.3 mm/year.

It is easily realized that the general issue is highly non-linear. If the warming were to
increase further, the melt zone is likely to affect central areas of Greenland where the slope
is much less and hence the melt zone would increase significantly faster. This would
rapidly add to the negative mass balance leading to a further rise in sea level. Secondly,
any further increase in warming is likely to extend ablation to some of the coastal regions
of Antarctica. A more general interpretation can thus be done as follows.

For a modest warming we are likely to have a net mass accumulation as the source term
increases more rapidly than the sink term. The ablation is further likely to be modest
because the steep slopes of the glaciated areas. However, as soon as the warming has
passed a critical value, that probably is higher than +3°C, the ablation will accelerate as
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the area exposed to melting is rapidly growing as it starts to affect the region of modest
slope on Greenland. Gregory and Huybrechts (2006) have estimated critical values for
Greenland to 4.5°C £ 0.9°C. A similar development is likely to occur at the Antarctic
continent but would require a much larger proportional temperature increase.

So a general conclusion might be that in a climate warming scenario ice sheets might
initially increase and consequently sea level will fall due to the fact that accumulation will
increase faster than ablation. However, for a more substantial warming this is likely to turn
into another regime dominated by rapid mass losses. Needless to say, the estimate must be
corrected for an additional mass loss due to calving that in its turn is influenced by higher
temperatures both in the atmosphere and in the oceans. In the next section we will contrast
these general observations with actual calculations from a comprehensive climate model.

3 Result of Recent Model Studies with the ECHAMS5 Climate Model

To realistically and credibly calculate the surface mass balance with a numerical model it
requires not only a model that is physically and dynamically capable of reproducing the
key processes that determine the surface mass balance. It also requires a model with
sufficient resolution to represent the 3-dimensional form of the ice sheets and the way the
ice sheets are influenced by the weather patterns as well as the way the ice sheets influence
the weather patterns in their turn. It is only recently that global models at sufficient
resolution have become available for climate change studies such as computing the SMB
of the ice sheets on Greenland and Antarctica. Most previous studies have made use of
imbedded regional models using the lateral boundary values of a global general circulation
model. The advantage of using a high-resolution global model is to avoid artificial cir-
culation at the boundaries between the global and regional model that might influence the
water flux. Furthermore, the results of limited area models depend also on the global model
that controls the net transport of water vapour through the boundary.

We show here some recent studies with the Max Planck Institute for Meteorology (MPI-
M) climate model ECHAMS (Roeckner et al. 2003, 2006) but at a much higher resolution
than was described in the original publications. Examples of high resolution studies by this
model can be found in Bengtsson et al. (2007a) and (2009) and the reader is referred to
these later publications for a description of the high resolution experiments. Data for
precipitation, evaporation, ablation and SMB were calculated and systematically stored
during the cause of the integrations. We have here used archived data for every month.
Two kinds of studies are described.

The first study is a standardized numerical experiment using observed sea surface
temperature, SST. Such experiments have been undertaken by the atmospheric modelling
community to compare and evaluate models and are notified by the acronym, AMIP,
Atmospheric Modelling Inter-comparison Project (AMIP 1996). To some degree AMIP
experiments are constrained by the observed climate through the sea-surface-temperatures
(SST) but only to a limited degree as the high and middle latitude circulation in particular
is only weakly constrained by the SST.

The second study is a climate change experiment exploring how the ice sheets will
respond to a warmer climate, in turn a consequence of an increasing greenhouse gas
concentration and changing aerosols. Due to the use of different resolution in the exper-
iments, the size of the ice sheets varies somewhat. In order to simplify the inter-comparison
between the experiments undertaken here, as well as similar studies elsewhere, we have
normalized the area size to 1.75 Mkm? for Greenland and 13.92 Mkm? for Antarctica.
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3.1 Surface Mass Balance in the Present Climate

In the first experiment we use a very high-resolution version of the ECHAMS spectral
transform model at a triangular truncation of T319, corresponding to a Gaussian grid of ca
40 km. The model has been integrated through the 23 years (1979-2001) using observed
sea surface temperatures, SST and other conditions, such as greenhouse gas concentration
stipulated in the AMIP 2 protocol (AMIP 1996).

We compare the results with a similar integration at lower horizontal resolution.
Figure 1 shows the topography of Greenland and Antarctica, respectively and for both
T319 and T63. The T63 resolution is typical for the climate models used in IPCC AR4
(IPCC 2007). In Figure 2 we show a cross section in a West to East direction through
Greenland at latitude 63°N and 73°N. We have also indicated in the cross section the
topography calculated from a 1 x 1 km grid (DiMarzio et al. 2007). The cross section
shows clearly that the T319 resolution follows the actual topography rather closely while
the T63 is heavily smoothed.

@ ®

80°N .

60Poy ~20°W

BO0°Wsgow ey S0°W

(©)

Fig. 1 Representation of the Greenland and Antarctica orography, for two model resolutions, T63 (a, ¢) and
T319 (b, d). Values are expressed in meters (contour lines interval is 300 m). Colors towards red denote
high elevation
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Fig. 2 Cross section in the West to East direction through Greenland at latitude 63°N (left) and 73°N
(right), for various resolutions: T319 (red line), T213 (blue line), T63 (orange line) and 1 x 1 km (black
line). Values are expressed in meters

Table 1 Greenland ice sheet;

S . Parameter T319* T106 T63°
precipitation, ablation and sur-
face mass budget (in km3/year) L
for three horizontal resolutions Precipitation 746 778 861
Snow 626 660 723
Ablation 358 1,183 1,027
MB 2 -52 —304
% 1978-2000 average S 68 523 30
Sea level change mm/year —-0.7 1.4 0.8

® 1978-1998 average

We summarize the results for Greenland in Table 1 where we also for comparison
include the results for the lower resolutions T106 and T63. Precipitation consists of some
85% of snow. It is larger for the lower resolutions presumably because the area of
Greenland is distorted at the lower resolution due to the imperfect representation. Another
explanation might be that synoptic weather systems that pass Greenland will be penetrating
further inland in the lower resolution model. However, as can be seen, there is a consid-
erable increase in the ablation at the lower resolution. We consider this to be a consequence
of the artificial topography at the lower resolution as shown in Figure 2. This will strongly
influence the SMB. The T319 resolution run shows a positive SMB of 268 km?/year,
implying a negative contribution to sea level height. The low-resolution runs on the other
hand show a negative SMB because of a much larger ablation, and correspondingly a
positive contribution to sea level change.

Table 2 shows similar results for Antarctica. At the T319 resolution 99% of the pre-
cipitation on Antarctica is snow. At this resolution the ablation is small leading to a SMB
of 2,601 km>. For the T63 resolution the ablation is significantly higher so in spite of
higher precipitation, the SMB is reduced to 1,864 km®. The effect on sea level height is
strongly negative. For the T319 run the increased accumulation will reduce the sea level
height by 7.2 mm/year and 2 mm/year less for the T63 resolutions. Again we must recall
that these values do not include any mass losses due to calving or to long-term adjustment
processes.

We have also investigated the annual variability of SMB for Greenland and Antarctica,
respectively, Figure 3. There are considerable variations from year to year due to the
natural variability of atmospheric circulation with considerable inter-annual variations
making it virtually impossible to obtain robust trends. The magnitude of the internal
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Table 2 Antarctica ice sheet; precipitation, ablation and surface mass budget (in km3/year) for three model
horizontal resolutions

Parameter T319* T106° T63°
Precipitation 3,174 3,580 3,698
Snow 3,115 3,491 3,572
Ablation 514 1,627 1,778
SMB 2,601 1,864 1,794
Sea level change mm/year —-7.2 —-5.2 -5.0

* 1978-2000 average
® 1978-1998 average
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Fig. 3 Annual variability of SMB for Greenland and Antarctica. Values are in km®/year

variability is close to the variability from observational assessment of SMB on Greenland
(Johannessen et al. 2005). This must be kept in mind when interpreting observational
records shorter than some 30 years.

3.2 The Effect of Climate Change
We will next consider results from the climate change experiment at T213 resolution
(equivalent to ca 60 km grid). We compare two 30-year periods, one from the twentieth

century (1960-1990), C20 and the other for the twenty-first century (2070-2100), C21
(Roeckner et al. 2006; Bengtsson et al. 2007a). For the period until year 2000 we have used

@ Springer



Surv Geophys (2011) 32:459-474 467

observed greenhouse gases and estimated aerosol concentrations. After year 2000 the
calculation is based on the IPCC SRES scenario A1B (IPCC 2007).

A1B is a middle of the range scenario with a CO, increase growing to ca 60 Gton/year
in 2050 (corresponding to an annual increase of 1.75%. The annual increase 2000-2007
was more than twice as high). The sulphate aerosol emission reaches a maximum in 2020
and decreases thereafter relatively fast. At the end of the twenty-first century it is only
some 30% of its maximum value. The calculated global temperature change at C20 and
C21 amounts to ca +3°C. The mean annual temperature change over Greenland increases
by 5.2°C and over Antarctica by 3°C (Tables 3, 4).

Numerical experiments show that the transport of water vapour into areas of general
convergence scales with the C—C relation. The increase in the net transport of moisture into
the Arctic region (60°N-90°N) amounts to 27% between C20 and C21 with a similar
increase in (P-E). The corresponding net transport into the Antarctic region (60°S-90°S) is
slightly smaller, amounting to 22%. For further information see Bengtsson et al. (2011).

As discussed by Held and Soden (2006) regional precipitation in areas of convergence
follows the transport. Specifically over Greenland calculation shows that precipitation is
increasing by 33% (Table 3) and over Antarctica by 18% (Table 4).

The left panel of Figure 4 shows the annual precipitation for Greenland at C20 with the
marked maximum precipitation in the southeastern part of the island, in agreement with
different observational estimates (Ohmura et al. 1999). Figure 4 (right panel) shows the
percentage change in precipitation between C21 and C20. Precipitation increases every-
where with the largest percentage contribution in the northeastern part. This is expected to
be related to a change in cyclonic activity and reduced Arctic sea ice (Bengtsson et al.
2009).

Figure 5 shows the same for Antarctica. There are huge variations in precipitation
between different parts of Antarctica, with comparatively high precipitation near the coast
and at the western part of the Antarctic Peninsula. In the high altitude inner part of

Table 3 Greenland; mean tem-

o . Parameter T213(C20) T213(C21) C21-C20

perature, precipitation, ablation
and surface mass balance . o .
changes (in km?/year) at C20 Temperature —21.8°C —16.6°C 5.2°C
(1960-1990) and C21 Precipitation 714 946 232 (33%)
(2070.—2]00) and the corre- Snow 619 691 72 (12%)
sponding changes Ablation 281 848 567

SMB 338 —157 —495

Sea level change mm/year —0.9 +0.4 +1.4

Table 4 Antarctica; mean temperature, precipitation, ablation and surface mass balance changes (in km?/
year) at C20 (1960-1990) and C21 (2070-2100) and the corresponding changes

Parameter T213(C20) T213(C21) C21-C20
Temperature —38.5°C —35.5°C 3°C
Precipitation 3,182 3,769 587 (18%)
Snow 3,137 3,624 487 (16%)
Ablation 583 785 202

SMB 2,554 2,839 285

Sea level change mm/year -7.0 =79 —-0.8
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Fig. 4 Annual precipitation for Greenland for the C20 experiment (/eft) and percentage change between the
C21 and C20 experiments (right). Values are in mm/year
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Fig. 5 Same as Figure 4 but for Antarctica

Antarctica, the precipitation is as low as 10-20 mm/year and difficult to estimate. Using
recent re-analysis data from ECMWF ERA-Interim (Dee and Uppala 2009) we found a
mean annual net moisture transport for an area over East Antarctica (a circular region of 8°
radius in geodetic coordinates with its centre at 81°S, 60°E) as low as 2 mm/month. This is
in general agreement with other estimates (Bromwich et al. 2004).

The somewhat irregular percentage change in precipitation between C20 and C21 (right
panel of Figure 5) is probably a model artefact as we are comparing very low values in
precipitation. As described in Bengtsson et al. (2006) the change in the climate of the
southern polar region is a tendency for the storm tracks to move closer to the Antarctic
continent. It was suggested that this is related to the poleward transition of the area of
maximum SST gradient leading to a poleward transition of the area of maximum baro-
clinicity (Bengtsson et al. 2006).

Table 3 summarizes the mean mass balance for Greenland for C20 and C21. Precipi-
tation increases by 33% while the increase for solid precipitation is much less by 12%. This
indicates that an increasing amount of precipitation at C21 falls as rain on Greenland thus
leading to a large increase in the ablation. The change in SMB is —495 km®/year corre-
sponding to a sea level rise of 1.4 mm/year. As shown in Figure 6a, the largest negative
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Fig. 6 a Shows the annual change in SMB for Greenland between C21 and C20 and b the same for
Antarctica. Note the difference between the coastal regions (surface mass losses) and the interior (surface
mass gains). Unit: mm/year

change in SMB is located at the ablation zones close to the ice sheet margin and, especially
in the southern part, in agreement with Mernild et al. (2010). The inner parts of the ice
sheets have a positive SMB.

Based on the GLAS/ICES at 1 km laser altimetry digital elevation model of Greenland
(DiMarzio et al. 2007) and assuming that the upper limit of the ablation zone is increasing
linearly from 850 to 1,500 m a.s.l. from the North to the South of Greenland, the mean
width of the ablation zone is found to be 313 km, ranging from 6 km to 1,590 km.
Consequently, the model may still overestimate the ablation zone even at the T213 reso-
lution, which corresponds approximately to 60 km.

Table 4 shows the mass balance for Antarctica at C20 and C21. The increase in pre-
cipitation is less than for Greenland (18%) and the dominant part of precipitation at C21
will still fall as snow. The increase in ablation is less than the increase in solid precipitation
so the SMB is positive. The change in SMB is 4+285 km*/year corresponding to a sea level
fall by 0.8 mm/year. At the northern and eastern part of the Antarctic Peninsula though, we
find some increased net loss, as shown by the negative SMB (Figure 6b). Similar increases
in melting over this region have also been found by Krinner et al. (2007) with the LMDZ4
model.

We have undertaken similar calculations with the T63-resolution model. Individual
values differ as both precipitation and ablation are larger, but interestingly enough the
change in SMB or sea level change is more or less the same. This suggests that the
calculated change might be robust to resolution changes even if the data for each period
differ significantly. Presently we do not know if this is a coincidence or an indication that
climate change as a perturbation study can be accomplished with simpler models.

Figure 7 shows the inter-annual variation in SMB for both C20 and C21. The red lines
show results for Greenland. While there is a distinct difference between the two curves it is
not possible to identify a robust trend in the present climate run due to the dominance of
strong inter-annual variations in the atmospheric circulation and hence in both temperature
and precipitation. On the contrary, in the warmer climate scenario, the SMB trend over
Greenland is strongly negative (around —10.7 km3/year).

We have also included in Figure 7 the change in SMB for northern hemisphere (NH)
glaciers outside Greenland. These glaciers cover an area equal to 550 x 10° km? (Ohmura
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Fig. 7 Annual variability and linear trends of SMB for the C20 (fop panel) and C21 (bottom panel)
experiments for the Greenland ice sheet (red line), for the northern hemisphere glaciers outside Greenland
(blue line) and the sum of the two (black line). Values are in km3/year

2006). As previously, we normalize the simulated glaciated area to this value for com-
parison purposes. Over these glaciers, SMB is negative for the C20 as well with an
indication of a slight negative trend. The average SMB for the C20 period (1959-1989) is
—112 km3/year, which is a bit lower than observational estimates, e.g., —140 kmS/year
(Ohmura 2006).

The contribution of the NH glaciers outside Greenland to the total northern hemisphere
SMB is significant, especially in the C21 run, reducing the SMB by 523 km’/year on
average (blue line, Figure 7). The change in SMB over these glaciers between C20 and
C21 is equal to —404 km3/year. This leads to a total NH SMB change of —900 km3/year,
which corresponds to a sea level rise of +2.7 mm/year.

4 Results from Other Model Studies

A series of papers during the last decade has undertaken different estimates of the total mass
losses on Greenland (Mernild et al. 2010 and references therein). We summarize a number
of these studies in Table 5. During the last decade or decades these data estimate the surface
mass balance changes to between 200 and 400 km*/year and generally smaller during the
last 5-8 years. There are also estimates of changes in the surface melt area. According to
Mote (2007) this was found to have increased by 1%/year during the period 1973-2007
corresponding to an increase in the melt area by some 35% of the whole of Greenland
between 1973 and 2007. Other estimates are going even further. Tedesco (2007) for
example suggests an increase in the melt area by some 32% for the period 1992-2005.
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Table 5 Precipitation and SMB estimates (in km*/year) for the Greenland ice sheet from recent studies.
After Mernild et al. (2010)

Parameter Box et al. Fettweis Hanna et al. Mernild et al. This study
(km®/year) (2006) (2007) (2008) (2009) T319
Studied period 1995-2004 1979-2006 1995-2007 1995-2007 1978-2000
Precipitation 654 + 61 641 £+ 60 655 + 54 636 + 35 746 + 76
SMB 160 £+ 69 263 £+ 138 316 £ 116 141 £+ 85 268 + 64

At the same time the longer term warming trend has been more modest. Box et al. (2009),
combining meteorological stations’ records and regional climate model output, have esti-
mated the summertime temperature change over Greenland to be about 0.7°C from 1955 to
2007. This would correspond to a lifting of say the —2°C isotherm by ca 100 m. Using the
methods by Wild et al. (2003) (see their Figure 6) this would correspond to a miniscule
increase in the area of melting. How can we then explain this apparent inconsistency?

According to Box et al. (2009) and Hanna et al. (2008), the mean annual temperature
was broadly constant from the 1950s to the mid 1990s and increased rapidly by 1-2°C
thereafter. This suggests that according to Ohmura’s empirical relation no ablation might
be expected above some 1,200 m asl in the present climate. It is also clear that the many
warm summers during the last 15 years are likely to have led to an increased ablation in
levels generally below 1,200 m. However, there is no evidence from present climate
models that the sharp warming trend over the last decade or so can be extrapolated. As can
also be seen on both Figs. 3 and 6 there are considerable inter-annual variations that might
create fortuitous trends on decadal time-scales.

We have compared our climate change results with other groups’ results for Greenland
and Antarctica, respectively, Tables 6 and 7. The results for Greenland is similar to
Mernild et al. (2010) but cannot be exactly compared as the period of comparison differs.
Wild et al. (2003) finds a positive SMB change with ECHAM4 (T106 grid), but with a
2 x CO, climate scenario. Over Antarctica, we find a somewhat lower increase in the

Table 6 Precipitation and SMB estimates comparison for the climate scenarios for Greenland

Reference Precipitation SMB

C20 C21  Change C20 cC21 Change
Wild et al. (2003) (2 x COy) 670 873 203 (30%) 579 740 161 (28%)
Mernild et al. (2010) (C21: 2050-2080) 646 741 95 (15%) 219 —-59 =278 (—127%)
This study (C21: 2070-2100) 714 946 232 (33%) 338 —157 —495 (—146%)

Table 7 Precipitation and SMB estimates comparison for the climate scenarios for Antarctica

Reference Precipitation SMB

C20 C21 Change C20 C21 Change

Wild et al. (2003) (2 x CO,) 2,617 2965 348 (13%) 2311 2,617 +306 (13%)
Krinner et al. (2007) (C21: 2050-2080) 2,282 2,770 488 (21%) 2,102 2,547 4445 (21%)
This study (C21: 2070-2100) 3,182 3,769 587 (18%) 2,554 2,839 4285 (11%)
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Antarctic SMB than Krinner et al. (2007). The reason for this is not clear but could be due
to a tendency of the ECHAMS model to simulate too high orographic precipitation as
discussed by Hagemann et al. (2006). However, as pointed out previously, precipitation is
to a large extent unknown in large parts of Antarctica. Present estimates from global
models, reanalysis data and dynamical retrieval methods, range from 2,310 to 3,202 km?>/
year (Bromwich et al. 2004) which means that the data from Krinner et al. (2007) is at the
lower end, while the ECHAMS used in our study is at the upper end.

5 Concluding Remarks

Mass changes on the ice sheets are due to processes covering a wide range of time scales
from tens of thousand years to events such as massive losses of ice shelf that can occur in
short time events such as the Larsen shelf ice in 2002 (De Angelis and Skvarca 2003).
A realistic assessment of mass losses of the ice sheets must therefore take into consider-
ation processes related to the internal dynamics of the ice. Considerable progress is taking
place here as reported elsewhere (Mernild et al. 2009; Ridley et al. 2005; Gregory and
Huybrechts 2006) and other publications in this issue.

Let us return to the simple theoretical estimate in Sect. 2 compared to the recent model
results discussed in Sect. 3. The SMB results for Greenland are larger by a factor of three
from the estimate of the Gedankenexperiment, Table 8. There are several reasons for this.
The model shows a larger ablation than the empirical estimate. There are several expla-
nations for this. First, we might expect that ablation in a warmer climate will occur outside
the summer season implying a larger total ablation. An examination of the model exper-
iment shows that this is the case. Secondly, we note that the temperature change for
Greenland actually is larger that the global average of 3°C by more than 2°C. Thirdly,
because of the higher temperature the area exposed to melting will increase more rapidly as
we are entering a region with reduced slope. Finally, the accumulation is also slightly
overestimated as the solid precipitation is increasing much less than the total precipitation.

For Antarctica the simple estimate in the Gedankenexperiment is in broad agreement
with the model result except that the model calculation has a small ablation, giving rise to
a reduction in the SMB. There is also a compensating effect in the accumulation as
the model compared to our simple estimate has higher precipitation but a smaller
percentage increase.

As discussed above the present result from the ECHAMS model is close to what has
been achieved with other general circulation models suggesting an accelerated mass loss at
Greenland and a minor gain on Antarctica (Huybrechts et al. 2011). The contribution to sea
level rise, if we assume a linear decrease in SMB during the twenty-first century, will
amount to some 7.5 cm in sea level rise and from Antarctica a fall of some 4 cm. This

Table 8 Comparison of precipitation, ablation and SMB as estimated in Sect. 2 and model results from
Sect. 3

Parameter/Mass changes Estimate Model Estimate Model

in km? /year (Greenland) (Greenland) (Antarctica) (Antarctica)
Precipitation 120 232 460 587
Ablation 271 567 0 202

SMB —151 —495 460 285

Sea level change mm/years +0.4 +1.4 —-1.3 —-0.8
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result suggests that the problems for the twenty-first century are not the changes in SMB,
that are likely to be minor, but rather other aspects of land ice losses such as a possible
increase in calving caused by accelerating glaciers on the ice sheets. No doubt such
questions will have to be addressed in a comprehensive way in future studies.
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