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Abstract. Changing climate conditions on Greenland influ- the ocean surface temperature and sea ice cover lead to sig-
ence the snow accumulation rate and surface mass balancdficantly higher SMB in southern Greenland compared to
(SMB) on the ice sheet and, ultimately, its shape. This can inrsimulations forced with climatological monthly means.

turn affect local climate via orography and albedo variations
and, potentially, remote areas via changes in ocean circula-

tion triggered by melt water or calving from the ice sheet. 1 |ntroduction

Examining these interactions in the IPSL global model re-

quires improving the representation of snow at the ice sheemong the conditions determining the long-term evolution
surface. In this paper, we present a new snow scheme implesf an ice sheet, the amount of snow and ice accumulated
mented in LMDZ, the atmospheric component of the IPSL on its surface is of primary importance. Together with ab-
coupled model. We analyse surface climate and SMB on theation processes at the ice sheet margins and bottom, the
Greenland ice sheet under insolation and oceanic boundaryurface mass balance (SMB) constrains the volume of the
conditions for modern, but also for two different past cli- ice sheet and thus, on a large scale, impacts the evolution
mates, the last glacial inception (115 kyr BP) and the Eemiarof the sea level. It is most directly affected by perturbations
(126 kyr BP). While being limited by the low resolution of of the surface climate and hence the main contributor to the
the general circulation model (GCM), present-day SMB is ongbserved ice sheet response to recent anthropogenic warm-
the same order of magnitude as recent regional model finding (Chen et al. 2006 Mote, 2007 Fettweis et al.2017).

ings. It is affected by a moist bias of the GCM in Western The representations of snow accumulated on the Earth’s sur-
Greenland and a dry bias in the north-east. Under Eemiaface used in numerical models are various and historically
conditions, the SMB decreases largely, and melting affectsiepend on the intended use of the model. For general circu-
areas in which the ice sheet surface is today at high altitudejation and regional climate models, a wide range of schemes
including recent ice core drilling sites as NEEM. In contrast, exists Slater et al.2001) from simple bucket models to so-
glacial inception conditions lead to a higher mass balancephisticated multi-layer models (e.tylanabe 1969 Lynch-
overall due to the reduced melting in the colder summer cli-Stieglitz, 1994 Douville et al, 1995, while models of ice
mate. Compared to the widely applied positive degree-daysheet dynamics directed towards long-term ice sheet evolu-
(PDD) parameterization of SMB, our direct modelling re- tion frequently use simple parameterisations to estimate the
sults suggest a weaker sensitivity of SMB to changing cli- SMB based on mean temperature and precipitation, such as
matic forcing. For the Eemian climate, our model simula- the positive degree-day (PDD) methdaréithwaite 1984

tions using interannually varying monthly mean forcings for Reeh 1991).
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As snow transformation processes can have considerablduybrechts2002. Despite the different origin of the climate
effects on albedo and thus the radiation budget for all surchange, it is sometimes considered an analogue to anthro-
face types Brun et al, 1992 Gallee and Duynkerkel 997, pogenically caused warmer climate in the future with associ-
Kuipers Munneke et 812011), more complex models with  ated shrinking of the ice sheet®\yerpeck et a].2006 Kopp
more accurate representation of surface processes such asal, 2009 van de Berg et a/2011). The following colder
melting and refreezing, albedo variation, layering and perco{period, the last glacial inception, can serve as an example
lation are in development and more and more often used irfor a cool climate leading to ice sheet growWeftoretti and
general circulation models (GCMs). The accurate represenPeltier 2003 Calov et al, 2005 Khodri et al, 2005.
tation of such often non-linear processes allows for a more Inthe past, in paleo climate studies focussing onice sheets,
physically based estimation of the SMB on ice sheets. Somé&arth system models of intermediate complexity (EMICSs)
specific regional climate models have already integrated suclre generally used. They are characterised by a rather coarse
schemes and studied the surface mass balance (SMB) of iaepresentation of the atmosphere, frequently coupled to finer
sheets and its variations in modern climate extensii8bx(  resolution ice sheet models to study the ice sheets evolution.
et al, 2006 Fettweis 2007 Rignot et al, 2008 Ettemaetal.  Inthese models, the SMB is frequently estimated by the PDD
2009 to estimate ice mass variations that can be comparednethod (e.gGoosse et 812010 Bonelli et al, 2009, while
to those derived from remote sensing observatidMsugers ~ sometimes approaches based on energy balance are used (e.g.
et al, 2008 Rignot et al, 2008 Velicogng 2009 van den  Ganopolski et a).201Q Gallee et al, 1991).

Broeke et al.2009 Fettweis et al.201]). In this context, re- A few recent studies used surface energy balance schemes
gional atmospheric models driven by global circulation datawith albedo parameterizations depending on surface condi-
based on observation (re-)analysis are generally used. Thiéons such as snow depth or surface temperature in combina-
use of GCM forcing recently permitted the first use of suchtion with downscaled EMIC results for coupling of ice sheet

a model under past climate conditions de Berg et al. and climate models to study the EemidRobinson et aJ.
2011. 2011, Fyke et al, 2017). Robinson et al(2011) obtain con-

In the context of climate model development towards straints on model parameters based on Eemian ice sheet loss,
Earth system models (ESMs), comprehensive process-basethd found the melt rate parameter to be decisive for the shape
representations of snow physics are beginning to find theiof the Greenland ice sheet (GIEyke et al(2011) find large
way into global climate models to allow for realistic water impacts of the use of interactive or constant albedo and melt-
and energy transformation on ice sheets (Riglley et al, water refreezing on the shape of the ice sheet in the Eemian
2005 Vizcaino et al, 2010. In parallel, efforts have recently and late Holocene. One of the limitations of the EMIC stud-
been undertaken to couple an ice sheet model with SMBes is that natural interannual variability is often poorly rep-
fields from regional climate modeHglsen et al.2012). Still, resented, although its effect on SMB can be very important
important spatial scale differences between atmospheric ante.g.Wake et al. 2009.
ice sheet models can require complex interpolations and In ageneral circulation model setup with a snow model in-
a possible alternative consists in the continued use of paraneluding interactive albedd@tto-Bliesner et al(2006 found
eterisations including the PDD method to estimate SMB.  significantly lower than present-day SMB for the beginning

A weakness of the latter approach is that such parameef the Eemian interglacial, important mass losses in an ice
terisations contain constants which are usually calibrated tesheet model forced by these results, and a sea level rise of
yield results that match present-day observations, typically2.2 to 3.4 m. However, sea level rise estimates from direct
for Greenland (e.gvan den Broeke et al2010, and are  observations are significantly higher at 6-9Kogp et al,
thus a priori valid only for this periodvan de Berg et al. 2009 — an example for many open questions in the context
(2011 indeed find that PDD factors tuned for modern days of past ice sheet evolution.
fail to describe climate under different insolation accurately. In a novel approachvan de Berg et al(2011) use a re-
They may also be specific for the shapes and locations ofjional model nested into a GCM and show that the change
the present-day ice sheets. However, ice sheet evolution gerf melt for the Eemian calculated by a PDD method appears
erally occurs on very long time scales, for which observa-to be 30 % lower than the one in their model, questioning the
tions are rarely available, and ice sheets take different shapeslidity of the PDD approach for past climate, as also con-
and appear in different places than at present. With climatecluded byGanopolski and Robinsgi2011).
changing in function of orbital parameters, phenomena like We complement these studies with the following ap-
the daily and seasonal cycle change as well, and hence, posgifroach: a comprehensive snow scheme already in use for
bly, the relationships between temperature and precipitatiomegional studiesGallee et al, 2001, Fettweis 2007 Fet-
and the SMB. tweis et al, 201]) is integrated into the global atmospheric

Past climate states present an extensive test field to clieirculation model LMDZ. This allows to study accumula-
mate and ice sheet models. The Eemian interglacial arounton and SMB of ice sheets under paleo climate conditions.
125kyr BP with its higher boreal summer insolation is In addition to the preindustrial climate state, we test our
an example for a warmer than present climate state (e.gmodel for two paleo periods with contrasted climates, the
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Eemian, around 126 kyr BP, and the following glacial incep- In the standard setup, the model comprises a bulk snow layer
tion, around 115kyr BP. Earth’s orbital parameters duringfor the “Land ice” surface, with melting in the case of sur-
these periods leads to increased (decreased) summer insface temperatures above the freezing poflatys> To, at a
lation in the Northern Hemisphere during the Eemian (lastrate proportional tolsys — To. No transformation to ice is
glacial inception) Braconnot et aJ.2008. As this modi- foreseen and runoff is immediately transferred to the ocean
fied insolation is the principal cause of ice sheet melt in thein the coupled model version. Snow albedo is constantat 0.77
Eemian yan de Berg et al2011; Ganopolski and Robinsgn  over land ice, and for both of the two wavelength intervals in
2011 and growth at inception, reproducing the SMB varia- LMDZ corresponding to visible and infrared light.
tions in these climates is a suitable test case for models. The new snow model is based on the CROCUS scheme
Directly modelled SMB fields from GCMs may not be suf- (Brun et al, 1989 1992. It is used here in the frame-
ficient in terms of resolution to drive ice sheet models, butwork of the snow and ice part of the soil-ice—snow—
this study is seen as a first step in the analysis of the impactegetation—atmosphere transfer scheme (SISVAZallge
of this new snow representation on the climates simulated byand Duynkerke1997 Lefebre et al.2002 2003 as applied
the GCM. We do not focus on the evolution of the ice sheets,n the regional model MARKettweis 2007 Lefebre et al.
nor on their interactions with the oceans, but perform time-2005. The model includes the automatic creation and merg-
slice simulations and analyse the sensitivity of the SMB toing of up to 35 snow and ice layers each with its own proper-
surface climate conditions with the atmospheric componenties and with evolving thickness. In particular, the snow type
of the IPSL coupled GCM. The impact of two sources of is described by the three variables dendricity, sphericity and
nonlinearities on surface mass balance will be token into acgrain size. The transformation from fresh snow, which is den-
count in this study — the snow properties treated by a newdritic, towards more or less compact older snow, occurs as
snow model and the effect of interannual variability of the a function of environmental conditions such as temperature
lower boundary conditions over the seas. and the vertical temperature gradient. It will typically lead to
After describing the model versions used and the simula-small-grained or non-spheric snow under cold conditions but
tions performed in Sect. 2, we evaluate the effect of usinglarger, more spheric grains when temperature approaches the
an improved versus a simplistic snow scheme in the LMDZfreezing point. Melt and refreezing with ice formation are
GCM (Sect. 3.1) and compare the SMB obtained by thealso represented. Optical properties are adjusted as a func-
model to the SMB estimated with a PDD method (Sect. 3.2)tion of snow properties, permitting accurate modelling of
for modern and paleo climates, respectively. For all experi-snow albedo and mass balanGa(lée and Duynkerkel 997,
ments, coupled simulations including the same atmospherit.efebre et al. 2002 2003. Albedo is calculated for three
model provide the lower boundary conditions (LBC). This wavelength bands independently and then interpolated to the
also allows us to investigate the impact of using climatolog-two LMDZ bands. We use the same configuratiofregweis
ical mean versus variable LBCs in Sect. 3.3 before drawing(2007).
conclusions in Sect. 4. Below the snow model layers, we keep the permanent stan-
dard LMDZ soil model, which for the surface type land ice
has the physical properties of ice. At the interface to this per-

2 Tools and methodology manent ice, at the lower boundary of the snow model, we
remove one layer when the total snow and ice load in all

2.1 The atmosphere general circulation model LMDZ layers exceeds 5000 kgTh in order to allow for long sim-
and improved snow representation on ice sheets ulations and avoid too thick layers, but supply an additional

ice layer when the snow load becomes less than 200%g m
The LMDZ atmospheric general circulation model is used assuming the presence of a sufficiently thick ice layer on all
in its version 4 Hourdin et al, 2006, as currently used in land ice points. This is consistent with the assumption of a
the coupled atmosphere-ocean model IPSL-CM5A for theconstant ice sheet topography but will need to be adjusted
IPCC'’s 5th assessment report. We use a moderate resolutiomhen changing surface types will be allowed and, ultimately,
96 x 95 grid (3.78 x 1.87%), with 19 layers in the vertical.  an ice sheet model is coupled to the ESM. The choice of the
The model distinguishes 4 different surface types: “Land”, threshold is a compromise between the need to avoid the dis-
“Land ice”, “Ocean” and “Sea ice”. At the current stage, the appearance of all snow model layers or excessive snow or ice
repartition of these types is not adjusted during the run. load on the one hand and minimum manipulation of the snow
The introduction of the snow model just concerns the models layering scheme on the other hand.
“Land ice” component. Therefore, we limit our analysis
essentially to the Greenland ice sheet, where recent ic€.2 Setup of numerical experiments
core drillings (NEEM, NGRIP) promise new insights on the
Eemian and past-Eemian time periods and have already proFo examine the impact of different climate conditions on the
duced numerous findings on properties of ice and snow on ic&reenland SMB, we choose to investigate Eemian and incep-
sheets (e.g5teen-Larsen et aR011 Kuramoto et al.20117). tion climates. These mainly differ from the pre-industrial in
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Table 1. Summary of simulations with the respective forcings.

Simulation  Atm. Land Approx. Lower Period  Eccentricity Obliquity Precession Daysvernal Days autumnal

Model ice 1stlayer  boundary °X (w-18C°)  to autumnal to vernal
model height (m) conditions equinox equinox

L_cPI LMDzZ4.v2 std. 71 climatol. Pl 0.016724 23.446 102.04 180 180

LScPI LMDZ4.v2  SISVAT 12 climatol. Pl " " " " "

LSiPI LMDz4.v2  SISVAT 12 interann. Pl

L _cPIr LMDZ4.v3  std. 71 climatol. PI

LVcPIr LMDZ4 v3  std. 12 climatol. PI " ” " ?

L_c126 LMDZ4v2  std. 71 climatol. 126 kyr 0.039710 23.928 291.24 192 168

LSc126 LMDzZ4v2  SISVAT 12 climatol. 126 kyr " " " " "

LSi126 LMDZ4v2  SISVAT 12 interann. 126 kyr " " "

L_c115 LMDZ4v2  std. 71 climatol. 115kyr 0.041421 22.405 111.01 175 185

LSc115 LMDzZ4v2  SISVAT 12 climatol. 115kyr " " " " "

LSi115 LMDZ4v2  SISVAT 12 interann. 115kyr

their orbital parameters, inducing an amplified seasonal cyalready been used I{rinner et al. (1997, in light of the par-
cle in the Northern Hemisphere for the Eemian but a reducedicular importance in of the boundary layers over ice sheets
one for the inception. The same orbital parameters as in théor turbulent fluxes and katabatic winds. The IPCC-AR5 sim-

simulations ofBraconnot et al(2008 are prescribed. Be-

ulations with the IPSL model are carried out at a lower level

cause these changes in incoming radiation at the top of thef a mean approximate altitude of 33 m. The vertical level
atmosphere also have an impact on the atmosphere via oceghange alone leads to significant changes in the modelled
and sea ice feedbacks, we run the atmospheric model witltmospheric fields. The additional simulationgRIr (stan-

the corresponding sea surface temperatures (SST) and seard levels) and LVcPIr (shifted levels, see Tak)ewere

ice concentrations (SIC) from a 20-yr slice of the coupledthus performed with a slightly more recent version of LMDZ

atmosphere—ocean—sea ice simulation8fconnot et al.
(2008, interpolated from the slightly different 9672 grid
of their IPSL-CM4 model, as LBC.

We compare simulations for three model setups:

— the original LMDZ4 modelHourdin et al, 2006 driven
by climatological monthly mean LBC computed from
the IPSL-CM4 simulations, repeated each year,

— LMDZ + SISVAT driven by the same climatological
LBC,

— LMDZ + SISVAT driven by the variable actual monthly

to allow us to separate these changes from the effects of the
snow model.

Present-day surface type repartition and topography were
used in all simulations. While this clearly presents a restric-
tion of the model with regard to the accuracy of the results
obtained for conditions with seasonal cycles of insolation dif-
ferent from today, as provided by the climates of the Eemian
and the inception, our goal here was to test the sensitivity of
the new version of this model to past conditions, and equili-
bration of surface types in the model would happen on time
scales much larger than considered in this work. Greenhouse
gas concentrations were also the same as at preindustrial
times in all simulations.

mean sea surface temperatures from the IPSL-CM4

simulations.

In the following, we will refer to the first setup as standard
LMDZ. The simulations are summarised in Talle
To improve the numerical stability of the LMDZ-SISVAT

2.3 Surface mass balance evaluation

LMDZ-SISVAT and standard LMDZ provide total snow
amount at the end of each month as output. The monthly
SMB in each simulationi, Ahgyp modelled IS thus directly

model, it was necessary to improve the vertical resolutionyccessible as the difference to the previous month.

of the model's hybrid sigma levels was thereby shifted from ppp method we use the formulation Beeh(1991) for the

296.5544 hPa +0.9882 to 49.8882 hPa + 0.998%, corre-

number ofNé,DD of positive degree-days and the same pa-

sponding approximately to a pressure shift from 1004.3 torgmeters aQuiquet et al(2012):

1011.7 hPa at a grid point at sea level, or an altitude shift
from 71 to 12m. In a sense this change anticipates the evo-

IAnn
lution in GCMs towards higher vertical resolutions near the Njppp = / T [

ground in order to achieve a better accuracy and represen-
tation of near-surface processes, following the example of
regional models. For LMDZ, a resolution similar to ours has

Clim. Past, 8, 18014819 2012
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whereT!(r) are the climatological monthly mean tempera-

—
Q
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—
1)

== LcPl — LScPI —— RACMO2

ture from January to December near the surface for the re- TT b TR T GONetHumboldt

— LVcPIr — MAR

=)

spective model and@y = 0°C. The constant =5.0°C is sup-
posed to represent the daily cycle and the variability caused
by weather in temperature. The SMB is then obtained as

Temperature [C], GC-Net Humboldt
b
=]

i i i
Ahgyg,ppp = Jfsnow (TAnn> - Pann — Csnow 2)
i . i -30 .
'NPDD, snow— Cice * NPDD, ice :
with SIS
. . Ti ) P} ‘
NIIDDD snow= min Nll:’DD’ fsnow( Ann) Ann ~50 A JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC ANN
' Csnow
(b) -= LcPl — ISPl —— RACMO2
0 e cPIr Lad e i — -Net Summi
and R e

i _ i i
Nppp,jice = Max (NPDD — Nppp,snow 0)’

T —20

£

£

where Tj ., and P4, are the annual climatological mean g
temperature and precipitation, respectively. g
&

|
w
=)

The solid fraction of fsnow Of climatological annual
mean precipitationP} . is obtained with the method of
Marsiat (1994 as described inQuiquet et al.(2012);
Csnow=5.0mmday1°C1 and Cijce=8.0mmdayl°C1 5
are supposed to represent the relation between melt and tem-
perature for snow and ice, respectively. All constants have

been chosen bQuiquet et al(2012) to give a relatively good (C)ZO—@ L T T e
o

-40

JA JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC ANN

match to modelled SMB for present-day climate. — wer T wae
We follow this approach using the same formulation in or-
der to compare it to the directly modelled SMB.

-
o

=)

3 Pre-industrial state: comparison of the results of
different model versions to observations

Temperature [C], GC-Net ETH Camp
L
o

|
N
=]

3.1 Climate variables

y
B

I
w
o

In order to evaluate the mean climate in the simulations, JA JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC ANN

climatologies are computed from 20 yr of the model output :

. . . .. (d) == LcPl — LScPI — RACMO2

fields. An evaluation of modelled temperature in the original 10 —= Lo v SR — GONets bome
—  LWcPIr —— MAR

LMDZ version and the two simulations with LMDZ-SISVAT
for pre-industrial times compared to selected meteorological
observationsCappelen et al201Q Steffen and Box2001)
and present-day simulations of the RACMtéma et al.
201Q 1958-2007) and MARHRettweis et al.2011, 1980-
1999) regional models, which are driven by reanalysis data,
is performed in Figl. Data for further stations and details on
the comparison are presented in Appendix A. For this model -30
evaluation, we assume that the difference resulting from the
different time coverage of observation data and among the 40" A JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC ANN
models, in particular between preindustrial climate and cli-
mate at the end of the 20th century, is unimportant comparedi9- 1. Climatological monthly mean 2-m temperatureCy in
to model biases and inter-model differences. Greenland at selected AWS stations of the GC-n@teffen

We find that in almost all cases, the LMDZ-SISVAT sim- St &> 1999, compared to interpolated modef data) Humboldt,

. . . (b) Summit, (c) ETH-Camp,(d) South Dome. Vertical bars show
ulations are closer to the stat|qn datg and t_he regl_o_nal mOdi'rnerannual standard deviation for the observation data; triangles in-
e_'ls than standard LMDZ. The S'mUIE_lt'OnS with modified ver- dicate the seasonal mean for boreal summer (left panels) and the
tical layers have a notable warm bias at Humboldt and the;nnyal mean (right panels). The respective station locations are in-

dicated by a pink dot on the inset map.
www.clim-past.net/8/1801/2012/ Clim. Past, 8, 1801819 2012
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(a)2m temperature annual mean [ C)
/it

24-21-18-15-12 @ -6 -3 0 3 & @ 12 15 18 21
(c) Precipitation (mie / yn

LvcPIr

E———
1.5 1.8 2.12.25

Fig. 2. (a) Climatological annual mean 2-m temperatut€) in Greenland, from left to right for the regional models RACMO and MAR,
the LMDZ reference simulation (IcPl), LMDZ with modified levels (LVcPIr), and LMDZ-SISVAT with the new snow scheme (LScPlI).
(b) as in(a), but for climatological June-July-August seasonal mean 2-m temperdtyg€) as in(a), but for climatological annual mean
precipitation (mi.e.yrl).

other stations in the northern part of the ice sheet (cf. Higs. temperature in the summer season (June-July-August, JJA),
andAl) during winter, while those with standard levels are relatively well represented by LMDZ-SISVAT compared to
cold biased at the stations on the ice sheet and the coastal stére station data, will be decisive, ruling the amount of melt.
tions in the south. Simulated summer temperature matche¥/e thus compare the climatological mean fields of annual
the observations better in the run with a new snow schemenean temperature, JJA temperature and annual mean precip-
but not in the run only changing the vertical levels (LVcPI) itation in the same five model simulations as above in the
at all stations in Figs. 1 and 10 out of 12 in FAgl. Annual  form of maps (Fig2). Ettema et al(2009 andFettweis et al.
mean bias and RMSE for all models and stations are showif2011) performed extensive validation of their models and
in TableAl. Despite the uncertainty expressed in the model-hence we consider them as references from now on. The re-
and measurement-derived standard deviations as well as trmilts of these two models also reflect the considerable uncer-
conceptual uncertainties of this relatively coarse model-datdainties that persist, in particular regarding precipitation and
comparison, we attribute this improvement mainly to the SMB (Hanna et al.201%, Ettema et a].2009 2010.
change in snow scheme. Overall, we conclude that the sim- On the scale of the Greenland ice sheet, annual mean tem-
ulations with LMDZ-SISVAT are in reasonable agreement peratures in the standard LMDZ version show a distinct cold
with the observed data and the deviations from observation®ias, in particular in the centre and at the borders of the south-
are often of similar magnitude with regard to the two re- ern part of the ice sheet, which disappears in the version with
gional models. The same is generally true for precipitationnew snow scheme but also in the one with modified vertical
(cf. Fig. A2). layers. Mean temperatures in the two LMDZ-SISVAT sim-
The main variables determining the SMB are near-surfaceulations and LVcPIr are similar to the results from the two
temperature and precipitation. The annual mean temperatunegional model simulations. All LMDZ simulations show
will affect long-term ice sheet dynamics, for SMB the mean

Clim. Past, 8, 18014819 2012 www.clim-past.net/8/1801/2012/
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Table 2. Summary of simulations, with GIS area and total GIS SMB components. Also given is the average percentage of months with
negative SMB over all ice sheet grid points.

Model/ Lower Time Greenland Total Evapo % of Runoff SMB SMB ASMB ASMB
Simu- boundary period ice area precip ration months w. model PDD modelvs. Pl PDD vs. Pl
lation type (16km?) (Gtyr'l) (Gtyrl) SMB<0 (Gtyrl) (Gtyrl) (Gtyrl Gtyrly  (Gtyr D
MAR observed  1980-1999 1701 662 8 - 265 388 450 - -
RACMO observed 1958-2007 1711 744 26 - 248 466 570 - *o—
L_cPI climatol.  PI (ctrl) 1792 607 38 4.8 153 416 457 - -
LScPI climatol. Pl (ctrl) 1792 640 54 131 325 261 233 - -
LSiPI interann. Pl (ctrl) 1792 662 54 12.9 328 280 262 - -
L_c126 climatol. 126 kyr 1792 699 45 9.8 369 285 228 —131 —229
LSc126  climatol. 126 kyr 1792 718 59 20.1 952 —293 —546 —554 —779
LSi126 interann. 126 kyr 1792 748 60 19.8 920 -231 —445 —511 —673
L_c115 climatol.  115kyr 1792 601 34 2.9 115 452 538 36 81
LSc115  climatol.  115kyr 1792 644 60 9.0 211 373 499 112 266
LSi115 interann.  115kyr 1792 626 58 9.8 216 351 457 72 195
L_cPIr climatol. Pl (ctrl) 1792 625 40 445 - -
LVcPIr climatol. Pl (ctrl) 1792 661 84 486 - -

* van de Berg et a(2011) report—405 (Gtyr1) for the Eemian.

relatively high annual mean temperatures over the northeriDJF) mean temperatures (F& and b, left hand side). These
coast of Greenland. fields then have to be substracted from the difference be-
The picture is similar for boreal summer (JJA) mean tem-tween the simulations with a new snow scheme and the one
peratures, however the figure confirms that most of the im-with standard LMDZ, LScP+ L_cPl, to isolate the effect of
provement in LScPl compared tadPl comes from the snow the snow scheme (Fi@a and b, right hand side).
model (LScP LVcPI) and not the change of model levels  The change of levels leads to a mean annual warming of
(LVcPI — L _cPl), in particular towards the ablation zone. De- about 6 K over the entire ice sheet in winter, and a mean sum-
spite an obvious lack of accuracy near the coasts due to theimer warming of about 1 K over Greenland, accompanied by
low spatial resolution, the simulations with LMDZ including a cooling of the same amount over the surrounding oceans.
the SISVAT snow scheme represent the field quite well. Similar changes are observed over the other continents and
Resolution-related differences among the annual mearmceans, but a detailed discussion of these global effects is
precipitation fields are more pronounced, but the LMDZ sim- clearly outside the scope of this article. The net effect of the
ulations globally fall within the range of the regional models. SISVAT snow scheme over Greenland is a cooling of 1-2K
This is confirmed for the total annual mean ice sheet precip4in winter, most pronounced at higher altitudes of the southern
itation listed in Table2. Common to all LMDZ simulations  half, and a warming of 2-5K in summer, most pronounced
are relatively high precipitation in the north-west of Green- in the north-east.
land and low precipitation in the north-east. Such anomalies The modelled surface albedo, fixed in the LMDZ sim-
in the distribution of precipitation as well as regional temper- ulations without SISVAT, generally increases with altitude
ature biases are the effect of imperfect representation of then LMDZ-SISVAT (Fig. 3c and d). The seasonal surface
large scale atmospheric circulation in the model. They camalbedo variations can explain the temperature differences
be assumed to be one of the principal causes for large scaleoted above: the higher albedo of the fresh snow at the
surface mass balance biases. surface in winter (Fig3c) leads to a cooling in the south,
whereas in the north the effect is absent due to missing sun-
light. In contrast, the albedo is lower in summer, except at the
highest grid points (Fig3d), due to snow transformation and
melting, which leads to a higher ratio of absorbed shortwave
We now compare the simulations run with the standard andadiation, and thgs awarming. The effept it°’ strongest in the
improved versions of LMDZ for preindustrial climate in north-east of the ice shet_at where precipitation is rare and the
more detail in order to evaluate the effects of the model29€ Of the surface snow is high. _ _ _
changes. Here we will assume these perturbations are sma]| C10ud cover increases in the model simulations with mod-
enough to cause only linear, independent responses in thded vertical layers, both in winter and summer (Fige
model. We first evaluate the difference due to the change(?_nd 0, excgpt for the h|.gh(.ast altitudes. This has to b,e at-
model levels in standard LMDZ, LVcP L_cPIr, in bo- tributed to different functioning of the LMDZ cloud physics
real summer (JJA) and winter (December-January-Februar)ﬁ,ChemeS with the new levels. There is however a distinct

3.2 Analysis of the impacts of changes in vertical levels
and of the new snow scheme

www.clim-past.net/8/1801/2012/ Clim. Past, 8, 1801819 2012
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(a)

2m temperature DJF mean ( C) anomaly
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(b)

2m temperature JJA mean ( C) anomaly
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Fig. 3. (a) Climatological mean boreal winter (DJF) 2-m temperature, difference between simulations with modified vertical levels and the
standard version (LVcPk L _cPlIr, left panels) and difference from introducing the snow scheme (LStPtPI— LVcPIr +L_cPlIr, right
panels)(b) as in(a), but for boreal summer (JJA) as in(a), but for boreal winter mean surface albe(tt),as in(a), but for boreal summer

mean surface albedo (only right column, vertical level changes have no impact on a{bgde)n(a), but for boreal winter mean total cloud
cover.(f) as in(a), but for boreal summer mean total cloud coygj.as in(a), but for annual mean precipitation (mi.e¥. (h) as in(a),

but for annual mean evaporation (m i.eT%.
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impact of the new snow scheme on cloud concentrat|on(a) Modelled surface mass balance (mi.e. / yr)
over Greenland, which roughly correlates with the albedo
changes, except for the north-east in summer. Increase( ?
cloud cover will tend to counteract the increase of radiative
loss favoured by higher albedo.

As a consequence of the level shift, we find lower an-
nual precipitation in north-west Greenland, and higher pre- ummmm—— —
cipitation in the south-east and over the Atlantic (Rg). 131109070503 0.1-001001 01 03 05 07 09 1115 15
The net effect on precipitation due to the snow scheme |s(b) Surface mass balance PDD method (mi.e. / yn)
insignificant over Greenland. The combined effects of level
changes and snow models (LSePL_cPI) on precipitation
amount to +33 Gtyr! (cf. Table2). Evaporation (Fig3h)
increases over the oceans and coastal areas of Greenlar|
as a consequence of the level changes. The introductior|
of the new snow scheme leads to a decrease of aroun( < T —
0.1mi.e.yr! in the coastal zones, so that the evaporation 151109070503 011001001 01 03 05 07 09 1115 15
difference LScP} L_cPI is near zero in the ablation zone, Fig. 4. (a) Climatological annual mean surface mass balance mod-
and +16 Gtyr?® over the entire ice sheet. The precipitation- elled on Greenland, from left to right for the regional models
evaporation P — E) change is hence +17 Gtyt, an in- RACMO and MAR, the LMDZ reference simulation (P1) and

crease of 3 %, located mOSﬂy in the south-east. LMDZ-SISVAT with the new snow scheme (LSCPU)) as in(a),
but for SMB computed with the PDD method (mi.eT}).

3.3 Snow mass balance

Average modelled annual SMB in the simulations with the the case of the GCMs, due to resolution-based effects at the

regional models and the LMDZ simulationsdPl and LScPl ~ coast.

are given in Figda and can be compared to the ones derived

with the PDD method, shown in Figb. No comparable data

is available for LcPIr and LVCcPIr, as a snow threshold from 4  The Eemian and inception climates and SMB: impact

the coupled model version is applied in these simulations, of the new snow scheme and of the interannual

above which all snow is melted artificially. While the results variability of the lower boundary conditions

obtained by the two methods are very similar for each of the

two regional models, clear differences appear in the case of.1 Impact of the new snow scheme on the Eemian and

the LMDZ simulations. The LMDZ model does not represent inception simulated climates and SMB

adequately the coastal high SMB zone in the south-east, cer-

tainly because of the coarse resolution, and generally undeitn the previous section, we have shown the impacts of the

estimates SMB in the southern part. The result is more satisnew snow scheme on the pre-industrial SMB of the Green-

factory for the north. However, the size of the modelled abla-land ice sheet. The first question we want to address here

tion zones with negative SMB, absent in standard LMDZ, isis whether this impact is climate-dependent. We have there-

somewhat overestimated in LMDZ-SISVAT, in particular in fore examined the differences between the SMBs computed

the north-east. These factors lead to a rather low estimate ofith LMDZ-SISVAT and standard LMDZ for the inception

total GIS SMB in LMDZ-SISVAT (Table2). and Eemian climates and compare them to pre-industrial cli-
The map of SMB estimated by the PDD method, unlike mate in Fig5. Modelled coastal SMB (Fidha) is lower with

the one of modelled SMB, shows several grid points with SISVAT than in standard LMDZ in all climates. The most

values below—0.7 mi.e.yr! at the very margin of the ice important contribution to this SMB decrease is the albedo-

sheet. As the grid cells are much larger than the width ofrelated warming in the model with new snow scheme. In the

the area with this high melt in reality, their contribution to south of Greenland, the effect of the warming due to the level

the low estimates of total ice sheet PDD SMB in Tablis changes is of equal magnitude, but at least partially balanced

important. by the increase in precipitation. Despite nearly identical tem-
We conclude that the SMB obtained with LMDZ-SISVAT perature differences of 3-5K (see Fig). for all climates,

is on the right order of magnitude, but limited by the im- the impacts on SMB are much more prominent in Eemian

perfect representation of the general circulation and, mosthclimate and much weaker at glacial inception compared to

by its coarse resolution. Future higher resolution simulationspreindustrial climate: the total ice sheet surface mass bal-

are required for a meaningful and complete validation, in par-ance decreases by 155 Gt for the PI, 578 Gt for the Eemian,

ticular near the borders of the GIS. Direct modelling of the and 79 Gt for glacial inception. This reflects the high non-

SMB appears to be more accurate than the PDD method itinearity of the temperature-SMB relationship: a roughly
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similar warming has a much more dramatic effect on an ice (a) Modelled surface mass balance (mi.e. / yr) anomaly
sheet in an already warmer climate. :
The SMB computed with the PDD method (Fig) shows
a similar picture. For the PI climate, the PDD method shows
a slightly higher SMB in the south-west, explained by the ¢j$ \ﬂé
higher precipitation in LScPI, but absent in the modelled / 57
A

SMB..Near the coast, the SMB difference in Eemian cli- [ &opil optl | iseldel 126 15c195.L ¢115
mate is more pronounced with the PDD method. The total w w E————
PDD-estimated ice sheet surface mass balance decreases | -1.2 -0.88 -0.56 -0.24 0.08 04 072 1.4

224 Gt for the PI, 774 Gt for the Eemian, and 39 Gt for gIaCiaI (b) Surface mass balance PDD method (mi.e. / yr) anomaly
inception. The difference for the inception climate is hence ;
L& M‘i %)
J]'

that the effect of our model developments on surface mass
balance is most pronounced in warm climates and that the
spread of these SMB changes among climates estimated witt
our PDD method is higher than the one obtained by the snow

near neutral, despite a similar temperature increase as in thi
Eemian simulation. We thus conclude from this subsection
(
[ScPI-L cPl LScT26-L 126 LSc™M5-L 115

T T T g
model. -1.2 -0.88 -0.56 -0.24 0.08 0.4 0.72 1.04
4.2 Past simulations and additional impact of LBC Fig_. 5. (a)lCIimatoIogicaI annual mean mode_lled SMB anomaly
variability (mi.e.yr+) LMDZ-SISVAT — standard LMDZ in Greenland®C)
for preindustrial (left panels), Eemian (centre) and glacial inception
421 Climate (right panels) simulationgb) as in(a), but for SMB computed with

the PDD method (mi.e. yr).

Figure6 illustrates the surface climate anomalies for past in-

terglacial and inception simulations compared to the respecthree model configurations, and inception climate is cooler
tive Pl simulations, in the three model configurations using by about 2.0 K. The difference between simulations with cli-
standard LMDZ and LMDZ-SISVAT with or without inter- - matological and variable LBC is less pronounced in JJA tem-
annual variability of the LBC. Differences are shown only peratures than in the annual mean, although the inception
where they pass Student's t-test at the 95% level to assurgpoling is a bit higher in the north in the run with climato-
statistical significance. logical LBC.

The annual mean temperature (Fég) on Greenland and  pyecipitation, plotted in Figee, is generally amplified in
its surroundings at 126 kyr BP is warmer than in preindus-the Eemian. We find a stronger increase in LMDZ-SISVAT
trial times by about 1.8K in standard LMDZ; the difference yith variable LBC, in particular in the south-east of Green-
is about 1.5K in the model simulation with updated snow |ang. High precipitation events may be better represented due
scheme and climatological LBC. Interestingly, the GIS meantg the variable LBCs and hence their increase due to the
warming is only about 1.0K in the simulation with variable milder climate reflected in the precipitation field. Climate at
LBC. In the glacial inception climate, while a significant gjacjal inception is drier in the south-east than in preindus-
cooling is found on large parts of the GIS in the simulations i3] in LMDZ-SISVAT with climatological LBC, but not in
with climatological LBC, this is not the case in the simulation | \Dz-SISVAT with variable LBC, where drying is found
w?th variaple LBC. We conclude thus that the presc':ripti.on ofin the south and the north-west. These signals are not very
climatological LBCs seems to lead to an overestimation Ofstrong, and given the high variability of precipitation, care
mean near surface temperature variation on Greenland in rgy st be taken in the interpretation.
action to past insolation changes. We select the Eemian to illustrate the effect of using

As the differences in insolation during the two analysed monthly time series as lower boundary conditions compared
past _epochs concern mostly boreal summer in the Northerig, using their climatological mean. Figu@&a—b show the
Hemisphere§raconnot et a).2009, their effect on Green-  cjimatological temperature and precipitation differences be-
land temperatures is more pronounced in the JJA seasongleen the two experiments with LMDZ-SISVAT using the
means shown in Figéb. While the tendency in the an- iferent boundary conditions. There are indeed few signifi-
nual mean is approximately the same over ice sheets angant differences in temperature and precipitation among the
oceans, there is a clear amplification of the temperature d'fexperiments, the most notable one is a precipitation increase

ferences on the ice sheets in boreal summer, whereas thg approximately 10 % on the northern tip of Greenland.
ocean acts as a heat reservoir, and the increase of its annual

cycle amplitude is smaller than over land. Eemian JJA cli-
mate is warmer by about 5K in the centre of the GIS in all
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(a) (b)

2m temperature annual mean ( C) vs Pl Ctrl 2m temperature JJA mean ( C) vs PI Ctrl

15¢126-L5¢Pl||

@ ) q\?i o wé ' @ ) 2 »\55 0
& 'y, i (4 (4
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(c) (d)
Precipitation (mie / yr) vs Pl Cirl Fraction of months with negative modelled SMB (%) vs Pl Ctrl

126-LScPI
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Fig. 6. (a) Climatological annual mean 2-m temperature anomaly vs. preindustrial simula@pim(Greenland for Eemian (top rows), and
glacial inception (bottom row) simulations, in standard LMDZ (left panels) and LMDZ-SISVAT with constant climatological (centre panels)
and varying (right panels) lower boundary conditiofig.as in(a), but for climatological mean boreal summer (JJA) temperafi€g. (c) as

in (a), but for climatological annual mean precipitation (m i.ei’y). (d) as in(a), but for annual mean fraction of months with negative
modelled surface mass balance.

4.2.2 Surface mass balance the climatological and variable LBC runs. Notably, increase
of the fraction of net melt months for the Eemian is slightly
In this section we illustrate the effect of the simulated cli- weaker in Central Southern Greenland but stronger in the

. . . ) Porth in the run with variable LBC, while the inception re-
mate examined in the previous section on surface mass bals .. . . :
. . ) duction of net melt months is less pronounced in the north in
ance, and the impact of variable LBC. We first focus on melt

) . . 'this type of run.
and evaluate the fraction of months with a negative modelledt yp

. . . . Figure8a and b show the differences in modelled and PDD
monthly mass balance. We find an increase of this fraCt'OnSMB for Eemian and inception. At 126 kyr BP, the modelled
by up to 15% for Eemian climate and a reduction of up S ’ :

to 10 % for inception climate over large parts of Greenland MB decreases by 0.1-0.4m i.e.‘ﬂfrall aroundthe ice sheet
0 P ge p in standard LMDZ, but by up to 1.0mi.e. v in LMDZ-

e o eaSISVAT. Als, e cresse of SB 1 ncpton imate

perature changes relative to PI climate. We further note tha[mJCh more propognced n I‘.MDZ'SISVAT'

the net melt frequency variations cover a much larger part of The SMB varlat|ons obtaln.ed by the PDD methoq show

Greenland in LMDZ-SISVAT than in standard LMDZ. This S°™M€ agreement with the directly modelled yarlatlons, at
‘ least for LMDZ-SISVAT. The PDD method predicts however

IS cgrtamly an effect of the higher mean te_mperature Ieadlngdn increase of SMB at several grid points in the north-west
to higher melt extent. There are several differences between
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and south-east under Eemian climate due to precipitation in-w__ 2mtemperature JJAmean (C) (k) Precipitation (mie / yr)
crease, absentin LMDZ-SISVAT. Also, near-coastal SMB in-
crease or decrease are amplified by the PDD method.

As a consequence, the total PDD-estimated Greenlanc

SMB decrease for the Eemian compared to the PI given in

Table2 is relatively high at up to-779 Gtyr ! for LMDZ-

SISVAT with climatological LBCs, compared to a modelled / %f) / @
total Greenland SMB d f upt®54 Gtyr?. Th -

o sreenan s A LSi196-1Sc126] | 1SiT96-15c126

decrease estimates for LMDZ-SISVAT are still high com-
pared tovan de Berg et a2011), who find a SMB change

of the modelled SMB 0f-405 Gtyr 1. Both PDD-estimated
and modelled SMB decreases are lower and thus closer to ths
results ofvan de Berg et a(2011) in the LMDZ-SISVAT ex-
periments with variable LBC compared to the climatological Q\Js

T T I T I
-3.25 -2.25 -1.25 -025 075 176 275 -03 -022-0.14-006 0.02 0.1 018 0.26

(c)Modelled surtace mass balance (mi.e. / vr)(d)Surface mass balance PDD method Imi.e. [ yr)

o

LBC experiments.

For the glacial inception, the PDD-predicted SMB gains
are again much higher than those obtained from the model.

Despite the limited impact of using variable instead of cli- LSiT26-LSc 126 LSiT26-LSc 126
matological LBCs discussed in the previous section, we find ' 044 028 0.12 004 02 036 052 06 044 028 0.12 004 02 036 0.52
visible effects on surface mass balance in FigModelled Fig. 7. (a) Climatological annual mean 2-m temperature anomaly
oo o e et dos o e rssotaonae ST s 6 S5T) n Greanand o he Ecman G

. . N tre panels) simulation, in LMDZ-SISVATb) as in(a), but for pre-
Slightly higher temperature and lower precipitation in the cipitation (mi.e.yr1). (c) as in(a), but modelled Climatological
north-west lead to a slightly lower SMB when using the gnnual mean surface mass balance (mizlyr(d) as in(a), but
PDD method. The same comparison for last inception andor SMB computed with the PDD method (mi.e-yh).

pre-industrial model simulations does not reveal significant

differences, though. We conclude that the impact of variable

LBC on mean climate is not very high in our experiments, but  The climatic effects attributed to the new snow scheme in-
can have significant influence on SMB, which may in partic- clude the disappearance of a cold bias of the model in the
ular be the case in high-ablation climates. A more compre-summer season, which can be explained by the seasonal vari-
hensive study may address whether these signals persist ations in albedo represented in the new model, and again an
longer simulations. alteration of the cloud cover. Overall we find a significant im-
provement of modelled surface climate compared to the pre-
vious model version. In particular the modelled boreal sum-
mer near-surface temperature, highly relevant for SMB, is in

: . good agreement with station data.
We have analysed the effects of improving the representa The pre-industrial total modelled ice sheet surface mass

tion of surface snow on ice sheets in an AGCM for premdus-balance for the Greenland ice sheet is low compared to

trial climate and two paleoclimates. This was achieved by : . .
. . .y . a range of regional models (see the listHattweis 2007,
introducing a sophisticated snow model. While the low spa- : . . : ) T

and in particular in the light of recent studies estimating early

tial resolution of the GCM simulations limits the accuracy 20th century SMB to be higher by 50—200 Gtiithan at the
of the results compared to higher resolved models or obserénd of the ZenturyWake e?t al 2%09 Hanna et al.2017)
vation§, the_ensemble of grid points still represents a N9 is bias is primarily due to’. low estimates in ;[he sduth-
of typical climate and SMB responses to such a Ch":mgeéast, but could possibly be reduced at higher model resolu-

These responses are of considerable magnitude in mOdertlpon including better representation of the complex topogra-

climate, and increase significantly in warmer conditions asphy of the region: the modelled SMB could then be more

in the Eemian. ; ; ) .
. . o suitable for direct use as input to ice sheet models. In the
A change of the vertical discretization of the model was : ) . .
near future resolutions down to 20 km will be achieved in

required to decrease layer thickness near the ground and e Losoheric GCMs. and hence a representation of phvsical
sure numerical stability, indicating that typical GCM level P ' P phy

spacings are not sufficient to cover the physical near-surfach oceS5€S equivalent to present-day regional models can be

processes represented in elaborate surface models. The Ie\%ﬁpected, including feedbacks in the ablation zone such as

- L ) : etween katabatic flows and sensible heat flux with poten-
change leads to additional climatic changes, in particular g, Co .
! : . : tially high impacts on SMB. We also note that a suitable rep-
warming of the ice sheet in the winter season, and changes in . ) . o
o resentation of the atmospheric general circulation is a pre-
cloud cover and precipitation.

requisite for realistic SMB simulation that is not met by all

5 Conclusions
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where the PDD modelled SMB changes more drastically
with surface climate. The PDD method is more sensitive to
the different climatic conditions during the Eemian and the
following inception, most prominent in boreal summer tem-
peratures, than direct modelling in terms of total ice sheet
SMB. We also note that these climate-induced SMB changes
differ most in the south of the ice sheet.

The higher sensitivity of the SMB to the climatic condi-
tions in LMDZ-SISVAT compared to the standard version
of the model as found for the cases of the Eemian and the
last glacial inception is to a high extent due to the interac-
tively modelled albedo. This illustrates the need to represent
physically based snow properties in climate simulations for
the past, in particular if insolation conditions deviate signifi-
@ cantly from modern day. In the Eemian case, the higher sum-

mer insolation and warmer temperatures lead to a melt in-
crease higher than in the earlier model studyanf de Berg

Modelled surface mass balance (mi.e. / yr) vs Pl Cirl
(a) .

115-L cPI

115-LScPI

-1.2 088 -0.56 -024 008 04 0.72 1.04

et al.(201J). Such discrepancies are not surprising, given the
existing spread of responses to solar forcing among AOGCM

models, which are used as boundary conditions.

Surface mass balance PDD method (mi.e. / yr) vs PI Cirl We further showed that atmospheric GCM simulations that

(&) use a repeated annual cycle of climatological LBC can differ
significantly from those using the LBC the climatology is
based on in terms of SMB for a time span of 20 yr. These dif-
ferences are caused by modified mean precipitation and sur-
face temperature differences, linked to the missing represen-

(4 tation of extreme temperature or precipitation events in the

climatological runs. This effect impacts in particular the re-
action of surface climate to insolation change in our simula-
tions. Part of these differences may become insignificant for
longer term simulations, as the high variability, especially of
precipitation, leads to some incertitude, but we still strongly
recommend the use of variable LBC forcing where available.

Appendix A

115-L cPI

115-LScPI

Comparison to station data
-1.2 -0.88 -0.56 -024 008 04 072 1.04
The model temperatures are interpolated linearly to the sta-
Fig. 8. (a) Climatological annual mean modelled surface mass bal-tion coordinates based on the four nearest grid points. The
ance, anomaly vs. preindu;trigl simylatic?rcy in Green!and fc_)r GC-Net Automatic Weather Stations (AWSStéffen et al.
Eemlan (top row), and glacial inception (bottom row) S|.mulat|ons, 1996 hourly measurements span the period 1995-2008 with
n standard_ LMDZ (left panels) and LMDZ.'S|SVAT (right pan- differing coverage, and monthly means and standard devia-
els). (b) as in(a), but for SMB computed with the PDD method . . .
(mi.e.yrd). tion are given. For t_he DMI weath_er stations, we took Fhe
average of daily minimum and maximum temperatures since
1877 Cappelen et al.2010 to compute the monthly cli-
matology. Note that MAR defines near-surface temperature
of today’s GCMs, in particular in the Arctic, and has to stay at the 3m level while the other models use the 2m level.
an essential goal in model development. The implementatiorFigure Al shows the temperature comparison as in Eiigpr
of the numerous non-linear processes at the Earth’s surfacthe remaining AWS and near-coastal weather stations. Ta-
in the polar regions, including those related to snow, may inble Al lists the temperature bias of the annual mean of the
turn be an important contribution in this context. models and the monthly root mean squared error for all lo-
Differences in SMB results between PDD estimation andcations. The two simulations with LMDZ-SISVAT have the
direct modelling mostly concern the margins of the ice sheetjJowest bias at 10 out of 16 stations and the lowest RMSE in
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Table Al. Bias and RMSE of models for all station locations of FigandAl, inK. The mean bias and RMSE for all stations are also
given. Values for the best LMDZ simulation are printed in bold, respectively.

Location MAR RACMO LcPI L_cPIr LVcPIr LScPI LSiPI
Humboldt BIAS 0.265 0.400 3.824 4.354-1.168 -2.341 -2.538
RMSE 1.139 0.625 4.087 4.651 3.254 3.080 3.528
Summit 0.499 1.578 5.101 5.658 1.830 1.616 1.452
1.980 2.191 5.504 6.124 2.640 2.170 2.201
ETH—-Camp 1.083 1.049 3.871 3.961 1.608 0.743 0.562
1.630 1.564 4.333 4,593 2.260 1.673 1.486
South Dome 1.613 1.613 3.136 3.731-0.012 -0.252 -0.406
1.744 0.804 3.360 4.062 1.292 0.885 0.804
TUNU-N 1.489 1.033 4.438 5.007 0.114 -1.647 -1.786
2.076 1.344 4.779 5.328 2901 2.152 2.502
NASA—-E 0.152 0.224 3.425 4.066 —1.446 —-3.136 —3.289
1.274 1.205 3.686 4501 2.634 3.435 3.648
NASA—-U —-2.326 -2.319 0.489 1.055 -3.078 —-4.145 —-4.252
3.876 4.734 3.444 4,193 3.831 5.155 5.305
Crawford Pt. 0.052 -0.263 2.605 3.118 —-0.585 -1.438 -1.592
0.873 1.399 3.108 3.712 1.974 2.119 2.020
Saddle 1.923 0.839 3.938 4.444 0.469 0.185-0.049
2.113 1.227 4.219 4,819 1.729 1.017 0.897
Danmarkshavn 4,551 0.928 -1.280 -1.011 -1.269 -2.229 -2.303
4.973 1.545 2.658 2.154 3.318 3.569 3.789
Upernavik 1.298 2.186 1.696 1.619 0.543-0.160 -0.315
1.815 2.719 2.754 2.768 2.794 2.642 2.583
llulisat 1.981 3.307 5.584 4,944 3.882 3.493 3.298
2.429 3.734 6.131 5.701 4.445 3.958 3.752
llloggortoormiut ~ 4.053 2.039 4.543 4.848 3.149 2.464 2.320
4.328 2.230 5.115 5.617 3.449 2.900 2.780
Tasiilaq 1.154 1.151 4.299 4.389 2.062 1.710 1.593
1.304 1.368 4,535 4.666 2.372 1.954 1.775
Nuuk 0.861 1.173 5.467 5.354 4.348 3.815 3.725
1.016 1.278 6.119 6.085 4,922 4,427 4.333
Narsarsuaq 5.518 6.000 13.992 14.224 11.1640.695 10.609
5.823 6.431 14.633 14.874 11.733 11.22811.107
All stations 1.510 1.312 4.070 4.360 1.351 0.586 0.439
2.400 2.222 4,904 5.241 3.472 3.273 3.282
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Fig. Al. Climatological monthly mean 2-m temperatuf€] in Greenland as in Fid,, but at the GC-net automated weather stati@tsffen

et al, 1996 TUNU-N, NASA-E, NASA-U, Crawford Point, SADDLE, and at the DMI weather stations at Danmarkshavn, Upernavik,
llulissat, and llloggortoormiut, Tasiilaq, Nuuk and Narsarsuaq compared to interpolated model data. Vertical bars show interannual standard
deviation for the observation data; triangles indicate the seasonal mean for boreal summer (left panels) and the annual mean (right panels)
The respective station locations are indicated by a pink dot on the inset map. Also shown is the comparison of the mean model temperature
for all of Greenland.
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Fig. A2. Climatological monthly mean precipitation (mi.e-¥%) in Greenland at the GC-net station locations Humboldt, TUNU-N, NASA-

E, NASA-U, Summit, ETH Camp, Crawford Point, SADDLE, and South Dome, and at the DMI weather stations Danmarkshavn, Upernavik,
llulissat, lloqgortoormiut, Tasiilag, Nuuk, and Narsarsuaq compared to interpolated model data. Vertical bars show interannual standard
deviation for the observation data; triangles indicate the seasonal mean for boreal summer (left panels) and the annual mean (right panels)
Also shown is the comparison of the mean model precipitation for all of Greenland.
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12 out of 16 stations. Figurd2 shows the same comparisons
for precipitation.

AcknowledgementsGC-Net data received from CIRES/University
of Colorado, Boulder (K. Steffen). We thank the DMI for

providing temperature and precipitation observations for their

1817

Cappelen, J., Laursen, E. V., Jgrgensen, P. V., and Kern-Hansen, C.:
DMI Monthly Climate Data Collection 1768-2009, Denmark,
The Faroelslands and Greenland, DMI Technical Report 10-05,
52 pp., available atttp://www.dmi.dk/dmi/tr10-05.pdflast ac-
cess: 26 October 2012), 2010.

Chen, J. L., Wilson, C. R., and Tapley, B. D.: Satellite gravity mea-
surements confirm accelerated melting of greenland ice sheet,

Greenland weather stations. Janneke Ettema, Jan van Angelen and Science, 313, 1958-196@0i:10.1126/science.1129002006.

Michiel van den Broeke (IMAU, Utrecht University) are thanked
for providing RACMO2 climate fields. We thank Xavier Fet-
tweis for providing MAR climate data. HJP is supported by the

Douville, H., Royer, J. F., and Mahfouf, J. F.: A new snow param-
eterization for the NMt€o-France climate model, Clim. Dynam.,
12, 21-35d0i:10.1007/BF00208761.995.

European FP7 project 226520 COMBINE and the ANR project Ettema, J., van den Broeke, M. R., van Meijgaard, E., van de
NEEM-France. This work was performed using HPC resources Berg, W. J., Bamber, J. L., Box, J. E., and Bales, R. C.: Higher

from GENCI-CCRT (Grant t2010012212).

Edited by: M.-F. Loutre

INSU

Institut national des sciences de I'Univers

The publication of this article is financed by CNRS-INSU.

References

Bonelli, S., Charbit, S., Kageyama, M., Woillez, M.-N., Ramstein,
G., Dumas, C., and Quiquet, A.: Investigating the evolution of

major Northern Hemisphere ice sheets during the last glacial-

interglacial cycle, Clim. Past, 5, 329—341%i:10.5194/cp-5-329-
2009 2009.
Box, J. E., Bromwich, D. H., Veenhuis, B. A., Bai, L.-S,,

surface mass balance of the Greenland ice sheet revealed by high-
resolution climate modeling, Geophys. Res. Lett., 36, L12501,
doi:10.1029/2009GL03811Q009.

Ettema, J., van den Broeke, M. R., van Meijgaard, E., van de Berg,
W. J., Box, J. E., and Steffen, K.: Climate of the Greenland ice
sheet using a high-resolution climate model — Part 1: Evaluation,
The Cryosphere, 4, 511-5240i:10.5194/tc-4-511-201@010.

Fettweis, X.: Reconstruction of the 1979-2006 Greenland ice sheet
surface mass balance using the regional climate model MAR,
The Cryosphere, 1, 21-460i:10.5194/tc-1-21-20Q2007.

Fettweis, X., Tedesco, M., van den Broeke, M., and Ettema, J.:
Melting trends over the Greenland ice sheet (1958—-2009) from
spaceborne microwave data and regional climate models, The
Cryosphere, 5, 359—-3780i:10.5194/tc-5-359-2012011.

Fyke, J. G., Weaver, A. J., Pollard, D., Eby, M., Carter, L., and
Mackintosh, A.: A new coupled ice sheet/climate model: de-
scription and sensitivity to model physics under Eemian, Last
Glacial Maximum, late Holocene and modern climate condi-
tions, Geosci. Model Dev., 4, 117-13i:10.5194/gmd-4-117-
2011 2011.

Gallee, H. and Duynkerke, P. G.: Air-snow interactions and the sur-
face energy and mass balance over the melting zone of west
Greenland during the Greenland Ice Margin Experiment, J. Geo-

Stroeve, J. C., Rogers, J. C,, Steffen, K., Haran, T., and Wang, S.- v Res., 102, 13813-1382#i:10.1029/96JD03358 997.
H.: Greenland ice sheet surface mass balance variability (1988 1ee. H. van Ypersele, J. P., Fichefet, Th., Tricot, Ch., and Berger

2004) from calibrated polar MM5 output, J. Climate, 19, 2783—
2800,d0i:10.1175/JCLI3738,12006.
Braconnot, P., Marzin, C., @goire, L., Mosquet, E., and Marti, O.:

Mo_nsoon response_to cha_nges in Earth’s prbital parameters: CoOMzaliee, H., Guyomarc'h, G., and Brun, E.:
parisons between simulations of the Eemian and of the Holocene

Clim. Past, 4, 281-294]0i:10.5194/cp-4-281-2002008.

A.: Simulation of the last glacial cycle by a coupled, sectorially

averaged climate-ice sheet model 1. The Climate Model, J. Geo-

phys. Res., 96, 13139-131610i:10.1029/91JD00874.991.

Impact of snow drift on

' the antarctic ice sheet surface mass balance: possible sensitiv-
ity to snow-surface properties, Bound.-Lay. Meteorol., 99, 1-19,

Braithwaite, R. J.: Calculation of degree-days for glacier—climate doi:10.1023/A:1018776422809001.

research, Z. Gletscherkd. Glazialgeol., 20, 1-20, 1984.
Brun, E., Martin, E., Simon, V., Gendre, C., and &al, C.: An

energy and mass model of snow cover suitable for operationabanopolski

avalanche forecasting, J. Glaciol., 35, 333-342, 1989.
Brun, E., David, P., Sudul, M., and Brunot, G.: A numerical model

Ganopolski, A. and Robinson, A.: Palaeoclimate: the past is not the
future, Nat. Geosci., 4, 661-6630i:10.1038/nge01262011.

A., Calov, R., and Claussen, M.: Simulation of the last

glacial cycle with a coupled climate ice-sheet model of interme-

diate complexity, Clim. Past, 6, 229-241hi:10.5194/cp-6-229-

to simulate snow cover stratigraphy for operational avalanche 2010 2010.

forecasting, J. Glaciol., 38, 13-22, 1992.

Calov, R., Ganopolski, A., Claussen, M., Petoukhov, V., and
Greve, R.: Transient simulation of the last glacial inception,
Part I: glacial inception as a bifurcation in the climate system,
Clim. Dynam., 24, 545-561¢l0i:10.1007/s00382-005-0007-6
2005.

www.clim-past.net/8/1801/2012/

Goosse, H., Brovkin, V., Fichefet, T., Haarsma, R., Huybrechts, P.,

Jongma, J., Mouchet, A., Selten, F., Barriat, P.-Y., Campin, J.-
M., Deleersnijder, E., Driesschaert, E., Goelzer, H., Janssens, .,
Loutre, M.-F., Morales Maqueda, M. A., Opsteegh, T., Mathieu,
P.-P., Munhoven, G., Pettersson, E. J., Renssen, H., Roche, D. M.,
Schaeffer, M., Tartinville, B., Timmermann, A., and Weber, S. L.:
Description of the Earth system model of intermediate complex-
ity LOVECLIM version 1.2, Geosci. Model Dev., 3, 603-633,

Clim. Past, 8, 1801819 2012


http://dx.doi.org/10.5194/cp-5-329-2009
http://dx.doi.org/10.5194/cp-5-329-2009
http://dx.doi.org/10.1175/JCLI3738.1
http://dx.doi.org/10.5194/cp-4-281-2008
http://dx.doi.org/10.1007/s00382-005-0007-6
http://www.dmi.dk/dmi/tr10-05.pdf
http://dx.doi.org/10.1126/science.1129007
http://dx.doi.org/10.1007/BF00208761
http://dx.doi.org/10.1029/2009GL038110
http://dx.doi.org/10.5194/tc-4-511-2010
http://dx.doi.org/10.5194/tc-1-21-2007
http://dx.doi.org/10.5194/tc-5-359-2011
http://dx.doi.org/10.5194/gmd-4-117-2011
http://dx.doi.org/10.5194/gmd-4-117-2011
http://dx.doi.org/10.1029/96JD03358
http://dx.doi.org/10.1029/91JD00874
http://dx.doi.org/10.1023/A:1018776422809
http://dx.doi.org/10.1038/ngeo1268
http://dx.doi.org/10.5194/cp-6-229-2010
http://dx.doi.org/10.5194/cp-6-229-2010

1818 H. J. Punge et al.: Modelling snow accumulation on Greenland in a GCM

doi:10.5194/gmd-3-603-2012010. Lynch-Stieglitz, M.: The Development and validation of a simple

Hanna, E., Huybrechts, P., Cappelen, J., Steffen, K., snow model for the GISS GCM, J. Climate, 7, 1842-1855,
Bales, R. C., Burgess, E., McConnell, J. R., Steffensen, J. P., doi:10.1175/1520-0442(1994)001842:TDAVOA>2.0.CO;2
Van den Broeke, M., Wake, L., Bigg, G., Griffiths, M., and 1994.

Savas, D.: Greenland ice sheet surface mass balance 187@anabe, S.: Climate and the ocean circulation: I. The atmospheric
to 2010 based on twentieth century reanalysis, and links circulation and the hydrology of the Earth’s surface, Mon.
with global climate forcing, J. Geophys. Res., 116, D24121, Weather Rev., 97, 739-774, 1969.
doi:10.1029/2011JD016382011. Marsiat, I.: Simulation of the Northern Hemisphere continental ice

Helsen, M. M., van de Wal, R. S. W., van den Broeke, M. R., van  sheets over the last glacial-interglacial cycle: experiments with
de Berg, W. J., and Oerlemans, J.: Coupling of climate models a latitude-longitude vertically integrated ice sheet model coupled
and ice sheet models by surface mass balance gradients: appli- to a zonally averaged climate model, Paleoclimates, 1, 59-98,
cation to the Greenland Ice Sheet, The Cryosphere, 6, 255-272, 1994.
doi:10.5194/tc-6-255-2012012. Mote, T. L.: Greenland surface melt trends 1973-2007: evidence

Hourdin, F., Musat, I., Bony, S., Braconnot, P., Codron, F., of a large increase in 2007, Geophys. Res. Lett., 342, L22507,
Dufresne, J., Fairhead, L., Filiberti, M., Friedlingstein, P., Grand-  doi:10.1029/2007GL03197&007.
peix, J., Krinner, G., Le Van, P, Li, Z.-X., and Lott, F.: The Otto-Bliesner, B. L., Marshall, S. J., Overpeck, J. T., Miller, G. H.,
LMDZ4 general circulation model: climate performance and and Hu, A.: Simulating arctic climate warmth and icefield
sensitivity to parametrised physics with emphasis on tropical retreat in the last interglaciation, Science, 311, 1751-1753,
convection, Clim. Dynam., 27, 787-8180i:10.1007/s00382- doi:10.1126/science.1120803006.

006-0158-02006. Overpeck, J. T., Otto-Bliesner, B. L., Miller, G. H., Muhs, D. R.,

Huybrechts, P.: Sea-level changes at the LGM from ice-dynamic Alley, R. B., and Kiehl, J. T.: Paleoclimatic evidence for future
reconstructions of the Greenland and Antarctic ice sheets dur- ice-sheet instability and rapid sea-level rise, Science, 311, 1747—
ing the glacial cycles, Quaternary Sci. Rev., 21, 203-231, 1750,doi:10.1126/science.1115152006.
doi:10.1016/S0277-3791(01)000822002. Quiquet, A., Punge, H. J., Ritz, C., Fettweis, X., @ell H.,

Khodri, M., Cane, M. A., Kukla, G., Gavin, J., and Braconnot, P..  Kageyama, M., Krinner, G., Salas y&lla, D., and Sjolte, J.:
The impact of precession changes on the Arctic climate during Sensitivity of a Greenland ice sheet model to atmospheric forc-
the last interglacial glacial transition, Earth Planet. Sc. Lett., 236, ing fields, The Cryosphere, 6, 999-104®;:10.5194/tc-6-999-
285-304d0i:10.1016/j.epsl.2005.05.0,12005. 2012 2012.

Kopp, R. E., Simons, F. J., Mitrovica, J. X., Maloof, A. C., Reeh, N.: Parameterization of melt rate and surface temperature on
and Oppenheimer, M.: Probabilistic assessment of sea level the Greenland ice sheet, Polarforschung, 59, 113-128, 1991.
during the last interglacial stage, Nature, 462, 863-867,Ridley, J. K., Huybrechts, P., Gregory, J. M., and Lowe, J. A.: Elim-
doi:10.1038/nature0863@009. ination of the Greenland ice sheet in a high C¢imate, J. Cli-

Krinner, G., Genthon, C., Li, Z.-X., and Le Van, P.: Studies of the = mate, 18, 3409-34210i:10.1175/JCLI3482,12005.

Antarctic climate with a stretched-grid general circulation model, Rignot, E., Box, J. E., Burgess, E., and Hanna, E.: Mass balance of
J. Geophys. Res., 102, 13731-137d5j:10.1029/96JD03356 the Greenland ice sheet from 1958 to 2007, Geophys. Res. Lett.,
1997. 35, L.20502,d0i:10.1029/2008GL035412008.

Kuipers Munneke, P. K., van den Broeke, M. R., Lenaerts, J. T. M.,Robinson, A., Calov, R., and Ganopolski, A.: Greenland ice sheet
Flanner, M. G., Gardner, A. S., and van de Berg, W. J.: model parameters constrained using simulations of the Eemian
A new albedo parameterization for use in climate models Interglacial, Clim. Past, 7, 381-390i:10.5194/cp-7-381-2011
over the Antarctic ice sheet, J. Geophys. Res., 116, D05114, 2011.
doi:10.1029/2010JD015113011. Slater, A. G., Schlosser, C. A., Desborough, C. E., Pit-

Kuramoto, T., Goto-Azuma, K., Hirabayashi, M., Miyake, T., Mo- man, A. J., Henderson-Sellers, A., Robock, A., Vinnikoy, K. Y.,
toyama, H., Dahl-Jensen, D., and Steffensen, J.: Seasonal varia- Mitchell, K., Boone, A., Braden, H., Chen, F., Cox, P. M., de
tions of snow chemistry at NEEM, Greenland, Ann. Glaciol., 52,  Rosnay, P., Dickinson, R. E., Dai, Y.-J., Duan, Q., Entin, J.,

193-200d0i:10.3189/1727564117972523&011. Etchevers, P., Gedney, N., Gusev, Y. M., Habets, F., Kim, J.,
Lefebre, F., Ga#le, H., van Ypersele, J., and Huybrechts, P.. Koren, V., Kowalczyk, E. A., Nasonova, O. N., Noilhan, J.,
Modelling of large-scale melt parameters with a regional cli- Schaake, S., Shmakin, A. B., Smirnova, T. G., Verseghy, D.,

mate model in South Greenland during the 1991 melt season, Wetzel, P., Xue, Y., Yang, Z.-L., and Zeng, Q.: The Rep-
Ann. Glaciol., 35, 391-397%0i:10.3189/172756402781816889 resentation of snow in land surface schemes: results from
2002. PILPS 2(d), J. Hydrometeorol., 2, 7-280i:10.1175/1525-
Lefebre, F., Ga#e, H., van Ypersele, J.-P., and Greuell, W.: 7541(2001)0020007:TROSIL>2.0.CO;2 2001.
Modeling of snow and ice melt at ETH Camp (West Green- Steen-Larsen, H. C., Masson-Delmotte, V., Sjolte, J., Johnsen, S. J.,
land): a study of surface albedo, J. Geophys. Res., 108, 4231, Vinther, B. M., Bieon, F.-M., Clausen, H. B., Dahl-Jensen, D.,
doi:10.1029/2001JD001162003. Falourd, S., Fettweis, X., G&k, H., Jouzel, J., Kageyama, M.,
Lefebre, F., Fettweis, X., G&eé, H., van Ypersele, J.-P., Mar- Lerche, H., Minster, B., Picard, G., Punge, H. J., Risi, C,,
baix, P., Greuell, W., and Calanca, P.: Evaluation of a high- Salas, D., Schwander, J., Steffen, K., Sveinbgddttir, A. E.,
resolution regional climate simulation over Greenland, Clim. Dy-  Svensson, A., and White, J.: Understanding the climatic signal in
nam., 25, 99-116j0i:10.1007/s00382-005-0005-3005. the water stable isotope records from the NEEM shallow firn/ice
cores in northwest Greenland, J. Geophys. Res., 116, D06108,

Clim. Past, 8, 18014819 2012 www.clim-past.net/8/1801/2012/


http://dx.doi.org/10.5194/gmd-3-603-2010
http://dx.doi.org/10.1029/2011JD016387
http://dx.doi.org/10.5194/tc-6-255-2012
http://dx.doi.org/10.1007/s00382-006-0158-0
http://dx.doi.org/10.1007/s00382-006-0158-0
http://dx.doi.org/10.1016/S0277-3791(01)00082-8
http://dx.doi.org/10.1016/j.epsl.2005.05.011
http://dx.doi.org/10.1038/nature08686
http://dx.doi.org/10.1029/96JD03356
http://dx.doi.org/10.1029/2010JD015113
http://dx.doi.org/10.3189/172756411797252365
http://dx.doi.org/10.3189/172756402781816889
http://dx.doi.org/10.1029/2001JD001160
http://dx.doi.org/10.1007/s00382-005-0005-8
http://dx.doi.org/10.1175/1520-0442(1994)007<1842:TDAVOA>2.0.CO;2
http://dx.doi.org/10.1029/2007GL031976
http://dx.doi.org/10.1126/science.1120808
http://dx.doi.org/10.1126/science.1115159
http://dx.doi.org/10.5194/tc-6-999-2012
http://dx.doi.org/10.5194/tc-6-999-2012
http://dx.doi.org/10.1175/JCLI3482.1
http://dx.doi.org/10.1029/2008GL035417
http://dx.doi.org/10.5194/cp-7-381-2011
http://dx.doi.org/10.1175/1525-7541(2001)002<0007:TROSIL>2.0.CO;2
http://dx.doi.org/10.1175/1525-7541(2001)002<0007:TROSIL>2.0.CO;2

H. J. Punge et al.: Modelling snow accumulation on Greenland in a GCM 1819

doi:10.1029/2010JD014312011. Velicogna, |.: Increasing rates of ice mass loss from the Green-
Steffen, K. and Box, J.: Surface climatology of the Greenland ice land and Antarctic ice sheets revealed by GRACE, Geophys. Res.
sheet: Greenland Climate Network 1995-1999, J. Geophys. Res., Lett., 36, L19503¢d0i:10.1029/2009GL040222009.

106, 33951-3396410i:10.1029/2001JD900162001. Vettoretti, G. and Peltier, W. R.: Post-Eemian glacial in-
Steffen, K., Box, J., and Abdalati, W.: Greenland Climate Net- ception, Part |: the impact of summer seasonal tem-
work: GC-Net, in: CRREL 96-27, Special Report on Glaciers, perature bias, J. Climate, 16, 889-91d0i:10.1175/1520-

Ice Sheets and Volcanoes, tribute to Meier, M. and Col- 0442(2003)01&0889:PEGIP+2.0.CO;2 2003.
beck, S. C. (Eds.http://www.dtic.mil/cgi-bin/GetTRDoc?AD=  Vizcaino, M., Mikolajewicz, U., Jungclaus, J., and Schurgers, G.:
ADA321342(last access: 26 October 2012), US Army Cold re-  Climate modification by future ice sheet changes and conse-
gions Research and Engineering Laboratory, Hanover, USA, 98— quences for ice sheet mass balance, Clim. Dynam., 34, 301-324,
103, 1996. doi:10.1007/s00382-009-0591-3010.

van de Berg, W. J., van den Broeke, M., Ettema, J., van Meij-Wake, L. M., Huybrechts, P., Box, J. E., Hanna, E., Janssens, I.,
gaard, E., and Kaspar, F.: Significant contribution of insolation and Milne, G. A.: Surface mass-balance changes of the
to Eemian melting of the Greenland ice sheet, Nat. Geosci., 4, Greenland ice sheet since 1866, Ann. Glaciol., 50, 178-184,
679-683d0i:10.1038/nge01242011. doi:10.3189/1727564097877696ZH09.

van den Broeke, M., Bamber, J., Ettema, J., Rignot, E., Schrama, EWouters, B., Chambers, D., and Schrama, E.. GRACE observes
van de Berg, W. J., van Meijgaard, E., Velicogna, |, and small-scale mass loss in Greenland, Geophys. Res. Lett., 35,
Wouters, B.: Partitioning recent Greenland mass loss, Science, L20501,d0i:10.1029/2008GL03481@008.
326, 984-986¢10i:10.1126/science.11781,78009.

van den Broeke, M., Bus, C., Ettema, J., and Smeets, P.
Temperature thresholds for degree-day modelling of Green-
land ice sheet melt rates, Geophys. Res. Lett., 37, L18501,
doi:10.1029/2010GL044122010.

www.clim-past.net/8/1801/2012/ Clim. Past, 8, 1801819 2012


http://dx.doi.org/10.1029/2010JD014311
http://dx.doi.org/10.1029/2001JD900161
http://www.dtic.mil/cgi-bin/GetTRDoc?AD=ADA321342
http://www.dtic.mil/cgi-bin/GetTRDoc?AD=ADA321342
http://dx.doi.org/10.1038/ngeo1245
http://dx.doi.org/10.1126/science.1178176
http://dx.doi.org/10.1029/2010GL044123
http://dx.doi.org/10.1029/2009GL040222
http://dx.doi.org/10.1175/1520-0442(2003)016<0889:PEGIPI>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2003)016<0889:PEGIPI>2.0.CO;2
http://dx.doi.org/10.1007/s00382-009-0591-y
http://dx.doi.org/10.3189/172756409787769636
http://dx.doi.org/10.1029/2008GL034816

