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Abstract. Changes in Greenland accumulation and the stavariability cannot be expected to look alike since they include
bility in the relationship between accumulation variability a distinct local signature. The only uniform signal to exter-
and large-scale circulation are assessed by performing timeaal forcing is the strong decrease in Greenland accumulation
slice simulations for the present day, the preindustrial eraduring glacial (LGM) conditions and an increase associated
the early Holocene, and the Last Glacial Maximum (LGM) with the recent rise in greenhouse gas concentrations.
with a comprehensive climate model. The stability issue is an
important prerequisite for reconstructions of Northern Hemi-
sphere atmospheric circulation variability based on accu-
mulation or precipitation proxy records from Greenland ice 1 Introduction
cores. The analysis reveals that the relationship between ac-
cumulation variability and large-scale circulation undergoesUnderstanding the mass balance of the Greenland Ice
a significant seasonal cycle. As the contributions of the indi-Sheet (GrlS) is central to predicting future global sea-level
vidual seasons to the annual signal change, annual mean achanges. Snow accumulation (defined here as snow precip-
cumulation variability is not necessarily related to the sameitation minus sublimation) has been identified as the most
atmospheric circulation patterns during the different climateimportant variable for the mass balance of the ice sheet
states. Interestingly, within a season, local Greenland accutMcConnell et al. 2000a McConnell et al. 20009. Accu-
mulation variability is indeed linked to a consistent circu- rate records of accumulation are therefore fundamental to
lation pattern, which is observed for all studied climate peri- investigate spatial and temporal variations in the mass bal-
ods, even for the LGM. Hence, it would be possible to deduceance and elevation changes of the polar ice sheets. Green-
a reliable reconstruction of seasonal atmospheric variabilitfand ice cores provide high-resolution (annually resolved)
(e.g., for North Atlantic winters) if an accumulation or pre- ground-based point estimates of accumulation and offer the
cipitation proxy were available that resolves single seasonspossibility to retrieve the relationship between climate and
We further show that the simulated impacts of orbital forcing accumulation variability (e.gBanta and McConnelR007).
and changes in the ice sheet topography on Greenland accéccumulation rates in ice cores are usually calculated by de-
mulation exhibit strong spatial differences, emphasizing thatermining annual layers using multiple parameters (e.g., dust,
accumulation records from different ice core sites regard-sea salt, nitrate, andt®0) measured at high resolution and
ing both interannual and long-term (centennial to millennial) correcting layer thickness for glaciological thinningnklin

et al, 1998 Mosley-Thompson et gl2001). Local ice core
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2434 N. Merz et al.: Greenland accumulation links to atmospheric circulation

accumulation variability is largely attributed to changes in glacial-interglacial differences. With this study we expand
atmospheric circulation rather than to thermodynamic con-the discussion of the stability of these relationships to the
trol (Kapsner et a).1995 Cruger et al.2004 Hutterli et al, early Holocene, a period not as different from present day as
2007. Based on this, a humber of studies identify specificthe LGM but still including distinct anomalies in solar inso-
features of the atmospheric circulation that have an imprintation and the Northern Hemisphere (NH) ice sheets.
on Greenland accumulation variabilitiRogers et al(2004) The manuscript is structured as follows: Séctlescribes
showed that increased cyclone activity in the proximity of the observational data, the model, and the experiments and
the accumulation location causes anomalous high accumulancludes a short description of the statistical analysis tools.
tion and that cyclone frequency variations are significantlyln Sect.3 we present the model results regarding Greenland
related to the primary modes of Greenland accumulation. accumulation during different climate states and investigate
In some studies, the reverse approach is used to reconstruttie influence of the external forcing on total and local GrIS
features of atmospheric circulation from Greenland accumu-accumulation. Sectiosfocuses on the relationship between
lation variability: Appenzeller et al(1998 reconstructed the local GrlIS accumulation/precipitation and the prevailing at-
North Atlantic Oscillation (NAO) for several centuries from mospheric circulation patterns on various timescales (daily
the NASA-U ice core. However, the agreement among vari-to annual). Moreover, tests on the stability of the deduced at-
ous preinstrumental NAO reconstructions including NASA- mospheric circulation patterns in the different time-slice sim-
U is not significant uterbacher et al.200% Pinto and ulations are presented. All results are discussed in Secid
Raiblg 2012. A possible explanation for these diverging re- conclusions are presented in Sext.
sults is the fact that the centers of action of the NAO are
not stationary over timeRaible et al. 2006, resulting in a
different imprint on the proxy recordé €hner et al.2012.
To avoid the uncertainties arising from the instabilities in at-
mospheric modegiutterli et al.(2005 have linked interan-

nual accumulation variability in different Greenland regions 1, atmospheric reanalysis data set used in this study is
to distinct large-scale atmospheric patterns based on ERA-4Q . ERA-Interim (ERAI) product from the European Cen-

reanalysis data. The significant relationship found offers the,q ¢, Medium-Range Weather Forecasts (ECMVIige
potential to reconstruct the occurrence of these circulationy; o 2011). ERAI data are originally calculated with T255

patterns from ice-core-derived accumulation records in re—(w 80km) resolution and available on the reguldrxi1°

spective regions. However, an important prerequisite forsucl’brid_ We use both monthly and daily data for the period of
reconstructions is the stability of the connection between 10-1979_2011. Note that the daily mean surface flux fields —

cal accumulation rate at the ice core site and the respectiveg  snowfall, total precipitation, and sublimation (also re-
circulation pattern throughout the time of reconstruction. AStarred to as snow evaporation) — are calculated as the 0 to
seen for the NAO reconstructionghner et al. 2019, this 36 accumulation forecast minus the 0 to 12 h accumulation
requirement is not necessarily fulfilled. forecast to avoid known spin-up effectsgpala et al.2005

In this study we address this stability issue and use gyeg gt a1,2011). In addition to ERAI, all analyses are carried

state-of-art climate model as a test bed to revisit the rela-Out with ERA40 data (1958-2001). However, the ERA40 re-
tionship between local accumulation and these atmospherig is are very similar to ERAi. Thus, only ERAI results are
circulation patterns, similar tHutterli et al.(2005. We per- presented here.

form time-slice simulations for the present day, the preindus-

trial era, the early Holocene and the Last Glacial Maximum2 2 Climate model

(LGM) to cover a variety of past climate states. Besides the

stability issue, which is of great value for the proxy inter- Besides the reanalysis data, the study is based on simu-
pretation, we use the model to investigate the influence ofations with the Community Climate System Model (ver-
orbital forcing and moderate changes in the GrIS topograsion 4, CCSM4) developed at the National Center for At-
phy on the GrIS mean accumulation. The sensitivity to to-mospheric Research (NCAR) with a horizontal resolution of
pographic changes is studied with a set of simulations thadD.9 x1.25 (Gent et al.2011). The model includes compo-
implement reconstructed ice sheet topographies fPeftier  nents for atmosphere, ocean, land, and sea ice. We run the
(2009 for the early Holocene. Moreover, we study in detail CCSM4 with the atmosphere—land-only setup also known
the relationship of local GrlS accumulation and atmosphericas AMIP-type simulation consisting of the Community At-
circulation variability, as we observe distinct seasonal fea-mosphere Model version 4Ngale et al. 2013 and the
tures that have not been depicted in the studies using annu&@ommunity Land Model version 4Qjeson et al. 2010.
mean accumulation. Previous studies assessing the relatioffhis setup has no ocean component, so time-varying sea
ship between accumulation and atmospheric circulation insurface temperatures (SST) are prescribed as lower bound-
a paleoclimate context have focused on the LAMusata ary conditions. The sea ice model, the Community Ice
et al, 2009 Langen and Vinther2009 in order to identify =~ CodE version 4 lunke and Lipscomb2008, is used in

2 Data and method

2.1 Reanalysis data
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Fig. 1. Paleotopographies implemented in the model simulations: deviation from present-day mask (gi]/fka, (b) 8 ka, (c) 9 ka, and
(d) LGM (21 ka). All topographies are based on output from the ICE-5G modeldityer(2004).

its thermodynamic-only mode. This means that sea ice con- — A Last Glacial Maximum (LGM) simulation with
centration fields are prescribed and sea ice thickness is fixed full glacial conditions including major ice sheets (see
(e.g., to two meters in NH) but surface fluxes are computed Fig. 1d). This simulation has previously been used and
taking into account snow depth, albedo, and surface temper- described byHofer et al.(2012a b).

ature over the ice using one-dimensional thermodynamics.

This atmosphere—land-only setup is very cost efficient com-The set of EH simulations is used to test the sensitivity of an
pared to fully coupled runs and allows us to perform a setinterglacial climate to moderate changes in the ice sheet dis-
of time-slice simulations with a fairly high horizontal resolu- tribution. These sensitivity experiments are also the reason
tion. As a drawback, possible feedbacks with the ocean andvhy the Holocene experiments are placed within the early

sea ice component are excluded. Holocene (8 ka) instead of the classical mid-Holocene (6 ka)
setup as used in the Paleoclimate Modelling Intercomparison
2.3 Experiments Project (PMIP) protocolBraconnot et a).2007). During the

early Holocene, sea-level estimates show a considerable sea-
To study the accumulation and the associated atmospherigvel rise resulting from significant changes in the size of the
circulation on Greenland during different recent climate jce sheets (se®mith et al, 2011and references therein). For
states, a set of time-slice experiments is conducted covering ka (Fig. 1b) the anomalies with respect to the present-day
four different time periods: topography are similar to 7 ka but stronger. A list of all sim-
ulations and the external forcing factors used is provided in
Table 1. All simulations are conducted for 33 model years,
and the analysis is based on the last 30 yr of each simulation
as the first 3yr are declared as spin-up phase.

— A present-day (PD) simulation with perpetual
1990 AD condition, which is mainly used for model
evaluation by comparing with reanalysis data.

— A preindustrial (Pl) simulation with perpetual N
1750 AD conditions used as a reference simulation2-4 Boundary conditions

for the paleosimulations since it describes the present ) ) )
climate without perturbation by human activities. The SST and sea ice fields used as lower boundary condi-

tions in the model experiments are taken from appropriate
— Four early Holocene (EH) simulations with perpet- outputs of fully coupled CCSM3 simulations. These are con-
ual 8 ka (8000 yr before 1950) conditions but different ducted with the low-resolution CCSMY¥¢ager et al.2006
ice sheet forcings (see Fig.and Sect2.4 for more  model version. For our PD simulation we use output of a
details). CCSM3 control 1990 AD run (provided by the Earth System
Grid). For the PI simulation we use output of a CCSM3 con-
trol 1850 AD simulation ierkel et al, 2010 and for the EH
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Table 1. List of model simulations and the forcing used in the experiments. Present-day levels are denoted as pd, and preindustrial levels
as pi. The orbital parameters are calculated accordiBetger(1978. SST and sea ice fields are outputs of corresponding fully coupled
CCSM3 simulations (see Se@.4 for details). The preindustrial and the LGM levels of the GHGs are following the PMIP protocol. Solar
forcing is expressed as total solar irradiance (TSI), and all the values correspond to CCSM4 standard levels. The pd ice sheets are CCSM¢
standard, whereas all paleo-ice sheets correspond to ICE-5G maBkdtiey(2004 as illustrated in FidL.

Simulation  Orbital SST/sea CO CHgy N0 TSI Ice
parameters ice [ppml  [ppbl  [ppbl [Wm~2] sheets
PD pd pd 354 1694 310 1361.8 pd
PI pd pi 280 760 270 13609 pd
EHpp 8ka 8ka 280 760 270 1360.9 pd
EH7ka 8ka 8ka 280 760 270 1360.9 7ka
EHgka 8ka 8ka 280 760 270 1360.9 8ka
EHoka 8ka 8ka 280 760 270 13609 9ka
LGM 21ka 21ka 185 350 200 1360.9 21ka

simulations we take 33 yr output of around 8 ka from a tran-we used the ICE-5G reconstructions for 8 and 9ka for
sient Holocene simulation. This transient Holocene simula-the EHska and the EHyka Simulation, respectively. To in-
tion starts at 9 ka and is similar to the CCSM3 runMayma  vestigate the sensitivity of the paleotopographies and ice
et al.(2012 except that no orbital acceleration is applied. For sheets, we declare Bl as the reference simulation for the
all time-slice simulations, the monthly mean SST and sea icesarly Holocene against which we compare the other EH
output of the corresponding CCSM3 simulations are used asimulations.
time-varying lower boundary conditions. With this setup we The topography changes in the NH with respect to the
account for both the different states of the ocean and sea icpresent-day mask are summarized as follows: the 7ka
cover during the different climate periods as well as for in- (Fig. 1a) topography shows some slightly lower areas in
terannual variability in the SSTs and sea ice concentration. North America and Scandinavia since the post-glacial re-
The values for the Earth’s orbital parameters are calcu-bound effect following the melting of the Laurentide and
lated according tderger(1978. The influence of the or- the Fennoscandian ice domes had not been completed at that
bital forcing difference between present day and the preintime. At the same time, northern Greenland is slightly higher
dustrial era is negligible. Similar to the mid-Holocene (e.g., and up to 500 m lower at the central eastern and southwest-
Braconnot et a).2007), for 8 ka the orbital parameters lead ern coast, respectively. For 8 ka (Fidp), the differences for
to an enhanced seasonal cycle of the incoming solar radiathe present mask are similar to 7 ka but stronger. The 9ka
tion (insolation) in the NH. The largest signal is a distinct topography (Fig.lc) is marked by significant remnants of
increase (up to 40 Wrif) for the NH high-latitude summer the Laurentide Ice Sheet around the Hudson Bay. In addi-
insolation. The larger tilt of the Earth’s axis also results in tion, 9ka Greenland is higher than present particularly in
an increase in annual mean insolation in the high latitudes otoastal areas. The LGM simulation contains full glacial con-
both hemispheres. For the LGM, the orbital forcing differ- ditions with large Laurentide and Fennoscandian ice sheets
ence compared with the preindustrial era is more moderate(see Fig.1d). To account for the presence of the large ice
with the largest signal being a decrease in summer insolatiosheets, the sea-level in the LGM simulation is lowered by
(up to 14 Wn12) in the high latitudes of both hemispheres. 120 m with respect to modern levels. In contrast, the sea-
The greenhouse gas (GHG) concentrations are set accordevel changes corresponding to the included early Holocene
ing to the PMIP protocol. As an exception, for the EH simu- ice sheets are not implemented in the EH simulations since
lations we use preindustrial GHGs to be consistent with thethey are rather smalk(20 m).
respective CCSM3 Holocene simulatidfama et al.2012),
which provides the SST and sea ice fields for these exper2 5 Correlation and composite analysis
iments. This means that the EH simulations aside from the

different ice sheets are solely driven by orbital forcing with \e apply classical correlation and composite analyses to de-
respect to PI. rive the relationship between GrlS accumulation variability

The set of four EH simulations differ in the implemented 54 the state of the large-scale circulation. Similatdterli
topography and size of the global ice sheets: whereasmEH ¢t g1, (2005, we primarily investigate accumulation in four

includes the present-day mask as PD and Pl do, for&H gifferent Greenland regions (see Fig): central western
the reconstruction for 7 ka by the ICE-5G modelRxltier (CW: 70-75 N, 40-50 W), northeast (NE; 76-8N, 30—
(2009 is implemented. In the same way as for &E 400 W), southwest (SW; 63-86\, 47-48 W) and southeast
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Fi . . ) 100 200 300 400 500 600 800 1000 1200
ig. 2. Overview of the Greenland accumulation regions (shaded) ;

as defined iHutterli et al.(2009. The dashed contour lines denote accumulation [mm/year]

regions that show a coherent accumulation behavior as the record
the corresponding region (significant correlation at 5 % level base
on¢-test statistics in ERAI). The three dots indicate the locations of
the NASA-U, NGRIP, and NEEM ice cores.

f
(%ig. 3. Annual mean accumulation [mmy%] over the Greenland
Ice Sheet fofa) ERAI and(b) PD simulation.

beforehand. Note also that a fixed present-day calendar was

(SE: 63-65N, 44 W, 64-66 N, 43 W, 65-66 N, 42° W), used to define the seasonal mean values of all simulations.

For each data set (i.e., ERAI and model runs) and each re-
gion we calculate an accumulation time series, which averg  Greenland accumulation in different climate states
ages over all grid points of the corresponding domain. The
resulting time series are further detrended and standardize®.1 Present-day accumulation
Note also that these records are representative for larger areas
of the GrIS (dashed contour lines in FRB). Present estimates of the GrlS accumulation are based on ac-
The accumulation time series are correlated with thecumulation records from ice cores and snow pits as well as
500 hPa geopotential height (z500) field in order to comeon atmospheric data from reanalysis and coastal weather sta-
up with specific correlation patterns for each accumulationtions Bales et al.2009. Mean accumulation rates are esti-
region. In addition, we calculate two kinds of z500 com- mated to be around 300 mmyr (seeHakuba et al.2012
posite patterns: the plus—minus composite pattern is definednd references therein). The representation of GrIS accumu-
as the subtraction of the mean of all cases when accumuldation in reanalysis data sets was evaluatedCbnen et al.
tion is < —1 standard deviation from the mean of all cases(2011). They showed that regarding both spatial distribu-
when accumulation is> 1 standard deviation. Hence, the tion and temporal variability, ERAi resembles the observa-
plus—minus composite pattern accounts for the accumulatiotions best compared to other reanalyses. Accumulation gen-
magnitude between a high and a low accumulation year. Weerally increases from northern to southern Greenland and is
apply the plus—minus composites to annual mean accumuhighest in southern coastal areas (Rg), where we also
lation (which is applicable for ice core data) as well as tofind the strongest cyclonic activityDethloff et al, 2002.
seasonal mean accumulation to identify possible seasonal ddhe CCSM4 simulation with present-day climate (PD) is
pendencies. Further positive composite patterns are deducedble to realistically represent spatial accumulation variability
i.e., the mean z500 pattern of all cases when accumulation i§Fig. 3b). However, accumulation is overestimated in most
> 1 standard deviation (expressed as anomaly from the z50@reas. This overestimation is mainly attributed to a positive
climatological mean pattern). These positive composite patmodel bias in Greenland precipitation and to a cold summer
terns are applied to daily snowfall/precipitation time series tobias leading to an overestimation of summer snowfall at the
study the daily weather situations leading to a local precipita-expense of rain in southern Greenland. The resulting mean
tion/snow event in the different Greenland regions and duringaccumulation rates for the entire GrlS are 306 mmyfior
the different seasons. To compensate for subseasonal biasERAi and 346 mmyr! for PD, demonstrating that ERAI
within these daily time series, the annual cycle is removedis very close to the observed estimates, whereas the model
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Table 2. Annual means of hydrological parameters in [mm3ir EHep-PI LGM-PI

averaged over the Greenland Ice Sheet. b)
Simulation Total Snowfall  Sublimation  Accumulation
precipitation

PD 471 400 54 346

PI 390 344 40 303 snowfall

EHpD 419 351 50 301

EH7ka 419 350 57 293

EHgya 383 316 56 260

EHgka 373 327 a7 280

LGM 113 105 17 88

clearly overestimates~(15%) accumulation on average. <)

Nevertheless, the spatial distribution of accumulation (both
mean and variability) in the PD model simulation mainly re-
sembles the observed distribution. Thus, we are sufficiently
confident in using the CCSM4 model for studying GrIS ac-
cumulation during past climate states.

accumulation

3.2 Accumulation during the early Holocene and the
LGM

To gain a first impression of Greenland accumulation during
past climate conditions, we compare thedgtand the LGM B 0 O [ [ T e
simulations against PI, i.e., the reference for the paleosimu- -500-300 -200 -100 _5[?nn_12/5ea?] 25 50 100 200

lations. The climate in Epb is comparable to the one in the y

PMIP2 mid-Holocene simulationdfaconnot et a).2007) Fig. 4. Annual mean(a, b) snowfall and(c, d) accumulation

as the orbital forcing is the dominant factor. The NHggH  [mm yr—1] anomalies for Elgp-Pl and LGM-P!. Stippling denotes
climate has an enhanced seasonal cycle, i.e., warmer sunyalues significant at the 5% level basedretest statistics.

mers and colder winters particularly over continental areas

compared to PIl. In the Arctic Ocean, however, the summer

warming leads to a warming of the northern high latitudes Greenland, the increased snowfall leads to higher accumula-
all year round due to feedback mechanisms, e.g., albedaion in EHpp than for Pl. The GrIS mean values (Taldlp
induced warming due to decreased NH sea ice in all seasonshow that the spatially diverse accumulation changes almost
similar to the findings byrischer and Jungclai2011). The = compensate each other, and as a result the GrlS mean accu-
changes in the hydrological cycle in Greenland are more di-mulation rate for ElHp remains at the Pl level.

verse: during winter, snowfall increases along the Greenland As described in SecR.4the orbital parameters during the
east coast due to the increased moisture availability and mod=-GM are not as different from the present-day setup. The
erate atmospheric circulation changes, which lead to strongedlominant boundary conditions for the LGM are the low GHG
flow to Greenland from the east (not shown). In summer, theconcentrations and the extensive ice sheets, which are the re-
EHpp exhibits a distinct increase in precipitation in most of sult of the fact that the LGM is preceded by a glacial period
Greenland coming along with the summer warming. How- of almost 100 000 yr. The LGM forcing leads to a broad cool-
ever, precipitation that occurs along coastal regions and paring (compared to Pl conditions), which is mostly expressed
ticularly in southern Greenland falls mostly in the form of in the NH mid- and high latitudes. The cooling causes large-
rain due to the warmer temperatures. Hence most of the prescale reduction of moisture in the NH polar region, result-
cipitation increase is not relevant for snow accumulation. Theing in a distinct slow-down of the hydrological cycle. Snow-
resulting annual mean snowfall (Fida) increases over in- fall over the GrIS is reduced in all regions (see Hl) with

land Greenland along the main ridge and at the east coasthe strongest reduction along the main accumulation regions.
Along the rest of the coastal areas we find rather a decreas€he fact that the sublimation rates are reduced due to the
in snowfall at the expense of rain. The increased temperaeolder climate as well (see Tab® can by no means com-
tures also lead to stronger sublimation in these lower areapensate for the precipitation reduction. Thus the LGM-PI
along the coast (not shown) contributing to the accumulationraccumulation change (Figd) is clearly dominated by the
pattern in Fig4c, with lower accumulation in coastal areas change in snowfall. In addition, the dry Greenland condi-
except for the southeast. There, as well as for most of centraions are explained by the fact that with the presence of the
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Fig. 5. Early Holocene ice sheet sensitivity of annual méarb, c)snowfall and(d, e, f) accumulation [mm yr1] for the simulations with 7,
8, and 9 ka ice sheet topography. All values are anomalies from the basic early Holocene simulasighv(iEiithe present-day Greenland
Ice Sheet. Stippling denotes values significant at the 5% level basetkshstatistics.

extensive Laurentide Ice Sheet, the Atlantic storm track is In EHzxaand EHggathe GriS is narrowed in the southwest-
shifted southwardsHofer et al, 20123 b). Therefore, North  ern and the central-eastern part, whereas the rest of Green-
Atlantic areas that presently experience a lot of precipita-land is several hundred meters higher than at present (see
tion (southern Greenland, British Isles, Scandinavia) have &ig. 1la and b). The lowered regions experience a local warm-
much drier climate during the LGM. The GrlS mean valuesing at the surface (Figga and b), which results in a local in-
of the hydrological cycle (Tabl&) show a drop to approxi- crease of annual sublimation but does not significantly affect
mately 30 % of the Pl levels in all quantities, proving that the the accumulation anomalies. The lowering of the southwest-
interglacial—glacial difference in Greenland accumulation isern and the central-eastern flanks of GrIS displaces the steep
remarkable. slopes inland shifting the main precipitation (snowfall) re-
gions in a similar way. The analysis of the vertical motion
o ) over the GrIS for EHka—EHpp and ERka—EHpp (Fig. 6d
3.3 Sensitivity to moderate changes in GrIS topography  and e) confirms this process: enhanced vertical velocities (ex-
pressed as wind divergence reduction at 850 hPa and wind
To quantify the effect of the different Holocene ice sheet divergence increase at 500 hPa) are found on the inland side,
masks on GrlS accumulation, we compare the EH simu-whereas close to the southwestern and central-eastern coast,
lations with paleotopographies (GH, EHgca and Erby)  the flattening causes downward air motion anomalies. The
against Elp to identify the pure ice sheet sensitivity with lifting of the air masses then leads to an increase in local
all other boundaries conditions held constant. In all experi-Snowfall, and vice versa for local downward flow anoma-
ments, we observe a remarkable influence of the ice sheet tdi€S (compare Fig5a and b and Figéa and b). The dis-
pography on GrlS snowfall (Figia—c). Dominated by these tinct decrease in snowfall (and alccumuilguon) in southwest-
changes in snowfall, accumulation changes equivalently iffM Greenland (Eika and Ehika) is additionally strength--
all three EH simulations with paleotopographies (Sig-f). ened by a moderate change in the atmospheric circulation.
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Fig. 6. Early Holocene ice sheet sensitivity of annual méanb, c) 2 m temperature®C] and(d, e, f) wind divergence [10° s~1] over

the Greenland Ice Sheet for the simulations with 7, 8 and 9 ka ice sheet topography. All values are anomalies from the basic early Holocene
simulation (Ehbpp) with present-day Greenland Ice Sheet. Stipplinganb, c) denotes values significant at the 5% level based-tast

statistics. In(d, e, f) the shading denotes wind divergence at 850 hPa and contour lines represent wind divergence at 500 hPa with negative
contours stippled and no zero line shown. Areas with negative (positive) wind divergence at the surface (at higher levels) experience local
upward flow. Vice versa, areas with positive (negative) wind divergence at the surface (at higher levels) experience local downward flow.

Thereby both Ekka and Ehgka exhibit changes in the an- the increased orography results in a widespread cooling of
nual mean circulation, which result in an enhanced easta few degrees Celsius (Fi§c). The snowfall and accumu-
erly flow towards Greenland (not shown). Similar to g lation sensitivity of the topographic changes, however, also
PI (Fig. 4a), this leads to increased snowfall. (Flg), this  seem to be rather controlled by the atmospheric flow char-
anomalous westward flow leads to increased snowfall oveacteristics. The steepening of the ice sheet flanks results in
the steep slopes of eastern Greenland (particularly inEH anomalous upward flow (Figf) and increased snowfall in
Fig. 5a), whereas on the lee side (western Greenland) snoweoastal regions, especially in western and southern Green-
fall is decreased. Regarding the GrIS mean accumulatiodand (Fig.5c). At the same time, the wind divergence indi-
rates (Table?), the 8 ka ice sheet setup leads to a reductioncates downward motion anomalies in the adjacent inland ar-
of GrIS mean snowfall and accumulation, whereas;gH eas of the coast, resulting in less snowfall in these regions.
roughly remains on the B level. The resulting GrIS mean accumulation (TaBJeof EHgya is

In the EHka Simulation, the GrlIS is about 500 m higher slightly decreased compared to Fisince the snowfall re-
(Fig. 1c), particularly in coastal regions, making the flanks duction over inland Greenland outweighs the increase in the
of the ice sheet even steeper. Over the main ice sheet bodyoastal areas.
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Fig. 7.z500 correlation and plus—minus composite patterns associated with annual mean accumulation in CW, SW, dadiSE)BRAI

and(d, e, f) the PD simulation. The shading illustrates the correlation pattern significant at the 5 % te& $tatistics). Contour lines

illustrate the z500 plus—minus composite pattern (in geopotential height meters). The plus—minus composite corresponds to the difference
pattern of thet1 standard deviation samples of annual mean accumulation. The framed ared(@) i@Witates the North Atlantic domain

used by the pattern correlation analysis.

4 Accumulation variability and its relationship to system centered over the Norwegian Sea. The SE pattern
atmospheric circulation further shows two low-pressure anomalies over the Labrador
Sea and western Russia. The resulting circulation transports

4.1 Annual mean relationship moist air masses to southeastern Greenland. Note that all

three (CW, SW, and SE) patterns have also an imprint on the

. . . . . European climate due to their large-scale nature kseterli
Besides changes due to various climate forcings in the mean : o

: . : et al, 2005for more details). For accumulation in the NE re-
accumulation, local accumulation shows remarkable interan-

nual variability. As described in Se@.5, we generate accu- gion we find & weak pattern (not shown) resembling the one

o . : found in Hutterli et al.(2005. These authors relate NE ac-
mulation time series for four Greenland regions (R2gand . -
. . : cumulation variability rather to the local cyclone frequency
calculate the correlation and plus—minus composite pattern

A : e MNhan to a distinct large-scale circulation pattern.
to find links between local accumulation and atmospheric cir- o . .
To test the stability of these patterns for earlier climate

culation variability.Hutterli et al.(2005 applied this method states, we apply the correlation and composite analysis to

to ERA40 annual mean data and found distinct large-scale . . . .
o . all model simulations. First, the model is evaluated by com-
atmospheric circulation patterns for three of four of these ac-

cumulation records. For ERAI we find very similar patterns paring the PD patterns (_Fg’d—f) a.ga|nst ERAI (F|g.7§—
. iy : o ¢). In order to add quantitative estimates of the consistency
for these three regions (Fi@a): accumulation variability in

the CW region is related to an inverted NAO pattern: posmveOf these patt(_arns we calcylate the pattern correla_ltlon of t_he
; : : : . 7500 plus—minus composites for the North Atlantic domain
accumulation anomalies are associated with a high-pressurg” . N N
. . . indicated by the black frame in Figa). The significance
blocking south of Greenland equivalent to a negative NAO- oo . i
: . . ! level for the pattern correlation is determined by applying
like pattern and vice versa for negative accumulation anoma- . ; ;
: : autocorrelation analysis on the z500 data in the North At-
lies. The blocking of southern Greenland leads to an en4_ . . : .
.lantic domain. The resulting estimate for the number of spa-
hanced flow to central-western Greenland and thus results if : : : I . .
tially independent grid points within this domain points out

stronger local snowfall and eventually in increased accumuy, ¢ pattern correlation values> 0.50 are significant at the

lation. The circulation pattern associated with SW accumu-, : o o
. 5% level according ta-test statistics. The model exhibits
lation shows anomalously strong westerly flow to southern . S : .
variable ability in reproducing the atmospheric patterns of

Greenland due to a low-pressure system over north Green=_ .. . . ;
land and a high-pressure situation over the North Atlantic. RAI: the negative NAO-like pattern for CW accumulation

westwards of the British Isles. For high SE accumulation is only coarsely repres_ented in PD, with an insignificgnthigh-_
another blocking-like pattern is found with a high-pressurepressure anomaly shifted eastwards compared with ERA
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a) ERAI DJF

b) PD DJF

c) ERAI JJA

d) PD JJA

e I I I I — |
-06 -05 -04 -035 035 04 05 06
correlation

Fig. 8.2500 correlation and plus—minus composite patterns associated with seasonal mean accumulation in CW, SW, gapEStAjor
winters (DJF),(b) PD winters,(c) ERAi summers (JJA), an(d) PD summers. As in Fig7, shading illustrates the correlation pattern
significant at the 5% levek{test statistics) and contour lines illustrate the z500 plus—minus composite (in geopotential height meters). The
plus—minus composite corresponds to the difference pattern afttetandard deviation samples of seasonal mean accumulation.

The CW accumulation of the model seems rather to be linkectirculation, the preconditions for testing the stability of these

to a low-pressure system over north Greenland. The visuapatterns in the paleosimulations within the model framework

differences between the CW patterns of ERAI and PD are evare not sufficiently reached (except for SW). To identify the

ident by a very low pattern correlationsgai-pp=—0.18). In origin of this model bias we extend the analysis to the sea-

contrast, for SW accumulation the model resembles the maigsonal and even daily timescale in order to check whether the

pressure anomalies found in ERAI, which is reflected in amodel exhibits an improved capability of reproducing the

high pattern correlation otrai-pp=0.76. Hence, the model link between Greenland accumulation and atmospheric cir-

indeed captures the relationship between local SW accumueulation on shorter timescales.

lation and the large-scale circulation found in the reanalysis.

Regarding the SE pattern, the PD simulation represents t¢.2 Seasonal mean relationship

some extent the blocking over the Norwegian Sea and the

low-pressure anomalies over the Labrador Sea and Russigalculating the z500 correlation and plus—minus compos-

found in ERAI. However the pattern correlation shows little ite patterns with seasonal mean accumulation data, the re-

agreementrerai-pp = 0.33) owing to the fact that the model lationship between accumulation variability and the circu-

simulates a distinct low-pressure anomaly over central Eulation patterns shows a remarkable seasonal cycle in both

rope for high SE accumulation, a signal that cannot be foundERAi and the model (Fig8). The patterns connected with

in reanalysis data. winter (DJF) mean accumulation variability resembles the

Due to the limited ability of the model in simulat- ERAiannual patterns (compare Fitg and Fig8a and b). As

ing the connection of local accumulation and atmospherican exception, the SE winter pattern differs from the annual

pattern in the position of the western low-pressure anomaly,
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which is located south of Greenland in summer but over the L acw

Labrador Sea in the annual mean. However, the rest of the 128;’

winter patterns and their annual equivalents show a high sim- eo(y:

ilarity, suggesting that winter variability is strongly recorded 0% I I I I

in the annual mean signal. All three winter patterns show 0%

a large-scale structure spanning the North Atlantic and at 0% | | [ |

least partly the Europe domain. The summer (JJA) circula-

tion patterns (Fig8c and d) exhibit much weaker pressure 100%
patterns, which is expected since the pressure variability in 80%

the warmer summer season is generally reduced compared  60% mUA
to the winter season. Moreover, the summer patterns show 40% I u MAM

b) sw
SON

few large-scale characteristics and are rather centered over  20% mDJF
Greenland. The summer CW pattern shows a weak cyclonic 0%

anomaly over north Greenland and a weak antipole south 100% & SE

of Greenland, resulting in westerly flow to central Green- 20%

land. The SW pattern is somewhat similar but shifted to 60%

the south so that the snow falls over southwestern instead 20%

of central-western Greenland. Summer accumulation in the 20% I I

SE is associated with a wave-like pattern with high-pressure 0%

anomalies over the Great Lakes and east of Greenland and a o ‘?0 R P TCAB a3° a

low-pressure anomaly in between centered over the Labrador
Sea. In contrast to the annual mean patterns (Pigthe Fig. 9. Seasonal contribution to annual accumulation variability of
PD model simulation reproduces the ERAI patterns fairly (€ accumulation records in tif@) CW, (b) SW, and(c) SE region

well on the seasonal mean scale in both the winter (Comf r ERAI and all simulations. Note that these seasonal contributions
are calculated as standard deviations of the according seasonal mean

pare Fig.8a and b) and the summer (compare fgand d) accumulation time series. They are all expressed as relative portions
season. The pattern correlation between the ERAI and PR 100 9.

winter plus—minus composites confirms this agreement, ex-
hibiting the strongest conformance for CWgai-pp = 0.88),
followed by SW ¢grai-pp=0.64) and SE#Rrai-pp=0.52). The same relationship between annual and seasonal sig-
For the summer plus—minus composites the pattern correnals is found for accumulation variability in the three regions
lation shows fairly high values for all three regions (CW: (Fig. 9). In particular, in the CW and SW region, we find
rerai-pp = 0.60; SWirgrai-pp =0.64; SErgrai-pp=0.52). for ERAI almost equal contributions of all seasons to the an-
The seasonal mean analysis is also conducted for springual variability signal. In the SE annual variability signal the
(MAM) and autumn (SON). The resulting patterns (not winter clearly outweighs the summer signal, but the contri-
shown) associated with regional accumulation variability arebutions of spring an autumn remain substantial. Comparing
somewhat a transition between the summer and winter patERAi and PD it becomes apparent that the seasonal contri-
terns. This is observed for both ERAi and PD. Further, whenbutions in the model clearly differ from ERAI, at least for
applying the correlation and plus—minus composites to seaCW (Fig. 9a) and SE (Fig9c). In both regions the model
sonal mean precipitation instead of accumulation data, theverestimates summer variability at the expense of the winter
resulting patterns (not shown) are equivalent to the seasonafariability. This difference is likely connected to the positive
patterns (Fig8) diagnosed from accumulation. model bias in summer snowfall, which is caused by too cold
In the next step we address the question why the model's5rlS summer temperatures. The seasonal variability distribu-
ability in reproducing the ERAI annual patterns is limited tion for the SW region (Figob) in the PD simulation closely
(see Sect4.l), but at the same time the model’s seasonalmatches ERAI. Hence, the annual variability signal of both
circulation patterns coincide well with ERAI. The reason are comparable since they contain the same weighting of
for this model-reanalysis disagreement is investigated by th¢he seasons. Therefore it is no surprise that the annual mean
analysis of the seasonal contributions to the annual signalSW pattern (Fig7) shows good agreement between PD and
For all three regions, we find in ERAi and PD a substantial ERAI, whereas the CW and SE patterns in PD hardly match
contribution of every season to the annual mean accumulathe ERAI equivalents. When using the ERAI seasonal contri-
tion: for example, for CW accumulation in ERAI, each of butions to the annual accumulation variability from Fgas
the four seasons delivers at least 20 % of the total yearly acweights to add the seasonal patterns to so-called “corrected
cumulation (not shown). Therefore the annual mean signabnnual patterns”, we come up with a good agreement of PD
is interpreted as a mixture of all seasons and is (at least imnd ERAI as indicated by significant pattern correlations for
present climate) not solely dominated by one season. all three regionsrerai-pp=0.75, 0.93, and 0.88). This con-
firms that the model’s problem in correctly representing the
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b) PD DJF

d) PD JJA
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Fig. 10.z500 correlation and positive composite patterns associated with daily precipitation in CW, SW and&§ERAI winters (DJF),

(b) PD winters,(c) ERAi summers (JJA) anftl) PD summers. The shading illustrates the correlation pattern for val@es and< —0.1
(significant at the 1 % level due to the large sample size 2700 days for each season). Contour lines illustrate the z500 positive composite
(in geopotential height meters) expressed as anomaly from seasonal mean z500. The positive composite samples alt dastsmdtird
deviation in daily precipitation.

CW and SE annual plus—minus composites (Fjgs mainly  find similar circulation patterns linked with such precipita-
a problem of weighting the seasonal contributions rather thariion events. As the seasonal mean patterns, the daily patterns
the representation of the large-scale circulation pattern conshow the daily patterns show distinct differences between

nected with local GrlS accumulation. the winter and summer season (compare Edg.and b with
Fig. 10c and d). In general, the patterns associated with a lo-
4.3 Recorded circulation patterns in precipitation cal precipitation event are similar to the circulation patterns
events related to the seasonal mean accumulation variability (com-

pare Fig10with Fig. 8) in the corresponding regions. Winter

To ascertain the influence of atmospheric circulation on lo-precipitation in CW is connected with a negative NAO-like
cal Greenland accumulation, we extend our investigations tasituation where southern Greenland is blocked by a strong
the daily (weather) timescale. For this purpose we identifyanticyclone, whereas moist air from the southwest reaches
the z500 circulation patterns associated with a local precipthe central and northern part of Greenland’s west coast. Win-
itation event, defined as a day on which precipitatior 5  ter precipitation events in the SW regions are caused in a
standard deviation. Thereby the resulting circulation patternsimilar way to the ones in the CW region but with a negative
in ERAI are the same regardless of whether the analysis is apgNAO-like pattern shifted to the south, so southern Greenland
plied to total precipitation or solely snowfall events (for the is not blocked anymore and the westerlies can bring moist
model this comparison is not possible due to a lack of dailyair to SW. Daily precipitation events in SE during winter are
snowfall output). For both ERAI and the PD simulation we
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Table 3.Pattern correlation values of z500 composites for each model simulation vs. the present-day (PD) simulation. The composite patterns
are derived from the accumulation (annual and seasonal mean) and precipitation (daily) time series for the CW, SW, and SE regions. The PD
composite patterns used as reference to compare with are the ones showrd @b laigd d (for daily precipitation variability in winter (DJF)

and summer (JJA)), Fidgb and d (for winter and summer mean accumulation variability), and gt (for annual mean accumulation
variability). The domain used for the pattern correlation covers the North Atlantic area and Europe (see fram&)inNeite that bold

values are significant at the 5% level using a conservative estimate derived-feminstatistics and autocorrelation applied on the North
Atlantic domain composites.

Simulation  DJF daily precipitation JJA daily precipitation DJF mean accumulation JJA mean accumulation Annual mean accumulation
CW SwW SE CW Ssw SE CW SwW SE CW sw SE CW SwW SE
Pl 0.96 0.96 0.96 0.92 0.97 0.95 0.86 0.52 0.57 0.55 0.76 0.85 0.24 0.40 0.77
EHpp 0.97 0.98 0.97 095 095 0.95 0.87 0.75 0.59 0.76 0.68 0.78 0.15 0.45 0.59
EH7ka 0.96 0.92 0.96 0.95 0.95 0.97 0.84 0.71 0.77 0.52 0.58 0.87 0.03 0.65 0.49
EHgka 0.90 0.90 0.94 0.95 0.97 0.95 0.18 0.27 0.47 0.65 -0.10 0.61 0.29 0.57 0.77
EHoka 0.97 0.97 0.95 0.96 0.97 0.96 0.66 0.79 0.78 0.65 0.61 050 0.04 031 0.84
LGM 0.72 0.94 0.80 0.78 0.82 0.65 0.71 0.78 0.20 0.53 0.58 0.26 0.09 0.40 0.69

linked to the so-called Scandinavian blocking pattefio the patterns of the paleoclimate simulations (Ta®)leThe

et al, 2012 with a cyclonic system southwest of Greenland stability is again quantified by the pattern correlation for the
and a blocking over the Norwegian Sea. The resulting circu-North Atlantic domain as in Sect4.1-4.3.

lation transports relatively warm and moist air to SE Green- The highest agreement among the patterns from the differ-
land. For the summer season (Flfic and d), we find again  ent simulations is found for daily precipitation (see Fifc
weaker pressure patterns that resemble the patterns found and d for PD patterns). During both the winter and summer
the seasonal mean analysis. All summer patterns are spatiallgeason, the precipitation events in the Pl and all EH sim-
limited to Greenland’s vicinity and hardly include any signal ulations show the same positive composite patterns as PD,
in the North Atlantic domain. CW and SW precipitation re- which is confirmed by pattern correlation value$.90 (see
sults from westerly wind conditions caused by a low-pressureTable 3). Daily LGM patterns are also in agreement with
anomaly on the north side and a high-pressure anomaly oD (0.65< rpp-Lgm < 0.94). This means that although the
the south side of the precipitation region. Precipitation in NH atmospheric circulation during the LGM strongly dif-
the SE region is associated with the same wave-like patfers from the present-day conditionddfer et al, 20121,

tern found for summer mean accumulation (R8g.and d).  the relative daily weather patterns (anomalies from the sea-
Thereby moist air is advected from the south to the steepsonal means) that lead to precipitation over any of the three
slopes in SE Greenland, where precipitation occurs. Greenland regions largely remain the same.

All daily circulation patterns of the PD simulation The seasonal mean relationship between accumulation
(Fig. 10b and d) highly agree with the ERAI equivalents variability and the corresponding circulation patterns ex-
(Fig. 10a and c). The pattern correlation of the z500 positive hibits reasonable stability throughout the paleosimulations
composites for the North Atlantic domain shows very high (see Table3). In particular, the winter patterns gener-
values for all six patterns (0.84rerai-pp <0.98). The re- ally show strong consistency with most pattern correla-
markable degree of consistency is explained by the fact thation values> 0.70. However, there are also a few excep-
the daily patterns are based on an extensive sample (oveions: CW: rpp.grg,, =0.18; SW:rpp-gh,, =0.27; and SE:
2700 daily values) compared to just 30 seasonal or annualpp. v =0.20. The latter is likely caused by the fact that

mean values used in Secfisl and4.2 snowfall is strongly reduced during the LGM winters and as a
consequence accumulation variability almost vanishes. This
4.4 Stability during past climate states leads to a small number of cases captured in the plus—minus

composite, so the LGM winter patterns should be treated
Local GrIS precipitation and accumulation variability on var- With caution. The Elga SW and CW winter patterns com-
ious timescales is significantly linked to specific circulation Pare well with the PD patterns over Greenland and the North
patterns as illustrated in the previous sections. Further, thé\tantic domain, but show differing pressure anomalies over
climate model is to some extent capable of reproducing the=Urope (not shown). As the domain used for calculating the
patterns found in the ERAI reanalysis. However, to take upp{;\ttern correlgtlon |ncIl_Jdes a substantial part of Europe (see
the idea of reconstructing atmospheric circulation variabil- F19- 7a), the differing signal over Europe lowers the pattern
ity from Greenland accumulation data or precipitation prox- correlation. The other EH and the LGM simulations match
ies, we further assess the stability of these relationships. i€ PD pattern more closely even over Europe, resulting in
doing so, the PD composites for the annual, seasonal an@igher pattern correlation values.
daily accumulation/precipitation indices are compared with
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The summer plus—minus composite patterns demonstratith the change in the mean accumulation; for example, with
a reasonable consistency in all model simulations, with ama relative increase of summer accumulation at the expense of
average pattern correlatign0.60. Exceptions are the ki winter mean accumulation we observe an equivalent shift in
SW and LGM SE patterns. In the B4 simulation the orog-  the variability signal. During the early Holocene the orbital
raphy of the 8 ka mask leads to an almost complete lack oforcing leads to an increase in the CW summer accumula-
snowfall and accumulation (partly at the expense of rain) intion, whereas the accumulation in the other seasons is rather
SW Greenland during the summer season. This signal is alsdecreased. This results in a larger contribution of summer
reflected in the annual mean gl4-EHpp anomaly (Fig5b variability in the annual accumulation signal (FRa). The
and e). Thus, the SW accumulation variability signal and theSE winter accumulation during the LGM almost completely
related z500 composites are not very trustworthy. Comparingzanishes due to the glacial shift in the storm track, so the win-
the SW plus—minus composites based on precipitation of POer accumulation variability signal contribution to the annual
and Ehyka (not shown), the pattern correlation is 0.89, show- signal is highly decreased (see Fg).
ing that there is no fundamental change in the connection of
SW precipitation and the circulation pattern for glsum-
mers, as also indicated by the stability of the daily patterns. 5 Discussion

For the annual mean accumulation patterns we find limited
stability throughout the model simulations (see Tahlep- As seen in SecB, GrlS accumulation is strongly influenced
per left part). In particular, the annual mean CW z500 plus—by various forcing factors. Thereby, the differences in mean
minus composite shows almost no consistency with patterraccumulation between Pl and kbl(see Fig4c) and among
correlation values below 0.3 for all comparisons. However,all EH simulations (see Figd—f) exhibit strong spatial vari-
as discussed in Sects1and4.2the CW patterns in the PD ability, emphasizing that accumulation records from differ-
simulation clearly differ from the ERAI pattern due to the ent ice core sites can differ even on centennial to millen-
overestimation of the summer accumulation variability (seenial timescales. This is especially true during time periods
Fig. 9). Accordingly, the model's CW annual patterns should of changing GrlIS topography (such as the early Holocene)
be treated with caution. Regarding the SW annual patternsvhen any change in ice sheet topography, in particular if al-
we observe medium stability throughout the model simula-tering the position of the marginal slopes, has a strong im-
tions. Thereby we identify good agreement around Greenpact on local (mainly orographically induced) precipitation
land but less agreement over Europe and other more distarfsee Fig5). In contrast, accumulation reacts rather uniformly
regions. The highest pattern correlations are found for theo LGM conditions, where we observe a strong decrease all
SE region, making accumulation in this area the only an-over Greenland compared to preindustrial conditions (see
nual mean signal found to be consistently linked with the Fig. 4d). This means that accumulation records from dif-
same large-scale atmospheric pattern in all simulated climatérent Greenland sites are expected to synchronously regis-
states. For the CW and SW regions, however, a stable relaer the glacial-interglacial cycles but can still vary on long
tionship between the annual accumulation variability signaltimescales (centennial or millennial). Moreover, the indepen-
and the associated circulation pattern is not confirmed by thelence between different regions is particularly strong regard-
model results. ing short-term (daily to interannual) accumulation variabil-

As already presented in Sedt.2, seasonality within the ity as previously shown bidutterli et al.(2005, whose re-
relationship of local GrIS accumulation and the atmosphericgional accumulation indices are not significantly correlated
circulation is a major issue. Since the annual mean accumulawith each other (with the exception of CW and SW).
tion signal adds together substantial portions of all four sea- To discuss the variety of climate signals included in such
sonal variability signals, a change in the contribution of eachan accumulation record, we calculate the accumulation time
season to the annual signal is a critical quantity. As a con-series for three of the four Greenland regions (EiD.using
sequence, even if the accumulation—atmospheric-circulatiothe model simulations. Note that due to the time-slice setup,
links remain stable throughout the different climate statesthe records are not continuous. Still they show the impact
during each season, differences in the relationship of the seaf different forcing factors on the local accumulation signal.
sonal to the annual signal can cause the latter to be unstddue to the spatial independence the three records only coin-
ble as discussed in Seet.2 Assessing the seasonality in cide with respect to some forcings (e.g., recent GHG increase
the model simulations shows that the seasonal contributionsr glacial conditions of LGM) but show little agreement re-
to the annual variability signal vary among the different cli- garding the ice sheet sensitivity and interannual variability.
mate states (FigQ). Thereby the seasonal contributions ex- The CW record is further compared with NGRIP ac-
hibit sensitivity to the various forcings, so either changes incumulation rates (Figlla), which have been calculated
the orbital parameters or changes in the Greenland orograrates using annual layer thicknesses based on the Greenland
phy can have an impact on the interseasonal distribution ofce Core Chronology 2005 (GICCO05) age scandersen
accumulation variability. In most cases the seasonal variabilet al, 2006§. These data are transformed to accumulation
ity contribution to the annual accumulation signal goes alongrates using a simple Dansgaard-Johnsen model with the
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active. However, the NGRIP as well as the NASA-U accu-
mulation record Anklin et al,, 1998, which originate in the
CW area (see FigR), exhibit an increase in accumulation
from preindustrial time to the present period. This is in agree-
ment with the simulated CW accumulation response to global
warming.

Comparing the PI with the Eph accumulation records,
the early Holocene orbital forcing is observed to lead to a
small increase in all three region’s mean accumulation. Here,
the accumulation growth is induced by the insolation-forced
warmer summer temperatures during the early Holocene
leading to an enhanced hydrological cycle and an increase
in snowfall (see Fig4a) and consequently more accumu-
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2007 lation, particularly in the CW and SE region. The different
1004 ice sheet topographies in the EH sensitivity simulations also
& exhibit a distinct influence on the mean accumulation in all

three records. This reveals that the amount of accumulation
is very sensitive to changes in the local orography and that
already comparatively small changes in GrlIS topography are
clearly reflected in the accumulation signal. Since changes
in topography have a very local signature, they are one rea-
son why accumulation records from different Greenland re-
Wil gions are not expected to conform on centennial to millennial
0 A s s S AL S AL S timescales. For gxample, Cw gccumulation occgrring Wi.th
PD Pl EH, EH, EH,. EH.. LGM 7 ka topography is about 15 % higher than thg eqywalentwﬁh
present topography (compare Eand Ehbp in Fig. 11a),
time [years] whereas in the SW region (Fig1b) accumulation in Ebka
_ _ is reduced by about 50% with respect toggHCW accumu-
Fig. 11. Annual mean accumulation [mmy?‘] records for the lation simulated in Ebla, EHgka, and EHa agrees reason-

(a) CW, (b) SW, and(c) SE Greenland region based on the dif- . .
ferent model simulations. The solid reference lines denote the 30yrably with NGRIP data for 7, 8, and 9ka, respectively. The

time-slice mean accumulation, whereas the stippled lines detiote model reSL_JItS suggest that the_ observed increase in NGR.IP
standard deviation values. Note that due to the time-slice setup, thgccumulatlon from 9 to 7 ka might be caused by changes in
records are not continuous. (a), the blue dots with error bars in-  the local topography.
dicate the NGRIP accumulation rates determined for present day, AS expected, the largest difference in accumulation is
the preindustrial era, and 7, 8, 9, and 21 ka. The present NGRIFecorded for changes between the interglacial and glacial
accumulation rate of 190 myt has been determined ByGRIP climate states. In all three regions we observe an average
memberg2004). drop from PI1to LGM of about 80 %, which is in agreement
with the NGRIP data. As already identified Kgpsner et al.
(1995, the glacial-interglacial differences cannot solely be
ice thicknessH =3085m ice equivalentNGRIP members  explained by thermodynamic effects. In the case of the LGM
2009 and the model parametér=500 m ice equivalent. A simulation, the presence of an extensive Laurentide ice sheet
density of 0.85kg L1 is used for the depth where preindus- reveals a distinct reorganization of the atmospheric circula-
trial ice is found and 0.917 kgt! for the early Holocene and  tion. In agreement wittPausata et al2011), we observe
the LGM in order to convert to accumulation rates in m water weaker westerly winds over the high-latitudinal North At-
equivalent. lantic and a southward shift in the storm trackiofer et al,

With respect to PD, the mean accumulation in all three20123, which leads to an amplification of the drying con-
regions in the PI simulation is reduced by about 20-30 %,ditions over Greenland.angen and Vinthe(2009 further
which is explained by a cooler and drier climate all over the show that the moisture sources at Greenland ice core sites
NH polar regions simulated for PI conditions. The PI-PD differ substantially for LGM compared to present-day condi-
mean accumulation difference has to be regarded as thermdions, also supporting the important role of dynamics in ex-
dynamically driven as we see no major change in the meamlaining the glacial-interglacial precipitation differences.
circulation. We expect that the mean accumulation difference The Greenland accumulation records further reveal the
is larger in the simulations representing equilibrium statesconsiderable magnitude of interannual variability. In agree-
than in observations due to the fact that part of the responseent withCruger et al(2004 andHutterli et al.(2005, this
to the PI-PD GHG forcing in the real world is still not fully study confirms that the interannual accumulation variability

accumulation [mm/year]

1¢c) SE

LN L I L B B B
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can be attributed to dynamical features, i.e., variability in6 Conclusions
the atmospheric circulation. Following the idea Hfitterli
et al. (2005, we test whether years with anoma|0us|y h|gh In the course of this StUdy, the Sensitivity of GrIS accumu-
accumulation (spikes above upper dashed lines in Eiy.  lation to various forcings — e.g., changes in orbital forc-
are consistently accompanied by the same atmospheric pat?g or the ice sheet topography — is presented by climate
tern with respect to years with anomalous low accumulationsimulations for the present, the preindustrial era, the early
(spikes below lower dashed lines in Fitjl). However, the ~ Holocene, and the LGM. A second focus is set on the rela-
circulation patterns accounting for the annual accumulationfionship of local accumulation variability and large-scale cir-
variability are not stable in all simulated climate states dueculation patterns and its stability throughout the paleosimu-
to subseasonal effects. One caveat, however, is the fact thgﬁtions. The obtained results have important implications for
the model shows limited ability in reproducing the circula- accumulation and other precipitation proxy records derived
tion patterns found for the reanalysis (Fif), in particular ~ from Greenland ice cores: Greenland accumulation generally
for the accumulation variability in the CW region. The ex- reacts very sensitively to all tested external forcing factors.
pansion of the analysis to the seasonal scale reveals that thhereby, the accumulation changes due to different forcings
model is actually able to reproduce the atmospheric patterngxhibit strong spatial variability, showing that accumulation
responsible for accumulation variability within the different records from different ice core sites cannot be expected to
seasons. Furthermore, the model agrees with ERAI regardin§€ coherent since they include an important local charac-
the daily circulation—accumulation relationship on the syn-teristic. The only uniform accumulation signal throughout
optic scale. This increases our confidence that the model cag>reenland is the strong decrease for the glacial LGM condi-
tures the dynamical situation leading to a precipitation eventtions and the increase associated with the recent rise in GHG
The model’s difficulties in the representation of the annualconcentrations.
relationship are attributed to differences in the contribution Changes in both the mean and year-to-year variability of
of the different seasons to the annual variability signal (seeccumulation are dominated by snowfall, whereas the impact
Sect.4.2for more details). of sublimation is an order of magnitude smaller. Changes
Despite these model limitations, we have confidence in thdn mean accumulation between different climate periods are
conclusion that the approach biutterli et al.(2005 is not  driven by both thermodynamic and dynamic factors. Regard-
necessarily valid for different climate states: the relationshiping the thermodynamic impact, a warming is generally ac-
between local GrlS accumulation and large-scale circulatiorcompanied by an increase in precipitation. As long as this
patterns exhibits a remarkable seasonal cycle in both ERAPrecipitation falls in the form of snow, the warming results in
and the model simulations. Within a season, the attributecRn accumulation increase as the increase in sublimation due
circulation patterns show good agreement in all paleosimuio the warming cannot compensate for the additional snow
lations. However, since the seasonal signals can add up difnass. Dynamic drivers of accumulation changes are either
ferently to the annual signal (Fig), we do not find a stable  changes in the large-scale circulation or in the local orogra-
relationship between annual accumulation and annual circuPhy having a distinct imprint on the amount of precipitation
lation patterns except for the SE region. The contributionsdeposited in any GrlS region. The variety of processes affect-
of the seasonal to the annual variability signal generally fol-ing precipitation and accumulation on Greenland is certainly
lows the accumulation mean: if a change in seasonality dué challenge for the interpretation of long-term records.
to an alteration in the orbital parameters, e.g., during the Interannual accumulation and precipitation variability is
early Holocene, results in more GrlS summer accumulationconsistently explained by the variability in the atmospheric
at the expense of winter accumulation, the seasonal accifirculation. Following the idea biAutterli et al.(2009, we
mulation variability signals change accordingly. Hence, thefind distinct large-scale circulation patterns for three Green-
seasonal contributions to the annual accumulation variabilip/and regions accounting for local accumulation variability.
in any Greenland region cannot be expected to be Constaﬁﬂowever, the relationship exhibits a distinct seasonal Cy-
over longer time periods. This implies that the composites incle, showing that winter accumulation is accompanied by
the annual accumulation records (as indicated in the differdifferent patterns than summer accumulation. Further, the
ent time slices in Figl1) have to be treated very carefully contributions of the different seasons to the annual variabil-
regarding their interpretation since they likely differ due to ity signal varies during different climate states. As a conse-
subseasonal effects. The observed seasonality further indAuence, the annual relationship used in previous studies (e.g.,
cates that using a proxy to describe the annual mean statdppenzeller et a).1998 Hultterli et al, 2009 suffers from
of the atmospheric circulation is not very meaningful. It also this seasonality bias and should not be applied on longer ac-
links to the findings byPausata et a(2009, who showed cumulation records from Greenland ice cores. However, we
that the annual cycle of precipitation at Greenland ice corefind significant stability in the seasonal relationship between
sites is very different for the LGM Compared to present-day|arge-sca|e circulation Variability and their imprint in local
conditions, which can cause a bias in annual mean temperd>r1S accumulation or precipitation.
ture estimates based on water isotopes.
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It is also shown that on the daily scale, a precipitation Braconnot, P., Otto-Bliesner, B., Harrison, S., Joussaume, S., Pe-
event in any of the tested Greenland regions is associated terchmitt, J.-Y., Abe-Ouchi, A., Crucifix, M., Driesschaert, E.,
with the same weather situation in all climate states. Hence, Fichefet, Th., Hewitt, C. D., Kageyama, M., Kitoh, A., Laine,
we indeed see the potential to reconstruct seasonal circula- A Loutre, M.-F., Marti, O., Merkel, U., Ramstein, G., Valdes,
tion patterns from ice core data. This approach, however, P_.,V\/Ieb_er, SthYthj l?lnld Zhao, Y'aF:_eSUItélc’f_P:v:\'Apz coupled
requires a precipitation proxy that resolves single seasons Smulations of the Mid-Holocene and Last Glacial Maximum —

. . . L. Part 1: experiments and large-scale features, Clim. Past, 3, 261—
and that is explicitly dominated by wet deposition. To our .
. 277, doi10.5194/cp-3-261-2002007.
knowledge, such a proxy record has not been established yet,

) ) ) - hen, L. L., Johannessen, O. M., Wang, H. J., and Ohmura,
However, new high-resolution records of various chemical A - accumulation over the Greenland Ice Sheet as repre-

species from the NEEM ice core might offer the opportu-  sented in reanalysis data, Adv. Atmos. Sci., 28, 1030-1038,
nity to reconstruct the occurrence of distinct seasonal large- doi:10.1007/s00376-010-0150-2011.

scale circulation patterns as proposed in this work. As ac-Cruger, T., Fischer, H., and von Storch, H.: What do accumulation
cumulation variability at NEEM is significantly correlated  records of single ice cores in Greenland represent?, J. Geophys.
to accumulation in the CW region (See F@_, the atmo- Res.-Atmos., 109, D21110, ddD.1029/2004JD005012004.
spheric circulation patterns accounting for interannual accuPe€. D. P.. Uppala, S. M., Simmons, A. J., Berrisford, P., Poli,
mulation/precipitation variability at NEEM are expected to P~ Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,

. . . _ Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bid-
!OOk like the C.W patterns. This C.an be confirmed by apply lot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer,
ing the analysis to the NEEM region.
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