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Abstract.

Polarice core water isotope recordse commonlyused to infer past changes in Antardgémperature
motivating an improved understandiagnd quantificatiorof thet e mp or a | rel a¥laadh s hi
temperature This can be achieved usingmelations performed by atmosphergeneral circulation
models equipped with water stable isotopgdsre, we evaluatethe skills of the high resolutiowater
isotopeenabledatmospheric general circulation model ECHAMBso (the European Centre Hamburg
Model), nudgedto European Centre for Mediunange Weather dfecasts ECMWF) reanalyss using
simulations covering the period 192013 over the Antarctic continent.

We comparemodel outputs with field data, first with a focus on regional climate varianigsecamd

on water stable isotopesising our updated dataset of water stable isotope measurements from
precipitation snowandfirn/ice core samplesEECHAM5-wiso simulates #arge increase in temperature
from 1978 t01979,possibly caused bg discontinuity in theEuropean ReanalyseERA) linked to the
assimilation of remote sensing data starting in 19%8.comparisorwith accumulation and water stable
Isotope data is thusestricted to the period 1978013 for accumulation and water stable isotope data
from snow and firn/ice cotteut notfor the isotopic composition from precipitation data thauld consist

in atoo few number of points

Although some modedlata mismatats are observed, the (precipitation minus evaporation) outputs are
found to be realistic products for surface mass balakeearm modelbias over Central East Antarctica
and a coldnodel bias over coastal regions explain fistleri*®0 model biases byob strong isotopic
depletion on coastal areas and underestimated depletion.iAliatheg second order gdpite these biases,
ECHAMS5-wiso correctly captures the observedtsyl patternsof deuterium excessThe results of
modetdata comparisons fdhe irter-annual G*¥0 standard deviatiodiffer when using precipitation or

ice core data. Further studies should explore the importance of deposition adeépmstiorprocesses
affecting ice core signals amit resolved in the model.

These resultbuild trust in theuse of ECHAMS5wiso outputsto investigatethe spatial, seasonal and inter
annual G*®O-temperature relationshspWe thus make the first global syntheses for the whole Antarctica
of prior results shown locallyFirst, we show that local spatial or seasonslopes are not a correct

surrogate for inteannual temporal slopekeading to the conclusiothat a sameisotopetemperature
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slope cannot be appliddr the climatic interpretation of Antarctic ice cdigr all time scals. We then

finally explorethe phasing between theeasonal cycles of deuterivexcess andi®O, as asource of

information on changes in moisture sources affecting t®-temperature relationshipThe few

available records and ECHAMBEiso show different phase relationships in coastal, intermediate and
5 central regions.

This workevaluates theuse of the ECHAMSwviso model as a tool for the investigatiohwater stable

isotopesn Antarctic precipitationand calls for extended studies to improve our understanding of such

proxies.

Keywords.

10 Water isotopesisotope modelling/model evaluation, nss balanceAntarctic ice sheet, paleoclimate,

reconstruction



10

15

20

25

1. Introduction

The Antarctic climatehas been monitoreftom sparsaveather stationgoroviding instrumental records
starting at best in 195Micolas and Bromwich, 2014Water stable isotopes in Antarctic ice cores are
key to expand the documentation of spadimporal changes in polar climate dydrologiccycle (Jouzel

et al., 1997Yor the recent pagPAGES 2k Consortium, A@3;Stenni et al., 2017a)s well as for glacial
interglacial variationgJouzel et al., 2007;Schoenemann et al., 200&ter stable isotope measured
along ice cores weraitially used to inferAntarctic past tenperaturesusing the isotopéemperature
slope(Lorius et al., 1969)The focus on inteannual variations is motivated by the goal to quantify
temper ature changes at the Earthdés surface, incl
changes in the perspective of recent natural climate variabilbtyes et al., 2@), to understand the
drivers of this variability, and to test the ability of climate models to correctly represent it. This timescale
is relevant for the response of the Antarctic climate to e.g. volcanic forcing, and for the Antarctic climate
fingerprirt of largescale modes of variability such as ENSO and the Southern Annular (Bout and
Stearns, 1993;Turner, 2004;Stammerjohn et al., 2008;Schroeter et al., T2@&Ngriousclimatesignak
potentially recoded in precipitation isotopic compositianehowever difficult to disentangle.

First theoriginal signalfrom precipitatiormay be alteredue to deposition and pedeposition processes

(e.g. Jones et al., 2017ivMch et al., 2017;Sokratov and Golubev, 2009;Laepple et al., .2048)l
erosion and sublimation during or after precipitatiomehbbong been known to affect ice core records
(Eisen et al., 2008;Grazioli et al., PD). Other processesuch as melt and diffusion processes can also
alter the preservation of isotopic signals in firn a®land cause smoothing of the initial snowfall signals
(Johnsen, 1977;Whillans and Grootd€985;Johnsen et al., 2000;Jones et al., 2080) far, the
mechanisms of such pedéposition processes on the alteration of the initial precipitation signals are not
fully understood and quantifiedqTouzeau et al., 2017)Second the Antarctic snowfall isotopic
compositionmay beaffectedby the origin of moistureand the associate/aporation conditions, or by
changes in the relationship between condensation and surface temperature, as well as by changes int
intermittency of precipitatiofe.g. Sime et al., 2009;Hoshina et al., 2014;Touzeau et al.,. Zlf&ugh

the surface snow isotopic composition signal has classically been interpreted as a preeizigtted

depositionsignal (Krinner andWerner, 2003)recent studiegviden@disotopic exchanges between the
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Antarctic snow surface and the atmosphassociated witknow metamorphism occurring at the diurnal
and subannual scalefRitter et al., 20&;Casado et al., 2016;Touzeau et al., 2016;Staesen et al.,
2014)

Second, lie climatic interpretation of water stable isotopes in Antarctic ice corstdlishallenging
Quantitative approaches have relied on empirical relationships as well asethef theoretical and
atmospherianodelsincluding water stable isotopd3ioneer studiesvidenced a clodeearrelationship
between the spatial distribution of water stable isotopes and local tempdeaturkorius and Merlivat,
1975) and explainedthis feature as theesult of the distillation alongir masstrajectores. Thereupon,
local temperature (i.e. at a specific site) was reconstructed G8i@gmeasurements and basedtbe
slope of the aforementionespatialempirical relationshipas a surrogate for relationships at annual to
multi-annual scaledHowever, ecentdata synthesebBave shownthat other effects had to lakeninto
account(e.g. MassoibDelmotte et al., 2008}t was found thathte Antarctic snowfall isotopic composition
is alsolinked to the initial vapour isotpic composition(Stenni et al., 2016)atmospheric transport
pathways (Schlosser et al., 2008;Dittmann et al., 2Q1@htarctic sea ice extenfHolloway et al.,
2016;Bromwich and Weaver, 1983;Noone and Simmonds, 28@d)ocal condensation temptra,
itself related to surface temperature through complex boundary layer pro@i€sessr et al., 2007)
Evaporationconditions transport andoundary layer processe®y vary through timefrom seasonal
(Fernandoy et al., 2018 annual or multannual scaletherebypotentially distorting the quantitative
relationship between ew isotopic composition and local surface air temperagstenated empirically
for present day conditioridouzel et al., 1997)

Model studies have been key daplore quantdtively the spatictemporal aspects of thelationships
between precipitation isotopic composition and temperatiloezel et al., 2000Mixed cloud isotopic
models have been used to propose @@t interpretation di®O andi Ddata in terms of changes in
site and source temperaturdemura et al., 2012)or to simulate isotopic variationsalong individual
atmospheric trajectorig®ittmann et al., 2016 However, such theoretical distillation modeédy on the
closureassumptionat the ocean surface to calculate the initial evaporation isotopic comppsitidro
not account for atmospheric dynamexsd mixing of air massggouzel and Koster, 1996;Delmotte et al.,

2000) Atmospheric general circulation models equipped with water stable isotopes offer a physically
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coherent, thre€limensional famework to investigate the weather and climate drivers of Antarctic
precipitation isotopic compositio@douzel et al., 2000Yhey play a key role in assessing how different
boundary conditions (e.gchanges in orbital forcing, changes in atmospheric greenhouse gas
concentration) affect theimulatedrelationships between precipitation isotopic composition and climate
variablesMost of hese simulationsupport that the preseday isotopetemperatte spatial relationship

is a goodapproximation for the relationships between glacial conditions and {@uastygue et al., 2000;
Werner et al., in prep.with one exceptior(Lee et al., 2008)One study used climate projections in
response to increased atmospheric, €ancentration to explore isotopemperature relationships in a
world warmer than today, and suggestedhanging temporal isotopemperature relationshiplue to
changing covariance between temperature and precipi(&ime et al., 2009 Several observational and
modelling studies have 0 evidenced different isotojgjemperature relationshigsetweenthe spatial
relationship and those calculated at $e@asonal(Morgan and van Ommen, 199@y at the inter-annual
scale(Schmidt et al., 2007)

Our studyis motivated by the neddr a synthesis ovell of Antarcticg using a proper interpretation of
water stable isotope regarding tagoropriatespatial andemporalscales. laims to address the following
guestions (i) what is the performance of a staethe-art atmospheric general circulation model with
respect to existing Antarctic observations of sp&timporal variations inemperature, surfacemass
balanceprecipitation and snow isotopic composition for preskay? (ii) what can we learn from such a
model forthe regionatelationshig between isotopic compositidiom the precipitatioandtemperature

at the interannual scafor the recent past, and consideringadlAntarctica?

For this rpose, wdocus on thehigh resolution atmospheric general circulation model equipped with
water stable isotopeECHAMS5-wiso (the European Centre Hamburg modelthich demonstrated
remarlableskills for Antarctica(Werner et al., 2011)NVe explore a simulatn performed for the period
19602013 wherethe atmospheric model is nudged to theropean Reanalyses (ERERA-40 and
ERA-interim reanalyseqUppala et al., 2005)ensuring that the dap-day simulated variations are
coherent with the observed dtyday variations in synoptic weather and atmospheric circuldétea
Butzin et al., 2014 for more explanatiof)his framework is crucial to perform comparisons between

simulations and observations for tempovakiaions. Second, we compile database of precipitation
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snow, and firn/iceisotopic composition, using data from precipitation sampling and ice core records,

consideringi*®0 anddeuterium exceséhereafter, eexcess) These methods are describe®attion 2.
We then comparéhe model outputs with the available datag8esction 3) After evaluating the near
surface temperature and the surface mass balance (he&¥di¢ (Section 3.1), we focusn the water
stable isotopes (Section 3.2)e emphasie spatal patterns the magnitude of inteannual variability
(Sections 3.2.1 and 3.2,4he pattern and thamplitude of seasonahriations (Section.3.2 and 3.2
We explorethe simulated and estimatedotopetemperature relationshipéSection 3.2.3)and the
relationships betweené x ¢ e s O (&attibn 3B). Highlighting the strengths and limitations of the
model (Section 3.3), wasethe simulationframework to explore thei'®O-temperature relationship

(Section 4.1) and thphase lag between seaslovariations ind-excessand U'%0 (Section 4.2). Finally,

we focuson the implications of our results for the climatic interpretation of water stable isotope records

for sevenAntarctic regiongcentralplateau, coastal Indian, Wedd8kéacoast, VlestAntarctic ice sheet,
Victoria Land and Droning Maud Land regionghe Antarcti@2k group (Stenni et al., 2017kjpdeed
identified these seven Antarctic regions, whach geographidly and climatically consist, to produce
regional temperature reconstructions using ice core recbhdsresults of our study thus contribute to
the reconstruction of past Antarctic climate spanning the2l2@d years (the Antarcti2& initiative) of
the Past Global Changes (PAGEPAGES2K projet (PAGES 2k Consortium, 2013y providing
guantitative calibrations of theegional temperature reconstructions usingciaee water stable isotope

records.

2. Material and methods
2.1Observations and reanalysis products
2.1.1Temperature and surface mass balance instrumental records

Station  temperature  recordshave been extracted from the READER database
(https://legacy.bas.adk/met/READER (Turner et al., 2004)We have selected surface stat®rdata
following two conditionsto cover the Antarctic regionsaforementioned (& ction land Fig. )} with

at least one station for eactand to be spreathe period 1962013. As a result, weave selected
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Neumayer, Maws on, Vost ok, Casey, Dumont do Ur

Esperanza station surface ddbme to the short duration surface gtion recordsfor the 90-180° W
sectorwe haveadded data frorthe automatic weather stati@mereafter, AWSpf Dome C but we have
used it with cautio asthese records are associated with a warm bias in thermistor rexeasts due to
solar radiationvhen the wind speed is ld@enthon et al., 2I0). Finally, we extrated the reconstruction
of temperaturefor Byrd station byBromwich et al. (2013)based on AWS data andfilled with
observational reanalysis daldo recordmeets our criteria for theWeddell Sea coast regidRig. 1).

SMB data have beeexracted from thequality-controlled GLACIOCLIM-SAMBA (GC) database
(Favier et al., 2013)We have selected data spanning theentieth century corresponding t®242
punctualvalues whichhave beenhen clustered withithe corresponding ECHAM®viso gridcells for
calculation ofgriddedannual average valueAs describedy Favier et al. (2013)the spatial coverage
of SMB field data is particularlpoorin the Antarctic Peninsula, in West Antarctica and along the margins
of ice sheetAs a resultSMB is not correctly samplealt elevationdbetween 200 and 1000 m a.s.l., where
accumulationrates areghe highest.In central Atarctica, areas characterized byind glazeareasand
megadunes at@soinsufficiently documented.

2.1.2ERA reanalyses

The ECHAMS5-wiso modelrun for this studyis nudgedto ERA-40 (Uppala et al., 20059nd ERAiInterim

(Dee et al., 2011global atmosphericeanalyse produced by thdeuropean Centre for MediuRange
Weather Forecasts (ECMWHERA-40 coversthe period1957%2002 at alaily resolution with aspatial

resolutionof 125km x 125km. ERArInterim co\ers the period 1979 to preseata 6hourly resolution,
and with a spatialesolution of 0.75° x 0.75°.

For comparison withinstrumental records anECHAMS5-wiso outputs, wehave extracted 2-meter

temperatureoutputs (hereafter 2aT) over the period$9601978and 19792013 for ERA40 and ERA

Interim, respectivelyat grid cel$ closest to the stations where meteorological measurerhamts been

selectedsee previous section)Ve havethen calculated annual averages.
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2.1.3 A database of Antarctic water stable isotopic compositiofrom precipitation, surface snow
and firn/ ice core ecords

This database consists of water stable isotope measurements performed on different types of sampl
(precipitation, surface snow or shallow ice corasjlatdifferent time resolutions (sudnnual, annual or
multi-annual average valuef§§eeS1 inSupplementary Materialsample data consist of one or several
i sotopi c c¢ o mfDoasdiotliiDgiving dcaessato-é xiic e s s , 80 fa nldo tGhD thav
measured). Altogether, we have gathered data from:
- (1) 101 highresolutionice corerecords, including’9 annually resolved recordsrd 18records
with sub-annual resolutioincluding 5 records withh o t 40 anglli Dlata) These data have been
extracted fromthe Antarctica2kdata synthesigStenni et al., 2017byvith a filter for records
spanning the intervdl9792013 thus restricting the original 122 ice cores to a resulting 101 ice
cores dataPrimary data sourcegeographicalkcoordinates and covered periods exportedin
Supplementary Material Table S1.
- (2) averaye surface snowsotopic compositiordatacompiledby MassorDelmotte et al. (2008)

(available on http://www.lsce.ipsl.fr/Phocea/Pisp/index.php?nom=valerie.mjssexpanded

with dataset$rom Fernandoy et al. (2012 this case, the averaging periedbased on different
periods, with potential not continuous recofdee Supplementary Material Table S1).

- (3) precipitation recordextracted from thelnternaticnal Atomic Energy Agency Global
Network of Isotopes in PrecipitatiolAEA / GNIP) network (IAEA/WMO, 2016)with monthly
records available for 4 Antarctic Stations, complemented by daily recordg\fuarctic stations
from individual studiesPrecipitaion recordfrom Vostokare available bubave excludé from
our analysisdue to a too small number measurements (29Refer to orang@art of TableS1 in
SupplementaryMaterial.

Each of the 1205 locatiomve beemttributed an individual index nidoar. Datahave beermprocessed
to calculatetime-average values(available atLl089locations fortit®0 values 879locationsfor U Dand

770locations for dexcess).The ice core records with s@mnual resolution were averagatiannual
resolutionover the period 9792013, resulting in 8&e corer e ¢ o r d&® anfl only 5 far eexcess.

Most precipitation records are not continuous and do not cover a full year, preventing the calculation of
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annual mean valuegVe havealso ugd subannual records from 22 highhesolved ice cores (including
18 records giving accessii®O and5 remrds giving access to-eixcess) ad precipitation sampling from
8 stations to characterise the seasonal amplitude. For ice core recondspedy calculated the yearly

amplitude from available measurements, as chronologies cannot be established gtsoalésl

2.2ECHAMS -wiso npdel and simulation

The atmospheric general circulation model (AGCM) ECHAMSO0 (Roeckner et al., 2003;Werner et
al., 2011)captures the global pattern of precipitation and vapsotopic compositionincluding the
spatialdistribution of annual mean precipitation isotopic composition over Antar@easorDelmotte
et al., 2008) Several studiesising ECHAM5wiso have been dedicated to modkdta comparisontor
temporal variations in other regions (e.g. Siberia, GreenléBudyin et al., 2014;Stedmarsen et al.,
2016)

The ECHAMS5wiso outputs analysed in this studyoasistsof daily values simulated over the period
1960-2013. ECHAM5-wiso was nudged to atmospheric reanalyses from-ER®QUppala et al., 2005)
and ERAinterim (Dee et al.2011) which are shown to havegood skills for Antarctic precipitation
(Wang et al., 2016Y¥or surface pressure fields as well as vertical profiles of winds and tempsrahee
ocean surfacedundary conditions (seiae included) are prescribed based on ERAand ERAinterim
data, too.lsotope values of ocean surfacsotopic compositionare based on a compilation of
observational datéSchmidt et al., 2007)The simulation was performed at a T106 resolution (which

corresponds to a mean horizontal grid resolution of approxX. X111 °) with 31 vertial model levels

2.3Methods for modetdata comparisons

In the model, we have extracted specific daily variables for comparison with available data, and then

averaged itWe have extracteddaily 2-m temperature outputs (hereafter-Zjnfor comparison with
surface air instrumeak records,daily (precipitation minus evaporation) outpufhereafter FE) for
comparison with SMB dataand daily precipitation isotopic composition outputs for comparison with
measurements asotopic composition datan the pregpitation For ice core datawe averaged daily

precipitation isotopic compositioweighted by the daily amount of precipitation

10
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For eachspecific site, we selected thmodel grid cell including the coordinates of the site. When
comparing model outputs with the database ofurface data (timaveragd SMB and isotopic
composition),availabledata have been averaged within each model grid cell.

Time selection was depeat of the variablesThe 2-m T outputshave beerompared withemperature
records forthe period1960-2013 based on annual averages and selecting sameagarthe datysee
Section 3.1.1)The comparisonvith other dataets(SMB, snowandwater stable isotopdsom firn/ice
coregis restrictedo theperiod19732013 due to concerns ahbthe skills of the reanalysesed for the
nudging prior to 1979in Antarctica (see nextsection) Daily (P-E) outputs were all extracted over the
whole period 1972013 and averagedsee Section 3.1.2for comparison with the surface isotopic
databasé€Section 3.2.1), daily precipitation isotopic composition were averaged by weiglgtihg daily
amount of precipitationver the whole period 1972013. For the inteannual variability (same Section)
or annual values (e.g. forekcess outputs, see Sent4), daily precipitation isotopic composition were
averaged by weightingy the daily amount of precipitatidar each year of the period 192813.For
subannual isotopic composition, we us@decipitation isotopic compositionGamplitude and mean
seaonal cycleland highly resolved ice cor¢amplitude only) Precipitation isotopic compositiodata
congst of a very smalhumber of measurements, sometingseenbefore 1979 (e.g. observations from
DDU consistin 19 measurements during 19@8jJ thusnodel precipitationisotopic compason outputs
were extractedat the very exact sampling datélhen, monthly averages were performed and mean
seasonal cycles were calculatétie resulting mean seasonal cycles of precipitation isotopic composition
were dtained the same way in botinecipitationdata and the modeFor comparison with the mean
seasoal amplitudeof the highly resolved ice corabe mearseasonal amplitudeascal culated from the
mean seasonal cycle based on the monthly averages (@kightthe precipitation amount) over the
periodcovered bythe ice coreecord .

Finally, for the spatialinear relationshipscalculationsreported foreach grid cell are based on the
relationshipcalculatedby includingthe 24 grid cells (+ 2 latitwle steps. + 2 longitude points) surrounding

the considered gridell.

Our comparisons are mainly based on linear regressions. Note that through all the manuscript, we conside

a linear relationshipo besignificant for pvalue<0.05.
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3. Model skills

In this sction, we assess ECHAMA&iso skills with the perspectivéo use the model outputs fothe
interpretation of water stable isotope datapolar regions,dotopic distillation is driven by fractionation
occurring during condensation, itself controlleddoydensatiotemperaturgDansgaard, 1964\We thus
first compare ECHAMBSwiso outputs with regiaal climate records, as may explain potential isotopic
biasesThisincludes a comparison with reanalysesprder to explore the role of nudging modetdata

mismatcles We thencompare ECHAMBwiso outputswith our isotopicddaabase

3.1 Temperature and surface mass balance
3.1.1 Comparison withinstrumental temperatures records and ERA outputs

We compare timeseries of instrumental temperaturecords (filled circleand dashed line&ig. 2 with
model outputs (solid lineg=ig. 2), from 1960 to 2@l This comparison first highlightsocal offsets
between observed and simulatedan values at each site, without a systematic overall warm or cold bias.
Table 1lreportsthe statisticalanalysisof annua differences betweembservations angimulations
(observedmean,mean difference between the data and the model outploservedversussimulated
standard deviation)Ve see that ECHAMAviso has a cold bias fof out of 10 stationsWhile this bias
is less than 2°@or Droning Maud Land (Mawson and Newsa) and over the Peninsula (Palmer and
Esperanza)treaches 7°Cforth€o a st al | ndi an r e gUrdlle) afd Gaesyestyonga n d
over the Victoria Land region (McMurdpyeachingl5°C. This cold bias may be due to the model
resolution andhe location of coastal stations in the-fcee region, not resolved at the model resolution.
In contrast ECHAMS5-wiso has a warm bias for all the stations locate¢and (Vostok, Dome C and
Byrd). Werner et al (2011) also reported this warm bias for éimral Antarctic plateau, and suggested
that it could be linked to problems in simulating correctly the polar atmospheric boundary layer. Our
comparison also shows that teignulatedinter-annual temperature variabilitylarger than observed for
7 out of9 sites, and particularly overestimated for locations sudDA$ Mc Murdo and Palmer, where
the cold bias is large.
Figure 2 depicts a sharpimulatedincreasen temperature fromi978 to 1979or all stations exceptfor
the Peninsula region (Esperarand Palmerpuchafeatureis not displayed in instrumental records, with
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one exceptionat McMurdo (Fig.2). As a result, the modalata correlation coefficierdor McMurdo is
higher over 19602013 thanover 19732013 (Table 2) possibly becausi is dominated by the sharp
increase just prior to 1978or all other stationshe correlation coefficient isignificantly higherin 1979
2013 than in 196@013.In order to assess whethBexCHAM5-wiso reproduces the temperature bias
displayedby ERA-40 (Bromwich et al., 2007)we compareoutputs fromERA-40 and ERAInterim
(green bars, Fig. 3yvith ECHAMS5-wiso outputs (purple bars, Fig. 3)udged by thee reanalyses (i.e.
over 19601978 and 1972013 respectively)and with thestation temperaturelata (horizontal black
lines,Fig. 3).

All data setreveala cold biassimulatedby both the reanalyses and ECHAMAsoO at all stations but
Byrd and Vostok over the two periofsly over 19601978 for Neumayer and Esperanzatthis bias
is largerover the period 196@978 compared to the period 192013.This finding support®ur earlier
suggestiorfor DumontddJrville (Goursaud et al., 201#)at thel9781979shift simulated by ECHAMS
wisoarises from thewudging toERA-40 reanalyses/Ne note that mean values atheé amplitude of inter
annual variations are different for ECHAMBIso and ERA(not shown) as expected from different
model physics, despite the nudging techniquibis finding has lead usto restrict as possiblethe
subsequenanalysis of the ECHAMAviso outputs tdhe period 1972013.

For this period, marked by small temperature variations, we note thadrteationcoefficient between
data and model outputs (Table 2) is very small for McMurdo (r=sh@pather small foMostok (r=0.6)
guestionng the ability ofour simulation to resolve thdrivers of interannual temperature variabiligy
these locationsWe observe that the modedproduceshe amplitude of inteannual variations, witla
tendency to underestimate the variationstasve by modeldata slopsfrom 0.6 to 1°C per °CAs a
result, ECHAM5-wiso underestimates the magnitude of ik@enual temperature variability for these
central regions of the West and East Antarctic ice sheet. It will therefore be important videést

similar caveats arise for water isotopes.

3.1.2 Comparison with GLACIOCLIM database accumulation

For each grictell where at least one stkecord is available, whavecalculaed the ratio of theP-E

values (which we use as a surrogate for accumulasion)lated by ECHAMS5wiso to theaveragedSMB
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estimate for that grid region based on stake measurer(eigs4a). Due to the limited number ajrid

cells containingSMB data points from 1979 to 20{B00cells), located almost only on théntarctic East

Ice Sheet wehavedecided taisethe datasetcovering the entire twentieth century (5&dlls) spread over

the continent

The spatial distribution of SMB is weathptured by ECHAMSwiso, with dereasingSMB values from

the coast to the interior plateau (F&n). However, the model quantitatively shows some discrepancies
when compared with the GC database. The-areighted (by the model gridells) mean GC SMB is

141.3 mm w.e. ¥ while the simulated areaeighted mearP-E over the same model grid is 126.6 mm

w.e. yL. This underestimation covers 69.7% of the compared areas. The 30.3% remaining areas associatt
with an overestimation of the model are located in sparse regions like in the north of the plateau, and ove
coastal areas (Fig. 4blNote thatthe low P-E rates over the platead§ mm w.e. ¥ see Fig. 4a)
counterbalancethe local overestimatioat the coast, supportirtge ability of ECHAM5wiso to resolve

the integratedsurface mass balance for thet#ctic ice sheetFigures 4c and 4d confirmsetiglobal
undeestimation by the modelvith slopes osimulatedP-E against GC SMB lower than 1. This aspect

is emphasized for eletians higher than 2200 m a.gi= 0.74 and rmse=12218m w.e. y* for elevation

lower than 2200 m a.s.l., and r =0.83 antbe=55 mm w.e.yfor elevations higher than 2200 m a,s.l.
with Aro the correlation coeffi.chemmeationceefidenti r ms
(considering all elevations) is 0.7&flecting thenonhomogenous bias over the whalentinent. This

can be dudirst to a failure in the representativity of SMB spatial variability, when averaging GC data
within ECHAMS5-wiso grid cells, due to a too small number of point measurements. Second, the model
may have a too coarse grid resolutiorreproduce coastal topography and thus associated amounts of
precipitation. Finally,several key processes such as the blowing snow erosion and depastioot

taken into account into the modé&lor instance, the lowest value from the GC databaskssmm w.e.

y!, measured d@he Baha del Diablo glacigra small glacier covering important elevation ranges in a
narrow spatial scale between the front and the summit. It was the only one within the corresponding mode
grid cell, so theresultingGC vdue within this grid cellcould not le representative othe model scale

and vice versa the simulateedBPvalue is not representative of this small glaecwede value
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When considering the whole Antarctic groaddce sheet, the simulatedBFPamounts tdl64.4 mm w.e.
yL. This value fallswithin the highestvaluesof the 11 simulations displayed bylonaghan et al. (2006)
varying from 84 to 188 mm w.e:lyHowever, he highrange of valuebetween thalifferent simulations
illustrates the uncertaintieglated to the SMB modeimainly due tanodel resolution which is crucial to
reproduce the impact of topography on prdaeigpons and tmonresolved physical processes (elgfting
snow transportincluding erosion, deposition and sublimation of drifting snow partided clouds
microphysics)Favier et al., in pressdyloreover, his simulatedvalue is very close to the best estimations
of Antarctic grouned ice sheet SMB, hich range between 143.4 mm w.2.¢Arthern et al., 2006and
160.8 mm w.e. ¥* (Lenaerts et al., 2012This simulated value ialsovery close to the one obtained by
Agosta et al. (2013fpr the LMDZ4 model over the period 1982000 (160 mmw.e. YY), but slightly
lower than witithe SMHIL model forced byMDZ4 (189 mm w.e. ¥).

To conclude, albeit the ECHAM&iso simulation presented in this study hasetatively coarse
resolution (110 km x 110 km compared to 15 km x 15 km for the SMhtitlel forced by LMDZ4) and
does not resolve processes contributing in the SMB deifting snow processgsthe P-E outputs are
realistic productsvhen compared with SMB data

3.2 Comparison with water stable isotope data

Limited by the availability of thelata,we could onlystudy model skills with respect to spatitemporal
patterns, including seasonal and irdgnual variationsas well as fothe simulated relationships between
U0 and temperaturéNe have als@xtendd the modeldata comparison to ¢hseconebrder parameter,
d-excess

3.2.10'%0 time-averaged values and interannual variability

The modeldatadifferenceof the timeaveraged valueis positivefor 88% of all gridcells, suggesting a
systematic underestimation of tepic depletion byECHAMS-wiso (Fig.5a). The few areas where
ECHAMbS-wiso overestimates the isotopic depletion are restricted to coastal reglosspattern is
coherent with the temperature anomalies: ECHAMSo producestoo low isotopic values where

ECHAMS5-wiso has a colthias,likely causingtoo strong distillation towards coastal aresax] too high
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isotopic values inland, whettee warm biadimits the distillation strengthThe statistical distribution of
modeld a t D differences (not showrshows a wide range of differences bamtinterquartile range
(50% of all value$ within 1.4 to 3.9a , therefore within Ba fr om t he medWan
conclude thatpbeyond tle systematioffset linked to climatic biases, ECHAMBiso correctly captures
the spatialgradient(continental effectpf annually averaged®O data.These resultalso suggest that the
spatial distribution of anna | m€0avaluedlifrom shallow ice ces is driven by transport and
condensation processes well resolved by ECHAMNIS0, with pobably secondary effects of non
resolved processes such as snow drift, wind erosion, and snow metamorpésiargest deviations are
encountered in coastal regionghere the model resolution is too low to resobeerect topography,
advection and boundary layer proceggeg.small scale stormsatabatic winds)Katabatic windsalso
have the potential toenhane ventilationdriven postdeposition processe§Waddington et al.,
2002;Neumann and Waddington, 2004)

%0 interannual sandard deviatiois underestimated by the moder 92% of the T9 gridcells where
this comparison can be perform@elg. 5b)The interquartile rangef the ratio between the simulated and
observed standard deviatigariesfrom 0.4 to 0.6 (not shownwith an underestimation by a factor of 2
for about 50% of the gridells. No such undezstimation of intefannual standard deviation was identified
for the simulated temperature.

We now focus on our modeidata comprison onprecipitation data.Both precipitation isotopic
composition and temperature measurements are avdaldely 8 locations, andor short time periods
(Table 3. These data evidendke altitude and continentaiffect with increased isotopic defion from
Vernadsky (averagdi®0of-9.94) t o [avenagd GFO of -61.3a ) For 5out of the &ecords,
the isotopic depletion is strongs ECHAM5-wiso than observe(Dome C included)The observations

depict an enhanceidter-daily G0 standard deviation for inland sitesgrin 3.1a at Vernadsky to 108

at Dome F. The simulated®O inter-daily standard deviation is 1.1 to 3.8 times larger than observed,

ranging from 5.1 to 19.2 . For the exact same time period corresponding to the short precipitation

isotopic records, ECAM5-wiso simulates coldeghan observed temperaturasall stations buat Dome
F and Dome Ci.e. over the plateathis finding is consistent with results fraice corerecords reported

previously, and consistent with the isotopitstematicbiasesFrom this limited precipitation dataset,
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there is no systematic relationship between model biases for temperateia® @lue or standard
deviation) andf o #O, iin contrast with the outcomes of the medata comparison using the whole
datasetincluding surface snowAt Dome C, ECHAM5-wiso undeestimates the standard deviation of
temperature, but strongly ekestimates the standard deviationig.

As a conclusion, whilé'®0 time-averaged modediata biases are consistent with temperature biases using
all the dataset, no systematic relationship emerge between model biases for temperatif® and

measuredn precipitation.

3.2.20%0 seasonal amplitude

High-resolutionli*®0 data allow us to explorgeasonavariations This includes 18ce core records with
subannual resolutior IAEA / GNIP monthly precipitation datasets ahdaily precipitation monitding
records.

In order to quantify posieposition effects in ice cores, we calculated the ratio of the three first seasonal
amplitudes by the mean seasonal amplitude iresuinial ice cores (See Supplementary Information S2).
We find a mean ratio of 1.490.47. We explored whether this ratio was related to annual accumulation
rates (See Supplementary Information S3), without any straightforward conclusion. We also observe tha
five ice cores depict a ratio lower than 1, including one with a mean yeauynalation of 15 cm w.e.

y!, afeature which may arise from in@nnual variability in the precipitation seasonal amplitude or in
postdeposition processes. This empirical analysis shows that a loss of seasonal amplitude due to pos
deposition processeis likely in most cases, with an average loss of the seasonal amplitude of
approximately 70% compared to the amplitude recorded in the upper part of the firn cores (first three
years).

We havecalculated the meaof the G0 annualamplitude(i.e. maximumi minimum values within each
year)in ice core records (triangl@s Fig. 7a) and thaneanseasonal amplitude of precipitation time series
(circlesin Fig. 7a) for comparison with ECHAM&viso outputs (Fig7, Table 4).Unfortunately, a too

small number of measurements (19 daily measurements) were monitored api@éehting fromthe
representation of the full seasonal cyclée data depicthe largest seasonal amplitude in the central

Antarctic plateau, reaching up to .28 at Dome F.ECHAM5-wiso urderestimates the seasonal
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amplitude(by 14 to 69% when compared tprecipitation data, butverestimatethe seasonal amplitude
when comparedo ice core datgfrom 11 to 71%). The overestimation when comparing with ice core
datais consistent witlthe attenuation of signaly postdeposition effects (as aforementioned) rather than
a model bias.

The simulatedmean seasonali*®0 amplitude increases gradually froncoastal regiongo central
Antarctica (more than 1® and up to 8a for some areggFig. 7a and Fig8c, solid lines) The model
data comparison suggests thas thattern is correct, and thatetimodel may undestimate the inland
seasonahmplitude.As previously reported for annual mean valstematic offsetare also identified

for seasonal variations, withsystematic overestimation of monthly isotopic levelsinland (e.g. for Dome
C and Dome F), and a systematic underestimation on the coast (e.g. for Vernadsky and THialley).
modeldata mismatch is largestidng local winter months.

Minima are observed and simulatadwinter (MaySeptemberpt most locationsexcept for Rothera and
Vernadsky wher¢he data show a minimum in July but the model produces a minimdate autumn
(April). Maximum valuesre olserved and simulateit local summer(DecemberJanuary) asecondary
maximum is alsosometimes observed and simulatethie winter(August/Septembgr Data fromMarsh
stationshow maxima in January, April and August, wheris@smodel only ppduces a sgie summer
maximum value.

In synthesis, @ report no systematic biagthe seasonal temperature amplit(éteg. 8). The seasonal
patternfor the temperaturés similarcompared o0*O{iwith minima in winterand largest modedata
mismatch in winterSecondry minima or maxina cannot be discussed with confidence, as they have low
amplitudes We also highlight thamodeldata offsets are largar winter. Note that pecipitation and ¢

excess seasonal cycles are described in Section 3.2.4.

3.2.30*0 71 T relationships

Table 5repors the temporal G*0 i T relationships established from precipitation and temperature
observations, and those simulated by ECHAMSo. This calculation is based on daily or monthly values
(depending on the sampling resolutioahd includes sasonal variationsThe data display significant

linear relationships for all sitdsut Marsh (pvalue=0.07) with an increased strength of the correlation
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coefficientfrom the coast (e.g. r=0.38 at Rothera) toHlst Antarcticplateau (e.g. r=0.88Dome F).

The lowest slopes afidentifiedin the Peninsula region, with a mean slope of @32 A'@r Rothera
andVernadsky while the highestslopes occupver theEast AntarctidPlateauwith a mean slope of 0.68

& A'®rDomeC and Domer. Thesetemporal slopes appear mostly lower than spatial slopes and those
expected a Rayleigh distillation with a single moisture source (typicall§t 0.88)C

In the ECHAM5wiso model as for the datahe simulated isotopéemperatureelationshipis statistically
significant for all sites butMarsh (pvalue=0.06) However, correlation coefficients are very sméddir
Rothera and Vernadskwhich are thus excluded from further analysksthe simulationcorrelation
coefficients areghe highest for Halley, Dome @nd Dome F(up to 055), andthe lowest for Neumayer

(as low a€).29). The slope ishe lowest at Neumayewith a value of 0.2&%  A'Gncreass at Halley
with avalue of 0.48 AC and is the highest over 'atbeme @l at
andup to0 . 9 4 atDdne F.

To summarize ECHAM5wiso tends to undestimate the strength of the isotejeenperature
relationship, but correctly simulates a largénength of thecorrelation in the central Antarctic Plateau
compared to coastal regi® There are significant differences in the isotd@mperature slopes ftwoth
coastal and central plateau locatioW¢hile there is some agreemditg. forfor Dome Fand Halley)

the model produceslso nonrealistic slopes, with for instance,nauch larger slope than observed at

Dome C.

3.2.4T h e -UtfMrelationship and d-excess patterns

The G*O- U Dinear relationshipis expected tde affected bylifferent kinetic fractionation processes,
for instance associated with changes in evaporation conditidedirst compare thai'®0- U Oinear
relationshipin the available precipitation and ice core datad simulated by ECHAMWiso (Table §.
Significant correlation is observed for all observasibdatasetbut Marsh as expected from meteoric
samplesassumingcorrect preservation of samplesdaaccurate isotopic measurements. We stress that
the smallest correlatn coefficient is identified avernadsky (¥0.96) suggesting potential afécts for
thisrecordl n t he o0 b s e-"%0alope \@res acrogs hegiodhil® slopes higher than for the

global meteoric water lindi.e.>8 & a ) areidentified at DDU and irDronning Maud Landlower
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slopesare identifiedm the Antarctic Peninsulgs.6to 7.8 a 1) andin the central East Antarctic plateau
(6.5and 6.4 a latDome C and Dome F respectivelin the model, outputs also displagignificant

linear relatonships. Theyshow higher values of the slope than observed in the Antarctic Penirsula
DDU, and at Dome F, and lower than observedtiierotherregions, including Dome (hese results
appear coherent witissociatedoastalersusinland temperature andotopic distillatiorbiases.

Figure 6 comparethe spatial patterns of theekcesdime-averagednodeldata difference (characterized

at 293 griccells in our databasseee Fig. 6g the situation is contrasted with 50% of positive and negative
differences. We can identify systematic trends, with an underestimation of the rasaasd levs in
ECHAMS5-wiso for the central East Antarctic Plateau and the Peninsula, and an overestimation above
Victoria Land (Fig. 6a). Due to the temperature dependency of equilibrium fractionation coefficients
leading to a gradual deviation from the meteoridewdine (calculated at the global scale, where the
coefficient of 8 results from the average equilibrium fractionation coefficieshs)cess increases when
temperature decreas@dassonDelmotte et al., 2008;Toaau et al., 2016yor central Antarctica, the-d
excess bias is thus consistent with the warm bias and the lack of isotopic depletion. The upper and lowe
guartiles of the modeilata differences range within £1.5 + @1, suggesting that the model outputs
remain close to those observed.

The dexcess pattern is similar to that 6f0: ECHAM5-wiso underestimates the-etkcess standard
deviation for 90 % of griaells, with an interquartile range comparable to the one for the ratio of standard
devi at i'% (Fg.6h)or G

Table 7 displays the comparisohthe statistichbetween eexcess in the observations and in ECHAMS
wiso.In the observations, théme-averagd d-excess is particularly low in the Peninsuld.6 to 8.6 ),
intermediate in coastal regiond Dronning MaudLand, Victora Land and Adélie Land4.4 to 8.6a ),

and veryhigh in the central Antarctic Plateau (up to 1&.5for Dome C).Lower coastal values and
higher inland valuesirre captured by ECHAM®@iso, albeit with large offsetfor each si, reaching
severaper mille. These findings are consistent with the map showing the dweeaged precipitation-d
excess simulated by ECHAMBiso over the period 1972013 (Fig.6d), with very low coastal values
(close to zero) and increasing values todgahe interior of Antarctica, reaching values higher thaga 16
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on the plateaueCHAMb5-wiso mainly underestimates the -é@xcessntra-annual standard deviatiofor

10 sites out of 1%Table 7and Fig. 6.

Figure 8d depicts the meanekcess seasonal pans of the precipitation data and correspondingel
outputs. The data show different pattefnsm onelocationto another While d-excessmeasured at
Neumayer,Halley and Rotherdisplays a maximum irautumn (March-April), it appears in late autumn
(May) at Marsh and in winter (Jungugust) at Vernadsky Maxima for central stationsre observeldter,

in May-July for Dome C and Jul$eptember fobome F.In short mostcoastal areas are associated with
a maximum eexcess in autumn while central areess associated with a later maximurrexcess, i.e. in
winter or late winterthus in antiphase withi*®0 and temperatureThe seasonabmplitudeincreases
from the coast to the platedn.the model, for central areas, a fidséxcessnaximumis simulatedearier
thanobservedFebruaryMarch for Dome F, and Mayune for Dome C), followed by a second maximum
in late winter (August for Dome F and September for Dome C). For coastal areas, the amplitude of the
simulated dexcesssignal istoo smallto unequivocall estimate the timing of ¢hmaximum. Note the
very low value simulated &DU in July, whichappears to ban outler when compang this value with
the averagenodelled dexcess value for all days in August 1973 (+&.9 No link emerges betweehe
moddled seasonal pattesnin dexcessandin temperature (Figda), accumulation (Figb) nor G*0 (Fig.
8c).

Finally, Table 8reportsthe dexcess mean seasonal amplitude values for the precipitation data and ice
core recordsas well as fothe model outpts covering the obseation They clearly show armncreasen
d-excess seasonal amplituiem the coastto the plate&ee also Fig. 7byvith values varying fron6.7

a at Hal &8 egt t ® cBE@HAMREwiso systematicallyunderestimates the-ekcessmean
seasonal amplitudesthen compared witprecipitation datawhile it systematically overestimatesahen

compared withice core datdfrom 9.4 to 15.58 ), with the exception of the GIP ice cogain, we
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cannot rule out a loss of amplitude in ice cda¢éa compared to the initial precipitation sigrhle to the

temporal resolutiomndto postdeposition effects.

3.3 Strength and limitations of the ECHAM5-wiso modeloutputs

The isotopic modeldata time-averagedbiasesappea coherent with temperature. ¥warm bias over
Central East Antarctica and a cold bias over coastal regions lead to a too low and too strong isotopi
depletion respectivelyTemperature and distillation biases aésqplain the undestimation of dexcess
above the central East Antarctiafeau.

However, somecharacteristics are not explained by model skills for temperaftrsub-annual time
scalesECHAMS5-wiso always overestimatebe standard deviatiam f *¥Oin precipitation(Table 3), but
results for dexcess are mixed (Table 7). BEM5-wiso always underestimates seasonal amplitude of
(%0 and dexcess in precipitation but always overestimates seasonal amplitiéf®aind dexcess in
firn/ice cores (Table 4 and 8). Differences between the model and firn/corardattleast paeilly due

to diffusion processes, but no clear reason can be given for the other isotopic biases.

We do not find any clear link between other model biasesfoixdc e ss and t hos &0 .f or
Sampling Antarctic snowfall remains challengiffgtenni et al., 2016;Landais et al., 2012;Fujita and Abe,
2006;Schlosser et al., 2016amplingis likely tofail to capture small eventandmay also collect surface
show transported by winds or ho&now samples mayndergo sublimation before collection. The fact
that ECHAM5wiso appears to overestimates the variability of precipitation isotopic composition may be
related to an improper characterisation of the full-tbagtay variability of real world precipitatiomdm

daily precipitation samplingAlternatively, this featuranay also arise from a lack of representation of
small scale processes (boundary layer prosgssid characteristics, sneatmosphere interplayin
ECHAMS5-wiso. These processes may contribtdea localsource of Antarctic moisturé&hrough local
recycling) reducing the influence of largecale moisture transpofttesolved by ECHAMBSwiso nudged

to reanalysgson the isotopic composition of precipitation and its-ttaglay variability.

Caveatsalso limit the interpretation of theomparison of ECHAMSwiso precipitation outputs with
surface snow or shallow ice core d&ach recordare potentially affected by pedeposition processges

such as wind scoring, erosianow metamorphism ihetwee precipitation eventand diffusion
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Our apparently contradictory findings for modidta comparisons witlespect tanter-annual variations
(from ice coreyand interdaily variationgfrom precipitation dafacall for more systematic comparisons
betwee n'®irecords of precipitation and ice cores at the same locations, over several years.

4. Use d ECHAMS -wiso outputs for the interpretation of ice core records

In this section, weisethe model outputs tbelp in the interpretation of ice core data: suentify the
inter-annual isotopetemperature relationshig&ection 4.2)and characterize the spatial distribution of
seasonali'®0-d-excess phase laBased orthe confidence we can have inthe model for eacteaféiven
aforementioned regionsSSee Sectio 1 and Fig.1)we formulate recommendations for tiuture use of
ECHAMbS-wiso outputs(Section 4.3).

4.1 Spatial and temporal sotopetemperature relationships

We useECHAM5-wi s o t o i nv e s t%O-wigraperaturef relaticnghipss(figa and @)) andu
then interannual (Fig. 9c and Fig. 9dand seasonal relationshifgig. 9e and Fig. 9f)For spatial
relationships, the strength of the linear correlatioefficient is higher than 0.8he spatial slope shows
regional differences. It is generaliynalle near the coasts (less than 8.8°C?Y), with the exception of
Dronning Maud Land , and increases at elevations higher than 2500 m a.s.l., with values a®o%€ 1.2
Lin large areag-urthermore ECHAM5-wiso simulatespatialheterogeneityof the gadientin the central
East Antarcticplateau, around Dome @ome A and Dome F. Such variability may arise from the
simulated intermittency of precipitation, and from differences in condensation versus mfgesature.

At the inter-annual scale(Fig. 9c and @), results are nosignificant for large areas encompassthg
Dronning Maud Land region, thntarctic Peninsula, th@ ransantarctidVlountainregion the Ronne and
Filchner ice shelve regionspart of Victoria Land and alonthe Wilkes Land ocast.For the whole
continent, e correlation coefficienvariesbetween 0.5 and O(@vith few values reaching 0.6 at the upper
limit and 0.3 at the lower limit)Where correlations are significanhet interannual U'8O-temperature
slopeincreass from hecoass (0.33 A'® 0.8 A)Qo the inland regionswhere itcanexceedli
°C1for somehigh elevatioriocations.The low correlation may be due to the small range of mean annual
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temperature over the period 192013 and is not necessary indicati@ weak sensitivity to temperature
change.

Finally, at the seasonal scalesults are significardlmostover the whole continergwith the exception
of two little areas in Peninsula and East Antarctiaadl the correlation coefficients are equal to one
everywhere but alonifpe coastal regions in thiedian Ocearsectorwherethe correlation coefficiergan
decrease down to 0.75. Slopes are lower tbaspatial and inteannual relationships, with values from
0.0t00.3 A'@long the coast (highaver Dronning Maud Land arttie Ross Ice Shelf regioround
0.5a Al@land for altitudes lower than 2500 m a.g\With the exception of lower values above the
Transantarctic Mountag), and up to 0.8 A Gver theEast AntarcticPlateau.

To conclule the coherent framework provided by the ECHAMs0o simulationcovering the period
19792013shows thatannual i*¥0 and surfacetemperatureare only weakly linearly related in several
areasThis suggests that the intannual variability ofi*®0O is contolled by dher processefor instance
associated withsynoptic variabilityand changes in moisture source characterigi8isiger et al.,
2017;Sturm et al., 2010Moreover, ourresults rule at the applicationfoa single isotopetemperature
slope for # Antarctic ice core records on the intennual time scaleand that the seasonalotope
temperatureslopeis not a surrogate for scaling intennual 'O to temperature

We have alsaised the simulation te@xgore linear relationships between-excess andsurface air

temperaturewithout anysignificant results (not shown).

4.2 0 i d-excess phase lag

D-excesshas originally beemnterpreted as a proxy for relative humidity at the moisture saiffal

and Sodemann, 2014;Jouzel et al., 2013;Kurita et al., 2®d@yever, recent studies of Antarctic
precipitation data combined with batiajectory analyses did not support this interpretatery.
Dittmann etal., 2016;Schlosser et al., 20td@)ling for further work to understand the drivers of seasonal
d-excess variationd'he phase lag betweeredx ¢ e s £0 wvaan iditialiy explored to identify changes

in evaporation conditiongCiais et al., 1995)in ECHAM5-wiso, this phase lags calculated athe lag
that giveghe highest correlationoefficient between-@ x ¢ e s ¥O (Bigy 10, using the mean seasonal

cycle from mortly averagd values. If there werao seasonal change in moisture origin and climatic
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conditions during the initial evaporation process, one would expextess to bim antrp h a s e ®Qyi t h
due to the impact of condensation temperature on equilibrium fractionation. For regions with small
seasoal amplitude in condensatidgamperature, a constant initial isotopic compositirthe moisture
sourcewould imply a stabled-excess year round. In such regiohs, simulated phase lag likely therefore
reflects seasonal changes in thexdess of the initial moisture source. The comparison with precipitation
data (Section 3.2.4) showed that ECHAMs0 had low seasonal ampiite in coastal regior{&ig. 8d),

making the discusein of seasonal maxima difficufhese comparisons aaésolimited by the duration

of the precipitation records. Here, we use the full simulation (P®AB) to investigate the phase lag
between the measeasonal cycle of-é x ¢ e s s®O.Lleal spatial patternsre identified for the
distribution of thisphasedlag(see Fig. 1Q)At intermediate elevations (between 1000 and 3000 m a.s.l.),
d-excess seasonal variations occur in phase (within 2 monthshwit h e s e a ¥(and $urfacey c | ¢
air temperature). By contrast, a phase lag of several months is identified over coastal areas and over tf
central East Antarctic Plateau. Along the Wilkes Land coast and the Dronning Maud Land region, the
time lag is between two and four monthselow 1000 m a.s.l. and 500 m a.s.l. respectiveher@he West
Antarctic Ice Sheetthe phase lag is higher than two months below 500 m a.s.l. and can even reach six
months (indicating an anphase between-excess andi'®0). Over the Central East Antarctic Plateau
(above 3000 m elevation), the phase lag reaches several months again, especially neaiCbdann (g

longer precipitation records and comparing the phase lag identified in precipitation and surface snow
records would be helpful to understand whether quEgiositionprocesses, which are not included in
ECHAMbS-wiso, affect this phase lad.he different characteristics of seasonax@ess changes suggest
different seasonal changes in moisture origin at cqast@rmediate and central plateau regions,
supporting the identification of specifomastal versus inlancegions to assess theoispetemperature

relationshipsNote that the fevavailabledatasetsare in line with the simulation.

4.3Recommendationsfor the different regions of Antarctica

In this partwe summarize our findings, based on the medith comparisons and the analysis of model

outputs for the 7 Antarctic regions sakxtby the Antarcti@2k programas shown in Fig.{Stenni et al.,
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2017a) The regions depend ageographical and climatic characteristics. Results from Section 3 were
averaged over eachgion and are given in Table 9

We first discuss theystematic model biases. The maximumme-averagednodeldata differences (3.8

a and 2 0% aad déxcess respectively) are identified in the Weddell Sea Blieamum time
averagedmodeldata differences occur in different regions ##O and dexcess (Victoria Landand
Dronning Maud Landespectively.

For interannual standard deviation, the modata mismatch is smallest for Victoria Land (ratio df 1

and 10 for G*¥0 and dexcess respectivelyResults found fori*®O show that the simulatedterannual
variability can be considered close to the reahtpdeldata ratio higher tha@.7) only for Victoria Land

and the plateguacceptableniodetdata ration higher thaf.5) for the Weddell Sea aresnd the West
Antarctic Ice Sheetbut signifiantly different from observations the other threeregions. The model

data mismatch is larger forekcess inteannual variability, with acceptable intannual variability only

for Victoria Land andthe plateauHowever, hese results are clearly limd by the low number of
observationatecords for some regions.

Table 10 provides a brief overview of ECHAM&ISO outputs for our 7 regions of interests, in terms of
mean climate and isotopic variables, their standard deviadeasonal amplitudeand he calculated

r e gi &@aT reldiionship. The main findings are again the highest slope simulated for the central
Antarctic plateau, followed by the Dronning Maud Land and West Antarctic Ice Sheet regions, and weak
correlations in some regions (Wedd8#a, Antarctic Peninsula), where water stable isotope outputs are
not good predictors ofnter-annual temperature change within ECHAMGiso, together with low
correlations and slopes for the other coastal regions (Indian Ocean sector, Victoria Land).

5. Conclusions and perspectives

This study presents a systematic evaluation of a prelsgnfntarctic climate simulation using the
ECHAMS5-wiso atmospheric circulation model equipped with water stable isotopes. For this simulation,
covering the period 196R013, the model has been nudgecERA atmospheric reanalyses. In particular

we tested its ability to correctly capturme-averaged/alues, interannual variationsandseasonal cycles

in surface mass balance, temperature, and precipitation isotopic sibogp@n Antarctica.As possible,
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we discarded model results prior to 1979, as modéd differences prior to 1979 may arise from
uncertainties in the reanalyses, prior to the period where satellite data were assimilated.

Despite some divergences, sintath RE are found to be a good surrogate for SNRst artefacts in
modelledli'®O are coherent with those for temperature, with systematic biases in different regions. Some
of these artefacts may be linked to the nudging method and the reanalysesdM®aeimparisons are
limited by data availability and by the fact that deposition and-g@egosition processes are not
considered in the simulation. This is particularly true for precipitation amounts, where there is a lack of
direct measurements, and ig@twanalysis for many regions at a mutinual time scale. A systematic
comparison between water isotope measurements from precipitation and surface snow or ice core sampls
iIs needed for further tdepth studies of this topic. We note a loweamjitatie performance from
ECHAM5-wiso for d-excess time-averagd values andnter-annualstandard deviations) than f&t0,

beyond its remarkable ability to resolve the spatial distributioting-averagedd-excess values. Our
findings confirm several other wlies conducted in other regions highlighting the fact that atmospheric
models including ECHAMEwiso tend to undeestimate the variability of-@xcess in surface vapour (e.g.
SteenLarsen et al, 2016xpanding earlier sitgpecificstudies, we show thdhe strength anglope of

the U'80-temperature linear relationshipdspendent on the time scateAntarcticaover the four last
decadesThis findings has implications for past temperature reconstructions using ice core records
Finally, interesting results emerge for regional ddfeces in the phase lag between the mean seasonal
cycle inti'%0 and dexcess, calling for further studies to better characterise this feature in precipitation
and ice core r@rds, and better understandiitglications of these lags for the representatibseasonal
changes in moisture source effects.

Our study would deserve to be expanded to other atmospheric models equipped with water stable isotope
and other nudged simulations using different reanalyses datasets, to assess the robustnessngfsour find
Furthermore, obtaining more highsolution ice core records is crucial to be able to better assess model
skills for interannual variations. More measurements of precipitation, surface snow and vapour
monitoring for water isotopes would also help better characterize deposition and pdsposition
processes, their implication for moeiddta evaluation studies, and for an improved climatic interpretation

of ice core records.
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Tables

Table 1: Differences between observe(READER) and simulated (ECHAMS5-wiso) annual surface air temperature:observed
average (not ed indQ, average diferencet d o t eediffeaeicedd, in °C), standard deviation from observations
5 (noted as L°Jc‘>ﬁir0°®)sanel standard deviationfrom the model( not ed as Odi is °C)rfon theape reodi1979-2013

Neumayer Mawson Vostok Casey DomeC DDU McMurdo Byrd Palmer Esperanze

Observec (°C)

-16.0 -11.2 -554 -92 511 -10.7 -13.4 269 -15 51
e dif f(&) -08 -1.6 3.2 -7.3 17 -7.2  -149 14 -28 -0.3
Obser ¢@d 0.67 0.74 0.99 0.92 0.97 0.66 0.74 12 033 11
Simulated(l (°C)  0.79 0.71 1.00 1.10 1.20 0.80 1.7 1.4 096 084
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Table 2: Linear relationship between surface temperatures (in °Cjrom station instrumental records and ECHAM5 -wiso outputs
(in °C) over the periodfor 1960-2013and 19792013 the slope (in°"C°C?1) , t he
Data are not reported for 19602013 for stations for which records only coverthe second period (1972913).Numbers in brackets

correspondstandard errors.

correl ation

Period 19662013

Period 19792013

slope slope

(in°C°CYH r p-value (in°C°CYH r p-value
Neumayer 0.8(<0.1) 0.8 <0.001
Mawson 0.5(0.2) 0.4 0.002 0.8(<0.1) 0.9 <0.001
Casey 1.1(0.2) 0.6 <0.001 0.9(0.1 0.9 <0.001
Dome C 1.0(<0.1) 09 <0.001
DDU 1.0(04) 0.4 0.004 1.1(0.1) 09 <0.001
McMurdo 0.8(<0.1) 0.8 <0.001 0.3(0.2) 02 02
Byrd 1.10.2 0.7 <0.001 0.8(0.1) 0.8 <0.0aL
Palmer 0.7 (0.3 0.7 0.05
Esperanza 0.7 (<0.1) 0.7 <0.001 0.7(<0.1) 09 <0.001
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Table 3: Comparison betweenmeasurements from precipitation samplesrn( o t e d datad} andi ECHAM5-wiso simulated
precipitation isotopic composition i o t e dnodel) forfgrid cellsclosest to sampling locatioaoverthe same period than the data

(at daily or monthly scale, when the name ofthe station is associate d with an asterjskVe reportthemeanvalue( not e d ams
the standard deviation( n o t e d foa#20 (intA0) and for te mperature (°C).

Numbe Data Model
of points Temperature Temperature
8o @) o @)
°C) °C)
> > > 1 >
Rothera 194 -129 34 -4.0 41 |-12.3 6.4 -6.7 5.3
Vernadsky 372 -9.9 3.1 -3.1 3.6 |-13.5 6.0 9.0 7.2
Halley* 552 -22.0 55 -18.7 1.7 |-25.7 7.1 -20.1 7.6
Marstr 19 -12.1 4.1 -3.4 3.0 [-10.4 5.1 -4.2 3.6
Dome F 351 -61.3 10.8 -54.7 12.6 |-58.3 12.2 -53.4 12.1
Dome C 501 -58.0 8.6 -55.2  13.8 |-59.6 17.4 -52.9 10.9
DDU 19 -18.0 3.8 -23.4 5.1 -21.3 7.8
Neumayer 336 -20.8 6.6 -13.4 8.0 |-21.3 7.9 -158 7.9
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Table 4: U0 mean seasonal amplitudg i n caitylated for precipitation and sub-annual ice core data, as well as simulated by
ECHAMS -wiso for the same time periodhan the data. The time resolution used in the model corresponds to thiene resolution of
the precipitation data, and to the annual scale for the ice core datéi.e. yearly averages based on daily precipitation isotopic
composition weighted by the amount of daily precipitation) The data type is identified as 1 for precipitation samples and 2 for ice
core data.

Station ECHAMS5-wiso averaged over
Type 480 observed amplitudei() )
the observed periodi()
Rothera 1 4.1 1.9
Vernadsky 1 4.1 2.3
Halley 1 13.2 6.7
Marsh 1 104 7.3
Dome F 1 259 15.3
Dome C 1 20.1 135
DDU 1 6.1 3.7
Neumayer 1 12.8 7.9
USITASE-19991 2 7.2 132
USITASE-2000-1 2 4.8 10.6
USITASE-2000-2 2 7.7 10.4
USITASE-2000-4 2 4.0 12.0
USITASE 20065 2 5.2 13.7
USITASE-2000-6 2 2.8 14.2
USITASE2001-1 2 7.3 9.4
USITASE-2001-2 2 7.3 12.0
USITASE-2001-4 2 6.2 8.9
USITASE-2001-5 2 6.8 9.0
USITASE-2002-1 2 4.2 12.2
USITASE-2002-2 2 6.3 10.7
USITASE2002-4 2 53 13.8
NUS 087 2 3.4 16.6
NUS 071 2 21 14.8
WDCO06A 2 4.0 10.8
IND25 2 53 12.6
GIP 2 151 16.8
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Table 5:Slope (ind A, correl ati on c oe f-due ofthedfO -te mperatwedine ar selatfoms bip frora precipitation me asure ments
(not ed aocverthedamdilabl® periodand at daily or monthly (when the name of the stationis associated with an asteriskgale de pending of the
time resolutionof the data, and from the ECHAMS5 -wisomodell not e d a sovefitiemlosentedperiodt the time resolution of the data Numbers

in brackets correspond to thestandard errors.

ECHAM5-wiso over
Number bata the observed period
of points slope slope
& AC r p-value a AC r p-value
Rotherd 194 0.31(0.06) 0.38 <0.001 0.01 (0.03) 0.23 <0.001
Vernadsky 372 0.32(0.04) 0.39 <0.001 0.09 (0.®) 0.25 <0.001
Halley* 552 0.47(0.02) 0.76 <0.001 0.48 (0.02) 0.68 <0.001
Marsh 19 0.61(0.31) 0.44 0.07 0.47 (0.23) 0.43 0.06
Dome F 351 0.76(0.02) 0.88 <0.001 0.70 0.62 <0.001
Dome C 501 0.59(0.02) 0.64 <0.001 0.94(0.07) 0.55 <0.001
Neumayer 336 0.57(0.03) 0.69 <0.001 0.29(0.06) 0.29 <0.001
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Table 6: Slope (ind a4 ), correl ation c o e fpivalueiofehed®OdD lmaamedatioaship ilbm pré cipiation measurement (top of
the table) and ice core data (bottom of the tablepver the available period and at daily or monthly scalgidentified with an asterisk), and from the

ECHAMS -wiso model over the observed griod at the time resolution of the datafor the precipitation and at the annual scale for the ice core data
Numbers into brackets corre spond to the standard errors.

Number Observations ECHAM5-wiso
of points slope slope
r p-value r p-value
a ab a ab

Rotherd 194 7.0 (<0.]) 9.81E-01 <0.001 7.9(<0.1) 9.97E01 <0.001
Vernadsky 372 6.6 (<0.1) 9.62E01 <0.001 7.8(0) 9.96£01 O
Halley* 552 7.8(0) 991E01 O 7.8(<0.]) 9.95£01 <0.001
Marsh 19 7.1(<0.]) 9.80E01 <0.001 8.0 (<0.1) 9.94E01 <0.001
Dome F 351 6.4 (<0.1) 9.92E01 <0.001 7.3(<0.1) 9.91E01 <0.001
Dome C 501 6.5 (0) 9.89E01 O 6.3 (<0.]) 9.73E01 <0.001
DDU 19 8.5(<0.1) 9.92E01 <0.001 9.0 (<0.1) 9.86E01 <0.001
Neumayer 336 7.9(<0.]) 9.90E01 <0.001 7.8(<0.1) 9.98E01 <0.001
NUS 087 256 8.6 (<0.]) 9.96E01 <0.001 8.0 (<0.1) 9.95E01 <0.001
NUS 071 118 8.3(<0.]) 9.94E01 <0.001 7.6 (<0.1) 9.94E01 <0.001
WDCO6A 540 8.2 (0) 9.95£01 0.00 8.1(<0.1) 9.98E01 <0.001
IND25 349 8.2 (<0.]) 9.82E01 <0.001 7.8(<0.1) 9.94E-01 <0.001
GIP 495 7.8 (0) 990E01 O 8.3(<0.1) 9.98E01 <0.001
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Table 7Me an value (indd)e canas sfiteaondar d d @ inia g ofisub-annuél m-excesslin ohse rvaliahal time serieat daily or

monthly scale (dentified with an asterisk) for the precipitation and for the ice core data and simulated d-excessby ECHAMS -wiso for the same time
period asthe observationsfor precipitation and at the annual scale for the ice coreMean values which are overestimated by ECHAMSwiso are written

in italic.

ECHAM5-wiso over

Data(a ) the observed periodi()

> ) >
Rotherd -1.1 5.7 2.9 15
Vernadsky -15 7.0 3.5 15
Halley* 5.77 6.1 2.8 19
Marsh 8.6 7.0 24 1.7
Dome F 174 195 153 142
Dome C 175 152 14.2 24.3
DDU 5.9 4.5 2.8 9.5
Neumayer 8.7 5.6 2.4 4.7
NUS 087 5.0 2.7 6.6 1.0
NUS 071 5.8 2.3 7.0 11
WDCO6A 3.6 15 4.5 05
IND25 44 19.2 4.1 0.9
GIP 6.0 44 21 0.9
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Table 8: d-excessnean seasonal amplitude (ird ) calculated for precipitation at daily or monthly scale {dentified with an asterisk)and sub-annual ice
core data, as wdlas simulated by ECHAM5-wiso for the same time period as each record. The data type is identified as 1 for precipitation samples and 2
for ice core records Amplitude values thatare overestimated by ECHAM5wiso are written in italic.

ECHAM5-wiso outputs for the

Station Type Obsewv ed ampl it observed perioda()
Rotherd 1 10.7 3.1
Vernadgy* 1 11.8 2.1
Halley* 1 6.7 3.8
Marsht 1 25.8 4.5
Neumayer 1 7.3 5.3
Dome F 1 40.1 12.2
Dome C 1 41.0 25.4
NUS 087 2 35 14.0
NUS 071 2 1.9 15.8
WDCO6A 2 1.0 16.5
IND25 2 2.3 11.7
GIP 2 17.8 6.9
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Table 9:Evaluation of ECHAMS5 -wiso modelfor 7 Antarctic regions:East Antarctic Plateau, Coastal Indian, Weddel Se a, Pe ninsuldVe st Antarctic Ice

Sheet, Victoria Land and Dronning Maud Land (7). We regionally averagedthe time-average dit®0 mean (modeli data) differences( i n, thé nter-

annual U0 standard deviation (modetdata) ratio, the time-averagedd-e xcess meagmodeli data) differences( i n, th@ inter-annual d-excesgmodet

data) standard deviation ratio using only precipitation data. Green cells correspond tgarameters for which we support the validity of the use of
ECHAMS -wisoforthe consideredregionorange cellgo parameterswe suggessomecautionsand red cellsto parameters wesugge st notouseECHAMS -

wiso outputsfor the considered regionNumbers inbrackets correspond to thenumber of data points.

West
_ Coastal ) _ Victoria Dronning
Region Plateau _ Weddel Sea Peninsula  Antarctic Ice
Indian Land Maud Land
Sheet
180 mean difference
Ci 5) 2.5(551) 1.8(68) 3.8(38) 2.6 (30) 3.7 (48) 0.6(246) 1.1 (70)
i n a
180 standad
o _ 0.9(62) 0.6 (12) 0.5(7) 1.1(2)
deviation ratio
d-excess mean
_ 0.4 (402) 1.3(20) -2.6(12) -1.1(25) -0.6 (31) 2.3(232) 0.2(18)
di fference
d-excess tmndard
0.7 (62) 1.0(2)

deviation ratio
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Table 10: Exploration of the ECHAMS5-wiso modeloutputs (19792013)for 7 Antarctic regions:EastPlateau, Coastal Indian, Weddel 8a, Peninsula,
We st Antarctic Ice Sheet, Victoria Land and Dronning Maud Land (7). For each of the following variable pre cipitation (in mm w.e. y'), temperature (in
°C), U0 ( i n and drexcesg i n,wa regionally averaged theannual meanvalues (lines 1 to 4), the inteannual standard deviation (lines 5 to 8), the
mean seasonal amplitude (lines 9 to 12). Finally, we calculated th&tistics of the inte rannual G'80 -te mperature linear relationship: the slope foted as
iro) and

famma Athecorrel ati on

c oe ffitleip-galudfor ¢actoregmrd

West . Dronning
Coastal Weddél _ ~ Victoria
Plateau Peninsula Antarctic Maud
_ Indian Sea Land
Regions Ice Sheet Land
Precipitation
_ 40.7 9.0 68.8 25.9 14.1 24.3
_ (incm w.e. )
Time-
Temperature
averagd _ -39.8 -20.1 -29.3 -14.2 -24.2 -27.7 -19.7
(in°C)
values . .
UO( i n a-423 -243 -30.6 -18.9 -26.6 -28.8 -25.2
d-exces{ i n 6.9 4.7 3.6 31 3.3 3.3 3.8
Precipitation
_ 4.2 1.6 9.0 2.5 2.4 3.3
Inter- (incm w.e. )
annual Temperature
_ 0.7 0.8 0.9 0.7 0.7 0.5
standard (in °C)
deviation U®¥O( i n a0.6 0.4 0.8 0.4 0.7 0.9 0.4
d-exces{ i n 0.4 0.4 0.4 0.2 0.4 0.5 0.5
Precipitation
_ 28.4 7.2 45.0 19.2 12.2 19.3
Mean (incm w.e. )
seasoal Temperature
_ _ 3.9 16.5 24.2 17.8 21.7 24.4 18.1
amplitude (in °C)
uo( i n a10.9 4.4 12.2 4.1 8.8 10.7 7.3
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d-exces{ i n 7.3 4.3 4.7 25 41 51 4.2
Inter- a 0.7 0.2 0.3 0.1 0.6 0.6 0.4
annualt®o r 0.6 0.4 0.3 0.3 0.6 0.5 0.4
temperature 59E05 85E03 45E02 65E02 19E04 27E03 22E02

relationship p-value
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Figures

50°S Dronning Maud Land

Victoria Land

West Antarctic Ice Sheet

Peninsula

60°S

Weddell Sea Coast

Coastal Indian

50°S Plateau

150°W 180" 150°E

Figure 1: Spatial distribution of Antarctica in 7 regions:East Antarctic plateau, coastal Indian, Weddell sea, West Antarctic Ice
Sheet, Victoria Land and Droning Maud Land regions; and the location of theselectedREADER surface stations: Neumayer,
5 Mawson,VostokDome C, Casey, Do me ndDE®, MEMudd, ByrdePalfierand Esperanza stations.
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Figure 2: Surface air temperature (in °C) from station instrumental records (points and dashed lines) and simulated by the

ECHAMS5 -wiso model (solid line$ overthe period 19602013for (a) the Plateau, (b) Coastal East Antarctic Ice Sheetand (c) the

West Antarctic Ice SheetNote that the plots were organized by regions to make it more readablénland (a), coastal (b) and West
5 Antarctic Ice Sheet plus Painsula (c).
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Neumayer Byrd Palmer Vostok DomeC McMurdo Casey DouU Mawson Esperanza
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Figure 3: 2mtemperature outputs (in °C) from ERA-40 (light green), ERA-interim (dark green)and ECHAMS -wiso outputs over
the periods 19601979(light purple) and 19792013(dark purple) at the locations ofNeumayer, Byrd, Palmer, Vostok, me C,
McMurdo, Casey,Dumont doéUrvill e (written as DDHbjizontaMbkck §inesrcorespdndtEthep e r an z

mean data. Vertical black lines correspond tointer-annual standard deviations: dashed linesre associated wittdata, while solid
lines are associated with model outputs (ERA or ECHAM)
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Figure 4: Comparison of the Glacioclim (hereaftefrand noted i n t he pl averagedihihthe ECBIAMMG-wdoat ab a ¢
grid cells and the SMB (i.e. precipitéioni evaporation) simulated by the model, with first the patial distribution of the accumulation

(a) assimulated by the model (in cm w.e. V), (b) the ratio of the ECHAM5 -wiso annual accumulation (precipitation minus
evaporation) to the GC averaged SMB (no unit), and finally

GC averagedSMB valuesagainst SMB values simulatecby the model (blue dots) associated withthe corresponding linear
relationships (red solid line) displayed at the logarithm scalefore elevation ranges 0f0-2200 m a.s.|. (witithe upper limit excluded)

(c) and 22004000 m a.s.I(d).
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Figure 5: Maps displaying modetdata comparisons forii'®0 time-averaged valueg@a) and inter-annual standard deviations (b).
Backgrounds correspond to ECHAMS5wiso simulations over the period 199-2013, while sigs correspond to the modeldata
comparison. For the tim-averaged values, theomparison consists in calculating the moded at a di fferences. Re
indicate a positvemodeld at a di ffere-nceywhbiol e c bl vadve fpodetdita differeree.Foethg inter-annual
standard deviations, he comparison consists in calculating the ratio of the simulated value to the corresponding gidell data. Red

i+0 symbols indicate a r-@ats ymhta Igriddmemdddidam ratlo lowdrthdand. bl ue
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Time-averaged d-excess (in %o)
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Figure 6: Maps displaying modeldata comparisons for dexcesstimeaveraged i n a)@alues and interannual standard deviations

(i n b)aBackgrounds correspond to ECHAM5wiso simulations over the period 1972013, while sigs correspond to the model

data comparison.For the time-average dvalue s the comparison consists in calculatingthe moded at a di fferences. Re
indicate a positvemodeld at a di ffere-nceywhbiol e c bl ugveipodehdhta differeree.Foethg mter-annual

standard deviation, the comparison consists in calculating the ratio of the simulated value to the corresponding grid point data. Red

i+0 symbols indicate a r-@ats ymhtoa Igndidamaddi@gmaoatio lowdrihdnd. bl ue
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Figure 9: Linear analysis of annual ECHAMS5-wiso outputs from 19792013for the te mporal G'80-te mperature relations hip (using
the2met er temperature and t'%9)eMapsshonthepsiopeafthe inemar regeesswpifat ¥Cd) atithe right

side(a, ¢ and e)and the correlation coefficientat the left side(b, d, and f). The upper plotsuses outputs at the spadil scale(a and

b), the middle plotsat the inter-annual scale(c and d)and the lower plotsat the seasoal scale(e and f). Areas where results of the
linear analysis are not significant are hatche gp-value>0.05)
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