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Abstract. Air and water stable isotope measurements from1 Introduction
four Greenland deep ice cores (GRIP, GISP2, NGRIP
and NEEM) are investigated over a series of Dansgaard—

Oeschger events (DO 8, 9 and 10), which are representativghe last glacial period is characterized by rapid climatic in-
of glacial millennial sca{le variabili'Ey Combined with firn stabilities at the millennial timescale occurring in the North-

modeling, air isotope data allow us to quantify abrupt tem_ernhﬂem|sph:al(r € aggorecgrdedd bOIT 'Qgrgar"]reh anﬂée;lrgstnal
perature increases for each drill siter(20.6°C for NEEM, archives Yoelker, 2 Bond et al, 3. The

GRIP and GISP2, 1.5 for NGRIP). Our data show that the (North Greenland Ice Core Project) ice core, northern Green-

magnitude of stadial-interstadial temperature increase is u 5nd, o_f(;ers a high res%lutlo_? v(;/atezjlzotopt_a; (rjeco_rg where
to 2°C larger in central and North Greenland than in north- 22 "aPid events were identified and described with a pre-

west Greenland: i.e., for DO 8, a magnitude of +&8is cise timing NGRIP member2004. These events consist of
inferred, which is sighificantly sénaller than the +11Qin- a cold phase or stadial (Greenland stadial, GS), followed by

ferred at GISP2. The same spatial pattern is seen for accumlfi-Sharp temperature increase of 9 t¢Ctat the NGRIP site

lation increases. This pattern is coherent with climate simula2S onstrained by gas isotope measuremématsdais et al.

tions in response to reduced sea-ice extent in the Nordic seag.oo%1 2005 Huber et al.200§. The warm phase is referred

The temporal water isotopé’€0)~temperature relationship as Greenland interstadial (Gl). Temperature then gradually
varies between 0.3 and 0.6:0.08) %°C—! and is system- cools down, sometimes with a small but abrupt cooling in

atically larger at NEEM, possibly due to limited changes the end, to the next stadial state. These temperature varia-

in precipitation seasonality compared to GISP2, GRIP ort?Ons are a_ssociated with sigr_1ificant change_s in accumula-
NGRIP. The gas ageice age difference of warming events tion rate, with annual layer thicknesses varying by a factor
represented in water and air isotopes can only be modelegc two betweeTz(Sg and Gl at NGRIRridersen et 2] 2006
when assuming a 26 % (NGRIP) to 40 % (GRIP) lower ac- vensson et 4l2008.

cumulation than that derived from a Dansgaard—Johnsen ice Th.e identification ,Of ice'rafted dgbris horizons during
flow model. GS in North Atlantic sedimentsHginrich, 1988 Bond

et al, 1993 Elliot et al, 2001), together with proxy records
pointing to changes in salinityE(liot et al, 2001, 2002,
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1030 M. Guillevic et al.: Past spatial gradients of temperature, accumulation and'®0 in Greenland

reduced North Atlantic Deep Water formation Fig.1and their present-day characteristics are summarized in
(Rasmussen and Thoms@004 Kissel etal, 2009 and  Tablel (see alsalohnsen et gl2001). At present, the main
Atlantic Meridional Overturning Circulation (AMOC) source of NEEM precipitation is located in the North At-
(McManus et al. 1999, had led to the theory that DO lantic, between 30N and 50 N (Steen-Larsen et aR017).
(Dansgaard—Oeschger) events are associated with largehe recent interannual variability of water stable isotopes
scale reorganizations in AMOC and interhemispheric heat(8180, sD) shows similarities with the variability of the
transport Blunier and Brook2001). The identification Baffin Bay sea-ice extent. Unlike central Greenland where
of a systematic Antarctic counterpart to each Greenlandsnow falls year round, NW Greenland precipitation occur
DO event EPICA community membeyrs2006 Capron  predominantly in summer according to snow pit studies
et al, 2010 supports this theory. This observation can be (Shuman et al1995 2001) and model simulationsSteen-
reproduced with a conceptual see-saw model using théarsen et al.2011; Sjolte et al, 2011, Persson et g12017).
Antarctic ocean as a heat reservoir and the AMOC as thélhis specificity of the precipitation seasonality explains the
way to exchange heat between Antarctica and Greenlangarticularly weak fingerprint of the North Atlantic Oscilla-
(Stocker and JohnseR003), as well as with climate models tion in NEEM shallow ice coresSteen-Larsen et aR017)
(e.g.,Roche et a].2010. Atmospheric teleconnections can compared to GISPBarlow et al, 1993. These regional pe-
also be at playChiang et al.2008 and influence the timing culiarities are of particular interest because past changes in
of Antarctic warming with respect to Greenland cooling precipitation seasonality are likely to affect water stable iso-
(Buiron et al, 2012. topes values.

Coupled atmosphere—ocean climate models are now able Water isotopes are to a first order markers of lo-
to reproduce the temperature pattern of DO events in Greeneal condensation temperature changes at the precipita-
land in response to AMOC changes induced by freshwation site Qansgaard1964. However, they are also af-
ter forcing in the high latitudes of the Atlantic Ocean fected by evaporation conditions (temperature, relative
(Kageyama et al2010. However, modeled amplitudes of humidity and wind regime, e.g.Merlivat and Jouzel
temperature changes are typically between 5 an€ 7 1979 Johnsen et gl.1989, atmospheric transport and
(Ganopolski and Rahmstor2002; Li et al., 2005 201Q distillation, condensation conditions, as well as season-
Otto-Bliesner and Brady2010, significantly smaller than ality of precipitation Werner et al.200Q Werner et al.
the temperature increase of 8-°16 reconstructed based 2001, Masson-Delmotte et al2005: they are integrated
on ice core datal@ndais et al. 2004a Huber et al. tracers of the hydrological cycle and quantitative indica-
2006. The correct amplitude of temperature change overtors of past site-temperature change, albeit with a time-
the Bglling-Allergd is only reproduced in a fully coupled varying relationship with local surface temperature. This
and high resolution atmosphere—ocean global circulatiortemporal variability of the isotope—temperature relation-
model (iu et al, 2009. However, a large part of the sim- ship has been verified in Greenland thanks to inde-
ulated warming is due to the simultaneous large changependent constraints on past temperatures, either based
in insolation (not at play for most DO events) and atmo- on the inversion of borehole temperature data or de-
spheric CQ concentration. During DO events, limited @O rived from gas isotopes (e.g.Cuffey and Clow 1997
changes (20 ppm) are depicted by existing datddrniihle Dahl-Jensen et al1998 Severinghaus and BropkL999
et al, 200Q Bereiter et al. 2012 Ahn et al, 2012. This Lang et al, 1999 Johnsen et 12001 Landais et a].2004a
model-data mismatch motivates us to strengthen the descrigduber et al. 2006 Vinther et al, 2009.
tion of the magnitude and spatial patterns of DO temper- Using the isotopic composition of nitroged'?N) from
ature changes, using different ice core sites. An improved\; trapped in the ice bubbles allows us to quantify the am-
regional description of past changes in Greenland climateplitude of past rapid-temperature changes (&gveringhaus
will also be needed for the comparison with regional cli- and Brook 1999 Landais et al.2004a Huber et al. 2006
mate models recently equipped with water stable isotope$rachev and Severinghgu2005 Kobashi et al.2011). At
(Sjolte et al, 2017). So far, no systematic comparison of the the onset of a DO event, the firn surface warms rapidly but
signature of DO events in water stable isotopes and temperats base remains cold because of the slow diffusion of heat in
ture (from gas isotopes) has been conducted over an array ghow and ice. The resulting temperature gradient in the firn
drilling sites. This is the main target of this study. leads to thermal fractionation of gases: the heavy nitrogen

In 2010, bedrock was reached at the North Eemianisotopes migrate towards the cold bottom of the firn, where
Ice Core Drilling (NEEM) site, northwest (NW) Green- air is progressively trapped into air bubbles. As a result,
land. A new deep ice core, 2.5km long, is now available a sharp peak ia!®N is seen in the gas phase as a counterpart
(Dahl-Jensen et al2013. In this paper, we present new to the rapid increase in water stable isotopes in the ice phase.
data from the NEEM ice core, together with existing and Using §1°N data and firn modeling, past surface tempera-
new measurements conducted on the GISP2 (Greenland Idere variations can be reconstruct&tliwander et §l1997,
Sheet Project 2) and NGRIP ice cores on DO events 8Goujon et al.2003. This method has already been applied
to 10. The location of these drilling sites is depicted in to specific DO events on the NGRIP, GRIP and GISP2 ice
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Table 1. Present-day characteristics of NEEM, NGRIP, GISP2 and
80 GRIP drilling sites (m.i.e., meters ice equivalent).

80

NEEM2 NGRIP®  GISP2 GRIP

Latitude ¢ N) 77.45 75.10 72.58 72.58
76| 76 Longitude £ W) 51.06 42.32 38.48 37.64
Elevation (m a.s.l.) 2484 2917 3214 3238
Surface temperaturé) ~—29.0 -315 -31.4 317
Accumulation rate (n.e.a™1) 0.22 0.19 0.24 0.23
8180 (%o) ~-330 -355 -350 -349

72|

Sources? Steen-Larsen et a2011); accumulation: 1964—2005 average, NEEM07S3
core.P NGRIP member$2004). ¢ Cuffey et al.(1995. 9 Meese et al(1994;
accumulation: last 200 a avera§eAverage of the top 200 a of B core (1987-1787),
Grootes and Stuiveg1997). f Gundestrup et a(1994). 9 Johnsen et a(1992,

68| 68 20-220a b2k average of the GRIP ice core.

2 Method

64 64

2.1 Data

2.1.1 Nitrogen isotope data
60

60

50 -0 =30 The isotopic composition of nitroged®N) was measured

on the NEEM core from 1746.8 to 1811.6 m depth at Lab-

oratoire des Sciences du Climat et de I'Environnement
(LSCE), France. We have a total of 84 data points with

replicates, with an average depth resolution of 77 cm cor-
responding to an average temporal resolution~of0 a.

On the GRIP ice core, 18 data points covering DO 9

cores [ang et al, 1999 Huber et al. 2006 Landais et aJ. have been measured with an average resolution of 61cm
20043 2005 Goujon et al. 2003 Severinghaus and Bropk (equivalent to about 43a). For these two data sets, we
1999 Capron et al.2010 and will be applied here for the have used a melt-refreeze technique to extract the air from
first time to the NEEM ice core. the ice Sowers et a).1989 Landais et al.2004. The col-

For this first study of regional variability of tempera- lected air is then measured by dual inlet mass spectrome-
ture changes over DO events, we focus on the series offy (Delta V plus, Thermo Scientific). Data are corrected
DO events 8, 9 and 10 during Marine Isotope Stage 3for mass interferences occurring in the mass spectrometer
(MIS3, 28-60ka b2k, thousand years before 2000 AD).(Sowers et a).1989 Bender et al.19941). Dry atmospheric
This period is indeed the most widely documented forair is used as a standard to express the results. The fi-
the millennial scale variability in a variety of natural nal pooled standard deviation over all duplicate samples is
archives. It is characterized by a large terrestrial ice vol-0.007 %o.
ume @intanja et al, 2005, low atmospheric greenhouse gas ~ For the NGRIP cores’>N was measured at the Univer-
concentration $chilt et al, 2010, decreasing obliquity, low  Sity of Bern (73 data points frorduber et al(200§ and 36
eccentricity and therefore small fluctuations in Northern Néw data points on DO 8). A continuous flow method was
Hemisphere summer insolatiobaskar et al.2004). During used for air extraction and mass spectrometry measurement
MIS3, iconic DO events are particularly frequent with short (Huber and Leuenberge2004). The associated uncertainty
lived interstadialsCapron et al.2010 and constitute a clear IS 0.02 %o.
target for model—-data comparisons. For the GISP2 ice core, nitrogen isotopes were mea-

In this study, we first present a neW°N profile cover- ~ sured at Scripps Institution of Oceanography, Univer-
ing DO events 8 to 10 on the NEEM ice core. We then pro-sity of California, using the melt-refreeze technique from
duce past temperature and accumulation reconstructions fapowers et al(1989 with a pooled standard deviation of
NEEM and compare them with scenarios obtained with the0.0065 %o for the 705'°N data points Qrsi et al, 2013.
same method for NGRIP, GISP2 and GRIP, investigating then addition to these data, argon isotopes were also mea-
water isotope—temperature relationships for these four difsured using the method froBeveringhaus et 2003 (46
ferent locations. We finally discuss the implications of our Samples, pooled standard deviation of 0.013 %o).
results in terms of regional climate variations.

Fig. 1. Greenland map (Simon Ekholm, Danish cadastre) with the
ice core sites: NEEM (red), NGRIP (blue), GISP2 (brown) and
GRIP (green). Top and bottom numbers indicate longititd&/,

left and right numbers indicate latitudeN]).
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2.1.2 880 water isotope data scale Johnsen et 312001 Grinsted and Dahl-Jensg2002
NGRIP member2004). We recalculated that accumulation

We use thes®0O bag data (one data point corresponds toaccording to the more accurate GICCO5 timescale. We did
an average over 55cm) from the NEEM ice core mea-the same for the GRIP ss09sea-accumulation rate from
sured at the Centre for Ice and Climate (CIC), Univer- Johnsen et al(2001). Note that the ss09sea, ss09sea06bm
sity of Copenhagen, with an analytical accuracy of 0.07 %..and the GICCO5 timescales agree within the GICCO05
For the NGRIP and GRIP ice cores, we use the baguncertainty between 28 and 60ka b2k. For GISP2, the
data previously measured at CIC, with the same precisioraccumulation rate was first estimated with a 1 m reso-
(NGRIP members2004 Johnsen et gl1992. The GISP2 Iution based on the coupled heat and ice flow model
8180 data Grootes and Stuivel997, 20 cm resolution) are  from Cuffey and Clow (1997, with the layer counted

associated with a precision of 0.05 to 0.1 %o. timescale fromAlley et al. (1993, Meese et al(1994 and
Bender et al(19940). This timescale has known issues in the
2.1.3 Timescale vicinity of DO 8 (Orsi et al, 2013 Svensson et gl2009),

which causes the accumulation history derived from it to be
NEEM, NGRIP, GISP2 and GRIP ice cores are all also wrong.Orsietal.(2013 used the layer thickness from
dated according to the Greenland Ice Core Chronologythe GICCO5 timescale to recalculate the accumulation his-
2005, GICCO05Yinther et al, 2006 Rasmussen et aR006G tory. Cuffey and Clow(1997) suggested 3 accumulation sce-
Andersen et al2006 Svensson et gl2008. This timescale  narios andOrsi et al.(2013 use the “200 km margin retreat”
has been produced based on annual layer counting of severatenario adapted to the GICCO5 timescale, compatible with
parameters measured continuously on the NGRIP, GRIP anthe firn thickness andage derived frond1°N data. This ac-
Dye3 ice cores and featuring a clear annual cycle, back taumulation scenario has also been proved to best reproduce
60 ka b2k. The Maximum Counting Error (MCE), which can ice sheet thickness variationdiiither et al, 2009.
be regarded as as2error estimateRasmussen et ak006§
is 1439 a at 38ka b2k. To transfer this timescale to the2.1.5 Ice-gasAdepth data
NEEM ice core, match points between peaks of electrical 15 i
conductivity measurements and dielectrical properties, meal 19Ure2 presents the NEEM N profile over the sequence
sured continuously on the ice cores, have been used. ThRO 8-10. The peaks of N at 1769.4,1787.5, and 1.801.'0m
obtained timescale for NEEM is called GICCO5-NEEM- &re the result of the maximum temperature gradient in the

1 (S. O. Rasmussen, personal communication, 2010). Thérn corresponding to the abrupt temperature increases of

18
GISP2 core is matched to NGRIP using the same method a8 8 9 and 10. We assume the®N peaks ands®0-

Rasmussen et 42008, with match points from |. Seierstad IC& Peaks are synchronous (see S&2).and thus relate the

. . . l .
(personal communication, 2012). Using these match pointsM@Ximum firn temperature gradient to the peaks fi0-ice

we scale theVleese et al(1997 GISP2 timescale, based on at 1758.1, 1776.8, and _1790.5 m. The depth differences b_e-
annual layer counting, to the GICCO5 timescale, in order totween the temperature increases recorded_ in the gas and ice
keep the information from the annual layer count while pro- Phases, nameddepth, can thus directly be inferred as 11.3,
ducing an age scale consistent with GICCO05. The GICCO5L0-7: and 10.5m over DO 8, 9, and 10, respectively (£ig.
age scale gives the age of the ice at each depth, and thus tH@b!€2, points 1, 5, and 7, respectively). We propose another

: 18
annual layer thickness at each depth, but not the accumuldatch point between weaker peakssdfN and1°0, see

tion rate. This age scale is independent from estimation O{natlcsh point 3 in Tabl@ and Fig.A3. o _
thinning and past accumulation rate. 8™°N also increases with accumulation increase, which

deepens the firn (see Se2t?), and we believe that this
effect explains the beginning &f'°N increase at the on-
set of each DO event. Several abrupt transitions (Bglling-
Accumulation rate histories for NEEM, NGRIP and GRIP Allergd and DO 8) have been investigated at high resolution
are obtained using a Dansgaard—Johnsen (DJ) ice flow modéPteffensen et 312008 Thomas et a).2008, also showing
(Dansgaard and Johnsei969. The ice flow parameters of thgt the accumulation increases before 4HO shifts wnh

the model are tuned to obtain the best match between moc? fime lead up to decades and ends after the completion of
eled and observed depth-age horizons in the ice cores. Thide §1°0 increase. We observe the same feature for DO 8,
thinning function calculated from the DJ model is then 9 @nd 10 on the NEEM core. We thus match the onset of

15y i -
used to correct the observed annual layer thicknesses in tH&€ 8"°N increase at the beginning of DO events toﬂtﬁhe on-
core for the effect of ice flow induced thinning, thereby S€t of accumulation increase, which occurs beforeste

producing an accumulation rate history. The NEEM ver- increase (Tabl@ and Fig.A3, match points 2, 6, 8). Finally,
sion of the DJ model Buchardf 2009 is tuned in order match point 4 is a step in accumulation that we relate to the

5 . .
to match the GICCO5 timescale. For NGRIP, the accumu-S2Me Step seen #1°N variations.
lation rate was first calculated using the ss09sea06bm age

2.1.4 Accumulation rate

Clim. Past, 9, 10294051, 2013 www.clim-past.net/9/1029/2013/
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Fig. 2. Water and nitrogen stable isotope data (%o) for NEEM, NGRIP, GISP2 and GRIP. Foi'*®AtHata series the associated uncertainty
(+10) is shown. NEEM{a) §180 bag data (measured along 55 cm samples) measured at CIC, this(b)uth?N data measured at LSCE,
this study. NGRIP(c) §180 bag dataNGRIP member§2004); (d) §1°N data measured at the University of Bern. Dark blue: data points
from Huber et al.(2006). Light blue: this study. GISPZe) 180 bag dataGrootes and Stuivgl997); (f) s1°N data,Orsi et al.(2013.
GRIP: (g) 180 55 cm bag datalohnsen et a(1992); (h) §1°N data measured at LSCE, this study.

Table 2. Correspondence betwestPN ands180 or accumulation for the NEEM and NGRIP cores (see alsd3gand D1).5180 data are

averaged over 55 cm (bag data) and we use here the depth at the middle of the 55 cm interval. The age is given according to the GICCOE
timescale. TheAdepth (Aage) is obtained by calculating the difference between ice and gas depth (ag&)agdeincertainty is given by

the difference between the MCE at the ice depth and the MCE at the gas depth.

Match point depth (m) for: Adepth w Aage MCE
ice gas ice gas

NEEM
1, DO 85180 peak 1758.08 1769.35 11.28 38161 39290 1129 67
2, DO 8 onset of acc. increase 1759.73 1771.00 11.28 38274 39472 1198 79
3, 5180 minor peak 1766.33 1777.05 10.72 38961 40119 1158 90
4, acc. step 1775.13 1785.93 10.80 39953 41055 1102 51
5,DO 95180 peak 1776.76  1787.50 10.72 40096 41190 1094 48
6, DO 9 onset of acc. increase 1778.43 1788.60 10.17 40254 41273 1019 43
7, DO 105180 peak 1790.53 1801.00 10.47 41411 42559 1167 68
8, DO 10 onset of acc. increase  1791.63 1801.72 10.90 41499 42648 1149 69

NGRIP
1, 8180 minor peak 2028.13 204557 17.44 36657 37401 744 24
2, DO 85180 peak 2068.00 2086.60 18.60 38152 39317 1165 69
3,D0O 95180 peak 2099.08 2116.19 17.11 40131 41145 1013 46
4,DO 105180 peak 2123.28 2139.41 16.13 41429 42493 1064 64

www.clim-past.net/9/1029/2013/ Clim. Past, 9, 1022651, 2013
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At NGRIP, DO 8, 9 and 10 are seen at 2086.6, 2116.2, The model needs input temperature, accumulation and
and 2139.4m in the gas phase and at 2068.0, 2099.1, andating scenarios with a depth-age correspondence. In the
2123.3m in thes'®0 from the ice phase (Fi@, Table2and  standard version of the Goujon model, the temperature sce-
Fig. D1, match points 2, 3, 4, respectively). For DGO nario is based on a tuned variable relationship between water
shows a double peak and we use the middle depth for thissotopes and surface firn temperature, with
match point. We propose another match point at the end of 1
DO 8 between weaker peaks&PN ands80 (match point 7 = =580+ B) (3)

1). All theseAdepth match points will be used in Se8tl, ¢ . )
combined with firn modeling, to reconstruct past surfaceWherea andg can be variable over time. The reconstructed

temperature and accumulation. temperature has thus the shape of the water isotope profile
but the temperature change amplitudes are constrained
2.2 Model description by tuning « and g in order for the modeleds®N to

match the measured®N. Several earlier studies have
To reconstruct a surface temperature scenario from thghown that the temporal values af are lower than the
815N profiles, we use a classical approach consistingpresent-day spatial slope for Greenland of 0.80%s!
of fitting the output of a firnification and heat diffu- (Sjolte et al, 2011, Masson-Delmotte et al2011),  which
sion model with thes'>N records Gchwander et 811997, can be used as a maximum value.
Lang et al, 1999 Huber et al.2006 Goujon et al.2003
Landais et a].20043 Kobashi et al.2011, Orsi et al, 2013. ) .
We use here the semi-empirical firnification model with heat3 Results and discussion
diffusion by Goujon et al.(2003. Adapted to each ice core
(see method in AppendiX), this model calculates for each

i(_:e age and hence_ for each corresponding depth Ie_zvel _the ini1“0 reconstruct continuous temperature and accumulation
tial firn depth (defined here as the depth where diffusion Ofscenarios for DO 8 to 10, we run the firnification model

gases stops I.e., lock-in-depth, LID), the age difference bey 69 to 30ka b2k with a time step of one year and try
tween ice and gas at the Livege), and the temperature reproduce theé’>N data as well as thexdepth match
gradl'ent between the bot5tom and the top of the firn. It is thenpoints. Figure8 shows the comparison between the measured
possible to calculate th#°N as the sum of two effects: and modeled (scenarios d1 to dSFN over DO 8-10 at
— gravitational effect Craig et al, 1988 Schwander ~ NEEM. First we try to reproduce th#°N data by varying
1989: the heavy isotopes preferentially migrate to- the temperature alone: the measus&tN amplitudes of DO
wards the bottom of the firn according to the barometric8, 9, and 10 can be reproduced with temperature increases

3.1 Temperature and accumulation reconstruction

equation: at the GS-GI transitions of 8.8, 6.0, and 7C7, respectively
(Fig. 3, reconstruction d1). This scenario nicely reproduces
515Ngrav=exp< Amgz ) _1 (1)  both the mears*®N level and the amplitude of th&'°N
Tmean peaks. However, the modelé¢PN peaks are systematically

with Am being the mass difference between the light at @ too shallow depth. To model a largedepth, we system-

depth, R the ideal gas constant, affgheanthe mean firm  tion d1 (Fig.3) by 3.5°C. This systematically deepens the

temperature. An increase in accumulation rate increaseb!D increasing bothAdepth ands™N (Fig. 3, reconstruc-

the firn column depth and therefore increas®Ngay; tion d2). The modeled\depth is therefore closer to the mea-

on the other hand, a high temperature accelerates thgured one and the amplitude of th&N peaks is still cor-

densiﬁcation processes and Sha”ows the LID. rect but the mea&lSN IeVeI IS SyStematlcally too h|gh From

. this experiment, we conclude that it is not possible to match

— thermal effect everinghaus et all998: the cold part  poth §15N data andAdepth by tuning only the temperature

of the firn is enriched in heavy isotopes accordingto  gscenario.

T\ Several explanations can be proposed to explain the under-
A8 Niherm= (Tb) —1=Q-AT (2)  estimation of theAdepth by the model:

— the tuning of the Goujon model (LID density, verti-
cal velocity field) is not appropriate for the NEEM site
and predicts a too shallow LID. However, we show in
AppendixA3 that different tuning strategies have no
impact on the modeled LID;

with T and T, being the temperatures of the top
and bottom parcel, respectivelyr the thermal dif-
fusion constant,2 the thermal diffusion sensitivity
(Grachev and Severinghg)03, andAT the temper-
ature difference between top and bottom of the firn.
A transient temperature increase after a stable cold pe- — the Goujon model is not appropriate for the NEEM
riod will create a transient peak 8°Niherm site. However, this model is valid for present-day at

Clim. Past, 9, 10294051, 2013 www.clim-past.net/9/1029/2013/
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Temperature, °C
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Fig. 3. Measured and modeléd®N for NEEM on DO 8 to 10, plotted on a depth sca#).5180 ice %o, this study(b) Temperature scenarios
and(c) accumulation scenarios used to producesthN reconstructions irfd) plotted on the same color. Red dots: measuréiN data.

(d1) to (d4) Modeleds1°N. (d1) to (d3) using a 2 m convective zon@l4) using a 12 m convective zone.

NEEM (see AppendiAl) and has also been vali-
dated for a large range of temperature and accumula-
tion rates covering the expected glacial climatic con-
ditions at NEEM Arnaud et al. 2000 Goujon et al,
2003 Landais et al. 200§. Moreover, using other
firnification models (the Schwander model on NGRIP
Huber et al(200§ and a Herron Langway model on
NEEM, see Appendix) with similar forcings in tem-
perature and accumulation rate does not reproduce the
measured\depth either;

fundamental parameters are missing in the descrip-
tion of current firnification models. A recent study has
shown that the firn density profile could be strongly in-
fluenced by impurities, the density increasing with cal-
cium and dust content in the icelgrhold et al, 2012).
Calcium and dust in Greenland ice cores are both origi-
nating from low-latitude Asian deserts and their content
is influenced by source strength and transport condi-
tions (Svensson et g@l200Q Ruth et al, 2007). They co-
vary in Greenland ice cores from seasonal to millennial
timescales orhold et al, 2012 Thomas et a).2008
Steffensen et §12008. During cold periods (glacials,

hance the disagreement between modeled and observed
Adepth;

the glacial firn layer at NEEM could be subject to vari-
ations in the extent of the convective zone due to kata-
batic winds and/or low accumulation rate. Considering
present-day Antarctic sites as an analogue for the past
NEEM firn, a convective zone of 0—-3m (like Dome
C, Landais et al.2005 to 12m (like Vostok,Bender

et al, 19944 can be considered (Seé4 and Fig.A2),
event though we suggest that the range 0—-3 m is most
likely (see discussion in Sedd4). A convective zone
has no direct impact on thAadepth but it lowers the
815N level. Accounting for such convective zone in the
firn model requires lower temperatures, which increases
the Adepth.

— the forcing in accumulation of the firnification model

is not correct. To match the observeddepth with

a correctly modeleds’®N, we need to significantly
decrease the accumulation rate compared to the
original DJ estimation.

With a 2m convective zone, by adjusting changes in

stadials), calcium and dust content in Greenland iceaccumulation rate and th&'80O—temperature relationship
cores are strongly enhanced compared to warm peri{Fig. 3c, b), we manage to reproduce th&N profile as

ods (interglacials, interstadialdyiayewski et al. 1997,
Ruth et al, 2007 Wolff et al., 2009. Taking this ef-

presented in Fig3, scenario d3. This best!®N fit corre-
sponds to a mean accumulation reduction of 34% (30 to

fect into account, the modeled LID during the glacial 40%, depending on the DO event). Because the depth-age
period should be shallower than the one calculated withcorrespondence is imposed by the layer counting, this accu-
the current version of the firnification model calibrated mulation rate reduction by 34 % directly implies the same

on present-day observations. This would further en-34 % decrease in the ice thinning. If we use this accumulation
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scenario as input for the DJ model, with keeping the originalconstruction for NGRIP is in good agreement with the one
DJ accumulation scenario in the remaining ice core sectionsfrom Huber et al (2006 where a different firnification model
the output timescale is just at the limit of the age uncertaintywas used (see Fig. D1 in Appendy. For the GISP2 core,
estimated by annual layer counting. With a 12 m convectivethe temperature reconstruction for DO 8 follows the same
zone (Fig.3, d4), thes!®N profile can be reproduced using approach Qrsi et al, 2013: temperature and accumulation
the temperature scenario d3 systematically lowered i 2 scenarios are used as inputs to the Goujon firnification model
and the DJ accumulation rate reduced by 28 %. and constrained usingf°N and §*°Ar measurements. Four
For NGRIP, the Goujon model can reproduce the mea-different accumulation scenarios were used, with a GS to Gl
sureds1oN profile with the correcihndepth when using a con- increase of 2, 2.5, 3, and 3.5 times. The difference in tem-
vective zone of 2m and the DJ accumulation rate reduced byerature increase between these four scenarios is very small
26 % over the whole section (Fig. D1). Alternatively, we can (1o = 0.07°C). We report in Tabl& the mean temperature
use a 12 m convective zone with a 19 % reduction in accumuincrease for these four scenarios.
lation; this impacts the mean temperature level, which has For a systematic comparison between the different
to be lowered by 2C (not shown). For GRIP, using a 2m ice core records, we have used a ramp-fitting approach
convective zone, we have to decrease the DJ accumulatiofMudelsee2000 to quantify the start, end and amplitude of
rate by 40 %. Note that this reduced GRIP DJ accumulatiorDO increases is180, temperature and accumulation: each
rate is then very close to the GISP2 accumulation rate foparameter is assumed to change linearly between GS and Gl
the same period (Figt). We further discuss past changes in states. The magnitude of DO increases are then estimated as
accumulation rate in Se@.4. the difference between the mean GS and Gl values (Rble
Based on these calculations, we conclude that reducing th&he time periods used on each DO event for this statistical
DJ accumulation scenario is necessary to match BbiN analysis are shown in Fig3 and D1.
data andAdepth with a firnification model over the sequence
of DO 8-10, even when accounting for uncertainties linked3.3.1 Temperature sensitivity of§180 for present-day
with the presence of a convective zone. This reduction has no and glacial climate
impact on the reconstructed rapid temperature variations but
requires a lower mean temperature level (Bigd3, d4). Our  For all four sites, the temporal sensitivity of water iso-
19 to 26 % accumulation reduction for NGRIP supports thetopes to temperature varies from 0.34 to 0.63Gl,
findings byHuber et al(2006 where the original accumula- being therefore systematically smaller than the present-
tion scenario was reduced by 20 %, without convective zoneday spatial gradient of 0.80%€~! (Table 3 and
Sjolte et al, 2011). This reduction can be explained
3.2 Uncertainties quantification by  precipitation intermittency/seasonality  effects
(Steig et al. 1994 Jouzel et a].1997): under glacial
Following the same method for the four cores, we esti-boundary conditions, atmospheric models depict a shift
mate the uncertainty ¢) associated with the temperature of Greenland precipitation towards summer; this has been
increasesAT at the onset of the DO events to be0.6°C linked to a southward shift of the winter storm tracks due to
for NEEM, GRIP, and GISP2, and 1.5°C for NGRIP. For  the position of the Laurentide ice she@fdrner et al.200Q
thes180 increasesAs180, the uncertainty is estimated to be 2001 Krinner et al, 1997 Fawcett et al.1997 Kageyama
~0.05 %0 for NEEM, 0.04 %0 for NGRIP, 0.06 %o for GRIP and Valdes2000. During cold periods, summer snow may
and 0.02 %o for GISP2. The thermal sensitivitysdfO, de- represent most of the annual accumulation, inducing a bias
fined asx = A8180/ AT, is associated with an uncertainty of of the isotopic thermometer towards summer temperature
0.05, 0.08, 0.04 and 0.02 %1 for NEEM, NGRIP, GRIP  and loweringe compared to the spatial gradient (associated
and GISP2, respectively. The detailed calculations are giverwith a classical Rayleigh distillation). So far, seasonality
in AppendixB. Note that for DO 8, 9 and 10, the GRIP and changes have not been systematically investigated in climate
GISP2 ice cores depiét0 increases significantly different model simulations aiming to represent DO events such as
from each other even though they are geographically verydriven by freshwater hosing. In reduced sea-ice experiments
close to each otheGrootes et al(1993 calculated an 89 % by Li et al. (2005 using an atmospheric general circulation
common variance between these two cores for the intervamodel, a 7C temperature increase and a doubling of the
9-104 ka b2k and suggested local variability to explain theaccumulation rate are simulated in GI compared to GS, ac-

remaining differences. companied with a relatively higher winter snow contribution
that could partly explain the low that we observe here.
3.3 Regionals'®0 and temperature patterns Another argument in favor of such seasonality change

comes from observations in the NGRIP ice core: records of
Our best guess temperature and accumulation reconstruclifferent ion and dust show synchronous annual peaks dur-
tions for the four Greenland sites are displayed in Hig. ing stadials for these species, whereas peaks occur at differ-
as a function of the GICCO05 timescale. Our temperature re-ent periods of the year during interstadials, as for present-day
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Fig. 4. NEEM (red), NGRIP (blue), GISP2 (brown) and GRIP (green) compari@niNater isotopes, 50 yr running average, %o vs. VS-
MOW. NEEM: this study. NGRIPNGRIP memberg2004). GISP2:Grootes et al(1993. GRIP: Johnsen et a(1992. (b) Temperature
reconstructionSC. (c) Accumulation rate reconstruction, ine.a—1.

(Andersen et al2006. A first explanation is that during GS 10: +8.8+0.6°C at NEEM,+10.4+1.5°C at NGRIP, and
the accumulation rate is so low that ion/dust income are dom-+11.14+0.6°C at GISP2 for DO 8; for DO 10AT is largest
inated by dry deposition all around the year, producing anat NGRIP and smallest at NEEM. In the mean time, the am-
ion/dust rich layer at the snow surface. This layer is then sepplitude of A§180 is decreasing from NW to central Green-
arated from the one from the following year by the incom- land: for DO 8, A§80 is 5.6%o for NEEM, 4.7 %o for

ing summer snow, resulting in apparent annual synchronouslGRIP, 4.2 %. for GISP2, and 4.6 % for GRIP (TabB
peaks of all species. This supports the hypothesis of a draand AppendixB for uncertainties estimation). As a result,
matic decrease of winter precipitation during GS at NGRIP.the « coefficient decreases from NEEM to GISP2 for DO
Andersen et al2006 also suggested that changes in trans-8 and 10. For DO 9, no significant regional difference can
port paths may account for the observed pattern. Indeed, thbe detected in reconstructed temperatures nasitfO. For
presence of the Laurentide ice sheet (LIS) has been suggestélds small event, the signal is small compared to the data
to allow a split jet streamAndersen et al200§. A shift of uncertainties, therefore any spatial gradient becomes diffi-
the path from south to north of the LIS during GI-GS may cult to verify. For DO 8 and 10, the larger temporal val-
explain their data. The GS—GI impurities patterns are thereues ofa encountered at NEEM are probably explained by
fore again in favor of different atmospheric circulation pat- smaller precipitation seasonality effects for this site, which
terns between GS and GI. No such high resolution measureis already biased towards summer at present-day by a fac-
ments are yet available for GRIP, GISP2 and NEEM. tor of 2 to 3.5 Steen-Larsen et akR011 Sjolte et al, 2011%

In the mean time, studies of the second order parametePersson et gl.2011). In other words, because warm peri-
deuterium excess suggest that the main source of water vasds already undersample the winter snow at NEEM, a winter
por is shifted southwards during GSohnsen et g1.1989 snow reduction during cold periods at NEEM cannot have
Masson-Delmotte et aR005 Jouzel et a|.2007 Ruth et al, an effect as strong as for the NGRIP and the GISP2/GRIP
2003. The enhancement of the source—site temperature grasites, where precipitation are indeed distributed year-round
dient enhances isotopic distillation and produces precipitafor present-day. We note thatdecreases with site elevation
tion with lower 8180 levels during cold periods, increasing (Tables1 and3). Interestingly, for DO 8 and 10 the spatial
«. Contradicting earlier assumptiorBdyle, 1997, concep-  pattern of DO distribution appears consistent with the spa-
tual distillation models constrained by GRIP deuterium ex-tial patterns of present-day interannual slopes (for summer
cess data suggest that this effect is most probably secondagr winter months), which are also higher in the NW sec-
(Masson-Delmotte et al2009. tor (Sjolte et al, 2017). We also note that our spatial patterns

of temperature and accumulation increases for DO 8 and 10
3.3.2 Regional differences between the ice cores sites  are consistent with the pattern obtained bt al. (2010).

. o In this study, a 3C temperature warming is simulated at
The magnitude of GS-GI temperature rise is significantly

increasing from NW Greenland to Summit for DO 8 and
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Table 3.DO increase (GI-GS) id180, temperature and accumulation (mm.i-&afor NEEM, NGRIP, GRIP and GISP2. Fax$180, AT
andq, for each given DO event, two numbers written with different colors are significantly different from each other. A number in italic is
not significantly different from all other numbers. See text for details and Bdot.uncertainties quantification.

DO 8 DO 9 DO 10

NEEM NGRIP  GISP2 GRIP NEEM NGRIP  GISP2 GRIP NEEM NGRIP  GISP2 GRIP
Stadials’80 —43.52 —42.74 —41.32 —41.49 —42.66 —42.62 -40.68 —41.03 —42.65 —-42.74 —-41.33 —-41.43
AS180 5.57 4.68 4.21 4.57 3.09 2.59 2.37 3.05 4.32 3.97 3.45
AT 8.85 10.42 11.09 6.02 5.50 6.21 7.72 11.56
o 0.63 0.45 0.38 0.51 0.47 0.49 0.56 0.34
Stadial acc. 47 49 60 59 46 52 64 61 43 51 58 56
Aacc 58 58 82 81 14 18 23 37 36 45 56 55

Summit with an amplitude decreasing from south to northparing the four sites, NEEM and NGRIP show similar accu-
in response to sea-ice reduction in the Nordic seas. mulation rates, whereas the accumulation is clearly higher at
In addition to differences in seasonality/precipitation in- GISP2 and GRIP over the whole time period.
termittency, differences in moisture transportation paths may One important finding of our study is the requirement for
also modulate the spatial gradients ofover DO events. a lower accumulation rate at NEEM, NGRIP and GRIP over
Although this effect cannot fully explain the fact that the DO 8-10, compared to the initial accumulation rate given
slopes are systematically lower than at present, it couldby the DJ ice flow model. Taking into account the presence
contribute to the difference between the slopes at NEEMof a possible convective zone at NEEM, our reconstruction
NGRIP and GISP2 (see Se@&.3.]). Several studies con- based on firn modeling needs to reduce the original DJ accu-
ducted with isotopic atmospheric general circulation mod-mulation rate by 28 % (12 m convective zone) to 35% (2m
els equipped with water tagging have indeed revealed dif-convective zone).
ferent isotopic depletions related to the fraction of moisture Several lines of evidence point to an overestimation of
transported from nearby or more distant moisture sources urthe glacial accumulation rates given by the DJ model. First,
der glacial conditions\M/erner et al. 2001, Charles et aJ.  in their temperature reconstruction for DO 9 to Hyber
2001. In particular, changes in storm tracks were simu- et al.(2006, using the firnification model &chwander et al.
lated in response to the topographic effect of the Lauren{1997%), also had to decrease the accumulation rate calculated
tide ice sheet, resulting in the advection of very depletedby the DJ model by 20% everywhere to fit the observed
Pacific moisture towards North Greenland. Indeed, systemAdepth. We found similar results applying the Goujon model
atic offsets between water stable isotope records of GRIRo the NGRIP ice core over DO 8-10. For DO 9 on GRIP, we
and NGRIP have been documented during the last glacial peaeed to reduce the DJ-accumulation rate by 40 %; the result-
riod (NGRIP member2004). So far, we cannot rule out that ing accumulation rate is then very similar to that at GISP2
changes in moisture origin may cause differencesffO (Fig. 4). For GISP2 on DO 80rsi et al.(2013 used the
variations between NEEM, NGRIP, and GISP2. AssessingGoujon model and an accumulation rate of 0.050era 1
the importance of source effects will require the combinationfor the GS preceding DO 8, as calculated by the ice flow
of deuterium excess andO excess data with regional iso- model fromCuffey and Clow(1997) adapted to the GICC05
topic modeling and remains beyond the scope of this study. timescale.
It is very unlikely that GISP2 and GRIP have significantly
3.4 Past surface accumulation rate reconstruction and different accumulation histories. Indeed, at present GRIP is
glaciological implications located 28 km east of GISP2 and the ice divide is not between
them, therefore no foehn effect is expectdi¢hardt et al.

For NEEM, NGRIP and GRIP (reduced DJ-accumulation) as2013. A small (8 %) accumulation difference is reported for
well as GISP2 (original accumulation froBuffey and Clow  the last 200 aNleese et a).1994 Johnsen et al1992). Dur-
1997, accumulation variations follow annual layer thickness ing the glacial period, the expansion of the ice sheet mar-
variations: for each ice core, the smallest accumulation ingins is expected to produce a flatter topography in central
crease is seen for DO 9 and the largest one where the tenf3reenland, further reducing a possible foehn effect. There-
perature increase is largest (DO 8 for NEEM, DO 8 and 10fore, large differences in past accumulation rates between
for NGRIP). Accumulation shifts therefore scale with tem- GISP2 and GRIP are not climatically plausible; the observed
perature variations (Tabl8). This is in agreement with the discrepancy must be an artifact of the different methodolo-
thermodynamic approximation considering the atmosphericdies deployed to estimate accumulation rates. Note that dur-
vapor content, and thus the amount of precipitation, as arng the glacial inceptionl.andais et al(20043 2009 were
exponential function of the atmospheric temperature. Com-able to reproduce the measurgtPN at NGRIP with the
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original timescale (ss09sea0O6bMGRIP members2004) tions, all the other parameters being kept constant (basal
and accumulation values from the DJ model. In the climatic sliding, basal melt rate, kink height). The best guess in-
context of the glacial inception, marked by higher tempera- put accumulation rate is a tuned exponential function
tures compared to DO 8-10, firnification model and DJ ice of 8180 (e.g.,Johnsen et 311999. Tests with a simple
flow models seem to agree. DJ model adapted to the GRIP site show that reducing
Altogether, these results suggest that the DJ model is con-  the input surface accumulation rate also reduces the an-
sistent with firn constraints during interglacials and incep- nual layer thicknesses and the total vertical veloejty
tions, but a mismatch is obvious during DO 8-10, likely rep- integrated from top to bedrock. In the output timescale

resentative of glacial conditions. We now summarize three the modeled ice age at a certain depth is older. To still
potential causes that could produce an overestimation of  get a correct timescale in agreement with GICCO05, we
glacial accumulation in the DJ model (for a detailed presenta- ~ would need to deepen the kink height. The same effect
tion of this model we refer tDansgaard and Johnsd969. would apply to all other Greenland sites. The shape of

_ v, and therefore the kink height is also expected to vary
a. Wrong age scale produced by the DJ model: the DJ ity the ice sheet temperature profile and dust content
model could underestimate the duration between two through changes in ice viscosity (for more details we

given depths in the ice core and thus overestimate the | .tor 1o Cuffey and Patersqr201Q Chap. 9). During

accumulation rate. However, for the NEEM ice core the glacial period, the connection between the Green-
from present until 60 ka b2k, the DJ model is tuned in land ice sheet and the Ellesmere Island ice could also

order to produce an age scale in agreement with the ity the Greenland ice flow. This effect is expected
GICCOS timescale Buchardf 2009. For the NGRIP to affect more the ice flow at NEEM, which is the clos-

core, the ss09sea06bm timescale produced by the DJ g site to Ellesmere Island, than at NGRIP, GRIP and
model together with the accumulation rate has beenval-  515p2. In 1969. when creating the DJ model to date
idated back to 60 ka b2k by comparison to the GICCO5  {he camp Century ice core, the authors assumed a con-

time sale vensson et 31200§. The cumulated un- stant kink height over time due to a lack of information
certainty associated with the GICCO5 timescale at 60 ka (Dansgaard and Johnset969. Using a variable kink

b2k is 2600 a fvensson et 312009, which could ex- height will also modify th best guess relationship calcu-

plain 5% maximum of accumulation reduction, assum- lated between input accumulation rate aAg0.

ing a systematic undercounting of the annual layers. For

the glacial inception at NGRISvensson et a(2011) To conclude, there are huge uncertainties on past accumu-

have counted annual layers on particular sections durindation rate reconstructions. Comparing three different recon-

DO 25 and the glacial inception and confirm the dura- structions for SummitGutler et al, 1995 Cuffey and Clow

tions proposed by the ss09sea06bm timescale. We therd-997 Johnsen et al2001), we suggest that the glacial ac-

fore rule out a possible wrong timescale as the maincumulation rate reconstructed by the DJ model has to be

cause for the disagreement on these particular periods taken as a high boundary, the low boundary being at least
50 % lower. This may apply to NGRIP and NEEM. Our firn-

b. The changing shape of the Greenland ice sheet ovemodel-based accumulation rates lie in this envelope. We sug-
time (thickness and margin location) may affect the re- gest that both thickness and margin location changes should
constructed accumulation rate, as suggested by modeale taken into account in the DJ model. A better agreement
studies fromCutler et al.(1999 andCuffey and Clow  petween theutler et al (1995 model, theCuffey and Clow

(1997). The DJ model assumes a constant ice shee{1997 model and the DJ model may also be found by using
thickness over time for NGRIPQrinsted and Dahl- 3 variable kink height in the DJ model.

Jensen2002 and a variable one for NEEMB(chardt
2009 Vinther et al, 2009. Concerning the DJ model . _
applied to the NGRIP site, runs with constant ice sheet4 Conclusions and perspectives

thickness histories or the one frovinther et al.(2009 , .
were comparedBuchardt 2009 Chap. 5, Fig. 5.22) Air and water stable isotopes measurements from four
and agree well for MIS3. Using a constant or variable Créenland deep ice cores (GISP2, GRIP, NGRIP and NEEM)

ice sheet thickness in the DJ model should thus not af."@ve been investigated over a series of Dansgaard—Oeschger
fect much the reconstructed accumulation rate. The DEVENts (PO 8, 9 and 10), which are representative of glacial
model has one spatial dimension and no effect of margirmillennial scale variability. We have presented the ﬁﬁéN
location changes can be assessed. It would be interesf@t@ from the NEEM core and combined them with new
ing to incorporate a parametrization that could account®"d Previously published°N data from NGRIP, GRIP and

for this later effect and perform sensitivity tests. GISP2. Combined with firn modeling, air isotope data al-
low us to quantify abrupt temperature increases for each ice

c. The DJ model assumes that the vertical velocity field core site. For DO 8, the reconstructed temperature increase
(v,) changes only with surface accumulation rate varia-is 8.8°C for NEEM, 10.4#C for NGRIP, and 11.1C for
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GISP2. Our data show that for DO 8 and 10, the magnitudeAppendix A
of GS—Gl increase is up to°Z larger in central (GISP2) and
North Greenland (NGRIP) than in NW Greenland (NEEM). The Goujon firnification model: method
The reconstructed accumulation increases follow the same
spatial pattern. These observations are in agreement with &he firnification model has only one space dimension and
study of spatial Greenland response to reduced sea-ice exalculates the vertical velocity field along the vertical coordi-
tent in the Nordic sead { et al,, 2010. no spatial gradient nate and the temperature profile across the entire ice sheet for
is detected for the small DO 9 event. The tempar&O— each time step of one year. In the firn, it calculates the density
temperature relationship varies between 0.3 and 0 8%s profile from the surface to the close-off depth. The density
and is systematically larger at NEEM, possibly due to limited profile and the accumulation history allow us to obtain the
changes in precipitation seasonality compared to GISP2 oice age at LID and, assuming gas age equal to zero at LID,
NGRIP. The relatively high isotope—temperature relationshipthe Aage. The temperature field from surface to bedrock is
for NEEM will have implications for climate reconstructions then used to reconstruct the density profile in the firn, the firn
based on NEEM water isotopes data. Further paleotempetemperature gradient, and from there teN at LID. We
ature investigations are needed to assess the stability of thi®llow Goujon et al (2003 where the LID is defined as the
relationship over glacial-interglacial variations. In particular, depth where the ratio closed to total porosity reaches 0.13.
it would be interesting to compare the presented reconstructhe model is adapted to each ice core site in terms of vertical
tion with the temperature—water isotopes relationship overelocity field, basal melt rate, ice sheet thickness, elevation,
the different climatic context of MIS 5. A better understand- surface temperature and accumulation scenarios (TBble
ing of the causes of the regional isotope and temperature graA/e assume a convective zone of 2m at the top of the firn.
dients in Greenland requires further investigations of possi-
ble source effects (using deuterium excess H@lexcess), Al Validation of the Goujon firnification model for
and an improved characterization of atmospheric circulation present day at NEEM
patterns. We hope that our results will motivate high reso-
lution simulations of DO type changes with climate mod- We use the present-day characteristics of the firn at NEEM
els equipped with water stable isotopes, in order to test howo validate the Goujon firnification model. During the 2008
models capture regional gradients in temperature, accumulasummer field season, a shallow core was drilled at the S2
tion and isotopes, and to understand the causes of these greite at NEEM. Firn air was sampled at different depths from
dients from sensitivity tests (e.g., associated with changes ithe surface to 80 m depth in this borehole (for more de-
ice sheet topography, SST patterns, sea ice extent). tails seeBuizert et al, 2012. From these air sample$°N
The gas ageice age difference between abrupt warming was measured at LSCE (Fig1). The increasing’°N with
in water and air isotopes can only be matched with observadepth reflects the gravitational fractionation. Given the ver-
tions when assuming a 26 % (NGRIP) to 40 % (GRIP) lowertical resolution in the data, we do not see a clear convec-
accumulation rate than derived from the Dansgaard—Johnsetive zone. Below 62 m deptld!°N is constant: the nondiffu-
ice flow model. We question the validity of the DJ model to sive zone is reached. We thus have a LID of 62 m at NEEM
reconstruct past glacial accumulation rate and recommend ofor present-day according to the8¥N data only. InBuiz-
the time interval 42 to 36 ka b2k to use our reduced accumuert et al.(2012, using measurements of different gases in
lation scenarios. We also suggest that the DJ ice flow modethe firn and several diffusion models, the S2 borehole is de-
is too simple to reconstruct a correct accumulation rate allscribed as follows: a convective zone of 3 m, a diffusive zone
along the ice cores and propose to test the incorporation 0b6f 59 m down to 63 m depth (LID), and a nondiffusive zone
variable ice sheet margins location and kink height in thisdown to 78.8 m depth (total pore closure depth). Follow-
model. Our results call for a systematic evaluation of Green-ing this description and assuming no thermal effect, we cal-
land temperature and accumulation variations during the lastulated the corresponding gravitational fractionation affect-
glacial-interglacial cycle, combining continuoéf®N mea-  ing §°N (Fig. A1, blue line). Annual layer counting of the
surements with firnification modeling. Using a correct accu-corresponding shallow core and matching with the GICC05
mulation rate is of high importance to reconstruct accuratetimescale gives an ice age at LID of 190.6 a H2ka, and
ice- and gas-age scales and to calculate fluxes based on coR52.5a at the total pore closure depth. The age of GO
centrations of different species in the ice. Moreover, a bettercalculated to be 9.6 a at LID and 69.6 a at the total pore clo-
estimation of past surface accumulation rates at precise losure depth, producing aAage of 181a and 183 a, respec-
cations in Greenland would help to constrain past changesvely. The best estimate for the trueage is estimated to be
in ice flow with implications for ice sheet mass balance and182+3/—9 a Buizert et al, 2012. We observe that from the
dynamics. LID, the Aage becomes constant within uncertainties. Con-
sidering the diffusion coefficient to be 1 for G@nd using
1.275 for N> as inBuizert et al (2012, the age of Nis 7.5a
at the LID, giving a Aage of 183 a.
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"N, %o gas age at LID, due to the time for air to diffuse in the firn,
0.00 0.10 0.20 0.30 is assumed to be zero; (b) any broadening of the initial

gt b Lo peak by gas diffusion in the firn is not taken into account.
For present-day, the gas age at LID is 9.6 a for,(Buiz-
ert et al, 2012 and we calculate it to be 7.5 a foroNThe
Schwander model calculates a Bge up to 20 a at the LID
over DO 8 to 10 for NGRIPHuber et al. 2006. The Gou-
jon model thus systematically overestimates Nage by 10
to 20 yr in the glacial period, which is within the meamage
uncertainty of 60 yr (Tabl@). For the NGRIP core, our tem-
perature reconstruction with the Goujon model (without gas
diffusion) is in agreement with the temperature reconstruc-
tion from Huber et al.(2006 where the Schwander model
(with gas diffusion) is used (Fig. D1). We thus consider that
the lack of gas diffusion in the Goujon model has an impact
that stays within the error estimate (Appendix S&jt.

For DO 8 to 10 at NEEM, we present the measured and
modeleds'°N data plotted on an age scale in F&B. The
Aage calculated by the model (Fiy3, subplot d) is used to
synchronize the gas record to the ice record. We have also
reported here thaage tie-points from Tabl@ and we can

Fig. AL. Present-day firn at NEEM. Red dot5N data measured  S€€ that the modeledage reproduces these points, within
at LSCE. Blue line: gravitational fractionation fé#°N, assum-  the error bar.

ing a convective zone of 3m and the LID at 63 m dehigert

et al, 2012. Black dots: modeled'°N with the Gouijon firnifica- A3 Sensitivity tests

tion model.

Depth, metes

IS
o
PR A B R A A A S N A A N A A A A AT A B A A AR AN A B AN AN

A3.1 \Vertical velocity field

We run the Goujon model using the NEEMO07S3 shallow In the firnification model, we used two different parameter-
core age scale arsd®O for the top 60 m$teen-Larsen etal. izations for the vertical velocity field: the analytical solu-
2011 and the NEEM main core below. Th#80 record  tion from Lliboutry (1979, as in the original model from
is used to reconstruct the past temperature variations ussoujon et al(2003, and a Dansgaard-Johnsen type verti-
ing « = 0.8 (Sjolte et al, 2011); we usef =9.8 in order  cal velocity field Dansgaard and Johnsel®69. In the later
to obtain the measured average present-day temperature ohse, we used the same parametrization as used in the DJ
—29°C (Steen-Larsen et aR011). Using the density profile model to calculate past accumulation rates (ice sheet thick-
measured along the NEEMO7S3 core and the correspondingess, kink height, fraction of basal sliding, basal melt rate)
age scale, the past accumulation history was reconstructeand then tried different kink heights between 1000 m and
(Steen-Larsen et al2011) and used here as input for the 1500 m above bedrock. All these tests produce the same
firnification model. The firnification model estimates the LID modeled LID and, hence, the same modeN. The differ-
at 61.4m depth. Modele#'°N values agree well with the ent parameterizations actually produce very similar vertical
measured ones in this region (Fiy1). At 63 m depth, the  velocity fields in the firn. Becaus#°N is only sensitive to
estimated ice age is 189 a (according to the NEEMO7S3 cor@rocesses occurring in the firn, huge modification of the ver-
dating, which agrees very well with the S2 core dating). 1g- tical velocity field deep in the ice (for example by modifying
noring the gas age at LID thus results in an overestimation othe kink height) has no impact here.
the Aage by less than 10 yr for present-day.

A3.2 Basal temperature
A2 Reconstruction of the past gas age scale

We also varied the basal temperature betwe@m09°C as
Simulations with the Goujon model show that at the onsetmeasured at present in the borehole (Simon Sheldon, per-
of DO events 8, 9 and 10, the heat diffusion in the firn is sonal communication, 2012) and1.68°C, which is the
slow enough so that the peaks of maximum temperature gramelting temperature as calculatedRitz (1992 and can be
dient in the firn are synchronous with td&80 peaks. We  considered as a maximum basal temperature. There is no dif-
thus consider that the peaks 8PN occur at the same time ference in the modeled LID. Indeed, the relatively high accu-
as thes'®0 peaks. However, the Goujon model has no gasmulation rate even in the glacial period makes the burial of
diffusion component and this has two consequences: (a) théhe snow layers quite fast. As a result, the firn temperature is
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mostly influenced by the surface temperature but not by the 15
bedrock temperature. . i F 0
{ - 10%
A4 Effect of a convective zone F 5 %
r N
} . { gEo:
The Goujon model is written in a way that there is neither - 03
heat diffusion nor densification of the firn in the convec- o
tive zone. No densification of the top firn may be acceptable ] NEE
on the first 2 m but becomes unrealistic when increasing thézj ]
convective zone. Alternatively, instead of a “true” convective Z 0.15 /v.
zone, we can prescribe a nongravitational zone, where heat; i
transfert in ice still occurs. This reduces the diffusive column E ]
height (DCH) used to calculate the gravitational enrichment g 0-10-]
of 15N but does not modify its thermal fractionation. = J[oomer]
A convective zone deeper than 2m during the glacial pe- £ ] M;’d'ifg‘g,v.
riod at NEEM is possible, created by strong katabatic winds & °-°°] l' ® NGRIF
due to a steep ice sheet flank, like the 14 m convective zone @ @@ <—[Pome(] © oflP
at YMB85 site in Antarctica (FigA2 and Kawamura et a. H IR DA B DAL IR B
2006. However, during the glacial period, the Greenland >5 50 45 40 =35 30

. Mean annual temperature, °C
ice sheet may have been connected to Ellesmere Island and . peratu

the lateral margins were extended compared to present. Thigig. A2. Bottom: accumulation rate (m.w.e:3) vs. temperature
would create a flatter surface at the NEEM site, possibly alsqec). NEEM (red), NGRIP (blue) and GRIP (green), modeled dur-
NGRIP, and would not favor the existence of strong katabaticing MIS3. Black dots: measured for different present-day sites. Top:
winds. Marshall and Koutnik200§ modeled the icebergs convective zone (m) vs. temperature.

delivery from the Northern Hemisphere ice sheets over DO

events and showed that the ice sheet margins from Green- i i

land and the Canadian Arctic do not particularly respond to'? ©réenland and Antarctica (accumulation rate much t0o
DO events, because these regions remain too cold even duld’9€ compared to the temperature and convective zone).
ing GI. This is not in favor of abrupt change in the convective _ S @ Sensitivity test, we have made simulations with the

zone due to ice sheet shape changes at the GS-GI transitiof%.Oujon model using a constant convective zone of 12m dur-
A convective zone may also be created by a low ac-ng MIS3 for NEEM (Fig.3) and NGRIP (not shown), where
cumulation rate (as observed at Vostok or Dome F, Fig.Ve still need to reduce the accumulation rate to match the

A2). The deepest known convective zone (23m) is re-measureds’®N profile (by 28% for NEEM and 199% for

ported at the zero-accumulation site Megadunes in AntarcNCRIP).
tica (Severinghaus et aR010. However, note that there is
no convective zone at Dome Cgndais et al.2006 where Appendix B
the present-day annual mean accumulation rate is 2.5cm
w.e.a?l, slightly higher than at Vostok and Dome F. Our ncertainties quantification
best guess accumulation rate for NEEM, NGRIP and GRIP
during MIS3, using a 2m convective zone, is always higherB1 Temperature increase
than at Dome C today (Fid\2). This is also true for the
GISP2 site QOrsi et al, 2013. All these observations are in The uncertainty associated with temperature reconstruction
favor of no deep convective zone at NEEM, NGRIP, GRIP arises from the contribution of several sources of uncertain-
and GISP2 during MIS3. ties: analytical uncertainties associated WitAhN measure-

The existence of a convective zone would affect the av-ments, uncertainty associated with the estimation of thi
erage level o81°N, through the reduction of the diffusive temperature sensitivity parameter), uncertainty related to
zone, but not the modeleddepth that is a function of the modeling of firn heat diffusion and firnification. In a simple
total firn thickness (LID), itself dependant of surface temper-way, based on Eq2f, we can write the temperature increase
ature and accumulation. For NEEM, to reproduce both theAT as
measurechdepth and*°N values, using the original DJ ac- ASIEN

. . therm

cumulation rate, we need to reduce the temperature scenarida7 =
d3 by 9°C everywhere and use a 50 m convective zone (not
shown). The obtained system of temperature-accumulationwhere A8'°Nierm is the difference ind*®Ninerm between
convective zone is inconsistent with present-day observation&S and GlI, D is a coefficient for the heat diffusion

oo (B
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Fig. A3. 815N reconstruction for NEEM (left) and GRIP (righ{p) 8180 profile used to reconstruct the surface temperature priil&ur-

face temperature scenario used in the Goujon model (red line) and in the Herron Langway model (NEEM, 2 grefe) Aotsimulation
scenario for the Goujon model (pink line) and the HL model (NEEM, 2 green dats}1°N data measured at LSCE, this study (red
(NEEM) and green (GRIP) line and markers) and modéfeiN by the Goujon model (orange line), using temperature and accumulation
scenario shown ifb) and(c), plotted on the ice age scale using thage produced by the Goujon model (e, black lingdge tie points are
numbered as in Tab2 (e) Markers: tie points betweer°N ands180 (blue markers) or accumulation (pink markers), used to constrain the
firnification models. Black lineAage modeled by the Goujon model. Subpl@ts (b) and(c), in black: GS and GI mean states calculated
by the rampfit method.

in the ice, andQ is the thermal diffusion sensitivity NEEM §°N measurement is 0.006 %o. We usg points to

(Grachev and Severinghg903. define the Gl value (respectively 1, 2, and 3 points for DO 8,
To sum the uncertainties we use the general formula9, and 10) andgs points for the GS value (respectively 9, 3,
(Press et al2007): and 6 points). For a GS to Gl increase, thé&*°N uncertainty
is thus:
3x\? ax\? ax\?
oy =,|02 (—) +0? <_) +02 <—> (B2) 2 2
\/ “\ da b\ ap “\ac o pston = Tsisn  Tston (B5)
nGs nGl

wherex is a function ofa, b, andc¢ associated with, respec-
tively, o,, 03, ando. as standard errors. We can thus sum thewhich gives, respectively, 0.006, 0.006, and 0.004 %. for DO

uncertainties associated to the temperature increase: 8, 9, and 10. We run the firnification model with a modified
temperature scenario in order to exceeddtN peak value
2 1\? o ((—A8Ntherm 2 by 0.006 % maximum, for each DO event. The accumulation
TAT =1/ % A815Nnerm <ﬁ) e (T) scenario is kept unchanged. The obtained temperature in-

5 crease is 0.58C larger. If we calculate , 7 5515y as given by
o2 <—A515Nmerm) (B3) Eg. B3) we obtain 0.52C. We conclude that the maximum
b QD2 associated temperature uncertainty is 0G8Concerning
the validity of the firnification modeling, we have already
shown in Sect3.1that numerous tuning tests performed with
or oaT = \/UiTsAlSlsNtherm_‘_ oﬁT’Q —I—GﬁT,D. (B4) the Goujon model do not modify the estimated temperature
increase. When using different firnification models (Schwan-
OAT, AsBNpery: tHIS UNCertainty results from the analytical der or Goujon) with similar inputs scenarios, the modeled
uncertainty fors1®N measurements and from firnification §°N profiles are similar. Moreover, the duration of tempera-
modeling uncertainty. The pooled standard deviation of ourture increase is well constrained by the GICCO05 chronology

www.clim-past.net/9/1029/2013/ Clim. Past, 9, 1022651, 2013
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and the high resolutiod'®0 data. The GICCO5 dating and B3 Confidence intervals
the identification of numerousage tie points (Table) be-
tween gas- and ice phases gives strong constrains on the at/e propose here two different approaches to determine
cumulation scenario. We are thus quite confident in the vawhether two increasesfO or temperature)Ai and A,
lidity of our firnification model to reconstruct past surface are different from each other.
temperature and accumulation variations. First approach: for each calculated we have calculated

oar,p: Since the duration of the temperature increase isan associated error estimatg (see previous section). As-
very well known, the uncertainty on the heat diffusion effect suming a Gaussian distribution, eash can be defined by a
is thus rather small. In our case, it decreases the firn temperasaussian distribution function centeredAn:
ture gradient by 1.68C with respect to a surface temperature
increase of 9.02C for DO 8 for NEEM. The major uncer- 1 —(x — Ai)?
tainty in the heat diffusion model is linked to snow/ice con- f(x) = N exp % : (B7)
ductivity modelisation. For the snow conductivity, we use the 7 !
formulation fromSchwander et a(1997) where it is a func- - . .
tion of the ice conductivity. We have tried different formu- ~ The probability to get a value+ a; for this Ai is the cor-
lations for the ice conductivityWeller and Schwerdtfeger ~esponding integral:
1971 Yen, 1981) and modeled!°N are very similar.

oar.@: We calculate the uncertainty linked ®@ uncer- 4 — A
tainty (3 %, Grachev and SeveringhguZ003 to be 0.22, p; = / fx) = erf < )
0.13, and 0.17C for DO 8, 9, and 10 respectively for the ” 0iv/2
NEEM core. This uncertainty increases with the estimated

temperature increase and is therefore higher for DO 8. The integral from—oco to +co equals one. For each pair
Summing up all these uncertainties, we estimate the errops increasesAi and Aj, we calculate the respective maxi-
on the reconstructed NEEM temperature increase for each,,m confidence intervals{a;; ¢;] and [a;; a,] in a way

DO event to be~ 0.6°C (10). Following the same approach, in5t these two intervals do not overlap and tﬁ_g}i flx) =

we estimate the uncertainty to bel.5°C (1o) for NGRIP ; . .
and ~ 0.6°C for GRIP. Fo:yGISPZ, we a(lso) add an uncer- iléj g(x). The integralsp; = p; correspond to the probabil-

tainty of 0.07°C linked to the amplitude of the accumula- !ty to have the valuei i.ai andaj iaj..We' ."O”S'def that
tion increase@rsi et al, 2013 and obtain 0.8C. The larger if pi = pj = 0.9, the two increases are significantly different

uncertainty at NGRIP is mainly caused by the larger analyt—from each ather.

ical uncertainty (0.006 % for NEEM and GRIF®N data Second approach: we take a couple of temperatures in-
0.02 %o for NGRIP55N data) " creased\T; andAT;, assume both to have Gaussian distribu-

tion, and calculate the probability of the different&;-AT;
B2 880 ice temperature sensitivity to have a valu:

(B8)

The temperature sensitivity 6480 measured in the ice is de- AT, — AT; =X (B9)
fined by the parameter = A§80/AT. For NEEM, §180

data are measured with an accuracy of 0.07 %.. We use 2

8180 points to estimate the Gl value and 12 (DO 8 and 10)p(X = x) = /d)? p(AT; =X) p(AT; =% —x) (B10)
or 9 (DO 9) data points to estimate the G0 value. The

uncertainty associated with td&80 increase is

1
PX=x)=—F——
o2 o2 V2 2 2
0 A 5150 = :180 " n(;lso (B6) T/ 0; +Gj
> X /exp = (AT - ATy dx (B11)
which gives 0.05 %o for DO 8, 9, and 10. Following the same 2(0? + sz) '

approach, we obtain uncertainties for, respectively, DO 8, 9,
and 10 of 0.04, 0.05, and 0.04 %o for the NGRIP ice core, Equation B11) can then be used to find the probability
and 0.04, 0.08, and 0.06 %o for the GRIP ice core. We obtainhat x = 0, hence thah 7;=AT;. The probability than\ 7; is
0.02 %o for the GISP2 core. exactly equal toA T; is nil by definition and we have to de-
For NEEM, temperature and'®0 increases uncertain- fine the depth interval over which to integrate EB1(). We
ties result in a 0.05%°C~! uncertainty fora. We ob- |l thus calculate the probability that 7; = AT; £+ a by as-
tain 0.08, 0.12, and 0.06 %C ™" for DO 8, 9, and 10 for  sjgning the integration range for E®1) to [—a; a]. There
NGRIP and 0.05%:C~* for GISP2 and GRIP following s a necessary subjectivity in the choice of this interval. We
the same approach. have chosen to base this estimatezobn the uncertainty
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associated with our data so that we take Uiz + ojz:

p(— rriz—i—ojz <x < al.z—i—rrjz)

(B12)

_ . )2
/ (@f (a7 A;f»)dx ®13)
2(o{ +0j)
x— (AT, — AT))
o +O’ «/_
_erf| ZX=(ATi Z AT)) (B14)

/oiz + 01.2\/2

Finally, we consideAT; and AT; to be significantly dif-

ferent whenp(—,/o; +0; < x < \/o; ¥ 0;) is equal or less
than 0.1.

We now apply this probability calculation for DO 8 for the

following comparison:

— NEEM vs. NGRIP:a =1.6°C, A TNEeM-A TNGRIP =
1.6°C so that the probability that Tnegm = A TngRIP
+ 1.6 is calculated with EqQB14) asp = 0.48.

— NGRIP vs. GISP2: a=16°C, A TNGRIF
A Tgisp2=0.7°C so that the probability that Tngrip
= A Tgisp2 £1.6 is calculated with Eq.B14) as
p =0.62.

— NEEM vs. GISP2a = 0.85°C, A Tneem-A Tgisp2 =
2.25°C so that the probability that Tneem = A Tgisp2
+0.85 is calculated with EqB(4) asp = 0.05.
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Appendix C

NEEM firn modelisation with the Herron Langway
model

The Herron Langway model (hereafter HL) is an empirical
firnification model where the density profile and the ice age
in the firn are calculated based on surface temperature and
accumulation erron and Langway1980. We use a sur-
face snow density of 0.350gcm, as in the Goujon firni-
fication model. Based on the HL density profile in the firn,
we calculate the ratio closed to total porosity along the firn
column Goujon et al, 2003. To allow comparison with the
Goujon model, we use the same definition for the LID: the
depth where the ratio close to total porosity reaches 0.13. At
this depth, the HL model gives us the ice age, that we use as
a Aage estimate, and we calculatjéNgrav assuming a con-
vective zone of 2 m. This model has no heat diffusion compo-
nent and we thus use it on periods where the Goujon model
shows negligible thermal fractionation f6t°N (within the

815N measurement uncertainty), meaning where the surface
temperature is stable, without temperature gradient in the
firn. We thus can us&'°Ngra, as an estimate fa*>Nio.

Here, we apply this model on the stadial periods at NEEM
to investigate the surface temperature and accumulation sce-
narios that match the righit>N level andAage. We use the
815N and Aage values just preceding the DO events (see Ta-
ble 2) as target values and tune the surface temperature and
accumulation.

For DO 8, we use a targét®N value of 0.382+ 0.006 %o
and Aage value of 1198 79 a (Table2, NEEM tie point
n. 2). The HL model can reproduce these values using a sur-
face temperature 0f46.7640.3°C and an accumulation
rate of 0.043t0.004mi.e.a ! (58% reduction of the one
determined by the DJ ice flow model). The LID is at 76 real
meters depth (or 52.8 m.i.e. meters ice equivalent).

For DO 10, we use the NEEM tie point n. 9, whéféN =
0.3714+0.006 %0 andAage= 1149+ 69 a. These values are
reproduced using as surface temperatefé.0+ 0.3°C and
as accumulation rate 0.0440.004 mi.e.a ! (51% reduc-
tion). The LID is at 73.5 real meters depth (51.0 m.i.e.).

Modeled surface temperature and accumulation for the on-
set of DO 8 and 10 are plotted in Fi§3 with green dots. For
DO 8, the HL and Goujon models produce very similar sur-

These calculations give the same conclusion as obtaineghce temperature scenarios but the HL accumulation rate is

from approach 1: for DO 8\ Tneewm is significantly differ-

ent fromA Tgsp2with 94 % confidence (first approach) or,

lower. For DO 10, the HL and Goujon accumulation rates
are similar but the HL temperature is much higher. It is very

according to approach 2, these two temperature increases afigely that the differences are due to the strong assumption of

significantly equal with 5% confidence.
The results are reported in Tak8an the following way:

no thermal gradient in the firn for the HL model. In order to
fit the measured GS level 6£°N and theAage at the onset

for each DO event, if two values are written in two differ- of pO 8 and 10 with the HL model, we need to use a re-
ent colors, they are significantly different from each other. A gyced accumulation rate by 58 and 51 %, respectively. We

value written in italic is not significantly different from all

the others.

www.clim-past.net/9/1029/2013/

here confirm the finding from the Goujon model: decreasing
significantly the accumulation rate estimated by the DJ ice
flow model is necessary to match béft?N and Aage data.
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Fig. D1 815N reconstruction for NGRIRa), 180 profile used to reconstruct the surface temperature prif&RIP memberg2004). (b)
Surface temperature scenario used in the Goujon model (red line, this study)tmiddnet al (2006, black line. Note that the
temperature reconstruction covering DO 8 was missing at that (Zhaccumulation scenario for the Goujon modgl) Measured1°N
data at the University of Bern, Switzerland, with error bar shown on the last point to the right (dark blitubetset al(2006, new points
in light blue dots). Modeled®N by the Goujon model (orange line), using temperature and accumulation scenario skibjvarid(c).
Measured and modeled®N are plotted on the ice age scale using ftage produced by the Goujon mode| black line).Aage tie points
are numbered as in Tak#e Black line: modeled1°N from Huber et al(2008 using the temperature scenaria(b), black line.(e) Blue
markers: tie points betweert°N ands180, used to constrain the firnification models. Black linerge modeled by the Goujon model.
Subplots(a), (b) and(c), in black: stadial and interstatial mean states calculated by the rampfit method.

Appendix D et al, 2006 and thus need to reduce the mean temperature
level slightly more thatduber et al(2006 to still match the
Reprocessing NGRIP§1°N data 815N data.

To allow the comparison between NEEM and NGRIP, we re-

construct here past temperature and accumulation at NGRIRcknowledgementsiVe thank Michelle Koutnik, Jesper Sjolte,
following the same approach as for the NEEM site. We useAurélien Quiquet and Catherine Ritz for fruitful discussions and
the Gouijon firnification model adapted to the NGRIP site. furthermore Dan Israel for his great help with statistics. NEEM is

To constrain the model. we minimize the distance betweendirected and organized by the Center for Ice and Climate at the

the measured’®N and the modeled one (Fig. D1, c). The Niels Bohr Instltutg and US NSF, Oﬁlpe gf E’olar .Programs. It. |s'
supported by funding agencies and institutions in 14 countries:

correspopdin.g temperature anq accumulation scenarios a@elgium (FNRS-CFB and FWO), Canada (GSC), China (CAS),
reported in Fig. D1. For comparison, we also report here they g mark (FIST), France (IPEV, CNRS/INSU, CEA and ANR),
temperature reconstruction frokiuber et al.(200, using  Germany (AWI), Iceland (Rannls), Japan (NIPR), Korea (KOPRI),
the firnification model fronBchwander et a[1997) and the  The Netherlands (NWO/ALW), Sweden (VR), Switzerland (SNF),
ss09sea06bm timescale. Direct comparison is possible baJK (NERC) and the USA (US NSF, Office of Polar Programs).
cause over DO 8, 9, and 10 (2020 to 2140 m depth), durationsSCE analytical work has been funded by the ANR VMC NEEM
proposed by the GICCO05 and the ss09sea06bm timescalgsoject. We also thank the University of Copenhagen and the
agree with each other with 5% difference. Note that the twoCNRS/INSU/LEFE program. This is LSCE publication n. 4588
reconstructions agree well with each other, both for absolute ]

temperature level and temperature variations with time. WeFdited by: F. Parrenin

use an accumulation rate reduced by 26 % (20 %dHober
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