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ABSTRACT

The Hamburg atmospheric general circulation model (AGCM) ECHAM-4 is used to identify
the main source regions of precipitation falling on Greenland and Antarctica. Both water
isotopes H218O and HDO are explicitly built into the water cycle of the AGCM, and in
addition the capability to trace water from different source regions was added to the model.
Present and LGM climate simulations show that water from the most important source
regions has an isotopic signature similar to the mean isotope values of the total precipitation
amount. But water from other source regions (with very different isotopic signatures)
contributes an additional, non-negligible part of the total precipitation amount on both
Greenland and Antarctica. Analyses of the temperature-isotope-relations for both polar
regions reveal a solely bias of the glacial isotope signal on Greenland, which is caused by a
strong change in the seasonal deposition of precipitation originating from nearby polar seas
and the northern Atlantic. Although the performed simulations under LGM boundary
conditions show a decrease of the d18O values in precipitation in agreement with ice core
measurements, the AGCM fails to reproduce the observed simultaneous decrease of the
deuterium excess signal.

1. Introduction tracers in the ice, the origin of precipitation and
the climatic conditions during the formation of
precipitation are important information to know.Ice cores form polar regions certainly belong

Measurements of stable water isotopes H218Oto the most intriguing paleo-archives of climate.
and HDO in ice cores (expressed as d18O andMeasurements of isotopes, radio-nuclides and
dD) have been used to derive essential informa-chemical impurities in deep ice cores from
tion. On its way typically from low latitudes toGreenland and Antarctica have revealed many
high latitudes an air parcel undergoes successivenew details of past climate changes, especially of
condensation processes continuously depletingthe last glacial stage and its transition to the
isotopically the remaining water vapor. In vari-Holocene (e.g., Beer et al., 1988; Dansgard et al.,
ous theoretical studies it has been shown that1993; Jouzel et al., 1987, Yang et al., 1997). For a
the isotopic composition of precipitation iscorrect interpretation of the variations of such
mainly controlled by the temperature difference
between the evaporation site and the condensa-
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d18O (dD) signal of polar ice cores therefore deuterium excess d) of the precipitation? (3) Are
water isotopes still a reliable proxy for LGMreflects local temperature variations. The

observed present-day (spatial ) relation between surface temperatures on the Greenland and

Antarctic ice sheet?d18O, dD and surface temperatures of polar
sampling sites (Dahe et al., 1994; Dansgaard,
1964; Johnsen et al., 1989; Lorius et al., 1979)

are taken as transfer functions to interpret 2. Model description and prescribed boundary
conditionstemporal changes of the d-values as changes of

surface temperatures at the drill site. But new,

isotope-independent estimates of past temper- All results reported here are based on the
Hamburg AGCM ECHAM-4 (Roeckner et al.,atures on the Greenland ice sheet (Jouzel, 1999,

and references herein) raise doubt about the 1996). Experiments were performed in T30 reso-

lution (3.75°×3.75° on the physical grid, 19 ver-temporal constancy of the used transfer func-
tions, at least for Greenland. tical levels) running for 10 years with seasonally

varying constant boundary conditions. The stableAdditional information is gained by analysis

of the deuterium excess d (defined as d= water isotopes H218O and HDO are both explicitly
cycled through the water cycle of the modeldD−8d18O). The strength of the deuterium

excess signal is in general related to kinetic (Hoffmann et al., 1998). The capability to trace

water evaporating from different source regionsfractionation effects during evaporation, and can
therefore be used as an indicator of changes in was implemented by adapting the approach

described by Joussaume et al. (1984): water massestemperature and/or humidity at the evaporation
site (Johnsen et al., 1989; Merlivat and Jouzel, from different source regions get a tag from their

origin and can be identified as long as they are in1979; Vimeux et al., 1999). Thus, a correct

simulation of the deuterium excess represents a the atmosphere. The tag is removed if the water
reaches the surface as precipitation, dew andpossible validation of the simulated moisture

origins. exchanged vapor. In total, we defined 14 different

tagging areas (Fig. 1, left). For land surfaces, eachIn this study, the Hamburg atmospheric gen-
eral circulation model (AGCM) ECHAM-4 is continent was defined as a different evaporation

source (source regions I to N). For ocean sur-used to investigate the coherency between iso-

topes, temperatures and source regions of pre- faces, the annual mean SST of each grid box was
chosen to define several evaporation areas of thecipitation falling on Greenland and Antarctica

under the present and glacial climate. Both Atlantic and the Indopacific, respectively: source

region A, H: SST∏10°C, source region B, C,isotopes H218O and HDO are explicitly simu-
lated in the water cycle of the AGCM, and in F, G: 10°C<SST<25°C, source region D, E:

SST�25°C. Compared to the present climate, theaddition the capability to trace water from

different source regions was added to glacial oceanic evaporation regions vary in their
spatial extent (due to the prescribed LGM SST)ECHAM-4. Our approach is comparable to the

work of Joussaume et al. (1984) and Koster but represent the same SST intervals (Fig. 1, right)

as in the present climate simulation.et al. (1992) but using a modern AGCM with a
finer spatial resolution and a much longer The first tagging experiment was performed

under present-day boundary conditions. For thesimulation period. The independent simulation

of isotope values and other physical parameters second simulation we assumed LGM boundary
conditions according to the outline of the Paleo(e.g., surface temperatures) plus the simultaneous

‘‘tagging’’ of water vapor from different evapora- Modeling Intercomparison Project (PMIP): SST

and sea ice extent according to CLIMAP (1981),tion areas enables us to focus on the following
questions: (1) What are the major source regions solar insolation according to the astronomical

theory (Berger, 1978), a glacial CO2 value ofof the precipitation in Greenland and Antarctica
for the present and the last glacial maximum 200 ppmv (Barnola et al., 1987), land surface and

glacier distribution as reconstructed by Peltier(LGM) climate? (2) Can the major source areas

contributing to the polar precipitation be identi- (1994). In agreement with a new estimation of the
glacial Greenland ice sheet elevation by Cuffeyfied by the mean isotopic signature (18O and
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Fig. 1. Left: the definition of 14 different source regions of water vapor for the present-day climate. Evaporation
from ocean surfaces is divided into 8 different areas (A: polar seas, B: northern Pacific, C: northern Atlantic, D:
tropical Indopacific, E: tropical Atlantic, F: southern Indopacific, G: southern Atlantic, H: Antarctic Current) while
each continent is separated as a unique source of water vapor (I: Eurasia, J: Africa, K: Australia, L: North America,
M: South America, N: Greenland and Antarctica). Right: the same definition of source regions of water vapor for
the LGM climate with prescribed CLIMAP SST. Compared to the present climate, the continent source regions are
increased due to glacial sea level changes, while ocean source regions vary in their spatial extent due to changed
LGM SST (see text).

and Clow (1997) the Peltier reconstruction of the simulation with CLIMAP SSTs. One might argue

that a re-run of the experiment layout of WebbGreenland ice sheet elevation change was reduced
by three-quarters. No changes of the Peltier recon- et al. (1997) with the ECHAM AGCM might have

been more consistent with our other performedstruction were made for Antarctica.

There is a still ongoing discussion about the LGM simulations. However, as a first sensitivity
study of the influence of cooler tropical SST (andCLIMAP reconstruction of tropical glacial SSTs.

Several authors claim the tropical CLIMAP SSTs a partly warmer north Atlantic) the use of the

results by Webb et al. (1997) should be sufficient.as too warm (e.g., in Broecker (1996)). New meas-
urements also indicate a partly ice-free north
Atlantic during glacial summer periods (Weinelt

et al., 1996). To account for these critics on 3. Results and discussion
CLIMAP SSTs we have performed an additional
glacial sensitivity experiment with cooler tropical 3.1. Present climate

3.1.1. Greenland: source areas and isotopicSST and a partly warmer north Atlantic: we used
SSTs published by Webb et al. (1997) which are signature of present precipitation. In Fig. 2a, the

modeled spatial pattern of mean annual precipita-based on a AGCM simulation with the NASA-

GISS model (8°×10°). Instead of fixed glacial tion on Greenland is shown. Using a coarse model
resolution of 3.75°×3.75° does not allowSSTs, ocean heat convergence and associated

transports close to present-day values were pre- reproducing many small-scale features of the

actual precipitation pattern observed onscribed for the LGM climate. This different bound-
ary condition leads to an enhanced cooling, Greenland (Ohmura and Reeh, 1991). But the

large scale trend of high precipitation amounts inparticularly in the tropics, which is in agreement

with recent geochemical evidence (Guilderson the south (at Dye 3: observed: 54.1 cm a−1,
modeled: 90.4±14.6 cm a−1 ), decreased values inet al., 1994; Stute et al., 1995). The monthly mean

SSTs are in the range of 1° to 7° cooler than the Summit region, central Greenland (observed:

24.0, modeled: 22.5±3.2 cm a−1 ) and a very dryCLIMAP SSTs (between 40°S and 40°N) and also
partly warmer in the north Atlantic. Monthly region in the north is reproduced by the ECHAM

model. However, the extent of this dry region issurface temperature fields of this LGM simulation
by Webb et al. (1997) were interpolated to the over-estimated in western direction by our simula-

tion. For example, precipitation values near Campfiner spatial ECHAM grid and used as a boundary

condition for our sensitivity study. All other glacial Century (14.8±4.1 cm a−1 ) are more than twice
lower than observed (34.8 cm a−1 ). Overall, thereboundary conditions were set like in the LGM
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Fig. 2. (a) Modeled long-time mean precipitation values of Greenland for the present-day climate (contour lines at
10, 15, 20, 40, 60, 80, 100, 120 cm a−1 ); (b–f ) the relative contribution of different source areas (expressed as a % of
the modeled mean precipitation values, contour lines at every 5%). The cross marks the Summit drill site.
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Fig. 3. (a) Modeled long-time mean precipitation values of Greenland for the LGM climate with prescribed CLIMAP
SSTs (contour lines at 5, 10, 15, 20, 40, 60, 80 cm a−1 ); (b–f ) the relative contribution of different source areas
(expressed as a % of the modeled mean precipitation values, contour lines at every 5%, extra contour line at 7%
in (d)). The cross marks the Summit drill site.
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seems to be a too large modeled latitudinal gradi- value (−30.1±0.7‰) is somewhat lower than the
ice core data (−34.8±0.1‰, Grootes et al., 1993)ent in precipitation over the Greenland ice sheet

(too low values at Dye 3, too high values at Camp but this deviation is mainly caused by the coarse

model resolution (the grid box enclosing theCentury). In addition, the high accumulation belt
on the west coast is missing, probably due to an Summit area is 500 m lower than the true Summit

location). The modeled mean excess d=under-representation of circulation on a synoptical

scale in connection with topography. In the simu- 9.6±0.6‰ is close to the GRIP ice core data (d=
8.8–9.3‰, Hoffmann et al., 1997). The analysis oflation, precipitation stems from 7 different source

regions. Water from the polar seas surrounding the d-values of different source regions shows that

the results of our AGCM simulation are in goodGreenland (source region A, annual mean
SST∏10°C) is mainly transported to coastal agreement with the earlier findings. Water which

stems from subtropical Atlantic regions (=transi-regions with a slightly lower gradient of decreasing

precipitation amounts at the western coast of tion region betwen sources C and E) has presum-
ably an isotopic signature similar to the one ofGreenland than at the eastern coast (Fig. 2b).

Besides the polar seas, we see two major source the total precipitation amount. The additive con-

tribution of these regions represents about 42%regions of water transported to Greenland: the
mid-latitudinal and subtropical Atlantic regions of the precipitation in the Summit area. The

subtropical and tropical Atlantic is therefore the(source region C, annual mean SST between 10°C
and 25°C) and the North American continent most important source region for central

Greenland. But two other important aspects can(source region L). While the main transport direc-

tion for north Atlantic water masses is from the also be seen from Table 1: (1) Other sources of
water vapor with a different isotopic compositioneast (Fig. 2c) and can be associated with the

Icelandic Low, water from the North American than measured in the ice cores (more enriched in

heavy isotopes: polar seas, more depleted: Pacificcontinent reaches Greenland from a southwesterly
direction (Fig. 2f ). Smaller oceanic water contri- sources) contribute also a non-negligible part to

the total precipitation amount falling in thebution to Greenland’s precipitation stem from the

tropical Atlantic (source region E, annual mean Summit region. (2) Water from the North
American continent has a very similar isotopicSST�25°C, Fig. 2d) and from the Pacific (not

shown). Besides North America, the Eurasian land composition as water from the northern Atlantic.

Thus, the isotopic signature of the total precipita-surface (source I) is another continental water
source. Water from Eurasia reaches Greenland tion amount falling at Summit is a reliable indic-

ator for the major source area (source regions Cnot from the east, but from the very north, fol-

lowing the circumpolar circulation (Fig. 2e). and E) but it does not reveal information about
precipitation from other source regions with coun-Simulated year-by-year variations of the contribu-

tion of different oceanic or land water source terbalancing isotopic compositions. Similar to this

ECHAM-4 simulation, two studies to identify theregions are in the range of 5% to 20% of the
annual mean (1s standard deviation). However, major source regions of Greenland’s precipitation

with the GISS AGCM (Armengaud et al., 1998;this interannual variability might be limited by

the prescribed seasonally varying but yearly con- Charles et al., 1994) report also a significant
contribution of continental water and a minorstant SST.

Previous studies with simpler transport models contribution of far-distanced Pacific water trans-

ported to Greenland.have concluded from the observed isotopic com-
position of the precipitation that the dominating
water masses found in central Greenland stem 3.1.2. Antarctica: source areas and isotopic

signature of present precipitation. The simulatedfrom the subtropical part of the north Atlantic
ocean (Hoffmann et al., 1997; Johnsen et al., 1989). precipitation amounts of our present-day simula-

tion (Fig. 4a) are similar to ECMWF reanalyzesIn Table 1 we have listed d18O and d values of all
source regions with a significant contribution (i.e., results (Cullather et al., 1998). Like for the

Greenland ice sheet, many small-scale features are>5% of the total precipitation) to the precipita-

tion falling in the model grid box enclosing the not represented by the coarse model resolution.
But the very dry inner region of east AntarcticaSummit region. The simulated annual mean d18O
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Table 1. Modeled precipitation amounts (±standard deviation 1s) and isotopic composition of water
masses from diVerent source regions transported to the Summit region, central Greenland, and the Vostok
region, east Antarctica, respectively; the relative contributions (%) of the diVerent water sources to the
total precipitation amount are given in brackets

Summit Vostok

Prec. d18O d Prec. d18O d
(cm a−1) (‰) (‰) (cm a−1) (‰) (‰)

observed: total 23 −34.8 9 2.3 −57.2 16.3
modeled: total 22.6±3.3 −30.1 9.6 0.9±0.1 −49.3 21.0

(100%) (100%)
polar seas 3.4±0.4 −19.8 −3.5 — — —

(15%)
northern Atlantic 6.3±1.3 −26.7 4.2 — — —

(28%)
tropical Atlantic 3.1±0.6 −31.5 11.4 — — —

(14%)
southern Atlantic — — — 0.1±0.02 −52.4 27.2

(11%)
northern Pacific 1.8±0.3 −41.1 19.0 — — —

(8%)
tropical Indopacific 2.2±0.4 −46.6 31.3 0.1±0.02 −62.2 53.8

(10%) (44%)
southern Indopacific — — — 0.4±0.06 −48.7 16.9

(22%)
Antarctic Current — — — 0.2±0.04 −39.7 −1.2

(22%)
Eurasia 1.4±0.1 −31.5 15.3 — — —

(6%)
North America 3.5±0.5 −24.9 5.5 — — —

(15%)
South America — — — 0.05±0.01 −51.0 16.5

(6%)

around the Vostok drill site (precipitation values Indopacific water (source region D, annual mean
SST�25°C) is transported to west Antarctica inas low as 1 cm a−1 ) is fairly well represented in

the simulation. The major simulated water sources the simulation (Fig. 4b). In Queen Maud Land,
about 10% of the precipitation amount stemscontributing to the present-day precipitation of

Antarctica are the southern Indopacific (source from the South American continent (source M,

Fig. 4f ). The year-by-year variations (1s) ofregion F, annual mean SST between 10°C and
25°C), the southern Atlantic (source region G, different water vapor sources contributing to the

Antarctic precipitation are in the range of 10–20%annual mean SST between 10°C and 25°C) and

the Antarctic Current ACC (source H, annual of the annual mean. Like for Greenland, the
prescribed yearly constant SST might limit themean SST∏10°C). Water from the southern

Atlantic is mainly transported to a wedge-shaped simulated interannual variability.

In contrast to the Summit drill site in centralsector between 0° and 90°E (Fig. 4d), and the
strongest contribution of southern Indopacific Greenland, continental water sources can be neg-

lected for the Vostok drill site in central Antarctica.water can be found west and east of the Ross ice-
shelf between 100°E and 120°W (Fig. 4c). The As shown in Table 1, the modeled precipitation

stems from the tropical Indopacific (11%), therelative water contribution of the ACC is 10–15%

higher in west Antarctica than in east Antarctica southern Indopacific (44%), the southern Atlantic
(11%) and the Antarctic Current (22%). This is(Fig. 4e). An additional small amount of tropical
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Fig. 4. (a) Modeled long-time mean precipitation values of Antarctica for the present-day climate (contour lines at
1, 2, 5, 10, 20, 30, 40, 50, 60, 70 cm a−1 ); (b–f ) the relative contribution of different source areas (expressed as a %
of the modeled mean precipitation values, contour lines at every 5%, extra contour line at 7% in (f )). The cross
marks the Vostok drill site.
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Fig. 5. (a) Modeled long-time mean precipitation values of Antarctica for the LGM climate with prescribed CLIMAP
SSTs (contour lines at 1, 2, 5, 10, 20, 30, 40, 50 cm a−1 ); (b–f ) the relative contribution of different source areas
(expressed as a % of the modeled mean precipitation values, contour lines at every 5%). The cross marks the Vostok
drill site.
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in agreement with previous studies of the deuter- densation temperature is the same for all different
vapor sources we see in Fig. 6 just the effect of theium excess from coastal and central Antarctica

observations, which suggested a major subtropical varying source temperatures. This explains why

increasing evaporation temperatures produce bothsource but could not exclude an additional coastal
water contribution (Ciais et al., 1995). Results are lower isotope values (d18O and dD) and higher

deuterium excess as can be seen in Fig. 6. Thus,also similar to tagging experiments of Delaygue

(2000) using the GISS AGCM. Like for Summit, the dilemma for the isotopic composition in cen-
tral Antarctica and to a lesser extent for GreenlandGreenland, the isotopic composition of water from

the major source region (region F, the southern reads like this: any mixture of source regions

deviating from the simulated one will not diminishIndopacific) is very similar to the d-values of total
precipitation. But water from other source regions the model-observation difference (d18O and d)

since the mean isotopic composition will just move(either more depleted or enriched in H218O) con-

tributes a non-negligible part to the precipitation along the fitted line in Fig. 6. This clearly points
to parameterization problems of the water iso-at Vostok, too. The isotopic results for Antarctica,

however, deviate stronger from the observations topes, particularly of the deuterium excess which

is as a second order quantity more sensitive tothan in Greenland though the deviation is in the
same direction, e.g., at Vostok: modeled d18O= the description of kinetic processes in the model.
−49.3‰, observed d18O=−57.2‰ (Dahe et al.,

1994). One might argue that an overestimation of
water transport from coastal regions causes the 3.2. L GM climate

3.2.1. Source areas of glacial precipitation.too high d18O values in the model. But as seen
in Table 1, an increased water contribution from Greenland. It has been proposed that changes in

the circulation and water vapor transport path-different sources would not only lead to lower

d18O values, but also increase the simulated deu- ways to Greenland might have occurred during
the LGM (Kapsner et al., 1995). Our simulationterium excess values (d=21.0‰), which is in con-

trast to the observed value d=16.3‰ (Dahe et al., under LGM climate boundary conditions with

CLIMAP SSTs shows no major changes of the1994). Thus, the reason for this model mismatch
remains unclear. most important source regions of Greenland pre-

cipitation (Fig. 3). While the total amount ofThe problem of matching d18O and d values is

illustrated in Fig. 6, where the 18O composition precipitation on Greenland is reduced by a factor
3–4 during the glacial climate (Fig. 3a) the mostfor the different source regions of both Summit

and Vostok is plotted against their respective important source regions are still the nearby polar

sea, the north Atlantic, the North American con-deuterium excess value of d. The GCM nicely
reproduce what we would expect from a simple tinent and Eurasia. The main transport directions

of water from the north Atlantic and NorthRayleigh distillation model (Dansgaard, 1964): the

warmer and therefore more distant from the polar America have both shifted to a more southern
flow compared to the present-day climate (Fig. 3f ).deposition site the vapor source is situated the

lower is the corresponding d value. This holds The small contribution of the tropical Atlantic

region is reduced by about 5–7% during the LGMsince what is really controlling the isotopic com-
position of polar precipitation is the temperature (Fig. 3d). The circumpolar circulation seems

increased in the LGM simulation. Consequentlydifference between the evaporation and the con-

densation site. On the other hand, the deuterium the contribution of the Eurasian water source is
now larger, especially in North Greenlandexcess is largely affected by the climatic condition

prevailing at the evaporation site. Warmer sea (Fig. 3e). There exists also a minor contribution

of Pacific water comparable in relative size to thesurface temperatures provoke isotopic non--
equilibrium conditions during evaporation and present climate (not shown). Our findings are

comparable to results of Charles et al. (1994) butthus enhance the deuterium excess (Merlivat
and Jouzel, 1979). Since there is a kinetic (non- in contrast to their work, we do not find a relative

increase in the small Pacific water contributionequilibrium) effect during snow formation, too,

the deuterium excess is also influenced by con- for the LGM climate. In our sensitivity study with
much cooler tropical SSTs and a partly warmerdensation temperatures. However, since the con-
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Fig. 6. Relation between d18O and deuterium excess d in precipitation at the Summit drill site, Greenland, and the
Vostok drill site, Antarctica (measurements: solid rhombi, simulation values: solid squares). In addition, simulated
d18O and d values of water from different source areas are plotted (open circles). Model values were fitted by a cubic
polynom function (solid lines).

north Atlantic we observe very similar results as under the glacial climate (Fig. 5c), while the contri-
bution of water from the Antarctic Current regionfor a glacial climate using CLIMAP SSTs: the

major source regions are again the polar seas, the has increased by up to 10% (Fig. 5e). If cooler
tropical SSTs are prescribed instead of thenorthern Atlantic and the North American contin-

ent. Due to warmer, partly ice-free Norwegian Sea CLIMAP SST data, the relative contribution of

water from the Atlantic or Indopacific is reducedthe relative contribution of water from the polar
seas and the north Atlantic to Greenland increases by about 15–20%, and the amount of coastal

waters transported to the Antarctic ice sheet isby 15–20% cmpared to the CLIMAP LGM

simulation. increased instead. In contrast to these ECHAM-4
results (with a spatial resolution of 3.75°×3.75°),Antarctica. For the LGM simulation under

CLIMAP boundary conditions we observe a Delaygue et al. (2000) report an increased trans-

port of water from subtropical regions and areduction of precipitation, especially in the interior
areas of both west and east Antarctica (Fig. 5a). decreased transport of coastal water to Antarctica

for an LGM simulation with CLIMAP SSTs usingThe driest region is still the Vostok area with

mean and annual precipitation values as low as the GISS AGCM (with 8°×10° spatial reso-
lution). Similar to our sensitivity study, an addi-0.6 cm a−1. Analyzing the relative contribution of

different source areas reveals a split of the tional GISS simulation with cooler tropical glacial

SSTs results in a minor influence of subtropicalAntarctic continent into two parts: between 90°W
and 90°E the different precipitation source regions water masses due to a decreased meridional ocean

surface temperature gradient (Delaygue et al.,(most important: southern Atlantic ocean) have
not changed in their relative contribution to the 2000).
total precipitation amount. But for the area

between 90°E and 90°W the relative strength of 3.2.2. T he isotopic signature of glacial precip-
itation. In Table 2, we have listed observed (orthe southern Pacific source is reduced by 5–15%
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Table 2. Observed (or estimated) versus simulated anomalies D of glacial minus present values of surface
temperature T

s
, precipitation amounts, isotopic composition d18O and deuterium excess d

Observed: Modelled: Modelled:
LGM — present LGM — present cool tropics — CLIMAP

Summit: DTs (°C) −18 to −23 −23.5±2.7 +7.0
DPrec. (cm a−1 ) −16 to −17.5 −18.1±5.2 +2.2
Dd18O (‰) −6.2 to −8.2 −4.1±2.6 +1.2
Dd (‰) −3a) +0.3±1.5 −2.1

Vostok: −6 −10.0±1.4 −6.5DTs (°C)
DPrec. (cm a−1 ) −1 to −1.2 −0.4±0.3 −0.3
Dd18O (‰) −3 to −5 −7.7±5.4 −7.1
Dd (‰) −2 +5.2±11.7 +9.2

a) Jean Jouzel, personal communication.
In the right column the modeled anomalies for LGM simulations using cooler tropical SST minus CLIMAP SST

are given. Observed values in the left column are compiled from Cuffey and Clow (1997), Grootes et al. (1993),
Lorius (1989), Lorius et al. (1985).

estimated) versus simulated glacial anomalies D situation (e.g., changes in cloud microphysics by

a larger dust content of the atmosphere) cause theof surface temperature Ts , precipitation amount,
d18O and deuterium excess d for both Summit, failure of the reported LGM isotope simulations.

But further model simulations are needed to testGreenland, and Vostok, Antarctica. For Summit,

simulated anomalies DTs , D precipitation and this hypothesis. In this context it is interesting to
mention that similar problems of modeling correctDd18O agree well with the estimates, although the

simulated glacial Dd18O anomaly is 2–4‰ less glacial isotope and deuterium excess anomalies

are reported for the GISS AGCM (G. Delaygue,than observed. But the LGM simulation with
CLIMAP SSTs clearly fails to model the observed personal communication).
glacial drop of −3‰ of the deuterium excess Dd

(Jean Jouzel, personal communication). Similar
3.3. T he temporary isotope-temperature relations

results are found for the Vostok region in the
simulation: although deviations of DTs , D precip- Recently, paleo-temperature estimates by bore-

hole thermometry (Cuffey et al., 1995; Dahl-Jensenitation and Dd18O between ice core estimates and
model values are larger than for central Greenland, et al., 1998; Johnsen et al., 1995) and gas diffusion

measurements (Severinghaus et al., 1998) havethe sign and magnitude of the modeled anomalies

are correct. But like for Summit, an erroneous questioned the use of spatial d18O-Ts-relations to
calculate past temperature changes on Greenlandpositive deuterium excess anomaly Dd is found in

the LGM simulation. Apparently, the ECHAM-4 and Antarctica. In this chapter we therefore focus

on the modeled isotope-temperature-relations onmodel fails to simulate an observed glacial drop
of the deuterium excess for both polar regions and both ice sheet under the present and glacial climate

to compare our model results to those newneither cooler tropical SSTs (Table 2) nor a

changed mixture of moisture sources would findings.
Greenland. In previous articles (Krinner et al.,resolve this mismatch: any process resulting in a

lower (higher) deuterium excess value also leads 1997; Werner et al., 2000) it was discussed in detail

how the significant change of the seasonal distribu-to higher (lower) d18O values and vice versa, as
demonstrated for the present climate in Fig. 6. tion of precipitation seen in LGM simulations on

Greenland (Fig. 7) results in a disagreementThus, from our LGM climate simulations it is not
understood how a glacial decrease of both d18O between temporal and spatial d18O-Ts-relations

(Fig. 9). In the context of this article we extendand the deuterium excess d could be achieved.

One might argue that some fundamental changes our previous findings and analyze how the differ-
ent source contributions of Greenland’s precipita-of the LGM climate compared to the present
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Fig. 7. Difference between winter (DJF) minus summer (JIA) precipitation values on the Greenland (top) and
Antarctic (bottom) ice sheet for the simulated present ( left) and glacial (right) climate. The seasonal differences are
expressed as a % of the modeled mean precipitation values.

tion are affected by this change in seasonality. In water from both North America and Eurasia

reaches Summit mainly in summer and can beFig. 8, the mean seasonal contributions of modeled
precipitation values of the grid box enclosing neglected for winter precipitation. A summer max-

imum is also seen for the small water contribution,Summit are plotted for the present and glacial

climate. A clear seasonal signal in the amount which stems from the tropical Pacific. Conversely,
because of higher oceanic evaporation fluxes southof precipitation is not seen in our present-day

simulation, but slightly higher values in late of Greenland and in the GIN Sea in winter
compared to summer, water from nearby polarsummer/early autumn and the small minimum in

late winter/early spring have been reported before sea tagging area reaches Summit mostly in winter.

The north Atlantic and north Pacific regions do(Bromwich et al., 1993). The seasonal influence of
different source regions can be grouped as follows: not show a well-defined seasonality but larger

Tellus 53B (2001), 1



.   .66

Fig. 8. Simulated seasonal mean values of the total precipitation and of all major source areas contributing to the
precipitation falling at Summit for the simulated present and glacial climate. All values are expressed in cm a−1, the
winter season DJF is shown twice for clarity reasons.
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Fig. 9. Modeled mean values of Ts and d18O for all grid boxes of the inner Greenland ice sheet (top), west Antarctica
(center) and east Antarctica (bottom) for the present climate ( light grey) and for the LGM climate (dark grey). Both
present and LGM spatial d18O-Ts-relations are plotted (grey lines) and the calculated spatial slopes are given in the
text boxes. The temporal d18O-Ts-relation of the model grid box enclosing Summit, Greenland, between LGM and
present climate is also shown in the upper plot (black line).
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values are seen in autumn/winter and smaller the present climate, the ECHAM-4 LGM simula-
tion shows an increased seasonal cycle of precipita-values in late spring/early summer. Water from

the tropical Atlantic shows no pronounced season- tion in the interior east Antarctica and in Queen

Maud Land. The relative difference of australality at all. Hence, we find in our simulation that
the weak seasonality of the modeled total precip- summer minus winter snow is in the range of

+10% to +25% of the annual mean valuesitation for the present climate is based on several

strong seasonal signals phase-shifted against each (Fig. 7). In contrast to Greenland, changes of the
seasonal distribution of precipitation are muchother. While in winter (DJF) season about 77%

of the Summit precipitation origins from the polar smaller for Antarctica in the LGM climate simula-

tion. Therefore, spatial d18O-Ts-relations for pre-seas and the Atlantic, it is only 35% in summer
(JJA) season. On the opposite, 42% of the summer sent and LGM climate have very similar slopes

in west or east Antarctica (Fig. 9), which areprecipitation stems from North America and

Eurasia but only 6% of the winter precipitation. in agreement with present-day observations
(Giovinetto and Zwally, 1997). Modeled temporalVery similar results of the seasonal variances of

water from different source regions transported to d18O-Ts-relations on the Antarctic ice sheet have

a slightly steeper slope than the spatial relationsGreenland were found in a tagging experiment
with the GISS GCM (Armengaud et al., 1998). (e.g., mean temporal slope of all east Antarctica

grid boxes: m=1.06±0.11). But because of theThe analysis of simulated seasonal precipitation

values for the LGM climate shows that the most general model deficit to simulate correct low d18O-
values in Antarctica, the significance of these smallsignificant changes are seen in the seasonal cycle

of water from polar seas and the north Atlantic. deviations between temporal and spatial slopes
remains unclear. In general, the analysis of theUnder the LGM climate, water from these source

regions is no longer transported to Greenland seaonal cycle of precipitation indicates that glacial

d-values from Antarctica might be a more reliableduring autumn and winter, but during summer
season. Analyses of the mean geopotential height proxy for mean surface temperatures than the

isotope data retrieved from Greenland ice cores.at 500 hPa show that the shift in the seasonality

of glacial precipitation can be attributed to an The use of cooler tropical SSTs instead of
CLIMAP data does not change these findings.increased mean flow from northerly directions

over central Greenland and more zonal flow over

the north Atlantic and Europe. The advected air
mass is substantially colder and dryer, and thus 4. Conclusions
responsible for the very low precipitation in central

Greenland in LGM winter. In this article, we used an AGCM which
included both stable water isotopes and the pos-Antarctica. For most areas of Antarctica, a clear

seasonal cycle in precipitation is not observed for sibility to identify source regions of water vapor

in precipitation to study the climate of Greenlandthe present-day climate simulation (Fig. 7). Only
at the eastern border of the Ross Ice Shelf slightly and Antarctica for both present and the LGM

climate. Simulated precipitation values onmore austral summer than winter precipitation is

seen. Our model results are in good agreement Greenland agree quite well with present-day obser-
vations. Model results suggest that the tropicalwith findings of Van Lipzig (1999) using a high

resolution regional climate model (RACMO) for and subtropical Atlantic is the dominant source

region of Greenland’s precipitation but that waterthe decade 1980–1989 with lateral boundary con-
ditions relaxed to re-analyses from the European from several different ocean and continental areas

contribute together about half of the total precip-Center for Medium-Range Weather Forecasts

(ECMWF). On the contrary, Cullather et al. itation amount falling in the Summit region. Water
from these additional sources has an isotopic(1998) report a unimodal seasonal cycle (with

higher precipitation values in austral winter) for signature, which differs significantly from the mean
isotopic composition of the precipitation, and thethe coastal area and interior of west Antarctica.

Observation data from South Pole and Vostok relative strengths of these additional sources vary

with season. For the present-day climate ofshow also slightly higher precipitation values in
austral winter (Bromwich, 1988). Compared to Antarctica, the most dominant water vapor
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sources are the surrounding oceans, but no land seems to be a surface temperature proxy less
biased by seasonality of the precipitation thansurfaces. Like for Greenland, water transported to
isotope data from Greenland ice cores.Antarctica stems not from a single source region

But all performed ECHAM-4 simulations underbut is a mixture of coastal and far-distanced
LGM boundary conditions (either CLIMAP orevaporation regimes. The influence of the southern
cooler tropical SSTs) fail to reproduce the simul-Atlantic is bound to a wedge-shaped region
taneous decrease of both d18O and the deuteriumbetween 0°–100°E on the Antarctic ice sheet, while
excess d, as it is measured in the GRIP and Vostokother regions are more influenced by the southern
ice cores. Analyses of the isotopic signature ofIndopacific. The latter is for example of some
water from different source areas transported toimportance for the two new deep drilling sites of
the ice sheets reveal a relation between d18O andthe European Project of Ice Coring in Antarctica
d similar to a simple Rayleigh-type model. A(EPICA), one in Dronning Maud Land (probably
decreased d18O signal in precipitation is alwaysnear 1°E) and one at Dome Concordia (124°E).
related to an increased deuterium excess signal,Simulations of the last glacial maximum climate
and vice versa. Thus, the reason for this mismatchshow decreased precipitation amounts in both
between LGM model results and glacial ice corepolar regions but the relative contribution of
data remains unclear.different vapor sources is comparable to present

values if CLIMAP SSTs are applied as a boundary

condition for the LGM simulation. A sensitivity 5. Acknowledgements
study with cooler tropical SSTs and a partly

warmer north Atlantic results in an enhanced We are very grateful to the constructive
contribution of coastal waters transported to both comments and criticisms of Hubertus Fischer,
Greenland and Antarctica. An increased season- Gilles Delaygue and Jean Jouzel. This study was
ality in the annual precipitation cycle is observed supported by the European Community
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tion on past solar activity and geomagnetism from Geol. Soc. Am. Map and Chart. Ser. MC-36, Boulder,
Colorado.10Be in the Camp Century ice core. Nature 331,

675–679. Cuffey, K. M. and Clow, G. D. 1997. Temperature, accu-
mulation, and ice sheet elevation in cenral GreenlandBerger, A. L. 1978. Long-term variations of daily insola-

tion and Quaternary climatic changes. Journal of through the last deglacial transition. J. Geophys. Res.
102, 26,383–26,396.Atmospheric Science 35, 2362–2367.

Broecker, W. S. 1996. Glacial climate in the tropics. Cuffey, K. M., Clow, G. D., Alley, R. B., Stuiver, M.,
Waddington, E. D. and Saltus, R. W. 1995. LargeScience 272, 1902–1904.

Bromwich, D. H. 1988. Snowfall in high southern lati- Arctic temperature change at the Wisconsin-holocene
glacial transition. Science 270, 455–458.tudes. Rev. Geophys. 26, 149–168.

Bromwich, D. H., Robasky, F. M., Keen, R. A. and Cullather, R. I., Bromwich, D. H. and Vanwoert, M. L.

Tellus 53B (2001), 1



.   .70

1998. Spatial and temporal variability of Antarctic Grootes, P. M., Hoffmann, G., Johnsen, S. J., Koster,
precipitation from atmospheric methods. J. Clim. 11, R. D., Peel, D., Shuman, C. A., Stievenard, M.,
334–367. Stuiver, M. and White, J. W. C. 1997. Validity of the

Dahe, Q., Petit, J. R., Jouzel, J. and Stievenard, M. 1994. temperature reconstruction from water isotopes in ice
Distribution of stable isotopes in surface snow along cores. J. Geophys. Res. 102, 26,471.
the route of the 1990 International Trans-Antarctica Jouzel, J., Lorius, C., Petit, J. R., Genthon, C., Barkov,
expedition. J. Glaciol. 40, 107–118. N. I., Kotlyakov, V. M. and Petrov, M. 1987. Vostok

Dahl-Jensen, D., Mosegaard, K., Gundestrup, N. S., ice core: a continuous isotope temperature record over
Clow, G. D., Johnsen, S. J., Hansen, A. W. and the last climatic cycle (160,000 years). Nature 329,
Balling, N. 1998. Past temperature directly from the 403–408.
Greenland ice sheet. Science 282, 268–271. Kapsner, W. R., Alley, R. B., Shuman, C. A., Anandak-

Dansgaard, W. 1964. Stable isotopes in precipitation. rishnan, S. and Grootes, P. M. 1995. Dominant influ-
T ellus 16, 436–468. ence of atmospheric circulation on snow accumulation

Dansgaard, W., Johnsen, S. J., Clausen, H. B., Dahl- in Greenland over the past 18,000 years. Nature 373,
Jensen, D., Gundestrup, N. S., Hammer, C. U., Hvid- 52–54.
berg, C. S., Steffensen, J. P., Sveinbjörnsdottir, A. E., Koster, R. D., Jouzel, J., Suozzo, R. J. and Russell, G. L.
Jouzel, J. and Bond, G. 1993. Evidence for general 1992. Origin of July Antarctic precipitation and its
instability of past climate from a 250-kyr ice-core influence on deuterium content: a GCM analysis.
record. Nature 364, 218–220. Climate Dyn. 7, 195–203.

Delaygue, G., Masson, V., Jouzel, J., Koster, R. D. and Krinner, G., Genthon, C. and Jouzel, J. 1997. GCM
Healy, R. J. 2000. The origin of Antarctic precipitation: analysis of local influences on ice core delta signals.
a modelling approach. T ellus 52B, 19–36. Geophys. Res. L ett. 24, 2825–2828.

Giovinetto, M. B. and Zwally, H. J. 1997. Areal distribu- Lorius, C. 1989. Polar ice cores and climate. Climate and
tion of the oxygen-isotope ratio in Antarctica: an geo-sciences (ed. A. L. Berger). Kluwer Academic Pub-
assessment based on multivariate models. Ann. Glaciol. lishers, 77–103.
25, 153–158. Lorius, C., Jouzel, J., Ritz, C., Merlivat, L., Barkov, N. I.,

Grootes, P. M., Stuiver, M., White, J. W. C., Johnsen,
Korotkevich, Y. S. and Kotlyakov, V. M. 1985. A

S. J. and Jouzel, J. 1993. Comparison of oxygen isotope
150,000-year climatic record from Antarctic ice. Nature

records from the GISP2 and GRIP Greenland ice
316, 591–596.

cores. Nature 366, 552–554.
Lorius, C., Merlivat, L., Jouzel, J. and Pourchet, M. 1979.

Guilderson, T. P., Fairbanks, R. G. and Rubenstone,
A 30,000-yr isotope climatic record from Antarctic ice.

J. L. 1994. Tropical temperature variations since
Nature 280, 644–648.

20,000 years ago: modulating interhemispheric climate
Merlivat, L. and Jouzel, J. 1979. Global climatic inter-

change. Science 263, 663–665.
pretation of the deuterium-oxygen 18 relationship for

Hoffmann, G., Stievenard, M., Jouzel, J., White, J. W. C.
precipitation. J. Geophys. Res. 84, 5029–5033.

and Johnsen, S. J. 1997. Deuterium excess record from
Ohmura, A. and Reeh, N. 1991. New precipitation andcentral Greenland (modelling and observations). In:

accumulation maps for Greenland. J. Glaciol. 37,International Symposium on Isotope techniques in the
140–148.study of past and current environmental changes in the

Peltier, W. R. 1994. Ice age paleotopography. Sciencehydrosphere and the atmosphere (ed. P. Murphy).
265, 195–201.I.A.E.A., Vienna.

Roeckner, E., Arpe, K., Bengtsson, L., Christoph, M.,Hoffmann, G., Werner, M. and Heimann, M. 1998. The
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