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Abstract. The atmospheric hydrological cycle is compared for different time slices
of the late Quaternary. Simulations have been conducted with an atmospheric
circulation model at T42 resolution, and we have performed a global evaluation
of the atmospheric water vapor transport. The water export from the Atlantic
catchment area, important for driving the large-scale thermohaline ocean circulation,
is analyzed in detail. For the Last Glacial Maximum (LGM), we examine the model’s
sensitivity with respect to tropical cooling relative to the CLIMAP reconstruction
which is motivated by recent data. We find that the LGM experiment with tropical
cooling is in better agreement with proxy data available. Our experiments indicate
that the water vapor transport is strongly affected by three mechanisms: continental
drying, eddy moisture transport, and changes in the tropical circulation. Except
for the continental drying and the blocking effect of the Laurentide ice sheet, the

hydrological cycle is substancially different for both LGM experiments. We find
that the hydrological system is rather sensitive to tropical temperature change
which is important to understand paleoclimate and future climate changes.

1. Introduction

The hydrological cycle describes the transport of wa-
ter in all three phases on the global scale. Summing
up all water volume contributions, about 14 x 1017 m?
water are on the Earth and are stored in different com-
ponents of the climate system. Most of the water (more
than 97%) is in the salty oceans, and about 2% is stored
in the glaciers. The remainder is unevenly divided be-
tween the reservoirs of groundwater, lakes and rivers,
the atmosphere, and soil [Baumgartner and Reichel,
1975; Peizoto and Oort, 1992]. The atmosphere is a
central subsystem in the global climate system, because
it has the highest mobility and it connects the other
subsystems.

Dansgaard et al. [1993] used stable isotope mea-
surements from the full length of the 250 kyr (thou-
sands of years) Greenland ice core record (Greenland
Ice Sheet Project) to examine climate stability during
glacial periods. They found that apart from the most
recent 10,000 years, instability dominated the North At-
lantic climate over the last 230 kyr. Other paleoclimate
proxies point out an extreme rapidity in the changes of
aridity, dust, and chemical composition, as recorded by
Greenland ice cores [Mayewski et al., 1993], or by ma-
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rine sediment cores [Lehman and Keigwin, 1992], imply-
ing that events at the end of the last glaciation could
have been responses to a threshold in the North Atlantic
climate system.

One possible mechanism for such a threshold is as-
sociated with the hydrological cycle [Birchfield, 1989;
Broecker et al., 1990; Zaucker et al., 1994; Rahmstorf,
1995]. Besides the exchange of energy and momentum
between atmosphere and ocean, the freshwater flux is
one of the main driving forces for the oceanic ther-
mohaline circulation (THC). While air-sea heat fluxes
damp sea surface temperature anomalies quite effec-
tively, there is no direct feedback in the atmosphere for
removing sea surface salinity anomalies, because pre-
cipitation and evaporation are not dependent on ocean
salinity. Numerical experiments suggest that the THC
is very sensitive to the atmospheric freshwater forcing
[Manabe and Stouffer, 1995; Rahmstorf, 1996; Weaver
et al., 1998]. Sensitivity experiments with & highly ide-
alized model of the THC suggest that this sensitivity is
even stronger during glacial times due to the temper-
ature dependence of the thermal expansion coefficient
[Prange et al., 1997).

Warren [1983] suggested that the low surface salini-
ties in the Pacific are due to an excess of precipitation
over evaporation and that this can be the reason for
the absence of deep water formation there. Because
the salinity characteristic is affected by the interbasin
transport of water vapor it is therefore conceivable that
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the hydrological cycle is responsible for the difference
between the thermohaline circulation in the North At-
lantic and Pacific Oceans. It has been argued [Birch-
field, 1989; Broecker et al., 1990; Zaucker et al., 1994]
that the interbasin water vapor transport provides for
multiple equilibria of the climate system. A recent sen-
sitivity study [Weaver et al., 1998] confirms this idea:
By changing the Atlantic catchment of a few rivers, the
Weaver et al. [1998] model is able to enhance or to slow
down the Atlantic thermohaline circulation.

The hydrological cycle and its associated distribution
of moisture is furthermore of interest because of its im-
portant influence on the terrestrial climate, distribu-
tion of vegetation and deserts, and the growth of ice
sheets. These geographical features are documented by
the proxy data available, as for example lake levels and
vegetation types [Crowley and North, 1991; Farrera et
al., 1999]. Further links of the water vapor transport
with climate are due to the ice sheets and the water’s
isotopic compositions [ Werner et al., 2000].

Atmospheric general circulation models (AGCMs) si-
mulate the global hydrological cycle for the present cli-
mate and are therefore appropriate tools for analyz-
ing changes in moisture and water vapor transport.
The aim of this paper is to examine the water trans-
port and associated freshwater flux for different pale-
oclimatic conditions simulated by an atmospheric cir-
culation model. Zaucker and Broecker [1992] have pro-
posed a method to obtain present-day water transport.
This method is applied here to the paleoclimatic sim-
ulations. To examine the response of the hydrological
cycle to changed boundary conditions, we apply several
sensitivity experiments with our AGCM. The simula-
tion of paleoclimates provides a possibility elaborating
the AGCM response to changed boundary conditions.
We analyze here the water vapor paths showing the net
evaporative and net precipitative regions on earth for
different time slices of the late Quaternary. The late
Quaternary is the time span of the last 800 kyr where
the 100 kyr cycle is found to be dominant for the glacial-
interglacial changes [Hays et al., 1976).

Our experiments performed have been designed to
capture important features of climate stages during the
last 100 kyr cycle [Imbrie et al., 1984]: The Glacial
Inception at 115 kyr before present (B.P.) marks the
begining of the last glacial, the Last Glacial Maximum
(21 kyr B.P.), the cold extreme of the last glacial, and
the Climate Optimum (6 kyr B.P.) represents the warm
interglacial. The simulations provide snapshot views of
the climate states forced by sea surface temperatures,
orography, and other conditions, such as CO2, which
are obtained from proxy data.

Because of its controversial debate, we focus espe-
cially on the role of the tropical cooling during the
Last Glacial Maximum (LGM). There is a growing body
of evidence that the LGM temperature reconstruction
as proposed by the Climate/Long-Range Investigation,
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Mapping, and Prediction (CLIMAP) project [CLIMAP,
1976, 1981] must be revised over large areas of the globe.
Since the reconstructed temperatures from a diverse set
of archives (corals, tropical ice cores, noble gas from
groundwater, marine sediment pore fluids, snowline de-
pression, pollen studies) indicate a cooling in the trop-
ics relative to CLIMAP, we examine the role of tropical
cooling in sea surface temperature for the hydrological
system. The simulations performed can therefore be
used to evaluate consistencies with terrestrial proxies
available.

The paper is organized as follows: In section 2 the
methodology is described. The hydrological cycle of
our experiments are shown in section 3. The results are
discussed in section 4 where we have focused on our Last
Glacial Maximum experiments performed. Finally, the
conclusions are given in section 5.

2. Model Description and Methodology

The atmospheric circulation model ECHAM 3 is
briefly introduced in section 2.1. For our paleoclimatic
simulations, insolation and CO, forcing (section 2.2),
and the lower boundary conditions (section 2.3) are de-
scribed in detail. The method of water vapor transport
is examined in section 2.4.

2.1. General Circulation Model ECHAM 3

The ECHAM model is an atmospheric general circu-
lation model initially developed at the European Centre
for Medium-Range Weather Forecasts (ECMWF) and
later modified for climate application [Roeckner et al.,
1992]. The model is based on the primitive equa-
tions and includes radiation, a hydrological cycle (with
clouds), and a soil model. The formation of clouds and
precipitation are beyond the scale of the model resolu-
tion and are therefore parameterized. The ECHAM 3
model considers cloud water formation and transport,
partitioning of liquid/ice phase with sedimentation of
ice crystals, and evaporation of cloud water and rain-
drops.

The model equations are solved in the spectral do-
main with triangular truncation at the wavenumber 42.
The physical parameterizations are calculated on the
corresponding Gaussian grid of 128 x 64 grid points
shown as rectangles in Plate 1. The vertical representa-
tion is realized by 19 hybrid levels, where the two lowest
layers are terrain-following layers and the top two layers
are at isobaric surfaces up to 10 hPa.

2.2. Insolation and CO; Forcing

Our simulations use prescribed sea surface tempera-
ture, orography and ice sheet distribution, insolation,
and CO, concentration. At the top of the atmosphere
the insolation pattern was prescribed, following the as-
tronomical theory of Milankovi¢ [1941]. The distribu-
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Table 1. List of Experiments Performed and Main Results

Control GI CcO LGM.O LGM.N
Time Slice (year) 0 B.P. 115,000 B.P. 6,000 B.P. 21,000 B.P. 21,000 B.P.

Input Parameter of the Simulations®

Eccentricity (%) 1.67 4.14 1.87 1.90 1.90
Obliquity (°) 23.45 22.41 24.11 22.95 22.95
Date of perihelion Jan. 3 Jan. 14 Sept. 20 Jan. 15 Jan. 15
CO: (ppm) 345 345 280 200 200
Orography Plate la Plate 1a Plate la Plate 1b Plate 1b
Sea level present present present -120 m -120 m
SST/Sea ice present present present CLIMAP CLIMAP,

North America

Water vapor transport out of the Atlantic catchment®

— Arctic -0.117 -0.106

30° — 50°N ~0.155 (-0.152)

0° — 30°N 0.252 (0.257)
South America 0.096 0.077
Southern Ocean 30°S 0.305 0.273
North Africa -0.136 -0.124
South Africa -0.168 -0.134
Asia 0.100 (0.097)
Net tropical Atlantic 0.554 0.527
Net northern Atlantic -0.377 -0.339
Net Atlantic 0.177 0.188

trop. cooling

(-0.115) -0.080 -0.069
(~0.144) -0.182 -0.128
0.235 0.296 0.209
0.117 0.145 0.112
0.283 0.316 0.232
(-0.135) -0.153 -0.122
-0.138 -0.108 -0.081
0.109 0.081 0.057
0.575 0.828 0.589
-0.362 -0.513 -0.379
0.213 0.315 0.210

aInput parameter and boundary conditions used for the control integration (present climate), Glacial Inception (GI),
Climate Optimum (CO), and Last Glacial Maximum (LGM.O and LGM.N).

bThe water vapor transport (Sv =10° kg s™!) over the drainage divides and 30°S. For the definition of the Atlantic
catchment area, see the thick black line in Plate 2. The tropical and northern Atlantic water balances are defined by
the sections at 30°N and 30°S in the Atlantic Ocean. Positive values indicate a net transport out of the Atlantic area.
Parentheses are used for the values that are not significantly different from the present climate on a 95% level (t-test).

tion of solar radiation depends on the Earth’s orbit.
The elliptical orbit of the Earth’s motion around the
Sun is characterized by three parameters: eccentricity,
obliquity, and the date of the passage through the pe-
rihelion. These orbital parameters (Table 1, top) were
taken from Berger [1978] to calculate the insolation pat-
terns for the model runs.

The obliquity is the angle between the Earth’s rota-
tion axis and the normal to the ecliptic (the plane of
the Earth’s orbit), varying with a dominant period of
about 40 kyr. The precession cycle with a main pe-
riod near 20 kyr affects the date of the perihelion, when
the Earth is next to the Sun and receives maximum in-
solation. The third parameter, the eccentricity of the
Earth’s orbit, has a main period of about 100 kyr. Al-
though the eccentricity has a negligible influence on the
annual mean insolation on the Earth, it strongly mod-
ulates the strength of the precession cycle.

The solar radiation at the time of the Climate Opti-
mum (CO, 6 kyr B.P.) was enhanced over the Northern
Hemisphere during JJA (June, July, August) of more
than 20 Wm~? compared to the modern distribution.

This is mainly due to an increase in obliquity (24.1° in
CO rather than 23.4° today). The increased tilt leads
to a stronger seasonal cycle, i.e., more insolation in the
summer and less in the winter season of the respective
hemisphere. In the tropics the insolation anomalies are
strongly tied to the precession cycle. During the CO,
when the passage through the perihelion is September
20 rather than January 3 today, the precession accounts
for a reduced tropical insolation during DJF (December,
January, February) of about ~20 Wm™2.

The Glacial Inception (GI, 115 kyr B.P.) solar forc-
ing exhibits almost the opposite pattern to the CO:
a reduced Northern Hemisphere summer insolation is
mainly due to a decreased obliquity (22.4°), whereas the
increased tropical solar radiation during DJF is caused
by the precession cycle. There is almost no change
in insolation for the Last Glacial Maximum (LGM, 21
kyr B.P.) except for an insolation reduction of about 10
Wm™2 poleward of 60° during the respective summer
season caused by reduced obliquity. The CO2 concen-
tration used for the CO and the LGM runs (Table 1,
top) were chosen according to measurements from the
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Vostok ice core [Barnola et al., 1987]. For the GI run,
a modern value was used instead of 240 ppm.

2.3. Lower Boundary Conditions

The boundary conditions at the bottom of the at-
mosphere are given by the Earth’s orography, the dis-
tribution of land, sea, sea ice, and ice sheets, vegeta-
tion, albedo, and sea surface temperature. The quan-
tities, which are used for the different model runs are
listed in Table 1 (top). Except for the runs LGM.N and
GI, these boundary conditions were defined within the
Paleoclimate Modeling Intercomparison Project PMIP
[Joussaume and Taylor, 1995].

For the control run, the February surface boundary
conditions are shown in Plate 1la, indicating sea surface
temperatures (colors), the respective sea ice distribu-
tion (grey), ice sheets (green), and continents (black).
The present climate sea surface temperatures are based
on the AMIP [Gates, 1992] data set (Plate 1la). One
should have in mind that present climate surface bound-
ary conditions are not in radiative equilibrium with the
high industrial level of CO2. The GI and CO experi-
ments use present-day surface boundary conditions as
in the control run (Plate la) because global maps of
the required paleoclimate boundary conditions are not
available. One can further argue that the climate at
these time slices is probably not too far away from an
interglacial climate, as the modern climate state, and
therefore the lower boundary conditions for our model
may be close to the modern ones.

For the LGM, a global reconstruction of the surface
conditions was supplied by CLIMAP [1976, 1981). This
reconstruction provides a first step for the analysis of
the Last Glacial Maximum, since there is no other com-
prehensive data set available. The area covered by the
glacial ice sheets is indicated by the green area in Plate
1b, where the thickness of the ice sheets is altered ac-
cording to Peltier [1994]. The land-sea distribution
is changed according to a sea level drop of 120 m.
CLIMAP provides, furthermore, the sea ice distribu-
tion and sea surface temperature (SST) for February
and August. The annual cycle of SST is approximated
by a sinusoidal function, taking the values for Febru-
ary and August as extremes. Plate 1b shows the glacial
SST anomaly for February as supplied by CLIMAP, in-
dicating large regional differences in SST.

The tropical SST's of the CLIMAP reconstruction are
a subject of controversial debate. Geochemical studies
provide some support for the hypothesis that the glacial
SSTs in low latitudes were 2-4 K colder compared to
CLIMAP [Guilderson et al., 1994; Schrag et al., 1996;
Pisias and Miz, 1997]. Recent alkenone data indicate
that the temperatures in the equatorial oceans dropped
4 K in the Atlantic, 2 K in the Indian, and relatively
minor in the Pacific oceans during the LGM [Bard et
al., 1997).
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Because of the large uncertainties in tropical SSTs
during glacial times, we performed two experiments
LGM.O and LGM.N with different SSTs prescribed.
The experiment LGM.O uses the CLIMAP SST-forcing
as in the work of Lorenz et al. [1996]. (In the LGM
simulation of Lorenz et al. [1996] an error in the annual
cycle of the SST field has been detected. Therefore the
simulation has been repeated with the corrected forc-
ing and only the revised simulation is analyzed here.
Despite some incorrect spring and autumn SSTs the
overall results for the JJA, DJF, and annually averaged
quantities in the work of Lorenz et al. [1996] remain
valid.) We performed a new LGM experiment (LGM.N)
with an additional cooling in the tropics (30°S — 30°N)
relative to the CLIMAP reconstruction which is mo-
tivated by recent data. The dashed lines in Plate la
indicate the area of tropical cooling of 3 K compared
to CLIMAP. In order to get a smooth transition, the
neighboring latitudinal grid lines at 32° and 35° are
cooled by -2 and -1 K relative to the CLIMAP val-
ues, respectively. Furthermore, we allow no positive
SST anomalies in LGM.N. These anomalies are present
in the CLIMAP reconstruction of the Pacific, Indian
and Atlantic Oceans (Plate 1b) and can be caused by
cartographic extrapolation from a few data points with
high uncertainty [Broccoli and Marciniak, 1996]). The
warming during LGM is also in conflict with alkenone
thermometry [e.g., Bard et al., 1997] and modeling stud-
ies [e.g., Ganopolski et al., 1998]. The SST forcing in
LGM.N, however, relies on the geographical pattern of
CLIMAP. This is motivated by temperature reconstruc-
tion patterns on adjacent land areas (for a recent re-
view, see Farrera et al. [1999]) showing the existence
of CLIMAP-like patterns with moderate cooling on the
Pacific and Indian Ocean regions.

2.4. Water Vapor Transport

In our paper we want to concentrate on the at-
mospheric water transport, the interbasin water ex-
change, and associated freshwater fluxes for the differ-
ent time slices. Following Zaucker and Broecker [1992]
the drainage divides for the Atlantic and Pacific/Indian
Oceans are given by the direction of river flow where .
the freshwater flux over land leads to runoff into the
oceans. The thick line in Plate 2 indicates the water
divides over America, Asia, Africa, and the Southern
Ocean which separates the area of the Atlantic Ocean
from the other basins. The drainage divides are calcu-
lated from present-day orography.

The transport of water in the vapor phase is much
larger than the transport of water by clouds in the con-
densed and solid phases which is almost irrelevant for
the transport on the large scale. The vertically inte-
grated transport of water vapor is connected with the
surface freshwater flux in the stationary case [Peizoto
and Qort, 1992; Zaucker and Broecker, 1992; Wijffels
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Plate 1. Boundary conditions (February) for the control (0 kyr B.P., Plate 1a) and LGM (21
kyr B.P., Plate 1b) runs. The continents are shown with contour lines marking the smoothed
terrain heights (10°m) in the model. Plate 1a shows the sea surface temperature for the control
run, sea ice cover (grey), land ice cover (green), and topography (black). Plate 1b shows the
SST anomalies for the LGM as supplied by CLIMAP [1981]. In the LGM.N run, the sea surface
temperature anomaly in Plate 1b has been modified between 30°N and 30°S indicated by the
dashed lines (see text and Table 1 for the details).
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et al., 1992] via its divergence:

Ps
v [T 52 -

V denotes the two-dimensional divergence operator, ¥
is horizontal velocity, g is the water vapor mixing ratio,
p is pressure, and g is the acceleration due to gravity at
the Earth’s surface. The freshwater flux E — P consists
of evaporation E and precipitation P, p, denotes the
surface pressure.

For our analysis we separate the horizontal freshwa-
ter transport over the Atlantic drainage divides into
sections (listed in Table 1): The easterly transport
within the Hadley cells (0°-30°N, 0°-30°S) over Amer-
ica and Africa, the westerly transport in midlatitudes
over North America where the water reaches the North
Atlantic Ocean, the transport over North America be-
tween 50°N and Bering Strait corresponding to the
Arctic Ocean catchment area, and the water transport
over Asia. The Atlantic drainage divides are completed
by the Southern Ocean and part of South America
(Plate 2). Furthermore, we divide the Atlantic catch-
ment area into the tropical Atlantic (30°S — 30°N) and
the northern North Atlantic (north of 30°N) as listed
in Table 1. To detect the significance for the change in
water transport over these sections, we apply a statis-
tical t-test to the last 10 yearly means of the respective
model runs.

E-P 1)

3. Results
3.1. Present-Day Hydrological Cycle

The water vapor transport is calculated for the dif-
ferent time slice experiments listed in Table 1. For
the control integration (present climate), water vapor
paths are shown in Plate 2. The streamlines in the
figure give direction, and the color of the streamlines
indicates the amplitude of net water vapor transport
JUqg~'dp. Along a hypothetical water vapor path,
the change in color from red to blue (blue to red) indi-
cates a loss (gain) of water resulting in net precipitation
(evaporation). Furthermore, the lines diverge over net
evaporative regions and converge over regions with net
precipitation (equation (1)).

The water vapor transport reflects characteristics of
the general circulation of the lower troposphere. In
the tropics, strong easterlies are observed, especially
over the Atlantic and Pacific Oceans. Furthermore,
the subtropical highs over the Atlantic and Pacific are
sources of water vapor, and this moisture is trans-
ported to the tropics and high latitudes. For today’s
climate we find (column 1 of Table 1) that atmospheric
water vapor is transported out of the Atlantic basin
over South/Central America, the Southern Ocean, and
Asia, whereas water vapor is transported into the At-
lantic basin over Africa and North America across the
drainage divides. For our interpretation of the water va-
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por transport as an oceanic freshwater forcing, we have
assumed a closed water balance: The net precipitation
over the ice sheets leads on the long term to additional
runoff into the ocean.

Furthermore, we evaluate the zonal mean meridional
latent heat transport according to equation (1). Evap-
oration of water from the ocean surface is a major heat
loss for the ocean, while condensation of water vapor is
a major heat source for the atmosphere. In the atmo-
sphere the latent heat transport is linked to the mass
transport: the water transport of 10° kg s™! (= 1 Sv)
corresponds to 2.5 PW (PW= 10'®* W). For the present
climate we find (Figure la) two maxima and two min-
ima of the northward transport, which are associated
with the equatorward transport by the Hadley cells
and poleward transport by eddies in midlatitudes. This
large-scale feature is also seen in precipitation rates of
the model and observations (Figure 2).

Figure la shows a water vapor transport of about 0.8
Sv from the Southern to the Northern Hemisphere. This
is a consequence of the unevenly distributed portion of
land and sea over the hemispheres, which affects the
northward shift of the Hadley cell. For the ocean fresh-
water forcing, it is useful to calculate the atmospheric
water vapor mass transport within the Atlantic catch-
ment area (Figure 1b), revealing a southward transport
in the Northern Hemispheric Hadley cell and south of
20°S, and a northward transport in the Southern Hemi-
spheric Hadley cell and north of about 25°N. Note that
the southward export of water vapor into the Southern
Ocean at 30°S in Figure 1b is identical with the values
listed in Table 1.

The global distribution of precipitation minus evap-
oration (P-E) for the control simulation is shown in
Figure 3. The subtropical highs in the Atlantic, east-
ern Pacific, and southern Indian oceans are connected
to the downward branch of the Hadley circulation. In
this area the lack of clouds leads to massive evapora-
tion and Plate 2 indicates a source of strong water va-
por divergence. Close to the equator, a band of high
net precipitation is associated with the Intertropical
Convergence Zone (ITCZ), which is centered north to
the equator due to the unevenly distributed land areas.
The ITCZ has a characteristic two-band structure in
the western Pacific and is relatively wide in the east-
ern Indian and southeast Asian regions. In the Indian
Ocean and adjacent land areas, the net precipitation
has a strong seasonal cycle by the monsoon circulation.
The moisture originates from the tropical western In-
dian Ocean, where evaporation dominates over precipi-
tation throughout the whole year (Figure 3). Poleward

of 45°, precipitation is over evaporation with maximum
amounts over mountain ranges.

3.2. Glacial Inception and Climate Optimum
Experiments

The Glacial Inception (GI, 115 kyr B.P.) time slice
with a reduced Northern Hemisphere summer insola-
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Figure 1. Meridional mass transport for the model experiments. (a) Global transport and (b)
transport in the Atlantic catchment area. A mass transport of 1 Sv corresponds to a latent heat
transport of 2.5 PW, indicated on the right-hand side of the panels.

tion is associated with the onset of the last glaciation,
whereas the Climate Optimum (CO, 6 kyr B.P.), with
intensified northern hemisphere summer insolation, rep-
resents the warmest climate in the last glacial cycle [Im-
brie et al., 1984; Berger, 1978]. The CO stage lags some
thousands of years behind the extreme insolation pat-
tern [Berger, 1978], which is probably due to the time
required for the ice sheets to melt.

The GI and CO experiments exhibit the model re-
sponse to insolation changes. Along with a reduced JJA
insolation in GI, surface temperature decrease by about
2° over wide areas of the Northern Hemisphere conti-
nents in summer and associated weakened monsoon cir-
culation. The annual mean temperature tendency for
GI is cooling except for the latitude band between 0°
and 50°N. During the CO, JJA surface temperatures
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Figure 2. Zonal mean precipitation for the control integration, the climatological estimates

of Jaeger [1976] and Legates and Willmott [1990], and ECMWF reanalysis data [Gibson et al.,

1997).

increase over the northern continents by about 2 K.
Caused by insolation, the annual mean surface tempera-
tures tend to increase between 40°—70°N and 10°—40°S
and to decrease elsewhere. The different CO2 concen-
trations in the CO and GI experiments (Table 1, top)
make the summer warming in CO less than summer
cooling in GI. The precipitation anomaly in CO has
also the opposite sign to GI with an increased summer
monsoon precipitation and less precipitation in the west
and east of Southeast Asia [Lorenz et al., 1996]. Cor-
respondingly to the temperature change, the moisture

over India and northeastern Africa has increased during
the CO.

For the GI the drop of JJA temperature leads to a re-
duced high-pressure system over the North Pacific and
a reduced import of water over the American continent
(Table 1). The increased tropical insolation during win-
ter makes the tropical land areas about 1 K warmer and
enhances Southern Hemisphere precipitation relative to
Northern Hemisphere precipitation on land.

For the CO the export over the Asian continent is
enhanced (Table 1) due to warmer JJA temperatures.

60N
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60S -
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During DJF the land areas over Africa and Asia are
much colder (-2K), and precipitation is enhanced over
the Indian Ocean and reduced over South Africa and
South America. The circulation over the African conti-
nent and the western Indian Ocean in the GI and CO
experiments has shifted eastward such that the import
of water vapor over the South African continent is de-
creased, compensating for a decreased export over the
Southern Ocean (Table 1).

We find, however, that the overall changes in the
hydrological cycle for the GI and CO experiments are

mainly caused by the change of the seasonal cycle. The
annual averaged meridional water transport (Figure 1)
during GI and CO differ only slightly from the present-
day climate, which is also due to the unchanged (mod-
ern) SST chosen.

3.3. Last Glacial Maximum Experiments

In the late Quaternary the Last Glacial Maximum
(21 calendar kyr B.P., approximately 18 #C kyr B.P.)
is the most recent extremely cold climate, with a max-
imum extent of ice in the Northern Hemisphere, and
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Figure 5. Zonal mean precipitation for control, LGM.O, and LGM.N simulations.

is, furthermore, relatively well documented by proxies.
Figure 4 shows the modeled anomalous near-surface air
temperatures of the Last Glacial Maximum minus the
control climate for LGM.O and LGM.N. Both exper-
iments show a strong temperature reduction of more
than 20 K in the area of the glacial ice sheets over
northern Europe and America. The temperature drop
is, on one hand, due to the change in albedo associated
with the presence of ice and, on the other hand, due
to the altered ice sheet topography with the 3000 m
change in surface elevation leading to temperature dif-
ferences in accordance with the lapse rate. Near the ice
caps, the temperature drop is about 10 K (Figure 4).
Between Greenland and Europe, where the CLIMAP
reconstruction prescribes sea ice during the whole year,
the isolation effect of sea ice from the warm ocean and
winds coming from the glacial ice sheets cause a huge
temperature drop of more than 30 K. The temperature
changes over the ice-free regions of the ocean are mainly
due to the the local SSTs and are more moderate.

The near-surface temperatures in Figures 4a and 4b
differ strongly in the tropics where the SST-forcing
has been changed. Over large continental areas, we
find that the temperature drop between LGM.O and
LGM.N is larger than the relative 3 K cooling over adja-
cent sea areas. In experiment LGM.N, the spatial distri-
bution of the CLIMAP reconstructions remains visible
due to the moderate cooling in the subtropical Pacific,
Indian, and South Atlantic Oceans.

Figure 5 shows the zonal mean precipitation for con-
trol, LGM.O, and LGM.N simulations. The strongest
reduction in precipitation during LGM is in the trop-
ics and northern high latitudes. Convective precipita-
tion, which is the main part of the tropical precipitation,
decreases strongly for LGM.O and LGM.N (Figure 5).
This feature can be understood by the reduced areas
of deep convection which are related to the extent of
the area with SST exceeding a critical threshold value
[Graham and Barnett, 1987].

It is useful to analyze the vertically integrated water
vapor [ g g~ dp, which is also called precipitable water
in the atmosphere [Peizoto and Oort, 1992]. The change
in the vertically integrated water vapor (Figure 6) to
first order follows the temperature change (Figure 4)
due to the fact that colder air can hold less water vapor
than warmer air. For LGM.O, the areas of decreased
humidity include nearly all continental regions (with
peak values over the ice caps and the southern Ameri-
can and southeastern Asian tropics), whereas enhanced
humidity is located over the regions of low-latitude tem-
perature increase. The CLIMAP reconstruction gives
probably very warm SSTs in the subtropics, and cor-
respondingly, the subtropical specific humidity (Fig-
ure 6) is more realistically simulated in LGM.N than
in LGM.O. The differences in the two LGM experi-
ments indicate that the reduction is much stronger in
the warmer tropical temperatures, which is due to the
nonlinear Clausius-Clapeyron equation.

Besides the temperature effect, the change in humid-
ity is caused by anomalous atmospheric circulation. For
the water vapor transport, three main effects can be
identified.

3.3.1. Continental drying. During the LGM
the atmospheric freshwater transport north of 50°N to-
ward the Arctic catchment area is effectively blocked off
by the ice sheets and the Rocky Mountains (compare
the orography in Plates la and 1b). The anomalous
streamlines of vertically integrated water vapor trans-
port (LGM.O - control) in Plate 3 indicate that a part
of the water blocked by the ice sheets finds a path south
of the Rocky Mountains toward the North Atlantic.
The same is valid for the LGM.N run. Because of dryer
conditions during the LGM over the Asian continent
(Figure 4) the transport over Asia is slightly reduced
(Table 1 and Plate 3).

During LGM, an anomalous cyclonic circulation cen-
tered over the northeast Atlantic and the Aleutian Is-
lands, and anomalous anticyclonic circulation over cen-
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tral Asia and Canada is found (Plate 3). These stream-
lines of water vapor transport are strongly connected
with stationary waves (not shown) induced by ice sheet
orography. Additionally, the change in orography leads
to a bifurcation of the jet stream from a relatively zonal
(present climate) to a wave-like structure (LGM) follow-
ing the altered vorticity balance.

3.3.2. Tropical transport. In the tropics be-
tween 30°S and 30°N, the water vapor export is very
sensitive to tropical SSTs. In LGM.O, more water va-

por out of the tropical Atlantic area is exported relative
to the control run (Table 1). This results from enhanced
northward transport at 30°N (Figure 1b) and the trans-
port over Central America (Plate 3). Plate 3 indicates
that the export over Central America is connected to
an anomalous circulation in the tropical East Pacific
with a maximum at 100°W on the equator. Along with
the anomalous transport, we find enhanced net evapo-
ration in the Caribbean Sea and the region southwest
of Central America (Figure 7a), and anomalous net pre-
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2000, Figure 1b].

cipitation for a region around the equator centered at
120°W. Corresponding patterns can be found for spe-
cific humidity (Figure 4a). A further analysis shows
that the increased export of water vapor from the At-
lantic Ocean is mainly caused by anomalous winds dur-
ing the months March-October. In contrast to LGM.O,
the experiment LGM.N with the 3 K tropical cooling
relative to CLIMAP shows only a slightly enhanced wa-
ter vapor transport out of the tropical Atlantic area (Ta-
ble 1). This mechanism is discussed later in section 4.

Interestingly, the interhemispheric water transport
reduces drastically for both LGM.O and LGM.N, re-
spectively. The strength of the meridional latent heat
transport by the Hadley Cells is reduced by about 50%
from the value obtained with the control integration
(Figure 1a). This can be attributed in LGM.O and
LGM.N to an anomalous southward component of la-
tent heat transport by the southern hemispheric Hadley
circulation over the Pacific and Indian Oceans (Plate 3).

3.3.3. Eddy moisture transport. The strongest
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difference between the meridional transport of the LGM
runs are in the extratropics of the Atlantic Ocean (Fig-
ure 1b). For LGM.O we observe a strong increased
northward transport between 20° and 45°N for the
LGM compared to the control integration. The increase
in eddy moisture transport for LGM.O is strongest
over the northwestern Atlantic centered at 30°N, 60°W
(Plate 3). In LGM.N the eddy moisture transport
shows only a slight increase (Figure 1b) between 20°
and 45°N.

North of 50°N the temperature effect on moisture
leads to a reduced eddy moisture transport for LGM.O
and LGM.N. Corresponding with the drop in moisture
transport (Figure 1b), we observe a band of midlati-
tude anomalous net precipitation (Figure 7a, and 7b)
crossing the North Atlantic in northeast direction. This
band is connected with the changed storm track posi-
tion. The streamlines of water vapor transport in the
northern North Atlantic are more southward and zonal
during LGM.

Over the Southern Ocean the subtropical high pro-
vides enhanced export (Table 1). An anomalous low
west of Madagascar (Plate 3) reduces the water va-
por import to the Atlantic Ocean over South Africa
(Table 1). This feature persists the entire year and is
strongest during DJF.

4. Discussion

With our simulations of the different time slices, we
calculate the atmospheric water transport and associ-
ated freshwater flux. In section 4.1 the present water
cycle is discussed. Because the annual averaged hydro-
logical cycle for the GI and CO experiments differs only
slightly from the control integration, we concentrate on
the Last Glacial Maximum climate simulations which
are based on substantially differing SSTs as a lower
boundary condition. The sensitivity experiments can
be either used for comparison with proxy data available
(section 4.2) or for the analysis of mechanisms affecting
the hydrological cycle (section 4.3). It is also worthy to
discuss the changes in the hydrological cycle in light of
the implications for the oceanic circulation (section 4.4).

4.1. Present Water Cycle

The model simulations provide a global picture for
the atmospheric water cycle. For the present climate,
the sources (subtropical highs) and sinks (e.g., high lat-
itudes and the tropics) of water vapor and the stream-
flow component of water transport have been identi-
fied. A direct comparison of model simulation and
data is difficult because the global freshwater flux is
not well known in detail with large uncertainties aris-
ing from instrumental errors and sparse observational
coverage [Schmitt, 1994; Jourdan et al., 1997]. For the
atmospheric water vapor transport the database is even
worse.
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When comparing zonal mean precipitation for
the control integration, the climatological estimates
of Jaeger [1976] and Legates and Willmott [1990], and
ECMWTF reanalysis data [Gibson et al., 1997], the con-
trol simulation is within the range of climatological esti-
mates (Figure 2). However, we detect some systematic
errors in the ECHAM 3 model in T42 resolution used
here [Roeckner et al., 1992]. The ITCZ over the oceans
is simulated too far north (Figure 2). Over land, our
model produces too much precipitation over Australia
and South America compared with the climatological
estimates [Arpe et al., 1994]. Large uncertainties are
over the Southern Ocean where the reanalysis provides
a better estimate than the sparse estimates from ob-
servations. It should be further noted that the time
periods of the observations, reanalysis, and AMIP data
set are different which may cause differences, especially
in the tropical Pacific Ocean.

The general structure of the vertically integrated
meridional water vapor transport in Figure la is in
agreement with observations [Peizoto and Oort, 1992].
The magnitude of the Peizoto and Oort [1992] trans-
port is between £0.6 Sv and therefore weaker than in
our model. The modeled moisture transport over the
drainage divides is similar with reanalysis data and pre-
vious modeling results [Broecker et al., 1990; Zaucker
and Broecker, 1992; Wijffels et al., 1992]. The Zaucker
and Broecker [1992] water vapor transport differs from
ours in regional details which may be related to the
spatial resolution and model physics. Another method-
ology has been applied by Wijffels et al. [1992] and
Jourdan et al. [1997]. Using surface freshwater flux and
runoff data, they confirm that the Indian and Atlantic
Oceans are net evaporative basins, while the Pacific has
a net gain of freshwater.

The asymmetry between the oceans for the interbasin
transport of water vapor could be influenced by the
distribution of landmasses on Earth. It is seen that
low-latitude trade winds freely transport water vapor
from the Atlantic to the Pacific over Central America,
whereas the African continent have a drying influence
on the water before the winds reach the continental di-
vide. The low-latitude westward transport is more ef-
fective due to more moisture in the tropics than at high
latitudes in the reverse direction. The import of wa-
ter over North America is additionally blocked by the
Rocky Mountains, whereas the eastward transport over
Asia is relatively small due to the long way over the dry
continent.

The different roles of Atlantic and Pacific Oceans for
climate are intimately connected to the global hydro-
logical cycle. In the ocean the characteristic residence
time for salt exceeds millions of years which is far be-
yond the timescales considered here. Since there are no
internal sources and sinks for salt in the ocean during
the climate timescale of the late Quaternary, the net
Atlantic export leads to relatively salty water in the
Atlantic compared to the Pacific/Indian Oceans.
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4.2. Comparison With Proxy Data for the
LGM

A recent terrestrial data synthesis [Farrera et al.,
1999; Kohfeld and Harrison, 2000] contains quantita-
tive reconstructions of mean temperature of the cold-
est month (MTCO) and mean annual ground temper-
ature (MAT), and qualitative reconstructions of plant-
available moisture (PAM) and runoff (P-E) from radio-
carbon-dated terrestrial sites between 32°N and 33°S.
This data set combines multiple indicators of quanti-
tative changes in land surface temperature (pollen and
plant macrofossil records of MTCO, and noble gas and
speleothem records of MAT) and qualitative indica-
tors of moisture balance parameters (pollen and plant
macrofossil records of PAM and lake status records of
P-E).

The temperature proxy data indicate a tropical and
subtropical cooling by 4-6 K. The cooling was less in
some sites in South and East Africa, India, and Indone-
sia [Farrera et al., 1999]. The changes in MAT and
MTCO at the LGM are broadly similar at low latitudes
because the low seasonality of insolation in the tropics
offers little scope for seasonal changes in temperature.

The reconstructed data are in good agreement with
the temperature anomalies of LGM.N (Figure 4b). We
notice that the LGM.N experiment captures a major
part of the 5 K cooling (Figure 4b) inferred from the
lowering of tropical snowlines on Hawaii, New Guinea,
and Kilimanjaro (for a review, see Crowley and North
[1991]). However, the validity of several features of trop-
ical SSTs remain in question. Using new faunal SST re-
constructions, Hostetler and Miz [1999] find a moderate
warming over the subtropical gyres and a strong cool-
ing over the eastern Atlantic and Pacific Oceans during
LGM.

Reliable verification data for the hydrological cycle
during glacial time are not available. Despite several
uncertain factors affecting individual lakes, lake area,
and depth vary monotonically with P-E. The recon-
structed changes in lakes can therefore be used to infer
the sign of changes in annual mean P-E (for a review,
see Farrera et al. [1999]).

Plus and minus signs in Figure 7b indicate regions
with strong changes in lake level as obtained from
Global Lake Status Database [Kohfeld and Harrison,
2000]. According to the data, anomalous P-E is nega-
tive in the equatorial zone of America and the equatorial
zone in western Africa, while anomalous P-E is positive
in subtropical sites (Figure 7b). Other sites with mod-
erate change in lake level (not shown) are in the eastern
equatorial Africa, North America, and over Asia
[Farrera et al., 1999; Kohfeld and Harrison, 2000].

We find that the lake indicators shown in Figure 7b
are in good agreement with P-E change of both LGM
simulations (Figure 7). Furthermore, most sites with
moderate change in lake level fit very well with the
model results, whereas in two sites the proxy data
change sign within one model grid cell. This shows that
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a direct comparison of point proxy data and model data
can be extremely difficult in the presence of small-scale
structure.

The equatorial ice-age aridity is probably responsi-
ble for an increase in windblown eolian sediments in
equatorial Atlantic deep-sea sediment cores. Further-
more, concentration of feldspar originating from Ama-
zon and Congo Rivers indicate dryer conditions over
western Central Africa and equatorial South America.
Since many regions on the continents are dryer during
the LGM, a reduced acreage of swamps lowered atmo-
spheric methane concentration.

The picture of the glacial hydrological cycle as ob-
tained form the proxies (reviewed by Crowley and North
[1991) and Farrera et al. [1999]) is consistent with ex-
periment LGM.N (Figures 6b, 7b). A basic feature is
the reduced equatorial precipitation (Figure 5) except
for the western Indian Ocean and eastern Pacific re-
gions (Figure 7) and ice-age aridity on the continents
(Figure 6b).

Beside the terrestrial data, there are a few marine
proxies for the hydrological cycle. Our analysis shows
that during glacial times the atmospheric fresh water
export out of the Atlantic was enhanced (Table 1) which
is consistent with oxygen isotope records [Broecker,
1992] and increased salinity contrast between the At-
lantic and the Pacific/Indian Oceans in ocean circula-
tion experiments [ Winguth et al., 1999]. Furthermore,
the anomalous positive P-E over the North Atlantic
(Figure 7) is consistent with the §'80 signal in plank-
tonic foraminifera [Dupplessy et al., 1991].

4.3. Mechanisms Affecting the Hydrological
Cycle

In section 3.3 we identified three mechanisms affect-
ing the hydrological cycle in LGM simulations to be dis-
cussed here. The continental drying effect over North
Americais related to the altered ice-sheets during LGM.
For the control run, LGM.O, and LGM.N, the transport
over the continental landmasses (Asia, Africa, America)
is weaker (Table 1), the dryer the continental areas.

The changed hydrological cycle in the tropics

is caused by circulation changes associated with SST
anomalies and corresponding anomalous rainfall. Wu
and Liu [1992] have examined the anomalous moisture
convergence in an AGCM with respect to SST anoma-
lies in the Pacific Ocean. Over a warm SST anomaly re-
gion, the circulation is more cyclonic in the lower tropo-
sphere and more anticyclonic in the upper troposphere.
The near-surface moisture convergence is largely asso-
ciated with SST and specific humidity anomaly fields:
v q ~ q VSST. Intensified ascent occurs over the warm
SST anomaly region and the anomalous rainfall is typi-
cally 3 to 4 times as large as the anomalous evaporation.

Since the specific humidity is concentrated near the
surface, the lower tropospheric moisture transport is
well represented by the vertically integrated water va-
por transport. We see that the streamlines of Plate 3
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coincide with the contours of specific humidity (Fig-
ure 6a) and SST (Plate 1b). For LGM.O we find that
the anomalous water vapor divergence (Figure 3) is di-
rected towards warm SST anomaly (Plate 1b) causing
anomalous freshwater flux (Figure 7a).

Thus, the enhanced Atlantic water vapor export can
be explored by the relatively warm Pacific and Indian
Oceans compared with the anomalous cold Atlantic
Oceans. In LGM.N, however, the reduced tropical hu-
midity relative to LGM.O causes a drop in westerly wa-
ter vapor transport over Africa and Central America
(Table 1) consistent with the theory.

The differences in the Atlantic extratropical trans-
port (Figure 1b) are based on changes in baroclinicity
in the lower layers of the atmosphere (for a detailed
discussion, see Hall et al. [1996] and Dong and Valdes
[1998]). The associated eddy moisture transport in mid-
latitudes, related to the meridional moisture gradient
(Figure 6), is strongly enhanced for LGM.O and is only
slightly changed for LGM.N relative to the control run
(Figure 1b). The associated net precipitation rates are
higher for LGM.O than in LGM.N (Figure 7). It is fur-
thermore found that glacial precipitation rates at north-
ern polar latitudes are almost zero during DJF and are
reduced by 50% relative to the control run during JJA.
This asymmetry in the seasonal cycle is essential for
the interpretation of Greenland’s ice core water isotopic
compositions [ Werner et al., 2000].

4.4. Implications for the Ocean Circulation

Since mass is conserved within the climate system,
the atmospheric mass transport (Figure 1a) implies an
oceanic mass transport when assuming a negligible
northward mass transport by the rivers and glaciers.
This assumption is not very strong, because the char-
acteristic time scale for the barotropic oceanic mass
transport is very fast due to waves. Furthermore, we
can assume a quasi-equilibrium for the mass stored in
the ice sheets for our time slices considered. The at-
mospheric water transport in the Atlantic catchment
area (Figure 1b) should be exactly balanced with the
oceanic transport when subtracting the Bering Strait
throughflow. Since the Bering Strait throughflow into
the Atlantic Ocean is about 0.8 Sv for the present cli-
mate [Wijffels et al., 1992], the Atlantic Ocean verti-
cally integrated ocean mass transport is southward at
all latitudes. For the LGM the Bering Strait is closed,
and the implied oceanic mass transport changes the di-
rection (Figure 1b).

The implied oceanic heat and mass transport in the
Atlantic provide a constraint for the vertically inte-
grated oceanic circulation [Lohmann et al., 1996)]. Inte-
grating the surface oceanic heat flux starting from the
North Pole, the implied oceanic heat transport in the
Atlantic Ocean can be obtained [ Webb et al., 1997]. The
analysis yields an oceanic heat transport in the Atlantic
Ocean at 20°N of 1.0, 0.7, and 0.6 PW for the Control,
LGM.N, and LGM.O experiments, respectively. The
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difference between the two LGM runs originates from
an increased oceanic heat loss over the North Atlantic
Ocean in LGM.N compared to LGM.O. The reduction
of meridional heat transport during LGM is consistent
with oceanic simulations of the LGM [Winguth et al.,
1999].

Another important implication for the ocean consid-
ers the sensitivity of the Atlantic’s conveyor belt circula-
tion. Numerical experiments suggest that the strength
of the THC in the Atlantic depends on the net amount
of freshwater leaving the Atlantic catchment [Zaucker
et al., 1994; Rahmstorf, 1996]. The enhanced Atlantic
water vapor export during glacial times would there-
fore give a stabilizing effect for the THC. This effect
is strong for LGM.O (0.138 Sv) and relatively weak for
LGM.N (0.033 Sv). In our experiments we identified the
tropical interoceanic transport (Atlantic-Pacific) as an
important mechanism affecting the freshwater forcing.
The tropical Atlantic (30°S — 30°N) has an anomalous
freshwater export of 0.274 Sv for LGM.O and 0.035 Sv
for LGM.N (Table 1).

We find that the Atlantic receives more freshwater
north of 30°N in the LGM.O experiment than in the
control integration (0.136 Sv), whereas the net north-
ern Atlantic freshening in LGM.N is negligible (0.002
Sv). Furthermore, sea ice transport from the Arctic
Ocean contributes to a freshwater input into the North
Atlantic (about 0.1 Sv for the present climate) and pro-
vides a link between Arctic and North Atlantic [Hilmer
et al., 1998].

For comparison, the peak deglacial meltwater dis-
charge, which probably interrupted the North Atlantic
Deep Water formation, reached 0.44 Sv [Fairbanks,
1989]. Coupled atmosphere-ocean model scenarios sug-
gest that the net precipitation in the northern North
Atlantic is expected to increase by about 0.1 Sv for
a quadrupling of CO2 [Manabe and Stouffer, 1994].
Rahmstorf [1996] gives a critical freshwater threshold
of 0.07 Sv for slowing down the present-day circula-
tion. A similar threshold evaluates Weaver et al. [1998]

-by increasing the Rhine catchment at the expense of

the Amur and Yangtze-Yellow Rivers. To relate these
numbers to the present land ice volume, a rate of 0.08
Sv over 10 kyr corresponds to total melting of the ice
sheets.

5. Conclusions

The simulation of paleoclimates provides an excellent
test for atmospheric circulation models under different
boundary conditions. Because the atmospheric branch
of the hydrological cycle is responsible for important
feedbacks in the climate system, it is important to an-
alyze the water vapor transport and associated fresh-
water flux for different climatic conditions. The exper-
iments with present-day SSTs and changed insolation
(GI and CO) show mainly an altered seasonality (e.g.,
monsoon circulation) compared with the control run.
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The annual averaged water transport in these experi-
ments is found to be close to the Control run. Because
the hydrological cycle during the Last Glacial Maximum
shows strong deviations from the present hydrological
cycle, we have concentrated on this time slice.

One simulation of the Last Glacial Maximum is forced
with the CLIMAP reconstruction (LGM.O), whereas
our new simulation (LGM.N) is forced by colder tropical
temperatures relative to CLIMAP. This tropical cool-
ing is motivated by recent data and modeling studies
[Guilderson et al., 1994; Stute et al., 1995; Schrag et al.,
1996; Bard et al., 1997; Ganopolski et al., 1998; Farrera
et al., 1999]. Because the agreement in LGM.N with
the proxy data is much better than LGM.O, we con-
clude the lowered tropical temperatures provide a more
consistent picture of the glacial terrestrial climate.

Because of the temperature effect on moisture, the
largest part of the Atlantic water vapor transport is
in the tropics. We find that this transport is strongly
related to the large-scale temperature pattern, where
anomalous precipitation during LGM is biased towards
the relatively warm Indian and Pacific Oceans. Our
analysis suggests that changes in the equatorial ocean,
which may be related to variability of the eastern equa-
torial Pacific as a climatic sensitive region [Pisias and
Miz, 1997], are extremely important for estimating the
water vapor routes and their variability during glacial
times.

Our simulations indicate the strong influence of trop-
ical SSTs on glacial climate. Recent data from ma-
rine sediments suggest warmer SST's and less sea ice in
the northern North Atlantic relative to CLIMAP which
would imply an oceanic circulation with deep water for-
mation in the Nordic Seas during LGM [Weinelt et al.,
1996]. These studies emphasize the importance of up-
dated SST reconstructions and indicate that the glacial
climate cannot be sufficiently understood without ex-
plicitly considering the feedbacks associated with the
ocean, ice, vegetation and other components of the land-
surface.

Interactive changes in vegetation types have been ne-
glected in our study. Vegetation affects heat and mois-
ture balances feeding back to other climate components
[Foley et al., 1998]. Recently, experiments simulating
LGM climate including biome representation [Crowley
and Baum, 1997; Kubatzki and Claussen, 1998 empha-
size the influence of a biosphere-atmosphere interaction
on the simulated climate.

The atmospheric water transport with its high mo-
bility is one of the most sensitive parts in the coupling
of three-dimensional atmosphere and ocean models. Al-
-though the hydrological cycle with its characteristically
small spatial scales is notoriously difficult to obtain,
it determines to a large extent the flow regime of the
large-scale thermohaline circulation [Rahmstorf, 1995;
Weaver et al., 1998] and may trigger rapid transitions
of past and future climate change. A negative mass
balance in the Atlantic could contribute to reorganiz-
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ing the atmosphere-ocean system and stabilizing THC
(G. Lohmann, et al., On the global water cycle and the
thermohaline circulation: Analysis of a coupled gen-
eral circulation model, submitted to Atmosphere-Ocean,
2000). Our experiments and analysis for different time
slices of the late Quaternary provide a necessary first
step to understand the water cycle and related feed-
backs, which will be the subject of further investiga-
tions.
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