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Abstract This study analyzes a three-member ensemble
of experiments, in which 0.1 Sv of freshwater was ap-
plied to the North Atlantic for 100 years in order to
address the potential for large freshwater inputs in the
North Atlantic to drive abrupt climate change. The
model used is the GFDL R30 coupled ocean–atmo-
sphere general circulation model. We focus in particular
on the effects of this forcing on the tropical Atlantic
region, which has been studied extensively by paleocli-
matologists. In response to the freshwater forcing,
North Atlantic meridional overturning circulation is
reduced to roughly 40% by the end of the 100 year
freshwater pulse. Consequently, the North Atlantic re-
gion cools by up to 8�C. The extreme cooling of the
North Atlantic increases the pole-to-equator tempera-
ture gradient and requires more heat be provided to the
high latitude Atlantic from the tropical Atlantic. To
accommodate the increased heat requirement, the ITCZ
shifts southward to allow for greater heat transport
across the equator. Accompanying this southward ITCZ
shift, the Northeast trade winds strengthen and precip-
itation patterns throughout the tropical Atlantic are al-
tered. Specifically, precipitation in Northeast Brazil
increases, and precipitation in Africa decreases slightly.
In addition, we find that surface air temperatures warm
over the tropical Atlantic and over Africa, but cool over

northern South America. Sea-surface temperatures in
the tropical Atlantic warm slightly with larger warm
anomalies developing in the thermocline. These re-
sponses are robust for each member of the ensemble,
and have now been identified by a number of freshwater
forcing studies using coupled OAGCMs. The model
responses to freshwater forcing are generally smaller in
magnitude, but have the same direction, as paleoclimate
data from the Younger Dryas suggest. In certain cases,
however, the model responses and the paleoclimate data
directly contradict one another. Discrepancies between
the model simulations and the paleoclimate data could
be due to a number of factors, including inaccuracies in
the freshwater forcing, inappropriate boundary condi-
tions, and uncertainties in the interpretation of the
paleoclimate data. Despite these discrepancies, it is clear
from our results that abrupt climate changes in the high
latitude North Atlantic have the potential to signifi-
cantly impact tropical climate. This warrants further
model experimentation into the role of freshwater forc-
ing in driving climate change.

1 Introduction

This study examines the response of the tropical Atlantic
to a freshwater input in the North Atlantic using a
coupled ocean–atmosphere general circulation model.
The motivation for performing freshwater forcing
experiments such as this one stems from the hypothesis
that millennial-scale climate changes are driven by rapid
increases in freshwater input to the North Atlantic from
the melting of continental ice sheets (Broecker et al.
1985, 1988). Such freshwater inputs may cause a density
stratification of the water column sufficient enough to
weaken the formation of North Atlantic Deep Water
(NADW) and northward surface flow in the Atlantic,
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thus causing a change in climate via redistributing heat
normally transported by the NADW overturning cell.
Tracers of deep water production support the hypothesis
that changes in NADW formation are coincident with
climate change during the Younger Dryas, a 1,300 year
long cold event that began about 13 kyr BP (Boyle and
Keigwin 1987; Keigwin et al. 1991; Bond et al. 1997), as
well as during Heinrich events (Keigwin et al. 1994;
Oppo and Lehman 1995; Vidal et al. 1997; Zahn et al.
1997; Curry et al. 1999). While abrupt climate change
was once thought to be limited to high latitudes, there is
a growing body of evidence suggesting that millennial-
scale climate change affects regions around the globe
(e.g. Behl and Kennett 1996; Peterson et al. 2000; Wang
et al. 2001; Altabet et al. 2002).

Historically, simulations of a Younger Dryas-type
event via freshwater forcing in the high-latitude North
Atlantic were perceived as contradictory to paleoclimate
data for the Younger Dryas because they fail to simulate
large changes outside of high-latitude regions despite
evidence that the Younger Dryas was a nearly global
event (e.g. Cane 1998; Clement et al. 2001). The appar-
ent disagreement between models and the paleodata, as
well as the global impact of tropical interannual vari-
ability (ENSO; Wallace and Gutzler 1981; Deser and
Blackmon 1995; Lau and Nath 1996; Lau 1997; Klein
et al. 1999; Schmittner et al. 2000) has led some to
suggest that the tropics, rather than the high latitudes,
drive millennial-scale climate changes on a global scale
(Cane 1998; Clement and Cane 1999; Clement et al.
2001; Yin and Battisti 2001). As the number of fresh-
water forcing experiments and paleoclimate reconstruc-
tions grows, however, it is important to reassess the
ability of the models to simulate a Younger Dryas-type
cooling.

In this paper, we explore the linkages between North
Atlantic climate variability and tropical Atlantic clima-
tology with a three-member ensemble of North Atlantic
freshwater forcing experiments using the GFDL R30
coupled Ocean–Atmosphere General Circulation Model
(OAGCM).

In particular, we address the following questions:

1. What is the response of the tropical Atlantic region to
a cooling of the North Atlantic and a slowdown of
meridional overturning circulation?

2. What are the mechanisms driving these responses?
3. How do the results of these experiments compare to

paleoclimate data from the Younger Dryas cold
event?

4. How sensitive are the results to slight variations in the
starting conditions of the experiment?

5. How do the results of these experiments compare to
freshwater forcing experiments performed using
other models?

We focus on the tropical Atlantic for several rea-
sons. The tropics have been at the center of a debate
regarding the mechanisms of millennial-scale climate
change (e.g. Cane 1998), yet few North Atlantic fresh-

water forcing studies have specifically examined the
tropical response. In addition, there are many recent
paleoclimate studies of the Younger Dryas that have
focused on the tropical Atlantic region. This, therefore
provides a strong basis for the comparison of our
model results to paleoclimate data.

2 Models and methods

The model used in this study consists of coupled general
circulation models of the atmosphere and the ocean, with
land surface and sea-ice components also included. This
model is identified as GFDL_R30_c in the nomenclature
of the IPCC TAR [see Table 9.1 of Cubasch et al. (2001)].
The GFDL_R30_c model is similar to earlier versions of
GFDL coupledmodels (e.g.Manabe et al. 1991), but with
enhanced horizontal and vertical resolution. The
description of the model in this section is brief and in-
tended to emphasize the basic characteristics of themodel,
and the reader should refer to Delworth et al. (2002) for a
more complete description.

The atmospheric component employs the spectral
transform method with rhomboidal truncation at zonal
wave number 30, corresponding to a transform grid
spacing of approximately 2.2� latitude by 3.75� longi-
tude. Fourteen unevenly spaced sigma coordinate levels
are used for vertical differencing. Insolation at the top of
the atmosphere varies seasonally, but not diurnally, and
clouds are predicted whenever the relative humidity ex-
ceeds a critical threshold. The land-surface model fea-
tures prognostic snow cover and soil moisture based on
a simple ‘‘bucket’’ model. Surface temperature is deter-
mined diagnostically, based on the assumption that
there is no heat stored in the soil.

The ocean component of the coupled model is based
on Version 1.1 of the Modular Ocean Model (Paca-
nowski et al. 1991), which solves the primitive equations
of motion using the Boussinesq, rigid-lid and hydrostatic
approximations. The horizontal grid spacing is 2.25�
latitude by 1.875� longitude, with depth as the vertical
coordinate and 18 unevenly spaced levels. Sea ice is
simulated by a simple thermodynamic model, in which
ice is treated as a single layer with no sensible heat
content. Sea ice is advected by ocean currents, but
additional convergence is not permitted once the sea-ice
thickness exceeds a critical value (4 m). The formation
of leads is not included. The atmospheric and oceanic
components of the model exchange fluxes of heat, water
and momentum once a day. The heat flux consists of the
radiative, sensible and latent components, and the water
flux includes evaporation, sublimation, precipitation and
runoff from the continents.

As the first step in initializing the fully coupled
model, the atmospheric component of the coupled
model is integrated using observed seasonal cycles of
sea-surface temperature and sea ice as lower boundary
conditions, along with a prescribed seasonal cycle of
solar radiation at the top of the atmosphere.
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In the second step, the ocean component of the
coupled model is integrated for several thousand years
starting from an isothermal, isohaline state at rest. Cli-
matological monthly mean fluxes of heat, water, and
momentum archived from the atmosphere-only inte-
gration described above are supplied to the ocean as
forcing terms at the sea surface. In addition, sea-surface
temperature (SST), sea-surface salinity (SSS), and sea ice
are restored to an observed climatological seasonal cycle
with a restoring time of 40 days. The model is run until
long-term drifts in deep ocean temperature and salinity
become relatively small.

Because the two component models are not neces-
sarily in balance with each other, the SSTs computed
by the ocean model generally will not match the SSTs
to which they are being restored. The restoring terms in
the last several hundred years of the ocean component
spin-up are averaged to produce spatially and season-
ally varying flux adjustment terms, which are added to
the atmospheric fluxes passed to the ocean component
of the coupled model. The flux adjustments are deter-
mined prior to the start of the coupled model integra-
tion and do not vary from one year to the next.
Because the flux adjustments are independent of the
state of the coupled model, they do not systematically
damp or amplify anomalies of sea-surface temperature
or sea-surface salinity. The use of flux adjustments is
successful in greatly limiting the long-term drift of the
model (Manabe et al. 1991).

2.1 Control run simulations

After coupling the ocean and atmosphere components of
the model, a control run (CTRL1) was integrated for

900 years. A second control run (CTRL2) was inte-
grated for 600 years starting from year 601 of CTRL1
and using the same model parameters, but on another
computing system. Sea-surface temperatures from the
two control runs match within 0.25�C throughout the
Atlantic. Within the tropical Atlantic, the difference in
SST between the two runs is generally less than 0.05�C.
The precipitation patterns exhibited by the two control
runs are similar for both December/January/February
(hereafter DJF) and June/July/August (hereafter JJA).

The largest differences in SST and precipitation be-
tween the two control runs are significantly smaller than
the anomalies that result from the freshwater forcing
experiments discussed here. We therefore conclude that
the differences between the two control simulations are
within the range of the internal variability of each run.

Simulated and observed sea-surface temperatures
agree well throughout the globe (Fig. 1). In most cases,
the difference between observed and simulated temper-
atures is less than 1�C. Notable exceptions include pat-
ches of the Southern Ocean and the region south of
Greenland. In these locations, the difference between
modeled and observed SSTs is 2–3�C. The overall pat-
tern of SST in these regions, however, is represented well
by the model.

Figure 2 compares the DJF and JJA simulated pre-
cipitation with observation data from 1979–2002 (Xie
and Arkin 1997). The model is able to simulate the
primary features of the observed precipitation patterns.
During both DJF and JJA, the model precipitation
tends to overestimate precipitation over land, while
underestimating precipitation over the oceans. During
DJF, the model simulates excess precipitation over
portions of South America and southern Africa. During
JJA, the modeled precipitation over equatorial Africa is

Fig. 1 Differences between
simulated and observed annual
sea-surface temperatures.
Simulated temperatures are
from years 1 to 900 of CTRL1.
Observed data are from Levitus
and Boyer (1994)
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too high. These regions of excess precipitation in both
seasons correspond to the location of the Intertropical
Convergence Zone (ITCZ) in each season. The position
of the ITCZ in each season, however, is well captured by
the model.

Simulated meridional overturning circulation (MOC)
in the North Atlantic varies on multidecadal timescales
between 20 Sv and 28 Sv for both CTRL1 and CTRL2.
Such variability was observed in lower resolution ver-
sions of the GFDL model (Delworth et al. 1993, 1997;
Delworth and Mann 2000). The mechanisms driving the
variability, however, are not well understood (Delworth
et al. 2002). The average value of the MOC (24.6 Sv) is
somewhat stronger than current observations of NADW
formation in the North Atlantic based on chlorofluo-
rocarbon inventories (17 Sv; Smethie and Fine 2001),

and direct measurements (13 Sv; Dickson and Brown
1994, and references therein).

2.2 Freshwater forcing experiments

An ensemble of three freshwater forcing experiments
was performed (Table 1). The experiment FW1 was
initialized from year 301 of the control run CTRL1.
Experiments FW2 and FW3 were initialized from years
601 and 701 of CTRL2, respectively. In each experi-
ment, 0.1 Sv (1 Sv=106 m3 s�1) of freshwater was ap-
plied for 100 years across the Atlantic from 50�N to
70�N. The freshwater had a temperature equal to that of
the ambient SST. At the end of the 100 year period, the
freshwater was turned off and the recovery monitored.

Fig. 2 Simulated and observed precipitation patterns for DJF (top) and JJA (bottom). Units are in mm day�1. Simulated precipitation is
from years 1 to 900 of CTRL1. Observation data are long-term averages from 1979 to 2002 (Xie and Arkin 1997)

Table 1 List of experiments discussed in this study

Experiment name Forcing Length/Description

CTRL1 Control 900 year integration
CTRL2 Control 600 year integration;Initialized from year 601 of CTRL1
FW1 0.1 Sv freshwater 100 years of freshwater forcing;140 year integration;Initialized from year 301 of CTRL1
FW2 0.1 Sv freshwater 100 years of freshwater forcing;200 year integration;Initialized from year 601 of CTRL2
FW3 0.1 Sv freshwater 100 years of freshwater forcing;200 year integration;Initialized from year 701 of CTRL2
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Having three experiments with identical freshwater
forcing conditions allows us to assess the robustness of
relatively small responses.

The surface flux of freshwater applied during these
experiments (1.6·10�6 cm s�1) is three orders of mag-
nitude greater than the surface salinity flux adjustment
within the same box in North Atlantic
(3.4·10�9 cm s�1). The flux adjustments, which do not
vary temporally or between experiments, are such that
freshwater is being removed from the North Atlantic
region. Because they do not vary temporally or between
experiments, the flux adjustments should not systemat-
ically damp or amplify the response to freshwater forc-
ing.

The rate of 0.1 Sv is comparable to estimates of
glacial meltwater (Licciardi et al. 1999) and ice-rafted
debris (MacAyeal 1993) inputs into the North Atlantic
during the Younger Dryas. The duration of the fresh-
water pulse in these experiments is shorter than that
inferred for meltwater pulse 1 A (MWP1A), which is
inferred to have been associated with the Younger Dryas
(Fairbanks 1989); therefore, the total freshwater input
during the experiment is less than implicated for
MWP1A. The discharge location of MWP1A, and its
relationship to the Younger Dryas is unclear (e.g.
Fairbanks 1990; Weaver et al. 2003). While we compare
our results to paleoclimate data from the Younger
Dryas, it should be noted that the experiments discussed
here were run from modern-day boundary conditions
rather than glacial or Bølling/Allerød boundary condi-
tions. Most significantly there are no ice sheets over
North America and Eurasia in our control runs, and
insolation is set at modern-day levels.

Unless stated otherwise, all anomalies shown are the
ensemble mean anomalies of the three FW experiments.
Anomalies for FW1 were calculated using the last
25 years of the experiment run and CTRL1 while
anomalies for FW2 and FW3 were calculated using the
last 20 years of each experiment run and CTRL2. In
each case, the time mean average of the entire available
control run (i.e. 900 years for CTRL1 and 600 years for
CTRL2) was used. The three individual anomalies were
then averaged in order to determine the ensemble mean
anomaly.

3 Results and discussion

3.1 Model results

3.1.1 Atlantic results

In each freshwater forcing experiment, North Atlantic
MOC decreases by �10 Sv by the end of the freshwater
pulse (Fig. 3). MOC decreases rapidly at the onset of
each freshwater forcing. The decrease continues at a
slower rate throughout the remainder of the experi-
ments, and is punctuated by a series of decadal–scale
oscillations in the strength of MOC. The decrease in

MOC is caused by the development of a low-salinity cap
over the North Atlantic that prevents sinking and for-
mation of deep waters (Fig. 4, top). Salinity in the North
Atlantic is up to 3 psu lower during the experiments
than during the control runs. Formation of Antarctic
Bottom Water (AABW) increases and penetrates as far
north as 40�N during the freshwater experiments. These
results are generally consistent with those of other
modeling studies that show a slowdown of North
Atlantic Deep Water (NADW) and enhanced AABW
formation in response to a North Atlantic freshwater
input (Manabe and Stouffer 1995; Rahmstorf 1995;
Manabe and Stouffer 1997; Schiller et al. 1997). North
Atlantic MOC in each FW experiment recovers to near
its initial values within 50 years of the termination of the
freshwater pulse.

As a result of the decrease in MOC, North Atlantic
SSTs decrease by up to 11�C (Fig. 4, middle). There is a
slight cool bias in the control run (Fig. 1) where the

Fig. 3 Time series of North Atlantic meridional overturning
circulation during the control runs (black) and experiments (red)
for FW1 (top), FW2 (middle) and FW3 (bottom)
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greatest cooling occurs in the FW experiments that may
contribute 1�C to the cool anomalies. While centered in
the northern North Atlantic, the cool anomalies extend
as far south as 10�N in the Atlantic. Outside of the
Atlantic basin, there are no statistically significant SST
anomalies. Surface-air temperatures (SATs) exhibit a
similar response (Fig. 4, bottom). In the northern North
Atlantic, SAT decreases by up to 8�C. This anomaly is
centered just south of Greenland. The cooling extends

through northern Africa. Interestingly, both the SST
and SAT of the Barents Sea region warm during the
freshwater forcing experiments as a result of decreased
sea ice in the Barents region. The Barents Sea warming
and sea ice reduction could be sensitive to the location in
which the freshwater is applied, as the warming occurs
north of the region into which freshwater was intro-
duced. The pattern of sea ice anomalies produced by the
freshwater forcing, namely increased sea ice south of
Greenland and decreased sea ice in the Barents Sea, is
reminiscent of the 9–10 year sea ice oscillations, noted
by Venegas and Mysak (2000), based on century-long
North Atlantic sea-ice records. The model response
shows an increase in the strength of the Norwegian
Current, which Venegas and Mysak (2000) identify as a
likely mechanism for decreasing sea-ice concentrations
in the Barents Sea.

3.1.2 Tropical Atlantic results

The cooling of the North Atlantic decreases in magni-
tude from high to low latitudes. The gradient of SST
anomalies, with cooling to the north and warming to the
south, is steep in the western tropical Atlantic and more
gradual in the eastern tropical Atlantic. SSTs through-
out the tropical Atlantic (5�N–20�S, 40�W–20�E) warm
by 0.2�C (Fig. 5, top), with anomalies greater up to
0.4�C in the western tropical Atlantic. The magnitude of
the interannual variability in tropical Atlantic SST is in
the order of the anomalies exhibited during the FW
experiments. However, a two-tailed t-test demonstrates
that all of the anomalies discussed in the manuscript are
significant at the 95% confidence level. The temperature
anomaly increases with depth and has a maximum of
4.5�C in the thermocline off the coast of South America
(Fig. 6). The warm thermocline anomaly begins to de-
velop at the onset of the freshwater forcing and increases
steadily throughout the experiment. Tropical Atlantic
SSTs, however, cool for the first 20 years of the experi-
ment before gradually warming. The SST response may
be damped with respect to that of the thermocline due to
air–sea processes. The warm anomalies most likely result
from a decrease in the surface and thermocline return
flow of warm waters from the tropics to the North
Atlantic. Because the formation of deep water in the
North Atlantic decreases during the freshwater forcing
experiments, less water must flow northward in order to
compensate for the export of deep water from the
Atlantic. At the surface, northward velocity in the North
Brazil Current decreases by 15–25%. In the thermocline,
northward velocities, normally 1–3 cm s�1 in the control
runs, decrease by up to 50%.

Regressing SST against North Atlantic MOC in the
control runs allows us to observe the natural, unforced
relationship between SST and MOC in the model. This
relationship can then be compared to the anomalies
generated during the FW runs. For a 1 Sv increase in
MOC in the control runs, tropical Atlantic SSTs cool by
up to 0.02�C (Fig. 7). Assuming that this cooling is due

Fig. 4 Ensemble mean anomalies averaged over the last 20–
25 years of each experiment. Anomalies are expressed as experi-
ment minus control. Top sea-surface salinity anomaly, units are
parts per thousand (ppt). Middle sea-surface temperature anomaly.
Bottom surface-air temperature anomaly
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entirely to the increase in MOC and that the relationship
is linear, a 10 Sv decrease in MOC would result in a 0.1–
0.2�C warming of tropical Atlantic SST. The SST
anomalies that result from the freshwater forcing are
therefore consistent with the relationship between trop-
ical Atlantic SST and MOC in the control run.

Surface-air temperatures in the tropical Atlantic cool
north of 10�N. The magnitude of the cooling decreases
progressively southward (Fig. 5, bottom). South of
10�N, SAT decreases by up to 0.1–0.5�C over northern
South America, but increases by 0.2�C over the ocean
and the southern half of Africa. The dichotomy of
cooling over South America and warming over Africa is
the result of the precipitation changes over the two
continents. As will be discussed subsequently, precipi-

tation, and consequently soil moisture, over northern
South America generally increases during the freshwater
forcing experiments. As a result of the increased soil
moisture, an increased proportion of incoming radiation
must be devoted to evaporation of the moisture (i.e.
latent heating) as opposed to heating the air (i.e. sensible
heating). The net effect is, therefore, a cooling of SAT
over South America. The opposite is true for Africa; i.e.
the general drying of Africa allows for a decrease in
latent heating and, therefore, a warming of SAT over the
continent. The SAT warming over the ocean is consis-
tent with the warming of SSTs discussed above.

During the FW experiments, the Northeast trade
winds become stronger in both winter and summer while
the Southeast trade winds experience little or no change

Fig. 5 Ensemble mean tropical Atlantic SST (left) and SAT (right) anomalies averaged over the last 20–25 years of each experiment Units
are �C

Fig. 6 Cross-sectional view
(averaged from 5N to 20S)
showing the ensemble mean
temperature anomaly in the
tropical Atlantic thermocline.
Anomalies represent the
ensemble mean of the three
hosing experiments, averaged
over the last 20–25 years of each
experiment. Units are � C
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(Fig. 8). Upwelling within the upper 100 m of the water
column increases in the northern tropics (5–10�N) and
decreases in the southern tropics (0–10�S). These
upwelling changes may help to reinforce the SST
anomalies observable in Fig. 5. In association with the
changes in trade wind strength, the mean position of the
Intertropical Convergence Zone (ITCZ) shifts south-
ward. In nature, the position of the ITCZ is one of the
dominant controls on precipitation patterns in the
Atlantic region (as well as the rest of the tropics). During
the Northern Hemisphere summer, the ITCZ is at its
northernmost position, residing around 10�N. During
this time, there is relatively high precipitation in Central
America and across the Sahel region of Africa. The
ITCZ then migrates southward during Northern Hemi-
sphere winter. Because this southward migration causes
the ITCZ to fall over the continent of South America,
the ITCZ becomes less latitudinally defined (Waliser and
Gautier 1993). Zones within northern South America
experience high precipitation during this time. In Africa,
the southward migration of the ITCZ and Zaire Air
Boundary (ZAB; the boundary between winds from the
Atlantic and the Indian Oceans) leads to high precipi-
tation in the southern half of the continent (Nicholson
2000).

The precipitation anomalies associated with the
freshwater forcing experiments are consistent with a
southward shift in the mean position of the ITCZ
(Fig. 9). JJA precipitation anomalies show a decrease in
the Sahel region of Africa and an increase in precipita-

tion over coastal equatorial Africa and Northeast Brazil
(NEB). These anomalies occur in a latitudinally oriented
configuration, which suggests that they are driven by
changes in the position of the ITCZ. The freshwater
forcing induces a strong increase in precipitation in NEB
during both DJF and JJA. The DJF increase is stronger
than the JJA increase, likely due to increased advection
of moisture from the Atlantic ocean by the strengthened
NE trades. As shown in Fig. 8, the DJF wind anomalies
are strongest over the equatorial Atlantic, while the JJA
anomalies are strongest over the tropical–subtropical
Atlantic. The strengthened DJF winds are thus gaining
moisture from regions of the ocean that show a SST
warming anomaly during the FW experiments. In con-
trast, JJA winds are blowing over higher latitude oceanic
regions that undergo a cooling during the FW experi-
ments, therefore decreasing moisture availability over
the ocean. The increase in South American precipitation
during DJF is associated with an increase in both high
and low cloud cover (not shown) over northeast Brazil
that results from the convergence of winds over northern
South America (Fig. 8). In contrast, precipitation in
equatorial–subequatorial Africa generally decreases
during Northern Hemisphere winter. This drying may be
induced by a change in the strength and direction of the
winds contributing to the ZAB. During the freshwater
forcing experiments, onshore winds from the Atlantic
decrease slightly (5%) in strength while onshore winds
from the Indian Ocean become more northerly in
direction. Thus, during the freshwater forcing experi-

Fig. 7 Regression of SST onto
North Atlantic meridional
overturning circulation for
years 1–900 of the control run
(CTRL1). These are the SST
anomalies that result from a
1 Sv increase in MOC. Units are
�C
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ments, the convergence of the two wind systems, which
is a source of DJF precipitation in the southern half of
Africa, decreases. As a result, DJF rainfall decreases in
this region of Africa.

The response to the southward shift of the ITCZ in the
Atlantic sector is similar to the response noted by Chiang
et al. (2003, hereafter CBB) in a simulation of the Last
Glacial Maximum, in which insolation, CO2, and land ice
were set to their presumed 21 kyr values. They attribute
the responses they observe to a ‘‘meridional mode’’ of
atmosphere–ocean variability associated with a
strengthening of the Northeast trade winds. The response
of the ITCZ in the FW experiment is also accompanied by
the changes in tradewind strength and themeridional SST
gradient, as in CBB. To quantify this similarity, we used
the anomalies of the FW experiment with respect to the
control to compute the same indices of North tropical
Atlantic trade wind strength andmeridional SST gradient
defined by CBB. The signs of these two indices in the FW
experiments are consistent with CBB’s LGM simulation,

although the magnitudes are smaller, which suggests that
a similar physical mechanism may be operative.

Some insight into the physical mechanism responsible
for the southward shift of the ITCZ in the Atlantic
sector in the freshwater forcing simulations can be taken
from the experiments of Broccoli et al. (in preparation),
who examined the response of tropical climate to
extratropical thermal forcing using an atmosphere-
mixed layer ocean model. The atmospheric component
of this model was virtually identical to the atmospheric
component of the current coupled model, but the oce-
anic component consisted of an isothermal, static slab of
water of 50 m depth. Instead of realistic geography, two
flat continents, symmetric about the equator, were used
to simplify the interaction between continental configu-
ration and climate. This simulation is hereafter identified
as the SYMM integration. A second integration was also
made, in which an additional heat flux of
�10 W m�2was applied to the slab ocean north of 40�N
and a positive flux of the same magnitude was applied

Fig. 8 Control (left) and
anomalous (right) winds for
ANN (top), DJF (middle), and
JJA (bottom). Anomalies
represent the ensemble mean of
the three hosing experiments,
averaged over the last 20–
25 years of each experiment.
Note the vectors for scale. Units
are cm s�1
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south of 40�S. This Cool North Warm South (hereafter
CNWS) integration can be regarded as analogous to the
FW experiments, in which a large surface cooling takes
place in the extratropical North Atlantic with little sys-
tematic change in surface temperature elsewhere. For
comparison, the zonally averaged heat flux anomaly
north (south) of 40�N (40�S) for the cooling associated
with the FW experiments is 4 W m�2(0.4 W m�2) and is
centered in the North Atlantic with little change else-
where. The anomalous heat fluxes prescribed for CNWS
are therefore much larger than the heat flux anomalies
generated during the FW experiments. In response to the
extratropical thermal forcing, the ITCZ in the CNWS

integration shifts southward, antisymmetric precipita-
tion anomalies straddle the equator, and the northern
trade winds are enhanced while the southern trades are
weakened (Fig. 10). Each of these features is qualita-
tively similar to those appearing in the FW experiments
in the Atlantic sector, albeit in a more exaggerated form.
If one assumes that the similarity of the FW and CNWS
responses is indicative of a similarity in mechanism, then
the following chain of causation, described in more de-
tail for the CNWS case by Broccoli et al. (in prepara-
tion), is responsible for the tropical Atlantic response in
the FW experiments. The North Atlantic cooling that
results from the weakening of the MOC strengthens the
pole-to-equator temperature gradient in the Atlantic
sector, causing the northern extratropics to demand
more heat from the tropics. The atmospheric mean
meridional circulation satisfies this increased demand by
shifting southward in order to transport heat from the
equator to high latitudes. The changes in ITCZ position,
tropical precipitation, and trade wind strength are thus a
response to a change in the mean meridional circulation
of the atmosphere in the Atlantic sector.

In addition to the position of the ITCZ, tropical
Atlantic SST patterns provide controls on precipitation
in South America and Africa. Many studies have sug-
gested that there is a positive correlation between rain-
fall in NEB and tropical Atlantic SST anomalies
(Markham and McLain 1977; Hastenrath and Heller
1977; Mechoso et al. 1990) and/or the meridional SST
gradient in the tropical Atlantic (Moura and Shukla
1981; Uvo et al. 1998). The extent to which tropical
Atlantic SSTs influence rainfall in NEB varies on both
seasonal e.g. Uvo et al. 1998) and interannual (e.g.
Folland et al. 2001; Peagle and Mo 2002) timescales.
Using the CTRL1 control run, we have regressed pre-
cipitation against tropical Atlantic SST averaged from
5�N–5�S across the Atlantic. An increase in tropical
Atlantic SST is associated with an increase in precipi-
tation over NEB. This relationship is particularly evi-
dent in the regressions of annually averaged
precipitation onto annual SST (Fig. 11) and of DJF
precipitation onto DJF SST (not shown), which is gen-
erally consistent with the findings of Uvo et al. (1998)
and Peagle and Mo (2002). It is important to note that in
nature, rainfall in South America is also influenced by
tropical Pacific SST (e.g. Uvo et al. 1998; Pezzi and
Cavalcanti 2001). Given that SST in the tropical Pacific
is unchanged in response to the freshwater forcing
experiments, however, it is unlikely that SST variability
in the tropical Pacific is responsible for the precipitation
anomalies that develop in South America. During the
freshwater forcing experiment, the increase in tropical
Atlantic SST may be contributing to the changes in
precipitation over South America. As shown in Fig. 11,
a 1�C increase in annually averaged tropical Atlantic
SSTs is associated with a 0.9 mm day�1 increase in
annually averaged NEB precipitation (30�W–50�W,
0�S–15�S). Thus the 0.3� warming of tropical Atlantic
SSTs during the experiments could elevate annual pre-

Fig. 9 Ensemble mean precipitation anomalies for ANN (top),
DJF (middle), and JJA (bottom). The anomalies represent the last
20–25 years of each experiment. Units are mm day�1
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cipitation in NEB by �0.3 mm day�1, a change that is
generally consistent with the results shown in Fig. 9.

Tropical Atlantic SSTs also affect precipitation
patterns in Africa. Warm SSTs along the Benguela
coast are associated with high coastal rainfall (Nichol-
son 2000). This can been seen in the control run
regression of tropical Atlantic SST and precipitation.
On an annual basis, a 1�C increase in tropical Atlantic
SST is associated with a 1–2 mm day�1 increase in
rainfall along the western coast of Africa (Fig. 11). The
slight increase (up to 0.3 mm day�1) in African coastal

precipitation in response to the freshwater forcing
(Fig. 9) is consistent with the 0.3�C increase in tropical
Atlantic SST.

Thus, the rainfall anomalies in South America and
Africa during the freshwater forcing experiments result
from a combination of a southward shift in the ITCZ
and an increase in tropical Atlantic SSTs. As mentioned
above, the increase in tropical Atlantic SST is most
likely a result of the decreased surface return flow that
occurs in response to the slowdown of NADW export
from the Atlantic.

Fig. 10 Differences in annually
averaged precipitation rate
(colors, in mm day�1 and
surface winds (vectors, in
cm s�1 between the CNWS and
SYMM integrations

Fig. 11 Regression of annual
CTRL1 precipitation against
annual tropical Atlantic SST
(averaged 5N–5S, 40W–0E).
Units for precipitation are
mm day�1. The field was scaled
such that the figure can be
interpreted as a linear response
to a 1�C increase in tropical SST
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3.2 Comparisons

3.2.1 Paleodata-model comparison

A growing number of studies indicate that climate var-
iability on millennial-timescales is not limited to the
North Atlantic region. Until recently, such variability
was thought to be driven by rapid climate changes in the
North Atlantic region, possibly caused by rapid surging
of ice sheets and freshwater capping of the North
Atlantic. As evidence for millennial-scale climate vari-
ability mounts from throughout the globe, however, this
paradigm is being reevaluated. In essence, it is unclear
whether North Atlantic climate changes can be effec-
tively propagated throughout the globe in order to in-
duce seemingly simultaneous climate change in remote
areas (e.g. Cane 1998). Freshwater forcing experiments
provide a means for testing the ability of North Atlantic-
driven climate change to affect regions outside of the
North Atlantic (e.g. Dong and Sutton 2002). Again,
however, it must be noted that the boundary conditions
for events such as the Younger Dryas were likely to have
been very different from the modern day boundary
conditions used in these experiments. Nevertheless, the
FW experiments have a significant effect on the tropics
and it is important to assess which model responses are
consistent with paleoclimate data. In each of the studies
discussed below, we compare the difference between
Bølling/Allerød (the period preceding the Younger
Dryas) and Younger Dryas climates as opposed to the
difference between Holocene and Younger Dryas cli-
mate. The comparison was done in this way in hopes
that a Bølling/Allerød to Younger Dryas comparison
would be more analogous to the simulation of cooling
from modern-day boundary conditions in the freshwater
forcing experiments. The tropical Atlantic data dis-
cussed in this section are summarized in Table 2,
Fig. 12, and 13.

The history of deepwater formation in the Atlantic
was reconstructed using the carbon isotopic composition
(d13C) and Cd/Ca ratio of benthic foraminifera. Both of
these proxies are sensitive to the nutrient concentration
of the ambient water, which, in theory, varies with the
amount of NADW versus AABW at a given site. Several
North Atlantic studies of these, and other nutrient-based
tracers suggest that there was a decrease in the strength,
but not a shutdown, of NADW formation (Boyle and
Keigwin 1987; Keigwin et al. 1991; Bond et al. 1997;
Marchitto et al. 1998) during the Younger Dryas. Given
that these are water-mass tracers rather than kinematic
tracers, it is difficult to quantify the reduction in deep-
water formation during the Younger Dryas. The direc-
tion of the changes documented by these proxies is
consistent with the results obtained here.

Paleotemperature reconstructions from the North
Atlantic (north of 20�N) suggest that SSTs and SATs
cooled during the Younger Dryas. Although the mag-
nitude of this cooling is location-dependent, estimates of
the SST and SAT changes in the northern North

Atlantic are on the order of 6–10�C (Dansgaard et al.
1989; Chappellaz et al. 1993; Kroon et al. 1997). Pollen
evidence from throughout Europe also suggests a
Younger Dryas cooling (e.g. Walker et al. 1994;
Ammann et al. 1994; deBeaulieu et al. 1994, and refer-
ences therein). For a more comprehensive map of North
Atlantic sites showing a Younger Dryas cooling, refer to
Broecker (1995). The limited paleoclimate data from the
Barents Sea suggests that this sea was at least seasonally
ice-free during the Younger Dryas (Rosell-Mele and
Koc 1997). However, we know of no conclusive studies
suggesting temperature changes in the Barents Sea re-
gion that would either substantiate or refute the warm-
ing response during the FW experiments.

Alkenone-derived SSTs from a well-dated core on the
Iberian margin show a 3–4�C cooling during the
Younger Dryas and Heinrich Event 1 (H1 Bard et al.
2000). Further south, two alkenone records from the
western African margin, as well as a coral record from
Barbados, show 1–2�C cooling during the Younger
Dryas (Zhao et al. 1995; Guilderson et al. 2001; Kim
et al. 2002). A Mg/Ca SST reconstruction from the
Cariaco Basin shows a 2–3�C cooling during the
Younger Dryas (Lea et al. 2003). Several studies, how-
ever, document a warming of tropical Atlantic SSTs
during the Younger Dryas. These studies include sites
off the coast of Grenada (�1�C, Rühlemann et al. 1999;
Lea et al. 2003) along the western African Margin
(Mulitza and Rühlemann 2000) and off the coast of
NEB (Fig. 12, Arz et al. 1999).

Within the region that experiences warming during
the FW experiments, three of the five temperature-
reconstruction sites demonstrate a warming during the
Younger Dryas. These sites show greater Younger
Dryas warming than that generated during the FW
experiments. The two sites that experience a cooling are
located within upwelling regions, which may not be well
simulated by our model.

Surface-air temperature reconstructions from Central
and South America generally suggest that these regions
cooled during the Younger Dryas (Fig. 13). Pollen-
based temperature reconstructions from Costa Rica and
Colombia suggest a cooling of 1–6�C. A tropical ice-core
record from Huascaran, Peru, also suggests a cooling
during the Younger Dryas (Thompson et al. 1995).
While the FW experiments do show a cooling of SAT
over northern South America, the magnitude of the
cooling (less than 0.5�C is smaller than that implied by
the paleoclimate data. Furthermore, the cooling of
northern South America during the FW experiments is
likely due to increased precipitation in the region, which
may not be consistent with paleoclimate data from the
Younger Dryas.

Reconstructions of aridity from the Americas suggest
a pattern of reduced precipitation in northern South
America, Central America, and the Caribbean and in-
creased precipitation in southern South America
(Fig. 13). Pollen data from Lake Chalco, Mexico (Flo-
res-Diaz 1986), Haiti (Hodell et al. 1991), and Colombia
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(Van der Hammen and Hooghiemstra 1995; Veer et al.
2000) indicate that the Younger Dryas was drier than
the Bølling/Allerød. The history of rainfall in the
Amazon basin is poorly known for the Bølling/Allerød–
Younger Dryas transition. Several reconstructions based
on marine sediments, however, suggest an increase in the
strength of the northeast trade winds and a drying of
northern South America and the Amazon basin during
the Younger Dryas (Peterson et al. 1991; Lin et al. 1997;
Arz et al. 1998; Maslin et al. 2000; Haug et al. 2001). The
drying likely extended at least as far south as Huascaran,
Peru, where Thompson et al. (1995) find a drying during
the Younger Dryas based on ice-core reconstructions. In
the Bolivian Altiplano, however, studies of two tropical
ice cores suggest that conditions became wetter during
the Younger Dryas Thompson et al.(1998); Baker et al.
(2001).

In direct contrast to the studies from northern South
America, our model results suggest a strong increase in
precipitation (Fig. 9) and runoff (not shown), particu-
larly in northeast Brazil, during a Younger Dryas-type
event. The reason for this difference may involve the
SST increase in the tropical Atlantic (Fig. 5). As dis-
cussed above, increased Atlantic SSTs are associated
with increased rainfall in northeast Brazil, both in the
model and in nature. SST reconstructions for the
Younger Dryas do not uniformly demonstrate a
warming in the tropical Atlantic. It is therefore possible
that the discrepancy between the modeled and recon-
structed South American precipitation results from dif-
ferences in the direction and magnitude of SST change
in the tropical Atlantic during the modeled and actual
event. It is also possible that the southward shift of the
ITCZ produced by the FW experiments does not dis-

Table 2 Summary of Paleoclimate data-model comparisons

Ref# Location YD conditions (Type of Data) Model results Reference

Atlantic SST data
1 Iberian Margin �3–4�C (alkenone SST) �0–2�C Bard et al. (2000)
2 North Atlantic (37�N) �2�C (alkenone SST) �0.1–0.2�C Calvo et al. (2001)
3 Northwest African Margin �1.5�C (alkenone SST) �0.2–+0.2�C Zhao et al. (1995)
4 Namibian Margin �2� C (alkenone SST) +0.2–0.3�C Kim et al. (2002)
5 Congo Fan +1.5�C (alkenone SST) +0.2–0.3�C Mulitza and Rühlemann (2000)
6 Southwest African Coast �1-2�C (mollusc mineralogy and d18O) +0–0.1�C Cohen et al. (1992)
7 Barbados �1–2�C (coral d18O) �0–0.2�C Guilderson et al. 2001
8 Tobago Basin +2�C (foraminifera transfer functions) +0–0.2�C Hüls and Zahn (2000)
9 Grenada +1.2�C (alkenone SST) �0–0.2�C Ruhlemann et al. (1999)
10 Northeast Brazil Slope +1–3�C (planktonic d18O) +0.1–0.3�C Arz et al. (1999)
11 Cariaco Basin �3�C (foraminifera Mg/Ca) +0–0.2�C Lea et al. (2003)
12 Gulf of Mexico cooler (faunal assemblages, d18O) �0–0.2�C? Flower and Kennett (1990)
S. American Precip, Wind, and SAT Data
13 Ceara Rise NE Brazil dry (Ti/Ca, Fe/Ca) NE Brazil wet Arz et al. (1998)
14 Amazon Fan Amazon Basin dry (planktonic d18O) Amazon wet Maslin and Burns (2000)
15 Cariaco Basin northern S. America dry (Fe/Ca, Ti/Ca) ? Haug et al. (2001)
16 Cariaco Basin › trade wind strength › trade wind

strength
Peterson et al. (1991);
Lin et al. (1997)

17 Colombia cool, wet (pollen) �0–0.1�C, wet Behling and Hooghiemstra (1998)
18 Colombia �2–4�C, dry �0–0.1�C, wet Van der Hammen and

Hooghiemstra (1995)
19 Columbia �1–3�C, dry �0–0.1�C, wet Veer et al. (2000)
20 Haiti Dry (ostracod d18O) No response Hodell et al. (1991)
21 Lake Chalco, Mexico Dry (lake levels) Wet? Flores-Diaz (1986)
22 Costa Rica �2–3�C (pollen) �0–0.1�C? Islebe et al. (1995)
23 Salar de Uyuni, Bolivia Wet (lacustrine muds in ice core) dry? Baker et al. (2001)
24 Sajama, Bolivia wet (ice core d18O and dust) dry? Thompson et al. (1998)
25 Huascaran, Peru Cool and dry (ice core d18O and dust) Cool, wet Thompson et al. (1995)
African Precip Data
26 Lake Victoria Dry (lake levels) Dry Stager et al. (2002)
27 Ethiopia Dry (lake levels) Dry? Gillespie et al. (1983);

Gasse and Campo (1994)
28 Northern Sahara Dry (carbonate d18O, mineralogy) Dry Gasse et al. (1990)
29 Western Sahara Dry (lake levels) Dry? Gasse and Campo (1994)
30 Sahel/subequatorial Africa Dry (lake levels) Dry? Gasse and Campo (1994)
31 Lake Bosumtwi (Ghana) Dry (lake levels, pollen) Wet? Street-Perrott and Perrott (1990);

Gasse and Campo (1994)
32 Lake Barombi Mbo

(Cameroon)
Dry (pollen) Wet? Maley and Bernac (1998)

33 Kenya Dry (bog organic carbon content) Dry? Street-Perrott and Perrott (1990)
34 Lake Malawi (East Africa) Dry (biogenic silica fluxes) Dry? Johnson et al. (2002)
35 Rusaka Swamp (Burundi) Dry (organic matter and pollen) Dry Bonnefille et al. (1995)
36 South Africa No discernable change (pollen) Dry? Scott et al. (1995)
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Fig. 12 Location and
magnitude of SST and SAT
changes associated with the
Younger Dryas, as identified by
paleoclimate proxies. Red tones
indicate a warming, blue tones
indicate a cooling. Units are �C.
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place the ITCZ as far south as it may have been during
the Younger Dryas.

Lake levels decreased throughout Africa during the
Younger Dryas, which indicates that the majority of
Africa experienced a drying during this time (Fig. 13;
Street-Perrott and Perrott 1990; Gasse and Campo 1994;
Bonnefille et al. 1995; Johnson et al. 2002; Stager et al.
2002). The evidence from lake levels is supported by
pollen data from Lake Bosumtwi (Ghana; Street-Perrott
and Perrott 1990; Gasse and Campo 1994), Lake
Barombi (Cameroon; Maley and Bernac 1998), and the
Rusaka Swamp (Burundi; Bonnefille et al. 1995), as well
as biogenic silica data from Lake Malawi (East Africa;
Johnson et al. 2002), organic carbon data from Kenya
(Street-Perrott and Perrot 1990), and carbonate d18O
data from Algeria (Gasse et al. 1990). South Africa may
be the exception to this widespread drying, as there is no
clear evidence for changes in temperature or moisture
during the Younger Dryas in this region (Scott et al.
1995).

While robust between the three experiments, the
annually averaged precipitation change in the Sahel,
equatorial, and subequatorial regions of Africa is small
compared to the widespread drying indicated by the
paleodata. Such small changes would not likely be de-
tected in the paleoclimate record. The sense of the pre-
cipitation changes simulated by the model is in line with
what the paleodata suggest; however, the magnitude of
change recorded by the paleodata is much larger than
the model’s response. It is possible that the lack of
interactive vegetation in the model could contribute to
this discrepancy.

In summary, the modeled North Atlantic response is
consistent with data from the Younger Dryas that sug-
gest a cooling of North Atlantic SST and a reduction in
the formation of NADW. Paleo–SST reconstructions
for the tropical Atlantic suggest a heterogeneous re-
sponse during the Younger Dryas. Three of the five sites
within the region showing a warming during the FW
experiments do exhibit a warming during the Younger
Dryas. The two sites showing a Younger Dryas cooling
lie within upwelling regions, which may complicate the
paleoclimate data-model comparison. The warming
predicted by the model is weaker than the SST recon-
structions suggest for sites that underwent a warming
during the Younger Dryas. Paleo–SAT data and the
modeled SAT response agree in direction, but not in
magnitude; i.e. the cooling of northern South America
suggested by the model is weaker than that suggested by
the paleoclimate data. The model response may also be
affected by precipitation changes during the FW exper-
iments that do not agree with paleoclimate data from
South America. Both the model and paleoclimate data
suggest that African precipitation decreased, but the
modeled drying is weak compared to the changes indi-
cated by the data. Paleoclimate data for South American
precipitation changes during the Younger Dryas
strongly disagree with the model response. However,
this too may simply be the model not producing large

enough changes, as a farther southward shift of the
ITCZ could induce a drying in NEB in the model. Thus,
the freshwater forcing experiments performed for this
study capture the direction, but not the magnitude, of
change for several parameters (tropical Atlantic SST,
African precipitation, and possibly the southward extent
of the ITCZ) in the tropical Atlantic region.

The potential reasons why discrepancies exist be-
tween the model results and paleoclimate data fall into
three main categories: model boundary conditions and
experimental design, model limitations, and limitations
of the paleoclimate data. The difference in boundary
conditions between themodel run (at modern boundary
conditions) and the Younger Dryas could have a sub-
stantial impact on the ability of the model to simulate
Younger Dryas-type climate change. As shown by Yin
and Battisti (2001, ice sheets, which were likely present
in some form during the Younger Dryas, act as ampli-
fiers of subtle climate change by altering the course of
storm tracks. In addition, land ice was shown by Chiang
et al. (2003) to be the primary driver of the tropical
Atlantic wind, precipitation, and SST response to Last
Glacial Maximum boundary conditions. The presence of
ice sheets during the Younger Dryas was also associated
with sea levels on the order of 60 m lower than today
(Fairbanks 1989). The mean climate state of the Youn-
ger Dryas was also likely to have been colder than the
modern mean climate state. The sea-ice distribution, and
the resulting feedbacks, was also most likely different
during the Younger Dryas than it is in the model. While
the model we used incorporates sea ice, a colder mean
climate would enhance the sea ice–albedo feedback. If
sea-ice growth in the model occurred under colder
boundary conditions, the high-latitude response to FW
forcing, and by extension the tropical Atlantic response,
would be enhanced. It is also important to consider that,
if, as suggested by Weaver et al. (2003), MWP1A orig-
inated from Antarctica and triggered the Bølling/Aller-
ød, then the difference in climate between the Bølling/
Allerød and the Younger Dryas could have been
amplified relative to our ‘‘Younger Dryas’’ FW experi-
ments that used modern-day boundary conditions. Fi-
nally, the duration of the forcing for the Younger Dryas
was likely to have been much longer than the model
freshwater forcing. Thus anomalies may have grown in
strength throughout the Younger Dryas in such a way
that they were unable to grow during the experiments.
Despite the presumably large changes that these differ-
ing boundary conditions would have on our experi-
ments, it is interesting to note that climate simulations
that do impose Younger Dryas boundary conditions
have also had difficulty simulating the changes inferred
by paleoclimate data outside of the North Atlantic/
Northern European region (Renssen 1997; Renssen and
Isarin 1998; Renssen and Lautenschlager 2000).

Limitations of the model’s climate feedbacks and
architecture could also contribute to differences between
the model response and paleoclimate data from the
Younger Dryas. Evidence from both Greenland (GISP2)
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and Antarctic (Taylor Dome) ice cores suggests that
atmospheric methane levels dropped by about 200 ppbv
at the Bøllng/Allerød–Younger Dryas transition (Brook
et al. 2000). The additional negative radiative forcing
associated with the decreased methane could have
caused a cooling that was not represented with the
model used in this study. In nature, vegetative feedback
processes also have a significant effect on tropical cli-
mate. In mid-Holocene simulations, the terrestrial re-
sponse to orbital forcing was amplified, thus becoming
more realistic, when vegetation changes are included
(Braconnot et al. 1999). Our model does not incorporate
vegetation or atmospheric chemistry. Therefore, feed-
backs associated with these processes do not contribute
to the modeled response to freshwater forcing. It is also
possible that an important climate forcing was not in-
cluded in the experimental design. If millennial-scale
variability is paced by variations in solar output, as was
suggested by Bond et al. (2001), then the neglect of this
component of the climate system may contribute to
model–paleodata discrepancies. Precipitation patterns
are relatively noisy in the model as well as in nature.
While the model captures the general orographic fea-
tures (and therefore rainfall patterns) associated with
mountain ranges such as the Andes, it is unrealistic to
expect that the simulated precipitation at a given loca-
tion within the Andes will accurately reflect precipitation
at that location in the real world. Similarly, the resolu-
tion of the model does not permit the accurate simula-
tion of specialized environments, such as the Cariaco
Basin. That the model’s ITCZ generally overestimates
precipitation over land may contribute to the discrep-
ancies between precipitation patterns during the Youn-
ger Dryas and those that result from the freshwater
forcing experiment. More specifically, the model may
overestimate the precipitation increase in NEB and
underestimate the drying of Africa as a result of the
ITCZ’s land bias. Finally, it is possible that the model’s
physics are not accurate enough to generate the re-
sponses indicated by the paleodata.

Uncertainties in the interpretation of paleoclimatic
data could also contribute to model–paleodata differ-
ences. In terms of age control, there are uncertainties in
both the measurement of 14C and in the estimation of
the reservoir age of a marine system through time.
Furthermore, recent evidence suggests that alkenones,
from which SST can be derived, are often several
thousand years older than foraminifera from the same
depth horizon (Ohkouchi et al. 2002). The proxy data
itself is also subject to some uncertainty. For sexample,
there is a strong seasonality to alkenone production;
therefore alkenone-derived SSTs may reflect the tem-
perature only during one season. Furthermore, given
that alkenone-producing coccolithophorids do not live
exactly at the sea surface, alkenone temperatures may be
recording slightly deeper, and therefore, colder temper-
atures. Depending upon the specific depth habitat of the
coccolithophorids, this may partially explain why alke-
none-based SST reconstructions record a Younger

Dryas warming closer in magnitude to the FW temper-
ature anomalies at thermocline depths.

3.2.2 Intra-model comparison

Despite differences in computer systems, starting values
of North Atlantic MOC, and control runs, the results
described in this paper are robust for all three of the
individual FW experiments. In order to assess the
robustness of the responses, we have compared the re-
sponse of each of the three FW experiments using ten
indices (Fig. 14). The indices we have chosen are: North
Atlantic MOC, SAT in the region south of Greenland,
SAT over the Barents Sea, tropical Atlantic SST, ANN,
DJF, and JJA precipitation in South America and
Africa. All comparisons were made for the last 20–
25 years of each experiment. The mean and range of the
anomalies for each of these indices are shown in Fig. 15.

For each FW experiment, the overall decrease in
North Atlantic MOC was 8–9 Sv, a �40% decrease
from the original value. The reduction for each experi-
ment occurred within two decades. All three experiments
also demonstrate multidecadal variability of the North
Atlantic MOC that has a similar timescale, but a lower
magnitude, to the varibility observed in the control runs.

SAT anomalies south of Greenland vary by about
1�C between the three FW experiments, with a mean
cooling of about 5�C. The range in SAT anomalies for
the Barents Sea region is greater: about 2�C, with a
mean value of 2�C. Despite the broad range of temper-
ature anomalies in the Barents Sea, all three experiments
show a warming in this region. Tropical Atlantic SST
anomalies vary by less than 0.05�C between the three
runs. All three experiments show a warming of �2�C for
the region shown in Fig. 14.

Precipitation anomalies for all three FW experiments
show an increase in South American precipitation dur-
ing both the summer (JJA) and the winter (DJF), as well
as on an annual basis. The largest anomaly, DJF, also
has the greatest range in magnitude. African precipita-
tion in all three experiments exhibits a slight decrease.
Despite the mild nature of this drying, it is robust for
both the annual average as well as for DJF and JJA.

3.2.3 Comparison with simulations by other models

Several modeling groups have performed experiments
similar to those of this study using coupled ocean–
atmosphere GCMs. Descriptions of the experiments we
will consider in this section (Manabe and Stouffer 1997;
Schiller et al. 1997; Rind et al. 2001; Vellinga and Wood
2002) can be found in Table 3. The deepwater response
obtained with the FW experiments is qualitatively sim-
ilar to those of other freshwater forcing studies, which
all show decreases in North Atlantic MOC of 30–50%
�100 years after the forcing is applied. All of the models
also show maximum cooling in the North Atlantic re-
gion.
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In the tropical Atlantic, the SAT response of the R30
model is similar to that of Schiller et al. (1997) and
Vellinga and Wood (2002), who found a warming of up
to 3.0�C over much of the tropical Atlantic Ocean. Rind
et al.(2001) also find a warming response in experiments
with greater freshwater forcing (32· St. Lawrence) or
weaker control run thermohaline circulation (8· St.
Lawrence with FLUX control run). Similar to our
findings, Rind et al. (2001) document a pattern of
cooling (0.1–0.5�C) over South America after 160 years.
The SAT anomalies generated during the Manabe and
Stouffer (1997) experiment show a widespread warming
over the entire tropical Atlantic region with only isolated
patches of slight cooling over eastern South America.
Over Africa, the studies discussed here, with the excep-
tion of Vellinga and Wood (2002) show a patchy
warming of 0.1–2.5�C.

The tropical Atlantic precipitation anomalies ob-
served in these experiments are very similar to those
observed by Manabe and Stouffer (1997) in both mag-
nitude and location for NEB and Africa Schiller et al.
(1997) and Vellinga and Wood (2002) also find large
(2 mm day�1)increases in precipitation in northeast
Brazil, although their anomalies are shifted further off-
shore than the anomaly found in this study. Further-
more, both Schiller et al. (1997) and Vellinga and Wood
(2002) document strong drying over northwestern half
of South America that we do not find here. The mag-
nitude and spatial pattern of drying over Africa docu-
mented by Schiller et al. (1997) and our study are
similar, while Vellinga and Wood (2002) find patchy
increases in precipitation. Given the noisy nature of
precipitation in models, we can consider Schiller et al.
(1997) and our study to be in relatively good agreement
with one another. With the exception of Rind et al.
(2001), all of the model experiments considered here
show a southward shift in the ITCZ in response to
North Atlantic freshwater forcing.

In contrast, Rind et al. (2001) find little change in the
precipitation in South America and an increase in pre-
cipitation of 0.1–0.5 mm day�1 in Eastern Africa.
However, the precipitation response they find using a
much greater freshwater forcing rate (0.53 Sv, 32· St.
Lawrence) is generally more consistent with the results
of this study.

In summary, there are several responses to North
Atlantic freshwater forcing for which the majority of
models concur. The value for SAT cooling in the North

Atlantic seems to be converging on �8�C. While some
models show more or less cooling, the direction of the
anomaly (i.e. cooling) is consistent. All of the models
discussed here show some degree of warming of tropical
Atlantic SAT, and four out of the five models show an
increase in precipitation in Northeast Brazil. Precipita-
tion changes over Africa are less consistent between
models, with three models showing decreased African
precipitation and two showing patchy increases. The
differences in the magnitude of the modeled responses
could be caused by a number of factors, including model
architecture, different forcings, and different initial con-
ditions. The forthcoming results of the CMIP (Coupled
Model Intercomparison Project) experiments, in which
many modeling groups have prescribed the same fresh-
water forcing, should further elucidate the relationship
between model architecture and experimental outcome.

4 Conclusions

Using a coupled OAGCM, we have examined the re-
sponse of the tropical Atlantic to a North Atlantic
freshwater forcing event. A three-member ensemble of
experiments shows that, in response to this forcing, the
climate state of the Atlantic is significantly changed. The
largest responses occur in the North Atlantic, where
MOC decreases by 40% and SATs cool by up to �8�C.
Responses in the tropical Atlantic are more subtle. The
increased meridional temperature gradient induced by
the high latitude cooling causes the northern hemisphere
extratropics to demand more heat from the tropics. The
ITCZ therefore shifts southward and the Northeast
trade winds increase in strength. As a result of the
change in the winds and the position of the ITCZ, pre-
cipitation patterns throughout the Atlantic basin
change. Specifically, precipitation north of 10�N de-
creases, while precipitation in Northeast Brazil increases
substantially and Africa undergoes a mild drying. The
changes in precipitation over the continents alter the
amount of latent versus sensible heating of the land.
Consequently, in general, South America cools while
Africa warms.

The strongest tropical Atlantic temperature response
occurs in the thermocline, where temperatures warm by
up to 4.5�C. This warming, which was noted in previous
studies (e.g. Manabe and Stouffer 1997), results from a
combination of a decrease in the strength of northward-

Table 3 Other freshwater forcing experiments discussed in this study

Authors Model Forcing applied Duration Initial MOC Recovery time

This study GFDL R30 0.1 Sv 100 years 24 Sv 50 years
Manabe and stouffer (1997) GFDL R15 0.1 Sv 500 years 18 Sv 250 years
Rind et al. (2001) (Run LTC1) GISS 0.15 Sv in N. Atlantic +

inputs elsewhere
160 years 20 Sv

(and decreasing)
No recovery

Schiller et al. (1997) ECHAM3 Linear increase 0–0.625 Sv 250 years 18 Sv 120 years
Vellinga and Wood (2002) HadCM3 2 psu decrease in N. Atlantic 0 20 Sv 120 years
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flowing currents in the surface and thermocline layers.
Warm water is thus allowed to remain in the tropics
without being exported to the north or replenished by
colder waters from below. These effects occur as a result
of a decreased need for surface-water compensation of
waters exported from the North Atlantic via deep-water
formation. It is probable that the weak (0.2–0.3�C)
warming of tropical Atlantic SSTs reflects a surface
damping of the response at depth.

Comparison of the model’s response to paleoclimate
data from the Younger Dryas reveals that, for many
parameters, the freshwater forcing experiments capture
the direction but underestimate the magnitude of chan-
ges indicated by the paleoclimate data. An example of
this is the moderate drying of Africa in the model
compared to the widespread drying indicated by a
variety of aridity proxies for the Younger Dryas. These
differences could result from a number of factors, the
most notable of which is that the model was run using
modern-day boundary conditions, whereas the bound-
ary conditions for the Younger Dryas were likely to
have been very different.

Analysis of the three ensemble members shows that,
despite slight differences in initial MOC conditions,
computer systems, and control runs, the responses dis-
cussed above are robust in each member of the ensem-
ble. In no case does the range of responses exhibited by
the ensemble members change the direction of the re-
sponse.

The results of this study allowed us to identify a
number of responses to freshwater forcing experiments
that are consistent across a range of models and exper-
imental conditions. These robust responses include an
8�C cooling of North Atlantic SAT, a moderate warm-
ing of tropical Atlantic SST and SAT, an increase in
precipitation in Northeast Brazil, and, to a lesser extent,
decreased precipitation in Africa. While the North
Atlantic cooling and decreased African precipitation are
in line with the paleoclimate data for the Younger
Dryas, the widespread warming of tropical SST and
SAT and the increased Northeast Brazil precipitation
are not. The latter observations suggest that one or more
of the following problems exist: (1) Multiple models are
unable to simulate a Younger Dryas-type event or (2)
The paleoclimate data, which come from a wide variety
of proxies, are flawed. We suspect that the primary
reason for discrepancies between the models and the
paleoclimate data is that there are numerous forcings
associated with the Younger Dryas, such as land ice and
vegetative feedbacks that were not incorporated into
many models, including the model used in this study. In
order to investigate this possibility, additional freshwa-
ter forcing experiments, particularly those with Bølling/
Allerød or Younger Dryas boundary conditions should
be performed. In addition, the pattern of SST changes
during the Younger Dryas will become clearer as more
and more high-resolution SST reconstructions are car-
ried out. Further investigation of millennial-scale vari-
ability during the Holocene may provide a more

appropriate analog to freshwater forcing experiments,
such as this one, performed with modern-day boundary
conditions. Despite differences between paleoclimate
reconstructions of the Younger Dryas and the modeled
response to freshwater forcing, our results suggest that
abrupt climate changes in the high latitudes can have a
significant effect on tropical climate.
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