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ABSTRACT

In this study, a mechanism is demonstrated whereby a large reduction in the Atlantic thermohaline
circulation (THC) can induce global-scale changes in the Tropics that are consistent with paleoevidence of
the global synchronization of millennial-scale abrupt climate change. Using GFDL’s newly developed global
coupled ocean–atmosphere model (CM2.0), the global response to a sustained addition of freshwater to the
model’s North Atlantic is simulated. This freshwater forcing substantially weakens the Atlantic THC,
resulting in a southward shift of the intertropical convergence zone over the Atlantic and Pacific, an El
Niño–like pattern in the southeastern tropical Pacific, and weakened Indian and Asian summer monsoons
through air–sea interactions.

1. Introduction

Paleorecords show that Late Pleistocene climate
changes at many different regions were coherent with
the millennial-scale Dansgaard–Oeschger (D–O) cycles
recorded in the Greenland ice core. For example, when
Greenland was in stadial (cooling) condition, the sum-
mer Asian monsoon was reduced as indicated by a rec-
ord from Hulu Cave in eastern China (Wang et al.
2001), and the Indian summer monsoon was weakened
(Altabet et al. 2002). Stott et al. (2002) suggests that
Greenland stadials were related to an El Niño–like pat-
tern of sea surface temperature (SST) change, a weak-
ened Walker circulation, and a southward shift of the
intertropical convergence zone (ITCZ) in the tropical
Pacific. An El Niño–like pattern occurred during the
Last Glacial Maximum with reduced cross-equatorial
and east–west SST contrasts in the tropical Pacific, and
the tropical Pacific east–west SST contrast was further

reduced during the Heinrich (H1) and Younger Dryas
events (Lea et al. 2000; Koutavas et al. 2002). Wet pe-
riods in northeastern Brazil are synchronous with Hein-
rich events, cold periods in Greenland, and periods of
weak east Asian summer monsoons and decreased river
runoff to the Cariaco Basin (Wang et al. 2004). Those
remote signals were extremely strong during H1 when
the thermohaline circulation (THC) was almost shut-
down (McManus et al. 2004). It is not clear whether
abrupt climate change over Greenland is triggered by
tropical variability (Clement et al. 2001; Latif 2001), or
vice versa (Clark et al. 2002).

Previous coupled modeling studies (Vellinga and
Wood 2002; Dahl et al. 2005, hereafter DBS) have
shown a weakened THC, cooling in the North Atlantic,
and warming in the South Atlantic in response to fresh-
water forcing in the North Atlantic, while very few re-
sponses were found in the Tropics outside the Atlantic.
With a very strong transient freshwater forcing inserted
in the North Atlantic at the initial stage of the experi-
ment, Dong and Sutton (2002) showed that a sudden
weakening of the THC leads to an El Niño event at
year 7 of the simulation. In the present study, using a
coupled ocean–atmosphere model, we show that a
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steady freshwater forcing in the North Atlantic leads to
persistent remote responses in the tropical Pacific and a
weakening of the Indian and Asian summer monsoons,
consistent with the global synchronization of abrupt cli-
mate change indicated by paleorecords.

2. Description of experiments and local responses
in the Atlantic

The model we employed here is the fully coupled
ocean–atmosphere global general circulation model
(CM2.0) developed at the Geophysical Fluid Dynamics
Laboratory (GFDL). The ocean model employs an ex-
plicit free surface and a true freshwater flux exchange
between the ocean and atmosphere. It has 50 vertical
levels (22 levels of 10-m thickness each in the top 220
m), and 1° zonal resolution. The meridional resolution
is 1° outside the Tropics and refined to 1/3° at the equa-
tor. The atmosphere model has 24 vertical levels, with
horizontal resolution of 2° latitude � 2.5° longitude.
The model uses 1860 radiative forcing conditions, in-
cluding the solar irradiance, and produces a stable re-
alistic multicentury control integration without flux ad-
justments (Delworth et al. 2005, manuscript submitted
to J. Climate, hereafter D05).

To explore the response of the global climate to a
weakening of the Atlantic thermohaline circulation, a
perturbation experiment is conducted in which an extra
freshwater forcing of 0.6 Sv (1 Sv � 106 m3 s�1) is uni-
formly distributed over the northern North Atlantic
(55°–75°N, 63°W–4°E) for the entire 60-yr duration of
the experiment. The amplitude of the forcing is rela-
tively large in order to elicit a clear response. In the
perturbed experiment, the maximum Atlantic THC
rapidly weakens from 16 Sv (time mean in the control
run) to about 6 Sv after 20 yr, after which the rate of
decrease gradually slows, resulting in an average of 4 Sv
from years 21 to 60 (Fig. 1a). (The analyses shown be-
low are focused on the differences between the two
experiments averaged over years 21 to 60; all quantities
shown are annual mean, unless indicated otherwise.)
This substantial weakening of the THC weakens the
global ocean northward cross-equatorial heat transport
by 0.28 PW and strengthens the global atmospheric
northward cross-equatorial heat transport by 0.32 PW
(Fig. 1b). It also induces the typical dipole SST
anomaly: cooling in the North Atlantic and warming at
the equator and the South Atlantic (Fig. 1c) and a
southward shift of the ITCZ over the tropical Atlantic
(Fig. 1d), similar to previous simulations (Vellinga and
Wood 2002; DBS) and consistent with the interpreta-
tion of paleoproxies of drying over the Cariaco Basin
(Peterson et al. 2000) and wetting over northeastern

Brazil (Wang et al. 2004) during Greenland cooling.
The southward ITCZ shift is associated with an anoma-
lous Hadley cell over the Atlantic, with a descending
branch at 10°N and a near-surface ascending branch at
the equator (Fig. 1g).

3. Remote responses in the tropical Pacific and
the mechanism

The Atlantic changes induce many significant re-
sponses in the Pacific, including a warming (0.4 K) over
the eastern tropical Pacific cold tongue south of the
equator (Fig. 1c), an enhancement of precipitation in
the southern central tropical Pacific by 1 m yr�1, and a
reduction of precipitation in the southern western Pa-
cific warm pool (WPWP) by 0.8 m yr�1 (Fig. 1d), indi-
cating a weakened and eastward shift of the Walker
circulation there. North of the equator, there is cooling
(1 K) in the eastern tropical Pacific off the coast of
central America (Fig. 1c), a reduction of precipitation
in the northern-central tropical Pacific by 0.8 m yr�1,
consistent with the paleorecord of drying and cooling
condition during the H1 over the eastern Pacific north
of the equator (Benway et al. 2004). There is also an
enhancement of precipitation in the northern WPWP
by 0.5 m yr�1 (Fig. 1d), indicating a strengthened
Walker circulation there. The eastern tropical Pacific
anomaly triggered by the substantially weakened THC
is opposite across the equator, with an El Niño–like
pattern to the south and a La Niña–like pattern to the
north. The terms “El Niño–like” and “La Niña–like”
are used for analogy to the spatial pattern of El Niño or
La Niña. The responses we show are changes in the
mean state, not transient oscillations. The ITCZ in the
central Pacific weakens to the north of the equator and
strengthens to the south of the equator, that is, it be-
comes more symmetric about the equator. The anoma-
lous Hadley cell over the eastern Pacific has an ascend-
ing branch around 10°S and a descending branch
around 10°N (Fig. 1h).

The global zonally averaged precipitation minus
evaporation (P � E) is enhanced by 0.23 m yr�1 around
10°S, and reduced by 0.39 m yr�1 around 10°N (Fig. 1e),
indicating an anomalous southward moisture transport
across the equator. The global zonally integrated
anomalous Hadley cell has a maximum of 32 � 109

kg s�1 (Fig. 1f), consistent with the enhanced atmo-
spheric northward heat transport and the zonally aver-
aged P � E anomaly (Figs. 1b,e). The positive peak of
the P � E anomaly around 10°S and the ascending
branch of the anomalous Hadley cell there (Figs. 1e,f)
are mainly caused by the enhancement of the tropical
Pacific ITCZ south of the equator (Fig. 1h). The mod-

1854 J O U R N A L O F C L I M A T E VOLUME 18

Unauthenticated | Downloaded 03/30/24 12:35 AM UTC



FIG. 1. Results from the coupled model using the OGCM: (a) Time series of the max Atlantic THC (max value
of the annual Eulerian mean overturning streamfunction over the domain 30°–80°N in the North Atlantic) in the
control and perturbed experiments, respectively. (b) Annual mean atmospheric and ocean heat transport anomaly
(PW), along with the climatological atmospheric and ocean heat transport (PW) (averaged from years 21 to 60 of
the control experiment). The “anomaly” is defined as the 40-yr (from years 21 to 60) averaged difference (per-
turbed � control). (c) Annual mean SST anomaly (K). Brown crosses mark the location of paleoproxies of SST in
the tropical Pacific (Lea et al. 2000; Koutavas et al. 2002). (d) Annual mean precipitation anomaly (m yr�1). The
blue contour is the annual mean SLP anomaly with an interval of 0.4 hPa. The brown crosses mark the location of
paleoproxies of precipitation at the Cariaco Basin (Peterson et al. 2000), northeastern Brazil (Wang et al. 2004),
and the northeastern tropical Pacific (Benway et al. 2004). (e) Annual mean zonal averaged P � E anomaly (m
yr�1), along with the climatological value (m yr�1). (f) Annual mean zonal integrated atmosphere streamfunction
anomaly (109 kg s�1). (g) Anomalous pressure vertical velocity (�; Pa s�1) averaged over the Atlantic (50°W–0°);
negative values indicate upward motion. (h) Same as in (g), but averaged over the eastern Pacific (150°–100°W).
The anomalies are significant at the 95% level in area without shadow and are not significant at the 95% level in
area with shadow with Student’s t test.
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eled global zonally integrated Hadley circulation and
zonally averaged ITCZ become more symmetric about
the equator when the THC is substantially weakened.

The detailed link of the response from the Atlantic to
the tropical Pacific is through the central American re-
gion, where precipitation is reduced by 1.2 m yr�1 be-
cause of strong cooling in the tropical Atlantic off the
central American coast. This cooling enhances sea level
pressure (SLP) in the eastern tropical Pacific off the
Central American coast (Fig. 1d), which weakens the
climatological Hadley circulation in the eastern tropical
Pacific and induces anomalous southward surface winds
across the equator in the eastern Pacific. This south-
ward surface wind anomaly induces anomalous ocean
upwelling and thus cooling in the eastern tropical Pa-
cific north of the equator, and anomalous ocean down-
welling and thus warming in the cold tongue south of
the equator. A negative SLP anomaly develops over
the southeastern Pacific cold tongue (Fig. 1d). The SST
dipole anomaly across the eastern tropical Pacific fur-
ther amplifies the anomalous southward wind flow,
moisture transport, ITCZ shift, and the anomalous
Hadley circulation (Fig. 1h). Hence the southeast trade
wind and thus the Walker circulation south of the equa-
tor are weakened, and the upwelling in the southeast-
ern Pacific is further weakened. The northeast trade
wind and thus the Walker circulation north of the equa-
tor are enhanced, and the upwelling in the northeastern
Pacific is further enhanced. The vertical velocity
anomaly at 500 mb (Fig. 2a) has a very similar pattern
as the precipitation anomaly, indicating the changes in
the background Walker circulations. The eastward shift
of the Walker circulation extends from about 15°S to
the equator with a northwest tilt (Fig. 2a). The west-
ward zonal surface wind stress anomaly reaches a maxi-
mum of 0.018 N m�2 over the northeastern tropical
Pacific, and the eastward zonal surface wind stress
anomaly is 0.01 N m�2 over the southern-central tropi-
cal Pacific. The southward meridional surface wind
stress anomaly is 0.01 N m�2 over the central and east-
ern tropical Pacific.

South of the equator, the western tropical Pacific
thermocline is shallowed because of the weakened
southeast trade wind, resulting in surface and subsur-
face cooling there (Fig. 2b), similar to that in an El Niño
phase. This reduces the east–west SST contrast at 10°S
and provides a positive feedback to the weakening and
eastward shift of the Walker circulation there. North of
the equator, the western tropical Pacific thermocline is
deepened as a result of the enhanced northeast trade
wind, resulting in subsurface warming there (Fig. 2c),
similar to that in a La Niña phase. The thermocline
depth variations, which cause the dipole subsurface

temperature anomaly in Fig. 2c, correspond to a maxi-
mum decrease (increase) of sea surface height (SSH) at
10°S (10°N), as they are both driven by surface wind
anomalies. With the geostrophic balance, this weakens
the northern equatorial counter current (NECC; 0.2
m s�1 in the control run; 0.14 m s�1 in the perturbed
run) and strengthens the southern equatorial counter
current (SECC; almost zero in the control run; 0.1m s�1

in the perturbed run; Fig. 2d). In modern climate, the
NECC is much stronger and the SECC almost disap-
pears because of the asymmetry of the Pacific ITCZ
position. In the perturbed run, the western tropical Pa-
cific Ocean circulation becomes more symmetric about
the equator, along with the southward shift of the Pa-
cific ITCZ. The mechanism of the tropical response
discussed above is summarized in Fig. 2e.

The total clouds are reduced over the northeastern
tropical Pacific, and their dominant effect is increasing
downward shortwave surface heat flux there. Similarly,
the total clouds are enhanced over the southern central
tropical Pacific, and their dominant effect is decreasing
downward shortwave surface heat flux there. These
changes provide a negative feedback to the SST
anomaly. Most of the SST anomaly in the tropical Pa-
cific is in phase with the convergence of the oceanic
heat transport anomaly, and the net atmospheric down-
ward surface heat flux provides a negative feedback to
the SST anomaly induced by the ocean dynamics.

Both cross-equatorial SST contrast in the eastern
tropical Pacific and east–west SST contrast in the south-
ern tropical Pacific are reduced by 1 K (Fig. 1c) as a
result of the weakening of the THC, consistent with
interpretations of paleorecords that reductions of the
tropical Pacific cross-equatorial and east–west SST con-
trast are correlated with the Greenland cooling (Kouta-
vas et al. 2002). It is difficult to compare directly with
Pacific paleoproxies near the equator, as the maximum
simulated response is off the equator with opposite
phases on either side. We repeated this water hosing
experiment with another newly developed GFDL fully
coupled model (CM2.1; D05) that has a different atmo-
spheric dynamic core and initial condition. The Pacific
responses are very similar and robust, because both
models have the same resolutions in the atmosphere
and ocean components and are able to simulate the
same physical mechanism causing such responses. The
strong cooling over the North Atlantic excites a large-
scale stationary wave pattern, resulting in an anoma-
lous cyclonic surface wind and thus strong cooling over
the extratropical north Pacific (Fig. 1c), similar to that
in Vellinga and Wood (2002). This is opposite to the
simulated warming over the extratropical North Pacific
in response to a weakening of the THC (Saenko et al.
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2004), and further investigations are necessary to rec-
oncile the different model results.

To test the mechanism of the tropical response dis-
cussed above, we replaced the ocean general circulation

model (OGCM) in the coupled model with a motion-
less slab ocean model with a single layer of depth of 50
m, interacting with the atmosphere through air–sea
heat fluxes. A global climatological heat flux (“q flux”),

FIG. 2. Results from the coupled model using the OGCM and the schematic mechanism: (a) Annual mean
pressure vertical velocity anomaly (�; Pa s�1) at 500 mb over the tropical Pacific; negative values indicate upward
motion. (b) Annual mean ocean temperature anomaly (K) across 10°S in the tropical Pacific. (c) Same as in (b),
but across 170°E in the tropical Pacific. (d) Annual mean zonal ocean current anomaly (m s�1) across 170°E in the
tropical Pacific. (e) Schematic diagram of global tropical responses to the North Atlantic freshwater forcing and the
mechanism. The blue circle over the Central American coast emphasizes the important region of atmospheric
linkage between the Atlantic and Pacific. The anomalous surface zonal wind over the northern tropical Pacific
strengthens the trade wind there, while over the southern tropical Pacific, it weakens the trade wind. Brown crosses
mark locations of paleoproxies: 1) Altabet et al. (2002), 2) Wang et al. (2001), 3) Dannenmann et al. (2003), 4) Stott
et al. (2002), 5) Lea et al. (2000), 6) Koutavas et al. (2002), 7) Lea et al. (2000), 8) Benway et al. (2004), 9) Peterson
et al. (2000), and 10) Wang et al. (2004). (f) Anomalous summer precipitation (m yr�1) and flow at 925 hPa over
the Indian and eastern China regions. Brown crosses mark paleoproxies at location 1, 2, 3, and 4 in (e). The SST
and precipitation anomalies are significant at the 95% level in area without shadow and are not significant at the
95% level in area with shadow with Student’s t test.
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representing the effect of horizontal heat transport con-
vergence in the ocean and heat exchange between the
mixed layer and deep ocean, is prescribed with a re-
peating seasonal cycle. This helps to maintain climato-
logical SST close to observations. In the perturbed run,
an anomalous q flux (based on the negative of the At-
lantic surface heat flux anomaly taken from the fully
coupled model) is added only in the Atlantic for a 40-yr
duration and gives the same implied cross-equatorial
ocean northward heat transport reduction (0.28 PW;
Fig. 3a) as the fully coupled model. The responses of
many fields (computed as the 40-yr-averaged differ-

ences between the perturbed and control runs) are
similar to those in the fully coupled model (cf. Figs. 1
and 3). These include cooling in the North Atlantic and
warming in the South Atlantic, an anomalous Hadley
cell and a southward shift of the ITCZ over the Atlan-
tic, and an anomalous global integrated Hadley cell (38
� 109 kg s�1). However, the tropical Pacific responses
almost disappear, and the eastern Pacific anomalous
Hadley cell is much weaker with no ascending branch
south of the equator (Figs. 3b,c,f). This is mainly due to
the absence of ocean upwelling/downwelling in the slab
ocean, which amplifies the eastern tropical Pacific SST

FIG. 3. Results from the coupled model using the slab ocean model: (a) Annual mean atmospheric and ocean heat
transport anomaly (PW), along with the climatological atmospheric and ocean heat transport (PW; averaged from
years 1 to 40 in the control experiment). The ocean heat transport is implied from the applied q flux. The Atlantic
surface heat flux anomaly is similar to that in the fully coupled model because it is in balance with the applied q-flux
anomaly. (b) Annual mean SST anomaly (K). (c) Annual mean precipitation anomaly (m yr�1). The blue contour
is the annual mean SLP anomaly with an interval of 0.4 hPa. (d) Annual mean zonal integrated atmosphere
streamfunction anomaly (109 kg s�1). (e), (f) Same as in Figs. 1g,h, respectively.
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anomalies in response to surface wind anomalies in the
fully coupled model. The warming over the southern
Indian Ocean in the slab ocean (Fig. 3b) excited by the
tropical Atlantic heating disappears in the fully coupled
model (Fig. 1c) because in the fully coupled model, the
anomalous Indian Ocean gyre circulation leads to a di-
vergence of oceanic heat transport there; thus, currents
transport the heat supplied by the atmosphere away
from there. With the slab ocean, such anomalous diver-
gence of oceanic heat transport does not exist in the
southern Indian Ocean, resulting in strong warming
there (Fig. 3b). When we double the q-flux anomaly
(the implied cross-equatorial ocean heat transport is
reduced by 0.56 PW), the global integrated Hadley cir-
culation anomaly reaches 90 � 109 kg s�1 (indicating a
nonlinear response). The stronger reduction of precipi-
tation over the central American region induces a sig-
nificant southward shift of the ITCZ over the Pacific
and associated warming south of the equator and cool-
ing north of the equator in the eastern tropical Pacific.
These changes have similar amplitudes to those in the
fully coupled model. However, the southward shift of
the ITCZ over the Pacific is almost zonally symmetric;
thus, changes of the Walker circulation over the tropi-
cal Pacific are very weak without ocean dynamics.

4. Remote impacts on Indian and eastern Asian
monsoons

In experiments with the fully coupled model, the
weakening and eastward shifts of the Walker circula-
tion over the southern tropical Pacific (Fig. 2a) reduce
the summer precipitation over Indonesia by a maxi-
mum of 1.4 m yr�1 (Fig. 2f). The Rossby wave response
to suppressed convective heating over Indonesia would
weaken the Indian summer monsoon (Lau and Nath
2000). Indeed the modeled summer precipitation over
the Indian southwest coast decreases by 0.84 from 2.2 m
yr�1 in the control run. The southerly monsoon winds
over the western Arabian Sea are weakened by 1.5
from 8.4 m s�1 in the control run, resulting in anoma-
lous northerly surface winds there (Fig. 2f), consistent
with the weakening of the southerly Indian summer
monsoon winds and coastal upwelling during the
Greenland stadials as indicated by paleorecords off the
western boundary of the Arabian Sea (Altabet et al.
2002). For both experiments with a slab ocean, there is
also a reduction of summer precipitation over the In-
dian southwest coast (about 1.5 m yr�1 in the experi-
ment with doubled q-flux anomaly). The mechanism of
this reduction, and its relationship to the anomalous
warming over the southern Indian Ocean, has not been
determined.

In experiments with the fully coupled model, the en-
hancement of the Walker circulation in the northern
tropical Pacific (Fig. 2a) enhances summer precipita-
tion north of the WPWP (Fig. 2f) and surface conver-
gence at 22°N, 136°E (Fig. 2f), which weakens the
eastern Asian summer monsoon and reduces summer
precipitation over eastern China and the WPWP.
Paleorecords from Hulu Cave (32°N, 119°E) in eastern
China indicate that the ratio of summer to winter pre-
cipitation was significantly reduced during Greenland
stadials (Wang et al. 2001), and in our fully coupled
model, the ratio there is reduced from 3 in the control
run to 2 in the perturbed run with the summer precipi-
tation reduced by 0.6 (Fig. 2f) from 2 m yr�1 in the
control run. For both experiments with a slab ocean,
there is no statistically significant change of summer
precipitation over eastern China because changes of the
Walker circulation over the tropical Pacific are very
weak. Paleoproxies also indicate a reduction of precipi-
tation around the WPWP (6°N, 125°E, Stott et al. 2002;
8.8°N, 121°E, Dannenmann et al. 2003) during Green-
land stadials. In the fully coupled model, the summer
precipitation reduction at these two locations is 0.45
(out of 3.9 m yr�1 in the control run) and 0.76 m yr�1

(out of 4.1 m yr�1 in the control run), respectively (Fig.
2f). Similarly, there is no statistically significant change
of summer precipitation at these locations for both ex-
periments with a slab ocean.

5. Conclusions and discussion

Our idealized experiments show that a substantially
weakened THC leads to significant and persistent re-
mote responses outside the Atlantic. These include a
southward shift of the ITCZ in the tropical Pacific, an
El Niño–like condition and a weakened Walker circu-
lation in the southern tropical Pacific, a La Niña–like
condition and a stronger Walker circulation in the
northern tropical Pacific, more symmetric western
tropical Pacific Ocean circulation and global zonally
averaged ITCZ position about the equator, and weak-
ened Indian and east Asian summer monsoons. These
changes are consistent with the global synchronization
of abrupt climate changes as indicated by paleorecords,
especially the antiphase precipitation change at Hulu
Cave in China and northeastern Brazil. Our modeled
tropical Pacific anomalies are asymmetric about the
equator and are thus unlike those induced by transient
El Niño events. We repeated the water hosing experi-
ments with another GFDL fully coupled model
(CM2.1; D05), and the tropical Pacific responses are
very similar and robust. When coupled with a slab
ocean with no ocean dynamics, we found that specify-
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ing a stronger reduction of cross-equatorial Atlantic
Ocean northward heat transport leads to a stronger
cross-equatorial anomalous Hadley circulation; the
tropical Pacific responses are much smaller given the
same anomalous cross-equatorial ocean heat transport
as in the fully coupled model. Even with doubled q-flux
anomaly, the changes of Walker circulation over the
tropical Pacific are still very weak, and there is no sta-
tistically significant change of the summer monsoon
over eastern China. Ocean dynamics is very important
for amplifying the tropical Pacific responses.

Our model results are derived using modern bound-
ary conditions and then compared to proxy records
from a glacial world. A recent study (Chiang et al. 2003)
shows that the Atlantic ITCZ shifts southward in a
coupled atmospheric general circulation and slab ocean
model in response to the Last Glacial Maximum bound-
ary conditions (primarily the land ice sheet). Future
studies are necessary to assess how the simulated re-
sponses in our fully coupled model may differ under
glacial boundary conditions. Nevertheless, the millen-
nial-scale abrupt climate changes such as the Heinrich
events and D–O cycles we compare with are not asso-
ciated with large amounts of abrupt change in sea level
height and volume of land ice sheets, and thus the
mechanism modeled here would still be important. The
weak tropical Pacific responses in many previous simu-
lations might be due to the use of coarser resolution
models, or to the use of less intense freshwater forcing.
Our modeled tropical Pacific SST anomaly could still
be underestimated and might be increased with even
higher resolution models.
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