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ABSTRACT

The tropical Pacific’s response to transiently increasing atmospheric CO2 is investigated using three
ensemble members from a numerically efficient, coupled atmosphere–ocean GCM. The model is forced
with a 1% yr�1 increase in CO2 for 110 yr, when the concentration reaches 3 times the modern concen-
tration. The transient greenhouse forcing causes a regionally enhanced warming of the equatorial Pacific,
particularly in the far west. This accentuated equatorial heating, which is slow to arise but emerges abruptly
during the last half of the simulations, results from both atmospheric and oceanic processes. The key
atmospheric mechanism is a rapid local increase in the super–greenhouse effect, whose emergence coincides
with enhanced convection and greater high cloud amount once the SST exceeds an apparent threshold
around 27°C. The primary oceanic feedback is greater Ekman heat convergence near the equator, due to
an anomalous near-equatorial westerly wind stress created by increased rising (sinking) air to the east (west)
of Indonesia. The potential dependence of these results on the specific model used is discussed.

The suddenness and far-ranging impact of the enhanced, near-equatorial warming during these simula-
tions suggests a mechanism by which abrupt climate changes may be triggered within the Tropics. The
extratropical atmospheric response in the Pacific resembles anomalies during present-day El Niño events,
while the timing and rapidity of the midlatitude changes are similar to those in the Tropics. In particular,
a strengthening of the Pacific jet stream and a spinup of the wintertime Aleutian low seem to be forced by
the changes in the tropical Pacific, much as they are in the modern climate.

1. Introduction

The Tropics are known to be an important source of
large-scale climate variability, primarily through
ENSO, and thus may be expected to play an important
role in affecting past and future global climate changes.
By virtue of their vast extent and teleconnective forc-
ing, the Tropics can cause a low-latitude heating
anomaly to translate into one of global scale, such as
the 1997/98 El Niño, which helped to generate the
warmest global-mean temperature on record (Hough-
ton et al. 2001). The importance of ENSO in the
present climate has sparked many studies that have in-
vestigated how this mode of variability may change un-
der future greenhouse warming (e.g., Meehl and Wash-

ington 1986; Knutson and Manabe 1995; Cai and Whet-
ton 2000). While classical studies cite central and
eastern Pacific SST anomalies as a means of driving
variations in standing wave patterns such as the Pacific–
North American (PNA; Horel and Wallace 1981), re-
cent work indicates that remote tropical forcing of mid-
latitude circulation may be more widespread. These
teleconnections include the North Atlantic Oscillation
(NAO) forced by Indian and Pacific Ocean tempera-
tures (Hoerling et al. 2001), as well as SST anomalies in
the tropical oceans of the North Atlantic (Terray and
Cassou 2002) and South Atlantic (Robertson et al.
2000). The Indo-Pacific warm pool region appears to be
an especially effective location for driving remote
changes, as evidenced by simulations of pronounced
extratropical teleconnections in the Northern Hemi-
sphere due to atmospheric heating by both SST anoma-
lies and Indonesian deforestation (Branstator 1985;
Chase et al. 2000; Neale and Slingo 2003).

In this paper we focus on the causes and importance
of changes in the deep tropical Pacific under green-
house forcing. We pay particular attention to the rapid-
ity of the equatorial heating during the latter stages of
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simulations forced with transient increases in CO2. We
use an updated version of the Fast Ocean–Atmosphere
Model (FOAM), a low-resolution, coupled atmo-
sphere–ocean GCM that has been used in previous
studies of past and future climate changes (Liu et al.
2000; Wu et al. 2003; Poulsen 2003; Delire et al. 2001).
We present the results from three ensemble simula-
tions, all of which are driven by a 1% yr�1 CO2 increase
but started from slightly different initial conditions, to
show the response of the tropical Pacific and the impact
on the North Pacific due to greenhouse forcing. Addi-
tional supplemental ensemble simulations are used to
test the sensitivity of the model to changes in oceanic
wind stress forcing and to the increased tropical SSTs.

We describe the model and briefly depict its modern
control simulation in section 2. This introduction is fol-
lowed in section 3 by a description of the GCM’s tran-
sient CO2 simulations, consisting of a detailed analysis
of the tropical Pacific response and the impact of the
tropical warming on the extratropical Pacific atmo-
sphere. We continue in section 4 with possible implica-
tions of this work for past and future climate changes,
then follow with concluding remarks in section 5.

2. Model description

The model used in this study is the fully coupled,
global, atmosphere–ocean model FOAM, version 1.5
(hereafter referred to as FOAM1.5), which was devel-
oped at the University of Wisconsin. This is an im-
proved version of the original FOAM (version 1.0),
which is described in detail in Jacob (1997) and has
been used in a number of recent studies to investigate
tropical climate variability and sensitivity (Liu et al.
2000; Harrison et al. 2003; Liu et al. 2003; Wu and Liu
2003; Notaro et al. 2005). The model consists of a low-
resolution atmosphere (spectral R15 or approximately
4.5° latitude � 7.5° longitude) coupled to a 1.4° � 2.8°
land surface and ocean grid. The atmospheric compo-
nent is essentially a lower-resolution variant of Na-
tional Center for Atmospheric Research (NCAR)
Community Climate Model version 3.6 (CCM3.6; Kiehl
et al. 1998), which is used in NCAR’s Climate System
Model (CSM1), and uses the same diagnostic cloud liq-
uid water parameterization as in CSM1 (Boville and
Gent 1998). The ocean component is similar to the
Geophysical Fluid Dynamics Laboratory (GFDL)
Modular Ocean Model (MOM) and uses 24 levels
(20-m top ocean layer) and the thermodynamic sea ice
code of the CSM1. FOAM1.5 uses improved snow al-
bedo and sea ice parameterizations over version 1.0 and
has higher vertical ocean resolution compared with the
original 16-level FOAM. This GCM is highly efficient
on parallel computing systems, is successful at captur-

ing major climate features, and produces a stable long-
term climate simulation without the use of flux adjust-
ments (Wu et al. 2003).

The modern control simulation of FOAM1.5 gener-
ates a global mean surface air temperature (286.7 K)
similar to observations (287.0 K) from the National
Centers for Environmental Prediction (NCEP)–NCAR
reanalysis (Kalnay et al. 1996). The simulated tropical
(30°S–30°N) temperature bias is �0.51 K, primarily due
to the equatorial Pacific cold tongue extending too far
westward, a common problem in climate models (Mur-
tugudde et al. 2002) (Fig. 1). Although the cold tongue
bias affects the location of the rapid tropical warming
discussed below, the physical mechanisms responsible
for this abrupt climate change should operate regard-
less of the associated displacement of the Indo-Pacific
warm pool.

3. Results

a. Tropical Pacific response

The results of the greenhouse experiments were de-
rived from three ensemble members, whose starting
points were separated by 8 yr during the final century of
a 1000-yr control integration using near-modern CO2

concentration (335 ppmv). The gradual 1% yr�1 rise in
CO2 over the 110-yr integrations leads to a tripling of
CO2 by the end of the simulation (no other greenhouse
gases or aerosols were changed). FOAM1.5’s transient
climate response (the global surface air temperature

FIG. 1. Modern annual SSTs (°C) over the Indo-Pacific Oceans
as (top) simulated by FOAM1.5 and (bottom) observed (Levitus
1982).
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rise at the time of CO2 doubling) of 1.1 K is the same as
that of the Community Climate System Model, version
2 (CCSM2), but is relatively low compared with the
suite of models used in the Coupled Model Intercom-
parison Project (CMIP; Holland and Bitz 2003). The
global mean warming by the end of the simulations is
fairly similar and linear among the three ensemble
members, ranging from 1.6 to 2.0 K, but the tempera-
ture displays interannual and decadal fluctuations due
to internal variability in the climate system (Fig. 2). The
primary focus of this paper is on the response of the
tropical Pacific Ocean, whose eventual warming pat-
tern near the end of the simulation shows a large spatial
variability in the ensemble mean (Fig. 3) that is similar
to the pattern in all three simulations (not shown). Over
the low–midlatitude Pacific and Indian Oceans, the
model produces the largest zonal SST increases in the
near-equatorial Pacific, with the maximum warming of
nearly 2 K just east of Indonesia. The greater heating in

the deep Tropics relative to the subtropics is somewhat
surprising, given the tendency for models to amplify the
global warming signal in higher latitudes, but this pat-
tern is reminiscent of the SST changes in several other
transient greenhouse experiments (Liu et al. 2005).

The enhanced equatorial warming is highly corre-
lated with the change in the outgoing longwave (LW)
radiation flux at the top of the atmosphere (TOA),
which becomes strongly negative during the simulation
over the regions of maximum SST increase (Fig. 4). The
decreased TOA infrared radiative emission is most
strongly associated with the SST changes within the
deep Tropics (20°S–20°N), where the spatial correla-
tion coefficient between the two patterns is �0.5. The
maximum negative LW is collocated with the maximum
warming, both zonally averaged and especially in the
western equatorial Pacific, where the negative LW
anomaly peaks at �12 W m�2. The decrease in TOA
LW is caused by the absorption of surface longwave
radiation in the upper troposphere and the reemission
of longwave radiation to space at much lower tempera-
tures than the SSTs. A negative TOA LW anomaly
associated with an increase in SST is a definition of the
super–greenhouse effect (SGE; Bony et al. 1997),
which is a positive feedback occurring when green-
house trapping of infrared radiation with increasing

FIG. 2. Globally averaged surface air temperature anomaly (K)
forced by a 1% yr�1 transient CO2 increase for the three en-
semble members. The members were initialized from conditions 8
yr apart near the end of the 1000-yr modern control simulation.

FIG. 3. (top) Change in ensemble-mean annual SST (K) during
the final two decades of the transient CO2 simulation, and (bot-
tom) the zonally averaged change in SST over the Pacific Ocean
(120°E–80°W).
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SST is greater than the corresponding rate of infrared
radiative loss by the surface. The SGE and anomalous
LW pattern that occurs in our simulations can be ex-
plained by the anomalous high cloud coverage, which
generally increases (decreases) during the simulation
above the regions of maximum (minimum) warming,
particularly in the deep Tropics (Fig. 5). A higher cloud
deck causes a weaker longwave emission to space be-
cause the effective temperature of the cloud tops is
reduced. We find that the near-equatorial Pacific
warming and maximum SST increase east of Indonesia
coincides with relatively large increases in high cloud
cover (up to 0.03 fractional increase or �6%).

A key feature of the simulations is not just the spatial
patterns by the end of the runs but the rate at which this
quasi-equilibrium greenhouse response emerges. The
enhanced warming of the near-equatorial region and
especially the extreme western equatorial Pacific takes
several decades to occur. Examining the temporal evo-
lution of the changes in high clouds, SSTs, and precipi-
tation, we see that the model’s greenhouse “finger-
print” in the tropical Pacific is only clearly apparent
during the last half of the simulations, when it emerges
rapidly (Figs. 5–7). In particular, between years 23–66
and 67–110 the CO2 fingerprint takes shape in terms of
the near-equatorial enhanced warming, precipitation
increase, and greater high-cloud amount. The last two
variables are physically linked by atmospheric convec-

tion, which also increases quickly in the regions of
rapid, maximum warming across the tropical Pacific. By
focusing on the western equatorial Pacific, where the
increases in SST, precipitation, and high cloudiness are
largest, we see that the climatic response occurs rather
abruptly (around year 80) between the time of doubling
(year 70) and tripling (year 110) of initial CO2 concen-
tration (Fig. 8). The TOA LW anomaly starts out posi-
tive, but turns negative after about 10 yr and later
sharply negative, dropping from around �6 to around
�13 W m�2 after year 80. Similarly, there is a rapid
increase in precipitation starting around year 80, when
the rainfall rate jumps from around 3 to about 4 mm
day�1 and remains at this much higher level thereafter.
These rapid increases in implied greenhouse trapping
and convection coincide with an abrupt rise in SST,
which jumps from about 27° to more than 27.5°C
around year 80. The large increase in precipitation and
SST apparent early in the simulation—to around year
25—is dominated by the response of just one of the
ensemble members, whose rainfall and temperatures
subsequently drop back to near-modern values during
the following two decades (not shown). We therefore
attribute the early increase in precipitation and SST to
natural variability, rather than to the crossing of a
threshold temperature.

A potential explanation for this combination of rapid
warming, precipitation increase, and greater high
cloudiness during the latter half of the simulations is the
known nonlinear relationship between SST and atmo-
spheric convection in the Tropics. Observations from
the tropical Indian and Pacific Oceans show an abrupt
increase in convection where SSTs exceed about 27°C,
when the moist enthalpy of the planetary boundary
layer can provide enough convective instability to trig-
ger organized deep convection (Graham and Barnett
1987; Betts and Ridgway 1989). FOAM1.5 reproduces
this relationship in its modern control simulation (Fig.
9), such that both the model and observations indicate
a frequency of large-scale rising motion of only 20% or
less when SSTs are 26°C or lower but around a 90%
frequency at surface temperatures of 29°C. The model’s
ability to reproduce this feature may be attributable to
its cloud parameterization, which triggers deep convec-
tion when the convective available potential energy
(CAPE) exceeds a threshold value. The cause of this
abrupt increase in convection with warm SSTs has gen-
erally been attributed to the positive feedback of the
SGE at high temperatures (Ramanathan and Collins
1991), a conclusion entirely consistent with the rapid
decrease in TOA LW upon the transition to SSTs
above 27°C in the simulations (Fig. 8).

FIG. 4. Same as in Fig. 3 but for LW radiation loss at TOA
(W m�2).

15 JANUARY 2006 V A V R U S E T A L . 245



FIG. 5. Evolution of ensemble-mean anomalies of annual high cloud fraction during sequential 22-yr intervals of the transient
CO2 simulation.
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FIG. 6. Same as in Fig. 5 but for SSTs (K).
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FIG. 7. Same as in Fig. 5 but for precipitation rate (mm day�1).
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Although this atmospheric process alone could ac-
count for the rapid deep tropical warming with tran-
sient greenhouse forcing, we also find another mecha-
nism that contributes to the abrupt climatic response
and represents a dynamical atmosphere–ocean feed-
back. The large and abrupt increase in near-equatorial
convection over the western equatorial Pacific pro-
duces a secondary zonal circulation anomaly pattern
consisting of rising atmospheric motion centered
around 135°E and subsidence west of Indonesia, cen-
tered around 100°E (not shown). This circulation cell
creates anomalous westerly winds within a few degrees
of the equator and a substantial increase in westerly
wind stress into the ocean over the western equatorial
Pacific, extending to around 140°W (Fig. 10a). These
westerly wind stress anomalies provide additional
warming to the equatorial upper ocean through greater
anomalous horizontal Ekman convergence (up to 6 W
m�2 to the upper 40 m by the end of the simulation).
Surprisingly, the upper ocean’s vertical temperature ad-
vection along the equator actually decreases (causing a
�4 W m�2 forcing), despite a reduction in upwelling
caused by the westerly wind anomalies. This counter-
intuitive outcome results from the increased thermal
stratification causing the remaining upwelling to have a
more pronounced cooling effect on the upper ocean
than the reduced upwelling has on thermal advection
(Fig. 10b). The oceanic process causing the enhanced

FIG. 8. 110-yr time series for the western equatorial Pacific grid
point (2°N, 135°E) showing the largest warming trend. (a) Change
in LW energy loss at TOA (W m�2), (b) precipitation rate (mm
day�1), and (c) SST (°C). Curves with dark circles depict a 7-yr
running mean, and open circles in bottom graph show individual
years.

FIG. 9. Frequency of upward motion (%) at 500 hPa as a func-
tion of SST in the tropical Indo-Pacific region as observed (solid
line) and simulated by FOAM1.5 (dashed) in its modern control
run. Observed values are the NCEP–NCAR reanalysis data com-
piled by Bony et al. (1997).
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and rapid warming of the western equatorial Pacific is
therefore Ekman convergence, which increases
abruptly to a new and rather stable equilibrium after
year 80, coinciding with the rapid SST increase at this
time (Fig. 10c). Thus, the rapid warming east of Indo-
nesia and extending across the near-equatorial Pacific is
caused by both an atmospheric radiative feedback and
a coupled atmosphere–ocean dynamical feedback.

b. Extratropical response

The behavior of the deep tropical Pacific Ocean has
far-ranging impacts that affect the subtropical and mid-
latitude atmosphere. Many studies have found a link-
age between tropical Pacific SST anomalies, such as

those associated with ENSO, and atmospheric pressure
teleconnections (Bjerknes 1969; Horel and Wallace
1981; Livezey et al. 1997). In particular, the strength of
the wintertime Aleutian low is known to be highly sen-
sitive to the tropical ocean heating, such that this semi-
permanent cyclone tends to be unusually strong during
warm Pacific events (El Niños; van Loon and Madden
1981; Livezey et al. 1997). FOAM1.5 captures this tele-
connective forcing in the greenhouse simulations, both
in terms of the gradual deepening of the Aleutian low
and the rapidity of the strengthening after the abrupt
warming and convection increase in the near-equatorial
Pacific (Fig. 11). A possible explanation for this rela-
tionship is Rossby wave propagation, which requires
tropical vortex stretching due to enhanced convection
(Hoskins and Karoly 1981). The rapid drop and sus-
tained negative anomalies in upper-tropospheric
heights over the North Pacific during the ninth decade
appear to be caused by the rapid and sustained deep
tropical changes described above, even though there is

FIG. 10. (a) Same as in Fig. 4 (top) but for wind stress (N m�2),
(b) same as in Fig. 4 (bottom) but for meridional (vTy) and ver-
tical (wTz) temperature advection (W m�2) by Ekman transport
in the upper 40 m of ocean, and (c) time series of anomalous
meridional temperature advection (W m�2) at 2°N, 135°E.

FIG. 11. (top) Change from control in ensemble-mean annual
upper-air (250 hPa) geopotential height (m) during the final two
decades of the transient CO2 simulation (with global-mean
change subtracted and 95% confidence regions shaded), and (bot-
tom) time series of this difference averaged over the North Pacific
(40°–60°N, 160°E–140°W).
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a time delay of a few years between the most rapid
tropical response (years 79–84) and the most rapid up-
per-air height falls (beginning in year 86). This delay in
the ensemble-mean response, which is caused by the
behavior of one of the three ensemble members, may
result from the strong internal variability of the Aleu-
tian low. The large natural variability of this feature is
known to complicate efforts to isolate its response to
tropical SST forcing (Trenberth et al. 1998).

To quantify the timing and magnitude of rapid
changes in the Aleutian low and tropical convection, we
applied a scanning (or sequential) t test. This statistical
tool, an extension of the classical Student’s t test to
determine the significance of the difference between
two subsample means, has been used in other studies to
detect abrupt climate change (Jiang and You 1996;
Jiang et al. 2002). Using a subsample interval of 15 yr
on either side of a given point in the 110-yr time series,
we scan the evolution of the area-averaged Aleutian
low heights shown in Fig. 11b and the western equato-
rial precipitation shown in Fig. 8b. The results of the
scanning t test (Fig. 12) indicate that the most pro-
nounced changes in these quantities occur within the
ninth decade of the run. Tropical convection shows a
sharp increase centered at years 82–83, while the Aleu-
tian low exhibits its strongest deepening over a slightly
broader transition period centered at years 87–90. The
large t values at these times depict not only the large
rates of change occurring during these transitions but

also the relative consistency of the quantities following
the transition. For tropical rainfall this jump represents
a change from less than 3 mm day�1 to a quasi-
equilibrium value of almost 4 mm day�1 (Fig. 8b), and
for the Aleutian low a deepening from less than �10 m
anomalies to departures that vary around �15 to �20
m (Fig. 11b). This statistical test thus helps to isolate
transitions to quasi-equilibrium states compared with
temporary fluctuations, such as the Aleutian low height
falls during years 25–30 and 45–50 that do not persist.

The atmospheric changes over the North Pacific rep-
resent an example of abrupt tropical change causing a
corresponding response in the extratropics, both within
the subpolar region (where the Aleutian low deepens)
and over the subtropics–midlatitudes, where the deep-
ened Aleutian low increases the meridional pressure
gradient aloft and thus causes a stronger Pacific jet
stream from around 30°–50°N (up to 1.6 m s�1 or
�5%). The enhanced deep tropical heating also pro-
duces much greater poleward energy transport emanat-
ing from the western equatorial Pacific that promotes
extratropical atmospheric heating. When the model
was run to equilibrium under 2 � CO2 forcing, the
vertically integrated atmospheric energy divergence in-
creased by a maximum of over 20% at 2°N (zonally
averaged) and by 15% across the entire near-equatorial
region from 5°S–5°N, resulting in a gain of poleward
energy flux convergence in mid–high latitudes (45°–
90°) of nearly 5% annually. These changes are consis-
tent with the large observed increases in poleward at-
mospheric energy transport emanating from the
anomalously warm deep tropical Pacific during El
Niños (Trenberth et al. 2002a,b).

The importance of tropical heating for the remote
response of the Aleutian low is underscored by two
supplemental transient CO2 experiments, one of which
suppressed ocean wind stress changes globally and thus
the positive Ekman convergence feedback in the west-
ern equatorial Pacific (PCNWC), while the other sup-
pressed all SST increases over the Tropics (30°N–30°S)
during the simulations (PC1). Both of these supplemen-
tal experiments were driven by the same 110-yr tran-
sient CO2 increase and utilize the partial coupling (PC)
“modeling surgery” techniques described in detail by
Wu and Liu (2003). Compared with the time evolution
of deep tropical heating in the standard experiments,
the elimination of the wind stress feedback causes much
less interannual variability of ocean heating east of In-
donesia and a smaller overall warming of about 0.3 K
(Fig. 13, cf. Fig. 8), along with a shift in the maximum
tropical Pacific warming from the equator to 5°–10°N
(not shown). SSTs of 27.5°C in the western equatorial
Pacific do not emerge until the final 10 yr of the simu-

FIG. 12. Values of a scanning t test for the difference between
subsample 15-yr means of upper-air Aleutian low height taken
from Fig. 11b (solid) and western equatorial Pacific precipitation
rate from Fig. 8b (dashed).
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lation, compared with the final 30 yr if this added oce-
anic heating mechanism is allowed. Similarly, the pre-
cipitation increase in PCNWC is much smaller and less
abrupt, with the precipitation rate in the western equa-
torial Pacific never exceeding 3 mm day�1, compared

with over 4 mm day�1 by the end of the standard simu-
lations (Figs. 13a,b). Consistent with this muted tropical
response, the Aleutian low deepens by only half as
much in PCNWC by the last two decades of the simu-
lations, and the Pacific jet aloft is correspondingly much
less strengthened (Fig. 13c). As an extreme example of
tropical forcing on extratropical circulation, the run
with no tropical ocean warming (PC1) not only elimi-
nates strengthening of the Aleutian low but instead
generates substantial height rises over the North Pacific
and eastern Asia (Fig. 13d). Thus, in this model at least,
tropical forcing appears to be the primary driver of the
extratropical response in atmospheric circulation over
the North Pacific.

4. Discussion

We propose that strong tropical forcing may be an
inherent property of the climate system through the
existence of a critical SST threshold for large-scale con-
vection, which may be crossed in a warming scenario as
very warm water in the western tropical Pacific and
eastern Indian Ocean migrates eastward. This kind of
behavior occurs during modern El Niño events, when
major convective anomalies emerge over the central
equatorial Pacific, but an important difference between
this observed feature and what we propose for a
warmer mean climate is that the impact of the former
pattern is somewhat tempered by offsetting cooling
within the west Pacific warm pool, whereas the warm
pool expands in the case of climatic warming. In the
model used here the simulated Indo-Pacific warm pool
in the modern climate is located too far to the west (Fig.
1), due to a common bias in coupled models that the
equatorial cold tongue extends too far westward. This
bias undoubtedly affects where the rapid SST rise is
simulated, but the basic process by which the abrupt
warming occurs should still apply to an altered climate
scenario. For example, a similar rapid equatorial warm-
ing arises late in the CSM1’s transient CO2 simulation
but is shifted eastward (170°E), because the cold
tongue bias is less pronounced in that model. One ca-
veat, however, is that because FOAM1.5’s equatorial
cold tongue extends too far west, the model’s dynami-
cal oceanic response to westerly wind anomalies (such
as the kind depicted in Fig. 10) may be an unrealistic
warming of the western equatorial Pacific, due to the
Ekman heat convergence described in section 3a. In
reality, westerly wind bursts during the Madden–Julian
oscillation (MJO) events cause SST decreases in this
region (Yu and Rienecker 1998; McPhaden 1999), al-
though sometimes this cooling may stem more from
occasional wintertime outflow of cold Eurasian air

FIG. 13. (a), (b) Same as in Figs. 8c,b but for a simulation with
no change in ocean wind stress (PCNWC), (c) same as in Fig. 11
(top) but for PCNWC, and (d) same as in Fig. 11 (top) but for a
simulation with no tropical SST increase (PC1).
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masses over the western Pacific than from the intratro-
pical, time-mean wind changes occurring in our tran-
sient CO2 simulation.

The results presented here are probably model de-
pendent and especially sensitive to how clouds and con-
vection are parameterized. The essential uncertainties
are how much high, heat-trapping clouds increase un-
der an externally forced warming, whether this increase
is offset by decreases in adjacent cloudiness (i.e., the
Iris mechanism; Lindzen et al. 2001), and what is the
associated radiative competition between less incoming
solar radiation and less outgoing terrestrial radiation
due to greater cirrus cloudiness. Ramanathan and Col-
lins (1991) proposed a strong negative cloud feedback
resulting from tropical heating, as the increase in cirrus
clouds would reduce incoming solar radiation more
than it would enhance the trapping of longwave radia-
tion. There is evidence that the atmospheric component
of FOAM1.5 (CCM3) may overestimate the positive
feedback from cloud changes induced by interannual
SST variations in the eastern tropical Pacific, by exag-
gerating the anomalous positive longwave cloud radia-
tive forcing (CRF) relative to the negative shortwave
CRF anomaly (Sun et al. 2003). Using the same GCM,
however, Meehl et al. (2000) found that the net change
in cloud radiative forcing over both the eastern and
western equatorial Pacific was negative when the model
is subjected to a 2 � CO2 radiative perturbation (this
result applies to the CCM3 version that uses the same
diagnostic cloud liquid water parameterization used in
FOAM1.5). The latter result is more pertinent for our
greenhouse forcing experiment and suggests that the
rapid tropical warming generated by FOAM1.5 may
not be an artifact of the model’s cloud parameteriza-
tion. However, we note that even though Meehl et al.
(2000) reported a negative change in CRF, their model
may still underestimate the actual cloud feedback in
this region.

Another issue regarding the relevance of our results
concerns the model’s positive dynamical ocean feed-
back, which enhances the tropical SST increase and the
extratropical response (Fig. 13). Some studies, such as
Clement et al. (1996) and Sun and Liu (1996) suggest
that dynamical atmosphere–ocean coupling between
the relatively warm western equatorial Pacific and the
cooler eastern equatorial Pacific would help to moder-
ate heating of the warm pool through an increase in the
strength of the Walker circulation. In this scenario, a
heating anomaly such as increased CO2 would
strengthen the climatological mean easterly winds over
the equator and thus cause greater advection of rela-
tively cool ocean water from the eastern basin to the
west. These earlier studies, however, were conducted

with simpler models that did not include the range of
atmospheric feedbacks that occur in fully coupled at-
mosphere–ocean GCMs, such as FOAM1.5. Many sub-
sequent simulations using these more sophisticated cli-
mate models have shown a reduction in equatorial east-
erly winds similar to the pattern generated by
FOAM1.5 (Fig. 10; Knutson and Manabe 1998; Yu and
Boer 2002; Vavrus and Liu 2002).

Dynamical changes such as these could affect or be
associated with ENSO and thus influence the simulated
warming in the western equatorial Pacific. Sun et al.
(2003), for example, suggests that an increase of the
warm pool SST should generate stronger El Niños,
which would cause greater tropical oceanic heat export
and damp the temperature rise in the western equato-
rial Pacific. This type of response does not occur in our
greenhouse gas simulation. The model produces a rea-
sonable ENSO in the control run, with peak variance in
the 2–7-yr band but an amplitude about 20% weaker
than observed, possibly due to a thermocline that is too
diffusive (Liu et al. 2000). When FOAM1.5 is run to
equilibrium under constant 2 � CO2 radiative forcing,
the amplitude of ENSO weakens by approximately
10% compared with the model’s modern control run.
Thus, the large warming in the western equatorial Pa-
cific is not mitigated by stronger El Niños.

The rapid low-latitude warming and associated re-
mote extratropical responses depicted here provide an
example of how the Tropics could initiate or hasten
abrupt, large-scale climate change. Recent paleocli-
matic evidence indicates that temperature changes in
the Tropics have often preceded climate changes in the
extratropics and that these tropical variations have
sometimes been abrupt. Cane and Molnar (2001) and
Molnar and Cane (2002) proposed that the extreme
extratropical warmth of the early–middle Pliocene ep-
och around 3–5 million years ago was caused primarily
by vigorous poleward atmospheric heat transport stem-
ming from very warm tropical Pacific SSTs (“a virtually
permanent El Niño–like state”), and the subsequent
high-latitude cooling and formation of ice sheets was
initiated by a large reduction in poleward heat trans-
port due to the initiation of a pronounced Walker cir-
culation. During the more recent geological record, gla-
ciers in the Andes and coral reefs near Barbados show
that tropical warming commenced prior to the most
recent deglaciation in the Northern Hemisphere (Guil-
derson et al. 2001; Seltzer et al. 2002), while the near
synchroneity of rapid tropical Atlantic and Greenland
warming over this time interval is attributed to a sud-
den southward shift in the ITCZ (Lea et al. 2003).
Within the Indo-Pacific warm pool, in the region show-
ing the abrupt warming in our future simulation, field
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evidence indicates that similar large, rapid SST in-
creases occurred during recent deglaciations and that
these tropical warmings preceded melting of boreal ice
sheets, suggestive of a low-latitude forcing mechanism
(Lea et al. 2000; Visser et al. 2003). Remarkably, these
past western equatorial Pacific warmings even display
the same rapid rise around 27°C simulated by
FOAM1.5, prompting de Deckker et al. (2002) to pro-
pose that this region crosses convective thresholds,
which provide a large positive feedback affecting cli-
mate worldwide and that initiated modern patterns of
monsoonal rainfall over Southeast Asia following de-
glaciation around 12–11 ka BP.

Modeling support also exists for paleoclimatic tropi-
cal Pacific triggers. Clement et al. (2001) suggested that
the Younger Dryas cooling originated from prolonged
La Niña conditions. Yin and Battisti (2001) showed that
even small (1 K) changes in mean tropical SSTs at the
Last Glacial Maximum (LGM) caused changes in con-
vection large enough to affect the general circulation on
a global scale. Furthermore, the LGM simulation by
Shin et al. (2003) found that the maximum response
(cooling) in the deep tropical Pacific occurred in the
western equatorial region, in the same area shown to be
especially sensitive to positive radiative forcing in our
simulation.

5. Conclusions

A coupled, global atmosphere–ocean GCM forced
with transiently increasing CO2 simulates a highly non-
uniform warming pattern across the tropical and mid-
latitude Pacific Ocean. Maximum SST increases occur
in the near-equatorial regions, especially in the far
western basin, where the warming peaks just east of
Indonesia. The evolution of enhanced deep tropical
warming is not monotonic, but instead is delayed for
several decades and emerges abruptly around year 80,
between the time of CO2 doubling and tripling. The
critical ingredient for this rapid warming appears to be
the existence of a critical SST threshold for vigorous
convection (around 27°C). As imposed greenhouse
forcing gradually warms the ocean, the eastward expan-
sion of the Indo-Pacific warm pool causes regions of the
equatorial Pacific to warm beyond this temperature
threshold and thus generate much greater convection.
The enhanced convection triggers two related positive
feedbacks, one of which is an atmospheric process and
the other is oceanic but involves atmosphere–ocean
coupling. The atmospheric feedback consists of en-
hanced atmospheric convection leading to a stronger
super–greenhouse effect, due to increased high cloudi-
ness emitting less longwave radiation to space. The oce-

anic feedback is driven by greater Ekman heat conver-
gence, due to the emergence of a westerly surface wind
anomaly that results from the enhanced atmospheric
convection. Of these two feedbacks, the atmospheric
response is the critical one, because the enhanced Ek-
man convergence in the ocean only ensues as a result of
the westerly wind anomaly that is first created by the
anomalous atmospheric convection. Without the rein-
forcing oceanic feedback, however, the equatorial cli-
matic response is weaker, less abrupt, and generates a
weaker extratropical teleconnection.

The relatively strong and abrupt deep tropical warm-
ing corresponds with a remote response in the extra-
tropics. The timing and type of changes in the Aleutian
low (deepening) and Pacific jet stream (strengthening)
suggest a forcing of tropical origin, based on known
teleconnections in the modern climate. Because rapid
changes in these extratropical features follow the
abrupt warming and enhanced convection in the deep
Tropics, this study illustrates a possible manner by
which rapid tropical climate changes could trigger
abrupt changes in mid- and high latitudes. Recent stud-
ies have provided evidence for such tropical initiation
in the past, but they have lacked a clear physical expla-
nation for how relatively small but rapid changes in
tropical temperatures could generate large-scale cli-
mate changes. While the simulated remote changes de-
scribed here did not produce correspondingly abrupt
changes in temperature or precipitation over boreal
landmasses, the model provides a plausible linkage to
explain how a tropical trigger might operate. Future
studies with higher-resolution models and different
cloud parameterizations may yield further insight and
offer a better evaluation of the results shown here.
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