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ABSTRACT

A simplified coupled ocean—atmosphere model, where an atmospheric general circulation model (AGCM)
is fully coupled to a 2%-layer reduced-gravity ocean model (RGO) over the tropical Atlantic basin, is pre-
sented in the context of studying the role of the Atlantic meridional overturning circulation (AMOC) in
tropical Atlantic variability (TAV). In the ocean model, the strength of the AMOC is controlled by specifying
mass transport at open boundaries. The fidelity of the reduced-physics model in capturing major features of
tropical Atlantic variability, as well as its response to the AMOC changes, is demonstrated in a series of model
experiments. The results of the experiments reveal the relative importance of oceanic processes and atmo-
spheric processes in AMOC-induced tropical Atlantic variability—change. It is found that the oceanic pro-
cesses are a primary factor contributing to the warming at and south of the equator and the precipitation
increase over the Gulf of Guinea, while atmospheric processes are responsible for the surface cooling of the
tropical North Atlantic and southward displacement of ITCZ.

A systematic investigation of the coupled system response to changes in AMOC strength indicates that the SST
over the cold-tongue region responds nonlinearly to AMOC changes. The sensitivity of the SST response in-
creases rapidly when AMOC strength decreases below a threshold value. Such nonlinear behavior is also found in
precipitation response over the Gulf of Guinea. These results suggest that complex and competing atmosphere—
ocean processes are involved in TAV response to AMOC changes and the nature of the response can vary from
one region to another. This complexity should be taken into consideration in Atlantic abrupt climate studies.
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1. Introduction

The Atlantic meridional overturning circulation
(AMOC) is one of the most prominent ocean circulation
systems. It is responsible for the northward heat trans-
port at all latitudes within the Atlantic Ocean. Because
of its potentially important role in abrupt climate change,
observing and understanding of the AMOC have been a
major research focus in recent years. Paleo-proxy records
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indicate a strong relation between rapid AMOC changes
and global-scale abrupt climate changes during glacial
and interglacial periods (e.g., Broecker et al. 1985; Haug
et al. 2001; Piotrowski et al. 2005). Rapid changes in hy-
drological cycle of the North Atlantic have been postu-
lated as a driver of the significant weakening or even a
shutdown of AMOC (Broecker et al. 1985). This hypoth-
esis has prompted the popular use of the so-called water-
hosing experiments to simulate the weakening of AMOC
and to study its impact on global climate.

Multimodel water-hosing experiments reveal certain
robust response features of tropical Atlantic to a weak-
ened AMOC, which includes a dipole-like SST pattern
with cooler (warmer) temperature over the north (south)
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tropical Atlantic, a C-shaped cross-equatorial flow near
the surface of the atmosphere and a southward shift
of the intertropical convergence zone (ITCZ) (e.g.,
Stouffer et al. 2006; Timmermann et al. 2007; Zhang and
Delworth 2005). The robustness of the responses in-
dicates that there exists a tight linkage between AMOC
changes and tropical Atlantic climate. Yet the detailed
mechanisms by which the AMOC exerts its influence on
TAYV remain to be elucidated.

Recent studies suggest that both oceanic and atmo-
spheric processes contribute to the influence of the
AMOC on TAV. For oceanic processes, a frequently
invoked mechanism is that AMOC changes modulate
interhemispheric heat transport through planetary wave
adjustment, which in turn affects the cross-equatorial
SST gradient (Yang 1999; Johnson and Marshall 2002).
Recently, Chang et al. (2008, hereafter referred to as
CO08) put forward a different mechanism, in which it was
conjectured that a substantially weakened AMOC can
trigger a tropical SST response by modifying the path-
way of the subtropical cells (STCs). This hypothesis was
tested by Wen et al. (2010, hereafter referred to as W10),
who performed extensive sensitivity experiments using a
2% reduced-gravity ocean model (RGO) model to ex-
amine the mechanism proposed by CO8 in detail. They
showed that the warming in the Gulf of Guinea and off
the coast of Africa is linked to the reversal of the di-
rection of the North Brazil Current (NBC) caused by the
weakening of the AMOC, thereby supporting the oce-
anic teleconnection mechanism proposed by CO08. For
atmospheric processes, Chiang and Bitz (2005, hereafter
referred to as CB05) suggested that a cooling in the high
latitudes could be readily transmitted to the tropics
through the wind-evaporation-SST (WES) feedback.
This mechanism operates through intensifying north-
easterly trade winds that leads to an increase in the latent
heat loss and a cooling in the north tropical Atlantic, re-
sulting in a southward shift of ITCZ. In a follow-up study,
Chiang et al. (2008) showed that the WES feedback
plays a more important role than the oceanic dynamical
adjustment in the equatorward progression of SST
anomalies induced by the weakening of AMOC. By
limiting air-sea coupling in certain key areas in coupled
GCM experiments, Krebs and Timmermann (2007) and
Wu et al. (2008) suggested that ocean dynamical ad-
justments account for warming in the Southern Hemi-
sphere, while the atmospheric teleconnection contributes
the equatorward spreading North Atlantic cool SST
anomalies and the shift of ITCZ.

Although these recent studies have shed light on the
teleconnection mechanisms linking changes in the high-
latitude North Atlantic to the tropics, more detailed
studies are needed to fully explore the sensitivity of
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tropical Atlantic climate response to AMOC changes.
This is because atmospheric and oceanic processes may
exert a competing influence on the tropical Atlantic
response, and thus it is important to sort out how the net
response is controlled by these competing processes and
how it varies geographically. As pointed out by Chiang
et al. (2008), the ocean adjustment tends to counter sur-
face cooling in the North Atlantic by warming up sub-
surface temperature. Wan et al. (2009) show that the
competing atmospheric and oceanic processes give rise to
a complex response of the Caribbean SST to AMOC
changes. Zhang (2008) also highlight the importance of
atmospheric-induced surface cooling and oceanic-induced
subsurface warming in the Atlantic decadal variability as-
sociated with the AMOC.

Using an ocean-only model, W10 show that a shut-
down of AMOC induces surface warming in the entire
tropical Atlantic. It suggests that the ocean dynamics
alone cannot explain the dipole-like SST pattern as-
sociated with AMOC changes. Thus, to fully explain
the response of tropical Atlantic to AMOC changes, it
is necessary to consider contributions of both oceanic
and atmospheric processes. For this, we need a coupled
ocean—atmosphere model. Although fully coupled global
circulation models (CGCMs) provide the most compre-
hensive simulations of climate variability—change, it can
be difficult to clearly identify crucial dynamics from these
models owing to complexities of coupled air-sea inter-
actions and teleconnection mechanisms. Therefore, it is
sometimes useful to use a reduced-physics climate model
to examine the underlying dynamical processes. In this
study, we present such a model. The new model is a re-
gional coupled model (RCM), which couples the 2%s-
layer RGO model over the tropical Atlantic basin used
in W10 to an atmospheric general circulation model
(AGCM). The model not only has the advantage of
computational efficiency that permits a large number
of sensitivity experiments, but it also includes a number
of novel features that are well suited for examining the
relative importance of oceanic and atmospheric tele-
connections. For example, the return limb of the AMOC
can be controlled directly by varying the mass transport
at the open boundaries of the ocean model, as demon-
strated in W10. The use of a regional coupling strategy
also allows for an effective separation of AMOC’s in-
fluence on tropical Atlantic variability (TAV) from other
remote influences, such as the El Nino-Southern Oscil-
lation (ENSO). By forcing the atmosphere and ocean
model independently, we can further isolate the effect
of atmospheric processes on TAV from that of oceanic
processes. Moreover, the simplified ocean dynamics make
it easier and more straightforward in diagnosing relevant
dynamical processes.
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The main objective of this study is to elucidate the
relative importance of the atmospheric processes pro-
posed by CBO05 versus the oceanic processes proposed
by C08 in AMOC-induced TAV change. Note that the
TAYV in this study only refers to the seasonal variability
of the tropical Atlantic climate. In particular, we will
focus on two specific scientific questions.

First, what is the role of the oceanic and atmospheric
processes in affecting the annual cycle of the Atlantic
cold-tongue-ITCZ complex (Mitchell and Wallace
1992)? Coupled model experiments show that a shut-
down of the AMOC has a significant impact not only
on the climatological mean state of SST but also on
the equatorial SST seasonal cycle with the strongest
change occurring during boreal summer and fall (Wu
et al. 2008; C08; Haarsma et al. 2008). Both oceanic
dynamics and atmospheric processes may contribute
to the marked seasonal response of SST to AMOC
change. The former has been tested in an ocean-alone
model (W10). The latter, however, has not been fully
explored. It is widely recognized that there is a close
linkage between tropical Atlantic SST and rainfall vari-
ability over the Nordeste region of Brazil and the Sahel
region of West Africa based on numerous observa-
tional and modeling studies (Moura and Shukla 1981;
Hastenrath 1984; Nobre and Shukla 1996; Fontaine
et al. 1999). A question we will address in this study is
how changes in the SST seasonal cycle induced by AMOC
changes affect the seasonal variation of the precipitation
in the regions. We will conduct numerical experiments
to investigate the annual cycle response of the SST and
associated rainfall of the tropical Atlantic to a shutdown
of the AMOC and the relative role of atmospheric and
oceanic processes in this response.

Second, what is the role of oceanic and atmospheric
processes in determining the behavior of the SST re-
sponse to changes in the AMOC? Sensitivity experi-
ments of W10 show that tropical Atlantic SST response
to AMOC changes behaves nonlinearly in the ocean-
alone model. The warming rate of the SST increases
dramatically when the AMOC strength falls below a
threshold value of about 8 Sv (1 Sv = 10° m®s™'), at
which the equatorward transport carried by the northern
STC is approximately equal to the northward transport
carried by the NBC. The study, however, did not take
into consideration ocean—atmosphere feedbacks and
atmospheric processes. It is not clear whether the non-
linear behavior of the SST response will hold in a cou-
pled system. Therefore, in this study we will conduct
sensitivity experiments using the coupled model to in-
vestigate the behavior of the SST response and the as-
sociated atmospheric response in the tropical Atlantic
by varying AMOC strength systematically.
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The paper is organized as follows. Section 2 provides
an introduction of the coupled model and a description
of numerical experiment design. Section 3 gives an
evaluation of model simulation of tropical Atlantic
climate. Section 4 discusses the influence of AMOC
change on tropical Atlantic climate and relative contri-
bution of atmospheric and oceanic processes. In section
5, we examine the sensitivity of the tropical Atlantic
response to changes in the AMOC. Our major results
will be summarized and discussed in section 6.

2. An Atlantic RCM and experiment design

The atmospheric component, AGCM, of the RCM
used in this study is the Community Climate Model
version 3.6.6 (CCM3) developed at the National Center
for Atmospheric Research (NCAR). The horizontal
resolution of the AGCM used in this study is the stan-
dard resolution T42 (triangular spectral truncation at
wavenumber 42, corresponding to a grid resolution of
about 2.8° X 2.8° in the tropics). It has been shown that
the CCM3 is able to capture the major global-scale
features of atmospheric circulations (Hurrell et al. 1998)
and reproduce a fairly realistic atmospheric response to
SST variability in tropical Atlantic sector (Saravanan
and Chang 2000; Chang et al. 2000).

The oceanic component of the RCM is the 2Y2-layer
RGO model described in W10. This model consists of
two active layers, the mixed layer and the thermocline
layer. The infinitely deep water below the thermocline
layer is assumed to be motionless, resulting in a reduced-
gravity ocean. The governing equations of this model
are described in detail in W10. Here, we only give a brief
description of the thermodynamic equations in the RGO:
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where T and 7, are the temperature in the mixed layer
and the thermocline layer, ; (v;) are the zonal (meridional)
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components of velocity for layer i, and #; is the thickness
of layer i. Here, O, and Q_,,; are the downward net heat
flux at the surface and the downward heat flux at the
base of the mixed layer. A key aspect of the CO8 oceanic
mechanism is the water mass exchange between the
warmer and saltier of northern subtropical gyre water
and the cooler and fresher tropical gyre water. To in-
clude this important process in our simple model, we
adopt a simple approach to maintain an idealized tem-
perature front in the thermocline layer by adding a
specified heat source term Q. in the thermocline tem-
perature equation. Here, w is the total exchange rate of
water mass across the base of the mixed layer, it is cal-
culated according to McCreary et al. (1993); C,, is spe-
cific heat of water; K, and K, are the horizontal and
vertical heat diffusion coefficient, respectively; and H(x)
is the Heaviside step function [H(x) = 1ifx = 0; H(x) =
0 if x < 0]. The RGO covers the tropical Atlantic basin
from 30°S to 30°N and 100°W to 20°E with realistic
coastal lines. The northern and southern boundaries are
open. Following the formulation by Marchesiello et al.
(2001), open boundary conditions (OBCs) are utilized
along the northern and southern boundaries. One ad-
vantage of using OBCs is that the strength of AMOC
can be altered by modifying the northward mass trans-
port at the open boundaries. W10 demonstrated that the
RGO was able to reproduce major salient features of
circulation in the upper tropical Atlantic when it was driven
by observed surface forcing. The interested readers are
referred to the appendix of W10 for a more detailed
description of the model, including the complete model
equations.

The CCMS3 is fully coupled to the RGO within the
tropical Atlantic from 30°S to 30°N without flux cor-
rection. The CCM3 exchanges surface fluxes with the
RGO once per day, at which the daily mean surface heat
fluxes and wind stresses from the CCM3 are provided to
the RGO, while the simulated SST from the RGO is
supplied to the CCM3. Outside of the tropical Atlantic
(30°S to 30°N), observed annual cycle of SST is pre-
scribed for the CCM3.

As aforementioned, the primary objective of this study
is to identify the relative contribution of the atmospheric
and oceanic processes to the responses of tropical Atlantic
to AMOC changes. A way of assessing these contributions
from these processes is to conduct a suite of experiments
where only one or both teleconnection mechanisms are
present. The following is a brief description of the ex-
periments conducted in this study.

Control (CTRL) run: A 14-Sv mass transport is speci-
fied at the northern open boundary of the oceanic com-
ponent to mimic the return flow of the AMOC. This run
forced by a “‘realistic’” combination of winds and the
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AMOC represents ‘‘the current climate state.”” We use
this simulation as a reference for other sensitivity ex-
periments. The experiment consists of a 120-yr single
integration and the simulation approaches an equilib-
rium state after about 10-yr of integration. The model
climatology and variability are derived from the last
80 years of simulation.

Ocean mechanism experiment (OME) : This simula-
tion is the same as the CTRL run except that the
northward mass transport at the open boundaries of the
oceanic component is set to zero, representing a climate
state when the AMOC is shutdown completely. Since no
other external forcing is present in the model, the dif-
ference between this and the CTRL run should only be
attributed to the shutdown of the AMOC. Thus, this
experiment allows us to examine the extent to which the
oceanic processes and coupled feedbacks contribute to
the TAV response to a shutdown of the AMOC.

Atmospheric mechanism experiment (AME): In this
experiment, the RGO is forced by a negative surface
heat flux anomaly derived from an ensemble of Geo-
physical Fluid Dynamics Laboratory Climate Model
version 2.1 GFDL (GFDL CM2.1) water-hosing runs
(Zhang and Delworth 2005) between 10° and 30°N. The
rest of the model configuration is identical to that of
the CTRL run. Since the AMOC return flow is kept at
the same value as the CTRL run, this experiment allows
us to test the effect of AMOC-induced cooling in the
North Atlantic on TAV via the atmospheric processes.

Oceanic—atmospheric mechanism experiment (OAME):
In this experiment, the northward mass transport at the
open boundaries of the oceanic component is set to 0 as in
the OME and the heat flux anomaly is applied to the RGO
between 10° and 30°N as in the AME. Since both forcings
are used simultaneously, this experiment is designed to
assess the combined effect of oceanic and atmospheric
processes on the TAV response to AMOC changes.

It is worth pointing out that in a fully coupled model
water-hosing experiment, the surface cooling in the
high-latitude North Atlantic occurs together with the
weakening of the AMOC. Both the surface cooling and
the AMOC change can affect TAV. In our experiments,
we artificially separate these effects to evaluate their
relative contribution to TAV. One may argue this sep-
aration is dynamically inconsistent, but we believe this is
necessary to gain a better understanding of each process.

The above-described three sensitivity experiments
start from the same equilibrium state of the CTRL run
at year 10. Each consists of an 80-yr integration. All the
analyses shown below are based on the last 65 yr of the
80-yr integration. Unless stated otherwise, anomalies
of each experiment are referred to as the difference be-
tween the corresponding sensitivity run and the CTRL
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run. Before proceeding to the discussion of the sensi-
tivity runs, we first evaluate the simulated mean climate
and climate variability of tropical Atlantic in the CTRL
integration.

3. Simulated Atlantic mean climate

In this section, we will evaluate the performance of the
model by comparing the simulated Atlantic mean cli-
mate in the CTRL run with observations. We will ex-
amine the annual mean state and the seasonal cycle, as
the latter is a dominant atmosphere—ocean coupled sig-
nal in the tropical Atlantic.

Figure 1 shows the simulated and observed annual
mean state of SST, surface wind stresses, and pre-
cipitation. The RCM captures gross features of the ob-
served mean climate state, though with some apparent
error in certain areas. Compared with the Reynold SST
analysis (Smith et al. 1996), the model underestimates
the annual mean SST over most of the tropical Atlantic
basin by about 1°C except that an excessive warm bias is
found along the coast of Angola with a maximum error
of 3°C. This infamous warm bias has been identified as a
common problem for nearly all fully coupled GCMs
(Davey et al. 2002; Breugem et al. 2006). Many hypoth-
eses have been put forward to explain the cause of this
warm bias, such as insufficient amount of stratus cloud in
the region (e.g., Ma et al. 1996; Yu and Mechoso 1999) and
inadequate representation of vertical mixing in the ocean
(Hazeleger and Haarsma 2005). Our sensitive studies show
that the magnitude of the warm bias is sensitive to the
strength of the entrainment rate at the base of oceanic
mixed layer (not shown). It suggests that an underesti-
mation of coastal upwelling may be a major contributing
factor for the warm bias in our model, although the lack of
a realistic representation of the Atlantic stratus deck in
the model can be also a major factor. The simulated
southeast trade wind in the model is weaker than the wind
in the National Centers for Environmental Prediction
(NCEP) reanalysis (Kalnay et al. 1996) from the equator
to around 15°S, located north of the warm SST bias.
The intensity and location of the ITCZ is reasonably
well simulated in comparison with the observation from
the Global Precipitation Climatology Project (GPCP)
(Huffman et al. 1997), although the heavy precipitation
band over the ocean spreads too far southward along
the Brazilian coast, giving an appearance of a ““double
ITCZ.” In the observation, the vertical thermal structure
along the equator is characterized by a well-defined ther-
mocline separating colder deep water from warmer sur-
face water. The thermocline shoals eastward in response
to the prevailing trade winds (Fig. 2b). Since the RGO
only consists of two active layers, that is, a mixed layer
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(upper layer) and thermocline layer (lower layer), the
actual thermocline lies within the thermocline layer and
its structure can be approximated by the mixed layer
depth. As shown in Fig. 2a, the depth and the west-to-east
tilt of the thermocline are reasonably captured by the
RGO model.

One of the most prominent features of Atlantic cli-
mate variability is the pronounced annual cycle of cold
tongue. Figure 2c¢ depicts the seasonal cycle of simulated
SST (contour) and entrainment velocity at the base of
the mixed layer (shaded) along the equator. Both the
simulated amplitude and phase of SST agree well with
the observation shown in Fig. 2d, except that the simu-
lated cold-tongue variation is located to the west of the
observed variation and lags the observation by about
1 month owing to the delayed development of the vertical
entrainment at the base of the mixed layer.

Figure 3 compares the observed precipitation and
NCEP reanalysis surface wind stresses with the simu-
lated precipitation and wind stresses. The observation
shows that the ITCZ migrates from the equator in
March (Fig. 3b) to 10°N in August and returns to the
equator during winter (Fig. 3h). This seasonal transition
of the ITCZ is well captured by the model, although the
phase of the annual cycle in the model during the boreal
spring tends to lag the observation by about 1 month,
owing to the delay in SST annual cycle. Over West Af-
rica, the rainy season starts in late spring or early sum-
mer (May—June), which marks the onset of the West
African monsoon. During these months, the maximum
precipitation is located along the upper Guinea coast
(Fig. 3d). As the season progresses, the maximum pre-
cipitation band moves northward to around 10°N at
the peak of the monsoon during late boreal summer
(August-September) (Fig. 3f). This seasonal variation
of the monsoon rainfall over West Africa is also re-
produced reasonably well by the model. Overall, the
simulated tropical Atlantic mean climate is acceptable
for use for further sensitivity experiments.

4. Impact of AMOC changes on TAV

In this section, we will first explore mechanisms
through which the AMOC’s influence transmits to the
tropical Atlantic and then assess the impact of the
AMOC on tropical Atlantic climate. We will begin our
discussion with the OAME run where both the oceanic
and atmospheric forcings are included in the simulation.
We will show that the tropical Atlantic response in the
OAME run resembles that of water-hosing experiments
conducted using CGCMs (e.g., Stouffer et al. 2006;
Timmermann et al. 2007). We will then compare the
result of OAME to the results of the other experiments
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FIG. 1. The annual mean state of the (left) SST (°C) and surface wind stress and (right) precipitation: (top) CTRL, (middle) observations,

(bottom) the difference between the CTRL run and observations. The vector unit is in N m 2.

to evaluate the relative importance of the oceanic ver- a. Simulated tropical Atlantic response to the

sus atmospheric teleconnection mechanisms. Finally, collapse of AMOC
we will discuss how the changes in the tropical Atlantic
SST can have an impact on rainfall variability in the Figures 4a and 5a show the simulated ocean temper-

region. ature and circulation anomalies in the OAME run within
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FIG. 2. (a) Annual mean of the mixed layer and the thermocline layer depths along the equator (m). (b) Vertical temperature structure
of Levitus dataset (Levitus 1994) alone the equator (°C). (c) Seasonal cycle of simulated SST (contour, °C) and entrainment (shaded,
107° m s™!) along the equator from the CTRL run. (d) Seasonal cycle of observed SST (°C) along the equator (Reynolds et al. 2002).

the mixed layer and the thermocline layer, respectively.
Consistent with CGCM water-hosing simulations, an in-
terhemispheric seesaw pattern in the SST response
emerges with a strong cooling in excess of 2.5°C in the
North Atlantic and a warming on the order of 0.8°C along
the equator and along the upwelling zones of the south-
eastern tropical Atlantic (Fig. 4a). Within the model
thermocline layer, a warm temperature anomaly is seen to
emanate from the western boundary region off the coast of
northern South America, spreading into the deep tropics.
The dominant feature of the ocean circulation change is
along the western boundary where the current is sub-
stantially weakened in the OAME (Fig. Sa). Large-scale
circulation response of the atmosphere is also consistent
with CGCM water-hosing experiments. The northeast-
erly trade winds are strengthened in the OAME, while

the southeasterly trades experience little or no changes.
Accompanied with the change in the trade winds, the
mean position of the ITCZ shifts southward, resulting in
a decrease in precipitation rate north of the equator by
about 2 mm day ! and an increase south of the equator
by about 1.5 mm day ' (Fig. 6a). Over the adjacent
continents, there is an increase of precipitation over
Northeast Brazil and along the northern coast of the
Gulf of Guinea. This change in the atmospheric circu-
lation implies a change in the Hadley Circulation. As
shown in Fig. 7a, the imposed AMOC forcing gives rise
to enhanced (reduced) upward vertical motion south
(north) of the mean ITCZ in the CTRL run, suggesting
a southward shift of the Hadley circulation.

The fact that the RCM results agree generally well with
the results of fully coupled GCM water-hosing simulations
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run in the mixed layer. Plotted values are significant at the 95% statistical significance level

using the ¢ test.

(e.g., Stouffer et al. 2006; Timmermann et al. 2007) sug-
gests that the RCM contains the essential oceanic and
atmospheric teleconnections linking AMOC changes to
tropical Atlantic. However, it is noteworthy that the trade
wind response in the south Atlantic simulated by the
RCM is generally weaker than that found in many CGCM
experiments, suggesting that not all teleconnection mech-
anisms may be included. Nevertheless, we assess that
major features of tropical Atlantic response to AMOC
changes are captured and thus proceed with the further
examination of the underlying dynamic mechanism.

b. Oceanic versus atmospheric processes

The OAME run reveals that both the ocean circula-
tion change caused directly by a shutdown of the AMOC
and the atmosphere circulation change induced by the
surface cooling in the North Atlantic contribute to the
interhemispheric SST dipole anomaly and the corre-
sponding southward shift of the ITCZ in the tropical
Atlantic. In this subsection, we attempt to address the
following questions: Is the interhemispheric SST dipole
anomaly caused by the oceanic or by the atmospheric
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mechanism? Or is it caused by both? Which of the
mechanisms is, or are both responsible for the south-
ward displacement of ITCZ?

To answer these questions, we first turn to the OME
run where the response in the tropical Atlantic can only
be attributed to the ocean circulation change caused di-
rectly by the shutdown of the AMOC because the surface
cooling in the North Atlantic is absent. As shown in Fig.
4b and Fig. 5b, the coupled model response is similar to
that of ocean-alone discussed in W10, where similar ex-
periments were conducted using the RGO model. The
most salient circulation change in response to the shut-
down of the AMOC occurs in vicinity of the western
boundary. Accompanied with the circulation change, a

pronounced subsurface warming takes place along the
western boundary off the coast of northern South America
and spreads into the deep tropics. Without the influence of
cooling in the North Atlantic, the subsurface warming in
the OME run is stronger than that in the OAME run.
Similar to the ocean-alone experiment discussed in
W10, the removal of the interhemispheric flow in the
model causes the NBC that carries much of the AMOC
return flow (Fratantoni et al. 2000) to reverse its direction
from north to south. This change of circulation has two
major effects on the tropical Atlantic thermocline water:
1) it produces a strong subsurface warming by anomalous
heat advection in the region where the strong temperature
front between the subtropical and tropical gyres intersects
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the western boundary; and 2) it changes the pathway of
the northern STC by allowing the warm northern sub-
tropical gyre water to enter the equatorial region, causing
warming in the equatorial thermocline. This subsurface
warming gives rise to surface warming in the entire trop-
ical Atlantic with strong warming along the African coast,
near the equator in the central Atlantic, and along the
northern coast of north Brazil, where upwelling is strong
(Fig. 4b). It indicates that the changes in ocean circulation
alone do not produce a dipole-like SST anomaly, instead
they give rise a warming in the entire tropical Atlantic.

The atmospheric response to this basinwide warming is
different from that in the OAME. The basinwide warming
over the tropical Atlantic mainly enhances the Hadley
circulation (Fig. 7b), while displacing the maximum vertical
velocity slightly southward. Instead of a positive and
a negative vertical velocity anomaly that straddle the cen-
ter of upward motion of the mean Hadley circulation in the
OAME (Fig. 7a), the anomalous vertical velocity in the
OME run has a single core situated just south of the center
of upward motion (Fig. 7b). The enhanced Hadley circu-
lation results in an anomalous convergence just north of the
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equator, which in turn enhances the trade winds in the deep
tropics. Figure 6b shows clearly a positive precipitation
anomaly along the mean convergence zone accompanied
by two weak negative anomalies off the equator.

W10 showed that a shutdown of the AMOC also induces
a basinwide surface warming in the tropical Atlantic in the
ocean-only experiment, while the warming is much weaker
than that in the OME with SST anomaly greater than 0.6°C
only occurring on the central equator region (Fig. 4 of
W10). It suggests that SST anomalies resulting from ocean
circulation change could be amplified by air-sea inter-
actions. Our analysis suggests that the stronger SST re-
sponse in the coupled model could be attributed to the
local air—sea feedbacks involving the upwelling process. In
the ocean-alone experiment, the SST warming is primarily
due to the reduction of the mean upwelling acting on the
vertical temperature gradient [w(d7'/0Z)] and the anom-
alous upwelling [0’ (0T/9Z)] (Fig. 8, bottom panel). In the
coupled model, the wind stress anomaly in response to the

surface warming gives rise to a reduction of the upwelling
rate in the central equatorial region, the Guinea dome, and
the region along the coast of north Brazil (Fig. 8, upper
panel), which in turn amplifies the development of the
warming anomalies, much in line with the Ekman feed-
back discussed by Chang and Philander (1994).

In contrast to the OME run, the AME run produced a
strong surface cooling in the North Atlantic but only a
very weak surface warming in the tropical South At-
lantic (Fig. 4c). To the north of 10°N, the cooling is a
direct response to the imposed anomalous surface heat
flux. South of it, the cooling is likely a result of the WES
feedback where intensification of the northeasterly trades
causes an increase in latent heat flux that drives the cold
SST anomaly equatorward. In response to the surface
cooling, the ITCZ moves southward with strengthened
northeasterly (weakened southeasterly) trades (Fig. 6¢).
These features appear generally consistent with the WES
feedback, which involves interactions between the SST
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and wind-induced latent heat flux (Xie and Philander
1994; Chang et al. 1997).

A comparison of the OAME, OME, and AME runs
reveals that ocean circulation change is responsible for
the surface warming near and to the south of the equa-
tor, while the atmospheric processes contribute to the
cooling in the northern tropical Atlantic and play only a
minor role in the development of surface warming on
and south of the equator. Our results indicate that, in
terms of the annual mean state, the SST response can be
well approximated by a linear superimposition of the
responses induced by the oceanic and the atmospheric
processes. However, this is not the case for the precip-
itation response. In the AME run, the southward shift
of the ITCZ induces an increase in the annual mean
rainfall over Northeast Brazil by ~1.6 mm day ' (Fig. 6¢).
The oceanic mechanism causes a decrease in precipitation
over the same region by as much as 2.5 mm day '
(Fig. 6b). A linear superposition of the two would
yield a net decrease in the annual mean rainfall in this
region. But the OAME produced a positive rainfall
anomaly, indicating that precipitation responds non-
linearly.
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The competing and complementary influences of at-
mospheric and oceanic teleconnections on the tropical
Atlantic response are also clearly seen during the transient
state. To filter out the variability internal to the coupled
system, we carried out three ensembles of runs with
identical forcing of OAME, OME, and AME, respec-
tively. Each ensemble consists of five 30-yr integrations.
The five ensemble members are initialized with slightly
different conditions in the AGCM. An average across all
ensemble members acts to reduce the effect of internal
variability that may make it difficult to identify the cou-
pled model response to the external forcings.

Figure 9 depicts the evolutions of zonally averaged
SST and atmospheric response in the OAME, OME,
and AME ensemble runs. In the AME (Fig. 9c), the
North Atlantic cooling is immediately transmitted to-
ward the equator and reaches an equilibrium state within
the first year. The response in the Southern Hemisphere
is very weak. Associated with the surface cooling is the
c-shaped cross-equatorial surface wind anomaly. The wind
anomaly follows the cooling closely and quickly reaches
equilibrium within a couple of years. Our result supports
the CBO05 result that the WES feedback is effective in
transmitting cooling toward the equator. In the OME, the
positive SST anomaly centered at (0°-5°N) takes a longer
time to develop and reaches a full equilibrium state after
8 years (Fig. 9b). It is evident that the surface warming has
a subsurface origin (Fig. 5b). Similar with the ocean-alone
experiment discussed in W10, the circulation change along
the western boundary triggers the rapid buildup of the
subsurface temperature near the strong temperature front.
The warm anomaly is then carried equatorward along the
western boundary by the reversed NBC. Once the warm
anomaly enters the equatorial zone, it is then carried
eastward by the Equatorial Undercurrent (EUC). In the
OAME, the coupled system response is driven by the fast
atmosphere processes and the relatively slow oceanic
processes (Fig. 9a). The cooling in the North Atlantic and
the wind anomaly rapidly develop within the first couple
years. The warm SST anomalies at and to the south of the
equator, however, take approximately 8 years to fully de-
velop. This further demonstrates that the oceanic tele-
connection is the dominant factor controlling the warming
to the south of the equator as discussed above.

c¢. Impact of AMOC change on the seasonal cycle

In section 4a, it is shown that the AMOC change
significantly affects the climatological mean state of the
tropical Atlantic. A question immediately arises: does the
tropical Atlantic response exhibit any seasonal depen-
dence? In this subsection, we will discuss the impact of the
AMOC change on the seasonal cycle of tropical Atlan-
tic. To facilitate the analysis of the coupled response, we
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isolate the atmospheric and oceanic processes via com-
parison among the OAME, OME, and AME runs as
discussed above.

In agreement with other coupled GCM water-hosing
experiments (e.g., Timmermann et al. 2007), our results
show a marked seasonal cycle of tropical Atlantic SST
response to the AMOC change. The strongest surface
warming of more than 2°C occurs during July-September
in the central equatorial Atlantic, whereas the strongest
surface cooling of about —1°C occurs during February—
May in the western equatorial Atlantic (Fig. 10a). A

comparison among the OAME, OME, and AME re-
veals that both oceanic and atmospheric processes con-
tribute to this seasonality. As shown in Fig. 10b, the
equatorial SST warming in the OME persists year
around and peaks in boreal summer. The warming is
mainly forced by the mean upwelling acting on the re-
duced vertical temperature gradient [@(07'/0Z)] and
the reduction of upwelling [w’(07/9Z)] as a result of the
deepening of the mixed layer. Both these terms are most
effective during boreal summer and fall when upwelling
at its peak (Fig. 2c). In the AME, the southeasterly trade
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winds over the equatorial Atlantic gets weakened from
May to July and gets strengthened during the rest of year
(not shown). As a result, the entrainment rate is sub-
stantially weakened during summer while it is enhanced
during fall-winter, leading to warming in boreal summer
and cooling in winter (Fig. 10c). Our results point to an
important role of the oceanic process in causing the
strong anomalous warming in summer. On the other
hand, the influence of atmospheric processes is twofold:
1) enhancing the summer warming through reducing
upwelling and 2) weakening the warm anomalies during
fall-winter.

As shown in section 4a, the precipitation response
over the continents adjacent to the AMOC change is
most significant over Northeast Brazil and along the
upper Guinea coast. To evaluate the seasonality of this
response, we define the following indices: 1) Northeast
Brazil rainfall index (NEB), which is defined as the
precipitation change averaged over the region between

42°-35°W and 12°-4°S; and 2) the Gulf of Guinea rainfall
index (GGN), which is defined as the precipitation
change averaged over the region between 10°W-10°E
and 0°-~7°N. Both GGN and NEB show a well-defined
seasonal cycle in the CTRL run (Fig. 11, black bars). The
pronounced seasonal variations in the precipitation over
these regions are associated with the seasonal migration
of the ITCZ. During spring, the ITCZ approaches its
southernmost position and causes more rain in North-
east Brazil. As the ITCZ migrates northward, Northeast
Brazil begins its dry season, while the upper Guinea
coast enters its rainy season. The simulated annual cy-
cles of these regions are in a reasonable agreement with
observations, except that the phase of the precipitation
change lags the observation by about 1 month and a
semiannual cycle present in the observation is absent in
the model over the Gulf of Guinea (Fig. 11, gray bars).

In the OAME, the precipitation over the upper
Guinea coast increases over the entire year, which is in
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response to the AMOC change with a strong seasonal
variation. The precipitation change from January to
June isin the range of 0.5-1.0 mm dayfl, but it increases
drastically in July to 2 mm day ' (Fig. 12, top panel). As
shown in Fig. 11, the onset date of the West African
monsoon in the model occurs around June, the rapid
change of precipitation response indicates a change in
monsoon circulation. Our analysis suggests that the
oceanic and atmospheric processes interact in a complex
manner to produce the rainfall response over the Gulf of
Guinea. The surface warming produced by the ocean
circulation change alone generally gives rise to a positive
rainfall anomaly throughout the year and it also gives
rise to a semiannual response with the first maximum in
May and the second in November. Arguments used to
explain the equatorial annual cycle of the Pacific and the
Atlantic Oceans may offer one possible explanation of
this semiannual response. Li and Philander (Li and Phi-
lander 1996) and other studies suggest that air-sea in-
teractions are one of the major factors contributing
to the maintenance of the cold-tongue-ITCZ complex
in the eastern equatorial Pacific and Atlantic and the
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tions of GNN index and NEB index are the same as those in Fig. 11.

pronounced equatorial annual cycle. If the cold tongue
disappears, the air-sea interactions will be weakened
and the response of the coupled system to seasonal
change in solar radiation will behave in a manner similar
to that of the Pacific warm pool region, which is domi-
nated by a semiannual cycle of the ITCZ movement
near the equator because of the semiannual cycle of
solar radiation over the equator. In the AME, the pre-
cipitation change in the region is generally small except
for the months from July to October. The precipitation
response in this case may be due to the fact that during
the summer and fall, the cooling in the northern tropical
Atlantic makes it difficult for the ITCZ to move north-
ward. As a result, more precipitation occurs over the
Gulf of Guinea. Overall, the oceanic process appears to
have a stronger influence on the precipitation change in
this region. However, the strong rainfall response from
July to October in the OAME clearly requires both the
oceanic and atmospheric processes.

In contrast to the precipitation change over the Gulf
of Guinea, the atmospheric and oceanic processes act as
two competing influences over Northeast Brazil. In the
OAME, the wet season during boreal spring becomes
significantly wetter with little change during the dry season
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(Fig. 12, bottom panel). A comparison between the OME
and AME suggests that the atmospheric processes gen-
erally tend to increase the precipitation, whereas the
oceanic processes tend to reduce the precipitation. Our
results suggest that precipitation changes over North-
east Brazil are primarily attributed to the atmospheric
processes. Note that the total precipitation change in the
OAME cannot be simply explained as a linear super-
position of precipitation changes in the OME and AME
as SST changes discussed above.

5. Sensitivity of tropical Atlantic response to
changes in AMOC strength

It is demonstrated in W10 that the equatorial SST
responds nonlinearly to changes in AMOC strength in
ocean-alone experiments. A prominent equatorial warm-
ing occurs when AMOC is weakened below a threshold
value. In this section, we will examine whether similar
nonlinear behavior also exists in the coupled system and
explore how it is manifested in the atmosphere.

For this purpose, we performed a set of coupled sim-
ulations, where the forcing configurations are the same as
those in the OAME except that the imposed northward
mass transport at the open boundary is decreased sys-
tematically from 14 to 0 Sv. The CTRL run with the
imposed 14-Sv interhemispheric flow serves as a refer-
ence for all sensitive experiments.
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FIG. 13. Changes in (a) SST index Eqtla,
(b) thermocline temperature index Eqt2a,
and (c) the western boundary current trans-
port across 5°N in the thermocline layer as
a function of AMOC strength. Eqtla and
Eqt2a are defined as an SST anomaly and
thermocline anomaly averaged over an equa-
torial box (25°W-5°E, 4°S-5°N), respectively.
In (c), the northward transport takes a posi-
tive value.

Similar to the ocean-only experiment, we define two
temperature indices to assess the SST response sensi-
tivity. Eqtla is defined as the SST from each experiment
averaged over an equatorial box of 25°W-5°E and 4°S-
5°N and then subtracted by the SST from the control
run; Eqt2a is the same as Eqtla except that it is taken
from the thermocline layer. Figure 13 shows these in-
dices as a function of AMOC strength. Evidently, both
Eqtla and Eqt2a exhibit nonlinear behavior. The rate of
equatorial temperature change increases rapidly when
AMOC decreases below 10 Sv. This nonlinear behavior
holds for all seasons (not shown). As pointed out in
W10, the nonlinear SST response over the equatorial
zone is associated with the interplay between the wind-
driven northern STC and the AMOC. Figures 4 and 5
show that the return flow of the AMOC mainly interacts
with the wind-driven circulation via western boundary
currents (Fontaine et al. 1999; Fratantoni et al. 2000;
W10). In the presence of a strong AMOC, the NBC of
the Southern Hemisphere origin penetrates into the
Northern Hemisphere and effectively blocks the return
branch of the northern STC. As the AMOC weakens,
the strength of the northward western boundary current
decreases. When the imposed AMOC strength is below
10 Sv, the equatorward branch of the northern STC over-
powers the AMOC current, causing the NBC to reverse its
direction (Fig. 13c). As a result, the subsurface temperature
anomaly near the subsurface thermal front generated by
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AMOC changes is able to enter the equator zone and
propagates eastward along the equatorial zone. This in turn
leads to the substantial equatorial warming.

The response of the SST in the coupled model differs
somewhat from that in the ocean-alone simulation in
W10 in the sense that the threshold of the AMOC re-
duction is lower in the coupled model (10 Sv) than that
in the ocean-alone simulation (8 Sv, Fig. 8¢ in W10).
Using the same mass transport analysis in W10, we
measure the strength of northern STC by the zonally
integrated annual mean meridional circulation at 8°N in
the experiment where AMOC is set to 0 Sv and the
ocean circulation is wind-driven only. By this measure-
ment, the northern STC in the coupled system is 8 Sv,
which is 30% stronger than that (6 Sv) estimated in the
uncoupled model (W10). As a result, the NBC in the
thermocline layer reverses its direction from northward
to southward when the AMOC strength is below 10 Sv,
instead of 8 Sv in the ocean-alone simulation (Fig. 8c in
W10). It is then easier for the warm subsurface anomaly
to propagate into the equatorial zone, resulting in a lower
threshold for the nonlinear SST response behavior in the
coupled model. As shown in Fig. 6¢c, the stronger northern
STC probably results from the enhanced northeasterly
trade winds in respond to the cooling over the North
Atlantic. This suggests that that the lower threshold for
the AMOC reduction in the coupled model is likely at-
tributed to the influence of air—sea interactions.

Does the precipitation response show a similar behav-
ior? We assess the sensitivity of precipitation response
along the upper Guinea coast and over Northeast Brazil
using the GGN and NEB index. Similar with SST re-
sponse (Fig. 13a), the precipitation response along the
upper Guinea coast also shows a clear nonlinear response
(Fig. 14a). This result is consistent with CO8 who reported
a rapid regime shift in the West African monsoon in re-
sponse to a substantial weakening in the AMOC. In
contrast, the relation between the precipitation response

and AMOC changes over Northeast Brazil is ambiguous
(Fig. 14b). The different behaviors over the Gulf of
Guinea and Northeast Brazil can again be attributed to
the different contribution of the atmospheric and oceanic
processes in these two regions. As shown in section 4c,
the oceanic processes play an important role in affecting
precipitation response over the Gulf of Guinea. As a
result, sensitivity of precipitation response follows the
behavior of the SST response, which is nonlinear. On the
contrary, the precipitation response over Northeast Brazil
is controlled by the atmospheric processes, which do not
display a threshold behavior. It should be noted that our
results are based on a single simulation, so some of the
complex behavior in NEB rainfall response may be due to
contamination of internal atmospheric variability.

6. Conclusions

In this study, we investigate the impact of AMOC
changes on tropical Atlantic climate in the framework
of a RCM consisting of an AGCM (CCM3) coupled to a
tropical Atlantic RGO model. We demonstrate that the
RCM is capable of simulating many key features of both
mean climate and climate variability in the tropical Atlantic
sector and presents perhaps one of the simplest coupled
climate models that can be used to explore the underlying
dynamical processes linking AMOC changes to TAV.

We conduct extensive numerical experiments with the
RCM to examine the relative importance of oceanic versus
atmospheric processes in linking AMOC changes to the
tropics. We find that ocean circulation changes directly
induced by AMOC changes and atmosphere circulation
changes driven by surface cooling in the North Atlantic
work in concert to generate the dipole-like SST pattern
and a southward shift of the ITCZ. From a set of sensi-
tivity experiments, we identify that the oceanic mechanism
is the primary factor contributing to the warming near and
to the south of the equator and much of the precipitation
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changes over the Gulf of Guinea. When the AMOC is
absent, the NBC flows equatorward and the STCs be-
come more symmetric about the equator. These circula-
tion changes cause a significant subsurface warming,
which leads to surface warming in the Gulf of Guinea and
along the African coast. This finding supports the hy-
pothesis proposed by C08. Meanwhile, a reduction of
entrainment induced by weakened southeasterly trade
wind enhances the surface warming on the equator. On
the other hand, the atmospheric processes are largely
responsible for establishing the surface cooling in the
tropical North Atlantic and the southward displacement
of ITCZ, lending support to CBO05.

The response of tropical Atlantic to AMOC changes
exhibits a pronounced seasonality. The surface warming
is strongest during the boreal summer and fall when the
seasonal equatorial upwelling is at its peak. Both the
reduced vertical temperature gradient and weakened
entrainment contribute the surface warming during these
seasons. A seasonal preference is also shown in the pre-
cipitation response. AMOC changes can lead to excessive
rainfall over Northeast Brazil with a peak during spring
and along the upper Guinea coast with a peak during
boreal summer. The seasonal precipitation response over
Northeast Brazil is consistent with the southward shift of
the ITCZ, suggesting the importance of atmospheric
processes. Along the upper Guinea coast, however, the
surface warming over the Gulf induced by oceanic pro-
cesses contributes significantly to both the mean and the
seasonal cycle of precipitation change.

To assess the sensitivity of the tropical Atlantic coupled
system to changes in AMOC strength, a set of sensitivity
experiments is conducted where the imposed northward
transport at the open boundaries is systematically de-
creased from 14 to 0 Sv. We find that the cold-tongue SST
responds nonlinearly to AMOC changes. The sensitivity
of the SST response to AMOC changes increases rapidly
when AMOC strength decreases below a threshold value
of about 10 Sv. Such a nonlinear behavior is also found in
precipitation change over the Gulf of Guinea. This im-
plies that prominent equatorial warming can only occur
during strong climatic events, such as Younger Dryas,
when substantial AMOC reductions occurred. The non-
linear behavior is attributed to the reversal of the NBC
when the western boundary current carrying AMOC
return flow becomes weaker than the northern STC
return flow. This behavior, however, is weaker in the
coupled system than that in the stand-alone RGO ex-
periments as shown in W10. The reason is that the in-
tensified northeasterly trade winds in response to the
surface cooling in the North Atlantic produce a stronger
northern STC in the coupled simulation, which lowers
the threshold for NBC reversal.
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Our results suggest that the SST response in the north-
ern tropical Atlantic to a weakened AMOC is controlled
by a set of competing atmospheric and oceanic processes
that tend to counteract with each other. The ocean cir-
culation change tends to produce a surface warming,
working against the surface cooling brought down to the
tropics by atmospheric processes. The competing nature
of these processes may give rise to a complex pattern of
SST response to AMOC changes in certain areas. For
example, the SST off the coast of north Brazil shows a
cooling response to a slightly weakened AMOC but a
warming response to a substantially weakened AMOC.
The competing nature of atmospheric and oceanic pro-
cesses also manifests itself in precipitation response over
the Northeast Brazil.

Using a decoupling technique, Krebs and Timmermann
(2007) demonstrated that the cooling of the North Atlantic
is attributed to the atmospheric processes involving air-sea
coupling and the south Atlantic warming could be mostly
explained by the induced oceanic adjustment in respond
to a slowdown of the AMOC. Within a regional coupled
model framework, we found that neither atmospheric
processes alone nor the oceanic processes involving the
interaction between the AMOC and the STCs alone
could explain the Atlantic SST dipole response pattern.
Our results therefore support Krebs and Timmermann’s
findings. Furthermore, our sensitive studies suggest that
complex and competing atmosphere—ocean processes
are involved in TAV’s response to AMOC changes and
the nature of the response can vary considerably from
one region to another. This complexity should be taken
into consideration in Atlantic abrupt climate studies.
Our results not only advance our understanding of the
role of the AMOC in abrupt climate change but also
shed light on the impact of the AMOC on TAV and
its predictability. Model results show that equatorial
warming lags the AMOC change by about 8 years. This
delayed response may give rise to a certain predict-
ability of equatorial SST in response to AMOC changes
at decadal time scales. Further studies are needed to
explore AMOC-related predictability in the tropical
Atlantic sector.

The coupled model described in this study might be the
simplest model that is capable of resolving interactions
between the return flow of the AMOC and the wind-
driven circulation. This simplified coupled model pro-
vides an effective tool to study the impact of the AMOC
on the tropical Atlantic climate. However, the simplified
physics also gives rise to caveats of the model. There are
three important caveats that could affect the results of
this study. The first is that the salinity effect is neglected in
the model. In reality, precipitation and ocean circulation
changes can modify the salinity distribution in the ocean,
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which in turn may affect SST pattern (e.g., Breugem et al.
2008). The second is that the upper tropical Atlantic is
crudely represented by two active layers of uniform initial
depth, neglecting the exchange between thermocline
water and intermediate water. In the real ocean, the
thickness of the thermocline layer will readjust when
stratification changes in response to AMOC changes. The
third is that an idealized thermal front is prescribed in this
simple model. Such simple treatment of the subsurface
temperature is unrealistic as it completely ignores the
circulation effect associated with the front. More discus-
sion of this issue can be found in W10.
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