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Background: MHT in the Atlantic 
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FIG. 5. Implied zonal annual mean ocean heat transports based upon the surface fluxes for Feb
1985–Apr 1989 for the total, Atlantic, Indian, and Pacific basins for NCEP and ECMWF atmo-
spheric fields (PW). The 1 std err bars are indicated by the dashed curves.

all latitudes. The lack of reproducibility is consistent
with the very small size of the interannual variability
(1%–3% of the actual transports), and the main message
is that temporal sampling is not a major factor.
For the ERBE period, the bias in the northward at-

mospheric energy transport as compared with the mean
for the entire 1979–98 period is slightly negative by
about 0.05 PW from 108 to 508N and is positive by
about 0.05 PW from 108 to 358S. This is consistent with
the error bar estimates provided by the panel on the
right of Fig. 4, with values divided by 2 (square root
of the number of ERBE years), in terms of sampling.

c. The derived ocean heat transports

In Fig. 2, the difference (RT 2 AT) gives an implied
ocean heat transport, and for NCEP, in particular, the
implication is that there is almost no ocean contribution
north of 458N. However, such an ocean estimate as-
sumes that the long-term surface heat budget over land
is in balance, because internal heat transport is negli-
gible. Instead, such a balance does not typically exist
over land, and so such an ocean estimate is contaminated

by the considerable problems over land. This constraint
allows the errors in atmospheric transports and surface
fluxes over land to be quantified, and they are found to
be largest over complex and high topography (Trenberth
et al. 2001a). Therefore it is desirable to recompute the
ocean transport separately based upon the implied sur-
face fluxes over just the ocean, and in this way we can
also (somewhat arbitrarily south of 358S) partition the
transports into those from the individual ocean basins.
The implied zonal mean ocean transports, adjusted as

discussed below, are computed from the residually de-
rived surface fluxes (Fig. 5) starting at 658N where there
is a minimum of ocean available to transport heat north-
ward. Estimates are that the transport through the Bering
Strait is 0.2 3 1013 W, and that in the North Atlantic is
1.4 3 1014 W (Aagaard and Greisman 1975). Therefore
we use 0.14 PW at 658N as the starting point of our
integration in the Atlantic. We set the dividing line be-
tween the Atlantic and Indian Ocean at 258E, directly
south of Africa. The Atlantic and the Pacific are sepa-
rated at 708W, south of South America. For the Pacific
and Indian Oceans, we use 1308E from 58S to south of
Australia and 1008E north of 58S. Although integration

From Trenberth and Caron (2001) 

•  Ocean releases heat to atmosphere in mid-latitude 
•  Northward meridional heat transport (MHT) in the Atlantic Ocean 
•  Relative small changes in MHT in the oceans could have significant climatic 

impacts (Rind and Chandler 1991; Cohen-Solal and Le Treut 1997).  
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FIG. 7. The required total heat transport from the TOA radiation
RT is compared with the derived estimate of the adjusted ocean heat
transport OT (dashed) and implied atmospheric transport AT from
NCEP reanalyses (PW).

cient. This result is especially so at 248N at which lat-
itude no adjustments have been applied to either derived
OT estimate. Further, the adjustments applied south of
308S are miniscule for NCEP but amount to 0.7 PW at
688S for ECMWF OT or 0.4 PW for ECMWF AT (the
difference being integrated effects from the north vs the
south), suggesting also that the latter are less reliable
in absolute values. In the Tropics, the problems with
changes in the observing system, particularly satellite
data, adversely influence the ECMWF results (Trenberth
et al. 2001b), which are not within the error bounds of
the other estimates at several latitudes.
Aside from the North Atlantic, for which the coupled

model results are high for reasons that are beginning to
be understood (section 3c), the largest discrepancy
among the results is in the SH Tropics, where the NCEP-
derived values imply a larger southward transport than
do the direct ocean estimates or the coupled climate
models. This is in a region where Ekman transports play
a key role and surface wind specifications are very un-
certain. For instance, at 118S a change in mean wind
alters the direct estimate from 0.48 to 0.63 PW in the
Atlantic (Holfort and Seidler 2001), and in coupled-
model simulations tropical convergence zones are often
dislocated in some seasons when a spurious ITCZ forms
in the SH, potentially corrupting values in the Tropics
(Boville and Gent 1998).
We have inferred the surface fluxes and thus the zonal

mean ocean heat transports assuming no changes in
ocean heat storage except for those associated with glob-
al warming. The local ocean heat storage change is not
neglible from year to year (Sun and Trenberth 1998),
although it is a reasonable assumption for zonal means
for the four years or so we used here provided that the
global warming trend is factored in, as we have done.
Future computations should factor in the changes in
ocean heat storage to examine the ocean heat transports
locally using this method. Variability in AT from sam-
pling this particular interval is mostly less than 0.05 PW

and is not a major factor, although interannual variability
is not very reproducible between ECMWF and NCEP
reanalyses. TOA radiation fluxes also contain some un-
certainty, and adjustments for expected imbalances at
the TOA may be a refinement worth considering in fu-
ture.
It is important to note that although the ocean heat

transports and surface fluxes derived from the TOA ra-
diation plus the atmospheric transports (the indirect
method) have improved substantially and mostly agree
with the independent estimates the same cannot be said
for the atmospheric NWP model surface fluxes com-
puted with bulk parameterizations, which contain sub-
stantial biases. The NWP models have not yet been
improved to satisfy the global energy budgets in the
same way that the best coupled climate models have,
highlighting the facts that weather prediction is con-
strained by the specification of the SSTs and the models
do not have to get the SST tendencies correct to produce
excellent weather forecasts.
Shortcomings in the hydrological cycle in the NCEP

reanalyses in the Tropics (Trenberth and Guillemot
1998) suggest that they have limitations, although, be-
cause there is huge compensation between the budgets
for dry static energy and the moist component, the total
energy transport is more robustly computed (Trenberth
and Solomon 1994). The discrepancies between the at-
mospheric transports in the two reanalyses suggest that
further revisions will occur, especially regionally. Nev-
ertheless, the results for the ocean heat transports de-
rived from the NCEP reanalyses are in good agreement
with those from the other approaches, suggesting that
the coupled models, the atmospheric transports, and the
independently estimated ocean transports are converg-
ing to the correct values.
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Background: coherence of AMOC anomaly 

•  Anomalies in AMOC are different south and north of 40°N  
•  Strong decadal signals to the north and higher frequency signals to 

the south (Zhang 2010; Zheng and Giese 2009) 

1c. The MOC of both models comprises an upper and a
lower cell. While the maximum northward transport in the
upper cells of approximately 20Sv for HadCM3 and 18Sv
for OCCAM, occurring near 40!N, are consistent with
observations, the lower cells, particularly for HadCM3,
appear somewhat stronger than expected from observations
[Bryden et al., 2005]. Given the almost constant 1000 m
depth of the stream function maximum in each case, we
characterise the MOC as the total northward transport
between 100 m and 1000 m, thereby excluding the Ekman
transport, which reflects the meridional coherence of the
wind forcing.
[8] Thus defined, the temporal and latitudinal structures

of the MOC from HadCM3 and OCCAM are revealed in
Figures 1b and 1d. The most prominent feature in both
models is a decadal mode of variability with an amplitude of
about 2Sv which is seen clearly at latitudes above 40!N, but
not at lower latitudes where the MOC is dominated by
annual and higher frequency signals. A similar change in
the nature of the MOC variability between low and high
latitudes can also be seen in results from the same run of
OCCAM presented by Marsh et al. [2005].
[9] While much of the higher frequency variability is

localised or only coherent over some interval south of 40!N,
close inspection of the OCCAM MOC (Figure 1d) shows
there are also signals spanning the meridional extent of the
domain. These signals appear slightly tilted, suggestive of a
signal propagating rapidly from high to low latitudes.
Applying the radon transform method to the displayed data

gives a southward propagation speed of 1.84 ms!1 and a
time of 56 days for the signal to reach the equator from
65!N. These signals are perhaps generated by a seasonal
deepening and shoaling of the mixed layer and
corresponding change in the rate of deep water production
at high latitudes. The discrepancy between the propagation
time of 30 days reported by Johnson and Marshall [2002]
could easily be due to the highly idealised configuration of
their model domain which produces only Kelvin waves
rather than the coastally trapped waves that occur when
topography is included. Unfortunately, its monthly resolu-
tion does not permit a similar analysis of the HadCM3 data.
[10] From the perspective of climate regulation, short-

term fluctuations of the MOC are not so important and so
we now focus on interannual variability of the MOC by
removing the mean seasonal cycle and applying a low-pass
filter with a 13-month box-car filter to remove the remain-
ing intra-annual variability. The degree to which interannual
MOC variations are correlated between latitudes is quanti-
fied in Figure 2. From the simple picture of adjustment to
changes in deep water formation mediated by boundary
waves we would expect, on these timescales, a high degree
of correlation between MOC variations at all latitudes. Yet,
as Figure 2 shows, this is not the case. For HadCM3
(Figure 2a) while latitudes north of 40!N are well correlated
with each other, they are generally not well correlated with
more southerly latitudes, and the mutual correlation be-
tween latitudes south of 40!N is high only over a range of
about 15! at most. This shows that variability at any

Figure 1. (a) The (a) HadCM3 and (c) OCCAM time-averaged overturning stream function. The (b) HadCM3 and
(d) OCCAM northward transport anomaly between 100 m and 1000 m depth.
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From Bingham et al. (2007) 

coupled model                               ocean-only model  

100 years 19 years 



 
 

  

•  At low latitudes, interannual variability dominates 
•  At middle and high latitudes, decadal and multidecadal variability 

is more pronounced. 

From Zheng and Giese (2009) 

Background: coherence of Atlantic MHT anomaly 

Latitude-time evolution of MHT anomalies  
in Atlantic Ocean during 1958 – 2004  

(from Simple Ocean Data Assimilation (SODA)) 



 
 

  

•  MHT anomalies are 
coherent from the SO to 
south of 40° N 

From Kelly et al. (submitted to J.Climate) 

Fig. 6. Meridional heat transport from Method 1. Estimates of MHT anomalies across the
boundaries of the regions shown in Fig. 1 along with observations of MHT (dashed lines).
(units are Petawatts).
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Background: coherence of Atlantic MHT anomaly 

b. Heat and mass budgets155

The rate of change change in SSH associated with changes in heat content ⌘H can be156

written as157

@⌘H
@t

=
↵Qnet

⇢cp
+HTC (1)158

whereQnet is the net surface heat flux into the ocean, ↵ is the coe�cient of thermal expansion,159

⇢ the density and cp the heat capacity of seawater. The constants were computed from160

monthly climatological values, averaged over the depth of the wintertime mixed layer, as in161

Vivier et al. (2002). The last term is the heat transport convergence HTC, the net inflow of162

heat into each region.163

Analogously the rate of change in SSH associated with changes in mass ⌘M is written as164

@⌘M
@t

= P � E +MTC (2)165

where P is precipitation, E is evaporation and the di↵erence is the net freshwater flux into166

the ocean. The last term is the mass transport convergence MTC, the net inflow of water167

into each region.168

Note that the modeled variables are denoted using ⌘ to distinguish them from the ob-169

served values: for example, ⌘H is the modeled contribution of heat to sea level and TSL is170

the observed thermosteric sea level.171

c. Unknown control172

Heat and mass budgets were estimated using a predictor-corrector method, specifically173

the version of the Kalman filter known as the “unknown control” (hereafter UC) (Wunsch174
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Rate of change in 
SSH associated 
with changes in 
heat content 

Heat transport 
convergence 

Heat flux term 



Objectives 
I Characteristics of MHT anomalies 
  
•  What are the spatial structures of the EOF modes of MHT? 
•  What is the importance of the EOF modes at different latitudes? 
•  Is there an obvious meridional propagation of MHT?  

II Speculations on mechanisms of MHT anomalies 
 
 
 



ρ     - density   
Cp  - specific heat of seawater  
θ     - potential temperature 
v     - meridional velocity  
dA=dxdz  represents integration over a vertical east-
west section  

Methods 

Direct estimates of MHT:  



Model: Generalized Ocean Layer Dynamics (GOLD) 

 
 

  

•  A global ocean mass conserving isopycnal model 
•  2 mixed layers, 2 buffer layers and 59 isopycnal layers with 

constant potential densities referenced to 2000m – total 63 
layers 

•  1° × 1° resolution but with 0.5° for the latitudes at tropics  
•  Density intervals are chosen to provide the highest resolution of 

thermocline 
•  Surface winds and buoyancy fluxes for the hindcast run are 

from CORE-II during 1948-2009 (Large and Yeager 2009) 
•  One hindcast run from 1948 to 2009 
 

Data and models 



Model Validation for GOLD 
 

 
 

Data and models 

•  Compared with the MHT from RAPID-MOCHA mooring 
array at 26.5°N during 2004-2009 (Johns et al. 2011)  



Model Validation for GOLD 
 

 
 

•  Compared with the MOC derived from SSH and Argo data at 
41°N from 1993 to 2009 (Willis 2010) . 

Data and models 

GOLD is valid and useful! 



Models: Coupled Model Intercomparison Project Phase 5 
(CMIP5)  

 
 

  

MRI-CGCM3  
•  Meteorological Research Institute - Coupled Global Climate Model 3  
•  MRI-AGCM3    - atmospheric model 
            - ~120km with 48 layers 
•  MRI.COM3       - ocean-ice model 

         - 1° × 0.5° with 50 vertical levels plus a bottom boundary 
 
GFDL-ESM2M  
•  Geophysical Fluid Dynamics Laboratory - Earth System Models 2.1 
     with  Modular Ocean Model version 4.1 
•  AM2         - atmospheric model 
                      - 2° latitude × 2° longitude with 24 vertical levels 
•  MOM4p1  - ocean model 
                      - 1° × 1° but with up to 1/3° for the latitudes at tropics  
                      - 50 vertical levels  
 
•  Ocean monthly northward heat transport in pre-industrial control run 
 

 
 

 

Data and models 



Result: 1yr low-pass MHT anomaly in different models 

•  Interannual variability of MHT anomaly from 30°S to 40°N 
•  Decadal MHT anomaly in the North Atlantic North of 40°N.  

ocean-only model  

coupled model  

hindcast run 

pre-industrial 
control run 

coupled model  
pre-industrial 
control run 



Result: Cross correlation of 1yr low-pass MHT anomaly at latitudes  

•  The regions between 25°S – 40°N have correlated latitudinal width 
ranging from 25 degrees to 45 degrees 

•   The narrowing at 40°N is seen in models.  



Result: EOFs of the 1yr low-pass MHT anomaly 

•  Generally consistent between models 
•  EOF mode 1 - the dominant coherence mode from 35°S to 40°N, with its maximum in the tropics.  
•  EOF mode 2 - opposite sign in the northern and southern subtropical areas 
•  EOF mode 3 - opposite sign between tropics and subtropics, but GFDL-ESM2M in southern 

hemisphere is different.  



•  Mode 1 - dominating in the tropics and part of subtropical areas 
•  Mode 2 - dominating in the south Atlantic, except for GFDL-ESM2M 
•  Mode 3 – dominating in the northern subtropical areas 
•  The latitudinal width of the coherence mode 1 in different models differs. 

Result: Fraction of variance of 1yr low-pass MHT anomaly explained by PCs 



Result: lagged correlation relative to the MHT anomaly on equator  

MHT anomaly on equator leads 

Ø  Southward 
propagation 

Ø    

Ø    

Northward  
propagation 



Possible explanation: Southward propagation 

•  Signals might propagate from northern subtropics to tropics via rapid 
Kelvin wave (Johnson and Marshall 2002; Zhang 2010).  

From Zhang (2010) 

Correlation between AMOC anomaly and AMOC at 49.5°N 
(GFDL CM2.1 1000 year control run) 

Figure 2. AMOC variations in the 1000‐year control simulation. The AMOC Index at each latitude is defined as the max-
imum of the annual mean zonal integrated Atlantic overturning streamfunction inDensity space, except in Figure 2bAMOC is
estimated in both density and depth space for comparison. (a) AMOC anomaly vs. latitudes for the first 100 years. (b) Standard
deviation of AMOC variations vs. latitudes. (c) Correlation between AMOC variations at 49.5°N and AMOC variations at all
latitudes over the entire control simulation. The horizontal red linesmark boundaries of the three regimes (I, II, III) of the south-
ward propagation of AMOC variations. (d) Correlation between Tsub PC1 and AMOC variations at all latitudes. (e) Corre-
lation between AMOC variations at 49.5°N and AMOC variations at 43.5°N, 39.5°N, 26.5°N, 5.8°S, and 30.5°S
respectively. (f) AMOC anomaly at 49.5°N (green) and at 26.5°N (red) for the first 200 years in control simulation, and
the derived AMOC anomaly at 26.5°N by taking a 4‐year lag of AMOC anomaly at 49.5°N and multiplying it with the ratio
of standard deviations of AMOC variations between the two latitudes.

ZHANG: LATITUDINAL DEPENDENCE OF AMOC VARIATION L16703L16703
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Possible explanation: Northward propagation 

•  Leakage-AMOC pathway might contribute to the coherence mode of 
the MHT anomaly.  

From Beal et al (2011) 

REVIEW
doi:10.1038/nature09983

On the role of the Agulhas system in
ocean circulation and climate
Lisa M. Beal1, Wilhelmus P. M. De Ruijter2, Arne Biastoch3, Rainer Zahn4 & SCOR/WCRP/IAPSO Working Group 136*

The Atlantic Ocean receives warm, saline water from the Indo-Pacific Ocean through Agulhas leakage around the
southern tip of Africa. Recent findings suggest that Agulhas leakage is a crucial component of the climate system and
that ongoing increases in leakage under anthropogenic warming could strengthen the Atlantic overturning circulation at
a time when warming and accelerated meltwater input in the North Atlantic is predicted to weaken it. Yet in comparison
with processes in the North Atlantic, the overall Agulhas system is largely overlooked as a potential climate trigger or
feedback mechanism. Detailed modelling experiments—backed by palaeoceanographic and sustained modern
observations—are required to establish firmly the role of the Agulhas system in a warming climate.

T he greater Agulhas system around southern Africa forms a key
component of the global ocean circulation1–3 (Fig. 1). This system
feeds the upper arm of the Atlantic meridional overturning cir-

culation (AMOC) through the leakage of warm, saline waters from the
Indian Ocean to the Atlantic1,4 (Fig. 2). From year to year, Agulhas
leakage is dominated by nonlinear, mesoscale dynamics: it is carried
by Agulhas rings (formed by an occlusion of the Agulhas Retroflection;
Fig. 2), eddies and filaments5–7. Over longer periods, theory suggests its
variability is associated with the large-scale wind field, in particular with
the position of the maximum Southern Hemisphere westerly winds2,8–10.
These winds are related to the latitude of the oceanic subtropical front
(STF), which separates the subtropical gyre from the Antarctic

Circumpolar Current. In essence, if the westerlies shift southwards, as
recent data suggest in a warming climate (Fig. 1), then the oceanic ‘gate-
way’ between the African continent and the STF expands and leakage
from the Indian Ocean to the Atlantic increases8,9 (Fig. 1 and Box 1).
Similarly, a northward shift, as inferred from palaeorecords during
glacial periods, would reduce the leakage11,12.

Model simulations suggest that variability in Agulhas leakage can
impact the strength of the Atlantic overturning on a number of time-
scales13–15. Most significantly, a persistent change in leakage could
impact the thermohaline properties of the Atlantic, changing its strati-
fication and its potential for deep convection, and thus altering the
AMOC to a new stable state over a period of several hundred years13,16,

*Lists of authors and affiliations appear at the end of the paper.

1Rosenstiel School of Marine and Atmospheric Science, University of Miami, 4600 Rickenbacker Causeway, Florida 33149, USA. 2Institute for Marine and Atmospheric Research, Utrecht University,
Princetonplein 5, 3584 CC Utrecht, The Netherlands. 3Leibniz-Institut für Meereswissenschaften (IFM-GEOMAR), Düsternbrooker Weg 20, 24105 Kiel, Germany. 4Institució Catalana de Recerca i Estudis
Avançats (ICREA), Institut de Ciència i Tecnologia Ambientals (ICTA), Departament de Fı́sica, Universitat Autònoma de Barcelona, Bellaterra E-08193, Spain.
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Figure 1 | Agulhas leakage affected by westerly winds and position of
subtropical front. Schematic of the greater Agulhas system embedded in the
Southern Hemisphere supergyre. Background colours show the mean
subtropical gyre circulation, depicted by climatological dynamic height
integrated between the surface and 2,000 dbar, from the CARS database38. Black
arrows and labels illustrate significant features of the flow. An outline of the
Southern Hemisphere supergyre is given by the grey dashed line. The plot on

the right shows the southward expansion of the Southern Hemisphere
westerlies over a 30-yr period, from the CORE2 wind stress92 averaged between
longitudes 20uE and 110uE (Indian Ocean sector). The expected
corresponding southward shift of the subtropical front (STF) is illustrated by
red dashed arrows and would affect Agulhas leakage (shown as eddies) and the
pathway between leakage and the AMOC, which is highlighted with a red box.
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•  It indicates that there might be a northward propagation of the MHT signals 
responding to the winds in the Southern Ocean within 1-1.5 years. 

•  Stronger and poleward westerly in the Southern Ocean -> southward 
subtropical front -> increased Agulhas leakage 

MHT leads AAO leads 

Lagged correlation between AAO and EOF PC1 of MHT in GOLD 

Possible explanation: AAO and MHT 



Possible explanation: Ekman heat transport 

•  Atlantic Ekman heat transport anomaly also shows coherence 
pattern. 

Atlantic Ekman heat transport 
Total

Anomaly

Intensification of poleward Ekman heat transport since 1998 in the tropicsFrom Liu and Xie’s preliminary results  



Possible explanation: teleconnection between Pacific and Atlantic 

•  Teleconnection between tropical Pacific and Atlantic might cause 
coherence response of MHT anomaly in tropical areas. 

From Wang et al (2009) 
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Figure 5: Correlation maps of (a) wind anomalies at 850-hPa, (b)
SST anomalies, and (c) sea level pressure anomalies with the inter-
basin SST anomaly gradient index. The red rectangular box in (a)
represents the region of equatorial South America (ESA). In (b) and
(c), positive (negative) correlation is in red (blue) color. The dark red
and dark blue represent correlation larger than 0.2 (95 % significant
level). All data are monthly and from 1950 to 2004.

and the equatorial Atlantic (Figs. 5a and 5c). In the Pa-
cific, the west-to-east (or eastward) SLP gradient is as-
sociated with strong equatorial westerly wind anomalies
(Figs. 5a and 5c), consistent with the wind distribution
of Pacific warming. The inter-basin SST gradient can in-
duce the overlying atmospheric wind anomalies across
ESA, which can help bridge the interaction of the two
ocean basins.

The cross-South America zonal wind anomalies can
in turn induce the changes in the equatorial eastern Pa-
cific and Atlantic Oceans. The oceanic responses of
sea surface height (SSH) and SST anomalies to the
ESA surface zonal wind anomalies are shown in Fig. 6.
SSH variation is a proxy for variability of the thermo-
cline, with a positive (negative) SSH anomaly imply-
ing a deepened (shallowed) thermocline. Figure 6a in-
dicates that equatorial easterly (westerly) wind anoma-
lies over ESA are associated with the deepened (shal-
lowed) thermocline in the equatorial eastern/central Pa-
cific and the shallowed (deepened) thermocline in the

Figure 6: Oceanic responses to the cross-South America zonal wind
anomalies. Shown are correlation maps of (a) sea surface height
(SSH) anomalies and (b) SST anomalies with the 850-hPa zonal
wind anomalies in the equatorial South America region of 5!S-5!N,
80!W-40!W (red rectangular box). Positive (negative) correlation is
in red (blue) color. The dark red and dark blue represent correlation
larger than 0.2 (95 % significant level). Monthly SSH is from 1993-
2004 and other data are from 1950 to 2004.

equatorial eastern/central Atlantic. The variations of the
thermocline are consistent with the fact that the ESA
easterly (westerly) wind anomalies correspond to warm
(cold) SST anomalies in the equatorial eastern Pacific
and cold (warm) SST anomalies in the equatorial At-
lantic (Fig. 6b).

Since the equatorial eastern Pacific Ocean and the
equatorial Atlantic Ocean are separated by the landmass
of northern South America, their interaction must be
through induced variability of the atmosphere. Figure
7 shows the correlation maps of the upper tropospheric
(200-hPa) velocity potential and divergent wind anoma-
lies and rainfall anomalies with the inter-basin SST gra-
dient index. These variations indicate that the zonal
Walker circulations driven by the zonal heating asym-
metry are responsible for the coherent picture of the
equatorial Pacific and Atlantic Oceans. Associated with
the inter-basin SST variability are two zonal anoma-
lous Walker circulation cells: The Pacific and Atlantic
Walker cells (Fig. 8). The air anomalously ascends in the
equatorial central/eastern Pacific and flows both west-
ward and eastward in the upper troposphere. The west-
ward flow of the upper troposphere is associated with
the Pacific Walker circulation that induces the Bjerknes
feedback for ENSO events. The eastward flow of the up-
per troposphere corresponds to the Atlantic Walker cir-
culation that is responsible for the inter-basin interac-
tion. Over the equatorial Atlantic and western Pacific,
the air anomalously converges and descends. At the
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Figure 7: Atmospheric responses to the inter-basin SST gradient
variability. Shown are correlation maps of (a) the 200-hPa velocity
potential and divergent wind anomalies and (b) rainfall anomalies
with the inter-Pacific-Atlantic SST anomaly gradient index. Positive
(negative) correlation is in red (blue) color. The dark red and dark
blue represent correlation larger than 0.2 (95 % significant level).
Monthly rainfall is from 1979-2004 and other data are from 1950 to
2004.

lower troposphere, the air then anomalously converges
toward the equatorial central/eastern Pacific and forms
the two Walker circulation cells (KLEIN et al., 1999;
WANG, 2002a, 2002b and 2005).

The observational results suggest a positive feedback
mechanism in the tropical Pacific and Atlantic in which
the cross-South America zonal wind variability is cou-
pled to the SST gradient between the equatorial east-
ern Pacific and Atlantic (Fig. 9). Suppose that there is
a positive SST anomaly in the equatorial eastern Pacific
or a negative SST anomaly in the equatorial Atlantic.
The initial zonal SST gradient between the two equato-
rial ocean basins induces an east-to-west pressure gra-
dient in the atmospheric boundary layer (LINDZEN and
NIGAM, 1987), which results in equatorial easterly wind
anomalies across northern South America. The cross-
South America easterly wind anomalies extend eastward
to the equatorial Atlantic and cool the equatorial At-
lantic Ocean through oceanic dynamics (e.g., ZEBIAK,
1993; CARTON and HUANG, 1994) and then further en-
hance the initial inter-basin SST gradient. In the Pacific
side, the cross-South America easterly wind anomalies
(extending to the west coast of northern South Amer-
ica as shown in Fig. 5a) may increase lower (upper)
tropospheric convergence (divergence) in the equatorial
eastern/central Pacific, and thus enhance the anomalous
Walker circulation in the Pacific. The strengthening of
the anomalous Pacific Walker circulation, added to that
of the Bjerknes positive feedback within the Pacific, is

Figure 8: Schematic diagram showing two anomalous Walker circu-
lations: The Pacific Walker cell and the Atlantic Walker cell.

Figure 9: Schematic diagram showing that a positive feedback loop
involving the interaction between the inter-basin SST gradient and
overlying atmospheric flow across northern South America.

associated with an increase of SST in the equatorial east-
ern/central Pacific. This also seems to enhance the initial
inter-basin SST gradient. It thus suggests the existence
of a feedback loop that involves the interaction between
the inter-basin SST gradient and overlying atmospheric
flow across northern South America.

We have to point out that this data-inferred possible
feedback needs to be confirmed by using coupled ocean-
atmosphere models. However, as suggested by one re-
viewer, here we examine how the atmosphere responds
to SST anomalies of one ocean basin. Figure 10 shows
the AGCM responses of rainfall, surface wind, surface
pressure and 200-hPa velocity potential to a cold SST
anomaly in the tropical Atlantic similar to the pattern
shown in Fig. 1. The model results are consistent with
the above observational data and the proposed hypothe-
sis. The cold SST anomalies in the equatorial Atlantic
produce negative (positive) rainfall anomalies in the
equatorial Atlantic (eastern Pacific) and easterly wind
anomalies across ESA (Fig. 10a). Both surface pressure
and 200-hPa velocity potential show positive values in
the tropical Atlantic and negative values in the tropical
eastern Pacific (Figs. 10b and c). All of these are consis-
tent with that an inter-basin SST gradient can produce
an overlying atmospheric flow which can bridge the two
ocean basins.
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Figure 7: Atmospheric responses to the inter-basin SST gradient
variability. Shown are correlation maps of (a) the 200-hPa velocity
potential and divergent wind anomalies and (b) rainfall anomalies
with the inter-Pacific-Atlantic SST anomaly gradient index. Positive
(negative) correlation is in red (blue) color. The dark red and dark
blue represent correlation larger than 0.2 (95 % significant level).
Monthly rainfall is from 1979-2004 and other data are from 1950 to
2004.

lower troposphere, the air then anomalously converges
toward the equatorial central/eastern Pacific and forms
the two Walker circulation cells (KLEIN et al., 1999;
WANG, 2002a, 2002b and 2005).

The observational results suggest a positive feedback
mechanism in the tropical Pacific and Atlantic in which
the cross-South America zonal wind variability is cou-
pled to the SST gradient between the equatorial east-
ern Pacific and Atlantic (Fig. 9). Suppose that there is
a positive SST anomaly in the equatorial eastern Pacific
or a negative SST anomaly in the equatorial Atlantic.
The initial zonal SST gradient between the two equato-
rial ocean basins induces an east-to-west pressure gra-
dient in the atmospheric boundary layer (LINDZEN and
NIGAM, 1987), which results in equatorial easterly wind
anomalies across northern South America. The cross-
South America easterly wind anomalies extend eastward
to the equatorial Atlantic and cool the equatorial At-
lantic Ocean through oceanic dynamics (e.g., ZEBIAK,
1993; CARTON and HUANG, 1994) and then further en-
hance the initial inter-basin SST gradient. In the Pacific
side, the cross-South America easterly wind anomalies
(extending to the west coast of northern South Amer-
ica as shown in Fig. 5a) may increase lower (upper)
tropospheric convergence (divergence) in the equatorial
eastern/central Pacific, and thus enhance the anomalous
Walker circulation in the Pacific. The strengthening of
the anomalous Pacific Walker circulation, added to that
of the Bjerknes positive feedback within the Pacific, is

Figure 8: Schematic diagram showing two anomalous Walker circu-
lations: The Pacific Walker cell and the Atlantic Walker cell.

Figure 9: Schematic diagram showing that a positive feedback loop
involving the interaction between the inter-basin SST gradient and
overlying atmospheric flow across northern South America.

associated with an increase of SST in the equatorial east-
ern/central Pacific. This also seems to enhance the initial
inter-basin SST gradient. It thus suggests the existence
of a feedback loop that involves the interaction between
the inter-basin SST gradient and overlying atmospheric
flow across northern South America.

We have to point out that this data-inferred possible
feedback needs to be confirmed by using coupled ocean-
atmosphere models. However, as suggested by one re-
viewer, here we examine how the atmosphere responds
to SST anomalies of one ocean basin. Figure 10 shows
the AGCM responses of rainfall, surface wind, surface
pressure and 200-hPa velocity potential to a cold SST
anomaly in the tropical Atlantic similar to the pattern
shown in Fig. 1. The model results are consistent with
the above observational data and the proposed hypothe-
sis. The cold SST anomalies in the equatorial Atlantic
produce negative (positive) rainfall anomalies in the
equatorial Atlantic (eastern Pacific) and easterly wind
anomalies across ESA (Fig. 10a). Both surface pressure
and 200-hPa velocity potential show positive values in
the tropical Atlantic and negative values in the tropical
eastern Pacific (Figs. 10b and c). All of these are consis-
tent with that an inter-basin SST gradient can produce
an overlying atmospheric flow which can bridge the two
ocean basins.
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Conclusions 
•  Strong interannual variability of MHT anomaly are from 30°S to 40°N, 

decadal signals are in the North Atlantic North of 40°N.  
•  The interannual to decadal MHT anomaly has a dominant coherence 

mode from the southern subtropics to 30- 40°N, with its maximum and 
dominance in the tropics, consistent in all of the models.  

•  EOF mode 2 has opposite sign in the northern and southern subtropical 
areas, dominating in the south Atlantic, except for GFDL-ESM2M 

•  EOF mode 3 has opposite sign between tropics and subtropics, but GFDL-
ESM2M in southern hemisphere is different; its dominance is in the 
northern subtropical gyre. 

•  Southward signal propagation from subpolar region, northward 
propapgation of Agulhas leakage eddies, Ekman heat transport and 
teleconnection between Pacific and Atlantic are the possible explanations 
for the coherence mode of the MHT anomaly. 
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Future work 

•  Is the MHT anomaly in the south Atlantic associated with Agulhas 
leakage or transport through the Drake Passage? 

•  How do the teleconnection between Pacific and Atlantic contribute to 
the coherence mode of the MHT anomaly in the Atlantic Ocean? 

•  What are the mechanisms that winds can influence the MHT on 
interannual and decadal time scales, Ekman transport or Sverdrup 
transport? 

•  What is the structure of the meridional velocity and temperature 
associated with the MHT in the models?  


