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Abstract This study explores potential factors that may influence decadal variability of the South Atlantic
meridional overturning circulation (SAMOC) by using observational data as well as surface-forced ocean
model runs and a fully coupled climate model run. Here we show that SAMOC is strongly correlated with the
leading mode of sea surface height (SSH) variability in the South Atlantic Ocean, which displays a meridional
dipole between north and south of 20°S. A significant portion (~45%) of the South Atlantic SSH dipole
variability is remotely modulated by the Interdecadal Pacific Oscillation (IPO). Further analysis shows that
anomalous tropical Pacific convection associated with the IPO forces robust stationary Rossby wave patterns,
modulating the wind stress curl over the South Atlantic Ocean. A positive (negative) phase IPO increases
(decreases) the westerlies over the South Atlantic, which increases (decreases) the strength of the subtropical
gyre in the South Atlantic and thus the SAMOC.

1. Introduction

The South Atlantic Ocean plays a key role in the global distribution of energy and is characterized by complex
and unique ocean dynamic processes. For example, the Brazil-Malvinas Confluence [Garzoli and Garraffo,
1989; Goni et al., 2011] and the Agulhas leakage [Gordon, 1985; Sloyan and Rintoul, 2001] play critical roles
in the exchange of water masses. These potentially modify the long-term response of the South Atlantic
meridional overturning circulation (SAMOC) that could impact global atmospheric circulation, precipitation,
and climate [Sloyan and Rintoul, 2001; Reason, 2001; Suzuki et al., 2004; Haarsma et al., 2005; De Almeida et al.,
2007; Garzoli and Matano, 2011; Lopez et al., 2016].

For example, Lopez et al. [2016] showed that multidecadal variability of South Atlantic Ocean heat transport
associated with the SAMOC plays a key role in modulating global atmospheric circulation via its influence on
interhemispheric redistributions of atmospheric momentum, heat, and moisture. They found that decadal
variations of South Atlantic heat transport could produce heat convergence/divergence in the tropical
South Atlantic Ocean and thus modulate the strength of global monsoons with a time lag of about 20 years,
suggesting that the SAMOC is a potential predictor of global monsoon variability.

Several studies have attempted to understand the possible mechanisms governing the strength of the
SAMOC [Delworth and Zeng, 2008;Wolfe and Cessi, 2010]. Biastoch et al. [2009] and Lee et al. [2011] suggested
a potential source of the anomalous SAMOC and meridional heat transport originating from the interocean
transport from the Indian Ocean. Yeager and Danabasoglu [2014] found that most of the SAMOC variability is
accounted for by changes in the Southern Hemispheric (SH) westerlies. However, other studies showed that
the influence of SH wind stress onto the SAMOC depends on model representation of mesoscale eddies
[Farneti and Delworth, 2010]. For instance, using an eddy-permitting model, Gent and Danabasoglu [2011]
showed that the increase in the mean overturning circulation due to the acceleration of the SH westerlies
is partially compensated by enhanced eddy transport. As such, there is currently little consensus about the
underlying mechanism that governs SAMOC variability and how it might feedback into climate, mostly
due to limited direct observations in the South Atlantic Ocean. Therefore, most of our current understanding
of the SAMOC and its governingmechanism depend on the use of numerical models [e.g., Stouffer et al., 2006;
Smith and Gregory, 2009].

Here we investigate how decadal variability of the SAMOC is forced. Given that El Niño–Southern Oscillation
and associated atmospheric teleconnections explain a significant portion of wind-driven ocean circulation
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variability in the South Atlantic [e.g., Rodrigues et al., 2015], we hypothesize that atmospheric teleconnections
associated with diabatic heating from the Interdecadal Pacific Oscillation (IPO) could influence the South
Atlantic wind stress field, thus modulate SAMOC. Our analysis will be based on existing observational
products, surface-forced ocean model, and a fully coupled model run. The remaining of this paper is orga-
nized as follow: data sets and methodology are explained in section 2. Section 3 discusses the leading mode
of sea surface height (SSH) variability in the South Atlantic and its relationship with SAMOC. Section 4
describes the Pacific-to-South Atlantic atmospheric teleconnections that could influence SAMOC variability.
Summary and discussion are provided in section 5.

2. Data and Methodology

To assess SAMOC variability, we analyze observations, atmospheric reanalysis products, and model simula-
tions. Observations used in this study include SSH from satellite altimetry for the period of 1993–2011 from
the Archiving, Validation, and Interpretation of Satellite Oceanography [Ducet et al., 2000], sea surface
temperature (SST) from the Extended Reconstructed Sea Surface Temperature version 3b for the period of
1900–2015, and atmospheric variables obtained from the NOAA-Cooperative Institute for Research in
Environmental Sciences (CIRES) Twentieth Century Reanalysis [Compo et al., 2011] for the period of
1950–2012 and the ERA-20 Century Reanalysis [Poli et al., 2016] for the period of 1900–2010. An estimate
of the SAMOC at 30°S is derived from Dong et al. [2015] (supporting information).

Observational records in the South Atlantic are short and sparse. Therefore, we use a combination of surface-
forced and fully coupled models to investigate mechanisms of SAMOC variability. The surface-forced ocean
model run is taken from the ocean-sea ice Parallel Ocean Program (POP2) model integrated using the NOAA-
CIRES Twentieth Century Reanalysis [Lee et al., 2015]. We also forced the POP2 model with the ERA-Interim
reanalysis from the European Centre for Medium-Range Weather Forecasts [Dee et al., 2011] as well as with
the Modern-Era Retrospective Analysis for Research and Applications (MERRA) from NASA to validate our
results. The NOAA-CIRES reanalysis forcing is from 1950 to 2012, whereas the ERA-Interim and MERRA forcing
cover the period of 1979–2013. The coupled general circulation model used in this work is a 1000 year
preindustrial simulation of the Community Earth System Model (CESM1) Large Ensemble Simulation [Kay
et al., 2014]. The atmospheric component has 30 vertical levels with horizontal resolution of 1.25° in the zonal
and 0.94° in the meridional direction. The ocean component has horizontal resolution of about 1°, with 60
vertical levels. The ocean and sea ice models are identical for the surface-forced and fully coupled runs.

3. Relationship Between SAMOC and Sea Surface Height

Principal component (PC) analysis was performed on the annual mean SSH from altimetry data and the
surface-forced ocean model (POP2) over a rectangular box of the South Atlantic (60°W–20°E and 40°
S–equator). The leading PC and associated spatial pattern are shown in Figure 1. Note that the SSH PC time
series shows substantial low-frequency variability and is highly correlated with the SAMOC at 30°S, with
correlation values of 0.85 and 0.71 for the observation and surface-forced ocean model, respectively. Both
correlation values are significant at a 95% confidence level.

The spatial pattern associated with the leading PC, which is consistent between the observation and the
surface-forced ocean model run, shows a meridional structure illustrating intensification/weakening of the
South Atlantic subtropical gyre. This dominant mode of SSH variability is similar to the dominant mode of
SST variability over the South Atlantic, which also shows a dipole-like pattern with centers of action over
the tropical and subtropical South Atlantic [e.g., Venegas et al., 1997; Sterl and Hazeleger, 2003; De Almeida
et al., 2007]. Several studies have investigated the physical mechanisms that drive the SST dipole structure
in the South Atlantic [Sterl and Hazeleger, 2003; Fauchereau et al., 2003; Morioka et al., 2011]. These studies
have concluded that the South Atlantic SST dipole could be driven by strengthening/weakening of the wes-
terlies and southeasterlies, which in turn modulate the upper ocean mixing and surface turbulent heat fluxes.

To further explore the leading South Atlantic SSH mode of variability, we recalculate the SSH PC by using
anomalies relative to themonthly mean data. The spatial pattern of monthly SSH PC is almost identical to that
obtained from the annual mean field (Figure S1 in the supporting information). The surface-forced runs well
reproduced the observed spatial and temporal evolution of the altimetry-derived SSH variability, indepen-
dent of the atmospheric forcing used (Figure S1).
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Figure 2 shows the regression of monthly SSH PC onto global SST anomaly for the observation, surface-
forced ocean model run, and fully coupled model run. The global SST anomalies describe a meridional pat-
tern in the South Atlantic from 60°S to the equator, similar to the spatial pattern of the leading SSH PC.
There is large SST signal in the Pacific Ocean with positive anomalies over the central tropical Pacific near
the North American coast and over the Southern Ocean south of 40°S between 180 and 60°W and
negative anomalies over the western Pacific Ocean. This regressed global SST pattern is consistent
between observation and models. The structure in the Pacific closely resembles that of the IPO [Power
et al., 1999; Folland et al., 1999]. The remote influence of SST variability in the Pacific Ocean onto South
Atlantic has been widely studied. For instance, Rodrigues et al. [2015] showed that the South Atlantic
subtropical SST dipole (SASD) is sensitive to the location of SST anomalies in the tropical Pacific. Thus, a
better understanding of how the SASD responds to IPO will contribute to more accurate climate predic-
tions. Motivated by the relationship between the tropical Pacific SST anomalies and SASD, the remote
relationship between the IPO and the leading SSH pattern in the South Atlantic is investigated in the
next section.

4. IPO as Forcing of the South Atlantic MOC (SAMOC)

The IPO is a multidecadal SST mode of variability similar to El Niño–Southern Oscillation. It shows a symmetric
structure about the equator. Otherwise, it is very similar to the Pacific Decadal Oscillation [Mantua et al., 1997].
The IPO is known to modulate the strength of the South Pacific convergence zone [Folland et al., 2002]. The
reason we choose to assess the influence of the IPO onto the South Atlantic rather than the more traditional
PDO is because the pattern in Figure 2 clearly resembles the IPO pattern. Also, the IPO is manifested through-
out the Pacific Ocean and exhibits large interannual and decadal variabilities with considerable influence on
tropical Pacific SST [Folland et al., 2002].

In order to verify the relationship between the South Atlantic SSH PC and the SAMOC with the IPO, we
calculate an IPO index based on the difference between the SST anomaly averaged over the central equa-
torial Pacific (10°S–10°N, 170°E–90°W) and the average of the SST anomaly in the northwest (25°N–45°N,

Figure 1. (a) Leading principal component PC of sea surface height (SSH) anomaly from the AVISO altimetry data set
(green) and from the POP2 model (blue). Also shown is the SAMOC interannual anomaly estimate at 30°S from altimeter
(black) and from the forced POP2 ocean model (red). The correlation between the SAMOC and the SSH PC is 0.85 for
observations and 0.71 for the POP2 model. All time series were normalized to have unit variance. The spatial pattern of SSH
associated with the leading PC (b) from observations and (c) from the POP2 model.
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140°E–145°W) and southwest Pacific
(50°S–15°S, 150°E–160°W) following
Henley et al. [2015]. Figures 3a and 3b
display the 11 year running mean IPO
(black) and the leading South Atlantic
SSH PC (green) derived from the forced
ocean model and the CESM1, respec-
tively. The IPO and the South Atlantic
SSH PC are significantly correlated in
both the forced ocean model (correla-
tion of 0.43, significant at 90% percen-
tile) and CESM1 model (correlation of
0.67, significant at 95% percentile).
The leading SSH PC shows multideca-
dal variability with a statistical signifi-
cant 10–15 year period (Figure S2),
which is further supported by the simi-
lar spatial patterns of SST associated
with the IPO (Figures 3d and 3e) and
those obtained by regression of the
South Atlantic SSH PC (Figure 2). The
SST anomalies over the South Atlantic
show a meridional dipole with warm
(cold) anomalies north (south) of 40°S.

The global SST anomalies associated
with the IPO and those associated with
the South Atlantic SSH PC (Figure 2)
are consistent in both the observations
and the CESM1 model run, suggesting
that the multicentury CESM1 run is a
valid tool to assess the possible
mechanism by which the IPO remotely
forces the South Atlantic SSH and thus
the SAMOC variability. The regression
of monthly IPO index with 200mb geo-
potential height (Z200) and rotational
wind anomalies is shown in Figures 4a
and 4b for CESM1 and ERA-20 Century
Reanalysis, respectively. The Z200 asso-
ciated with IPO clearly shows a station-
ary Rossby wave with positive height
anomalies over the central tropical
Pacific and cyclonic (anticyclonic) circu-
lation south (north) of the equator, pro-
ducing easterly flow at 200mb along
45°S. This stationary wave pattern

shows a negative (positive) Z200 anomaly south (north) of 40°S over the South Atlantic, which leads to
westerly anomaly centered at about 40°S and easterly anomaly at 60°S as well as over the southern tip
of Africa.

Upper level divergence forced by tropical heating associated with the IPO may initiate Rossby wave source,
which may further force stationary Rossby waves to propagate to the midlatitudes. This relationship between
upper level divergence and the remote circulation response is diagnosed by a Rossby wave source (equation
(1)) defined by Sardeshmukh and Hoskins [1988].

Figure 2. Regression of sea surface temperature (SST) onto the first prin-
cipal component (PC) of sea surface height over the South Atlantic for
(top) observed, (middle) ocean forcedmodel, and (bottom) CESM1model.
The stipples indicate the statistical significance to a 95% confidence level
from a Student’s t test.
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RWS ¼ �V→χ �∇ ζþfð Þ � ζ þ fð Þ∇�V→χ (1)

Here ζ represents the relative vorticity and f is the Coriolis parameter. V
→

χ is the divergent wind component at

200mb and is obtained by solving the Poisson equation with 200mb divergence as forcing following Yu and
Zwiers [2007]. The Rossby wave source includes contribution from advection of absolute vorticity by the
divergent wind and vortex stretching by the divergent wind.

We also investigated the stationary Rossby wave flux over the Southern Hemisphere (equation (2)) in order to
assess stationary wave energy and teleconnection patterns associated with remote forcing (e.g., IPO forcing).
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This is a generalized version of the widely used Eliassen-Palm flux [Andrews and McIntyre, 1976] and can diag-
nose the propagation of stationary wave energy on a zonally asymmetric flow field. As in Plumb [1985], the
horizontal component of the Rossby wave flux was computed in spherical coordinates. Here P is the pressure
in hectopascal, a is the radius of the Earth in meters,∅ represents the latitude, λ is the longitude, and ψ is the
geostrophic stream function. The stream function is obtained by solving the Poisson equation with 200mb
relative vorticity as forcing.

Figure 3. (a) Time series of Interdecadal Pacific Oscillation (IPO; black) and South Atlantic sea surface height PC (green) for
the forced ocean model experiment. (b and c) The same as in Figure 3a but for the coupled CESM1 model run. The
correlation between IPO and SSH PC is 0.43 (0.67) for the forced (coupled) model, respectively. The correlation for the
coupled model is significant at a 95% confidence level, whereas that of the forced model is not significant due to reduced
effective degrees of freedom. (d) Regression of observed IPO index onto observed SST. The stipples indicate the statistical
significance to a 95% confidence level based on a Student’s t test. (e) The same as in Figure 3d but for the CESM1 model.
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The 200mb Rossby wave source (color) and stationary wave flux (vectors) are shown in Figures 4c and 4d for
CESM1 and ERA-20 Century Reanalysis, respectively. Note that the major Rossby wave source regions asso-
ciated with the IPO are in the western tropical Pacific and in the southeast subtropical Pacific near the
South American coast. The former is dominated by meridional advection of absolute vorticity due to diabatic
heating in the tropical Pacific (not shown). The latter is mostly due to vortex stretching by strong upper level
divergence (not shown). Consistent with the Rossby wave flux, the stationary Z200 pattern originates from the
Pacific Ocean as shown in Figures 4a and 4b. The Rossby wave response to IPO forcing has a considerablemer-
idional component, which makes possible the incursion of Rossby wave activity toward the South Atlantic.
This wave energy travels around the southern tip of South America converging in the South Atlantic Ocean.
In general, the circulation patterns associatedwith IPO and its projection onto the South Atlantic Ocean sector
are highly consistent between CESM1 and the ERA-20 Century Reanalysis, supporting our results.

The strongest Rossby wave flux signal associated with the IPO (Figures 4c and 4d) occurs over the anticyclonic
circulation at around 120°W and 60°S. This anticyclone serves as a “blocking” pattern, which characterizes
large-scale flow feature consisting of a dominant anticyclone poleward of a cyclone. In a similar way, the
anomalous anticyclonic circulation could precondition the atmosphere to a state such that more blocking
events occur in the eastern Pacific and Atlantic sector. Atmospheric blocking events lead to significant
meridional shifts of the jet stream and storm track [Scherrer et al., 2006]. This could potentially influence
atmospheric forcing of the South Atlantic Ocean. To further assess the influence of the IPO onto atmospheric
teleconnection pattern in the Pacific-South Atlantic sector, we look at atmospheric blocking frequency
conditioned by the IPO state (Figure S3). A SH blocking index for each longitude is defined as in Tibaldi et al.
[1994]. Here 3 day running average of 500mb geopotential height is used to define blocking frequency. Then,
a composite of blocking frequency is built based on the state of the IPO. Blocking events are significantly
more common over the South Pacific and South Atlantic during the positive IPO phase (Figure S3). This is
consistent with the stationary wave pattern shown in Figures 4a and 4b. The blocking events during a
positive IPO occur around 55°S, causing a significant equatorial shift of the jet stream with anomalous
positive zonal wind maxima around 40°S and negative anomalies around 60°S. This equatorward shift of
the westerlies over the South Atlantic during positive IPO is depicted in Figure S4.

Figure 4. Regression of Interdecadal Pacific Oscillation (IPO) index with 200mb geopotential height anomaly (color) and
200mb rotational wind component (vector) for (a) CESM1 and (b) ERA-20 Century Reanalysis. The Rossby wave source
(color with contour interval of 4.0 × 10�12 s�2) and Rossby wave activity flux (vector) for (c) CESM1 and (d) ERA-20 Century
Reanalysis. The positive (negative) Rossby wave source indicates the cyclonic (anticyclonic) source.
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We also tested the influence of other known teleconnection patterns that may influence South Atlantic SSH
variability, namely, the Pacific South American (PSA1 and PSA2) patterns. These PSA modes are teleconnec-
tion patterns that exhibit significant variability ranging from subseasonal to decadal time scales [Lau et al.,
1994; Sinclair et al., 1997; Mo and Peagle, 2001]. The PSA1 and PSA2 patterns are defined as the second
and third empirical orthogonal function (EOF) modes of sea level pressure variability in the Southern
Hemisphere. The first EOF mode is known as the Southern Annular Mode (SAM) [Thompson and Wallace,
2000]. The relationship between SAM and the South Atlantic SSH dipole is not explored here as they were
shown to be independent [Wang, 2010].

Similarly to the IPO, the PSA1 and PSA2 patterns have strong seasonality in their variance (Figure S5), but their
variances peak during austral winter as oppose to the IPO, which has the largest variance in austral summer.
The difference in the seasonality of IPO and PSA1/PSA2 has great implication in their relative influence on the
South Atlantic Ocean variability. The Rossby wave energy flux associated with the PSA patterns are more zon-
ally oriented and confined to higher latitudes than those associated with the IPO (Figure S6). Indeed, the
regression of wave energy flux with the South Atlantic SSH PC is very similar to that with the IPO but distinct
from those with the PSA patterns.

The northward propagation of wave energy flux from the Drake Passage toward the South Atlantic associated
with the IPO (Figures 4c and 4d) is possible due to a weaker subtropical jet during austral summer east of 150°
E. In contrast, during austral winter when the PSA patterns are more active (Figure S5), the stronger subtro-
pical jet acts as a waveguide, consequently inducing a zonally oriented (i.e., less South Atlantic incursion)
wave flux. This result is consistent with Berbery et al. [1992]. They found that strong zonal flow (Figure S7) dur-
ing austral winter produces negative meridional gradient of absolute vorticity, favoring a more robust zonal
Rossby wave propagation.

Figure 5. (a) Regression of SSH PC1 with surface wind stress (vector) and wind stress curl times Coriolis parameter (color)
from altimetry data. (b) Same as in Figure 5a but for 20 Century Reanalysis. (c) Schematic diagram of the influence of the IPO
on South Atlantic SSH and SAMOC variabilities. Heating anomaly in the atmosphere associated with the positive IPO
generates Rossby wave source region extending from the tropical western Pacific toward South America (pink hatching).
This generates a stationary wave pattern extending from the source region poleward around the southern tip of South
America (labeled H and L for anticyclone and cyclone, respectively). This circulation produces anomalous westerlies in the
South Atlantic between 30°S and 40°S, enhancing the northward Ekman transport, which in turn enhances the subtropical
gyre circulation and northward SAMOC (dark green arrow).
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5. Summary and Discussion

Using observations, atmospheric reanalysis products, and surface-forced and coupled models, we found that
low-frequency variability of the SAMOC is tightly associated with the leading EOF of SSH in the South Atlantic
Ocean. This EOF mode was described as a dipole in SSH with alternating sign north/south of 20°S and is
strongly modulated by multidecadal variability in the Pacific Ocean, namely, the IPO.

The positive phase of the IPO is characterized by SST pattern that forces cyclonic and anticyclonic atmo-
spheric Rossby waves extending from the tropical Pacific toward the South Atlantic. These Rossby waves
have source regions that extend from the central Pacific southeastward toward the South American coast.
This causes enhanced atmospheric blocking frequency west and east of the Drake Passage, consequently
shifting the westerlies equatorward toward the South Atlantic. This in turn produces a northward Ekman
transport, modulating the strength of the subtropical gyre in the South Atlantic (Figure 5c). This mechanism
is verified by analyzing altimetry data as well as an ocean general circulation model forced with different
atmospheric reanalysis data and a fully coupled model. The SSH dipole is associated with positive (negative)
wind stress curl north (south) of 40°S due to northward shift of the westerlies over the Atlantic (Figures 5a
and 5b).

This mechanism suggests that central Pacific SST anomalies associated with the IPO generate atmospheric
Rossby waves to the Southern Hemisphere. Rossby wave generation associated with the IPO is not just
confined to the tropical central Pacific; significant wave source is also present over the South Pacific conver-
gence zone. The meridional propagation of wave energy flux into the South Atlantic is possible due to
reduced subtropical jet in austral summer, consistent with the findings of Rodrigues et al. [2015], which
argued that the South Atlantic Ocean is more readily influenced by remote forcing from the Pacific Ocean
in the austral summer months.

Finally, this study brings some insight on the possibility of remote influence of Pacific multidecadal variability
onto South Atlantic Ocean variability. Also, the results suggest that observed SSH could serve as proxy for
SAMOC variability. These findings are important, given that factors influencing SAMOC variability are still
not well understood. Future study will investigate the dependence of these results in an ocean eddy-
resolving model run. We will also assess the influence of the South Atlantic SSH dipole and SAMOC on
weather and climate over South America.
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