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Abstract The meridional overturning circulation (MOC) transports heat and mass between

the tropics and the extratropics. Recent research has shown that the variability of the Indo-Pacific

MOC dominates the variability of the global MOC on interannual timescales, and this variability is
characterized by a prominent cross-equatorial cell (CEC) spanning the tropics. This CEC is a potentially
important influence on interannual climate variability, but the mechanism responsible for the CEC is not
understood. This study seeks to elucidate the mechanism of the CEC using two observational estimates
of the ocean. Our analysis shows that the CEC can be explained by the following mechanistic chain: (a)
Anomalies in the atmospheric circulation and hydrological cycle produce equatorially antisymmetric
density anomalies in the upper Pacific Ocean (above approximately 500 m); (b) these density anomalies
generate equatorially antisymmetric anomalies of sea surface height (SSH); (c) these SSH anomalies
generate a cross-equatorial flow above approximately 1,000 m; and (d) this anomalous cross-equatorial
flow drives compensating flow below approximately 1,000 m. This mechanism contrasts with that
responsible for anomalous cross-equatorial overturning on seasonal timescales, which is primarily the
Ekman response to equatorially antisymmetric anomalies of zonal wind stress. On interannual timescales,
the zonal wind stress anomalies associated with the CEC are equatorially symmetric, and steric SSH
variations are the dominant driver of the CEC. These insights may lead to improved understanding and
prediction of interannual climate variability.

Plain Language Summary Earth exhibits strong year-to-year variations in climate that
have important consequences for economies and livelihoods. Understanding these year-to-year, or
“interannual,” variations requires understanding variations in the transport of energy by the atmosphere
and the ocean. This study focuses on the ocean portion of this transport. Recent research has shown that
interannual variations in global ocean transport primarily arise from transport variations in the Indian
and Pacific Oceans. Furthermore, this Indo-Pacific variability is characterized by a prominent cross-
equatorial cell (CEC) spanning the full depth of the Indian and Pacific Oceans from approximately 18°S to
20°N latitude. We perform an analysis of two ocean models blended with observational data (a standard
approach when observational data are sparse) in order to clarify the mechanism responsible for the CEC.
Our analysis reveals that the CEC arises because processes in the atmosphere produce changes in upper-
ocean density near the equator, which in turn changes the ocean pressure gradient, which in turn drives
flow across the equator in the upper ocean and compensating flow in the opposite direction in the deep
ocean. Such physical insights may lead to improved understanding and prediction of interannual climate
variations.

1. Introduction

The meridional overturning circulation (MOC) plays a significant role in redistributing energy on Earth.
This large-scale circulation system transports both heat and mass, and also acts as a source and sink for
atmospheric constituents (Talley, 2003). Compared to the atmospheric heat transport, the oceanic merid-
ional heat transport (MHT) dominates in the tropics between 5°S and 15°N (Hartmann, 2016; Held, 2001;
Trenberth & Caron, 2001).

The Atlantic MOC (AMOC) has been observed and studied extensively due to its prominent role in the glob-
al MOC both in the time average and on multidecadal timescales (e.g., Cunningham et al., 2007; Kuhlbrodt
et al., 2007; Marshall & Speer, 2012; Tandon & Kushner, 2015). Much of the past discussion about the global
MOC has focused on the physical mechanisms driving the AMOC (e.g., T. Delworth et al., 1993; Jackson
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Figure 1. (a) The standard deviation of the annual mean meridional overturning circulation (MOC) stream function
for the Indo-Pacific basin calculated from the Estimating the Circulation and Climate of the Ocean (ECCO) state
estimate (see Section 2 for details.). The region occupied by the cross-equatorial cell is marked by a dashed box. The
shading interval is 0.25 Sv. (b) The ECCO-derived first empirical orthogonal function (EOF) of annual mean Indo-
Pacific MOC (PMOC) over the domain 18°S-20°N below 500 m in the Indo-Pacific Ocean. Depths above 500 m have
been excluded to focus on variations in deep overturning rather than shallow overturning. The percentage of variance
explained by the first EOF is 51%, and the shading interval is 0.25 Sv. (c) The first principal component time series
corresponding to the first EOF. We call this first principal component the “PMOC index.”.

et al., 2019; Kuhlbrodt et al., 2007). Recent evidence shows that both natural and anthropogenic factors
are expected to trigger a slowdown of deep water formation and hence the AMOC (Bryden et al., 2005;
IPCC, 2013), with potentially important implications for surface temperature and climate (e.g., Chemke
et al., 2020; Hu & Fedorov, 2020).

Compared to the AMOC, the Indo-Pacific MOC (PMOC) has received much less attention. Tandon
et al. (2020) have recently shown that interannual PMOC variations span the full depth of the ocean and are
especially strong (approximately 3 Sv amplitude; 1Sv = 10° m® s7') in the tropics (Figure 1a). Furthermore,
Tandon et al. (2020) showed that PMOC variations are the dominant driver of interannual oceanic MHT
variations, and these variations may interact with the El Nifio-Southern Oscillation (ENSO). Therefore, the
interannual variability of PMOC is worth investigating because of its potentially important role in climate
variability. In this study, we examine the physical mechanism that drives the dominant mode of PMOC
variability.

As was shown by Tandon et al. (2020), empirical orthogonal function (EOF) analysis reveals that the most
prominent feature of this interannual variability in the deep Indo-Pacific (below ~500 m) is a cross-equato-
rial cell (CEC) extending from approximately 18°S to 20°N, accounting for more than half of the PMOC var-
iability (Figure 1b). We refer to the associated first principal component (Figure 1c) as the “PMOC index.”
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Figure 2. Estimating the Circulation and Climate of the Ocean-derived annual mean Indo-Pacific MOC (PMOC)
anomalies averaged over years of (a) PMOC index greater than 0.5 and (b) PMOC index less than — 0.5. The shading
interval is 0.25 Sv.

The positive phase of the CEC is shown in Figure 2a, obtained by averaging PMOC anomalies over years
during which the PMOC index is greater than 0.5 (1992, 1994, 1995, 1997, 2002, 2003, 2007, 2009, and 2010).
When viewed from the east (which we assume hereafter), the positive phase of the CEC indicates anoma-
lous clockwise flow, with anomalous northward flow above approximately 1,000 m and anomalous south-
ward flow below that level. The negative phase of the CEC (Figure 2b, showing PMOC anomalies averaged
over years with PMOC index less than — 0.5, that is, 1996, 1999, 2000, 2004, 2006, 2008, and 2011) indicates
anomalous counterclockwise flow, with southward flow above ~1,000 m and anomalous northward flow
below that level. The positive and negative phases of CEC have a similar structure with the opposite sign,
although the negative phase appears to have stronger amplitude with slightly narrower meridional extent
compared to the positive phase.

There is also a prominent CEC in the Indo-Pacific on seasonal timescales (Jayne & Marotzke, 2001), driven
by equatorially antisymmetric anomalies of zonal wind stress (ZWS). However, such a mechanism does not
explain the CEC on interannual timescales, despite the fact that the CEC is ultimately wind-driven (Tandon
et al., 2020). Rather, we will show that the CEC is generated by equatorially antisymmetric anomalies of sea
surface height (SSH) that result from atmospherically driven density anomalies. (Hereafter, unless other-
wise specified, we use “CEC” to refer to the CEC on interannual timescales.)

Section 2 provides additional details on our data and methodology. Section 3 details the roles of wind stress-
es and SSH variations in driving the anomalous flow above ~1,000 m. The key role of temperature in gen-
erating the SSH anomalies is explored. In Section 4, we discuss how atmospheric and oceanic transports
generate tropical oceanic heat content anomalies associated with SSH variations. Section 5 provides a sum-
mary and concluding remarks.
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2. Data and Methods

This study primarily uses the Estimating the Circulation and Climate of the Ocean (ECCO) state estimate
version 4, release 2 (Forget et al., 2015, 2016). These data extend from 1992 to 2011 and are interpolated to
a0.5° x 0.5° horizontal grid with 50 vertical levels. ECCO is generated by an ocean model forced by atmos-
pheric fields, which are derived from ERA-Interim reanalysis (Dee et al., 2011). ECCO is also constrained
to sea surface temperature (SST) observations from the National Oceanic and Atmospheric Administration
(NOAA) (Reynolds et al., 2002), satellite altimetry (Scharroo et al., 2004), the global network of Argo floats
(Argo, 2020), and other in-situ and satellite measurements. ECCO outputs all of the necessary fields re-
quired to represent the time evolution of the ocean, and it has been previously used for studies of the MOC
in the Atlantic and Pacific (e.g., Jackson et al., 2019; Tandon et al., 2020).

In addition to using ECCO, we have also reproduced our key findings (with some notable contrasts) using
the Simple Ocean Data Assimilation version 3.12.2 (SODA3) (Carton et al., 2019). (See the Supporting In-
formation S1) SODA3 covers the period from 1980 to 2017, and the ocean model is built on the Geophysical
Fluid Dynamics Laboratory Modular Ocean Model version 5 with eddy-permitting 0.25° x 0.25° horizon-
tal resolution and 50 levels (Carton et al., 2018; T. L. Delworth et al., 2012). This particular version of
SODA3 is forced by atmospheric fields derived from Japanese 55-year Reanalysis for driving ocean-sea ice
models (JRA-55 DO; Tsujino et al., 2018), which is a version of JRA-55 with atmospheric flux corrections.
SODA3 assimilates the 2009 World Ocean Database (WODO09) of historical hydrographic profiles (Boyer
et al., 2016), in-situ measurements from the International Comprehensive Ocean-Atmosphere Data Set
(ICOADS; Woodruff et al., 2011), and SST from NOAA (Reynolds et al., 2007). In contrast with ECCO,
SODA3 does not assimilate any velocity information.

In this study, we show computations using the full time range of the SODA3 data set (1980-2017). Howev-
er, we reach the same conclusions when we confine SODA3 to the same period as ECCO (1992-2011, not
shown). As did ECCO, SODA3 produces a CEC that accounts for more than half of the variability in the
Indo-Pacific Ocean (Figure S1).

Much of our analysis focuses on the MOC mass stream function, ¥, that can be expressed in volume units as
1 H ' ' '
Y(y.z.1) = fp—jflz [ PGy, 2, v(x, y, 2, 1) dode, 1)
0

where p is the density of water, p, is a constant reference density of water (p, = 1029 kg m™), v is the me-
ridional velocity in the ocean, x is longitude, y is latitude, z is depth (with corresponding dummy variable z’
within the integral), and 7 is time. We take z to be zero at a reference height for the ocean surface and positive
downward. The limits x,(y) and x,(y) represent the western and eastern boundaries of the relevant basin
at a given latitude, respectively, and H(x,y) is the depth of the ocean bottom at point (x, y). Positive values
of W indicate clockwise motion and negative values indicate counterclockwise motion in the depth-latitude
plane.

The ocean models in both ECCO and SODA3 apply the Boussinesq approximation. Under this approxi-
mation, the contribution of density variations to the mass continuity equation becomes negligible, and
Equation 1 reduces to

Y(y,2,1) = —j':? IH v(x,y, 7, t)dxd?'. (2)

In our calculations, v is obtained from ECCO variable ’NVELMASS” and SODA3 variable ”v,” each of which
is the resolved northward ocean velocity. As found in Tandon et al. (2020), our results are not sensitive to
the inclusion or exclusion of parameterized bolus velocity associated with turbulent transport (Dukowicz
& Greatbatch, 1999).

Climate models typically combine the Indian and Pacific Oceans together when computing the MOC
stream function (Tandon et al., 2020). Therefore, in order to facilitate a comparison with other studies using
climate models and observations, we compute ¥ over the Indo-Pacific. To assess the effect of this choice,
Figure 3 shows the ISTD and first EOF of the MOC stream function in the Pacific Ocean, without including
the Indian Ocean. Excluding the Indian Ocean results in MOC variability that is approximately 0.5 Sv lower
in the Southern Hemisphere (SH, Figure 3a). Figure 3b shows a clear CEC, although the variability is less
symmetric about the equator, with notably weaker SH variability compared to the Indo-Pacific CEC. Thus,
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Figure 3. As in Figures 1a and 1b but for the Pacific Ocean, not including the Indian Ocean.

the CEC that is our focus is clearly present whether the Pacific Ocean is examined by itself or in combina-
tion with the Indian Ocean.

3. What Drives the Upper Branch of the CEC?

We first consider the possible roles of the zonal and meridional wind stresses in driving the upper branch
of the CEC (i.e., the flow above ~1,000 m). The ECCO-derived linear regression onto the PMOC index of
the annual mean of the zonally averaged ZWS (blue line in Figure 4a) reveals that, for the positive (clock-
wise) phase of the CEC, the ZWS anomalies are positive (eastward) at most latitudes within the domain
of the CEC. On its own, this anomalous ZWS would drive anomalous northward Ekman transport in SH
and southward Ekman transport in the Northern Hemisphere (NH). In other words, this anomalous ZWS
would lead to anomalously convergent near-surface flow near the equator, rather than cross-equatorial flow
as in the upper branch of the CEC. Hence, Ekman transport due to ZWS anomalies can be ruled out as a
direct driver of the CEC. However, ZWS anomalies may play an indirect role, such as through advection
of heat in the atmosphere (which we consider further below). Furthermore, the statistical significance of
ZWS anomalies south of the equator (and the lack of statistical significance north of the equator) suggests
that ZWS-driven Ekman transport may contribute to northward flow in the SH upper branch of the CEC
during its positive phase. Here and elsewhere in this study, we determine statistical significance of a linear
regression coefficient by computing the p value based on an F-test as implemented in MATLAB's “regress”
function.

Approximately 15° away from the equator, SODA3 produces negative ZWS anomalies during the positive
phase of the CEC (Figure S2), in contrast with ECCO. However, SODA3 produces positive ZWS anomalies
across the equator during the positive phase of the CEC, in agreement with ECCO. Thus, both data sets
agree that ZWS does not appear to directly drive anomalous cross-equatorial flow in the upper branch of
the CEC.

The annual mean meridional wind stress (MWS) anomalies (red lines in Figure 4a for ECCO and Figure S2
for SODA3) show a correspondence with the sign of the climatological mean MWS: for the positive phase of
the CEC, there is a strengthening of the meridional component of the trade winds, which are northward in
SH and southward in NH. Such anomalies on their own would drive anomalous near-surface convergence
at the equator, rather than the cross-equatorial flow in the upper branch of the CEC. This contrast indicates
that MWS anomalies cannot be the direct driver of the upper branch of the CEC.
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Figure 4. (a)Estimating the Circulation and Climate of the Ocean (ECCO)-derived regressions onto the Indo-Pacific
MOC (PMOC) index of annual mean zonally averaged zonal wind stress anomalies (blue) and meridional wind stress
anomalies (red). (b) ECCO-derived regressions onto the PMOC index of annual mean zonally averaged sea surface
height (SSH) (blue), steric SSH (light green), thermal SSH (red), and saline SSH (purple) anomalies. Thick lines indicate
statistically significant values (p values less than or equal to 0.05).

If anomalous wind stresses do not directly drive the near-surface flow in the CEC, what is the mechanism
driving the CEC? Anomalies of SSH can provide an explanation, as they can induce a pressure gradient
force across the equator. The regression of annual mean SSH anomalies onto the PMOC index is shown in
the blue lines in Figure 4b for ECCO and Figure S3 for SODA3. These calculations reveal that, during the
positive phase of the CEC, there is an anomalous north-south gradient of SSH, with anomalously high SSH
south of the equator and anomalously low SSH north of the equator. Associated with these SSH anomalies
is an anomalous northward pressure gradient, which would generate northward flow across the equator.

The role of SSH driving the CEC is further confirmed with a lag correlation between an index of the
cross-equatorial SSH gradient (the “SSH seesaw index” or SSI) and the PMOC index (Figure 5 for ECCO and
Figure S4 for SODA3). SSI from ECCO is defined as the SSH anomaly averaged over 10°-15°S minus the SSH
anomaly over 10°-15°N. In SODA3, the SSI is defined as the SSH anomaly averaged over 15°-20°S minus the

Relationship between SSI and PMOC Index
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Figure 5. Estimating the Circulation and Climate of the Ocean-derived lag correlation (blue) and lag regression
(red) between the annual mean sea surface height seesaw index (SSI) and the Indo-Pacific MOC (PMOC)index. The
regression coefficients have units of m. The points that are statistically significant (p value less than or equal to 0.05)
are marked with stars. Positive values on the x axis indicate that the SSI is leading the PMOC index.
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SSH anomaly over 15°-20°N. The different definitions for the SSI index are meant to capture the latitude
ranges where SSH anomalies are strongest and most statistically significant, which are slightly farther from
the equator in SODA3 compared to ECCO. SSI is positively correlated with the PMOC index when SSI leads
by one year, indicating that a north-south SSH gradient around the equator drives a northward transport in
the upper branch of the CEC. Furthermore, as shown by Tandon et al. (2020), anomalous near-surface flow
generates a baroclinic response with compensating flow below ~1,000 m. Thus, anomalies of SSH provide a
key piece of the mechanism responsible for the CEC.

To what extent are the tropical SSH anomalies driven by density (steric) changes? Steric height changes
are produced due to both thermal and saline effects in the water column. The steric height anomaly, 7', is
computed following Gill and Niller (1973) as

’ ] ’
0 = —(p—OJLf’ p'dz 3)

with p, =1029 kg m~>. The annual mean zonal mean steric SSH anomalies computed using Equation 3 in
the Indo-Pacific are regressed onto the PMOC index (green lines in Figure 4b for ECCO and Figure S3 for
SODA3). These plots show that the structure and magnitude of steric SSH anomalies closely follow the total
SSH variations associated with the CEC. This result suggests that the SSH anomalies driving the CEC are
indeed generated by density changes rather than dynamical changes.

Are these steric SSH anomalies generated primarily by temperature changes or salinity changes? To address
this question, we separate the temperature and salinity contributions to the density anomalies following
Vivier et al. (1999). That is,

p = Po(_ar T' + fs S')’ 4)

where 7" and S’ are anomalies of temperature and salinity, respectively, and «; and g are coefficients of
thermal expansion and saline contraction, respectively. Using Equation 4 in Equation 3, we obtain

' H ' H ’
n' = |, ar Tdz [ Bs S'dz. (5)

The coefficients are taken to be ;, = 2 x 107 °C™'and g5 = 7.5x 10™, approximate average values for the
Pacific Ocean.

To isolate the effect of temperature, S’ in Equation 5 is set to zero, and the resulting SSH time series is re-
gressed onto the PMOC index (red curves in Figure 4b for ECCO and Figure S3 for SODA3). Conversely, to
isolate the effect of salinity, 7' in Equation 5 is set to zero, and the resulting SSH time series is regressed onto
the PMOC index (purple curves in Figures 4b and S3). In ECCO, the thermal regression closely matches the
regression of total density anomalies, whereas the saline regression is relatively flat with respect to latitude.
This result suggests that, in ECCO, the SSH anomalies driving the upper branch of the CEC are generated
primarily by temperature anomalies.

In SODA3 (Figure S3), SSH anomalies are mostly temperature-driven over approximately 20°S-10°N, and
they are mostly salinity-driven between approximately 10°N and 20°N. Despite this contrast with ECCO,
the salinity-driven anomalies in SODA3 act to amplify the thermally driven anomalies, and so the overall
effect on SSH is similar to that found in ECCO. Figure S5 shows the annual mean sea surface salinity (SSS,
shading) and surface current (vectors) regressed onto the PMOC index from SODA3. The SSS anomalies are
weakly negative in the eastern Pacific south of about 10°N and in the Indian Ocean south of about 10°S and
strongly positive in most other regions. These stronger positive anomalies are responsible for the negative
SSH anomalies in the zonal mean (Figure S3).

The current anomalies in Figure S5 do not show any clear correspondence with SSS anomalies. For exam-
ple, the positive SSS anomaly around 15°N in the eastern Pacific coincides with current anomalies that are
overall very weak. These results suggest that the SSS anomalies are likely not driven by ocean advection and
are instead driven by changes in precipitation and evaporation. The fact that the SSS increases in the west
and north Pacific occur in regions of cooling (not shown) suggests that the SSS increases are likely due to
some combination of reduced precipitation and increased wind-driven evaporation, rather than thermally
driven increases of evaporation. In other words, the atmosphere, rather than the ocean, appears to drive
these SSS anomalies, although additional work is needed to clarify the specific atmospheric processes at
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Figure 6. Estimating the Circulation and Climate of the Ocean-derived regressions onto the Indo-Pacific MOC
(PMOC) index of (a) annual mean sea surface height (SSH) anomalies (shading), thermal SSH anomalies (contours),
(b) upper-ocean heat content anomalies (shading), and wind stress anomalies (vectors). The shading/contour interval
in (a) is 4 mm, with negative contours dashed, and the shading interval in (b) is 1 x 10 T m~2.

work. In future studies, it would also be worthwhile to examine additional data sets to assess the combina-
tion of temperature and salinity effects on interannual SSH anomalies. In the following section, we focus on
ECCO to further understand what generates the temperature anomalies that influence SSH.

4. How are the Thermal SSH Anomalies Generated Near the Equator?

To examine the spatial structure of thermal SSH anomalies in the tropical Indo-Pacific, Figure 6a shows a
regression map of annual mean SSH anomalies (shading) and thermal SSH anomalies (contours) onto the
PMOC index. Expanding on the zonal mean results of Figures 4b and 6a shows that throughout the tropi-
cal Indo-Pacific, the structure and magnitude of the total and thermal SSH anomalies are nearly identical,
confirming that the SSH anomalies driving the CEC are thermally generated.

Figure 6a shows that the SSH anomalies are generally positive in the tropical eastern Pacific and negative
in the tropical western Pacific. At the equator, the positive SSH anomalies span approximately two-thirds
of the basin width and the negative anomalies cover most of the subtropics and extratropics. The equato-
rial antisymmetry apparent in Figure 4b arises from the fact that the peak of the positive SSH anomalies is
south of the equator in the eastern Pacific and the western Indian Ocean, and the peak of the negative SSH
anomalies is north of the equator in the western Pacific.

To further examine what is generating these temperature anomalies, the upper-ocean heat content (UOHC)
is computed following Zhang et al. (2019) as

UOHC = p,C, [, 0dz, (6)

where C, is the mean specific heat capacity of sea water equal to 3991.86795711963 J kg ™' K™', @ is the
potential temperature at 5 m and H, = 550 m. Our choice of H, aimed to capture the ocean heat content
(OHC) above the approximate depth of the tropical thermocline, and our results are not sensitive to the pre-
cise choice of H,. Figure 6b shows annual mean UOHC anomalies (shading) and annual mean wind stress
anomalies (vectors) regressed onto the PMOC index. The UOHC anomalies show a structure very similar to
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Regression of Mixed Layer Depth (MLD) onto PMOC Index

b
(b) 55
15
10
(51
0
-5
-10
-15
1IN
864202 4
Regression Coefficient (m)
Weslern Pac
Eastern Pac

Figure 7. Estimating the Circulation and Climate of the Ocean-derived regression onto the Indo-Pacific MOC (PMOC)
index of (a) annual mean mixed layer depth (MLD) and (b) zonal mean of annual mean MLD for the western Pacific
(150-210 longitude, blue) and eastern Pacific (240-280 longitude, red). The shading interval in (a) is 1 m. Thick lines in
(b) indicate statistically significant points (p value less than or equal to 0.05). Positive values in (b) indicate deepening
of the mixed layer.

that of thermal SSH anomalies in Figure 6a. This result suggests that changes in UOHC are responsible for
the thermal SSH anomalies near the equator.

To what extent are these UOHC changes reflective of temperature changes at the ocean surface? Indeed,
the UOHC anomalies associated with the CEC are qualitatively similar to anomalies of near-surface 6 (Fig-
ure S6). However, near-surface § anomalies are nearly symmetric about the equator, in contrast with the
equatorially asymmetric UOHC changes. This contrast is especially noticeable in the Indian Ocean, where
UOHC anomalies change sign across the equator (Figure 6b), but near-surface § anomalies are positive on
both sides of the equator (Figure S6). We have performed additional calculations (not shown) indicating
that the equatorial asymmetry of UOHC anomalies cannot be explained by large-scale vertical velocity
anomalies in the ocean. Instead, this asymmetry may be due to the changes in vertical mixing in the upper
ocean.

Figure 7 shows the ECCO-derived regression of mixed layer depth (MLD) onto the PMOC index. This plot
indicates that in the eastern Pacific and the Indian Ocean, the positive phase of the CEC is associated with
MLD deepening that is greater south of the equator than north of the equator. Averaged from the equator to
20° latitude in the eastern Pacific (taken to be 240-280 longitude), the MLD deepening is 0.85 m in SH and
0.73 in NH, which for equatorially symmetric climatological MLD, suggests that surface warming should
penetrate more deeply in SH than in NH. This finding may help explain why positive UOHC anomalies in
the eastern Pacific and the Indian Ocean peak south of the equator (Figure 6b).

In the western Pacific, the mixed layer shallowing is weaker north of the equator than south of the equator.
Averaged from the equator to 20° latitude in the western Pacific (taken to be 150-210 longitude), the MLD
change is — 3.0 m in SH and — 2.3 m in NH, which for equatorially symmetric climatological MLD, would
imply a deeper mixed layer in NH than in SH. This result may explain why the decrease of UOHC peaks
north of the equator (Figure 6b). Further work is needed to confirm this role of MLD and investigate the
mechanisms responsible for these MLD variations. We have also examined climatological MLD, but there
is no clear equatorial asymmetry in climatological MLD that would explain the equatorial asymmetry in
interannual UOHC anomalies (not shown).

The above analysis suggests that tropical UOHC changes associated with the CEC arise primarily from
equatorially symmetric changes in near-surface temperature, and the vertical mixing of these near-sur-
face temperature anomalies is spatially uneven, resulting in equatorially asymmetric variations in UOHC.
Thus, another key piece of the CEC mechanism requires understanding what generates the near-surface

RAO AND TANDON

90f13



A7
ra\“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/20213C017509

Regression of Temperature Transport (5 m) onto PMOC Index 2
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Figure 8. Estimating the Circulation and Climate of the Ocean-derived regression onto the Indo-Pacific MOC (PMOC)
index of annual mean temperature transport anomalies (shading) and ocean velocity anomalies at 5 m (vectors). The
shading interval is 0.25°C y'.

temperature anomalies. Anomalies of wind stress (vectors in Figure 6b) are primarily eastward at the equa-
tor, which we expect to drive warm water from the western Pacific to the eastern Pacific and suppress
upwelling in the eastern Pacific. Such anomalies resemble the weakening of the Walker Circulation and
the corresponding warming in the eastern equatorial Pacific that occur under El Nifio. The warm anomaly
in the southwestern Indian Ocean corresponds with anomalous poleward wind stress, suggesting that the
transport of warm water or air from around the equator is responsible for this anomaly. The cool anomalies
in the western and subtropical Pacific and in the eastern Indian Ocean correspond with anomalous equa-
torward wind stress, suggesting that the transport of cooler water or air from higher latitudes is responsible.
The SSH anomalies in the Indian Ocean (Figure 6a) resemble the SSH anomalies associated with the Indian
Ocean Dipole (IOD) (Deepa et al., 2018), although the negative anomalies associated with CEC are weaker
than those associated with the IOD. Deepa et al. (2018) found that the thermal SSH anomalies associated
with the IOD are induced by interannual variations in wind stress.

Are the temperature anomalies associated with the CEC due primarily to transport within the ocean or
transport within the atmosphere? To address this question, Figure 8 shows a regression map of annual mean
surface currents (vectors) onto the PMOC index. The surface current anomalies suggest that wind-driven
transport within the ocean may be partially responsible for generating temperature anomalies in the equato-
rial Pacific. However, away from the equator, the role of the ocean currents appears to be small. Surprisingly,
ocean current anomalies in the equatorial east Pacific are directed away from the South American coast,
implying anomalous upwelling, in contrast with our expectation of anomalous downwelling associated
with warming in this region. This finding highlights a contrast between the positive phase of the CEC and El
Nifio, during which there is warming in the equatorial east Pacific associated with anomalous downwelling.

To further assess the role of ocean temperature advection, we consider the ocean thermodynamic equation,
00
—+v-VO =0, 7
ot

where Q is diabatic heating and v is the ocean velocity with zonal, meridional, and vertical components
(u,v,w). Rearranging Equation 7, we obtain
060 06,

—=-v-VO+Q =0 4 8
o Q=—"+0 ®
where 0,6,,, = —v - V0 captures the effect of temperature advection. The effect of time variations in ocean
transport on temperature would then be
Wy _ 00,00 _ 20 o)
ot ox Oy 0Oz

where overbars indicate time averages and primes indicate deviations from time averages.

The regression of annual mean 9,6, onto the PMOC index is shown in Figure 8 (shading). These anom-
alies suggest that ocean transport is partially responsible for cooling in the western Pacific and warming
in the eastern Pacific. We obtained a nearly identical pattern when we neglected vertical advection (not
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shown), suggesting that horizontal surface currents are primarily responsible for this pattern (although
vertical advection is expected to play a stronger role at deeper levels). Such a 6,6;“,‘, pattern is expected, as
the anomalous horizontal near-surface current transports water from the relatively warm western Pacific to
the relatively cool eastern Pacific. However, the pattern of heating and cooling is very different from those
in Figures 8b and S6, suggesting that ocean heat transport is likely not the main driver of the interannual
temperature anomalies responsible for driving the CEC.

Altogether, these findings suggest that atmospheric transport combined with changes in ocean vertical mix-
ing play crucial roles in determining the overall pattern of tropical heating and cooling that drive the CEC.
The role of atmospheric transport provides an important point of comparison with earlier research. Tandon
et al. (2020) performed idealized model experiments revealing that interannual variations in wind stress
were primarily responsible for interannual PMOC variations. Our results agree with that finding and further
clarify that the influence of these wind stress variations on the CEC is mediated through their generation
of tropical temperature anomalies in the upper ocean, which (possibly in combination with salinity anom-
alies) generate SSH anomalies that drive anomalous cross-equatorial flow. Furthermore, while wind-driven
Ekman transport does not appear to play a primary role in driving the CEC, Tandon et al. (2020) showed
evidence that it does play a primary role in driving interannual PMOC variability farther away from the
equator at latitudes outside of the CEC. Additional work is needed to assess the extent to which atmospheric
processes are responsible for changes in vertical mixing that appear to influence the CEC.

5. Conclusion

This study has sought to clarify the mechanism responsible for the CEC, the dominant mode of interannual
PMOC variability in the tropics. Our analysis combined with results of earlier research suggests that the
mechanism driving the positive phase of the CEC is as follows:

1. On interannual timescales, wind stress anomalies generate anomalies of surface temperature and salin-
ity in the tropics.

2. The vertical mixing of the surface temperature anomalies is spatially uneven, resulting in equatorially
antisymmetric anomalies of UOHC.

3. These UOHC and salinity anomalies generate equatorially antisymmetric anomalies of zonal mean SSH,
which in turn generate an anomalous north-south pressure gradient across the equator.

4. This anomalous pressure gradient generates a pressure gradient force that drives anomalous northward
cross-equatorial flow above approximately 1,000 m in the Pacific Ocean.

5. As the basin undergoes baroclinic adjustment, this anomalous northward flow above ~1,000 m is com-
pensated by a southward flow below ~1,000 m, thereby forming a clockwise overturning circulation cell.

These findings build on the results of Tandon et al. (2020), who found that interannual wind stress anoma-
lies were the primary driver of interannual PMOC variations. Our results help to clarify that the influence
of these wind stress variations on the CEC is mediated through their generation of density anomalies that
in turn generate SSH anomalies.

As mentioned above, ECCO and SODA3 produce different results regarding the dominance of temperature
effects compared to salinity effects on SSH. Interannual SSH variations in ECCO are almost entirely driven
by temperature changes, whereas salinity plays an important role in SODA3. ECCO and SODA3 use dif-
ferent atmospheric forcing data sets (ERA-Interim and JRA-55 DO, respectively), which might influence
the relative roles of temperature and salinity. This is a matter worth investigating in future studies. Recent
studies have shown that internal variability of ocean density has also produced equatorially asymmetric
trends of SSH and OHC on decadal timescales (Rathore et al., 2020; Schloesser et al., 2021). However,
the associated spin up of the South Pacific subtropical gyre on decadal timescales (Schloesser et al., 2021)
is not apparent on interannual timescales (Figure 6b). Rather, our analysis suggests that on interannual
timescales, equatorially asymmetric changes in vertical mixing may play a role in generating equatorially
asymmetric changes in UOHC. As mentioned above, the mechanisms responsible for this asymmetry in
anomalous vertical mixing require further investigation.
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There is an intriguing similarity between the temperature anomalies associated with the positive phase
of the CEC and those associated with the positive phase of ENSO. The lag correlation analysis of Tandon
et al. (2020) showed that ENSO and PMOC are correlated, but the correlation is not especially high; in
ECCO, the simultaneous correlation between the PMOC index and a standard ENSO index is less than 0.5.
This result points to possible interaction between PMOC and ENSO, rather than the PMOC simply being
an alternative index of ENSO. Such interaction is an important topic to explore in future studies, given the
potential importance to ENSO prediction. In the Indian Ocean, as mentioned earlier, there is a similarity
between the SSH anomalies associated with the CEC and SSH anomalies associated with the IOD (Deepa
et al., 2018) and the Pacific Decadal Oscillation (PDO) (Deepa et al., 2019). Thus, in future studies, it would
also be worthwhile to explore the possible interaction between the CEC and these other modes of climate
variability.
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