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Abstract Altimetry-derived synthetic temperature and salinity profiles between 20°5 and 34.5° are used to
estimate the Meridional Overturning Circulation (MOC) and meridional heat transport (MHT), which are assessed
against estimates obtained from expendable bathythermograph (XBT) measurements. Consistent with studies
from XBTs and Argo data, both the geostrophic and Ekman contributions to the MOC exhibit annual cycles and
play an equal role in the MOC seasonal variations. The strongest variations on seasonal and interannual time
scales in our study region are found at 34.5°S. The dominance of the geostrophic and Ekman components on the
interannual variations in the MOC and MHT varies with time and latitude, with the geostrophic component being
dominant during 1993-2006 and the Ekman component dominant between 2006 and 2011 at 34.5°S.

1. Introduction

The Meridional Overturning Circulation (MOC) plays a critical role in global and regional heat and freshwater
budgets by carrying water properties northward and southward within individual ocean basins. The strength
of the MOC has shown intense variations on time scales ranging from daily to longer term, which vary with lati-
tude [e.g., Cunningham et al., 2007; Dong et al., 2009; Zhang et al., 2011; Meinen et al., 2013; Smeed et al., 2014].
These variations in the MOC can have a pronounced impact on a variety of important climate phenomena,
including Atlantic hurricane activity, precipitation and air temperature variability over North America and
western Europe, and changes in African and Indian monsoon rainfall [e.g.,, Enfield et al., 2001; Vellinga and
Wood, 2002; Sutton and Hodson, 2005; Zhang and Delworth, 2006]. Quantifying MOC changes over time
and understanding its underlying mechanisms are, therefore, crucial for improving our knowledge of how
the climate system functions and for assessing climate models and future climate change.

A comprehensive MOC observing system is needed to gain a more complete understanding of its behavior.
The majority of efforts to understand and measure MOC variability is focused on the North Atlantic. This is
primarily because the high-latitude North Atlantic is the sole supplier of the North Atlantic Deep Water
(NADW), which has been hypothesized to be a driver for the long-term MOC fluctuations [e.g., Stommel,
1961; Weaver and Hughes, 1992; Stouffer et al., 2006]. However, the formation rate of NADW is believed to
be influenced by the Southern Hemisphere westerlies through changes in the northward Ekman transport
and interocean exchanges [e.g., Toggweiler and Samuels, 1993, 1995; Sijp and England, 2008, 2009]. Indeed,
recent studies have suggested the possibility of a southern origin of the anomalous MOC and meridional heat
transport (MHT) in the Atlantic, through changes in the transport of warm/salty waters from the Indian Ocean
into the South Atlantic basin [e.g., Biastoch et al. 2008; Lee et al. 2011; Kelly et al., 2014]. This possibility clearly
manifests the importance of understanding the South Atlantic MOC (SAMOC).

Observations in the South Atlantic have been historically sparse both in space and time compared to the North
Atlantic. Previous and current studies of the SAMOC are mostly focused on 34.5°S. Data from a high-density expend-
able bathythermograph (XBT) transect have provided the first time series of the SAMOC and MHT, on a quarterly
basis since its implementation in 2002 [Dong et al,, 2009; Garzoli et al,, 2013]. More recent studies [e.g., Meinen
et al.,, 2013] used two boundary arrays of inverted echo sounders deployed along 34.5°S and found that much of
the MOC variability in the 20 month record (March 2009 to December 2010) occurs at periods shorter than 100 days.

The goal of this study is to enhance our understanding of the MOC and MHT variability in the South Atlantic,
in particular of changes on seasonal to interannual time scales. To accomplish this, sea surface height
measurements from satellite altimetry, combined with in situ measurements, are used to estimate the
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Figure 1. Correlations between SSHA and isothermal depths for (a) 15°C and (b) 5°C. Green lines show the AX18 transect
locations. Dotted areas indicate where the correlations are insignificant. (c) Examples of the temperature profiles close to
the boundaries and (d) temperature differences between altimeter derived and observed from XBTs for the February 2005
transect along 34.5°S. The corresponding locations for the profiles in Figure 1c are indicated by triangles in Figure 1d. Note
that the profiles close to the eastern boundary (red triangles) in Figure 1c are shifted by 15°C in order to separate the two
examples. Units for Figures 1c and 1d are in degree Celsius.

MOC and MHT in the South Atlantic. Of particular interest is to assess how well altimetry can be used to inves-
tigate the spatial and temporal variability of the MOC and MHT and how the contributions of the density and
wind fields to the MOC and MHT change with time and with latitude.

2. Data and Methodology

The main data set used in this study corresponds to the satellite altimetry sea surface height anomalies (SSHA)
from Archiving, Validation, and Interpretation of Satellite Oceanographic data [Ducet et al. 2000] and to tempera-
ture and salinity (T/S) profiles from the Global Temperature and Salinity Profile Program (GTSPP) [Sun et al., 2010].
The GTSPP archives T/S profiles from a suite of sources, including Argo floats, XBTs, mechanical bathythermo-
graphs, CTDs (conductivity-temperature-depth sensors), buoys, and bottle samplers. Consistent with previous
studies [e.g., Goni et al,, 1996, 2011; Mayer et al,, 2001; Dong et al., 2007], analysis of SSHA and temperature profiles
in the South Atlantic shows large correlations between SSHA and the depth of given isotherms (D7) below the
surface south of 20°S (Figures 1a and 1b), in particular below the main thermocline. These correlations allow
to build linear relationships between Dy and SSHA, Dr=a +  x SSHA. The regression coefficients (a and f) at
each 1°x 1° grid were derived for every 1° of temperature between 3°C and 28°C using collocated SSHA and
Dy that were obtained during the period 1993-2013. The collocations were done by interpolating the weekly
gridded (1/4°x 1/4°) SSHA into the location and time of each temperature profile. In total, approximately
42,000 profiles were used to construct these regressions, with 55% corresponding to Argo floats, 30% to XBTs,

DONG ET AL.

TEMPORAL VARIABILITY OF THE SAMOC 7656



@AG U Geophysical Research Letters 10.1002/2015GL065603

13% to CTDs, and the rest corresponding mostly to underwater gliders and station data. Weekly synthetic tem-
perature profiles in the upper ocean at each altimetry grid location were then generated from the gridded SSHA
data using these statistical relationships. The sea surface temperature (SST) for each synthetic profile was
obtained from the daily microwave optimally interpolated SST product with 25 km resolution for the period
1998 to 2011 and from the advanced very high resolution radiometer for the period 1993-1997.

Since the synthetic profiles and corresponding MOC/MHT estimates were evaluated against results from XBT
measurements (section 3), we tested the impact of the XBTs on the statistical relationships between Dy and
SSHA. The regression coefficients derived with and without XBT measurements are comparable, within the
95% significance interval. Therefore, excluding the XBTs in the regression analysis did not influence the eva-
luation of the methodology presented in section 3.

Following the methodology used to compute the MOC/MHT at 34.5°S using XBT measurements [Baringer and
Garzoli, 2007], salinity profiles were generated using the synthetic temperature profiles and historical T/S
relationships. Although these synthetic profiles were, in general, deeper than 850 m, in order to be consistent
with XBT measurements and computations, only the upper 850 m of these profiles were used in this study.
Monthly climatological T/S profiles below 850 m from the World Ocean Atlas 2013 [Locarnini et al., 2013] were
used to complete the T/S profiles down to the ocean floor. Time series of T/S along four latitudes correspond-
ing to those with higher correlation between SSHA and isotherm depths, 20°S, 25°S, 30°S, and 34.5°S, were
then constructed for the period 1993-2011.

The MOC and MHT were separated into two components: geostrophic and ageostrophic (mainly Ekman)
transports. Using the synthetic T/S profiles, the geostrophic velocities were computed from the thermal wind
relationship with the reference level at 1000 m depth, which was chosen based on the availability of the abso-
lute reference velocities from Argo drift data at the parking depth of 1000 m [Katsumata and Yoshinari, 2010].
These reference velocities are constant in time due to the limited available data. The zonal wind stress from
the National Centers for Environmental Prediction/Department of Energy Reanalysis 2 was used here to
compute the Ekman volume transport. The heat transport by the Ekman flow was computed using the
SST. Following Baringer and Garzoli [2007], a velocity correction, of approximately 0.05cm/s on average,
was applied uniformly to the section to set the zero mass transport across the section in order to obtain
meaningful estimates of MOC and MHT.

Examination of T/S fields from Argo floats indicates that similar to what was found for seasonal variations
[Dong et al.,, 2014], the interannual variations in density and velocity are vertically coherent, although anomalies
below 600 m are rather small. The methodology used here does not capture the interannual variations in
MOC/MHT due to T/S changes below 850 m and of changes in the reference velocity. This results in an underes-
timation of the interannual variations in the geostrophic contribution to MOC. However, the velocity correction
applied for zero mass transport is likely to counteract the underestimation errors from the missing variations
below 850 m. A quantitative assessment of the errors is difficult due to the limited available data.

The approach taken in this study is different from Willis [2010] and Frajka-Williams [2015]. Willis [2010] com-
bined altimeter data and Argo float measurements to derive dynamic height profiles in the North Atlantic
and found that the MOC at 41°N estimated from those dynamic height profiles increased by 2.6 sverdrups
(Sv) from 1993 to 2009, whereas Frajka-Williams [2015], using SSHA at 30°N, 70°W as a proxy for MOC at
26°N, suggested a decrease of 1.0 Sv from 1993 to 2014. In our study, temperature profiles are derived from
altimeter data and used to compute the MOC/MHT in the South Atlantic. The MOC/MHT at 34.5°S has been
studied using temperature profile measurements from the XBT transect AX18 [Dong et al., 2009], which are
used to validate the methodology applied here.

3. Evaluation of the Methodology

In the South Atlantic, the longest available time series of MOC/MHT estimates are from the high-density XBT
transect AX18 that runs zonally between Cape Town, South Africa, and Buenos Aires, Argentina, which forms
the observational baseline for the evaluation in this study. To assess the methodology for deriving synthetic
T/S profiles, synthetic temperature sections are constructed along the AX18 transect with the synthetic tem-
perature profiles matching the location and time of XBT measurements for the 28 XBT realizations obtained
during the period 2002-2011. A comparison between the AX18 observations and synthetic sections indicates
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4, Results and Discussion

4.1. Mean Values

Results from the altimeter-derived MOC at all four latitudes are summarized in Table 1, including their mean
values, annual cycle, interannual variations, and contributions from the geostrophic and Ekman transports.

Table 1. Time-Mean, Peak-to-Peak Amplitude of the Annual Cycle, and Interannual Variations (Standard Deviation)
of the Altimeter-Derived MOC at 20°S, 25°S, 30°S, and 34.5°S and Its Contributions From the Geostrophic and
Ekman Components®

MOC (Sv) 20°S 25°S 30°S 34.5°S
Mean + SD Total 17.24+£1.72 18.24 +£1.82 20.62+2.17 1945+ 348
Geostrophic 22.63+1.22 21.11+1.65 20.89+1.83 16.62 +3.96
Ekman —5.39+1.69 —2.87+1.39 —0.27£2.17 2.82+3.12
Seasonal cycle (amplitude + SD) Total 2.83+1.32 1.43+1.72 432+1.29 7.32+2.19
Geostrophic 2.13+0.87 1.36 £ 1.46 3.84+£1.08 8.59+2.11
Ekman 236+1.37 133+1.27 408+ 1.38 6.60 £ 1.74
Interannual variations (SD) Total 1.37 1.74 1.34 2.27
Geostrophic 0.90 1.51 1.11 2.19
Ekman 1.42 1.30 1.46 1.84

a . .
Units are in sverdrups.
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The estimates obtained for the mean values of MOC (MHT) are 17.24 Sv (1.22 PW), 18.24 Sv (0.94 PW), 20.62 Sv
(0.70 PW), and 19.45 Sv (0.49 PW) at 20°S, 25°S, 30°S, and 34.5°S, respectively, denoting a decrease of MOC and
an increase in MHT toward the equator, which is consistent with the very few observational estimates
available in the region [e.g., Talley, 2003; Talley et al., 2003]. Results also indicate that the mean geostrophic
transport increases toward the equator from 16.62 Sv at 34.5°S to 22.63 Sv at 20°S. On the other hand, the
mean Ekman transport decreases equatorward, with a positive value (northward) of 2.82 Sv at 34.5°S and
reversing to negative values (southward) at 30°S, reaching the maximum southward transport of
—5.39Sv at 20°S. As found in previous studies [Dong et al., 2009; Johns et al., 2011], changes in MHT at each
latitude are significantly correlated with changes in MOC on both seasonal and interannual time scales.
Therefore, this work focuses only on the results for MOC. However, linear regression analysis indicates that
the response of MHT to MOC varies with latitude, with a 1 Sv increase in MOC resulting in an increase in
MHT of 0.033 +0.003 PW, 0.050+0.003 PW, 0.022 +0.003 PW, and 0.040+0.003 PW at 20°S, 25°S, 30°S,
and 34.5°S, respectively.

4.2, Seasonal Variations

Consistent with what was previously found based on the MOC estimates using XBTs and Argo float data
along 34.5°S, both the geostrophic and Ekman transports experience significant seasonal variations but with
a phase difference. The geostrophic transport exhibits a peak-to-peak annual amplitude of 8.59 Sv, with the
maximum occurring in March (20.68 Sv) and the minimum in August (12.09 Sv). On the other hand, the
Ekman transport peaks in July (6.61 Sv) and reaches its minimum in February (0.01 Sv), exhibiting a weaker
peak-to-peak annual cycle of 6.60 Sv. The amplitudes of the seasonal variations in both the geostrophic and
Ekman components were somewhat higher than the values estimated from XBT transects and Argo measure-
ments [Dong et al., 2009, 2014]. As a result, the seasonal variations in the total MOC are also higher (7.32 Sv) than
the value of 6.42 Sv estimated from Argo data, with the maximum in May (23.40 Sv) and the minimum in
October (16.08 Sv). However, the phases in the altimeter-derived MOC and in both the geostrophic and
Ekman components are consistent with those estimated from Argo data [Dong et al., 2014]. One possibility
for the stronger seasonal cycle derived from synthetic T/S estimates is that weekly altimeter data were used
in this study, whereas a monthly climatology was used in the Argo float estimates [Dong et al., 2014]. This
Argo monthly climatology was constructed from the gridded monthly T/S fields during 2004-2013, which were
smoothed on a 3 month temporal scale [Roemmich and Gilson, 2009]. For example, the seasonal cycle of the
MOC estimates is reduced to 6.66 Sv when the monthly climatology of synthetic T/S sections is generated with
a 3 month smoothing. We note that the seasonal cycle in the XBT-based MOC estimates is much weaker, about
1.87 Sv. As discussed in Dong et al. [2014], the estimates from XBTs may be influenced by sampling aliasing in
space and time, because the mean latitude of each AX18 transect varies between 30°S and 35°S, and the
transect is only sampled every 3 months.

The altimeter-derived MOC at 30°S and 20°S also exhibits a statistically significant seasonal cycle (Figure 3),
but relatively weaker compared to that at 34.5°S, with amplitudes of 4.32Sv and 2.83 Sv, respectively.
Similar to that at 34.5°S, both the geostrophic and Ekman components show significant seasonal variations.
At 30°S, the amplitudes of the seasonal cycles in the geostrophic (3.84 Sv) and Ekman (4.08 Sv) transports are
comparable, with a slightly higher value in the Ekman transport. The phases of the seasonal cycles in the MOC
and in both the geostrophic and Ekman transports are the same as those at 34.5°S. The geostrophic and
Ekman transports at 20°S also show similar amplitudes of the seasonal cycle, with values of 2.13Sv and
2.36 Sv, respectively. The phase in the MOC is more or less consistent with those at 30°S and 34.5°S.
However, the phases in the geostrophic and Ekman components are different from other latitudes. The
geostrophic component reaches its maximum in June and minimum in February (Figure 3). The maximum
Ekman transport occurs in January and the minimum in August. Different from the other three latitudes,
the MOC and the contributions from the geostrophic and Ekman transports at 25°S do not show a statistically
significant seasonal cycle.

4.3. Interannual Variability

To investigate the interannual variations of the altimeter-derived MOC, a 13 month running average was
applied to the anomalous MOC time series. Here the anomalous MOC refers to the MOC after the monthly
average is removed. The interannual variations in the MOC at all four latitudes are comparable (Figure 4), with
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Figure 3. Seasonal variations of the MOC (black) and contributions from the geostrophic (red) and Ekman (green)
components estimated from the synthetic T/S profiles at 20°S, 25°S, 30°S, and 34.5°S, respectively. The time-mean values for
the total MOC and each component have been removed. Error bars indicate the standard error.

the majority of the MOC anomalies varying within £1.0 Sv. At all latitudes, the anomalous MOC is dominated
by negative values during 1994-2000 and 2010-2011 and positive values during 2001-2010.

The interannual variations in the MOC from 30°S to 20°S are significantly correlated, with correlations varying
from 0.60 to 0.71 between any two pairs exceeding the 95% significance level of 0.45. However, the correla-
tions of the MOC at 34.5°S with those at the other three latitudes are all below the 95% significance level.
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nents at 20°S, 25°S, 30°S, and 34.5°S, respectively. The gray shading denotes the range where anomalies are not significantly
different from zero.
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Many factors can contribute to this low correlation. The ocean circulation pattern in the South Atlantic near
34.5°S is very complex, with the Brazil and Benguela Currents contributing to the MOC variability [Dong et al.,
20091. In addition, the Agulhas leakage, which has very large year-to-year variations, may also play a large role
in the MOC variability at 34.5°S.

4.4. Dominance of Geostrophic and Ekman Components

Results indicate that the dominance of the geostrophic and Ekman transports is different at different lati-
tudes and time periods. For example, at 34.5°S and 30°S, the geostrophic transport dominates the interann-
ual variability of the MOC before 2006, while the Ekman transport dominates after 2006. On the other hand,
at 25°S the geostrophic transport plays a larger role throughout the entire study period. The interannual
variations in the Ekman transport are relative weak except during the last 3 years. Whereas at 20°S, the
Ekman component plays a large role except during the period 1999-2002 when the geostrophic transport
experiences large anomalies.

5. Conclusions

This study represents the first effort to estimate a time series of the MOC in the South Atlantic between 20°S
and 34.5°S, from even before the in situ observing system was in place, showing the key value of integrating
satellite and hydrographic measurements. Also, results obtained from this work show the importance of
maintaining sustained observations, such as those from the XBT transect AX18, which are critical to validate
altimetry estimates. The altimeter-derived MOC/MHT estimates along the XBT transects capture the changes
of the MOC/MHT derived from XBT measurements, indicating that the altimetry data can be used to study the
MOC and MHT in the South Atlantic. The methodology presented here also serves to estimate the SAMOC
and MHT in near real time, which can be used to validate and initialize forecast models. Limitations of this
methodology may include potential time dependence of the T/S relationships, and analysis of long-period
climate trends may not hold if these relationships change with time. The main results obtained in this work
showed that the geostrophic (Ekman) component of the MOC is dominant before (after) 2006 and that since
2010 the MOC has exhibited low values when compared to the 1993-2011 mean values.

Our future work will include comparisons of MOC/MHT estimates from other observational platforms,
assessment of the impact of the boundary currents and interior region, and evaluation of climate models
in simulating MOC/MHT in the South Atlantic.
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