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Abstract High-resolution observations along with atmos-
pheric and oceanic reanalyses are diagnosed to understand
how and why southeastern Atlantic SSTs have changed
over the 1982-2013 period. Multiple datasets are used to
evaluate confidence. Results indicate significant SST warm-
ing trends (0.5-1.5 K per 32-years) along the Guinean and
Angolan/Namibian Coasts, and a cooling trend (—0.10 to
—0.60 K per 32-years) over the subtropical South Atlan-
tic between 18°S and 28°S. SST trends are shown to vary
over the annual cycle with the greatest changes occurring
during November—January. Analysis of the ocean surface
heat balance reveals that the austral summer SST warm-
ing trend along the Angolan/Namibian Coast is associated
with an increase in the net downward atmospheric heat flux.
In addition, there is a decrease in coastal upwelling due to
circulation changes related to a poleward shift of the South
Atlantic subtropical anticyclone and an intensification of the
southwestern African thermal low. The cooling trend over
the subtropical South Atlantic is also associated with the
poleward shift of the South Atlantic anticyclone, as stronger
surface winds enhance latent heat loss from the ocean over
this region. Positive SST trends along the Guinean coast are
found to be primarily associated with changes internal to
the ocean, specifically, reduced coastal upwelling, diffusion,
and enhanced horizontal transport of warmer water. These
results highlight the need to better understand South Atlan-
tic subtropical anticyclone and the continental thermal low
interactions and their implications for present day climate
variability and future climate change.
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1 Introduction

Climate variations over the South Atlantic and adjacent
continents have long been linked to equatorial and South
Atlantic SST variations at synoptic to decadal timescales
(e.g., Hastenrath and Heller 1977; Shannon et al. 1986;
Walker 1990; Zebiak 1993; Jury 1995; Nobre and Shukla
1996; Chang et al. 1997; Ruiz-Barradas et al. 2000; Sutton
et al. 2000; Fu et al. 2001; Sterl and Hazeleger 2003; Xie
and Carton 2004), yet the relationships between the SSTs
and climate variations are not yet fully understood, espe-
cially in the context of the ongoing global warming signal.
While improvements in high-resolution, satellite-derived
observations over the past decade have enhanced our ability
to evaluate and understand sub-decadal ocean/atmosphere
interactions over remote regions such as the South Atlantic,
understanding longer-term variations are generally ham-
pered by the lack of reliable, comprehensive observational
gridded datasets. One way to circumvent this lack of infor-
mation is to use other resources such as atmospheric mod-
els and blended observational/model reanalysis datasets to
better understand decadal climate variations and their asso-
ciation with South Atlantic SSTs.

The purpose of this study is to understand how and
why southeastern Atlantic SSTs change over the multi-
decadal timescale of the satellite era (i.e., 1982-2013), and
how these changes are connected to the regional climate.
Observations and various atmospheric and oceanic rea-
nalysis datasets are examined to analyze changes over the
32-year period. The goal is an improved understanding of
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the long-term changes over the South Atlantic as this inves-
tigation is intended as a first step towards improving our
understanding and ability to predict South Atlantic climate
variability.

Section 2 provides background on the South Atlantic and
it’s regional climate. The datasets analyzed are described in
Sect. 3, while the results are presented in Sect. 4. Conclu-
sions are drawn in Sect. 5.

2 Background

It has long been thought that atmosphere/ocean interac-
tions play an integral role in determining the climate and its
variability over the South Atlantic. The large-scale atmos-
pheric circulation is dominated by the semi-permanent
South Atlantic subtropical anticyclone which is usually
located between 20°S and 30°S (Hoflich 1984; Peterson
and Stramma 1991; Rodwell and Hoskins 2001). Another
semi-permanent feature is the inter-tropical convergence
zone (ITCZ) which ranges in position over the Atlantic
near 2°N during the boreal winter and 10°N during the
boreal summer.

Land-based atmospheric circulation features are also
relevant to the South Atlantic climate. Such features
include the South Atlantic convergence zone (SACZ),
which extends southeastward from the Amazon Basin over
the western South Atlantic basin (Kodama 1992; Lent-
ers and Cook 1995, 1999), and the continental thermal
low, or Angolan low, over southwestern Africa (Peterson
and Stramma 1991; Mason 1995; Hardman-Mountford
et al. 2003; Cook et al. 2004; Reason and Jagadheesha
2005; Vigaud et al. 2009). At mid-levels the Angolan low
is capped by the Kalahari anticyclone, or Botswana High,
which is typical of shallow continental thermal low sys-
tems (e.g., Racz and Smith 1999). Both the SACZ and the
Angolan low exhibit distinct seasonal cycles, with strongest
intensities during the austral summer.

The near-surface ocean circulation in the South Atlantic
is primarily wind driven (Anderson and Gill 1975). Numer-
ous studies (e.g., Peterson and Stramma 1991; Stramma
and England 1999; Hardman-Mountford et al. 2003) detail
the major near-surface oceanic circulation features includ-
ing the South Atlantic subtropical gyre which is bounded
by the Benguela Current to the east, the southern branch
of the Southern Equatorial Current to the north, the Bra-
zil Current to the west, and the South Atlantic Current to
the south. Off the Angolan coast a smaller, wind-driven
cyclonic gyre is also observed centered at about 10°S
and 9°E. This gyre is bounded by the Southern Equato-
rial Countercurrent to the north, the Angola Current to the
east, and the southern branch of the Southern Equatorial
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Current to the west, and the Angola/Benguela front to the
south (Colberg and Reason 2006). Along the equator is the
westward-flowing Equatorial Current, flanked to the north
by the eastward flowing North Equatorial Counter Current
around 3°N-10°N, and to the south by the South Equatorial
Counter Current around 6°S-9°S.

Studies examining the influence of air-sea interactions
on various aspects of climate variability over the South
Atlantic basin have identified several modes of variability.
One such mode of tropical Atlantic variability is the SST
gradient mode (Hastenrath and Greischar 1993; Chiang
et al. 2002; Barreiro et al. 2004) in which it is thought that
an anomalous cross-equatorial SST gradient generates low-
level flow from the cooler to warmer hemisphere, affecting
low-level moisture convergence and regional rainfall.

Two El Nifio-like phenomena in the South Atlantic,
namely Atlantic Nifios and Benguela Nifios, have also been
identified (Servain 1991; Ruiz-Barradas et al. 2000). Both
Atlantic and Benguela Nifios are analogous to Pacific El
Nifio events, and are characterized by a warming of tropi-
cal and subtropical eastern South Atlantic SSTs in associa-
tion with a relaxation of the wind stress over the equatorial
Atlantic (Florenchie et al. 2003; Grodsky et al. 2006; Rou-
ault et al. 2007). Atlantic Nifios occur in the equatorial cold
tongue region and are phase locked to austral winter (Keen-
lyside and Latif 2007), while Benguela Nifios occur further
south off the coast of Angola near 15°S during the austral
fall (Florenchie et al. 2003; Rouault et al. 2007; Richter
et al. 2010). Studies (e.g., Reason et al. 2006; Polo et al.
2008; Rouault et al. 2009) have indicated that these two
phenomena may be physically connected in some instances
and could be part of the same mode of variability.

Still another mode of interannual variability is the South
Atlantic subtropical dipole mode (Venegas et al. 1997;
Morioka et al. 2011, 2012; Nnamchi et al. 2011; Yuan et al.
2014). This mode is characterized by a northeast/southwest
SST dipole pattern over the subtropical South Atlantic, and
is linked to changes in wind and sea level pressure associated
with changes in the South Atlantic subtropical anticyclone
(Venegas et al. 1997; Fauchereau et al. 2003). SST variations
associated with this mode have been linked to latent heat
flux anomalies resulting from the circulation changes (Fau-
chereau et al. 2003; Sterl and Hazeleger 2003). These atmos-
pheric and oceanic anomalies are found to influence south-
ern African climate variability (Vigaud et al. 2009).

While most of the modes of South Atlantic variability
discussed above are found to operate on inter-annual to
intra-seasonal timescales, there is evidence that decadal
timescale variability may also be associated with similar
mechanisms (e.g., Chang et al. 1997; Servain et al. 2014).
An improved understanding of the long-term trends of
climate variability over the South Atlantic, including the
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atmospheric and/or oceanic mechanisms responsible for
these changes, is needed and that is the purpose of this

paper.

3 Datasets

Atmospheric and oceanic reanalysis products are utilized
to identify and investigate long-term trends over the South
Atlantic. Reanalyses incorporate available instrument-
based and satellite-derived measurements into a data assim-
ilation system to provide estimates of atmospheric and
oceanic variables at regular temporal intervals on global
grids over an extended period. Over data sparse regions,
values are estimated based on the governing equations in
the assimilation system’s model which are constrained
by nearby observations. Thus, an advantage of reanaly-
ses is that they provide more information than is directly
observed, allowing for a more complete evaluation of the
climate system.

While the benefits of the reanalysis products are sig-
nificant, it is also important to understand their limitations.
One such limitation is that the observational constraints can
factor into the accuracy of the data products. For example,
observations are not uniformly distributed, so highly popu-
lated regions are heavily constrained by observations, while
remote areas are more loosely constrained so data over
remote regions, such as the open oceans, is more depend-
ent on the assimilation system’s model. Other fields that are
generally not observed (e.g., surface and atmospheric heat-
ing rates) are almost completely model-dependent. Other
fields are observed, but not accounted for in the assimila-
tion (e.g., precipitation and cloud over, depending on the
reanalysis product). Observations incorporated into the
assimilation system and the assimilation calculation itself
can change over time (Dee et al. 2014), resulting in artifi-
cial shifts in the reanalysis output time series.

Because of these limitations, appropriate care must be
taken when evaluating reanalysis products. Here, this risk
is minimized by utilizing multiple reanalyses, evaluating
physical processes for their plausibility, and comparing
with more direct observations whenever possible.

Four global atmospheric reanalyses are selected for
analysis. They include the 1.5° horizontal resolution
European Centre for Medium-Range Weather Forecasts
ERA-Interim reanalysis (ERAI; Dee et al. 2011), the 0.5°
latitude x 2/3° longitude horizontal resolution National
Aeronautics and Space Administration (NASA) Modern-
Era Retrospective Analysis for Research and Applica-
tions (MERRA; Rienecker et al. 2011), the 2.5° resolution
upper-air/ ~1.8° resolution surface National Center for
Environmental Prediction (NCEP)/Department of Energy
(DOE) Reanalysis 2 (NCEP2; Kanamitsu et al. 2002),

and the 1.25° resolution Japan Meteorological Agency’s
55-year Reanalysis (JRA-55; Kobayashi et al. 2015). Each
of these reanalyses provide output from 1979 until present.

Three oceanic reanalyses are also analyzed. One is the
NCEP Global Ocean Data Assimilation System (GODAS;
Behringer and Xue 2004). GODAS is based on a quasi-
global configuration of the GFDL MOM.v3 model. The
domain extends from 75°S to 65°N, and has a spatial res-
olution of 1° enhanced to 1/3° in the meridional direction
within 10° if the equator. GODAS has 40 vertical levels
with 10 m resolution in the upper 200 m of the ocean. Data
is available from 1980 to present.

Also analyzed is the ECMWEF Ocean Reanalysis S3
(ORA-S3; Balmaseda et al. 2008). ORA-S3 ocean data
assimilation system is based upon the HOPE ocean model.
The horizontal resolution is 1° resolution with the meridi-
onal resolution gradually increasing toward the equator to
0.3° resolution. There are 29 vertical levels with 10 m reso-
lution in the upper ocean. Data is available from 1959 to
2011.

The third ocean reanalysis used here is the ECMWF
Ocean Reanalysis S4 (ORA-S4; Balmaseda et al. 2013).
ORA-S4 uses the NEMOVAR data assimilation system
based on the NEMO ocean model. The horizontal reso-
lution is the same as ORA-S3, however ORA-S4 has 42
vertical levels with about 10—15 m resolution in the upper
200 m of the ocean. While the ORA-S4 record extends
from 1958 to present, data is produced in real time from
January 2010 onwards and is not recommended for climate
trend examination after 2009. Thus, our examination of this
dataset extends through 2009.

Various observational and satellite-derived datasets are
also used. These include the 1981-2014 daily 0.25° resolu-
tion blended analysis for SSTs (NOAA-OI; Reynolds et al.
2007), the 2.5° resolution 1983-2009 International Satellite
Cloud Climatology Project cloud dataset (ISCCP; Rossow
and Schiffer 1999), the 1° resolution 1982-2009 NASA
AVHRR PATMOS-x cloud dataset (PATMOSX; Heidinger
et al. 2012, Foster and Heidinger 2013), and the 5° resolu-
tion 1860-2013 UK. Met Office Hadley Centre’s monthly
historical gridded mean sea-level pressure dataset (Had-
SLP2; Allan and Ansell 2006). For rainfall the 2.5° reso-
lution 1979-2014 GPCP version 2.2 combined precipita-
tion dataset (GPCP; Adler et al. 2003), the 0.5° resolution
1901-2013 University of East Anglia Climate Research
Unit monthly rainfall dataset version 3.22 (CRUTS; Har-
ris et al. 2014), and the 0.10° resolution 1983-2014 NOAA
Climate Prediction Center African Rainfall Climatology
Version 2.0 dataset (ARC2; Novella and Thiaw 2013) are
utilized.

The analysis period is 1982-2013. 1982 is selected as
a starting point because several datasets commence in the
early 1980s (e.g., NOAA-OI, ISCCP, PATMOSX, ARC2,
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and GODAS), and others begin with 1979. For datasets that
don’t completely cover the 1982-2013 period (e.g., ORA-
S3, ORA-S4, ARC2, ISCCP, and PATMOSX), the trends
calculated for the shorter period are assumed to be valid for
the full 1982-2013 period.

4 Results

Figure 1 shows climatological, annual mean SSTs from
the NOAA OI observations (Fig. 1a), 4 atmospheric rea-
nalyses (Fig. 1b—e), and 3 ocean reanalyses (Fig. 1f-h).
All climatologies exhibit the same large-scale features,
with relatively cool SSTs over the open ocean south of
35°S and along the South African/Namibian coast associ-
ated with the Benguela current upwelling, and relatively
warm SSTs in the equatorial Gulf of Guinea and along the
Brazilian coast. With the exception of JRA-55 (Fig. le),
the SST magnitudes are similar, likely indicative of their
reliance on the same observational data for some/most
years. For example, ERAI uses a succession of data prod-
ucts for SST including the NCEP 2D-Var and NCEP real-
time global daily SST analysis (Dee et al. 2011; Kumar

et al. 2013), while MERRA, ORA-S3, and ORA-S4 uti-
lize OISST products (Reynolds et al. 2002) on which the
NOAA OI SSTs are based. JRA-55 uses the Centennial
In Situ Observation-based Estimates of SSTs (COBE;
Ishii et al. 2005) which is based on the Kobe Collection,
ICOADS release two buoy in situ observation measure-
ments and does not include satellite-derived SST esti-
mates like many of the other products. Thus, the JRA-55
annual mean SST magnitudes are 1-4 K lower than in the
other products, as this data product is more independent
of the other datasets.

Figure 2 shows linear trends and statistical significance of
annual mean SSTs for the same datasets, expressed in units
of K per 32 years. Statistical significance is assessed using
Zwier’s and von Storch’s (1995) two-stage table lookup test
procedure for small samples which takes into account auto-
correlation. Overall, there is good agreement of significant
warming, ranging from 0.5 to 1 K per 32 years, along the
Guinean Coast, and from 0.5 to 1.5 K per 32 years off the
Angolan/Namibian Coast. The datasets also agree that there
is a warming trend over the open ocean south of 30°S, how-
ever this trend is not found to be significant at the 90 % level
in most of the datasets other than NOAA OIL.

(9) ORA-S3

286 288 290 292

Fig. 1 Climatological annual mean SSTs (K) for the a NOAA OI
blended SSTs, the b ERAIL, ¢ MERRA, d NCEP2, and e JRA-55
atmospheric reanalyses, and the f GODAS, g ECMWF ORA-S3, and
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h ECMWF ORA-S4 ocean reanalyses. The climatologies for a—f are
for 1982-2013, g is for 1982-2011, and h is for 1982-2009
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Fig. 2 Linear trend in annual mean SST (K per 32 years) for the
a NOAA OI blended SSTs, the b ERAIL ¢ MERRA, d NCEP2, and
e JRA-55 atmospheric reanalyses, and the f GODAS, g ECMWF
ORA-S3, and h ECMWF ORA-S4 ocean reanalyses. White, green,

All of the datasets also indicate a cooling trend over
the open ocean between 18°S and 28°S, ranging between
—0.10 and —0.60 K per 32 years. This cooling trend is only
found to be significant about the 90 % confidence level in
JRA-55 (Fig. 2e) and GODAS (Fig. 2f). Note the subtropi-
cal/mid-latitude SST trend patterns are consistent with the
positive phase pattern of the South Atlantic Subtropical
Dipole mode (SASD), a mode of interannual variability
over the South Atlantic (Venegas et al. 1997; Haarsma et al.
2005; Morioka et al. 2011, 2012; Nnamchi et al. 2011;
Yuan et al. 2014). The SASD positive phase typically lasts
about 8 months as it begins developing in austral spring,
peaking in intensity in February, then gradually decays in
austral fall (Morioka et al. 2012).

Notable differences in SST trends among the datasets
also occur. Over the equatorial Atlantic, the SST trend is
dataset dependent with NOAA OI, ORA-S3, and ORA-
S4 indicating a weak warming trend of 0.25-0.5 K per
32 years, minimal trend in MERRA and NCEP2, and a
weak cooling trend of —0.5 K per 32 years or less in ERAI,
JRA-55, and GODAS. There is also some disagreement
along the Brazilian coast as JRA-55 and GODAS indicate a
cooling trend, while the other datasets show warming.

0 025 05 075 1

1.25 1.5 1.75

and purple stippling denotes values found statistically significant at
the 90, 95, and 99 % level of confidence, respectively after taking into
account autocorrelation using the Zwiers and von Storch (1995) two-
stage table lookup test procedure

Hovmoller diagrams showing the seasonality of
the South Atlantic SST trends in each dataset for three
cross-sections are shown in Fig. 3. Figure 3a shows
zonal cross sections averaged from 8°E to the African
coast to examine the strong warming off the Angolan
and Namibian coasts (Fig. 2). North of 20°S, this warm-
ing is in place, but not statistically significant, all year in
each dataset. While there is some indication of a signifi-
cant warming trend in August off the Angola coast (i.e.,
between 15°S and 20°S), the most significant warming
occurs from mid-October through the middle of Janu-
ary. During these austral summer months, SSTs are esti-
mated to warm by 1-2 K per 32 years. South of 20°S,
MERRA, NCEP2, ORA-S3, and ORA-S4 indicate a
warming trend most of the year, while NOAA OI, ERAI,
JRA-55, and GODAS indicating a cooling trend from
June to October. Except for GODAS, these trends are
not significant.

Figure 3b shows meridional cross sections of monthly
linear SST trends averaged between 2°N and the Guinean
Coast. A warming trend is prevalent year round in most
datasets. The exceptions are ERAI, which has a cooling
trend of 0.25-0.5 K per 32 years from May to September,
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Fig. 3 Monthly linear SST trend (K per 32 years) averaged along the
a Angolan/Namibian Coast (8°E—15°E), b Guinean Coast (2°N-7°N),
and c the subtropical South Atlantic (18°S-25°S) for the various data-
sets (excludes land points in averaging region). White, green, and

and JRA-55, which has widespread cooling west of 5°W.
The warming trend is significant between November and
March. Other times of year also have significant warm-
ing, but these instances are dataset dependent. The mag-
nitude of the November—March warming trend varies
among the datasets, ranging between 0.5 and 1.5 K per
32 years.

Figure 3c displays meridional SST cross sections aver-
aged between 18°S and 25°S over the regional of cooling
in the sub-tropical South Atlantic (Fig. 2). The cooling is
greatest from September through February when it ranges
between 0.25 to over 1 K per 32 years. Between March and
September, there is a weak cooling trend in JRA-55 and
GODAS, and a weak warming trend in NOAA OI, ERAI,
NCEP2, ORA-S3, and ORA-S4. The September—February
cooling trends are significant at least at the 90 % confidence
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purple stippling denotes values found statistically significant at the
90, 95, and 99 % level of confidence, respectively after taking into
account autocorrelation

level at some point during September—February in all data-
sets except for NOAA OL

Figure 3 indicates that the annual SST trends seen in
Fig. 2 occur primarily during austral summer. For this rea-
son, the remainder of this section focusses on the Novem-
ber-January period.

The surface heat budget for the ocean is examined to
better understand how the SSTs are maintained and SST
trends are established. The net ocean surface heat flux is
evaluated using the surface heat balance equation

3T
C—— =SaBs + LWyown — LWyp — Hg — H, — Fy — Fy — D,

dt
ey

where T is ocean mixed layer temperature and C is the heat
capacity of the surface. The ocean surface is warmed by
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Fig. 4 (Top row) 1982-2013 November—January net surface heat flux
(NHF) from the atmosphere (W m~2) for the a ERAIL, b MERRA,
¢ NCEP2, and d JRA-55 reanalysis climatologies. (Middle row)
1982-2013 November—January trends in net surface heat flux from
the atmosphere (W m~2 per 32 years) for the e ERAI, f MERRA,
g NCEP2, and h JRA-55 reanalyses. (Bottom row) 1982-2013

the absorption of solar radiation (S,gg) and longwave back
radiation (LW,_,,,), and cooled by the emission of longwave
radiation from the surface (LWup), which is related to 7 by:

4
LWy = e0Ty, )

November—January heat flux trend inferred from the observed tem-
perature trends using Eq. 3 (W m~2 per 32 years) for the i ERAI
j MERRA, k NCEP2, and 1 JRA-55 reanalyses. White, green, and
purple stippling denotes values found statistically significant at the
90, 95, and 99 % level of confidence, respectively after taking into
account autocorrelation

where ¢ is the longwave emissivity of the surface and o is
the Stefan-Boltzmann constant. Hg and H; are the sensi-
ble and latent heat fluxes from the surface to the atmos-
phere, respectively. The final three terms in Eq. 1 represent
the horizontal redistribution of heat in the upper ocean by
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mixed layer currents (Fy), the vertical redistribution of heat
(Fy), and diffusion (D). The first five terms on the RHS of
Eq. 1 are standard output from the atmospheric reanalyses,
while Fy, Fy, and D can be estimated from the available
ocean reanalyses.

Figure 4a—d show the 1982-2013 climatological
November—January seasonal net heat flux associated with
the first five terms on the RHS of Eq. 1 from each atmos-
pheric reanalysis; positive values indicate heat added into
the ocean surface. Heat fluxes are not shown for the ocean
reanalyses because they are forced with the net heat flux
from atmospheric reanalyses, and do not calculate it inter-
nally. GODAS uses NCEP2 daily heat fluxes, while ORA-
S3 and ORA-S4 utilize the ERA-40, ECMWF operational,
and/or ERAI reanalyses.

There is a net flux of heat from the atmosphere into the
ocean during austral summer over much of the equatorial and
subtropical South Atlantic Ocean. The strongest net heating
occurs along the Namibian/South African coast in the vicinity
of the cold upwelling region of the Benguela current (Fig. 1).
There is also strong heating over the equatorial Atlan-
tic upwelling region, with larger heating rates in ERAI and
MERRA (~80-110 W m~2) compared to NCEP2 and JRA-
55 (~40-60 W m™2). All of the reanalyses indicate a relative
minimum in net surface heating off the Brazilian coast near
10°S, but the magnitude varies among the datasets.

Figure 4e—h show the net heat flux trends associated with
the first five terms on the RHS of Eq. 1 from the atmos-
pheric reanalyses for austral summer (November—January).
ERAI, NCEP2, and JRA-55 show significant increases in
the heat flux from the atmosphere of 10-50 W m~2 per
32 years over the eastern South Atlantic between the equa-
tor and 20°S, although the spatial extent differs somewhat
among the reanalyses. (MERRA is discussed below). Cool-
ing trends (~10-30 W m™2 per 32 years) over the open
ocean between 25°S and 35°S, adjacent to the Brazilian
coast (~10-50 W m~?2 per 32 years), and along the Guinean
coast (~10-30 W m~2 per 32 years) occur in all four reanal-
yses. Over the central equatorial Atlantic, ERAI and JRA-
55 show a weak warming trend while NCEP2 and MERRA
indicate a weak cooling trend.

The November—January net heat flux trends in MERRA
(Fig. 4f) are different from the other three reanalyses, espe-
cially over the eastern South Atlantic. These differences are
possibly related to observing system changes in MERRA.
Beginning in 1998, NOAA-15 Advanced Microwave
Sounding Unit-A (AMSU-A) radiances were incorpo-
rated into the MERRA assimilation processes. This change
caused a discontinuity in the atmospheric moisture time
series that adversely impacted the surface radiation balance
(Bosilovich et al. 2011; Rienecker et al. 2011; Robertson
et al. 2011). ERAI also incorporates AMSU-A data, but
does not assimilate the 1-3 and 15 window channels, and
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Fig. 5 Components of the surface radiation budget for the 1982—p
2013 austral summer climatology for the a—e ERAI, f—j NCEP2, and
k-0 JRA-55 reanalyses. Units are W m~2 and positive (negative) val-
ues denote a heat flux into (out of) the ocean surface

does not have the discontinuity. Since we cannot properly
evaluate 1982-2013 trends using MERRA, it is dropped
from subsequent analysis after Fig. 4.

To place the net heat flux trends in better context, they

are compared with estimates of the heat flux inferred from
the observed temperature trend (Hggp). Figure 4i-1 show
austral summer estimates Hggp for the same four atmos-
pheric reanalyses estimated by:
Hsst (W Hfz) = pwcwh%’ 3)
where p,, is the density of water (~1000 kg m™?), c,, is
the specific heat capacity of water (~4218 J kg™! K™Y, h
is the mixed layer depth, and T is the SST. 07/0¢ is esti-
mated from the surface temperature from each reanalysis.
Values for i need to be obtained from the ocean reanalyses
since the atmospheric reanalyses do not provide an esti-
mate for this field. Only two of the ocean reanalyses ana-
lyzed, GODAS and ORA-S3, provide values for /4 and are
considered for use here. Figure 4i-1 show the values of
HSST using 2 from GODAS. GODAS was selected for
use because it has a higher spatial resolution than ORA-
S3 meaning that % is more realistically resolved especially
near the African coast, and the GODAS time series spans
the entire 1982-2013 period whereas ORA-S3 only cover
1982-2011. Note that the shading interval scale applied
in Fig. 4i-1 differs from the scale used in Fig. 4e—h, as the
magnitudes are generally smaller for Hggr.

Along the Angolan/Namibian and Guinean coasts
Hggr is approximately 2-8 and 2—4 W m~2 per 32 years,
respectively. In the case of the former, the net heat flux
trends from the reanalyses range from 10 to 60 W m~2 per
32 years depending on the reanalysis. For the latter, the sign
of the net heat flux trend is generally negative, suggest-
ing that it may not be directly responsible for explaining
the warming trend here. Over the subtropical South Atlan-
tic Hgqy is negative, ranging between —2 and —12 W m™2
per 32 years depending on the reanalysis. This is consistent
with the general sign for the net heat flux trends in Fig. 4e,
f and h, though the magnitudes appear to be smaller for
Hggr for some regions.

To test the sensitivity of the results on the selection of &
the calculation is repeated using % obtained from ORA-S3.
Results from this analysis (not shown) indicate that over the
open ocean the SST trends generally fall within the intra-
reanalysis range shown in Fig. 4i—1. There are larger differ-
ences along the African coast as SST warming trends are
almost double those shown in Fig. 4i—1. This difference is
associated with the mixed-layer depth being unrealistically
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deep near the African coast in ORA-S3. For example, the
climatological November—January mixed layer depths off
the Gabon and Guinean coasts range between 10 and 15 m
in GODAS, but are greater than 30 m in ORA-S3. Clima-
tological observational estimates such as those from the
Naval Research Laboratory dataset (Kara et al. 2003) indi-
cate that GODAS is more realistic.

Figure 5 shows the climatological November—January
values for each of the first five terms on the RHS of Eq. 1
for ERAI (Fig. 5a—e), NCEP2 (Fig. 5f—j), and JRA-55
(Fig. 5k—o). The largest positive shortwave absorbed (S,g5)
fluxes occur off the Namibian coast and extend northwest-
ward across the sub-tropical South Atlantic in the approxi-
mate location of the bulge of relatively warmer SSTs
(Fig. 1). Over the equatorial Atlantic and north of the equa-
tor, positive S,gg values are lower, reflecting the location of
the austral summer position of the marine ITCZ. The over-
all pattern is similar among the three datasets. There is also
good agreement among the reanalyses for the downward
longwave flux (LW ,,,; Fig. 5b, g, 1) and upward longwave
flux (LWup; Fig. 5c, h, m). Latent heat flux, H; (Fig. 5d,
i, n) terms are also in relatively good agreement over the
open ocean, but show distinct differences near the coastal
regions, possibly related to coastal wind differences. Con-
versely, sensible heat fluxes (Hg) are not very consistent in
the three reanalyses (Fig. Se, j, 0), but they are small rela-
tive to the other four terms.

Figure 6 shows the November—January trends for each
of the atmospheric heat flux terms for the ERAI (Fig. 6a—
e), NCEP2 (Fig. 6f—j), and JRA-55 (Fig. 6k—o) reanalysis
climatologies. While there is general agreement among the
reanalyses in the trends in the total net surface heat flux
from the atmosphere (Fig. 4e, g, h), how this trend is estab-
lished varies among the datasets. In general, the reanalyses
are in reasonable agreement for the longwave components
of the surface heat balance and the sensible heat flux, but
they produce large differences in the shortwave radiation
absorbed and the latent heat flux.

Over the region of positive SST trends in the south-
eastern Atlantic (east of 5°W between 10°S and 20°S;
Fig. 2), ERAI (Fig. 6a) and NCEP2 (Fig. 6f) place posi-
tive trends in SW,gg, ranging from around 10-20 W m™—2
per 32 years for ERAI and 3040 W m~2 per 32 years for
NCEP2. Trends in LWy, (Fig. 6c, h), and Hg (Fig. 6e, j) are
also similar between these two reanalyses and relatively
small (i.e., within = 5 W m™2 per 32 years). LW, trend
is also small in ERAI (Fig. 6b), but negative (~5-15 W m~2
per 32 years) in NCEP2 (Fig. 6g). The largest difference
between these two reanalyses is in the H; trends, with
ERAI (Fig. 6d) producing a positive trend of 5-15 W m~2
per 32 years while NCEP2 (Fig. 6i) has a negative trend of
5-20 W m~2 per 32 years. Thus, in NCEP2, the larger posi-
tive trend in the solar radiation absorbed is primarily offset
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Fig. 6 1982-2013 austral summer trends in components of the sur-p
face radiation budget for the a—e ERAIL, f—j NCEP2, and k-0 JRA-
55 reanalyses. Units are W m~2 per 32 years and white, green, and
purple stippling denotes values found statistically significant at the
90, 95, and 99 % level of confidence, respectively after taking into
account autocorrelation

by an increase in the sensible heat loss to the atmosphere
and, to a lesser extent, a larger decrease in evaporation. In
contrast to ERAI and NCEP2, the SW, trend in JRA-
55 (Fig. 6k) is negative over this same region. The warm-
ing trend is instead associated with positive trends in Hj
(Fig. 6n), and to a lesser extent positive trends in LWy,
(Fig. 61) and Hy (Fig. 60).

Over the subtropical South Atlantic between 20°S
and 30°S, where a cooling trend occurs in the reanaly-
ses between 20°S and 30°S (Fig. 2), all three datasets
indicate a robust negative H; trend in some form (i.e.,
increased latent heat loss from the ocean surface). When
thinking about the bulk formulae of H; both the surface
wind speed and the difference between the surface spe-
cific humidity (g,) and the near surface specific humidity
(g,) need to be considered. For example, Fig. 7a—d show
the austral summer ERAI climatological mean values for
g, 4, the g, — q, difference, and the 10-m wind speed
(Wspd), while Fig. 7e—h show their trends. Examination of
the trends in ¢q,, g,, and the surface wind speed over the
subtropical South Atlantic reveal a negative trend is both
g, and g, (i.e., a decrease in both ¢, and g,), however ¢,
decreases at a faster rate than g,. This means that the trend
in difference between the surface specific humidity and the
near surface specific humidity is positive (Fig. 7g), while
the trend in the wind speed is also positive leading to the
increase in latent heat flux loss from the ocean. Simi-
lar trends are also observed in JRA-55 and NCEP2 (not
shown), though the trends in the g, — ¢, difference are
much smaller in NCEP2 as the difference in ¢, and g,, is
not as large. A negative trend in LW, is also contribut-
ing, but the trend magnitudes are about half the size of the
H, trend magnitudes. The trend in LW, is consistent with
the change in the SST (see Eq. 2). A negative SW ¢ trend
west of 10°W and a positive SW,g trend east of 10°W
pattern is identifiable in all three datasets, though the mag-
nitudes vary considerably among the reanalyses.

Along the Guinean Coast the negative trend in the net
atmospheric heat flux (Fig. 4) is associated with a negative
trend in SW, g in all three datasets. The magnitude of the
negative SW, g trends in ERAI and JRA-55 are compara-
ble, around 5-15 W m~2 per 32 years, but larger in NCEP2
(5-15 W m™2 per 32 years). The larger negative SWigs
trend in NCEP2 is associated with a negative trend in H,
unlike the other two reanalyses, which suggest either a
weak H; trend in ERAI or a positive H; trend in JRA-55.
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Fig.7 (Top row) ERAI 1982-2013 November—January climato-
logical mean a surface specific humidity ¢s (g kg™!), b 2-m specific
humidity ga (g kg™"), ¢ gs — qa difference (g kg™"), and d 10-m wind
speed (m s71. (Bottom row) ERAI 1982-2013 November—January

Cloud cover trends are also evaluated since cloud cover
can play an important role in affecting the surface heat
balance. Figure 8a—e show the climatological November—
January total cloud cover from ISCCP and PATMOSX
observations and the three atmospheric reanalyses, while
Fig. 8f—j show the total cloud cover trends for the same
datasets. The ISCCP (Fig. 8a) and PATMOSX (Fig. 8b) cli-
matologies are in good agreement, with large cloud frac-
tions (i.e., >80 %) off the Angolan coast centered at 18°S,
over the equatorial North Atlantic west of 20°W, and near
40°S, and low cloud fractions (i.e., <60 %) over the equato-
rial South Atlantic west of 20°W centered near 8°S, along
an axis extending from 8°S; 30°W to about 30°S; 10°W,
and along the Namibian/South African coast over the Ben-
guela current. This pattern is similar in the ERAI reanalysis
(Fig. 8c), but not in NCEP2 (Fig. 8d) and JRA-55 (Fig. 8e).
For example, the NCEP2 cloud fraction pattern over the
subtropical Atlantic is opposite to the observations, with
large cloud fractions in the west of the basin and low
fractions in the east. The JRA-55 pattern is closer to the
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trends in a gs (g kg™! per 32 years), b ga (g kg™ per 32 years), ¢
gs — qa difference (g kg™! per 32 years), and d 10-m wind speed
(m s~! per 32 years). Stippling denotes values found statistically sig-
nificant at the 90 % level of confidence

observations than NCEP2, although magnitudes are lower
compared to ISCCP and PATMOSX over many regions.

Cloud cover trends for ISCCP (Fig. 8f) and PATMOSX
(Fig. 8g) suggest a negative trend (i.e., less cloud cover) for
much of the South Atlantic. For the most part these changes
are not significant, except along the Namibian/South Afri-
can coast, and over North Atlantic near 10°N. These two
observational datasets are in poor agreement over the equa-
torial Atlantic, with ISCCP indicating a negative trend, and
PATMOSX a positive trend. Likewise PATMOSX indicates
a more robust negative trend centered at 25°S; 5°W, which
is only hinted at in ISCCP.

Cloud cover trends in the reanalyses vary considerably.
ERAI (Fig. 8h) has negative trends south of 10°S, and pos-
itive trends over the equatorial Atlantic. A significant nega-
tive trend is clearly identifiable over the Benguela current,
but the magnitudes and the spatial extent of this feature
are much larger than the observations. NCEP2 (Fig. 8i)
does not capture this negative trend off the Namibian
coast. Furthermore, negative trends are located over the
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Fig. 8 (Left column) Novem- f) ISCCP Trend
ber—January climatological total r

cloud cover (%) from a ISCCP,
b AVHRR PATMOSX, ¢ ERAI,
d NCEP2, and e JRA-55 data-
sets. (Right column) November—
January linear trends in total
cloud cover (% per 32 years)
from f ISCCP, g AVHRR
PATMOSX, h ERAI, i NCEP2,
and j JRA-55 datasets. White,
green, and purple stippling
denotes values found statisti-
cally significant at the 90, 95,
and 99 % level of confidence,
respectively after taking into
account autocorrelation
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equatorial South Atlantic and along the Angola coast
in NCEP2, while positive trends are found off the South
Atlantic coast of Brazil. Trend patterns are weak in JRA-
55 (Fig. 8j) outside of the equatorial Atlantic, where they
are negative. All three reanalyses indicate significant nega-
tive trends along the Guinean Coast, but these are not iden-
tifiable in either observational dataset. Since the surface
heat balance is sensitive not only to the total cloud amount
but also changes in cloud elevation, cloud cover trends for
low, middle, and high cloud cover were also examined for
the different data products (not shown). The general con-
sensus from this analysis is that the trends in total cloud
cover shown in Fig. 8 over the South Atlantic, outside of
the equatorial region are primarily associated with changes
in low cloud cover due to the decrease in the lower tropo-
spheric specific humidity (e.g., Fig. 7f). Over the equato-
rial Atlantic, the trends in total cloud cover are found to
be associated more with changes in high cloud cover pri-
marily associated with enhanced convection in the Atlantic
ITCZ.

Clearly the reanalysis atmospheric net ocean surface
heating trends (Fig. 6) are sensitive to the differences in
cloud cover trends (Fig. 8). For the most part, cloud cover
trend patterns resemble the SW,gg trend patterns, and
to a lesser extent the LW, . trend patterns. Other trends
(e.g., LW, H;, and Hy) adjust, yielding varying balances,
depending on the reanalysis. Thus, it is difficult to confi-
dently pinpoint the exact nature of net surface heating
trends in the reanalyses due to the sensitivity of the surface
radiation balance to clouds. ERAI is judged here to be the
most likely outcome, based upon the better agreement of
the total cloud fraction with ISCCP and PATMOSX.

The horizontal and vertical heat transport within the
ocean mixed layer (i.e., Fiy and Fy from Eq. 1) can be esti-
mated from the GODAS and ORA-S3 ocean reanalyses. If
we assume the ocean mixed layer is isothermal, then Fiy
can be estimated from

Fuy = —,Owah(VML : VTML>, “4)

where Vyp is the average mixed layer horizontal current
and Ty, is the average mixed layer temperature. Fy, is
defined as:

oT
Fv = —pwCyh| w— , Q)
9z / miB

where w is the vertical velocity of water, T is the tempera-
ture, and z is the vertical depth. This quantity is evaluated at
the base of the ocean mixed layer, and represents the trans-
port of heat by the vertical ocean current either into or out
of the ocean mixed layer.

Figure 9a and b show the November—January clima-
tological Fy, for GODAS and ORA-S3. The patterns are
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Fig. 9 1982-2013 November—January climatological horizontal »

heat transport by ocean mixed layer currents (Fyy; W m~?) from a
GODAS and b ORA-S3. Also shown is the November—January cli-
matological vertical heat transport at the base of the ocean mixed

layer (Fy; W m~2) from ¢ GODAS and d ORA-S3. e and f Show
November—January climatological diffusion (D; W m~2) estimated as
a residual from Eq. 1 for GODAS and ORA-S3, respectively

similar, with positive values over the equatorial Atlantic
east of 20°W and along the South American coast south of
about 15°S, and negative values elsewhere. Generally, mag-
nitudes of Fy are larger in ORA-S3.

Figure 9c and d show November—January climatologi-
cal values for Fy for GODAS and ORA-S3. The strong-
est cooling (~40-90 W m™2) is associated with upwelling
over the equatorial Atlantic along the African coast
(~10-40 W m ).

Diffusion can be approximated as a residual from Eq. 1.
The November—January climatological values for GODAS
and ORA-S3 are shown in Fig. 9e, f. Generally, the largest
heat loss associated with diffusion appears to occur along
the African coast and over the equatorial Atlantic where
there is strong upwelling, and hence vertical mixing. There
are differences in the magnitudes between the two datasets,
but the general climatological pattern is similar. Note some
caution is required using a residual approach to estimate
diffusion in this manner, as the quantities shown may also
include impacts of any numerical errors associated with the
determination of the other terms.

Trends in Fy, Fy, and diffusion are shown in Fig. 10.
There are significant positive trends in Fyy (Fig. 10a, b)
scattered in the Gulf of Guinea and further south off the
Angola/Namibian coast (~10-40 W m™2 per 32 years).
The latter suggests that the enhanced net surface heating
in Fig. 4 near the Angolan Coast is being transported to
the south and west by the mixed layer current, moderating
the SST warming trend. Over the open ocean, both data-
sets indicate weak negative trends (i.e., <—10 W m™ per
32 years) between 18°S and 25°S, and positive trends south
of 25°S.

Agreement between the two datasets for Fy, trends is not
nearly as strong (Fig. 10c, d). Off the Guinean Coast west
of 5°W and along the Angolan Coast south of 10°S, both
reanalyses suggest a positive trend in Fy, signifying warm-
ing associated with a weakening of coastal upwelling, but
these trend patterns are spatially complex. Trends from
GODAS and ORA-S3 differ considerably over the east-
ern equatorial Atlantic (i.e., east of ~10°W), with GODAS
trends indicating warming while ORA-S3 indicating cool-
ing. While the GODAS trend is more consistent with the
SST trend (Figs. 2 and 3), the plausibility of the ORA-S3
Fy, trend cannot be dismissed at this time.

Likewise agreement in the diffusion trends varies
between the two datasets (Fig. 10e, f). Both reanalyses
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«Fig. 10 1982-2013 November—January linear trends in Fy from
a GODAS and b ORA-S3, Fy for ¢ GODAS and d ORA-S3, and
diffusion for ¢ GODAS and f ORA-S. Units for all are W m~2 per
32 years. White, green, and purple stippling denotes values found
statistically significant at the 90, 95, and 99 % level of confidence,
respectively after taking into account autocorrelation

indicate positive trends right along the Angolan and Gulf
of Guinea coasts with magnitudes ranging from 5 to
30 W m~2 per 32 years. Both reanalyses also indicate the
presence of a negative diffusion trend centered along 30°S.
Over the western subtropical South Atlantic between the
equator and 25°S the diffusion trends are opposite for the
two datasets, which is not so surprising given that that cli-
matologies (Fig. 9e, f) differ over this region.

Table 1 summarizes the November—January surface
heat balance equation term trend changes in Figs. 4 and
10 for the Angolan coast (10°E-15°E; 17°S—8°S), east-
ern Guinean Coast (0°E-10°E; 3°N-6°N), western Guin-
ean Coast (12°W-7°W; 3°N-6°N), and central South
Atlantic (20°W-10°W; 25°S-18°S) regions. Along
the Angolan coast GODAS warming trends are found
to be associated primarily with positive changes in Fy
(4.81 W m~2 per 32 years) indicating a weakening of the
vertical advection of cool water, and a smaller positive
trend in the net heat flux (0.75 W m~2 per 32 years). The
balance is slightly different in ORA-3, with positive net
heat flux trends primarily responsible for the warming,
while Fy trends are slightly negative (—1.45 W m™2 per
32 years) due to the strong negative trends in ORA-3
north of 10°S (Fig. 10d) that are not observed in GODAS
(Fig. 10c).

The Guinean Coast warming trend west of 8°W is found
to be associated with a decrease in the vertical advection of
cooler water as both GODAS and ORA-S3 suggest positive

trends of 9.51 and 20.41 W m™2 per 32 years, respectively.
Interestingly, the signs of the net heat flux and the diffusion
trends differ between GODAS and ORA-S3. The net heat
flux for GODAS is from NCEP2 (Fig. 4g), while for ORA-
S3 it is from the ERA40 and ECMWF operational analysis,
and does not agree with the ERAI trends shown in Fig. 4e.
GODAS also suggests that changes in diffusion may also
be important, contributing to about half of the warming
once differenced from the net heat flux trend. For ORA-S3,
diffusion and net heat flux trend changes generally balance,
resulting in all of the warming associated with changes in
the vertical advection term.

East of 8°W, GODAS suggests that the coastal warm-
ing is associated with an increase in horizontal warm water
transport by the generally eastward-flowing mixed layer
currents (0.96 W m~2 per 32 years) and a positive trend
in diffusion (i.e., a decrease in cooling due to diffusion)
of 33.60 W m~2 per 32 years. In contrast, ORA-S3 indi-
cates that positive trends in net heat flux and diffusion are
responsible for the warming trend, but again some caution
should be placed in the ORA-3 results since the net heat
flux trends disagree with the other reanalyses (Fig. 4e-h).

Over the central South Atlantic region GODAS sug-
gests that the cooling trend is associated primarily with
a decrease in the net surface heating (—10.44 W m™>
per 32 years) with a smaller contribution from Fy
(—1.67 W m~2 per 32 years). For ORA-S3 balance is dif-
ferent, as negative Fy, Fy, and diffusion trends offset the
increases in net surface heating and determine the change
in cooling.

The heat transport in the ocean mixed layer is strongly
influenced by the overlying atmospheric circulation and
surface wind stress. Figure 11a—g show the austral summer
sea-level pressure climatology over the Atlantic and Indian

Table 1 November—January regional area-averages of surface heat balance equation term trends (W m~2 per 32 years)

Term GODAS Angolan coast GODAS Eastern Guinean GODAS Western Guinean GODAS Central South Atlantic
(10E-15E; 17S-8S) Coast (0-10E; 3N-6N) Coast (12W-7W; 3N-6N) (20W-10W; 25S5-18S)

CoT /ot 2.29 1.27 4.62 —4.69

Net heat flux ~ 0.75 —29.06 —26.88 —10.44

Fy —1.14 0.96 —7.01 —1.67

Fy 4.81 —4.23 9.51 0.57

Diffusion —2.13 33.60 29.00 6.85

Term ORA-S3 Angolan coast ORA-S3 Eastern Guinean ORA-S3 Western Guinean ORA-S3 Central South Atlantic
(10E-15E; 17S-8S) Coast (0-10E; 3N-6N) Coast (12W-7W; 3N-6N) (20W-10W; 25S-18S)

CoT /ot 2.78 7.34 15.78 —7.60

Net heat flux ~ 33.94 29.49 35.62 11.19

Fy —20.83 —5.51 —4.76 —4.55

Fy —1.45 —60.89 20.41 —1.64

Diftusion —8.88 44.25 —35.49 —12.60
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«4Fig. 11 1982-2013 November—January climatological mean sea-
level pressure (left column; hPa) and linear trends of mean sea-level
pressure (right column; hPa per 32 years) for the HadSLP2 dataset
and the ERAI, NCEP2, and JRA-55 reanalyses. White, green, and
purple stippling denotes values found statistically significant at the
90, 95, and 99 % level of confidence, respectively after taking into
account autocorrelation

Oceans for the HadSLP2 (Fig. 11a) and the three reanaly-
ses (Fig. 11b—d). The dominant features include anticy-
clones over the South Atlantic and South Indian Oceans
at 35°S, the Tibetan Plateau at 40°N, and eastern North
Atlantic/western Mediterranean Sea around 30°N. Over
land, relatively low sea-level pressures are observed over
South America at 20°S (the Chaco low) and over south-
western Southern Africa near 20°S (the Angolan thermal
low).

Figure 1le-h show the November—January sea-level
pressure trends for each dataset. Magnitudes vary, but there
is good agreement among the datasets regarding a poleward
shift in the subtropical anticyclones in both hemispheres
consistent with the observed long-term trend of positive
polarity of the Southern Annular mode, which is associ-
ated with a poleward contraction of the mid-latitude west-
erly wind belt towards Antarctica (Thompson and Wallace
2000; Thompson et al. 2000; Manatsa et al. 2013), and the
observed poleward expansion of the Hadley circulation and
widening of the tropical belt (Hu and Fu 2007; Seidel and
Randel 2008; Seidel et al. 2008; Hu et al. 2013). Positive
sea-level pressure trends for the South Atlantic and Sibe-
rian anticyclones are significant at the 95 % confidence
level for all of the datasets. Significant negative sea-level
pressure trends occur over the equatorial and tropical North
Atlantic and the tropical Indian Ocean, indicative of lower
sea-level pressure during the austral summer months. Over
southern Africa, there are significant negative trends in the
southwest, while all the datasets except NCEP2 show posi-
tive trends over the continental interior extending north-
ward into equatorial Africa. This trend pattern indicates
an intensification of the austral summer thermal low over
the western Kalahari Desert which is further confirmed in
Fig. 12 below.

Associated with these changes in sea-level pressure are
changes in the low-level circulation. Figure 12a—c show
November—January climatological 10-m winds from the
three atmospheric reanalyses. Over the South Atlantic the
circulation is anticyclonic, with strong southerly/south-
easterly flow off the Namibian coast that becomes more
easterly over the central South Atlantic between 10°S and
20°S, and eventually northeasterly along the South Ameri-
can coast. Flow over the African continent is weaker, with
onshore westerly/southwesterly flow from the South Atlan-
tic converging over land with easterly flow from the Indian
Ocean.

Figure 12d—f show the austral summer 10-m wind trends
from the reanalyses. South of 20°S over the South Atlan-
tic there is an enhancement of the anticyclonic flow in all
reanalyses, associated with the poleward shift of the South
Atlantic anticyclone (Fig. 11). North of 20°S, the equator-
ward component of the flow is stronger in all three datasets,
consistent with a weakening of the ridging over the central
tropical South Atlantic during the austral summer. Over
the Congo basin, ERAI (Fig. 12d) and JRA-55 (Fig. 12f)
indicate anomalous anticyclonic circulation with a weak-
ening of the onshore flow over northern Angola, Congo,
Democratic Republic of Congo, and Gabon, and a general
strengthening of the westerly flow further south over south-
ern Angola and Namibia associated with an intensifica-
tion of the thermal low over southwestern Africa. NCEP2
(Fig. 12e) also indicates an intensification in the westerly
flow over southern Angola/Namibia, while the onshore
flow over equatorial Africa strengthens.

Precipitation trends are examined to help evaluate which
circulation trend pattern in Fig. 13 is more plausible, since
there are a variety of independent monthly rainfall datasets
available that cover the 1982-2013 period. Note precipi-
tation is not assimilated in the atmospheric reanalyses, so
rainfall is determined by the assimilation model of each
reanalysis. Figure 13a—f show the November—January
rainfall climatology from three observational datasets and
the three reanalyses, while Fig. 13g—1 show the precipita-
tion trends for the same datasets. All of the datasets are in
agreement regarding positive rainfall trends over the equa-
torial North Atlantic and southern Africa south of approxi-
mately 18°S. Over the Congo basin, GPCP (Fig. 13g), CRU
(Fig. 13e), and ARC2 (Fig. 13f) indicate a negative trend
in rainfall, consistent with rainfall trends calculated from
ERALI (Fig. 13j) and JRA-55 (Fig. 131). However, NCEP2
(Fig. 13k) indicates a positive rainfall trend over most of
the Congo basin.

Precipitation is connected to the circulation through
the vertically-integrated moisture flux convergence. Fig-
ure 14a—c show the austral summer vertically-integrated
moisture flux convergence from the ERAI, NCEP, and
JRA-55 reanalyses, respectively, while Fig. 14d—f show
the vertically integrated moisture flux convergence trends.
Over the Congo basin, ERAI and JRA-55 show a signifi-
cant negative trend, indicating a weakening of the verti-
cally-integrated moisture flux convergence over this region,
while NCEP2 has the opposite trend. Further decomposi-
tion of the atmospheric moisture budget and analysis of the
precipitable water trends (not shown) indicates that the neg-
ative vertically-integrated moisture flux convergence trend
over the Congo basin is associated with primarily changes
in the wind convergence and not changes in the atmos-
pheric column moisture content, while over subtropical
Southern Africa, south of 10°S, both changes in circulation
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and atmospheric column moisture content are important.
Thus, while NCEP2 precipitation trends over the Congo
basin appear to be internally consistent with the circulation

@ Springer

reanalyses. Red, green, and purple vectors in d, e, and f denote values
that are statistically significant at the 90, 95, and 99 % level of confi-
dence, respectively after taking into account autocorrelation

trends, they are not consistent with independently-observed
rainfall trends, suggesting that the ERAI and JRA-55 cir-
culation trends in Fig. 12 are more realistic. For this reason
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account autocorrelation
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curl of the ocean wind stress (x 10’ N m~2 per 32 years) for e ERAL

and based upon ERAI having better agreement with the
observed SST trends in Fig. 2 relative to JRA-55, the ERAI
trends are likely more reliable.

The sea-level pressure, near surface winds, and pre-
cipitation trend patterns discussed above are consistent
with Vigaud et al.’s (2009) negative phase South Atlantic
mid-latitude mode of interannual variability derived from
January to February 1979-2000 NCEP2 reanalysis and
CRUTS2.0 precipitation observations. The trend analy-
sis presented here indicates that this particular pattern of
variability is intensifying and/or becoming more prevalent.
However, unlike Vigaud et al. (2009), our analysis also
indicates a significant response over equatorial Africa.

Finally, the curl of the ocean wind stress is examined to
connect the near surface wind trends back to the SST trends
(Fig. 2). Figure 15 shows the curl of the ocean wind stress
for ERAI (Fig. 15a), NCEP2 (Fig. 15b), JRA-55 (Fig. 15¢),
and ORA-S3 (Fig. 15d) in the austral summer climatology.
GODAS is not shown because it uses surface wind stress
forcing from NCEP2, and hence yields the same outcome
as NCEP2. The climatologies all indicate negative curl

L
0 025 05 075 1

1.5 2 3

f NCEP2, g JRA-55, and h ORA-S3. White, green, and purple stip-
pling denotes values found statistically significant at the 90, 95, and
99 % level of confidence, respectively after taking into account auto-
correlation

(cyclonic rotation) over the eastern tropical and sub-trop-
ical South Atlantic Ocean north of about 18°S. South of
20°S there is positive curl (anticyclonic rotation) associ-
ated with circulation around the South Atlantic anticyclone.
Magnitudes are largest just off the Namibian/South African
coast, coinciding with the strongest surface wind speeds
(Fig. 12).

Figure 15e~h show the austral summer curl trends from
the reanalyses. Agreement varies by region, but all datasets
show a negative trend over the South Atlantic between 18°S
and 25°S and a positive trend near 35°S. There is weaken-
ing of the anticyclonic rotation in the subtropical South
Atlantic and a strengthening of the anticyclonic rotation
at mid-latitudes, consistent with a poleward shift in the
South Atlantic anticyclone (Fig. 11) and, consistent with
the observed changes in Fyy (Fig. 10) across the basin. The
datasets also show a significant negative trend just south
of the equator over the central Atlantic between 0°W and
30°W, indicating an increase in cyclonic curl associated
with weaker ridging over the central tropical South Atlan-
tic (Fig. 11). Off the Angolan coast there is a discernible
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negative trend, but the spatial pattern varies among the rea-
nalyses. For example, the negative trend is positioned along
the coast in ERAI and JRA-55, but it is further west in
NCEP2 and ORA-S3. Given that the NCEP2 near surface
wind trends (Fig. 12) are inconsistent with the observed
rainfall trends (Figs. 13, 14) as discussed above, the trends
in the curl of the near surface wind in ERAI and JRA-55
are likely to be more reliable. Thus, SST warming off the
Angola coast is also associated with the combined effects
of the poleward shift of the South Atlantic anticyclone and
an intensification of the austral summer thermal low over
southwestern Africa. The distinct seasonality of the signifi-
cant SST trend response may be related to the influence of
the land-based atmospheric circulation. While the Angolan
thermal low is dominant during the austral summer, the
circulation over continental southern Africa is dominated
by the Kalahari anticyclone during the austral winter. This
coincides with a weaker SST warming trend off the Angola
coast (Fig. 3a), despite that fact that there is still a poleward
shift of the South Atlantic anticyclone during the austral
winter (not shown).

5 Conclusions

High-resolution observational datasets, atmospheric reanal-
yses, and ocean reanalyses are examined to understand how
and why southeastern Atlantic SSTs have changed over the
1982-2013 period. Multiple datasets are examined to eval-
uate confidence in the trends identified, and to help iden-
tify artificial discontinuities associated with operational
changes over the analysis period.

Significant warming trends in annual SSTs off the Guin-
ean and Angolan/Namibian Coasts ranging from 0.5 to
1.5 K per 32-years, and over the open South Atlantic Ocean
south of 30°S ranging from 0.25 to 0.75 K per 32-years, are
identified in the majority of the datasets analyzed (Fig. 2).
A cooling trend of —0.10 to —0.60 K per 32 years is
observed over the subtropical South Atlantic (i.e., between
18°S and 28°S), but this trend is robustly significant at the
99 % confidence level for only two of the eight datasets
analyzed. SST trends vary over the annual cycle, with the
most significant SST trends occurring during the austral
summer months of November—January (Fig. 3).

Examination of the ocean surface heat budget (Eq. 1)
suggests that the austral summer SST warming trend over
the southeastern South Atlantic Ocean off the Angola coast
is associated with an increase in the net heat flux from the
atmosphere (Fig. 4). Three of the four atmospheric reanal-
yses evaluated are in agreement and the outlier, MERRA,
is shown to have artificial data discontinuities in the late
1990s. Exactly how this positive trend in net heat flux is
established varies among the remaining three atmospheric
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reanalyses (Fig. 6), so results are less conclusive. For
example, positive trends in SW,gq are primarily responsi-
ble for the increase in net heat flux from the atmosphere for
ERAI and NCEP2, while positive trends in H; and LW,
are important in JRA-55. Differences among the reanalyses
are shown to be associated with cloud cover trend differ-
ences (Fig. 8).

The Angola coast warming trend is also associated
with a decrease in coastal upwelling (Fig. 10). Both ocean
reanalyses analyzed indicate positive trends (reduced
upwelling contributing to warming) off the Angolan coast
with the trend more robust in GODAS. Investigation of the
austral summer atmospheric circulation trends in the atmos-
pheric reanalyses support the notion of weaker upwelling.
Mean sea-level pressure and wind field trends indicate a
poleward shift of the South Atlantic subtropical anticyclone
and an intensification of the continental thermal low over
southwestern Africa over southern Angola, Namibia, and
South Africa (Figs. 11, 12). These atmospheric circulation
changes combine to enhance the negative curl of the ocean
wind stress (i.e., increase the cyclonic rotation) in the
southeast Atlantic between the equator and 20°S (Fig. 15)
and weaken coastal upwelling off the Angola Coast.

The SST cooling trend over the subtropical South
Atlantic between 20°S and 30°S is associated with a neg-
ative trend in the net heat flux from the atmosphere. This
decrease is primarily associated with a decrease in Hj
(i.e., increased latent flux from the ocean), with negative
trends in LW, ., SWyps, and Hg also contributing. These
changes are in turn associated with the poleward shift of
the South Atlantic anticyclone and the intensification of
surface wind speeds over this region (Fig. 12). Changes
in the horizontal (F}y) and vertical (Fy) transport of heat
within the ocean mixed layer (Fig. 10) also appear to be
contributing to the cooling trend over the subtropical South
Atlantic, though the magnitude of these changes are two to
four times smaller than the change in H; . This trend is con-
sistent with the response associated with the positive South
Atlantic Dipole mode phase of interannual variability (Ven-
egas et al. 1997; Haarsma et al. 2005; Morioka et al. 2011;
Yuan et al. 2014) suggesting that this pattern has likely
been intensifying and/or become more prominent over the
past 32 years.

Positive austral summer SST trends along the Guinean
coast north of the equator are not directly associated with
net atmospheric surface heat flux trends over the region; the
trends are negative for the atmospheric reanalyses analyzed
(i.e., less heat into the ocean surface from the atmosphere).
This suggests that the observed positive SST trend is asso-
ciated with changes internal to the ocean. Evaluation of
two ocean reanalyses suggests that the warming trend west
of 8°W is associated with a decrease in coastal upwelling
and possibly diffusion, while the warming trend east of
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8°W is associated with a positive trend in diffusion and
an increase in the horizontal warm water transport by the
ocean mixed layer, primarily from the west. Note, a caveat
of our evaluation of the surface heat budget for the ocean
(Eq. 1) is that the diffusion term, D, cannot be directly cal-
culated for the ocean reanalyses, and is estimated here as a
residual instead. This means that the quantities shown here
for D may also include numerical errors associated with
the determination of the other terms, and should be treated
with caution in their interpretation.

The austral summer circulation trends described above,
namely, the poleward shift in the South Atlantic subtropi-
cal anticyclone and the intensification of the continental
thermal low over southwestern Africa, are likely associ-
ated with changes in anthropogenic forcing. For example,
the poleward shift of the South Atlantic anticyclone is con-
sistent with the observed poleward expansion of the Trop-
ics (Quan et al. 2004, 2014; Lu et al. 2007; Seidel et al.
2008; Johanson and Fu 2009; Nguyen et al. 2013; Choi
et al. 2014). Factors such as the depletion in stratospheric
ozone (Polvani et al. 2011; McLandress et al. 2011) and
the increase in black carbon aerosols and tropospheric
ozone (Allen et al. 2012) are thought to play primary roles
in the widening of the tropics, although whether the radia-
tive effects are directly forced (Lu et al. 2009) or mediated
through SST warming (Staten et al. 2011; Quan et al. 2014)
has not been established. The loss of stratospheric ozone is
thought to be associated with a delayed breakdown of the
stratospheric polar vortex (Trenberth and Olson 1989; Hur-
rell and van Loon 1994; Randel and Wu 1999) and affects
the large-scale southern hemisphere circulation by favoring
a positive phase of the Southern Annular mode (Thomp-
son and Solomon 2002; Manatsa et al. 2013). The intensi-
fication of the continental thermal low over southwestern
Africa is associated with an amplified warming effect over
the Kalahari Desert similar to the one observed over the
Sahara (Cook and Vizy 2015).

These results are relevant for improving our under-
standing of regional climate variability associated with
global warming over the South Atlantic. While CMIP5
model projections predict continued expansion of the trop-
ics during the twenty-first century (Hu et al. 2013), how
this response to global warming manifests over the South
Atlantic will depend, in large part, on how much continen-
tal Africa warms relative to the adjacent oceans. More work
is needed to better understand the sensitivity of the interac-
tion between the South Atlantic subtropical anticyclone and
the continental thermal low.

Finally, a better understanding of why the SST trends
are most significant in the austral summer months is also
needed. Results from this study suggest that the annual
cycle of surface heating over continental Africa is playing
an important role. Surface temperatures are warmest over

the Kalahari Desert during the austral summer, driving the
formation and maintenance of the thermal low over south-
western Africa that is shown here to influence the regional
climate over the eastern South Atlantic. Another plausible
hypothesis that warrants attention relates to the role of strato-
spheric ozone forcing. Stratospheric ozone concentrations
are typically lowest during the austral spring over Antarc-
tica, while an analogous high latitude Northern Hemisphere
reduction in ozone concentrations during the boreal spring
does not typically reach the same magnitudes or spatial
scales. Studies have suggested that ozone depletion is an
important driver of the poleward expansion of the Southern
Hemisphere tropics during the austral summer months. It has
likely influenced Southern Hemisphere circulation trends
(Polvani and Kushner 2002; Polvani et al. 2011; McLandress
et al. 2011) through its relationship with the Southern Annu-
lar mode (Thompson et al. 2000; Manatsa et al. 2013), which
is observed to be most active during the late austral spring
(Thompson and Wallace 2000; Thompson et al. 2000). Fur-
ther work is needed to better understand the exact roles of
each of these mechanisms and how they interact.
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