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ABSTRACT: This study reconsiders the role of the Agulhas Current in South
African climate variability. Here, the Agulhas Current is delimited by its an-
ticyclonic looping flow and cluster analysis of detrended SST anomalies that
lead to an area 28°-37°S, 18°-35°E, poleward of South Africa. Regression of
detrended Agulhas SST with rainfall anomaly fields in the years 1950-2012
yields a surprising negative influence over the interior. In summer, the negative
regression exhibits a northwest axis consistent with reduced cloud band activity.
Positive influence is confined to the eastern escarpment in the September—
November season when cutoff lows are prevalent. The overall negative influ-
ence of the Agulhas SST is confirmed by regression with the vegetation fraction
and latent heat flux in the satellite era.

Mechanisms of South African rainfall suppression were investigated. The
Agulhas SST index is positively related to the multivariate ENSO index at
the 1-3-month lead time. Hence, warm years in the Agulhas Current follow
Pacific El Nifio. Composite ocean analysis shows enhanced westerly
winds offshore and a westward extension of warm salty water from the
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anticyclonic south Indian Ocean gyre. Composite atmospheric analysis ex-
hibits moist uplifted air over the Agulhas Current folding into an equatorward
circulation that sinks over the interior plateau. Because Agulhas SST par-
tially follows ENSO, its suppression of interior rainfall is concluded to be
passive.

KEYWORDS: Atmosphere—ocean interaction; Boundary currents; ENSO

The ocean stores heat and drives the Earth’s water cycle, while integrating
surface energy exchanges and providing memory of past fluxes to sustain
atmospheric anomalies. Heat imbalances generate atmosphere and ocean cir-
culations, which seek to minimize those gradients. Western boundary cur-
rents that transport warm tropical water poleward along the continental
margins play a key role by contributing surplus energy to passing storms.
Conversely, eastern boundary currents that advect cool upwelled water
equatorward draw energy from the atmosphere and inhibit convection. There
is only one place in the world where opposing boundary currents “‘touch’:
south of Africa.

Understanding South African climate variability is challenging because of
the mixture of local and remote influences and the juxtaposition of moisture
sources and sinks (Hulme et al. 1996). The Pacific El Nifio—Southern Oscil-
lation (ENSO) modulates the zonal atmospheric circulation over the southeast
Atlantic (Mo and Paegle 2001). During the warm phase, westerlies bring dry
air from the cool Benguela Current onto the South African Plateau. In the cold
phase, easterlies transport humid air from the warm Agulhas Current (Mason
and Jury 1997; Reason 2001). South Africa’s economic output varies according
to rainfall (Schulze et al. 1993; Jury 2002) contributed by northwest (NW)-
oriented cloud bands in summer and cutoff lows in transition seasons (Harrison
1984; Barclay et al. 1993; Rouault et al. 2002; Hart et al. 2013). The moisture
balance that enables crop production is subject to land—sea shifts in convective
anomalies (Fauchereau et al. 2009).

The Agulhas Current that flows down the southeast flank of South Africa at
>1ms~ ' provides moisture to the atmospheric boundary layer via latent heat
fluxes (Walker and Mey 1988; Walker 1990) (Figures la—c). The coastal climate
owes a debt to the Agulhas Current (Jury et al. 1993), particularly under ridging
high pressure conditions, when onshore flow gains thermodynamic energy (Jury
et al. 1997) and rain falls over the narrow coastal belt of the eastern cape and
KwaZulu-Natal. However, the relationship of NW cloud band rainfall over the
interior plateau to sea surface temperature (SST) anomalies in the Agulhas Current
remains obscure.

A hypothesis is explored that the Agulhas Current passively suppresses South
African rainfall anomalies as it follows ENSO. The Agulhas Current is defined as
the warm poleward boundary current and retroflection zone south of South Africa.
Excluded in this definition are the inflow and outflow zones of the Agulhas Current
linked with the vast ocean gyre circulations (Hermes et al. 2007). The paper out-
lines the data and methods utilized, followed by results on the mean state and
sensitivity of South African rainfall anomalies to the Agulhas SST. Air—sea
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Figure 1. Climatological mean: (a) 1-100-m ocean currents and sea temperature, (b)
marine wind stress (N m~2) and South African topography, and (c) latent heat
flux with o > 15Wm™2 shaded; all from reanalysis averaged over the 1980-
2012 period. The thermal high pressure ridge is identified in (b).
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interactions emerge in composite analysis, and a concluding discussion highlights
the key features.

This section describes the data and analysis techniques used to determine the
climatic influence of the Agulhas Current. The domain considered is 25°-41°S,
16°-36°E (Figure la). This contains the whole of the Agulhas Current and all of
South Africa except the Limpopo Valley bordering Zimbabwe. Past studies have
defined the Agulhas Current as extending into the South Atlantic and Indian
Oceans, whereas here it is limited to the zone south of South Africa where current
velocities exceed 1 ms™'. The time period for the analysis is from January 1950 to
December 2012 for the 1° interpolated Hadley SST (Kennedy et al. 2011) and
0.5° Global Precipitation Climatology Center (GPCC), version 6, land rainfall
(Schneider et al. 2014). These interpolated products are based on ship and station
data, blended with satellite radiance information since 1981. The ship traffic and
station network have remained dense and consistent over the study area and time
period. The availability of satellite data corresponds with 1.8° atmosphere and 1.0°
ocean reanalyses from the National Centers for Environmental Prediction (NCEP-2
and GODAS) (Derber and Rosati 1989; Kanamitsu et al. 2002; Behringer 2007;
Huang et al. 2008). Terrestrial products include the 0.3° National Aeronautics and
Space Administration (NASA) satellite vegetation fraction [normalized difference
vegetation index (NDVI); Tucker et al. 2005] and 0.05° Climate Hazards Group
Infrared Precipitation with Stations (CHIRPS), version 2, coastal rainfall (Funk
et al. 2014) since 1981. The surface latent heat flux (LHF) is from the 0.6° gridded
NASA Modern Era-Retrospective Analysis for Research and Applications
(MERRA) reanalysis (Rienecker et al. 2011) and quantifies the evaporation rate via
the bulk aerodynamic formula as a product of surface wind-induced turbulence and
the vertical gradient of specific humidity. The MERRA LHF product has benefits
over earlier reanalyses in representing local moisture sources and sinks (Jimenez
et al. 2011; Roberts et al. 2012).

The climatological mean is calculated by averaging SST and related fields over
the satellite era (1980+). Empirical orthogonal function analysis was used to find
the thermal footprint of the Agulhas Current in Hadley SST fields over 25°—41°S,
16°-36°E in the period 1950-2012, after filtering the linear trend and annual cycle.
The loading pattern maximum over the Agulhas Current contrasts with an offshore
zone (Figure 2a). To avoid ambiguities from a dipole, an index is formulated by
averaging SST anomalies over 28°-37°S, 18°-35°E from Durban to Cape Town.
Subsequent statistical analyses make use of this index, after removal of the
+0.004°C yr ' trend that accounts for 11% of variance (Figure 2b). The SST index
is regressed onto GPCC rainfall anomaly fields over South Africa continuously and
in 3-month seasons for 1950-2012 and onto the satellite vegetation fraction for
1981-2006. Various other datasets and time periods are explored to confirm a
stable result, and the regression is repeated for LHF. NCEP-2 and GODAS at-
mosphere and ocean circulation differences are studied for a group of contrasting
warm and cool years, identified by ranking the detrended Agulhas SST index in the
satellite era: warm—1983, 1992, 1993, 1999, 2000, and 2007—and cold—1981,
1982, 1988, 1990, 1995, and 1996. The successive-year pattern is related to natural
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Figure 2. (a) Spatial loading pattern of the Agulhas mode calculated from continuous
SST anomalies, contoured from —1 to +1 o. (b) Agulhas SST index and its (c)
wavelet spectral energy contoured >80% confidence with cone of validity.
(d) Lag correlation of ENSO-MEI with detrended SST index, values above
dashed line > 90% confidence. The inset in (a) is mean coastal rain vs mean
SST; dashed box is the index area. The linear trend that is removed prior to
statistical analysis is shown in (b).
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persistence in the marine climate and to calendar years dividing the southern
summer and ENSO influence. Warm minus cold composite fields are calculated for
upper-ocean currents and salinity, surface winds, and latent heat fluxes and the
meridional atmospheric circulation and humidity. The detrended Agulhas SST
index is subjected to wavelet spectral analysis and lag correlation with a multitude
of known climate indices such as the multivariate ENSO index (MEI) (Wolter and
Timlin 2011). With ~28 degrees of freedom, correlation values >|0.31| are deemed
to be significant at 90% confidence. Statistical methods are similar to Nakamura
(2012).

3.1. Climatology

The ocean and atmosphere mean state over the Agulhas Current is illustrated in
Figures la—c. This figure also serves to introduce the South African topography,
dominated by a vast interior plateau at 1500 m and a narrow coastal margin. The
Agulhas Current flows along the southeast coast, hugging the shelf east of 26°E
(Figure 1a). The current spreads offshore and diffuses westward near Cape Town at
19°E. Much of the current turns eastward along 38°S around the edge of the an-
ticyclonic south Indian Ocean gyre, which borders the warm part of the Agulhas
SST signal. The prevailing surface winds (Figure 1b) are from the west in the
offshore zone west of 26°E. Over the warm pool, mean winds are weak due to the
cancellation of alternating seasonal circulations and the presence of a thermal high
pressure ridge. Latent heat fluxes (Figure 1c) exceed 120 W m™ 2 over and just
southeast of the Agulhas Current (Rouault et al. 2003). In the Kalahari Desert there
is little evaporation. The standard deviation of LHF is largest (>15W m™?) over
the Drakensberg escarpment between Lesotho and Swaziland. The mean map of
MERRA latent heat flux emphasizes the close proximity of moisture sources and
sinks. Coastal rainfall follows the mean coastal SST (inset Figure 2a) despite
variations in orography, suggesting that much of the rainfall involves onshore flow
from the Agulhas Current. The mean value slopes upward with longitude.

3.2. Agulhas SST variability

The SST cluster analysis (Figure 2a) yields an Agulhas mode with a spatial
loading maximum extending from the southeast coast to 37°S and an opposing
minimum along the southwestern edge of the domain outside the Agulhas Current.
The loading maximum includes both warm and cold sectors, the former embedded
in strong currents and the latter affected by Ekman transport over the continental
shelf (cf. Figure 1). Despite the diverse factors, they fluctuate together. The tem-
poral analysis (Figures 2b,c) reveals spikes near the annual cycle, although the SST
index is filtered. The interpretation is a continual shifting of the annual cycle
(Matano et al. 2002), particularly in the 1960s. Periodic fluctuations are noteworthy
at 3 years in the 1960s and 1980s, 5 years in the 1950s, and 7 years from 1980 to
2005 (Figure 2c). The Agulhas SST fluctuates with Pacific ENSO as represented by
the MEI correlation > +0.35 at lead times from 1 to 3 months (Figure 2d).
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Underlying processes that emerge in the composite analysis below include an
accelerated gyre circulation. Climate indices from the Indian and Atlantic Oceans
and Southern Hemisphere all failed to show significant correlation with the
Agulhas SST index.

3.3. South African climate influence

Regression of the detrended Agulhas SST index onto GPCC rainfall anomalies
from 1950 to 2012 is mapped over South Africa in Figures 3a—e. The continuous
data feature a surprising negative signal < —10 mm month™' °C ™" across the in-
terior plateau. Rouault et al. (2010) find a similar result using SST anomalies in the
Benguela Current. Analyzed by season, the summer rainfall shows the negative
signal has a NW orientation consistent with diminished cloud bands. Only the
eastern coastal plains (Mozambique) show a positive regression. In the March—
May transition season, the negative rain—SST regression persists, and the only
positive area is near Cape Town. During winter little rain falls over the interior, but
KwaZulu-Natal June—August rainfall shows a negative regression with Agulhas
SST. Finally, during the September—November transition season, the expected
positive regression between South African rainfall and Agulhas SST emerges to the
east of 26°E covering the Drakensberg escarpment (eastern Cape to Swaziland).
During spring, much of the rainfall derives from cutoff lows undercut by ridging
anticyclones that sweep Agulhas air onto the eastern plateau.

Since most research has underscored an apparent positive influence of the
Agulhas Current on South African rainfall anomalies, the statistical analysis is
extended to consider vegetation anomalies 1981-2006 (Figure 3f). Again a
widespread negative regression is found (<—0.05°C "), particularly in a N-S axis
20°-28°E. Only the coastal fringe shows a positive influence. This unexpected
result suggests the Agulhas Current diverts rainfall away from the interior of South
Africa. Is the thermal footprint driven by ENSO and more effect than cause?

3.4. Moisture source and sink

The sensitivity of latent heat flux patterns is studied. Regression of the detrended
Agulhas SST index onto MERRA LHF anomalies from 1980 to 2012 is mapped
over the Agulhas Current and South Africa in Figures 4a—e. The pattern is con-
sistent with GPCC rainfall in that a negative signal is obtained over the interior
using year-round anomaly fields. Southwest of Cape Town, and along the south
coast, there is a positive influence denoting moisture surplus. Individual seasons
mirror the rainfall pattern with positive LHF regression over marine areas in
summer and moisture deficits over the interior < —20 W m ™ > °C~ 1, which inten-
sify in the March-May season. During winter the Agulhas Current becomes a
moisture sink and the terrestrial signal weakens. In the spring transition season
(September—November), the overall pattern is inverted: positive LHF regression >
+20Wm 2°C~" overlies the eastern Cape and hinterland, paired with a deficit
over the Agulhas Current. The year-round ENSO-MEI regression onto LHF
anomalies at a 2-month lead (Figure 4f) is similar to the Agulhas SST pattern
(Figure 4a), albeit at a one-third magnitude. The interior shows a moisture deficit;
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Figure 3. Regression of detrended Agulhas SST anomalies 1950-2012 onto (a) contin-
uous monthly rainfall anomalies; rainfall is shown by season: (b) December-
February, (c) March-May, (d) June-August, and (e) September-November.
(f) Regression of detrended Agulhas SST onto continuous monthly vegetation
fraction anomalies from 1981 to 2006. State labels are given in (a); shaded
area refers to lower ship data density. The scale is in mm month~'°C~'in
(a)-(e) and the fraction is °C~' in (f).
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Figure 4. Regression of detrended Agulhas SST anomalies from 1980 to 2012
onto (a) continuous monthly MERRA LHF anomalies; LHF is shown by
season: (b) December-February, (¢) March-May, (d) June-August, and
(e) September-November. The scale in (a) is in units of mmmonth~'°C~'.
(f) Regression of detrended ENSO-MEI onto continuous monthly MERRA
LHF anomallies at a 2-month lead; all with units are Wm~2°C~,
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only the western Cape shelf exhibits surplus LHF. The ENSO influence on LHF
anomalies in the offshore zone is relatively weak.

3.5. Composite analysis

In this section, a composite of 6 cold years is subtracted from 6 warm years
to elucidate the processes involved in oceanic warming and continental drying.
The upper-ocean analysis (Figure 5a) exhibits westward current differences
(~0.1ms~ ") and a positive salinity signal (about +0.1 ppt) that together indicate a
westward extension and acceleration of the south Indian Ocean anticyclonic gyre
circulation (Beal et al. 2006), suggesting advective control of SST. In the atmos-
phere, surface westerly winds increase in the midlatitudes and swerve onto the
interior plateau (Figure 5b), advecting dry Benguela air toward a cyclonic vortex at
30°S, 27°E. Despite increased latent heat fluxes in the South Atlantic, there is a
negative signal over the western Cape and in the south Indian Ocean. This circu-
lation represents an ‘“‘extended winter’’ scenario during warm spells in the Agulhas
Current, a response consistent with a Pacific El Nifio (Hoell et al. 2014). Composite
differences in the meridional circulation (Figure 5c) yield the expected moist rising
motion over the warmer waters south of South Africa. Upper westerly winds
strengthen in the south and weaken in the north, imposing anticyclonic vorticity.
The uplifted marine circulation folds into an equatorward flow with a marked
sinking component around 500hPa that extends northward from the Agulhas
Current to South Africa’s interior plateau. There, the specific humidity exhibits a
profound deficit < —4 gkg™'. The overturning atmospheric circulation is the main
process by which a warmer Agulhas Current suppresses rainfall over the interior.
The equatorward flow opposes the development of NW cloud bands, according to
the equation W = V(AZ)(B/f), where f ~ —10 *s " and B = dfidy ~ 10" "'s!
over 25°-35°S. With an observed V ~ 5ms ™' meridional wind and AZ ~ 5 X 10> m
thickness, a sinking motion Wof —2.5 X 10 > ms ™' is estimated. The partial control
exerted by the Pacific ENSO on the Agulhas Current makes it a passive re-
sponder rather than a driver of multiyear rainfall variability over the interior of
South Africa.

This study has reconsidered the role of the Agulhas Current in South African
climate variability. Expectations were for a positive SST influence on rainfall
anomalies over the subcontinent. Here, the Agulhas domain was delimited by the
anticyclonic loop of its currents and by cluster analysis of detrended Hadley SST
anomalies. This led to an index averaged over an area 28°-37°S, 18°-35°E poleward
of South Africa, which excludes the neighboring ocean gyre circulations, the Mo-
zambique Channel, and the Benguela Current. Regressions with GPCC rainfall gave
a surprising result of negative influence over the interior. In summer, the negative
regression < —20mmmonth™ ' °C~ " exhibited a NW axis consistent with reduced
cloud band activity. Positive influence was confined to the eastern escarpment in the
September-November spring season when cutoff lows are prevalent. The overall
negative influence of detrended Agulhas SST anomalies was confirmed by regression
with the NASA vegetation fraction and MERRA latent heat flux.
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Figure 5. Composite six warm minus six cool Agulhas SST years: (a) 1-100-m ocean
salinity and currents, (b) surface wind and latent heat flux with section
areq, (c) height section averaged 22°-27°E of meridional circulation (vec-
tors), zonal wind (contours), and specific humidity (shading). Cyclonic
vortex is highlighted in (b).
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Mechanisms of South African rainfall suppression were investigated. The Agul-
has SST index was positively related to ENSO-MEI particularly at 1-3-month lead.
Hence, warm years in the current south of Africa follow warm EI Nifio years in the
east Pacific. A teleconnection was evident in composite analysis: enhanced westerly
winds offshore and an acceleration and westward extension of the anticyclonic loop
of salty water from the south Indian Ocean. In this scenario, the warm pool created
by the Agulhas Current is more driven by advection than surface flux. The atmo-
spheric composite highlighted that moist air being lifted over a warmer Agulhas
Current folds into an equatorward circulation. This causes dry air to sink over the
interior plateau, opposing NW cloud bands. The Agulhas Current apparently diverts
rainfall away from South Africa except during the spring transition season. Because
SST variability in the Agulhas partially follows ENSO, its suppression of interior
rainfall is considered to be passive. Further research could include a heat budget
analysis to quantify the factors driving SST variability in the Agulhas Current.
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