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Abstract Western boundary currents play an important role in the climate system by transporting heat
poleward and releasing it to the atmosphere. While their influence on extratropical storms and oceanic
rainfall is becoming appreciated, their coastal influence is less known. Using satellite and climate reanalysis
data sets and a regional atmospheric model, we show that the Agulhas Current is a driver of the observed
band of rainfall along the southeastern African coast and above the Agulhas Current. The Agulhas current’s
warm core is associated with sharp gradients in sea surface temperature and sea level pressure, a
convergence of low-level winds, and a co-located band of precipitation. Correlations among wind
convergence, sea level pressure, and sea surface temperature indicate that these features show high degree
of similarity to those in the Gulf Stream region. Model experiments further indicate that the Agulhas Current
mostly impacts convective rainfall.

Plain Language Summary We demonstrate that the Agulhas Current has an impact on rainfall of
the eastern coast of South Africa and above it. We manage to simulate that effect. This will lead to improve
the weather, climate prediction, and climate services for this region. We present the convincing evidence that
the Agulhas Current influences the atmosphere, and we show that the underlying mechanisms may be similar
to those found for Gulf Stream. Our study is made possible by the combined use of high-resolution climate
observations, climate reanalysis, and numerical modeling. Oceanographers, climatologists, andmeteorologists
have now a deeper understanding of an important driver of the climate and weather of South Africa. Future
climate change projections of South Africa rainfall will need to integrate this effect of the Agulhas Current.

1. Introduction

The Agulhas Current is the strongest southern hemisphere western boundary current, transporting around 70
Sverdrup (Sv, 1Sv = 106 m3 s�1; Beal & Bryden, 1999) of warm Indian Ocean water along the southeast coast of
Africa. As for the Gulf Stream and the Kuroshio, the Agulhas Current is warmer than the surrounding ocean,
and this leads to high turbulent sensible and latent heat fluxes (Rouault et al., 2003) when colder and drier
air is advected above the current. However, only a few studies have investigated the impact of the Agulhas
Current on local weather and climate. Radiosondes and heat flux measurements above the Agulhas Current
show that the vigorous exchange of moisture and energy above the current penetrates into the troposphere
to at least 1,500 m (Lee-Thorp et al., 1999; Rouault et al., 2000). This phenomenon causes distinct cloud lines
above the Agulhas Current during fair weather high-pressure synoptic conditions (Lutjeharms et al., 1986;
Rouault et al., 2000). Moreover, moisture produced by the Agulhas Current can be advected inland (Jury
et al., 1997; Lee-Thorp et al., 1999; Rouault et al., 2000). In particular, rain rate and the diurnal cycle of rainfall
along the eastern coast of South Africa are related to the proximity of the Agulhas Current (Jury et al., 1993;
Rouault et al., 2013). Furthermore, moisture advected from the Current was hypothetically linked to an
extreme weather system (Rouault et al., 2002). Jury (2015) found a relationship between El Niño–Southern
Oscillation, Southern Africa Interior rainfall, and sea surface temperature (SST) in a large domain encompass-
ing the Agulhas Current system as a whole. These climatic impacts of Agulhas Current may even have played
an important role in the survival of Homo sapiens in Africa in the distant past (Marean et al., 2007).

Regional impacts of the Agulhas Current on Southern African climate have not been thoroughly investigated
using numerical models, although the climatic impact of the greater Agulhas Current system was studied
using a coarse resolution model (Reason, 2001). Similarly, first-generation climate reanalysis was too coarse
to properly study the climatic impacts of the current (Rouault et al., 2003; Rouault & Lutjeharms, 2003)
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because they did not resolve its core where the turbulent sensible and latent heat fluxes are 5 times stronger
than the surrounding water. Recent studies indicate that a model horizontal resolution of at least 0.25° is
required to resolve ocean-atmosphere interaction over such currents (Parfitt et al., 2016; Smirnov et al.,
2015). Several mechanisms explaining the role of the Gulf Stream and the Kuroshio on precipitation are pro-
posed (Minobe et al., 2008, 2010; O’Neill et al., 2017; Parfitt & Czaja, 2016; Vannière et al., 2017; Xu et al., 2011;
Sasaki et al., 2012). However, the influence of the Agulhas Current on the weather and climate of Southern
Africa is not well known compared to the impact of the Gulf Stream and the Kuroshio on weather and climate.
The aim of this study is to investigate using observations, reanalysis, and numerical model experiments how
the warm SST associated with the Agulhas Current affects the low-level atmosphere and rainfall.

2. Data and Methods
2.1. Data and Atmospheric Model

We use various parameters of the Climate Forecast System Reanalysis (CFSR, Saha et al., 2010) provided by
the National Centers for Environmental Prediction from 2001 to 2005. These 5 years are enough to evaluate
the climatic impact offshore South Africa of the core of the Agulhas Current, which has little interannual var-
iations and few perturbations in its track (Krug & Tournadre, 2012; Rouault & Penven, 2011). We use the 0.05°
by 0.05° climatology (1998–2007) of Tropical Rainfall Measuring Mission precipitation radar (TRMM PR,
Biasutti et al., 2012) for precipitation, the 0.25° by 0.25° resolution GlobCurrent (2002–2005) surface geos-
trophic current derived from altimetry (Johannessen et al., 2015; Rio et al., 2014), the 0.25° by 0.25° resolution
(2001–2005) advanced very high resolution radiometer-based optimal interpolation SST (Reynolds et al.,
2007), and the 0.25° by 0.25° resolution (1999–2007) Scatterometer Climatology of Ocean Winds (Risien &
Chelton, 2008) for the validation of CFSR 10-m wind speed (Table S1 in the supporting information). All the
climatologies are computed from at least 5 years of data, with the period from 2002 to 2005 overlapping.

The Weather Research and Forecast/Advanced Research (Skamarock & Klemp, 2008) system version 3.7.1 is
applied to investigate the impact of the core of the Agulhas Current on the atmosphere. The model domain
is 17°S–43°S and 8°E–52°E (Figure S2 in the supporting information), and the resolution is 25 × 25 km, with 56
vertical eta-coordinate levels. We perform two experiments: a control (CTL) driven with interannually varying,
high-resolution, observed SST and a sensitivity experiment (smoothed SST, SMTH) driven with SST smoothed
to remove the sharp SST gradients associated with the Agulhas Current (Figure S2), and that is otherwise
identical to CTL. Both experiments cover the period 2001 to 2005, with lower boundary condition taken from
advanced very high resolution radiometer (Reynolds et al., 2007), and lateral boundary conditions taken from
ERA-Interim reanalysis (Dee et al., 2011; Simmons et al., 2007). Further details on the model experiments can
be found in the supporting information.

2.2. Method: Diagnostic Analysis of Pressure Adjustment Mechanism

We use a simple Marine Atmospheric Boundary Layer model (MABL) to investigate the relationship between
the near surface wind convergence and sea level pressure (SLP) Laplacian (Lindzen & Nigam, 1987; Minobe
et al., 2008): εu � fv = � px/ρ0, εv + fu = � py/ρ0,where x and y are the zonal and meridional coordinates; u
and v are the zonal and meridional surface wind (frictional stresses from above the MABL are neglected); ρ0
and p are the density and pressure in the MABL; ε denotes the constant damping coefficient; and f represents
the Coriolis parameter. Surface wind convergence is linked to the SLP Laplacian by a linear relationship,
�ρ0(ux + vy) = (pxx + pyy)ε/(ε

2 + f2). SLP and underlying SST are also related (Lindzen & Nigam, 1987) according
to εp + H(ux + vy) = � γT, where T is the SST, ɣ is a constant, and H is the equivalent depth of the MABL. Thus, a
linear relationship between surface pressure and SSTmay indicate an impact of the ocean on the atmosphere.
Here we compare the Laplacian of these two quantities to isolate the strength of this relation at the finer scale
of the Agulhas warm core. Recent studies have questioned the relevance of this diagnostic model (section 4),
but it still serves for comparison to previous studies of northern hemisphere western boundary currents.

3. Results
3.1. High-Resolution Observations Over the Agulhas Current

We analyze the annual climatological mean state using satellite observations and modern atmospheric rea-
nalysis to reveal a clear relationship between the Agulhas Current and precipitation (Figure 1). The Agulhas
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Current is 80–100 km wide and runs south-westward along the eastern coast of South Africa, following
roughly the continental shelf until it retroflects and flows westward (Figure 1a). Here we focus on the core
of the current, which is a few degrees warmer than the surrounding ocean (contours Figure 1), and on the
region where the current hugs the coast. The SST varies from 27 °C off the East Coast of South Africa to
23 °C in the retroflection in late summer, and from 22 °C to 18 °C in late winter (not shown). The turbulent
latent heat flux (turbulent flux of moisture) above the sharp tongue of SST is high, reaching values of up to
220 W/m2 annually. The high flux is caused by the advection of oceanic colder and drier air over the current,
together with the destabilizing effect of the SST gradient on the surface MABL and the wind speed (Lee-
Thorp et al., 1999; Rouault et al., 2000).

The annual mean rainfall rate from the TRMM PR (Biasutti et al., 2012) derived observations and the CFSR rea-
nalysis (Saha et al., 2010) both show a narrow band of precipitation along the eastern coast of South Africa,
just over the core of the Agulhas Current (Figures 1c and 1d). TRMM PR-derived rainfall frequency shows an
equally striking relation (Figure S1a). In the Agulhas region, annual mean precipitation varies from 3 to
4 mm/d for TRMM PR, while a few degrees to the east, it is about 1 mm/d less. CFSR captures the rainband,
especially near the coast to the east, although it differs from TRMM PR by 1 to 2 mm/d (and by more over the
interior of the continent, which is not our domain of research).

3.2. Mechanisms for Rainfall Over the Agulhas Current

The CFSR reanalysis shows that local evaporation exceeds rainfall by between 2 to 5 mm/d over the entire
region, with the greatest excess over the Agulhas Current (Figure 1b). Thus, local moisture supply is consis-
tent with the broad scale rainfall over the region, as well as the enhanced rainfall over the Agulhas
Current. However, moisture alone does not lead to rainfall; air masses must be lifted to saturation by low-level
wind convergence, atmospheric convective processes, or by frontal processes. Frontal processes are likely
responsible for the broad scale rainfall occurring south of our region of interest; here sharp SST gradients
anchor the storm track of extratropical cyclones (Nakamura et al., 2004) and thereby frontal rainfall (Hand
et al., 2014; Parfitt et al., 2016). This mechanism may explain rainfall patterns over the Agulhas Return
Current, where the current and the southern hemisphere storm track align (Hoskins & Hodges, 2005).

Sharp SST gradients can also impact surface winds and thereby generate lower-level atmospheric conver-
gence and vertical motion, which can penetrate deep into the free troposphere (Chelton & Xie, 2010).

Figure 1. Annual climatology: (a) surface geostrophic current from GlobCurrent at 0 m depth, (b) Climate Forecast System
Reanalysis (CFSR) evaporation minus precipitation and rain rate of (c) Tropical Rainfall Measuring Mission Precipitation
Radar, and (d) CFSR. The solid contours represent annual climatology of optimal interpolation sea surface temperature (SST)
and CFSR SST, respectively, for (a) and (c) and (b) and (d) with 1° interval; the dash line is 22 °C SST.
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Vertical mixing is one mechanism for the wind response to SST fronts (Wallace et al., 1989): Above warm SST,
the lower atmosphere becomes unstable due to large turbulent heat fluxes. This mechanism is observed in
regions with strong SST gradients (Xie, 2004), including the Agulhas Return Current (O’neill et al., 2005).
Another dynamical explanation for the wind response to SST is the pressure adjustment mechanism (Back
& Bretherton, 2009; Lindzen & Nigam, 1987): SST modifies the MABL temperature so that the resultant
pressure anomalies induce surface wind convergence over warm SST and wind divergence over cold SST.
Earlier studies implicated the pressure adjustment mechanism in producing the observed pattern of wind
convergence and divergence over major SST frontal regions (Minobe et al., 2008; Shimada & Minobe,
2011). Recent studies suggest that the low-level convergence and associated rainband over the Gulf
Stream is instead the result of the interaction of synoptic-scale atmospheric variability with the sharp SST
front (O’Neill et al., 2017; Parfitt et al., 2016; Sheldon et al., 2017).

To assess whether the increase of rainfall over the core of the Agulhas Current may result from similar
mechanisms to those for the Gulf Stream, we compare the annual climatology of SST Laplacian, wind conver-
gence, and SLP Laplacian. According to the pressure adjustment mechanism, a tight relation among these
quantities indicates that warmer (colder) SST drives lower (higher) SLP, and in turn enhances surface wind
convergence (divergence; Minobe et al., 2008; section 2). The Laplacian acts as a spatial high-pass filter that
highlights sharp gradient. The negative SST Laplacian (Figure 2a) exhibits a distinct structure along the east-
ern coast of South Africa, collocated with the rainband. (The SST Laplacian is reversed in sign for the conve-
nience of comparing results.) The satellite-derived SST Laplacian (Figure S1b) is similar to the CFSR one, but
stronger in amplitude because of the data’s higher resolution. Along the eastern coast of South Africa, a pre-
dominant narrow band of 10-m wind convergence is collocated with the rainfall and negative SST Laplacian
(Figure 2b). CFSR reproduces quite well the band of wind convergence found in the higher resolution
satellite-based Scatterometer Climatology of Ocean Winds climatology (see Figure S1c). Convergence and
divergence are also present in the retroflection region around 38.5°S, 22°E and downstream along the
meandering Agulhas Return Current (Shimada & Minobe, 2011; not shown). The SLP Laplacian shows a posi-
tive band along the eastern coast of South Africa (Figure 2c) that is also collocated with the SST Laplacian,
wind convergence, and rainfall. This indicates that SLP above the Agulhas Current is linked to the underlying
SST and may be consistent with the pressure adjustment mechanism (Lindzen & Nigam, 1987; Minobe
et al., 2008).

Figure 2. Climate Forecast System Reanalysis annual climatology of (a) sign reversed sea surface temperature (SST)
Laplacian, (b) wind convergence (positives values), and (c) sea level pressure (SLP) Laplacian. Annual mean SST is
contoured as in Figure 1. (d) Scatter plot showing the relation between wind convergence and SLP Laplacian based on
monthly climatology within the region 28–37°E, 23–34°S indicated by the red boxes in (b) and (c). The blue stars represent
the mean values for each interval; the error bars in red are ±1 standard deviation of wind convergence for each bin of SLP
Laplacian.
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We quantify the relationship among the terms of the pressure adjustment mechanism for the maritime
region over the Agulhas Current (28–37°S, 23–34°E; red boxes in Figures 2b and 2c). The relationship between
SLP Laplacian and surface wind convergence exhibits a spatial correlation coefficient of 0.50, statistically sig-
nificant at the 95% level (Figure 2d). The scatterplot shows that the relation between SLP Laplacian and sur-
face wind convergence is approximately linear (Figure 2d). However, there is greater scatter among positives
values of SLP Laplacian and wind convergence, as compared to negatives values. The negative SST Laplacian
and SLP Laplacian exhibit a stronger spatial correlation of 0.71, significant at the 95% level (Figure S1d). These
significant relations are consistent with those found over the Gulf Stream, indicating that the low-level con-
vergence could be the result of the interaction of synoptic-scale atmospheric variability with the sharp SST
front and may drive rainfall over the Agulhas Current.

3.3. Agulhas Current Impact in Regional Atmospheric Model Experiments

We perform two regional model experiments (Skamarock & Klemp, 2008) to isolate the role of the Agulhas
warm core on the atmosphere (section 2). The regional model experiment with observed SST (CTL) repro-
duces the rainband along the Agulhas Current realistically (Figure 3a). In CTL, the Agulhas Current precipita-
tion rate varies between 2 and 4 mm/d (Figure 3a) and is similar to the TRMM PR observations (Figure 1c) but
is up to 2 mm/d more than CFSR (Figure 1d). Over land the simulated annual precipitation is stronger than in
the observations and reanalysis. This may be due to a strong sensitivity of the cumulus convection schemes
to the topography, a common issue with this regional model (Pohl et al., 2014).

The rainband along the South Africa coast adjacent to the Agulhas Current is strongly reduced in the experi-
ment with SMTH compared to CTL (Figure 3b). The difference is up to 1.4 mm/d with a maximum offshore
Kwazulu-Natal (around 30.5°S; 31.5°E). The coastal rainfall in SMTH is around 40% less than in CTL (Figure S3a).
The coastal rainband is mostly due to convective precipitation: rainfall due to large-scale circulation is almost
identical between the two simulations (Figures S3b and S3c), while the coastal convective precipitation is
highly diminished in SMTH (Figures S3d and S3e). Thus, the experiments show that the warmer Agulhas
Current SST enhances precipitation along the eastern coast of South Africa.

The wind convergence and the positive SLP Laplacian over the Agulhas Current are relatively well simulated
compared to satellite estimates and reanalyzed output (Figures 3c and 3e). (Note that the simulated SLP
Laplacian is influenced by inland values along the ocean grid adjacent to land probably due to orography.)
The difference of wind convergence between CTL and SMTH shows a well-defined maximum over the
Agulhas Current (Figure 3d) that is collocated with the corresponding difference of SLP Laplacian (Figure 3f).
The magnitude of the difference in wind convergence is about half of the magnitude of CTL, while the differ-
ences in SLP are of similar magnitude to that of CTL. The spatial correlation between the SLP Laplacian and
wind convergence computed from the difference of the experiments is 0.55 (Figure 3g), which is similar to
the value from CFSR reanalysis (r = 0.50). The spatial correlation between SLP Laplacian and the negative
SST Laplacian computed from the difference of the experiments is 0.70 (Figure 3h), which is also similar to
that from CFSR reanalysis (r = 0.71). These results provide strong support that SST gradients anchor the rain-
band over the Agulhas.

3.4. Vertical Atmospheric Structure Over the Agulhas

The CFSR reanalysis shows strong upward motion in the lower troposphere between 950 and 850 hPa that is
collocated with the rainband over the core of the Agulhas Current (Figure 4a). Above, there is a distinct struc-
ture of the wind divergence between 850 and 700 hPa, and by 650 hPa, the upward motion is much reduced
and there is mostly large-scale convergence (Figures 4d and S4a and S4d). The signature of the Agulhas
Current is hardly found at 650 hPa. At lower levels there are corresponding narrow bands of subsidence either
side of the upward motion that contribute to a local lower tropospheric overturning circulation. Thus, reana-
lysis suggests that convection reaches only the lower troposphere in accord with measurements done above
the Agulhas Current (Lee-Thorp et al., 1999; Rouault et al., 2000). The regional model experiments show that
the Agulhas Current drives this local overturning circulation. In CTL, the vertical motion at lower levels is
weaker and occurs closer to the coast than in the reanalysis, and there is a broader band of subsidence to
the east of the upward motion (Figure 4b). Consistent with the weaker upward motion, the horizontal diver-
gence above is weaker and there are hardly any indications of upward motion at 650 hPa (Figures 4e and S4b
and S4e). The difference between CTL and SMTH confirms that SST associated with the Agulhas Current
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drives this vertical circulation, which is associated with the rainband along the southern African coast
(Figures 4c and 4f and S4c and S4f).

4. Discussion and Implication for Climate Modeling and Prediction

We have shown using high-resolution satellite-derived estimates, climate reanalysis, and regional atmo-
spheric model experiments that the warm core of the Agulhas Current drives a band of precipitation along

Figure 3. The annual mean (a) rainfall, (c) wind convergence, and (e) SLP Laplacian simulated by control (CTL) are plotted as
in Figure 2 with the sea surface temperature (SST) contours of CTL overlaid. (b, d, and f) The impact of smoothing the
SST gradients in the Agulhas Current region on these quantities is shown by the differences between CTL and smoothed
SST (SMTH); the contours show the SST difference between CTL and SMTH (0.5 °C interval and dashed line for 1 °C).
Shown also are the relations (g) between wind convergence and SLP Laplacian and (h) between SLP Laplacian and sing
inversed SST Laplacian for monthly climatology differences CTL and SMTH within the region 28–37°E, 23–34°S.
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the coast and offshore South Africa. Our results indicate that the sharp SST gradients are responsible for the
formation of the rainband and drive a local narrow overturning circulation in the lower troposphere. We
found that spatially smoothing the SST leads to a decrease of 50% for wind convergence, of 100% for SLP
Laplacian, and a 40% reduction in precipitation over the core of the Agulhas Current.

Diagnosis of the pressure adjustment mechanism identifies a very similar relation to that for the Gulf Stream
(Minobe et al., 2008). Recent studies, however, indicate that the anchoring of precipitation over the Gulf
Stream front is mainly associated with the atmospheric frontal precipitation associated with synoptic scale
extratropical cyclones (O’Neill et al., 2017; Parfitt et al., 2016, Sheldon et al., 2017; Vannière et al., 2017). A simi-
lar mechanismmight acts over the Agulhas Current, as a large part of the rainfall there is also related to atmo-
spheric fronts (Catto et al., 2012).

Our simulations indicate that the Agulhas current impacts terrestrial rainfall the most in austral summer and
the least in winter (Figure S5). The positive anomalies of vertical motion (Figure S6) along the inland coast in
summer (DJF) are collocated with the increased in rainfall when CTL is compared to SMTH. The diurnal cycle is
an important driver for terrestrial rainfall in summer there (Pohl et al., 2014; Rouault et al., 2013), and low-level
convergence associated with the orography could also be a factor in enhancing summer rainfall. A complete
understanding of how the Agulhas Current drives terrestrial precipitation in this region will therefore involve
in depth analysis of both the diurnal cycle and seasonality of various parameters.

Our atmospheric model simulations indicate that up to 20% of the coastal precipitation is related to the warm
core of the Agulhas Current. This may represent a lower limit as increasing the model’s resolution might
increase the strength of ocean-atmosphere interaction (Smirnov et al., 2015). Thus, it is important to resolve
the fine structure of ocean temperature for simulating the climate of the region. This has implications for the
prediction of South African weather and climate and for understanding past and present climate.
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