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ABSTRACT: The Agulhas Current (AC) creates a sharp temperature gradient with the surrounding ocean, leading to a
large turbulent flux of moisture from ocean to atmosphere. We use two simulations of the Weather Research and
Forecasting (WRF) Model to show the seasonal impact of the warm core of the AC on southern Africa precipitation. In one
simulation the sea surface temperature (SST) of the AC is similar to satellite observations, while the second uses satellite
SST observations spatially smoothed to reduce the temperature of the core of the AC by ~1.5°C. We show that decreasing
the SST of the AC reduces the precipitation of the wettest seasons (austral summer and autumn) inland. Over the ocean,
reducing the SST reduces precipitation, low-level wind convergence, SST, and SLP Laplacians above the AC in all seasons,
consistent with the pressure adjustment mechanism. Moreover, winter precipitation above the AC may also be related to
increased latent flux. In summer and autumn, the AC SST reduction is also associated with decreased precipitation farther
inland (more than 1.5 mm day '), caused by an atmospheric circulation that decreases the horizontal moisture flux from the
AC to South Africa. The reduction is also associated with higher geopotential height extending from the surface east and
over the AC to the midtroposphere over southeastern Africa. The westward tilted geopotential height is consistent with the
linear response to shallow diabatic heating in midlatitudes. An identical mechanism occurs in spring but is weaker. Winter
rainfall response is confined above the AC.
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1. Introduction rainfall in the southwest in winter whereas cutoff lows can
occur at all seasons with a preference for spring (Singleton and
Reason 2007; Favre et al. 2013).

In summer most rainfall is of convective origin and is influ-
enced by large-scale dynamics (Reason 2017). Besides cutoff
lows, rainfall is mainly produced by mesoscale convective
complexes (Blamey and Reason 2013), tropical temperate
troughs (Vigaud et al. 2012; Hart et al. 2013; Macron et al.
2014), and occasionally by tropical cyclones or tropical low
pressure systems associated with easterly waves (Malherbe
et al. 2012). The Botswana high (Driver and Reason 2017,
Reason 2017) and the Angola low (Crétat et al. 2019) as well as
the Mozambique Channel (Barimalala et al. 2018), the south-
west Indian Ocean (Reason and Mulenga 1999), and the
Angola Current (Desbiolles et al. 2018, 2020) also have an
impact on seasonal rainfall variability. In addition, South
African summer rainfall has a clear diurnal cycle of precipi-
tation (e.g., Rouault et al. 2013; Pohl et al. 2014; Koseki et al.
2018). The standardized amplitudes, indicative of the strength
of the diurnal cycle across a region, are strongest over the in-
terior and along the east coast of South Africa with up to 70%
explained variance of hourly rainfall associated with the diur-
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Ocean-atmosphere interaction is a key element of southern
Africa weather and climate. During the last decades much has
been learned about how the oceans can influence the climate of
southern Africa (Reason 2017; Monerie et al. 2018). This offers
predictability at the seasonal scale and possibly at the decadal
scale (Dieppois et al. 2016). This also indicates that the future
climate of southern Africa will be influenced by the future state
of the oceans under natural and anthropogenic forcing.

Southern Africa has a subtropical climate; it is relatively dry
and is affected by temperate and tropical weather systems
(Reason 2017). The region is under the influence of the South
Atlantic and south Indian Ocean high pressure systems. There
are two main climatic regimes: the southwest region gets most
of its rainfall in austral winter (June-August), whereas the rest
of southern Africa gets most of its rainfall in austral summer
(Reason 2017). However, the south coast gets rainfall all year
long (Engelbrecht et al. 2015; Engelbrecht and Landman
2016). Cold fronts (Favre et al. 2013) produce most of the

062751 and from midnight to early morning along the Agulhas Current
(Rouault et al. 2013; Koseki et al. 2018).
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weakening the subsidence associated with high pressure sys-
tems (Tyson and Preston-White 2000). Moreover, most of the
interior lies on an elevated plateau, and the orography plays an
important role (e.g., Tyson and Preston-White 2000; Koseki
et al. 2018; Koseki and Demissie 2018). Over the southeast
coast, nearly half of annual rainfall is associated with ridging
anticyclones (Engelbrecht et al. 2015; Engelbrecht and Landman
2016). The Mascarene anticyclone over the southwest Indian
Ocean also plays an important role in moisture transport onto
the interior plateau with the Drakensberg blocking deflecting
northward the offshore flux of moisture coming from the Indian
Ocean (Koseki and Demissie 2018). The Agulhas Current is
potentially a source of moisture for the surrounding continent,
and it creates a band of moisture above the current that forms a
patch of cloud lines (Lee-Thorp et al. 1999; Rouault et al. 2000)
south of Africa. The impact of the Agulhas Current on weather
and climate was not well represented in earlier low-resolution
2.5° X 2.5° reanalyses (Rouault et al. 2003; Nkwinkwa Njouodo
et al. 2018). Over the Agulhas Current the turbulent latent
heat flux (also called the turbulent flux of moisture) from
ocean to atmosphere increases considerably and is up to 5
times larger than over the surrounding ocean (Rouault et al.
2000, 2003). As winds blow from cool to warm sea surface
temperature (SST) in this region, this enhances the turbulent
heat fluxes, destabilizing the atmospheric boundary layer
over the warmer SST and increasing vertical mixing, and
therefore deepens the boundary layer above the Agulhas
Current (Lee-Thorp et al. 1999; Rouault et al. 2000; Rouault
and Lutjeharms 2000; Krug et al. 2018). Ultimately, this leads
to a high flux of moisture toward the coast that penetrates
inland when the wind blows from the Agulhas Current to
the shore (Jury et al. 1997; Lee-Thorp et al. 1999; Rouault
et al. 2000).

In a companion paper (Nkwinkwa Njouodo et al. 2018), we
have used WRF atmospheric model simulations that realis-
tically resolve rainfall over the Agulhas Current to show the
importance of the underlying SST in anchoring rainfall above
the current and in the adjacent coastal region. More specifi-
cally, we performed two simulations with the Weather
Research and Forecasting (WRF) numerical model: the
control run forced by 1/4° resolution Optimum Interpolation
Sea Surface Temperature (OISST; Reynolds et al. 2007) and a
second experiment forced by SST smoothed in order to re-
move the sharp SST gradient associated with the Agulhas
Current and to decrease its temperature by about 1.5°C.
Focusing on annual averaged rainfall, we showed that the
core of the Agulhas Current is associated with a band of
rainfall along the eastern coast of South Africa. The rainfall
is collocated with the low-level wind convergence, SST
Laplacian, and sea level pressure (SLP) Laplacian in a rela-
tion similar to that found over the Gulf Stream, and resem-
bling the pressure adjustment mechanism (Minobe et al.
2008). Pioneering regional modeling studies by Reason and
Mulenga (1999) using two years of a 2.5° X 2.5°low-resolution
atmospheric general circulation model (AGCM), forced
with a warm anomaly in the southwest Indian Ocean showed
an increase in summer rainfall in South Africa. This was due
to an increase in the flux of moisture from the southeast of
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South Africa and an increase in moisture convergence inland.
Later, Reason (2001) used two experiments of 1-yr integra-
tion of the same AGCM, with SST input based on the 1° X 1°
Reynolds SST. In one simulation, the author smoothed out
the monthly climatological SST of the greater Agulhas region
(an area that encompasses the Agulhas Current, the Agulhas
Retroflection, and the Agulhas Return Current) to study the
impact of the greater Agulhas Current system on winter and
summer rainfall. Reason (2001) found that differences be-
tween the two experiments are more pronounced in winter
than in summer. He showed the evidence for the importance
of the greater Agulhas Current system for South Africa
climate and weather. However, the low resolution of the
model used did not capture the core of the Agulhas Current
and therefore the high latent and sensible heat fluxes asso-
ciated to the core. At least 1/3° resolution is needed to get
the core of the current (Rouault et al. 2003; Rouault and
Lutjeharms 2003) and the associated high sensible and la-
tent heat fluxes.

Recent works have shown the ability of WRF to simulate
southern African rainfall (Barimalala et al. 2018; Desbiolles
et al. 2018, 2020). Barimalala et al. (2018) used 17 summers of
integration to study the impact of Madagascar on southern
African rainfall, with 10-km horizontal resolution. More rele-
vant to our study, Desbiolles et al. (2018) used a 9-month in-
tegration of WRF in a wide domain (45°-5°S, 5°W-65°E). They
showed that increasing the resolution of SST to an effective
resolution of 20 km in the model to consider mesoscale ocean
feature such as eddies led to regional change in rainfall, a de-
crease of the flux of moisture from tropical region to southern
Africa, especially from the Mozambique Channel, and a
change in the location of the ITCZ. Using the same model and
configuration, Desbiolles et al. (2020) suggested that the
Angola low is also intensified when considering the mesoscale
ocean feature at the Angola Benguela Front, leading to
important changes in regional rainfall, especially in Angola and
Namibia. Jury et al. (1993) were the first to show that inland
rainfall in South Africa is influenced by Agulhas Current
temperature and its proximity to the coast. Later, Jury
(2015) proposed that during El Nifio-Southern Oscillation
(ENSO) the Agulhas Current has a passive role in sup-
pressing rainfall inland.

The aim of our paper is to extend our previous study to
identify the seasonal impact of the Agulhas Current warm core
on southern Africa. We make use of the two simulations from
our previous study of Nkwinkwa Njouodo et al. (2018). The
SST of the Agulhas Current is well represented in the control
simulation whereas in the second the warm SST of the Agulhas
Current is reduced by 1.2° to 1.5°C, through spatially filtering to
reduce sharp SST gradients. In this paper we adopt the austral
seasons, and from now on refer simply to summer (DJF), au-
tumn (MAM), winter (JJA), and spring (SON). The rest of our
study is structured as follows. Section 2 describes the data and
experimental design used. Section 3 examines the surface pa-
rameters employed for this study. Section 4 investigates the
mechanisms of the seasonal impact of the warm core of the
Agulhas Current on precipitation. Section 5 discusses the re-
sults and concludes the study.



15 DECEMBER 2021

2. Data

We use the following observation-derived datasets: the high-
resolution (0.1° X 0.1°) land based gridded climatology of
Hewitson and Crane (2005) based on rain gauges from 1950 to
2000; the high-resolution (0.05° X 0.05°) Tropical Rainfall
Measuring Mission Precipitation Radar (TRMM PR) clima-
tology (Biasutti et al. 2012) based on the period 1998 to 2012;
the 0.25° X 0.25° OISST (Reynolds et al. 2007) from 2001 to
2005; the Climate Forecast System Reanalysis (CFSR; Saha
et al. 2010) from 2001 to 2005; and the latest European Centre
for Medium-Range Weather Forecast (ECMWF) reanalysis
(ERAS; Hersbach et al. 2020) from 1979 to 2020. Because the
core of the Agulhas Current is about 80-100 km wide, 0.25° X
0.25° resolution is enough to represent the core of the Agulhas
Current (Imbol Nkwinkwa et al. 2019). Using SST with a 1/3°
resolution the core of the current is still present (Rouault and
Lutjeharms 2003).

In addition, we use two experiments of the Weather Research
and Forecasting (WRF) Model (Skamarock and Klemp 2008)
to isolate the effect of the Agulhas Current warm core on the
atmosphere (Nkwinkwa Njouodo et al. 2018; Koseki et al.
2018). The model domain extends from 17° to 43°S and from 8°
to 52°E, with a 25km X 25 km horizontal resolution. The de-
limitation of the study area is motivated by the investigation of
the local impact of the Agulhas Current on South Africa
rainfall. The model has 56 vertical eta-coordinate levels, with
22 levels below n = 50 (~100hPa) to represent the lower at-
mosphere. The model outputs are 3-hourly. The two experi-
ments cover the period from 2001 to 2005, with lateral
boundary conditions from the ERA-Interim reanalysis (Dee
et al. 2011). The experiments differ only in the surface
boundary conditions: WRF-control (hereafter CTL) prescribes
satellite-derived SST (Reynolds et al. 2007), while WRF-
smoothed (hereafter SMTH) prescribes the same SST except
spatially smoothed over the core of the Agulhas Current. The
spatial filter used is based on a nine-neighbor grid method,
applied 100 times (Koseki et al. 2018). The filter is given by
NCAR Command Language (NCL) and is called smth9_
Wrap (http://www.ncl.ucar.edu/Document/Functions/Contributed/
smth9_Wrap.shtml). Compared to CTL, the SST in SMTH is
1.5°C colder over the Agulhas Current, leading to weaker
turbulent latent and sensible heat fluxes. See Nkwinkwa
Njouodo et al. (2018) for a detailed model description and
validation.

3. Surface parameters

a. Surface current, sea surface temperature,
and latent heat flux

The Agulhas Current speed has a relatively low amplitude in
its annual cycle with a geostrophic current speed varying from
1.5ms™" in March to 1.3ms™! in July (Krug and Tournadre
2012). The recent study of Hutchinson et al. (2018) showed that
the Agulhas Current is over 25% stronger in summer than in
winter. The SSTs in the Agulhas Current system are several
degrees Celsius warmer compared to the surrounding region
(Fig. 1) and have a strong seasonality that is typical of the
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midlatitudes. The warmest temperature is about 25°C in sum-
mer around 32°S, with the highest SST occurring in February.
The Agulhas Current causes a strong oceanic temperature
gradient along the east coast of South Africa, creating low-
level atmospheric instability and potentially enhancing atmo-
spheric convection. In autumn, SST is quite similar to summer
(Fig. 1b) because the SST is maximum in February and March.
Austral winter is the season with the coolest SST in the
Agulhas region (Fig. 1c). Spring SST is similar to winter SST,
with the warmest SST along the coast, in the Agulhas Current
(Fig. 1d). There is about 3°C difference in SST between the
summer and winter along the Agulhas Current. The wind
speed and the high SST gradient created by the core of the
Agulhas Current causes a large amount of turbulent latent heat
flux (LHF) and moisture transfer from ocean to atmosphere.
Along the Agulhas Current, the LHF is maximum all year long
(between 175 and 250 W m ™~ ?), but with higher values in winter
(Fig. 1g) and lower values in summer (Fig. 1e). In winter, rel-
atively strong and cool westerly winds blow over the Agulhas
Current. The cooler airmasses and stronger winds in winter
than summer then explain the increased LHF in this season
relative to summer. East of Port Elizabeth, the difference in
specific humidity between the surface of the Agulhas Current,
the function of SST, and the air masses advected above are
more important in driving the variability of the LHF than the
wind (Imbol Nkwinkwa et al. 2019). Moreover, in summer the
wind is mostly easterly to northeasterly above the eastern part
of the current. For a more detailed discussion on the annual
cycle of the SST and the LHF in the Agulhas region, see Imbol
Nkwinkwa et al. (2019). The authors compared some satellite-
based LHF and reanalysis datasets. They found that the new
higher-resolution climate reanalyses do capture the high LHF
above the core of the Agulhas Current and that the WRF
Model LHF compares well with those in Imbol Nkwinkwa et
al. (2019).

Over the land, the maximum modeled LHF is in summer
(~150 Wm ™ 2) and the minimum in winter (~50 Wm™?2), cor-
responding to an evaporation rate of ~5.3 mmday ! in sum-
mer and ~1.8 mmday ™ in winter. Note that 1 mmday ' of
evaporation is equivalent to a loss of energy of 28 Wm 2.

b. Precipitation

We use the 50-yr climatology of South African precipitation
from Hewitson and Crane (2005, hereafter HCO05) to validate
the simulated land rainfall of the WRF Model. HCO5 use the
conditional interpolation method. The first step of this method
is to use the local precipitation distribution and to assign each
day in the record to a particular synoptic state. The last step is
to use each location where the rain is indicated and interpolate
the precipitation amount (HCO05). Although the model output
is only 5 years, its climatology compares quite well with the 50-
yr-long HCOS climatology.

South African precipitation ranges between 0 and 7 mm day ',
with a maximum in summer in the southeast of the country
(23°-25°S, 30°-31°E; Fig. 2a). Another maximum is around
the Drakensberg region (29°-30°S, 29°-30°E). Meanwhile,
the southwest of the country is arid in summer. During au-
tumn, precipitation ranges between 0 and 3mmday ', with a
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FIG. 1. Seasonal average of WRF-control experiment for (a)—(d) sea surface temperature (SST), (e)—(h) latent heat flux (LHF), and
(1)—(1) precipitation for, from left to right, austral summer [December—February (DJF)], austral autumn [March-May (MAM)], austral
winter [June-August (JJA)], and austral spring [September—November (SON)]. Black contours represent the SST with 1°C interval

overlaid.

maximum along the south coast and the east coast of South
Africa (Fig. 2b). This maximum lasts until winter, forming a
rainband ranging from 1 to 2mm day ' (Fig. 2c). Winter is the
rainy season over the Western Cape (31°-34°S, 18°-20°E), with
precipitation up to 6 mmday !. Meanwhile, the rest of the
country is arid. Spring is the transitional season between the
winter and summer regimes and is marked by an increase in
precipitation over the southeast of South Africa, with a clear
maximum rainfall along the east coast, where the Agulhas
Current is adjacent to the coast (Fig. 2d).

We use the 5km X 5km TRMM PR climatology to validate
the WREF rainfall above the ocean and to compare with HCO5

b) MAM

climatology for the rest of southern Africa (Fig. S1 in the online
supplemental material). We note that the TRMM climatology
is only available since 1998 while HCO05 is 50 years and our
model 5 years. TRMM also could suffer from the usual limi-
tation in satellite remote sensing of rainfall. However, it is the
highest resolution possible above the ocean. TRMM PR
overestimates the summer terrestrial rainfall by 1 mm day !
(Fig. S1la) compared to the climatology of HC05. However,
TRMM PR underestimates precipitation along the inland
coast by 2mmday ™! compared to the former climatology,
which shows a maximum rainfall along the coast. In TRMM
PR, the highest summer precipitation is northeast of southern
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FIG. 2. Climatology of South Africa precipitation rate from 1950 to 2000 of the gridded averaged daily precipitation data from Hewitson
and Crane (2005): from left to right, austral summer (DJF), austral autumn (MAM), austral winter (JJA), and austral spring (SON).
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FIG. 3. As in Fig. 1, but for the mean seasonal differences between control and smooth experiments. Bold contours indicate the area
between 23° and 31°E within a 2° coastal band. Shaded values significant at the 90% level are indicated by a black dot.

Africa. In autumn, terrestrial precipitation is also overestimated
by 1 mmday ™! (Fig. S1b) compared to the climatology of HCOS.
Above the ocean, largest values of rainfall are found over the
Agulhas region and the South Indian convergence zone (SICZ;
e.g., Cook 2000). TRMM PR underestimates the winter rainfall
over the Western Cape, and at the coast to the east (Fig. Slc).
Over the ocean, the imprint of the Agulhas Current is clearly
apparent in winter precipitation. In spring, precipitation is
abundant over the landmass, east of South Africa (Fig. S1d).
Analysis of TRMM PR frequency of rainfall (Figs. Sle-h) shows
that the Agulhas Current is the region where it rains the most
often considering all seasons.

CTL overestimates summer precipitation compared to the
climatology of HCO5 by 3mmday ', east of South Africa
(Fig. 1i). Along the coast, CTL captures the maximum rainfall
seen in the former climatology. This might be due to the
strong sensitivity of simulated precipitation to the terrain
(e.g., Pohl et al. 2014; Koseki et al. 2018) or the difference in
climatology. Summer precipitation is well simulated above
the Agulhas Current by CTL when compared with TRMM-
PR (Figs. Sla,e). During autumn, CTL precipitation can
reach 6 mmday ! (Fig. 1j). As in summer, the model over-
estimates land precipitation by 3mmday ™' in autumn, and
the rainfall pattern is similar to summer, but with a lower
amplitude. However, the model underestimates maritime
precipitation in autumn. In winter above the Agulhas, pre-
cipitation ranges between 3 and 4 mm day~'. Thus, CTL un-
derestimates the maritime precipitation by 2 mm day ! above
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the Agulhas Current (Fig. 1k) compared to TRMM PR
(Fig. S1c). In spring, CTL overestimates the terrestrial and
maritime precipitation (Fig. 11) compared to the climatology
of HC05 and TRMM PR respectively.

To summarize, the WRF Model overestimates the land pre-
cipitation compared to HCOS for all seasons, and underestimates
the maritime precipitation in autumn, winter, and spring, com-
pared to the rain frequency of TRMM PR (Figs. Sle-h).
However, the main features and seasonality of southern Africa
and adjacent rainfall are relatively well simulated. Thus, the
WRF Model compares reasonably well with observations and
can be used for our seasonal analysis.

To assess the impact of short runs we present the mean
seasonal SST, LHF, and precipitation of ERAS (Fig. S2).
Averages are done on a 42-yr period, from 1979 to 2020. We
notice that the seasonality of each parameter is quite similar to
the CFSR reanalysis (Nkwinkwa Njouodo 2018, chapter 5) and
to our modeling results but with a lesser amplitude.

4. Influence of the Agulhas Current on precipitation

a. SST, LHF, and precipitation differences between
WRF experiments

In this section, we look at the seasonal influence of the warm
SST of the Agulhas Current on southern Africa rainfall based
on the difference between CTL experiment and the experi-
ment with a smoothed SST (SMTH). The SST difference be-
tween the two simulations is up to 1.5°C along the coast and
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presents a weak seasonality (Figs. 3a—d). The maximum dif-
ference is found in the core of the Agulhas Current, around
33°-35°S and 27°-30°E (Eastern Cape). Smoothing the SST
reduces the Agulhas Current SST in summer by 1°C in the
northeast, and 1.5°C along the coast. Smoothing the SST also
leads to a 1°C cooler SST along the coast of the Western Cape
region (31°-33°S, 18°E) and the South Coast (34°S, 20°-26°E)
for each season. However, the absolute value of the SST and of
the LHF in upwelling region are quite low so the impact on
weather of the coastal smoothing is not important for our
study. Indeed, the difference in LHF along the West and South
Coast between control and smooth is 5 times lower in absolute
value than above the Agulhas Current (Figs. 3e,f).

The LHF differences between the two simulations exhibit a
maximum in the Agulhas Current in all seasons (Figs. 3e-g),
consistent with the seasonal SST differences (Figs. 3a-d).
These differences can reach 65 W m ™2 Thus, reducing the SST
by ~1.5°C leads to a 65 Wm 2 loss of LHF (equivalent to an
evaporation rate of 2 mm day~1). Over the land, north of South
Africa, the LHF difference is about 15 to 25 W m ™2 in summer,
autumn, and spring (Figs. 3e,f,h). Along the West and South
Coast where the SST is increased by the smoothing the maxi-
mum difference is 10 Wm ™2

The Agulhas Current influences precipitation patterns in
all seasons, as illustrated by the differences in simulated pre-
cipitation rate in the two WRF experiments (Figs. 3i-1). The
rainband anchored by the Agulhas Current is mostly due to
cumulus convective rain (not shown). Maximum differences in
terrestrial precipitation are found in summer over the northeast
of South Africa, around Mpumalanga (24°-27°S, 30°-33°E), but
the statistical significance is weak (Fig. 3i). Maximum differ-
ences in oceanic precipitation occur also in summer off Durban
(30°-32°S, 31°-33°E) and above the Agulhas Current. In au-
tumn, positive precipitation differences along the coast extend
far west inland between 20° and 23°S (Fig. 3j). Again, the sta-
tistical significance is weak. In winter, the land precipitation is
almost identical in both simulations and close to zero. Positive
precipitation differences occur along the east coast (Fig. 3k) and
above the core of the Agulhas Current, coinciding with the lo-
cations where the SST and LHF differences are maximum. In
many respects, our study shows results similar to those of
Reason (2001). The author investigates the potential influence
of the greater Agulhas Current system on regional atmospheric
circulation. He showed that smoothing out the SST of the
greater Agulhas Current system results in a stronger LHF
differences in winter than summer, with higher associated
precipitation differences above the SST anomalies in winter;
there were also differences in precipitation above land for
both seasons.

In spring, maximum precipitation differences are found
along the coast and northeast of southern Africa (Fig. 3l).
Compared to CTL, the change in precipitation over the
Agulhas Current can be as high as 35% during the wettest
seasons (summer and autumn) and as high as 25% during the
driest seasons (Fig. S3). Thus, the influence of the Agulhas
Current on precipitation follows the seasonal cycle, being
greatest during the wettest seasons and least during the driest
seasons. These results indicate that reducing the temperature
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of the Agulhas Current has the overall effect of decreasing the
precipitation above the Agulhas Current in all seasons where
the current is adjacent to the coast, and over parts of southern
Africa in summer, autumn, and spring. Koseki et al. (2018)
showed that with smoothened warm SST caused by the
Agulhas Current, the coastal rainfall is diminished to some
extent due to less evaporation along the Agulhas Current.
However, it is not clear if the LHF is the main factor control-
ling rainfall seasonality above the current. Comparing for ex-
ample autumn and winter, both have similarly strong LHF, but
there is much more rainfall in autumn (Fig. 3). In summer,
there is more rainfall, but LHF is even less. However, the SST
is higher and the precipitable water content could therefore be
higher leading to more rainfall above the current. The changes
in precipitation between the experiments were to the first order
shown to be linked to the pressure adjustment mechanism at
annual scale by Nkwinkwa Njouodo et al. (2018). Does this
mechanism occur similarly in the different seasons? What
controls the seasonal differences in the impact over the conti-
nent? Further analyses to answer these questions are done in
the following section.

b. Analysis of the pressure adjustment mechanism

We examine the relationship between the sign-reversed SST
Laplacian, the 10-m wind convergence, and the SLP Laplacian
for the difference between both simulations for each season.
The SST Laplacian, wind convergence, and SLP Laplacian are
linked by the pressure adjustment mechanism (Lindzen and
Nigam 1987; Minobe et al. 2008; Nkwinkwa Njouodo et al.
2018; Crespo et al. 2018), following the equations of the pres-
sure adjustment, in which the SST modifies the marine atmo-
spheric boundary layer, and the resultant pressure gradients
produces wind convergence over warm SSTs and wind diver-
gence over cold SSTs. The momentum equation can be ap-
proximated for a frictional boundary layer as follows:

su—fu=—&
Py )
n M)
evtfu=——
Po

where x and y are the zonal and meridional coordinates; u and
v are the zonal and meridional surface wind; and py, p, €, and f
are the density, the pressure, the constant damping coefficient,
and the Coriolis parameter, respectively. The relationship be-
tween the surface wind convergence and the SLP Laplacian is
linear:

Pt +0) = (0 +2,) 5y @)

Equation (2) can be derived from Eq. (1). The model assumes
that SST and the temperature of the atmospheric boundary layer
to be closely related to each other on monthly and longer time
scales, adjusted through turbulent fluxes and atmospheric mixing
(Lindzen and Nigam 1987). Moreover, satellite observations
have such an influence on the Agulhas Current (Krug et al. 2018).

The Laplacian acts as a high-pass spatial filter and highlight
the regions with strong gradients such as the Agulhas Current.



15 DECEMBER 2021

a) DJF

b) MAM

-SST Laplacian

IMBOL NKWINKWA ET AL.

c) JJA d) SON

SLP Laplacian

* g il
o e 00

el
3T°E

- = ] +

38°S + . - < o7 1)
17°E  22°E  27°E  32°E  37°E 17°E  22°E  21°E  32°E

+

17°E  20°E 23°E

g e . il 1-‘3-05
L I | = . e .

v . -y ~
26°E 29°E 17°E  20°E 23°E  26°E 29°E

FIG. 4. As in Fig. 1, but for the mean seasonal differences between control and smooth experiments: (a)—(d) sign-reversed sea surface
temperature Laplacian and (e)—(h) wind convergence (positive values). Superimposed blue arrows are the 10-m wind direction difference
between the two simulations. (i)—(1) Sea level pressure Laplacian. Bold contours indicate the area between 23° and 31°E within a 2° coastal
band. Shaded values significant at the 90% level are indicated by a black dot.

The differences in the sign-reversed SST Laplacian along the
eastern coast of South Africa show a strong gradient for each
season (Figs. 4a,b). The result is similar to the one described at
annual scale by Nkwinkwa Njouodo et al. (2018). The SST
Laplacian differences are large along the coast for each season
(between 22° and 32°E). The highest values of about 6 X
107K m~? are found in winter and spring.

Figures 4e-h illustrate the difference in wind convergence
(shading) and in the wind at 10m (vectors) between control
and smoothed experiments. In all seasons the wind conver-
gence differences are stronger above the Agulhas Current
compared to the surrounding water. The maximum values
range between 8 X 10 ®and 12 X 107%s™'. The wind direction
changes show that in autumn and winter the increased con-
vergence in CTL is mainly from the alongshore component,
while in summer and spring there is also a substantial cross-
shore component.

The differences in the SLP Laplacian (Figs. 4i,j) show some
similarities to the SST Laplacian and wind convergence dif-
ference patterns in all seasons. These results indicate that
pressure adjustment to SST gradients around the Agulhas is
important for surface wind convergence in all seasons. The SLP
Laplacian differences are collocated with the precipitation
differences over the Agulhas Current. The patterns of the sign
reversed SST Laplacian, wind convergence, and SLP Laplacian
differences show similarities with those of the annual mean
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analysis. Therefore, this indicates that the pressure adjustment
acts in every season and contributes to enhancing seasonal
precipitation above the current. There are also larger LHF
differences in this location that can directly affect the stability,
specific humidity, and precipitable water in the lower tropo-
sphere (Fig. 3); this could also induce a surface wind divergence
and convergence (Takatama et al. 2012). Therefore, seasonally
reducing the Agulhas Current SST leads to a reduction of the
dynamical and thermodynamic factors for enhancing precipi-
tation over the Agulhas Current. Supporting these modeling
results, the CFSR reanalysis shows patterns in LHF, SLP
Laplacian, and wind convergence similar to those of the WRF
numerical experiments (Nkwinkwa Njouodo 2018, chapter 5).
Moreover, Fig. S4 represents the seasonal averages of ERAS
SST Laplacian, wind convergence, and SLP Laplacian for a
longer period from 1979 to 2020. Results are similar to CFSR
reanalysis, and the WRF control experiment. This comparison
indicates that five years of data can resolve the key seasonal
differences.

To quantify to what extent the seasonal precipitation
differences can be explained by these factors, we evaluate
the seasonal mean differences between CTL and SMTH
runs of precipitation, SST, LHF, SST Laplacian, wind con-
vergence, and SLP Laplacian differences. The parameters
are averaged between 23° and 31°E and within the 2° width
coastal band. The selected area is illustrated by the bold line
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FIG. 5. Seasonal mean differences between WRF-control and smooth SST experiments averaged between 23° and 31°E and within the 2°
width coastal band for (a) precipitation, (b) SST, (c) latent heat flux, (d) sign-reversed SST Laplacian, (e) wind convergence, and (f) sea
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deviation.

outlined patch in Figs. 3 and 4, where the Agulhas Current
has the highest speed.

In summer, the wind convergence differences are weaker
(Fig. Se), and the differences in SLP Laplacian are lowest (Fig. 5f).
Correlations between the SLP Laplacian and wind convergence
are greater than in autumn. Pointwise correlation between pre-
cipitation and LHF is 20.16 and not statistically significant (Fig. 5g
and Table 1). Thus, the change in summer precipitation above the
Agulhas Current could be due mainly to the pressure adjustment
mechanism compared to the thermodynamic effect measured by
the LHF. We reach the same conclusion for spring precipitation.

During autumn, wind convergence differences are stronger
(Fig. Se) and the SLP Laplacian differences higher compared
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to summer. Correlation between SLP Laplacian and wind
convergence is lower (0.65 = 0.12) and significant at the 90%
level (Fig. 5i and Table 1). In contrast, the correlation between
precipitation and LHF is lower (0.22). Thus, changes in autumn
precipitation appear more related to changes in the pressure
adjustment mechanism.

In winter, precipitation differences range between 0.4 and
0.8mm day~'. The LHF contribution to precipitation is found
to contain a wintertime maximum, and the dynamical effect to
explain precipitation differences is high (relation between SLP
Laplacian and wind convergence). We suggest that the pre-
cipitation changes in winter are due to the thermodynamic
effect with a correlation of 0.85 between precipitation and
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TABLE 1. Statistical value of monthly correlation from Fig. 5. The significance is at the 90% level. The domain covers 23° and 31°E and
within the 2°-width coastal band. STD = Standard deviation.

Correlation: precipitation vs latent

Correlation: SLP Laplacian vs SST

Correlation: SLP Laplacian vs wind

Season heat flux Laplacian with STD convergence with STD
Summer (DJF) —-0.16 0.62 = 0.05 0.82 = 0.17
Autumn (MAM) 0.22 0.53 = 0.05 0.65 = 0.17
Winter (JJA) 0.85 0.62 = 0.05 0.73 £ 0.17
Spring (SON) 0.14 0.36 = 0.05 043 +0.17

LHF, and the pressure mechanism with a correlation of 0.73 =
0.17 between SLP Laplacian and wind convergence (Table 1).
The seasonal variations in rainfall differences broadly follow
the seasonal difference in rainfall, with most rainfall occur-
ring in summer and autumn, and least in winter and spring.
Although the relative importance of dynamical and thermo-
dynamical influences vary with season, they do not correspond
closely to the seasonal differences in rainfall. Thus, the sea-
sonal differences may be more related to the large-scale factors
that determine seasonality, such as the atmospheric circulation
discussed in the next section and the temperature of the
Agulhas Current, which is warmest in summer and autumn,
and coldest in winter and spring. This will have an impact on
the specific humidity and the precipitable water in the lower
troposphere above the current, thereby modulating the local
dynamical and thermodynamical influences on rainfall. One
reason for differences in low-level convergence and rainfall
response to the underlying SST in autumn and winter may be
related to synoptic-scale weather (Parfitt and Czaja 2016;
Parfitt et al. 2016; O’Neill et al. 2017); this could weaken the
relation between SLP Laplacian and wind convergence.

In summer, the coastal rainfall is not caused only by the SST-
induced wind convergence over the Agulhas Current, being
confined to the ocean. Koseki et al. (2018) indicated that the
impact of the SST front on the coastal region could be the re-
sult of the diurnal cycle. The authors suggested that variations
in rainfall are associated with the daily residual local circula-
tions: when the terrestrial precipitation is dominant, the on-
shore and uphill breeze systems are formed around the
Drakensberg, midrange mountain, and coastal orography of
South Africa.

c. Atmospheric parameters
1) GEOPOTENTIAL HEIGHT

We now focus on austral summer because the southeast
portion of southern Africa gets most of its precipitation in
summertime and the modeled impact of the Agulhas Current
over the continent is the largest. Figures 6a and 6¢ represent
the geopotential heights at 950 and 700 hPa in summer, sim-
ulated in the control experiment. The south Indian Ocean
high pressure system is apparent in the Indian Ocean at
950 hPa. At 700 hPa, geopotential heights are lower south of
30°S corresponding to the midlatitude westerly systems, while
the Botswana high pressure system (Driver and Reason 2017)
can be seen to the north. In austral winter, the land is cold
and the geopotential height is higher over the continent
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(Nkwinkwa Njouodo 2018, chapter 5), and this strengthens
the subsidence that is not favorable for precipitation.

The analysis of the vertical velocity averaged between 950
and 800 hPa shows a rising motion for each season, with almost
the same intensity (Fig. S6 of Nkwinkwa Njouodo et al. 2018).
The observed vertical motion is collocated with the increased
rainband along the coast. In summertime, the Agulhas Current
warm core drives a significant weakening of the high pressure
systems.

Figures 6b and 6d show the geopotential height differences
between CTL and SMTH. At 950 hPa negative geopotential
height differences are present above the Agulhas Current and
surrounding ocean triggered by the SST differences (Fig. 6b),
while at 700 hPa the negative differences are mostly above the
continent (Fig. 6b). These differences indicate that without the
warm SST of the Agulhas Current part of the Indian Ocean
high pressure system and continental high pressure would be
stronger, and thereby would reduce continental rainfall. The
previous result is also observed in autumn and to a lesser extent
in spring (not shown).

Nkwinkwa Njouodo et al. (2018) have shown that the rain-
fall response to the warm core of the Agulhas Current is as-
sociated with an overlying vertical circulation confined to the
region below 650 hPa. Quasigeostrophic theory indicates that
in the midlatitudes, diabatic heating at these levels is balanced
by advection of cold air from higher latitudes, which implies
the development of a low pressure anomaly and cyclonic cir-
culation anomaly to the east of the diabatic heating (Hoskins
and Karoly 1981; Kushnir et al. 2002; Sutton and Mathieu
2002). Consistent with this, there is a low pressure anomaly at
lower levels to the east of the rainfall maxima over the Agulhas
warm core (Figs. 3j and 6b). As explained below this induces a
positive precipitation anomaly over the landmass, and along
the east coast of South Africa (Fig. 3i).

The diabatic heat anomalies associated with this rainfall can
further alter the geopotential height and circulation response.
In particular, they appear to drive the low pressure anomalies
around 25°S at lower levels. The low pressure anomaly at
700 hPa around 25°S is located just above the Drakensberg
escarpment. The westerly winds at the mentioned latitude are
blocked at lower levels by orographic barrier (Koseki and
Demissie 2018) and may support upward propagating Rossby
waves. The SLP anomaly pattern is around 20° in longitude
(Figs. 6b,d), corresponding to a wavelength of 40° or wave-
number 9. At 25°S (30°S), Rossby waves of this scale would
travel westward with a phase speed of 9ms ™! (7ms1). Given
the simulated zonal winds (not shown), Rossby waves could
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FIG. 6. Summer (DJF) geopotential heights simulated by WRF-control (CTL) experiment at (a) 950 and
(c) 700 hPa, with (b),(d) the corresponding geopotential height differences between WRF-control and WRF-
smooth. Black dots in (b) and (d) represent the significance at the 90% level.

propagate to around 700 hPa at 25°S, but they would be trap-
ped to below 950 hPa at 30°S. According to these theoretical
considerations, the westward tilting structure of geopotential
height from 950 to 700 hPa may be partly caused by forced
midlatitude Rossby wave (e.g., Holton and Hakim 2012).

A similar geopotential height structure is found in autumn,
and to a lesser extent in spring. Thus, for summer, autumn, and
spring our modeling results indicate that the warm SSTs of the
core of the Agulhas Current off the southeast coast act to de-
crease pressure over South Africa.

As discussed in the previous section, it is difficult to relate
the local dynamic and thermodynamic effects to the seasonal
differences in rainfall. Rather, the reduced rainfall response in
spring is probably due to the lower SST of the Agulhas Current
(Figs. 1c and 5). Moreover, the South Indian anticyclone is
higher and therefore weakens the rainfall. Another possibility
is a change in the track, frequency, and intensity of transient
weather systems such as fronts, which contribute to the tropical
temperate troughs that bring most of the summer rainfall (see
Reason 2001). Over the land, the low pressure anomaly dif-
ference does not appear in winter (not shown). Over the ocean
the atmospheric large-scale response to the Agulhas Current
warm core is limited to 850 hPa (not shown).

2) MOISTURE FLUX

To further understand the impact of the Agulhas Current on
summertime continental precipitation, we compute the hori-
zontal moisture flux intensity. This is defined as a product of
the specific humidity and the wind, following the equation

Moist(ug,vq) = (MI)2 + (vg)*, ®)

where “Moist” is the moisture flux intensity, g is the specific
humidity, and « and v are the zonal and meridional wind com-
ponents, respectively. Moisture flux intensity is then computed
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at 950 and 700 hPa for the summer season (Fig. 7). At 950hPa,
the gray part above the continent is due to the presence of the
continental plateau and escarpments at the coast (Fig. 7a).

At 950hPa, an intense moisture flux originating from the
Indian Ocean penetrates southern Africa (Fig. 7a). Part of this
moisture flux flows along the coast just above the Agulhas
Current before deflecting poleward. This westward moisture
flux is associated with the Indian Ocean high pressure system,
blocked by the Drakensberg (Koseki et al. 2018). The western
Indian Ocean is the major moisture source for southern Africa
(Vigaud et al. 2007). At 700 hPa, the moisture flux follows the
westerlies and originates from the Atlantic Ocean then leaves
the landmass toward the coast (Fig. 7c). The South Atlantic is
considered as a secondary source of moisture for southern
African climate (D’Abreton and Lindesay 1993; Cook et al.
2004; Reason et al. 2006; Vigaud et al. 2009). A bit of moisture
leaving the continent, penetrates the continent from the east in
an anticyclonic circulation. In autumn, winter and spring, the
horizontal distribution of the moisture flux is quite similar to
summer season, but with a reduced intensity. The moisture flux
transport has the same direction as in summer. The moisture
flux differences between control and smooth SST run, although
only statistically significant at the 90% level (Figs. 7b,d)
are consistent with the precipitation differences in summer
(Fig. 3a). The moisture flux differences follow the geopotential
height differences (Fig. 6). A 1.5°C warm SST creates up to
8gkg ' ms~! more moisture flux from the south in CTL than
in SMTH, southwest of the Indian Ocean and along the east
coast (Fig. 7a). The Agulhas Current therefore favors a cy-
clonic moisture flux anomaly leading to larger import of
moisture from the south and in particular the band of moisture
created by the Agulhas Current and larger export of moisture
from the northeast of the continent at 950 hPa.

At 700 hPa (Fig. 7d), the differences in moisture flux follow
the differences in the geopotential height field (Fig. 6d). We
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FIG. 7. As in Fig. 6, but for the moisture flux simulated by WRF-control (CTL) experiment at (a) 950 and
(c) 750 hPa, with (b),(d) the corresponding moisture differences. Arrows represent the direction of the moisture
transport every 1.5°. Colors in (b) and (d) represent the significant area at the 90% level, and the arrows are the

moisture vector differences.

propose that it is the increase in moisture flux from the Agulhas
Current that leads to more rainfall inland: this will lower the
geopotential height and further create cyclonic motion, which
will add further moisture inland. In other words, a 1°-1.5°C
decrease in the Agulhas Current system SST decreases the
inflow of moisture flux from the south and the southeast that
more than compensates for the loss of moisture to the north-
east. The absence of marked difference of moisture flux at
500 hPa (not shown) indicates that the convection is shallow
within the air column. However, we observe a cyclonic mois-
ture flux transport over the land area. The difference results
(Figs. 7b,d) might not be the same if we had chosen a larger
domain that could directly represent all the moisture sources
mentioned above.

In autumn and spring, the mean circulation shows key dif-
ferences compared to summer (not shown). The onshore wind
is much reduced, and so the moisture transport to South Africa
is less. In a similar way, the response over land is much weaker,
even if we have a similar mechanism to summer. On the con-
trary, there is no signal of the moisture flux difference in win-
tertime. Thus, reducing the SST of the Agulhas Current does
not have an impact on the precipitation over South Africa in
austral winter.

5. Discussion and summary

In this study, we have investigated the seasonal impact of the
Agulhas Current using satellite rainfall estimate and two ex-
periments of the WRF regional model. We have first validated
the WREF precipitation using a 50-yr climatology of Hewitson
and Crane (2005) for land precipitation, and using TRMM PR
for maritime rainfall. WRF underestimates the maritime pre-
cipitation mainly above the Agulhas Current. This could be
because the SST gradients associated with the current are
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underestimated in WRF simulation. WRF overestimates the
land precipitation for all seasons, which might be due to the
sensitivity of WREF to the topography, a common issue in re-
gional climate modeling (e.g., Nikulin et al. 2012; Pohl et al.
2014; Koseki et al. 2018). In general, annual mean rainfall is
overestimated by regional climate models over South Africa
(Favre et al. 2016) and also by global ocean-atmosphere cou-
pled models (Dieppois et al. 2016). Despite these deficiencies,
regional climate models have been demonstrated to simulate
the main features of the annual cycle in circulation patterns
and rainfall realistically, across the southern African region
(Engelbrecht et al. 2015).

Our experiments revealed that the Agulhas Current has a
pronounced seasonal influence on precipitation that acts to
amplify the seasonal cycle. Over land there is a more wide-
spread impact of the Agulhas Current in summer and autumn,
which are the wettest seasons. A more realistic Agulhas
Current as in CTL leads up to 45% (Fig. S3) increase in pre-
cipitation in summer and autumn compared to SMTH exper-
iment. During winter, the land is arid and there is little
influence of the Agulhas Current SST on southern African
rainfall. In spring, precipitation differences are less compared
to summer and autumn. Along the east coast of South
Africa and over the adjacent Agulhas Current, the highest
differences in precipitation occur in summer and autumn
(Figs. 3a,b and 5a). During spring, the Agulhas Current
SST has a modest influence on coastal precipitation. In winter-
time, positive precipitation differences are pronounced only
over the Agulhas Current (Fig. 3c), where the SST and LHF
differences are maximum as also shown by Reason (2001) for the
greater Agulhas Current system.

We have investigated the mechanisms for seasonal influence
of the Agulhas Current on low-level wind convergence and
maritime precipitation. We found that the SST Laplacian, SLP
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FIG. 8. Mechanisms of precipitation occurrence. (a) Along the coast and above the Agulhas Current (red),
maritime precipitation is partly due to the release of latent heat flux (purple) by the current, and the relation
between SST Laplacian, SLP Laplacian, and low-level wind convergence (gray) that will enhance precipitation. The
upward wind velocity (yellow arrow) is shallow (below 500 hPa) and is associated with the wind divergence. Thus, a
precipitation band (blue) forms over the Agulhas Current in all seasons. (b) Inland precipitation is caused by
increased moisture flux (yellow arrows) from the Agulhas Current to the land, associated with a cyclonic motion.
The northwestward tilted structure given by the geopotential height may be associated with vertically propagating
Rossby waves around 25°S (green) from 950 to 700 hPa. The shadow inland represents the affected wet region. This
mechanism acts most strongly in summer but is also present in autumn and spring.

Laplacian, and wind convergence in all seasons are consistent
with the annual mean analysis (Nkwinkwa Njouodo et al.
2018). The link among these variables is enhanced in summer.
Therefore, this indicates that the pressure adjustment to SST
gradients is important for surface wind convergence; it suggests a
dynamical mechanism for the collocation of precipitation over
the Agulhas Current along the coast of South Africa during this
season. In summertime, the coastal rainfall is also explained by
the diurnal cycle as shown by Koseki et al. (2018). In autumn and
winter there is a good relation between SLP Laplacian and wind
convergence, thereby indicating that the pressure adjustment is
important. In winter, a significant relation is found between
LHF and precipitation that is weakly present in summer, au-
tumn, and spring (Table 1). Furthermore, the LHF released
above the Agulhas Current presents a summer and spring
minimum, but an autumn and winter maximum (Fig. 5). These
suggest that thermodynamic ocean—atmosphere interactions
are important for precipitation over the Agulhas Current in
winter. In summer and autumn, the Agulhas Current mod-
ifies the general circulation, which leads to an influx of
moisture inland, increasing the rainfall. These two mecha-
nisms act together to enhance the seasonal cycle of precip-
itation over southeastern Africa and the adjacent Agulhas
Current (Fig. 8a). Figure 8 represents the mechanisms of pre-
cipitation occurrence along the coast (above the Agulhas
Current) and inland precipitation. The northwestward tilted
structure given by the geopotential height may be associated
with vertically propagating Rossby waves around 25°S (Fig. 8b)
from 950 to 700 hPa, and this gives the structure resembling
a northwest trough undercut by a ridging anticyclone. The
shallow diabatic heating from precipitation over the Agulhas
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Current induces a low pressure anomaly to its east, and thereby
induces anomalous moisture transport and rainfall farther
north and over the coastal regions of southern Africa. These
may force vertical propagating Rossby waves at 25°S. This
mechanism acts most strongly in summer but is also present in
autumn and spring.

Our work gives support to the study of Jury et al. (1993),
which estimated that the rainfall along the eastern coast of
South Africa is positively correlated with the temperature of
the Agulhas Current. However, it does not support his second
hypothesis stating that rainfall was anticorrelated with the
distance from the current to the coast. This could be due to the
resolution of our experiment or simply because there is a west
to east gradient in rainfall in South Africa unrelated to the
vicinity of the current. While our study discusses the climato-
logical feature of the Agulhas SST and precipitation over
eastern South Africa, Jury (2015) has suggested that the vari-
ability of the Agulhas SST and precipitation over eastern South
Africa are connected to the positive phase of ENSO and that
the Agulhas Current has a passive role in suppressing rainfall in
South Africa. Our relatively short experiment does not allow
us to single out enough El Nifio years. It would be interesting to
explore how the impacts of Agulhas SST can be modulated
during ENSO events compared to the climatology during
summer in a longer integration.

The reason for the seasonal variations in the dynamic and
thermodynamic influences of the Agulhas Current is still an
open question. Considering another region, the study of
Minobe et al. (2010) shows that variations in the importance of
the pressure adjustment mechanisms occur over the Gulf
Stream proper region: low-level wind convergence is weak and
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TABLE 2. Summary of mechanisms activated for each season:
italic and bold for strong, plain text (not italic/bold) for weak, and 0
for no mechanism. PAM = pressure adjustment mechanism.

Precipitation above the

Agulhas Current and Precipitation
Season coastal area inland

Summer (DJF) PAM + LHF Shallow heating +
Rossby wave

Autumn (MAM) PAM + LHF Shallow heating +
Rossby wave

Winter (JJA) PAM + LHF 0

Spring (SON) PAM + LHF Shallow heating +

Rossby wave

convection is deep in summer, whereas in winter low-level
wind convergence is stronger and convection is shallow. These
differences are due to different types of dynamics (synoptic in
winter versus deep convective in summer). The importance of
synoptic-scale interactions has been recently highlighted
over the Gulf Stream, where the SST gradient is important
for storm development, by the thermal damping and strength-
ening mechanism (Parfitt et al. 2016). This mechanism could be
observed in the Agulhas Return Current, where the current and
the Southern Hemisphere storm track align (Hoskins and
Hodges 2005), or where changes in extratropical storms track
and intensity result from smoothing out the Agulhas Current
(Reason 2001). Although with a different seasonality (com-
pared to the Gulf Stream), a similar interplay of synoptic versus
convective processes could explain the seasonal variations in the
dynamic and thermodynamic influence identified in the Agulhas
Return Current. However, further work is required to under-
stand how synoptic-scale interactions influence precipitation in
the Agulhas Current region of southeast Africa.

In the second part of our study we have identified a mech-
anism for the influence of the Agulhas Current SST on conti-
nental rainfall, through the analysis of geopotential heights and
moisture fluxes. In summer and autumn, the Agulhas Current
creates a low pressure anomaly above the ocean extending to
the land, weakening the anticyclonic motion of the Indian
Ocean high pressure system. This favors an influx of moisture
from the Agulhas Current to the coast that can go above the
escarpment farther inland, thereby enhancing rainfall in South
Africa, contributing to even more cyclonic anomalies and
leading to further cyclonic moisture transport, in line with
Reason and Mulenga (1999) and Reason (2001). The low
pressure anomaly is consistent with the solution of shallow
atmospheric heating in midlatitudes, with the diabatic heating
being balanced by advection of cold air from the south
(Hoskins and Karoly 1981). Thus, the low pressure anomaly
and cyclonic circulation are positioned eastward of the diabatic
heating (i.e., the rainfall maximum is on the western side). The
low pressure anomaly could be associated with a baroclinic
Rossby wave but further work will be needed to assert that
hypothesis. However, at 700 and 500 hPa, the geopotential
anomaly is shifted inland westward as would be expected from
westward propagation of a Rossby waves (Holton and Hakim
2012). These cyclonic circulation anomalies together with
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greater moisture availability associated with the 1.5°C warmer
SST of the CTL run lead to more moisture flux and therefore to
more precipitation over southern Africa. Through this mech-
anism the Agulhas Current plays an important role in en-
hancing precipitation over the interior of southern Africa in
summer, autumn, and, to lesser extent, spring (Fig. 8b). During
winter, the low pressure anomaly does not appear over land,
and the supply of moisture flux from the Agulhas is almost
nonexistent. The seasonal variations in this mechanism are
only partly consistent with the seasonal variations in rainfall
over the Agulhas Current (i.e., the diabatic heating is weak in
winter, but it is weaker in spring).

Tables 1 and 2 summarize the different mechanisms by
which the Agulhas Current SST influences precipitation. Above
the Agulhas Current and along the southeastern African coast,
the pressure adjustment mechanism contributes to the en-
hancement of summer and spring precipitation. Spring has less
rainfall and so the mechanism is less effective. Winter precip-
itation is related to the LHF. Inland, the Agulhas Current
enhances the summer and autumn precipitation through the
influence of strong shallow heating on the lower atmospheric
circulation and possibly Rossby wave dynamics. This mech-
anism is weaker in spring, therefore leading to weaker pre-
cipitation enhancement. There is no enhancement of rain in
winter, as these mechanisms are not activated.

While the WRF Model used here provides a reasonable
simulation of precipitation in the region and we are confident
in our results, different results could be found with different
models. Here we list several potential issues. The impact of the
Agulhas Current on southern African precipitation might be
overestimated while the impact over the ocean could be
underestimated, as WRF overestimates the land precipitation
and underestimates maritime precipitation. Moreover, the
uncertainties linked to relative roles of dynamics and ther-
modynamics in seasonality of the Agulhas Current could be
underestimated, as the current is not well represented in the
atmospheric model, and its resolution remains relatively low.
In particular, the study of Parfitt et al. (2017) highlights the
importance of high-resolution SST in resolving the influence of
oceanic fronts on weather and climate. In addition, an under-
estimated influence on maritime rainfall could also affect
continental rainfall via the propagation of the Rossby waves.
Furthermore, by choosing a southern limit of 43°S and a
northern limit of 17°S, some meteorological features that
directly impact South African weather and climate could not
be properly resolved [e.g., large cold fronts tracking over the
Agulhas Current and coast, ridging anticyclones (Weldon
and Reason 2014; Engelbrecht et al. 2015; Barimalala et al.
2020), tropical convergence zones (Desbiolles et al. 2018),
south Indian Ocean easterly trade winds and the effect of
Madagascar (Barimalala et al. 2018), and cutoff lows
(Singleton and Reason 2007)]. Also, our model domain is
chosen to exclude interactions with remote regions and
therefore may overestimate the response of the Agulhas
Current on local climate. Therefore, the sensitivity of our re-
sults to the model domain should be checked in future studies.
Moreover, it could be interesting to perform similar experi-
ments with a global climate model to assess how interactions
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with more remote regions could modify the direct local re-
sponse, following the pioneering work of Reason (2001).

We have shown a definitive seasonal influence of the core of
the Agulhas Current on southern Africa precipitation. This has
implications for predictability and climate change studies. It
argues that high-resolution models with high-resolution SST
and realistic latent heat fluxes are needed. We hope the present
work will inspire further research on investigating the impacts
of the Agulhas Current on climate.
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