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South African climate variability has been linked to changes in both the Agulhas system and external 
forcing (i.e. CO2 and ozone). We analysed future climate change in the Agulhas system volume transport 
and its associated impacts on South Africa’s precipitation using the Community Climate System Model 
version 4 as part of the Coupled Model Intercomparison Project, phase 5. Output from one historical and 
three future greenhouse gas emission scenarios were examined to project various climate storylines. 
We found that the Agulhas Current volume transport decreases across all three scenarios and that the 
current displays a strong baroclinic component with an increase in transport at the surface and decrease 
at intermediate depths. Agulhas leakage was found to increase with historical emissions. Additionally, an 
east-west dipole pattern for convective precipitation was found over South Africa, with an increase over 
the eastern region related to an increase in greenhouse gas emissions and a decrease in the western 
region linked to the location of Hadley cell edge latitude. Moving into the 21st century, future predictions 
in regional climate variability are shown to be dependent on the intensity of greenhouse gas emissions 
and are extremely important for South Africa, a region prone to drought and flooding and home to a large 
population dependent on rain-fed agriculture.

Significance:
• Future climate variability in the Agulhas system and South African region is heavily dependent on

changes in external forcing.

• The Agulhas Current volume transport decreases as the greenhouse gas emissions continue to increase 
and a strong baroclinic component is found with an increase in transport at the surface and a decrease 
at the intermediate depths.

• A strong east-west dipole precipitation pattern is found over South Africa with the increase in the
eastern region related to the increase in greenhouse gas emissions and the decrease in the western
region related to the location of the Hadley cell edge latitude.

Introduction
South Africa is a region prone to precipitation changes with drought and flooding events being a common 
occurrence.1,2 Understanding the rainfall variability over South Africa is of great interest as Cape Town was one 
of the first major cities in the world to nearly run out of water in 2018 and because it is home to a significant 
population that is dependent on rain-fed agriculture. Studies have identified two regions of rainfall over South Africa: 
eastern and northern South Africa and southwest South Africa. Precipitation over eastern and northern South Africa 
primarily occurs in summer and precipitation over southwest South Africa occurs in winter.2

The precipitation pattern over eastern and northern South Africa can be explained by tropical cloud bands and 
associated convection in the region as a result of sea surface temperature (SST) anomalies.3 These warm SST 
anomalies come from the Agulhas Current which leads to the advection of moist marine air over the region.4-9 
The Agulhas Current, located off the eastern coast of South Africa, is the largest western boundary current in the 
southern hemisphere and provides moisture to the atmospheric boundary layer via latent heat fluxes which are 
projected to increase significantly over western boundary systems10-14 as the climate system warms. The SST 
of the Agulhas Current is linked to the El Niño-Southern Oscillation (ENSO), originating in the equatorial eastern 
Pacific, with El Niño correlated with drier conditions and La Niña with wetter conditions in the eastern and northern 
region.3,8,15-22

Undergoing a mechanism different from that of the precipitation in the eastern and northern region, the precipitation 
found over southwestern South Africa is driven by cold fronts associated with mid-latitude cyclones formed in the 
South Atlantic.2,20,23-26 The precipitation associated with these fronts was found to be linked to the expansion of the 
Hadley cell edge resulting in a poleward shift of these mid-latitude cyclones and low-pressure systems such that 
a post-frontal high-pressure system is located above South Africa suppressing the precipitation typically seen over 
the southwestern region.27 With the poleward shift of the low-pressure belts, the easterly winds increase and the 
precipitation is expected to decrease as the rain-bearing storms weaken and deflect poleward.28 This behaviour, 
representative of the ozone depletion period, explains the drought experienced in Cape Town in 2018 and suggests 
that as ozone recovers, wetter conditions and fewer droughts in the region can be expected.29,30 In addition to the 
mid-latitude cold fronts, it has been shown that ENSO, SST anomalies, and Agulhas leakage, the inflow of warm 
and salty water from the Indian Ocean to the Atlantic Ocean, also have an impact on the local precipitation in this 
region.2,23,26,31,32

Using the Community Climate System Model version 4 (CCSM4) simulations from the Coupled Model 
Intercomparison Project phase 5 (CMIP5) experiments33, we investigated future climate change projections in 
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the Agulhas system and regional precipitation variability in South Africa. 
Agulhas Current and Agulhas leakage transports were calculated 
and precipitation over South Africa analysed. We compared different 
emissions scenarios and three different time periods to determine the 
significance of greenhouse gas and ozone forcing in the region.

Methods
Model and climate scenarios
In this study, we analysed model output from NCAR’s CCSM4 
coupled climate model.34 The ocean model used was Parallel Ocean  
Program, version 2 (POP2) at a 1° horizontal resolution with 60 vertical 
layers. The atmosphere model in CCSM4 is Community Atmosphere 
Model, version 4 (CAM4) at a 1° horizontal resolution with 26 vertical 
layers. The monthly mean outputs were considered in this analysis.

The CCSM4 output used are from the CMIP5 archive as CCSM4 was 
not included in the more recent CMIP6 data. Data from four different 
forcing scenarios were considered: historical (pre-2006), representative 
concentration pathway 2.6 (RCP2.6), RCP4.5, and RCP8.5 (2006–
2100). The historical forcing is the 20th-century simulation using a 
combined anthropogenic and natural forcing.34 RCP2.6 is the extreme 
mitigation scenario in which emissions peak at 3.0 W/m2 in year 2050 
and then decrease to 2.6 W/m2, hence the name RCP2.6. RCP4.5 is the 
stabilisation scenario in which emissions peak at year 2075 and then 
remain constant until the end of the century where they are at 4.5 W/m2. 
And lastly, RCP8.5 is the scenario with the largest emissions, where the 
forcing increases over time and is still increasing as it reaches 8.5 W/m2 
by 2100. Following Barnes et al.35, three different RCP scenarios were 
considered to allow future climate predictions across a range of possible 
emission scenarios.

Continuing to follow Barnes et al.35, the data were split into three time 
periods: ozone depletion (OD), ozone recovery (OR), and post-ozone 

recovery (POR). The OD period (1970–2005) is mainly driven by the 
depletion of the ozone and the increase in greenhouse gas (GHG) 
emissions. The results from this period will be the same across all three 
RCPs as data from the historical run are used (i.e. observed estimates 
of atmospheric gas concentrations). In the OR period (2006–2045), the 
ozone begins to recover and the GHGs continue to increase, therefore 
the ozone and GHG forces will start to oppose each other. The changes 
that are seen during the OD period can be expected to weaken or 
reverse in the OR period. Lastly, the POR period (2046–2100) will have 
a recovered ozone, and varying GHG emissions and results from this 
period are largely driven by GHG emissions. For the RCP2.6 scenario, 
the ozone recovery is expected to continue to dominate as the GHG 
emissions decrease resulting in trends similar to those of the OR period. 
As the emissions increase slightly in RCP4.5, however, the ozone and 
GHG emissions will offset and trends similar to those of both the OD 
and OR periods can be expected. For RCP8.5, the final scenario, the 
emissions are highest and the increase in GHGs will dominate the ozone 
recovery and trends can be expected to return to those observed during 
the OD period.

Lagrangian particle tracking
An offline Lagrangian particle tracking tool called Parcels was used to 
calculate Agulhas leakage in this study. Lagrangian particle tracking is 
used to ensure that all Agulhas leakage (filaments and Agulhas Rings) 
is considered and that water crossing into the Atlantic Ocean originated 
in the Agulhas Current.36-39 Parcels (Probably a Really Computationally 
Efficient Lagrangian Simulator), is a Python Lagrangian tracking tool 
created to track passive and active tracers.40 Parcels uses linear and 
nearest-neighbour interpolation in time and space and particles are 
advected using the Runge-Kutta 4 scheme.

A cross-section of particles is released along 34°S, the latitude of the 
maximum wind stress curl over the South Indian Ocean and therefore 

Figure 1: Comparison between reanalysis data (ORAS5/ERA5) from 1979 to 2005 (first column) and CCSM4 historical data from 1970 to 2005 
(second column) for (a,b) the mean sea surface temperature (SST) and (c,d) convective precipitation (CP). The reanalysis data have been 
re-gridded from 0.25°×0.25° to 1°×1° to match the CCSM4 model output resolution to enable meaningful comparison.
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the location of maximum Agulhas Current transport. Each particle is 
assigned a volume transport equal to the initial release velocity multiplied 
by the grid-cell size. This cross-section of particles is released every 
month from 1960 to 2100, allowing 10 years of particle circulation 
before transport estimates are calculated. Although previous studies 
tend to release more frequently than monthly, Cheng et al.39 found 
that the temporal resolution of the velocity fields does not have much 
of an impact on the estimate of Agulhas leakage in CCSM4, with a 
difference of approximately 1 Sv (1 Sv = 1 × 106 m3/s) when comparing 
the daily fields to the monthly mean fields. A particle is considered 
Agulhas leakage so long as its initial transport is southward, and it has 
crossed the GoodHope line an odd number of times. Following previous 
studies36,37,39,41,42, the GoodHope line, a hydrographic section separating 
the Indian Ocean from the Atlantic Ocean43, is used as the boundary to 
determine Agulhas leakage. The 130-year Agulhas leakage time series is 
calculated by summing the volume transport of the leakage particles at 
their time of final crossing of the GoodHope line.

In order to build on the South African precipitation analysis and 
Lagrangian experiments found in Cheng et al.32,39, in this study we also 
used CCSM4 for consistency despite it underperforming compared to 
some of the other CMIP5 models. Cheng et al.32,39, however, used data 
from the 20th century only, and did not run any future climate analysis. 
Additionally, the emissions in Cheng et al.32 were kept constant, and 
in Cheng et al.39, only the historical forcing scenario was used. Cheng  
et al.39 validated CCSM with satellite and in situ data and found that their 
results of the Agulhas Current, retroflection, and Agulhas Return Current 
agreed with what was seen in the AVISO data.

Furthermore, SST and convective precipitation from the CCSM4 
historical data used in this study were compared to reanalysis data from 
1979 to 2005 (Figure 1). The ORAS5 SST (Figure 1a, 0.25° horizontal 
resolution re-gridded to 1°) and CCSM4 SST (Figure 1b, 1° resolution) 
agree with each other in that the strongest temperatures are found over 

the Agulhas Current as it brings warm water from the equator towards 
the poles and that there is cooler water found along the western coast 
of South Africa in the Benguela Current, a region of upwelling. The low 
resolution of CCSM4, however, does not capture the Agulhas retroflection 
and Agulhas Return Current that is seen clearly in the reanalysis data. For 
the convective precipitation, both the ERA5 (Figure 1c, 0.25° horizontal 
resolution re-gridded to 1°) and CCSM4 (Figure 1d, 1° resolution) data 
show the strongest precipitation in the eastern region of South Africa. 
But again, the low resolution of CCSM4 shows a broader, less accurate 
depiction of South African convective precipitation with the ERA5 data 
confined more to the east along the coast.

Result analysis
The five-member ensemble mean is shown for each of the CMIP5 
forcing scenarios, removing some of the interannual variability. Results 
are shown for the austral summer, December–February (DJF), where 
the largest changes are seen due to the lagged response of the SON 
stratospheric ozone signal to reach the lower troposphere.29,44 All time 
series were smoothed using a 10-year moving average filter with a time 
step of one year as in Barnes et al.35 The difference in the trends of the 
unsmoothed and smoothed time series is insignificant. And lastly, all 
trends and linear regression maps were calculated using linear least-
squares regression with all significant results shown within the 95% 
confidence interval.

results and discussion
Agulhas Current and Agulhas leakage
The Agulhas Current volume transport is calculated across 34°S and 
a mean volume transport of 65 Sv is found for the ozone depletion 
period compared to the observed transport of 77 Sv45, a reasonable 
transport estimate for a low-resolution model that does not capture 

Figure 2: (a) Time series of the Agulhas Current (AC) volume transport and (b) Agulhas leakage (AL) volume transport. Results for historical 
(black), RCP2.6 (blue), RCP4.5 (green), and RCP8.5 (red) are shown. Trends for each period are shown with those within the 95% 
confidence interval marked with an asterisk (*).
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the mesoscale features of the current. The Agulhas Current volume 
transport is found to be decreasing through time across all three RCPs 
(Figure 2a) with a 5 Sv decrease in RCP2.6 and 10 Sv decrease in 
RCP8.5. Although the transport saturates near 2050, right after the 
POR period begins, with all three RCPs converging on similar transport 
values, the downward trend continues to the end of the century in 
RCP8.5 (Figure 2a, red line). In RCP2.6, however, the transport 
begins to increase at the tail end of the century (Figure 2a, blue line), 
demonstrating a slight lag in the response of the ocean to the decrease 
in emissions in the atmosphere.

The vertical structure of the Agulhas Current is found to have a baroclinic 
component in the water column (Figure 3), with a speed up found at the 
surface in the upper layer (> 500 m) and a slowdown at intermediate
depths (500–1500 m). For the ozone recovery minus ozone depletion 
(OR-OD) period, there is not much difference between the three RCPs 
(Figure 3a–c) with a slight intensification found in the core of the current 
in the upper 100 m and a weakening seen throughout the rest of the 
water column resulting in the overall decrease in volume transport. In 
POR-OR, however, the vertical structure is different across all RCPs with 
RCP2.6 showing an increase in transport in the upper 500 m (Figure 3d),  
likely leading to the increase in transport seen at the end of the century 
(Figure 2a, blue line), and RCP8.5 showing a strong decrease in poleward 
transport at the intermediate depths (Figure 3f), resulting in the decrease 
in transport observed (Figure 2a, red line). The baroclinicity found in 
the Agulhas Current is similar to that found in the Kuroshio Current by 
Chen et al.46, who used the historical and RCP4.5 simulations of CMIP5. 
Chen et al.46 discuss that the baroclinicity found may be a result of the 
stronger stratification and downward heat mixing47 within the vertical 
water column that leads to a weakening of the subtropical gyre in the 
lower thermocline47,48 and therefore a slowdown at greater depths.

The Agulhas leakage volume transport was calculated across all three 
RCPs (Figure 2b) following the method explained above. A mean 
transport of 36 Sv was found for the ozone depletion period – a better 
estimate than the 43 Sv calculated using the same low-resolution 

model with identical historical forcing38 and 15 Sv more than the 
observed transport of 21 Sv.49 During the ozone depletion period, there 
is a clear increase in Agulhas leakage transport over time (Figure 2b), 
in agreement with previous literature showing an increase in Agulhas 
leakage transport with anthropogenic climate change.36,50 After the ozone 
depletion period, however, there is a strong weakening of the trend seen 
across all three RCPs through the end of the century, with little overall 
change in transport and with only RCP8.5 showing significant changes 
in leakage as a result of the extreme increase in emissions. Similar to 
that seen in the Agulhas Current transports, there is a convergence in 
leakage transport found near 2050, just as the changes in emissions 
begin to vary the most across the three RCPs. The Agulhas leakage 
transport trends are noticeably noisier compared to the Agulhas Current 
transports (Figure 2a), which were found to be more robust according 
to the significance test.

Correlation coefficients between the Agulhas Current and Agulhas 
leakage transport were found to be significant, with values of −0.76,
−0.78, and −0.75 for RCP2.6, RCP4.5, and RCP8.5, respectively. This
relationship is compared to the results from Van Sebille et al.37, who used 
a high-resolution ocean model, and therefore found lower, more accurate 
values of Agulhas leakage and a correlation coefficient of −0.67. The
Agulhas Current and Agulhas leakage are inversely related with a 
decrease (increase) in Agulhas Current associated with an increase 
(decrease) in Agulhas leakage. Looking at the volume transport from the 
ozone depletion period only, a correlation coefficient of −0.92 is found,
showing a robust relationship for this period.

South Africa precipitation
A clear east-west dipole pattern of convective precipitation is found in 
both the OR-OD and POR-OR maps (Figure 4). Similar to the vertical 
structure of the Agulhas Current (Figure 3), there is not much difference 
across the three RCPs for convective precipitation in the OR-OD maps 
(Figure 4a–c) with an increase (decrease) of approximately a quarter of a 
millimetre per day over the eastern (western) region of South Africa. The 

Figure 3: The Agulhas Current cross-sectional volume transport across 34°S showing the differences between the OR-OD periods (a–c) and POR-OR 
periods (d–f). Results for RCP2.6, RCP4.5, and RCP8.5 are shown in the first, second, and third rows, respectively.
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results for POR-OR (Figure 4d–f), however, vary for each RCP scenario, 
highlighting the importance of the different emission levels. In RCP2.6 
(Figure 4d), there is little change in convective precipitation seen in both 
the eastern and western regions of South Africa. RCP4.5 (Figure 4e) 
shows an increase of about half a millimetre per day in the eastern region 
and not much change in the western region. Lastly, RCP8.5 (Figure 4f) 
shows the most drastic change in convective precipitation in the two 
regions, with nearly an increase of one millimetre per day in the eastern 
region, roughly four times the rate seen in OR-OD (Figure 4c), and a 
decrease of almost half a millimetre per day in the western region, nearly 
double the amount of OR-OD (Figure 4c).

The total convective precipitation was calculated over the eastern (Figure 4a,  
blue-green box) and western (Figure 4a, brown box) regions and, overall, 
it is clear that there is more precipitation over eastern South Africa than 
western South Africa per day (Figure 5). The convective precipitation 
rates for the eastern box (EB) are seen to be increasing throughout all 
three periods (Figure 5; EB curves) with similar values of precipitation 
observed for all three RCPs until 2050. Then the largest and significant 
increase is seen during the POR period for RCP8.5 (Figure 5; red line), 
suggesting once more that the increased emissions in this RCP have 
a significant impact on regional precipitation in South Africa, whereas 
with the recovery of the ozone and the stabilisation of GHGs, trends in 
RCP2.6 and RCP4.5 weaken (Figure 5; blue and green lines). Opposite 
and weaker trends can be found in the western box (Figure 5; WB curves) 
with a decrease in convective precipitation seen throughout most of the 
century with the exception of RCP2.6 in the POR period (Figure 5; blue 
line) where an increase in precipitation can be found towards the tail end 
of the century, likely correlating with an equatorward shift of the Hadley 
cell and storm tracks. The largest decrease is seen in RCP8.5 (Figure 5; 
red line), especially in the last 20 years of the century as the emissions 
continue to increase and cause a poleward expansion of the Hadley cell 
and frontal systems. Additionally, RCP8.5 is the only one of the RCPs to 
show a significant trend after the historical period ends.

As discussed previously, the convective precipitation over eastern 
South Africa is known to exhibit a strong correlation with warm SSTs 
in the Agulhas Current. This relationship likely explains the increased 
precipitation found over eastern South Africa, especially during the POR 
period in RCP8.5 when emission levels are highest. The convective 
precipitation over western South Africa, however, is related to the location 
of the Hadley cell edge. Additionally, the east-west dipole precipitation 
pattern found over South Africa is associated with the increase in 
easterly winds linked to the poleward shift of the frontal systems.

SST and moisture flux
A clear relationship was found between SSTs in the Agulhas system and 
the moisture advected over eastern South Africa (Figure 6). Consistent 
with the previous maps, there is not much difference observed in SST 
and moisture flux (u*q and v*q) for the OR-OD period (Figure 6a–c) as 
there is very little change in emissions. Throughout the Agulhas system 
there is warming of 1 °C and moisture is advected downstream of the 
Agulhas Current and over the Agulhas bank and leakage corridor, forming 
a cyclonic low-pressure system over South Africa. This loss of heat 
from the ocean to the atmospheric boundary layer and cyclonic system 
results in the increase in convective precipitation observed in eastern 
South Africa (Figure 4a–c) and is consistent with findings in previous 
studies.4-9 For RCP2.6 (Figure 4d) in the POR-OR period, however, there 
is almost no change in SST or moisture flux with there being very weak 
cyclonic motion as the emissions decrease. RCP4.5 (Figure 4e) shows 
a result similar to what was seen during the OR-OD period with the 
emissions stabilising and remaining constant. RCP8.5 (Figure 6f), with 
the greatest increase in emissions, shows the most extreme response 
in both SSTs and moisture flux. There is a continued increase in SSTs 
of nearly 2 °C everywhere and a significant increase in the moisture flux 
strength resulting in a large air–sea heat/moisture exchange. Therefore 
the formation of the intense cyclonic low-pressure system observed 
leads to a considerable increase in convective precipitation (Figure 4f).

Figure 4: The convective precipitation across 34°S showing the differences between the OR-OD periods (a–c) and POR-OR periods (d–f). Results for 
RCP2.6, RCP4.5, and RCP8.5 are shown in the first, second, and third rows, respectively. The eastern box (EB) response is shown in blue-
green and the western box (WB) in brown.
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Figure 5: Time series of the mean convective precipitation in the eastern box (EB) and the western box (WB) for historical (black), RCP2.6 (blue), RCP4.5 
(green), and RCP8.5 (red).

Figure 6: The sea surface temperature (°C) and moisture flux (vectors) showing the differences between the OR-OD periods (a–c) and POR-OR 
periods (d–f). Results for RCP2.6, RCP4.5, and RCP8.5 are shown in the first, second, and third rows, respectively.
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Hadley cell
The latitude of the Hadley cell edge and storm tracks plays a large role in 
precipitation over western South Africa, with a poleward shift associated 
with a decrease in precipitation and an equatorward shift linked to an 
increased rate. The location of the Hadley cell is controlled by both 
the ozone and GHGs with ozone depletion and an increase in GHGs 
contributing to the poleward shift and ozone recovery and decrease 
of GHGs resulting in an equatorward shift. Following previous studies, 
the Hadley cell edge is defined as the latitude of the zonal mean of the 
meridional mass stream function where the stream function is equal 
to zero at 500 hPa.51-56 The meridional mass stream function, ψ, is 
calculated by:

 ψ(ϕ, p ) =   
2 π a cosϕ _ g    ∫ 

0
  p  v  dp,

where ϕ is the latitude, p is pressure, a is the radius of the earth, g is the 
gravitational acceleration, and v is the meridional wind.

During the OD period, there is a significant poleward expansion of the 
Hadley cell edge of roughly 1° (Figure 7a, black line). This trend is 
weakened across all three RCP scenarios as the ozone recovers, with an 
equatorward shift shown in RCP2.6 that continues into the POR period 
(Figure 7a, blue line). Similar to previous results, after the mid-century, 
there is a sharp increase in the equatorward trend for RCP2.6 that is 
followed by a stabilisation over the last few decades of the century, 
resulting in little change in the position of the Hadley cell edge. This 
trend matches that seen for the convective precipitation in the western 
box for RCP2.6. With the equatorward shift of the Hadley cell edge and 
the return of mid-latitude cyclones and cold fronts, there is an increase 
in the associated precipitation in this region. RCP4.5 also shows very 
little change in the latitudinal position of the Hadley cell edge during this 
period, indicating once more that the ozone and GHG forcing cancel 
each other out in this scenario (Figure 7a, green line), in agreement with 
the western box precipitation for RCP4.5. Lastly, there is a poleward 
expansion of the Hadley cell edge for RCP8.5 that continues through the 
end of the century (Figure 7a, red line). Overall, a 2° poleward expansion 
of the Hadley cell edge is discovered in the RCP8.5 scenario with half 
of that expansion occurring in the first 35 years during the OD period. 

The poleward shift of the Hadley cell edge and high-pressure systems 
is linked to a suppression of precipitation over western South Africa and 
the decrease in convective precipitation found. The different trends seen 
during the POR period across each RCP scenario for the Hadley cell 
edge latitude were found to be significant and continue to highlight the 
importance of the different emissions scenarios.

The overall strength and expansion of the Hadley cell varies with 
each emission scenario(Figure 7b,c). The difference between the late 
era (2080–2100) and early era (1970–1990) of the meridional mass 
stream function at all levels in the atmosphere is shown in Figure 7. 
These periods were selected to show the extreme changes found in the 
Hadley cell circulation. There is very little difference found in the Hadley 
cell strength in RCP2.6 (Figure 7b). RCP4.5 (Figure 7c) shows a slight 
increase and expansion in the overturning circulation, but the greatest 
change is seen in RCP8.5 once again. There is an increase in the Hadley 
cell strength in RCP8.5 (Figure 7d) of over three times the circulation 
seen in the other RCP scenarios, as well as an overall expansion of 
the cell observed. Previous studies have shown that these patterns 
typical accompany the poleward shift in Hadley cell edge as the climate 
warms51-56, with the expansion caused by an increase in the subtropical 
static stability which pushes the baroclinic instability zone and frontal 
systems poleward, therefore leading to the formation of high-pressure 
systems and less precipitation over western South Africa.27,52

Conclusions
Three different emission scenarios (RCP2.6, RCP4.5, and RCP8.5)  
were examined to understand the influence of varying GHG emissions in 
future climate prediction. The data were split into three different periods: 
ozone depletion (1970–2005), ozone recovery (2006–2045), and post-
ozone recovery (2046–2100).

Both the Agulhas Current and Agulhas leakage volume transports were 
calculated as they have been shown to be linked to precipitation changes 
over South Africa. The Agulhas Current was found to decrease with 
time across all three RCPs, with the most change seen in RCP8.5. A 
baroclinic component was seen with a speed up in the upper layer and 
slowdown in the intermediate layer, resulting in an overall decrease in 
volume transport. The Agulhas leakage volume transport did not show 
a clear trend throughout time, but rather a strong increase in the ozone 

Figure 7: (a) Time series of the Hadley cell edge latitude. (b–d) The difference in the zonal mean of the meridional mass stream function between the last 
20 years and first 20 years (2080–2100 minus 1970–1990) for (b) RCP2.6, (c) RCP4.5, and (d) RCP8.5. The contour interval is 0.2 × 1010
kg/s.
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depletion period followed by a stabilisation of transport through the end 
of the century. The increase in the ozone depletion period is associated 
with anthropogenic climate change.

An increase in convective precipitation was found over the eastern region 
of South Africa across all RCPs with a significant increase during the 
post-ozone recovery period of RCP8.5. The precipitation in this region is 
linked to the warm SSTs in the Agulhas Current and the cyclonic motion 
found over South Africa, hence the strong trend found during the post-
ozone recovery period for RCP8.5 when there is the greatest increase in 
temperature in the current and loss of heat to the atmosphere, leading to 
strong moist air being advected over land. The opposite pattern was seen 
over western South Africa with a decrease in convective precipitation. 
The precipitation in the western region is related to the position of the 
Hadley cell, indicating that the external forcing is the main driver behind 
this change. In RCP2.6, during the post-ozone recovery period, there 
was an increase in precipitation over the western region likely due to the 
ozone recovery causing an equatorward shift of the Hadley cell edge and a 
decrease seen during RCP8.5 due to the poleward shift and strengthening 
of meridional circulation caused by increased GHGs.

To summarise, when the GHG emissions are not increasing at an 
alarming rate (RCP2.6), it is found that the ozone recovery dictates the 
climate response in the Agulhas system and South Africa. But when 
the GHGs are increasing significantly throughout the 21st century 
(RCP8.5), the ozone recovery signal is overpowered by the GHG forcing 
and trends similar to those of the ozone depletion period are witnessed. 
Future climate change prediction in the Agulhas system and South 
Africa precipitation will be heavily dependent on the severity of the GHG 
emission levels moving forward.
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