











1044

D. Mahlobo et al.

Fig.7 Trends in annual MSLP
(hPa), MMS (10% kg s™!) and
rainfall (mm) for the CMIP6 (A,
C and E) and ERA-Interim (B,
D and F) datasets, respec-
tively. Blue contours represent

a decreasing trend and red
contours indicate an increas-
ing trend. Grey shades indicate
areas where the trends are statis-
tically significant

present-day climate, SSP126 and SSP585 climate change
scenarios from CMIP6 ensemble are shown in Fig. 15. Red
shades indicate strengthening of the descending limb of the
HC and blue shades indicate the weakening of the anticy-
clonic circulation. The intensification as well as the pole-
ward shift of the HC is established from both the SSP126
and SSP585 climate change scenarios. The SSP585 displays
a further southward shift than the SSP126 scenario. The shift
in both MSLP and MMS projections under the low mitiga-
tion scenario indicate the poleward extension of the southern
hemisphere subtropical dry zones (Mahlobo et al. 2018) and
the intensification of the anticyclones (Fahad et al. 2021).
The level of poleward expansion is less for the highly miti-
gated scenarios and more for the low mitigation scenarios.

@ Springer

The projected southwards shift of the HC may be attributed
to the increase in anthropogenic greenhouse gases and the
stratospheric ozone hole over Antarctica (Hu et al. 2011;
Scheff and Frierson 2012).

Figure 16 shows rainfall projections in different parts of
South Africa. Rainfall increase is expected over the north-
eastern parts of South Africa in summer for both scenarios
(Fig. 16A and B), and this is attributed to the intensification
of the continental trough counteracting the effects of the
intensification of the HC. During the austral winter, rain-
fall is projected to decrease over the southwestern parts of
South Africa under the low mitigation scenario (Fig. 16F)
due to the increase in sea level pressure on the southern
flank of the SASA and Mascarene High (Fig. 14F) as well



Analysis of the Hadley cell, subtropical anticyclones and their effect on South African rainfall 1045

L. 8 G
L 55
108 108
158 158
s 28
25§ -—
b 28
=) 355,

408
8 458

%W?m 5

2¢ G

© EQ

— g &
108 ms)
15| 158
28 208|
25| o
308 kS
35 35,
408 408
458 458
508 508

OWSW 0 SE 10E 15 20E 25€ 30E 35€ 40E 45E S0E 55€ 60E 10N SW 0 SE 10E 155 20E 25E 30 355 40E 4SE 502 55E 60

1

10W 5w

Longitude

Fig.8 Trends in the seasonal MSLP (hPa) for the CMIP6 ensem-
ble mean for A DJF, B MAM, C JJA and D SON and for the ERA-
Interim database for E DJF, F MAM, G JJA and H SON. Blue con-

Latitude

Latitude

0 SE 10E 15E 20E 25E 30E 35E 40E 45E SOE
Longitude Longitude

Latitude
Latitude

DO 1
0 5B 10E 15E 20E 25E 30E 35E 40E 45E S0E

SE 10E 15E 20E 25E 30E 35€ 40E 45E SOE
Longitude Longitude

tours show a decreasing trend, and red contours indicate an increasing
trend. Grey shades depict areas where the trends are statistically sig-
nificant
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Fig.9 Trends in seasonal rainfall (mm) for the CMIP6 ensemble mean for A DJF, B MAM, C JJA and D SON and for the ERA-Interim database
for E DJF, F MAM, G JJA and H SON. Blue contours represent a decreasing trend and red contours indicate an increasing trend

the intensification and southward migration of the descend-
ing limb of the HC (Fig. 15E and F). Such changes will
have different but devastating consequences for rainfall in
the different regions of South Africa. For example, frontal

rainfall will be limited to the east and north of the Karoo
and Namib Deserts (Reason et al. 2002). The south-western
parts of the country could experience an increase in the
occurrence of day zero events due to the poleward shift
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Fig. 10 Trends in the seasonal MMS 108 kg s™) for the CMIP6
ensemble mean for A DJF, B MAM, C JJA and D SON and for the
Era-Interim database for E DJF, F MAM, G JJA and H SON. Blue

of cold fronts, established from the MSLP southward. The
interior of South Africa will experience more dry spells
as well as a decrease in rainfall during autumn and spring
(Engelbrecht and Landman 2010).

4 Summary

This study has presented evidence establishing connections
between the subtropical high-pressure cells and the HC,
which collectively influences South African rainfall pat-
terns. These connections were explored through an analysis
involving the ERA-Interim database and 14 GCMs from the
CMIP6 project. Notably, the structure of the MMS is por-
trayed differently by the CMIP6 GCMs and the ERA-Interim
database.

The 1018 hPa and maximum isobar in the study areas
were used to analyse the subtropical anticyclones to deter-
mine the monthly MSLP. Both datasets portrayed the SASA
west of the country, the Kalahari High over the interior of
the country and the Mascarene High to the east of the coun-
try. However, the monthly, seasonal and annual CMIP6
ensemble averages indicate lower pressure values than the
ERA-Interim dataset. The latitudinal position and strength
of the MSLP also differ between the two datasets. The domi-
nance of the Kalahari High during the summer months, and
the north and south migration of the subtropical cyclones
during the winter and summer months, respectively, were
well captured and consistent with the HC’s seasonal migra-
tion. This also corresponded with the climatology of sea-
sonal rainfall over South Africa, characterised by rainfall
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contours indicate the strengthening (weakening) of anticlockwise
(clockwise) circulation and red contours indicate the strengthening
(weakening) of the clockwise (anticlockwise) circulation

over the eastern parts of South Africa during the austral
summer, which also occurs more over the southwestern parts
of the country during the winter months.

The study further used the Taylor diagram to investigate
the performance of the individual GCMs in capturing the
MMS in the southern hemisphere. The models showed a
positive spatial correlation with the reanalysis. The weakest
correlation and smaller standard deviation were observed
during DJF and MAM, with a stronger correlation, but larger
standard deviation in JJA and SON. This means that most
CMIP6 GCMs are able to capture the climatology of the
MMS in the southern hemisphere. A reasonable agreement
was established between the models in JJA and SON, and
less agreement in DJF and MAM.

According the CMIP6 MMS projections for SSP126 and
SSP585 scenarios, the HC will continue to expand and shift
southwards in the future. This is based on the increase in
anthropogenic greenhouse gases and warming of the oceans,
as well as the stratospheric ozone hole over Antarctica. Con-
sequently, posited, the Southern Hemisphere anticyclones
are projected to further intensify during summer and win-
ter. Such changes will have different, but devastating conse-
quences for rainfall in the different regions of South Africa.
An increase in rainfall is expected over the northeastern
parts of South Africa in summer. This is attributed to the
intensification of the continental trough, counteracting the
effects of the intensification of the HC. During the austral
winter, rainfall is projected to decrease over the southwest-
ern parts of South Africa. This is attributed to an increase
in sea level pressure on the southern flank of the SASA and
the Mascarene high.
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Fig. 11 Monthly MMS (10% A
kg s7!) trends in A January, B
February, C March, D April, E
May, F June, G July, H August,
I September, J October, K
November and L. December

for the CMIP6 ensemble mean.
Blue contours indicate the
strengthening (weakening) of
anticlockwise (clockwise) circu-
lation, and red contours indicate
the strengthening (weakening)
of the clockwise (anticlockwise)
circulation. Grey shades depict
areas where the trends are statis-
tically significant
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Fig. 14 Projected change

in seasonal MSLP (hPa) for
SSP12: A SSP126 DJF, B
SSP585 DJF, C SSP126 MAM,
D SSP58 MAM, E SSP126 JJA,
F SSP585 JJA, G SSP126 SON
and H SSP 585 SON CMIP6
ensemble mean. Green shades
represent increase in MSLP,
and brown shades represents
increase in MSLP. Solid lines
indicate the position of the
1018hPa line for the present-day
climate, SSP126 and SSP585
scenarios
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Fig. 15 Projected change in A B,
seasonal meridional mass

stream function (x 10° kg s7h : J
for SSP12: A SSP126 DJF, B -
SSP585 DJF, C SSP126 MAM, N
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Fig. 16 Projected change in
seasonal rainfall (mm) for
SSP12: A SSP126 DJF, B
SSP585 DJF, C SSP126 MAM,
D SSP58 MAM, E SSP126 JJA,
F SSP585 JJA, G SSP126 SON
and H SSP585 SON CMIP6
ensemble mean. Red shades
represent rainfall reduction and
blue shades represents rainfall
increase
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