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Abstract: This study investigates circulation types (CTs) in Africa, south of the equator, that are
related to wet and dry conditions in the Western Cape, the statistical relationship between the
selected CTs and the Southern Annular Mode (SAM), and changes in the frequency of occurrence
of the CTs related to the SAM under the ssp585 scenario. Obliquely rotated principal component
analysis applied to sea level pressure (SLP) was used to classify CTs in Africa, south of the equator.
Three CTs were found to have a high probability of being associated with wet days in the Western
Cape, and four CTs were equally found to have a high probability of being associated with dry
days in the Western Cape. Generally, the dry/wet CTs feature the southward/northward track
of the mid-latitude cyclone, adjacent to South Africa; anti-cyclonic/cyclonic relative vorticity, and
poleward/equatorward track of westerlies, south of South Africa. One of the selected wet CTs was
significantly related to variations of the SAM. Years with an above-average SAM index correlated
with the below-average frequency of occurrences of the wet CT. The results suggest that through
the dynamics of the CT, the SAM might control the rainfall variability of the Western Cape. Under
the ssp585 scenario, the analyzed climate models indicated a possible decrease in the frequency of
occurrence of the aforementioned wet CT associated with cyclonic activity in the mid-latitudes, and
an increase in the frequency of the occurrence of CT associated with enhanced SLP at mid-latitudes.

Keywords: Western Cape; Southern Annular Mode; circulation type; Africa south of the equator;
mid-latitude cyclone

1. Introduction

The Southern Annular Mode (SAM) is a low-frequency mode of atmospheric vari-
ability of the southern hemisphere. The SAM is characterized by a zonally symmetric
north–south movement of the westerly belt that encircles Antarctica [1]. Its positive phase
features a southward shift of the westerly belt, enhanced mean sea level pressure (SLP) in
the mid-latitudes, and lower SLP in the high latitudes; the opposite occurs during its nega-
tive phase. According to [2], the existence of the SAM is mostly due to internal atmospheric
dynamics. North–south migration of storm tracks in the southern hemisphere, which
is related to sea surface temperature (SST) variability [3] and mid-latitude precipitation
variability [4], is associated with variations of the SAM [5]. According to [6], variations of
the SAM can also influence ocean circulation.

Ref. [7] reported that variability of the SAM on an inter-annual time scale is partly
related to the El Niño Southern Oscillation (ENSO) during the austral summer; the negative
SAM is related to El Niño and the positive SAM to La Niña. Ref. [8] noted that the positive
phase of ENSO, which increases the global mean sea surface temperature, contributes to
the negative phase of SAM. According to [9], during austral summer, about 25% of the
variance of the SAM is related to ENSO variations. Thus, [10] explained that the SAM
index reflects the superposition of both high-latitude and tropically forced variability.

Under global warming, the SAM is projected to undergo a trend towards positive
polarity during austral summer, due to an increase in greenhouse gas concentrations and
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stratospheric ozone depletion [11]. Ref. [12] also reported that since the fifteenth century,
the SAM has undergone a progressive shift towards its positive phase, leading to the
warming of the Antarctic Peninsula.

The SAM which accounts for about 20–30% of the total monthly SLP variability, south
of 20◦ S [1], is equally associated with cold fronts and storms which move from west to
east [13]. Studies have investigated the relationship between variations of the SAM and
regional land-based precipitation variability of Australia [4,13] and the western parts of
South Africa [14,15]. Ref. [14] found that negative SAM correlates with wet conditions over
western South Africa, and vice versa for positive SAM. Some regions in the Western Cape
are characterized by the Mediterranean type of climate; therefore, the SAM is expected
to influence the patterns of atmospheric circulation that control the rainfall variability of
the region. Moreover, the region has experienced years of decreased rainfall [16], and
variations of the SAM might further increase the vulnerability of the region, making deeper
understanding of the hydroclimate of the region necessary, to enhance the predictability of
rainfall in the region.

Using a self-organizing map (SOM), [17] investigated the link between the inter-
annual variability of seasonal rainfall over the Cape South Coast of South Africa and
circulation types. Compared to hard clustering algorithms (e.g., K-means clustering), the
SOM performs relatively better in synoptic classifications because it can generate non-
linear classifications [18]. However, given that atmospheric circulation is a continuum, the
probability of group membership is an important factor which contributes to the relatively
high accuracy of synoptic classifications; this is achieved by (fuzzy) classification schemes
(e.g., rotated principal component analysis (PCA)) that enable overlapping of the classified
variable [19–21]. When applied to a climatic field represented in the T-mode structure
(i.e., the variable is time series and the observation is grid points), rotated T-mode PCA has
proven to be a useful tool in circulation typing [22–25]. According to [25], “T-mode PCA
proved to be a useful tool for extracting and reproducing the circulation types, quantifying their
frequency and showing the dominant weather periods in them”. The added values of this work
are (i) the application of a fuzzy clustering scheme at a larger domain to investigate CTs
related to wet and dry conditions in the Western Cape and if any of the CTs relates to the
SAM; and (ii) the analysis of changes in the annual frequency of occurrence of the CTs
related to the SAM using CMIP6 GCMs for the updated ssp585 scenario. Thus, using a
circulation typing technique known to reproduce the synoptic situations in a study region,
for the separation of wetting and drying signals in the Western Cape, and relating the
signals to the SAM, this work strengthens existing studies [16,26–28] on addressing the
dynamics associated with rainfall changes in the Western Cape under the current climate
and under future climate change, using the current ssp585 scenario.

2. Data and Methods

SLP, relative vorticity and wind vector at 850 hPa datasets were obtained from ERA5
reanalysis [29]. The horizontal resolution of the datasets was 0.25◦ longitude and lati-
tude, and the temporal resolution was daily from 1979 to 2020. A gridded precipitation
dataset was obtained from the Climate Prediction Centre (CPC) [30] at a horizontal reso-
lution of 0.5◦ longitude and latitude. Station data over the Western Cape were obtained
from http://www.dwa.gov.za/Hydrology/Verified/hymain.aspx (accessed on 14 April
2021). The temporal resolution of the precipitation datasets was daily from 1979 to 2020.
Quality-controlled station data over the Western Cape for the 1979–2020 period are sparsely
distributed; therefore, the station data were used to validate daily rainfall estimates from
CPC over the Western Cape for the 1979–2020 period. SLP datasets were obtained from two
CMIP6 general climate models (GCMs), which were pre-selected due to their capability
to simulate the statistical properties of interest of the CTs related to the SAM. The GCMs
are MPI-ESM-LR and EC-EARTH3-CC. The SLP datasets were obtained for the historical
experiment (1979–2014) and the ssp585 scenario (2050–2100), which is an update of the
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RCP8.5 scenario and is characterized with emissions high enough to produce the 8.5W/m2

level of forcing in 2100.
The spatial extent for circulation typing is 0–50.25◦ S and 4◦ E–55.25◦ E. The inclusion

of the tropics is based on the findings of [31], that SST forcing at the tropics during austral
summer can impact the SAM by modifying the planetary waves and the mid-latitude jet.
Additionally, the adjacent oceans surrounding southern African landmasses act as moisture
sources [32]; thus, they were included to the spatial extent that inshore moisture transport
is plausible. The selected target region captures the major rain-bearing synoptic systems in
the study domain such as the northeast cross-equatorial trade winds, the semi-permanent
high-pressure system, the Angola low, the mid-latitude cyclones (during its northward
track), the Mozambique Channel trough, etc.

Obliquely rotated PCA [22] was used to classify the CTs in the study region. It was
applied to the T-mode matrix of daily z-score standardized SLP dataset from 1979 to 2020.
The SLP dataset, according to [33], provides a good representation of synoptic-scale systems
and explains the relationship between topography and low-level flow. Additionally, [33]
found that between 1000 hPa to 500 hPa, the choice of the level to use in the classification
has little influence on the explanation of surface variables. According to [25], “The T-
mode analysis can lead to the determination of frequent synoptic situations, improving the basic
knowledge essential to weather forecasting, among other things. The application of such a tool to a
wide range of processes, ranging from the daily synoptic developments to the monthly or annual
mean developments is valuable for an ample set of atmospheric processes, including both daily
variability and climate fluctuations and change”. Thus, in addition to the usefulness of this
clustering approach to reproduce synoptic situations known a priori in a given domain
and quantifying their frequency of occurrence and dominant periods, its applicability in
studying climate fluctuations and change makes it a good candidate for the study purpose,
because the classification scheme is also applied to GCMs under the historical and future
climate change scenario.

The time series were related using the correlation matrix, and singular value decom-
position was used to obtain the eigenvalues and the eigenvectors. The eigenvectors localize
in time the spatial patterns captured by the scores. The eigenvectors are weighted with the
square root of their corresponding eigenvalues, which makes them longer than one unit
in length, henceforth referred to as loadings [34]. The number of components to retain is
based on the recommendation of [35], on the separation of the eigenvalues and sensitivity
analysis. The sensitivity analysis ensures that after components with typically high and
separated eigenvalues were retained, the addition of a further component uncovers a new
input pattern that has not been delineated by previous vectors [22]. This was assessed by
rotating the components iteratively and assessing the goodness of match based on the con-
gruence coefficient between the vectors, and visual inspection of the map patterns [36,37].
The oblique rotation, performed at a power of 2 with Promax, relaxes the orthogonality con-
straint, and maximizes the number of near-zero loadings so that each retained component
clusters unique days with a similar input pattern [23]. To enhance the coherency between
the weather patterns clustered under each class, a subjective threshold of ±0.2 [38] was
used to further cluster the loading in each retained component to negative high loadings
and positive high loadings so that each retained component formed two classes. The mean
SLP for the days clustered under each class was the CT. Detailed justifications of all the
subjective decisions followed in the classification process and the fuzziness of the approach
are explained in detail by [21].

The probability of each CT to bring dry days (daily rainfall amount < 1 mm) or wet
days (daily rainfall amount > 1 mm) across each grid in the Western Cape was assessed
using Equations (1) and (2).

Pdi
=

di
Ni

× 100 i = 1 . . . n (1)
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Pwi =
wi
Ni

× 100 i = 1 . . . n (2)

Pdi
is the percentage of dry days for a given CT; di is the total number of dry days for

the CT in question; and Ni is the total number of days clustered under a given CT. Pwi is
the percentage of wet days in a given CT, wi is the total number of wet days for the CT in
question, and n is the number of CTs classified.

CTs are naturally fuzzy and overlap; therefore, a given CT is not confined to occur at a
specific season. However, the seasonality of CTs that are selected to have a high probability
of bringing wet days or dry days across the majority of the grid points in the Western Cape
was analyzed to uncover whether the CTs tended to be dominant at a specific season(s).
The dominant period of a given CT is equally when its signal is most likely to be well
expressed due to its persistence for a longer period. Thus, the rainfall anomaly at each
grid point for the season when the CT is most expressed was calculated with respect to the
climatology of the season. The anomalies were tested for statistical significance using the
non-parametric permutation test. Wind vectors and relative vorticity composites at 850 hPa
were used to further analyze the operational mechanism of the CTs that related them to wet
and dry days in the Western Cape. The 850 hPa height was used, because according to [39],
this is the height above the interior plateau that exists over much of southern Africa.

The SAM index was obtained from https://climatedataguide.ucar.edu/climate-data/
marshall-southern-annular-mode-sam-index-station-based (accessed on 14 April 2021), for
the 1979–2020 period. Correlation analysis was used to relate the time series (loadings) of
the CTs with a higher probability to bring dry conditions and wet conditions in the Western
Cape, and the SAM index. Statistical significance of the relationship was assessed at a
95% confidence level using the non-parametric Kendall–Tau test. The trend in the annual
frequency of occurrence of the CTs related to the SAM was examined under the ssp585
scenario and the statistical significance of the trend was examined using the Mann–Kendall
test [40,41] for linear trends.

3. Results
3.1. Seasonal Rainfall Climatology in Western Cape

Figure 1 exemplifies the annual cycle of rainfall as observed from the station data and
the counterpart grid from the CPC dataset. For all the stations analyzed, the CPC dataset
captured the annual cycle of rainfall in the Western Cape. However, there was better
agreement between the rainfall estimates from the two datasets for the austral spring (SON)
and austral summer (DJF) months. During austral autumn (MAM) and austral winter (JJA),
CPC significantly underestimated rainfall compared to the other seasons. The same pattern
of the results presented in Figure 1 was obtained for all the stations analyzed (not shown).
Thus, although the CPC dataset captured the annual cycle of rainfall in the Western Cape,
it underestimated rainfall from austral autumn to early austral spring (September) relative
to the analyzed station data.

From Figure 2, the spatial rainfall average over the western region and the northeastern
region of the Western Cape exhibited strong seasonality during austral summer and austral
winter. During austral summer, the western regions were drier, especially the northwestern
regions. During austral winter, the southwestern regions received the highest rainfall
amount, while the northwestern regions received lower levels of rainfall. Generally, during
DJF (JJA), rainfall increased from west to east (east to west). During austral autumn, rainfall
tended to be relatively widespread, whereas during austral spring a meridional pattern of
rainfall can be seen—the northern regions were drier compared to the southern regions.

3.2. Circulation Types in Africa South of the Equator Linked to Wet and Dry Days in the
Western Cape

Figure 3 shows the CTs classified by retaining nine optimal components. Each retained
component yielded two CTs—clusters of positive loadings and negative loadings above the
0.2 threshold. Each CT revealed a large-scale pattern of atmospheric circulation in Africa,

https://climatedataguide.ucar.edu/climate-data/marshall-southern-annular-mode-sam-index-station-based
https://climatedataguide.ucar.edu/climate-data/marshall-southern-annular-mode-sam-index-station-based
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south of the equator. Here, the focus was on CTs that are associated with wet and dry days
in the Western Cape, which are marked in Figure 3 by the blue polygons, situated at the
southernmost tip of Africa. Figure 4 shows the probability of the CTs to be associated with
wet days (top panel) and dry days (bottom panel), as calculated from Equations (1) and
(2). Based on the 90% percentile threshold value of the probabilities, and the number of
grid points with statistically significant wet/dry rainfall anomalies under the active state
of each of the CTs, CT3−, CT4− and CT8+ were selected to have the highest probability
of bringing wet conditions to the Western Cape. On the other hand, CT4+, CT5−, CT7−
and CT8− were selected to have the highest probability of bringing dry conditions to the
Western Cape. The dry (wet) CTs are marked by the red (blue) frames in Figure 3. Figure 3
shows that for the wet CTs, the mid-latitude cyclone tended to track further north towards
the south of South Africa, whereas for the dry CTs, the mid-latitude cyclones were blocked
by the subtropical high-pressure system.

Figure 1. Annual cycle of rainfall from station data (obs) and CPC dataset for the 1979–2020 period.

From Figure 5, all the selected CTs except CT8+ tended to exhibit seasonality. For
the dry CTs, CT4+, and CT7− tended to prevail during late austral autumn and austral
winter. From Figure 3, both CTs featured dominance of the subtropical anticyclone over
southern African landmasses (an indication of a stable atmosphere), with the inclusion of
the Western Cape. Their circulation features reflect the suppression of moist convection by
large-scale subsidence and blocking of the mid-latitude cyclones. In general, they present
large-scale circulation features that lead to the suppression of rainfall in the Western Cape
during austral winter. Ref. [15] also found that austral winter dryness in the (western)
parts of the Western Cape can be linked to subsidence. In Figure 6, the patterns of rainfall
anomalies from CT4+ and CT7− are similar—rainfall is significantly suppressed in the
southwestern regions. Additionally, from Figure 7, anti-cyclonic vorticity is evident south
of South Africa, and over the Greater Agulhas region. Westerlies are equally blocked from
progressing northward.

CT5− and CT8− are dominant during austral summer. In both CTs, the western
branch of the Mascarene high is weakened, and the South Atlantic anticyclone stretches
adjacent to South Africa. A more southward position of the subtropical high during austral
summer is common; however, the weakening/strengthening of the Mascarene high can
be related to the ENSO signal that can greatly impact precipitation amounts in South
Africa. El Niño induces a below-average rainfall amount in South Africa, which could be
the result of the atmospheric Rossby waves generated by SST anomalies in the central or
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eastern Pacific that modulate the regional fluxes of moisture in southern Africa from the
southwest Indian Ocean [42]. Type 5 (CT5+/CT5−) was found to be significantly correlated
with the Nino 3.4 Index (R = 0.38), in such a way that above-average Nino 3.4 index (El
Niño) relates with CT5−, suggesting that during strong El Niño events, the excited Rossby
waves that disrupt onshore moisture transport, coupled with the weakening of the western
branch of the Mascarene high and the associating fluxes of southeasterlies [32], can lead to
below-average austral summer rainfall in parts of the eastern regions of the Western Cape
(Figure 6). CT8− shows a deformation (southward push) of the mid-latitude cyclone by the
South Atlantic subtropical anticyclone. The rainfall anomaly from both CTs (Figure 6) is
similar—parts of the eastern regions are significantly dry; generally, this might be linked to
the weakening of easterly winds that advect moisture onto the eastern parts of the Western
Cape from the southwest Indian Ocean. Additionally, anti-cyclonic vorticity is equally
evident south of South Africa; the mid-latitude cyclones and associating band of westerlies
are moved further south (Figure 7).

Figure 2. Seasonal rainfall climatology from CPC dataset for the 1979–2020 period.
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Figure 3. Circulation types in the study region. The CTs are presented by the mean SLP field of the days clustered in a given
class. Wet (dry) CTs in the Western Cape are marked by the blue (red) frames. The blue polygons in the maps delineate the
position of the Western Cape.

For the seasonality of the wet patterns, CT3− is dominant from late austral autumn to
early austral spring. CT4− tends to dominate mainly in austral summer as well as austral
spring. Ref. [14] reported that anomalous circulation patterns that control the austral
winter rainfall variability of the Western Cape extend into austral spring. CT8+ tends to
dominate during May; nevertheless, it has a high probability of occurring throughout the
seasons except for austral summer. The mid-latitude disturbance tracks northward and is
equally well expressed under CT3− (Figure 3), and a band of westerlies is equally enhanced
northward (Figure 7), allowing cold fronts to sweep across the Western Cape; cyclonic
vorticity is also evident south of South Africa; as a result, rainfall is significantly enhanced
at western regions of the Western Cape (Figure 6). A positive rainfall anomaly under CT4−
is statistically significant in parts of the southeastern regions, and in the western regions
under CT8+. The circulation features for both CTs are similar to CT3− with respect to the
cyclonic relative vorticity south of South Africa and enhanced northward track of westerly
winds. However, under CT8+, which has the highest probability of bringing wet days to
the Western Cape, a well-defined cyclonic circulation with the associated westerly wind is
evident, just south of the Western Cape. Unlike its inverse (i.e., CT8−), the deformation of
the mid-latitude cyclone by the subtropical ridge, in this case, favors the northward track
of the cyclone towards the Western Cape.

3.3. Relationship between the Selected Circulation Types and the Southern Annular Mode

Correlation analysis between the loadings of the types selected to be associated with
wet and dry conditions in the Western Cape and the SAM revealed that the SAM is
significantly related to Type 3 (R = 0.46). At the monthly scale, the relationship was
found to be strongest in December. From Figure 3, Type 3 (i.e., CT3+/CT3−) featured the
southward/northward track of the mid-latitude cyclone. It can be generalized that the
negative phase of SAM is related to CT3−, whereas the positive phase of SAM is related to
CT3+, and this relationship is physically justified given the southward/northward track
of mid-latitude cyclones during positive/negative phases of the SAM. The time series of
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the loadings of Type 3 and the SAM is shown in Figure 8 for 1979–2020; it can be seen that
the variations of the SAM are strongly related to this input pattern at the inter-annual time
scale, and through the dynamics of Type 3, the SAM can modulate wet and dry days in the
Western Cape. Interestingly, CT3+ is also the austral summer climatology of atmospheric
circulation in Africa, south of the equator [43], i.e., it is the most frequent and persistent
austral summer pattern.

Figure 4. Probability of wet days (top panel) and dry days (bottom panel) associated with the CTs in Figure 3.

Figure 9 shows that years with an above-average SAM index can be significantly
associated with the above-average frequency of occurrence of CT3+ but the below-average
frequency of occurrence of CT3−. On the other hand, years with below-average SAM
index can be associated with a below-average frequency of occurrence of CT3+ but an
above-average frequency of occurrence of CT3−.
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Figure 5. Annual cycle of the selected CTs associated wet days (right panel) and dry days (left panel) in the Western Cape.

The classification scheme was applied to the selected GCMs, under historical and
ssp585 experiments, and the input patterns and corresponding CTs were reproduced in
all cases, with a one-to-one correspondence, based on the congruence coefficient between
the scores and visual inspection of the maps. Figure 10 shows that under the historical
experiment, the GCMs faithfully captured the annual frequency of occurrence of CT3+ and
CT3−, although on average, it tended to overestimate/underestimate the frequency of
CT3−/CT3+. Based on the mean absolute error, MPI-ESM captures the annual occurrence
of the CTs as obtained from ERA5, compared to EC-Earth. Figure 11 exemplifies the CTs
classified under the ssp585 scenario from the EC-Earth model. It can be seen that even
under greenhouse gas warming, the climate models can reproduce the CTs as obtained
from ERA5 in Figure 3. Thus, the CTs are integral parts of the underlying physics in the
SLP datasets in the study region, regardless of the analysis period, choice of appropriate
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dataset [43], and climatic condition. The CTs related to the positive/negative SAM are
marked by the red/blue frames. Under the ssp585 scenario, from Figure 12, a statistically
significant positive trend was found in the frequency of occurrence of CT3+ for both GCMs,
indicating that the frequency of enhanced SLP at the mid-latitudes might increase under
climate change. The trend in CT3− is negative and statistically significant, as simulated by
the EC-Earth GCM. Even though the negative trend in CT3− was not significant under the
MPI-ESM model for the 2050–2100 analysis period, when the analysis period was extended
to start from 2030 or before, the trend became statistically significant, suggesting that the
frequency at which CT3 brought above-average rainfall in the western parts of the Western
Cape might reduce under greenhouse gas-induced radiative heating towards the end of
the 21st century.

Figure 6. Rainfall anomaly associated with wet CTs (right panel) and the dry CTs (left panel). The anomaly was calculated
as the difference between the season when the CTs are dominant and the climatology of the season. Blue (red) dots indicate
grid points with statistically significant positive (negative) rainfall anomalies.
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Figure 7. Composites of wind vector and relative vorticity at 850 hPa for the selected CTs. The scale of wind is given on top
of the map. The color bar is the relative vorticity with the unit in 106/s. Green vectors are wind. The dry (wet) patterns are
in the left (right) panel.
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Figure 8. Time series of the SAM and Type 3 for the 1979–2020 period. The correlation coefficient between the indices is
written in the graph.

Figure 9. Relationship between the annual frequency of occurrence of CT3+ (top) and CT3− (bottom) and the SAM for the
1979–2020 period. The correlation coefficient between the indices is written in the graph.
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Figure 10. Validation of the annual frequency of occurrence of CT3+ and CT3− as simulated from the GCMs compared to
ERA5 for the 1979–2014 period.
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Figure 11. Circulation types classified from the EC-Earth CMIP6 GCM for the ssp585 experiment. The selected type related
to the SAM are highlighted by the red frame (i.e., CT related to the positive SAM) and blue frame (i.e., the CT related to the
negative SAM).

Figure 12. Simulated trends in CT3+ and CT3− from the GCMs, under the ssp585 scenario for the 2050–2100 analysis
period. The p-values from the Mann–Kendal test are written in the graph.
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4. Discussion

Ref. [17] found that some synoptic types associated with wet and dry conditions over
the Western Cape can be linked to the SAM and ENSO. CT3− and CT5−, classified in this
paper, were found to be significantly related to the SAM and ENSO, respectively. CT5−
was dominant during austral summer and was found to be related to El Niño. It brought
significantly below-average rainfall in some eastern parts of the Western Cape. It features
a weaker state of the western branch of the Mascarene high and anticyclonic circulation
south of South Africa. The relationship between CT5− and ENSO suggests that during El
Niño events, the atmospheric Rossby waves generated by SST anomalies in the central or
eastern Pacific that modulate southeasterly moisture fluxes advected by the western branch
of the Mascarene high might cause below-average austral summer rainfall in some eastern
parts of the Western Cape [32,42,44]. CT3− was dominant during austral winter and early
austral spring; it featured the equatorward track of mid-latitude cyclones, low-level relative
vorticity, and westerlies south of South Africa. It brought above-average rainfall in the
western regions of the Western Cape. The synoptic features of CT3− were in agreement
with the patterns of atmospheric circulation reported by [14,45] which were associated with
wet events in the western regions of South Africa. Additionally, years with a below-average
SAM index correlated with the above-average frequency of occurrence of CT3−.

Studies have indicated that, under global warming, the SAM is projected to undergo a
trend towards positive polarity during austral summer, due to an increase in greenhouse
gas concentrations and stratospheric ozone depletion [10]. This finding is in agreement
with the positive trend found under the ssp585 scenario, in the frequency of occurrence of
CT3+ (related to the SAM), which is also an austral summer-dominant CT, associated with
enhanced SLP in the mid-latitudes. The occurrence of CT3+ is also enhanced by a positive
SAM phase. It was equally found that the frequency of occurrence of CT3− significantly
decreased under the ssp585 scenario. Ref. [15] reported a projected decrease in early austral
winter rainfall (which correlated with the SAM) in the Western Cape under greenhouse
gas warming. The decrease in the frequency of occurrence of CT3- might be related to a
shift towards positive polarity of the SAM, because, on average, the above-average SAM
index correlates with the below-average frequency of occurrence of CT3−. Thus, during
austral winter, the southwestern parts of the Western Cape might be drier under global
warming. This is also in agreement with the study of [28], that the decrease in the duration
of rainfall events associated with cold fronts can be associated with Hadley expansion
across the southern hemisphere and post-frontal high-pressure conditions that suppress
orographically enhanced rainfall.

5. Conclusions

This study used circulation typing with obliquely rotated PCA to examine physically
interpretable CTs in Africa south of the equator that can be associated with wet and dry
conditions in the Western Cape, the relationship between the CTs and the SAM, and
changes in the annual frequency of occurrence of the CTs related to the SAM under the
ssp585 scenario. Four CTs were found to be associated with dry events in the Western
Cape, and three CTs were found to be associated with wet events in the Western Cape.
The synoptic features of CT4+ and CT7− revealed that during austral winter, large-scale
subsidence and atmospheric blocking of the mid-latitude cyclone, adjacent to South Africa,
can be associated with negative rainfall anomalies in the western regions of the Western
Cape. During austral summer, the positioning of the semi-permanent high, south of South
Africa, and to some extent, a weaker state of the western branch of the Mascarene high,
can be associated with austral summer dryness in some eastern parts of the Western Cape.
Generally, the CTs found to be associated with wet (dry) conditions in the Western Cape
featured (i) low-level cyclonic (anti-cyclonic) relative vorticity, and (ii) the northward
(southward) track of westerlies and mid-latitude cyclones. Wet synoptic situations favored
cold fronts to sweep across the Western Cape. One of the selected wet CTs (i.e., CT3−),
dominant during austral winter and early austral spring, was found to be correlated
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with the SAM, suggesting that the negative/positive phases of the SAM can be related to
atmospheric circulations that favor positive/negative rainfall anomaly in the western parts
of the Western Cape. Under global warming, a statistically significant negative trend was
found in the frequency of occurrence of CT3−.

Finally, similar results were derived by analyzing the trend in the CTs related to SAM
using the CMIP5 GCMs under the RCP8.5 scenario. Although the year-to-year variations
in the annual occurrence of the CTs are subjected to inter-model uncertainties, they agree
towards a tendency of decrease/increase in the annual occurrence of CTs associated with
the northward/southward track of the mid-latitude cyclones (see Figure A1).
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Appendix A

Figure A1. The trend in the annual frequency of occurrence of CT3+ and CT3− exemplified from the high-resolution
CMCC-CMS CMIP5 GCM, for the 2030–2100 period under the RCP8.5 scenario.
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