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ABSTRACT: This paper investigates the influence of some modes of climate variability on the spatio-temporal rainfall
variability over South Africa during the core of the rainy season, December to February (DJF). All analyses are based
directly on the rainfall field instead of atmospheric processes and dynamics. An original agglomerative hierarchical
clustering approach is used to classify daily rainfall patterns recorded at 5352 stations from DJF 1971 to DJF 1999.
Five clusters are retained for analysis. Amongst them, one cluster looks most like the rainfall and circulation mean picture.
Another one, representing 37% of the days, describes strong negative rainfall anomalies over South Africa resulting from a
regional barotropic trough-ridge-trough wave structure and moisture divergence. These dry anomalies are more frequent in
El Nifio years (with a 0.75 correlation between ENSO and the seasonal occurrences of that cluster) and are associated with
a weakening and/or a regional shift of the Walker-type circulation and the subtropical jet stream. Three clusters, which
describe, respectively, a decrease, an increase, and a conservation of the seasonal mean eastward rainfall gradient, are all
associated with strong cyclonic moisture flux anomalies centred over Angola or northern Botswana and the anomalous
convergence located over the largest positive rainfall anomalies, suggesting the importance of thermal low pressures. One
of them is clearly associated with tropical temperate troughs. The rainfall patterns of these three clusters tend to propagate
eastward, and their seasonal frequencies tend to increase in La Nifla years. Copyright © 2010 Royal Meteorological Society
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1. Introduction the annual cycle over most parts of SA (e.g. Camberlin
et al., 2001), the peak of ENSO-associated atmospheric,
oceanic, and rainfall anomalies typically occurs in aus-
tral summer (Nicholson and Selato, 2000; Reason et al.,
2000), i.e. the main rainy season over the region. In tropi-
cal SA, wet (dry) conditions tend to prevail in La Nifia (El
Nifio) years during austral summer. Nevertheless, corre-
lations values remain generally weak (typically 0.4-0.5)
and some El Nifio years, like the strong 1997-1998
event, are not accompanied by particularly dry conditions.

At a more regional scale, interannual rainfall fluctua-

Southern Africa (SA), south of 15°S, is a semi-arid
region mainly experiencing its larger rainfall amounts
in austral summer between November and February.
Because of the predominance of rain-fed agriculture
over SA, large departures from the average seasonal
cycle (either floods or droughts) may have detrimental
effects on the economies and societies of the region. The
southern African rainfall field is known to show strong
spatio-temporal variability at different scales, materialis-

ing the influence of distinct rain-bearing processes that
themselves depend on various modes of atmospheric tions were also shown to be modulated by the Sea Surface

variability. Temperature (SST) variations in the south Atlantic and

At the global scale, El Nifio Southern Oscillation South Indian Oceans (Mason, 1995; Reason and Mulenga,
(ENSO) (Lindesay, 1988; Jury ef al., 1994; Reason ef al., 1999; Reason, 2001, 2002; Rouault er al., 2003). South
2000; Reason and Rouault, 2002; Rouault and Richard, Atlantic SST partially influence moisture fluxes between
2003, 2005) is known to impact South African rain- the south Atlantic Ocean and SA (Vigaud et al., 2007,
fall variability, especially since the late 1970s (Richard 2009). The Indian Ocean is known to be the major

et al., 2000, 2001). As ENSO signal is phase locked to source of moisture for SA (Jury et al., 1996; Reason,
2001, 2002; Rouault et al., 2003; Washington and Pre-

R ) i ) ston, 2006). For instance, positive SST anomalies in
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Africa (Reason, 2001, 2002; Washington and Preston,
2006).

The high-frequency variability of South African rain-
fall is mainly related to the so-called tropical-temperate
troughs (TTT), corresponding to synoptic-scale cloud
bands that link a tropical disturbance over the sub-
continent (typically, a lower-layer easterly wave) with
an upper-tropospheric frontal system embedded in the
mid-latitude westerly circulation (Washington and Todd,
1999; Todd and Washington, 1999; Todd et al., 2004;
Hart et al., 2010). Although about 30-60% of summer
rainfall over subtropical SA results from such TTT sys-
tems, the factors influencing the rainfall spatial and tem-
poral variability are very complex and still largely matter
of debate. The remaining 40—70% of the summer rain-
fall amounts are provided by rain-bearing mechanisms
mainly linked with tropical convection (Harrison, 1984a,
1984b), such as regional thermal low pressures (Tyson
and Preston-Whyte, 2000; Reason ef al., 2006) or the
Madden-Julian Oscillation (MJO) (Pohl et al., 2007), but
these mechanisms remain poorly misunderstood.

Recently, Fauchereau et al. (2009, hereafter F09) and
Pohl et al. (2009, hereafter P09) investigated the inter-
actions between TTT systems, the MJO and ENSO, by
applying clustering analyses on daily Outgoing Long-
wave Radiation (OLR), a proxy for deep atmospheric
convection. They showed that (1) TTT events are the
main rain-bearing system in austral summer and tend to
propagate eastwards with time, and (2) MJO activity in
the tropics does not influence their probability of occur-
rence. They also confirmed the relative weakness of linear
correlations between usual ENSO descriptors and South
African rainfall, suggesting the implication of non-linear
processes.

The respective influence of all these mechanisms on the
rainfall spatio-temporal variability remains to be assessed
and quantified. This paper contributes to investigate this
issue, by using a method based on the analysis of the daily
spatial distributions of South African summer rainfall
instead of atmospheric processes and dynamics. Our goal
here is to verify whether a clustering technique applied
to a relatively dense network of daily rain-gauge records
allows us to detect the recurrent gradients linked with
the main modes of South African climate variability, and
to quantify them. To that end, an objective hierarchical
clustering technique is applied to daily rainfall amounts
recorded in a network covering the southern part of SA
for the 1971-1999 period.

The paper is organised as follows. Section 2 presents
the data and methodology used in this study. Sections
3 and 4 describe, respectively, the detected anomalous
rainfall patterns, their persistence and evolution, and the
associated atmospheric dynamics at regional and near-
global scales. Section 5 investigates the teleconnections
between the interannual frequency of the rainfall patterns
and SST patterns. Section 6 contains the summary and
discussion.

Copyright © 2010 Royal Meteorological Society

2. Data and method
2.1.

Daily rainfall amounts are provided at high resolu-
tion by the rain-gauge records compiled in the Water
Research Commission database by Lynch (2003). We
have extracted the 5352 stations receiving at least 40% of
the annual rainfall during the DJF season from the total of
7665 stations already used in Pohl et al. (2007). Thus, we
only focus on the summer rainfall regions because this
empirical threshold excludes the winter rainfall (west-
ern Cape region of South Africa) or the all-year long
rainfall (south coast of South Africa) regions. Over the
1971-1999 DIJF period, there are 29 summer (DJF) sea-
sons representing 2610 days, without missing values. We
have also excluded each 29th of February.

Daily rain-gauge records

2.2.  Atmospheric dynamics

We make use of the 12-hourly (00 UTC and 12
UTC) ERA-40 reanalyses (Uppala et al., 2005) for the
1971-1999 DIJF period to describe the atmospheric circu-
lation associated with the recurrent rainfall patterns. They
are provided by the European Center for Medium-Range
Weather Forecasts (ECMWF) on a 2.5° x 2.5° regular
grid.

Within tropical and subtropical areas of southern and
central Africa, rainfall regimes are largely dependent on
deep convective processes and moisture convergence at
different levels of the troposphere. The zonal (U) and
meridional (V) components of the wind and specific
humidity (Q) are used to compute daily moisture fluxes,
vertically integrated between 1000 and 200 hPa. This
proxy effectively captures the moisture transport in the
atmosphere. We also compute moisture convergence from
the integrated zonal and meridional daily moisture fluxes.
The 500 hPa vertical velocity (W) describes the approxi-
mate centre of mass of the troposphere and allows for
an insight into large-scale vertical motion within the
whole troposphere, indicative of deep convective upward
motion.

At the near-global scale, we examine the large-scale
components of the rotational and divergent 850 and
200 hPa wind, depicted by the stream function (W)
and velocity potential (). These fields are respectively
defined as V2W = V x v and V2® = V x v, where v is
the two-dimensional wind vector (U and V). These fields
are used to describe the large-scale circulations such as
the zonal Walker circulation in the tropics and the Hadley
cell.

2.3. ENSO index and sea surface temperature

The Multivariate ENSO Index (MEI: Wolter and Timlin,
1993) is used to measure the relationship between the
interannual frequency of each cluster and ENSO. This
index is provided by the Climate Diagnostic Center,
and is available at the bimonthly timescale. As it is
based on both atmospheric and oceanic fields, it is
particularly suitable to describe the coupled nature of
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the ENSO phenomenon. In order to evaluate to what
extent the results are sensitive to the choice of the ENSO
descriptors, we correlate the MEI with more traditional
indices, such as the Southern Oscillation index and the
Nifio3.4 index. Interannual DJF correlation coefficients
reach —0.93 and 0.98, respectively, indicating moderate
uncertainties associated with this parameter. These small
differences could be partly explained by the presence of
positive trends in SST indices, like Nifio3.4, while none
is significant for atmospheric indices, such as the SOL
Monthly SST provided by the United Kingdom Meteo-
rological Office (HadISST: Rayner et al., 2003) are used
to document the background climate conditions favour-
ing the seasonal occurrences of the successive rainfall
patterns. They are available on a 1° x 1° regular grid.

2.4. Clustering technique applied on daily rain-gauge
records

The agglomerative hierarchical clustering (AHC) has
been successfully employed with rainfall data (e.g.
Ramos, 2001; Tennant and Hewitson, 2002; Muifioz-Diaz
and Rodrigo, 2004, 2006). Here, we use the AHC to clas-
sify the raw daily rainfall patterns over the Republic of
South Africa as well as neighbouring Lesotho, Swaziland
and southern Namibia. This procedure creates a nested
sequence of partitions of the patterns from a dissimi-
larity matrix, and proceeds by series of fusions of the
n objects (the 2610 days here) into groups (Gong and
Richman, 1995). The AHC produces a series of partitions
of the data, P,, P,_, ..., P;. In this study, P, consists
of 2610 single object clusters, and P; consists of a sin-
gle group containing the 2610 days. At each stage, the
AHC regroups the two clusters that are closest accord-
ing to a Euclidean distance metrics. Consider a matrix X
containing 2610 days x 5352 rainfall stations, with days
describing the time dimension (observations) and rainfall
stations describing the space dimension (variables), then
the Euclidean distance between entities X4y1 and Xgqy2
is given by:

5352
ddayl,dayZ = Z [(Xdayl - XdayZ)/(Xdayl - Xday2)]1/2-

sta=1

ey
For merging two clusters including more than one day, or
a cluster of one day with a cluster including more than
one day, we use Ward’s method (Ward, 1963) because
it minimises the within-group variance at each stage of
merging and optimises an objective statistic. At each step,
the intra-cluster sum of squares is minimised over all
partitions obtainable by merging two clusters from the
previous step. If Cx and C, are two clusters that are
merged to form cluster Cj;, the combinatorial formula
that defines the distance between the new cluster and
another cluster C; is:

(ny+ng)dyjx + @y +np)dy, —nydgp
ny+ny ’

2

diy =

Copyright © 2010 Royal Meteorological Society

where n;, ng, ny and ny are the number of objects
in clusters J, K, L and M, and d;g, d;., dg are the
distances between JK, JL and KL, respectively (Ramos,
2001). Thus, Ward’s algorithm can be implemented
through updating a stored Euclidean distance between
cluster centroids.

To sum up, the AHC procedure enables us to obtain
partitions of rainfall patterns based on objective distance
computations. Anomalous rainfall (dynamic) patterns
are computed by subtracting the mean seasonal rainfall
(dynamic) field from cluster averages.

3. Results of the daily rainfall rain-gauge clustering

3.1. Description of the clusters

At the end of the AHC procedure, i.e. once the 2610 days
are regrouped into a single cluster, the number of clusters
is subjectively chosen according to a clustering tree,
also known as dendrogram (Figure 1(a)). A clustering
tree illustrates the fusions made at each successive stage
of the partitioning. To limit intra-cluster heterogeneity,
one needs to choose the number of clusters just before
the distance between merged clusters increases strongly.
Basing on Figure 1(a), we choose here to retain six
clusters. In order to validate their spatial and temporal
robustness, we applied the AHC method to 40, 50 and
60% of the 5352 rain-gauge stations, randomly chosen
and on the entire period. We also applied the AHC to
all rain-gauge stations for the separated 1971-1984 and
1985-1999 periods. It appears that the number of days
spent in cluster #2 varies noticeably compared to the
other clusters, while cluster #1 is almost stationary. The
rainfall patterns associated with the six clusters appears,
nonetheless, to be relatively stable, which indicates a
relatively high robustness.

The 2610 days are distributed unequally within the
six clusters (Figure 1(a)). This seems in accordance with
the temporal rainfall distribution of semi-arid regions
where dry or light rainfall days predominate. For our
purposes, this is an advantage of the AHC compared
to non-hierarchical clustering techniques such as the k-
means algorithm which tends to generate equiprobable
clusters.

Before analysing the rainfall patterns, we briefly com-
pare the six clusters by examining their internal hetero-
geneity. To this end, we compute the spatial average of
each day spent in each cluster (Figure 1(b)). For cluster
#1 (the most robust cluster in terms of sensitivity to the
partitioning), 80% of the 2610 days are rather dry with an
average of 0.86 mm/day, versus 3.16 mm/day for cluster
#2 (the most sensitive cluster). Other clusters are wetter.
Rainfall averages reach 6 mm/day for clusters #3 and #4,
19 mm/day for cluster #5 and 9 mm/day for cluster #6.
Due to spatial averaging, there are few days without rain-
fall (observed rarely in cluster #1) and extreme rainfall
events are smoothed (the maximum value does not exceed
25 mm/day; cluster #5). Figure 1(b) also shows that the
spatial averages have non-Gaussian distributions and are
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Figure 1. (a) Clustering tree of 2610 days for the 1971-1999 DIJF period. Numbers on tree branches correspond to clusters. The table gives

the size of each cluster. (b) Box plots of daily spatial mean of the 5352 rainfall stations for the six clusters. The boxes have lines at the lower

quartile, median, and upper quartile values. The whiskers are lines extending from each end of the boxes to show the extent of the range of the
data within 1.5 by inter-quartile range from the upper and lower quartiles. Stars are mean values. Outliers are displayed by a ‘plus’ sign.

skewed towards extreme positive values. Mean values are
higher than median values, except for cluster #1.

The distributions of the spatial averages attributed to
each cluster have a very large variance which may,
however, be related to an exactly similar pattern but
shifted in amplitude. Therefore, it does not restrict our
study the aim of which is to focus on rainfall gradients.
Cluster #5, which involves only 7 days and has too-
skewed a distribution of the spatial mean of daily rainfall,
is not analysed furthermore.

3.2. Recurrent daily rainfall patterns

Figure 2(a) displays the seasonal mean rainfall of the
5352 rain-gauge stations for the 1971-1999 DIJF period.
Except for the desert areas, the west—east rainfall gra-
dient is typical of most subtropical continents. It results
essentially from the presence of semi-permanent anticy-
clones over the neighbouring oceans and associated SST
contrasts. Regarding SA, the south Atlantic or St Helena
anticyclone located off the west coast limits incoming
moisture fluxes, while the Mascarene High or south
Indian Ocean anticyclone off the east coast favours mois-
ture fluxes towards SA. The regional topography modifies
such moisture fluxes (Van Heerden and Taljaard, 1998;
Tyson and Preston-Whyte, 2000), while a heat low over
southern Angola/northern Namibia facilitates the low-
level penetration of moisture from the tropical southeast
Atlantic, north of 10°S (Rouault et al., 2003; Reason
et al., 2006). However, the western Indian Ocean remains
the major moisture source for most of SA (Vigaud, 2007).

Figure 2(b)—(f) presents the significant composite
anomalies associated with each cluster. For cluster #2,
only 60% of the retained rain-gauge stations have signifi-
cant composite anomalies (Figure 2(c)) and the anomalies
are weak. They do not exceed —3 mm/day in the north-
east and +5 mm/day elsewhere. Hence, the rainfall pat-
tern of cluster #2 is close to the DJF climatology, except

Copyright © 2010 Royal Meteorological Society

abnormally dry conditions in the Lowveld (northeastern
part of South Africa). By contrast, composite rain-
fall anomalies associated with clusters #1 (Figure 2(b))
and #6 (Figure 2(f)) are significant over almost all the
domain. They are strongly negative for cluster #1, espe-
cially in the east, resulting in generalised dryness and
reduced climatological rainfall gradient. On the other
hand, they are positive for cluster #6, reaching up
to +20 mm/day north of Lesotho, but rarely exceed
+5 mm/day elsewhere. Composite anomalies associated
with clusters #3 and #4 (Figure 2(d)—(e)) are strong
and mainly significant when they are positive. Cluster
#3 depicts positive rainfall anomalies in central South
Africa and negative rainfall anomalies in the northeast.
Cluster #4 is associated with positive rainfall anoma-
lies in the east and negative rainfall anomalies in the
west. Compared to the DJF climatology rainfall values
(Figure 2(a)), cluster #3 (#4) thus describes a weakening
(enhancement) of the seasonal mean eastward gradient.

3.3. Persistence and evolution of the clusters

Table I presents transitions between the clusters, i.e. the
possible lead/lag relationships between clusters. The high
percentages observed on the diagonal give an indication
of the first-order persistence of each cluster. Figure 3
displays the persistence of each sequence affiliated to
each cluster. More than 60% of clusters #1 and #2 are
followed by themselves, denoting their strong persistence.
Clusters #1 and #2 both last more than 2 days in 50% of
the cases, and more than 4 days and 3 days, respectively,
in 25% of the cases. This is different from the remaining
clusters, for which rainfall events are less persistent,
with a length of 1 day in 50% of the cases and rarely
higher than 2 days, suggesting transient patterns. Table I
supports this hypothesis and indicates a possible west-
to-east propagation of enhanced rainfall related to these
clusters (Figure 2): in 30% of the cases, cluster #3 is
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Figure 2. (a) Daily mean of the 5352 rainfall stations for the 1971-1999 DIJF period. (b)—(f) Significant composite anomalies associated with

clusters #1, #2, #3, #4, and #6 over the same period at the 95% confidence level using a ¢-test applied to the square root of rainfall time series

in order to be obtain Gaussian distributions. The part (%) of stations showing significant rainfall anomalies during the occurrences of the cluster
are labelled on the figure. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

Table I. Percentage of days spent in each cluster followed by

the same or another cluster. Values in bold correspond to posi-

tive and significant associations between observed and expected

frequencies of clusters according to a Pearson chi-square test
at the 95% confidence level.

Cluster  Cluster Cluster Cluster  Cluster
#1 #2 #3 #4 #6
Cluster #1 64.9 32.5 0.5 1.5 0.3
Cluster #2 20 63.2 2.5 9.5 4.7
Cluster #3 3.1 28.5 285 9.5 30.1
Cluster #4 14.9 34.8 2.1 40.5 7.4
Cluster #6 3.2 394 3.2 21 328

followed by cluster #6, and for 21% of the cases, cluster
#6 is followed by cluster #4. This result will be further
discussed below.

4. Associated atmospheric circulation anomalies

In this section, we first describe the atmospheric circu-
lation at the regional scale and try to identify associated

Copyright © 2010 Royal Meteorological Society

physical mechanisms. At this scale, moisture fluxes and
descriptors of deep convective activity are the most rel-
evant variables for regional rainfall variability. Then, we
focus on the near-global scale to assess whether there are
any coherent changes in the Walker-type or Hadley circu-
lations. To that end, stream function and velocity potential
are used to describe large-scale vorticity and divergence,
respectively. In this section, anomalous dynamic patterns
are computed by subtracting the mean DIJF field from
cluster averages.

4.1.

Composite anomalies of moisture fluxes associated
with cluster #1 extend from the tropics to the mid-
latitudes (Figure 4(a)). They are strongest south of 15°S
where a well defined west-to-east trough-ridge-trough
wave structure is evident. This pattern is also appar-
ent in the geopotential height anomalies at all vertical
levels (not shown). Moisture flux anomalies are anti-
cyclonic over most of the subcontinent, inducing rela-
tive moisture divergence in most areas (Figure 4(a)) and
middle-tropospheric subsidence (Figure 5(a)). Anoma-
lous moisture convergence occurs near the two troughs

Regional scale

Int. J. Climatol. (2010)
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Figure 3. As Figure 1(b), but for the persistence of each sequence associated with each cluster.
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significant at the 95% level according to a Student two tailed 7-test (Hotelling test) are represented. This figure is available in colour online at
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Figure 5. Composite anomalies of mid-troposphere (500 hPa) vertical velocity (m s~!) associated with each cluster. Significance tested and
shown as for Figure 4. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

(Figure 4(a)) together with anomalous ascending motion
over the neighbouring southeast Atlantic and southwest
Indian Oceans (Figure 5(a)). The wave structure denotes
a weakening of the mean moisture flux originating from
the north (both the Mozambique Channel and the Congo
basin). Thus, this configuration favours low water vapor
amounts in the air mass over SA, reduces tropical mois-
ture advections, and acts to suppress moist convection.
Consequently, the likelihood of mid-latitude disturbances
linking up to form a TTT over South Africa is also
reduced, as well as more regional features such as thermal
low pressures, which is consistent with the generalised
negative rainfall anomalies associated with cluster #1
(Figure 2(b)).

Moisture flux anomalies associated with cluster #2
(Figure 4(b)) are of weak amplitude and barely signif-
icant. A northwest—southeast zone of anomalous conver-
gence extends from eastern Angola towards central South
Africa, in association with anticyclonic moisture flux
anomalies. Anomalous uplift at 500 hPa (Figure 5(b))
extends southeastwards across SA with a zone of

Copyright © 2010 Royal Meteorological Society

relative subsidence extending from Zimbabwe to the
Prince Edward Islands. These rather weak atmospheric
anomalies are consistent with those in the rainfall field
(Figure 2(a)—(c)).

Composite anomalies associated with clusters #3, #4,
and #6 (Figure 4(c)—(e)) are relatively strong and extend
from the tropics to the mid-latitudes in each case. For
cluster #3, a large anticyclonic moisture flux anomaly is
found over the southwest Indian Ocean and southeastern
Africa, suggesting an enhancement of the mean moisture
advection originating from the subtropical south Indian
Ocean. Further west, cyclonic anomalies take place over
the south Atlantic Ocean and southwestern Africa with
a stronger Angola heat low (Mulenga, 1998; Reason
et al., 2006) in the lower troposphere (found in 850 hPa
wind and geopotential height anomalies, not shown).
This pattern leads to an increase in low-level moisture
convergence over central SA (Figure 4(c)), associated
with deep convection over South Africa as depicted by
vertical velocity at 500 hPa (Figure 5(c)). Clusters #4
(Figure 4(d)) and #6 (Figure 4(e)) are associated with

Int. J. Climatol. (2010)
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a wave structure oriented along a northwest—southeast
direction. This structure consists of a well defined ridge-
trough-ridge structure with cyclonic wind anomalies over
the landmass (not shown) and anticyclonic moisture flux
anomalies over the neighbouring oceans. Over South
Africa, the cyclonic anomalies are linked with moisture
convergence (Figure 4(d)—(e)). This wave structure is
more or less opposite to that associated with cluster #1
(Figure 4(a)). Anomalies in the OLR field (not shown)
indicate enhanced atmospheric convection along the
trough. The wave structure is also noted in the mid-
tropospheric vertical velocity (Figure 5(d)—(f)). Clusters
#4 and, to a lesser extent #6, seem to be associated with a
trough that extends roughly from Botswana (24 °S, 25 °E)
to the Prince Edward Islands (46°S, 38 °E) and which is
apparent throughout the troposphere. Both these clusters,
particularly cluster #4, are hypothesised to reflect TTT
activity over SA. The mean duration found for these
clusters (Figure 3) matches that of the TTT described
in FO9 (i.e. between 3 and 6 days).

The main common feature between clusters #4 and
#6 is the cyclonic moisture flux anomaly cell, centred
over Botswana, which acts to reduce the export of
moisture towards Namibia. It also leads to moisture
convergence over Mozambique and inputs of moisture
into the trough. The main difference consists of a
generalised eastward shift of the atmospheric patterns.
For instance, anticyclonic anomalies cover almost the
whole south Atlantic Ocean for cluster #6 but are
confined to the southeastern Atlantic and the southwest
Indian Ocean for cluster #4, where they are much
stronger. This difference is also noted in the 500 hPa
vertical velocity anomalies (Figure 5(e)). Thus, cluster
#6 is less obviously a TTT feature than cluster #4, or it
could represent its decaying phase in accordance with,
e.g., F09.

4.2. Near-global scale

Cluster #2 shows very weak 850 hPa and 200 hPa
stream function and velocity potential anomalies (Figures
6(b)—(g) and 7(b)—(g), respectively). Its main char-
acteristics involve large-scale convergence (divergence)
over the Indian Ocean in the lower (upper) layers
(Figure 7(a)—(f)). Velocity potential anomalies are not
significant elsewhere. This suggests little modification of
the Hadley and Walker circulations.

Over South Africa and the surrounding oceans, stream
function anomalies of cluster #1 present lower-layer
patterns that are relatively similar to moisture fluxes
anomalies (Figure 4(a)), and that show a well-defined
trough-ridge-trough wave structure (Figure 6(a)). The lat-
ter is still perceptible in the upper layers (Figure 6(f)),
though with weaker values. Except for this near-
barotropic structure, lower- and upper-tropospheric
anomalies are of reversed sign, indicative of baroclinicity.
At 850 hPa, cyclonic (anticyclonic) prominent features
describe anticyclonic (cyclonic) anomalies over Australia
(the Philippines) together with cyclonic (anticyclonic)
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anomalies in the southern tropical Pacific (north of the
equator and south of 60°S). At 200 hPa, clear cyclonic
anomalies continuously prevail in the Southern Hemi-
sphere between the subtropics and the mid-latitudes,
while more regionalised anticyclonic anomalies are found
in the northern Tropics. Concomitant velocity poten-
tial anomalies show regional scale divergence (conver-
gence) in the lower (upper) troposphere, consistent with
the generalised dryness occurring in SA (Figure 2(b)).
Large-scale patterns show upper-tropospheric divergence
(convergence) over the Indian Ocean basin and the Amer-
icas (the Maritime Continent and Africa). The reverse
occurs in the lower layers. These wavenumber-2 circu-
lation anomalies demonstrate that the rainfall anomalies
associated with cluster #1 are embedded in large-scale
climate variability patterns. In particular, these results
suggest that this cluster is related to large-scale weak-
ening/reversal of the Walker circulation, suggestive of a
possible connection with El Nifio events.

Like cluster #1, the core of the anomalous stream
function associated with clusters #3, 4 and 6 (Figure 6(c),
(d) and (e)) is stronger in the lower troposphere. The
spatial extension of the anomalies is however generally
wider in the upper layers (Figure 6(h), (i) and (j)), where
they are mainly confined to the inter-tropical zone and
the southern mid-latitudes. Anomalies of stream function
and velocity potential patterns associated with these three
clusters are more or less reversed to those of cluster
#1 (Figures 6(h), (i) and (j)) and (Figure 7(h), (i) and
(j), respectively), especially over SA. Velocity potential
anomalies are both weaker and spatially more limited.
Those associated with cluster #6 are compatible with
a possible increase of the Walker-type circulation. It
should nonetheless be noted that the strongest signals
associated with these cluster are clearly regional by
nature. They consist of lower (upper) layer convergence
(divergence), consistent with associated wet anomalies
over SA (Figure 2(c) and (f)). This makes the possible
involvement of ENSO uncertain for these clusters.

5. SST teleconnections and possible ENSO
connections

This section aims to quantify to what extent the seasonal
occurrences of each rainfall pattern is modulated by the
state of ENSO and/or more regional SST anomalies.
Figure 8(a) and (e) shows linear correlations between
seasonal occurrences of each cluster and synchronous
seasonal SST. In addition, Table II shows linear corre-
lations between the clusters seasonal frequencies/mean
durations and the MEI. For cluster #1, correlation pat-
terns (Figure 8(a)) display strong positive (negative)
correlations in the eastern (western) Pacific and positive
correlations over the tropical Indian Ocean. Correlation
coefficients between this cluster and the MEI reach +0.75
(for seasonal occurrences) and +0.4 (for the spell dura-
tion), shown in Table II. El Nifio (La Nifa) events tend
to be associated with an increase (decrease) of the occur-
rence of cluster #1, and less clearly with an increase
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(decrease) in the persistence of generalised dry days over
South Africa. Clusters #3—4 (Figure 8(c)—(d)), and to
lesser extent #2—6 (Figure 8(b)—(e)), display opposite
patterns in the Pacific basin and more contrasted cor-
relation values over the Indian Ocean. These patterns
are rather reminiscent of La Nifla conditions, as con-
firmed by correlation values computed with the seasonal
MEI (Table II). Persistence of cluster #4 is the only to
be significantly correlated with the MEIL. These results
suggest that ENSO may be associated with the origin
of strong modulations of the relative frequency of all
five clusters from one year to another. The well known
involvement of El Nifio events in SA seasonal droughts
(Lindesay, 1988; Jury et al., 1994; Reason et al., 2000;
Reason and Rouault, 2002; Rouault and Richard, 2003,
2005), is largely reinforced when recurrent South African
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generalised dryness are considered at daily timescale
(cluster #1). Except for cluster #1, and in spite of the sta-
tistical significance of these signals, the correlation values
shown in Table II remain nevertheless moderate. This
relative weakness could be attributed to the non-linear
nature of this relationship (F09) or to distinct regional
effects of ENSO ‘flavours’ (Kao and Yu, 2009), as sug-
gested by Hart et al. (2009).

To disentangle ENSO and more regional SST effects
partly affected by the latter, we compute partial linear
correlation coefficients between the clusters seasonal
frequencies and seasonal SST (Figure 8(f)—(j)) after
removal of the variance associated with the synchronous
seasonal MEI Qualitatively similar results are obtained
using either the Nifio3.4 or SOI indices (not shown).
Correlation patterns for all clusters are barely modified
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in the mid-latitude (south of 50°S), suggesting relative
statistical independence of ENSO.

Results are more contrasted in the Tropics. Cluster
#2 presents the singularity to be favoured by global
warm conditions when ENSO effects are removed
(Figure 8(g)). Positive correlations in the tropical Atlantic
Ocean (Figure 8(b)) are enhanced (Figure 8(g)) and nega-
tive correlations elsewhere change sign (Figure 8g). More
or less, the symmetric pattern is found for cluster #1.
The strong positive correlations found in Figure 8(a) are
essentially attributed to the tropical warm anomalies asso-
ciated with El Nifio events. Once this effect is removed,
cold conditions in the tropics are found to be favourable
for the occurrences of this cluster. This is particularly
true for the western sides of the three major ocean
basins. This questions the regional versus remote effects
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of ENSO in SA (i.e. through an atmospheric bridge
linking the Pacific basin to Africa, or through a mod-
ulation of regional SST over the adjacent ocean basins:
Reason et al., 2000; Nicholson et al., 2001). Address-
ing this problem is, however, beyond the scope of this
study. Both clusters show in-phase teleconnections with
the three sub-tropical ocean basins, a pattern already
depicted by Fauchereau et al. (2003), and attributed to
a southward shift and a strengthening of the subtropi-
cal high-pressure systems over the southern basins. Such
mode of variability appears to be independent of ENSO
(Figure 8(f) and (g)). Its positive phase (i.e. in-phase
warm anomalies in the three basins) favours seasonal
occurrences of cluster #2 and, thus, wet conditions in
SA (Figure 2), the reverse being found for the negative
phase and cluster #1.
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Table II. Significant linear correlation coefficients between the
number spent in each cluster by DJF season (top)/the mean
spells duration associated with each cluster (bottom) and the
bi-monthly MEI index averaged from December/January to
January/February at the 95% level.

Cluster Cluster Cluster Cluster Cluster
#1 #2 #3 #4 #6
MEI 0.75 —0.36 —0.45 —-0.48 —0.38
0.40 —0.39

Clusters #3, 4, and 6 were found to be favoured by
La Nifia conditions in the Pacific (Figure 8(c), (d) and
(e)), the latter being typically associated with cold SST
anomalies in the tropical Indian Ocean basin (Reason
et al., 2000; Xie et al., 2002). In addition, clusters #4—6
showed significant negative (positive) teleconnections
with south Atlantic and Indian SST at the tropical
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(mid-) latitudes (Figures 8(d)—(i) and 8(e)—(j), respec-
tively), which are reinforced during La Nifia events.

Our results confirm thus the positive teleconnection
between subtropical south Atlantic/southwestern Indian
Oceans and South African rainfall (such as Mason,
1995; Reason, 2001, 2002; Washington and Preston,
2006). However, negative correlation patterns between
SA summer rainfall and central Indian Ocean SST
(Jury et al., 1996), change sign when ENSO effects
are removed. It seems therefore of primary importance
to both consider full and partial teleconnections after
removal of ENSO variability to disentangle the specific
influence of regional SST variability and the regional SST
signature of ENSO.

6. Summary and Discussion

An agglomerative hierarchical clustering was applied
to the daily rainfall recorded at 5352 stations over
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South Africa and the neighbouring countries of Lesotho,
Swaziland, and southern Namibia. The aims were to
investigate the nature of recurrent rainfall patterns during
the core of the rainy season (December to February)
and to relate them with the atmospheric circulation.
The clustering technique led to the identification of six
recurrent rainfall patterns among which the weakest (to
which only 7 days were affiliated) was not analysed in
detail.

One cluster (cluster #2), regrouping about 50% of the
days, shows a rainfall pattern close to the seasonal mean,
i.e. a gradient from dry conditions in the west to wetter
conditions in the east. This cluster is also associated with
excessively weak atmospheric anomalies on both regional
and global scales, consistent with the fact that it reflects
the climatology.

Cluster #1 regroups about 37% of the days and
is associated with strong negative rainfall anomalies
over South Africa, resulting from a regional trough-
ridge-trough wave structure and moisture divergence
over the region. At the global scale, this cluster is
clearly associated with El Nifio events and corresponds
to a reduction or a possible shift of the Walker-type
circulation and in the subtropical jet stream. The very
strong teleconnections between its seasonal frequency
and tropical SST are dramatically weakened when the
influence of ENSO is removed, which confirms the
implication of the latter. Thus, this clustering approach of
the rainfall patterns appears as a useful tool to extend the
results of Lindesay (1988) and Van Heerden et al. (1988)
who found a covariance of 20% between ENSO and the
South African summer rainfall amounts.

These two clusters (#1 and 2) are the most persistent.
This is particularly true for cluster #1 whose persistence
is even increased during El Nifio events. This is in
agreement with Tennant and Hewitson (2002), who
showed that wet austral summer seasons in SA are not
necessarily associated with a decrease in the persistence
of dry days.

Regrouping, respectively, about 2.5, 11 and 6% of
the days, the three remaining clusters (#3, 4, and 6) are
both wetter and less persistent. They, respectively, corre-
spond to a decrease, an increase, and maintenance of the
seasonal mean eastward rainfall gradient. In each case,
strong cyclonic moisture flux anomalies centred over
Angola or northern Botswana and anomalous conver-
gence located over the largest positive rainfall anomalies
explain such wet conditions in SA. Among these clus-
ters, two (clusters #3—6) are more or less all related to
tropical/extra-tropical interactions, and one (cluster #4)
is clearly associated with TTT events. In addition, and
consistently with previous studies (F09, P09), the transi-
tions between these clusters tends to depict an eastward
propagation of heavy rainfall structures. Analysis of large
scale circulation patterns associated with these clusters
suggests a weak but significant effect of La Nifia. The
implication of ENSO is again confirmed by full and par-
tial teleconnections with tropical SST.
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Like all classification algorithms, the AHC partitioning
has some limitations, and it cannot be considered as
a satisfactory solution to discretise the spatio-temporal
variability of the rainfall field into five or six recurrent
classes. Nonetheless, it has the advantage of being con-
cise and, in the present case, it allows us to demonstrate
that the three wettest rainfall patterns could be linked to
some extent either to tropical convection anomalies (clus-
ters #3—6) or to tropical—temperate interactions (cluster
#4). Possible causes for regional rainfall variability may
also include tropical perturbations such as easterly waves
or meso-scale convective systems, or the establishment
of semi-permanent thermal lows over the margins of the
Kalahari Desert (southern Angola, northern Namibia, and
Botswana). Further work is still required to better under-
stand how these different mechanisms interact or interfere
at the synoptic timescale.
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