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Abstract

The main states of the Angola Low (AL) are identified using clustering analysis applied to
daily anomalous patterns of 700-hPa wind vorticity over Angola and adjacent countries from
November to March for the 1980/81-2014/15 period. At the daily timescale, we examine the
extent to which the main states of the AL modulate daily rainfall over southern Africa. At the
interannual timescale, we assess both the relationship between the occurrence of these AL
states and El Nifio Southern Oscillation (ENSO) and the role of the AL in explaining ENSO’s
failure in driving southern African rainfall at times. Three reanalyses are considered to
account for uncertainties induced by the scarcity of data available for assimilation over

southern Africa.

Three preferential states of the Angola Low are identified: AL state close to its seasonal
climatology with slight zonal displacements, anomalously weak AL state and anomalously
strong AL state with meridional displacements. These different states all significantly
modulate daily southern African rainfall. Near-climatological AL state promotes wet rainfall
anomalies over eastern subtropical southern Africa and dry rainfall anomalies over its western
part. A slight westward shift in the near-climatological position of the AL leads to reversed
zonal gradient in rainfall. The remaining regimes significantly modulate the meridional
gradient in southern African rainfall. Anomalously weak and anomalously northward AL
states promote wet rainfall anomalies over tropical southern Africa and dry rainfall anomalies

over subtropical southern Africa. The reverse prevails for anomalously southward AL.
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At the interannual timescale, ENSO significantly modulates the seasonal occurrence of most
AL states in the three reanalyses. Anomalously weak and southward AL states are more
strongly correlated with regional rainfall than ENSO in all reanalyses, suggesting that
accounting for AL variability may improve seasonal forecasts. Case study analysis of the
major 1982/83 and 1997/98 El Nifio events suggests that the weak rainfall anomalies and
strong seasonal AL in 1997/98 may result from counteracting effects between ENSO and

Indian Ocean coupled modes of variability.

Keywords: Angola Low — clustering analysis — daily rainfall — ENSO — interannual

variability — southern Africa
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1. Introduction

Extending from the tropics to the mid-latitudes and flanked by the South Atlantic and South
Indian oceans, southern Africa (south of 10°S) is a semi-arid region highly vulnerable to
climate variability, especially to rainfall due to the societal dependence of rain-fed agriculture.
Rainfall mostly occurs from November to March (NDJFM) and experiences significant year-
to-year variability. El Nifio Southern Oscillation (ENSO) is the main driver of southern
African rainfall variability at the interannual timescale (e.g. Ropelewski and Halpert 1989;
Lindesay 1988; Rouault and Richard 2005; Crétat et al. 2010; Ratna et al. 2013; Ratnam et al.
2014; Dieppois et al. 2015). Overall, southern Africa receives below normal seasonal rainfall
amounts during El Nifio events, and reversely during La Nifna events. However, ENSO fails at
explaining seasonal rainfall anomalies at times (Lyon and Mason 2007; Fauchereau et al.
2009; Hoell et al. 2015, 2017). For instance, near normal seasonal rainfall amounts were
recorded over southern Africa during the exceptionally strong El Nino event of 1997/98

(Lyon and Mason 2007).

In austral summer, earlier studies primarily focused on eastward propagating tropical-
temperate troughs (D’Abreton 1992; Todd and Washington 1999; Washington and Todd
1999; Todd et al. 2004; Fauchereau et al. 2009; Hart et al. 2010; Ratna et al. 2013; Vigaud et
al. 2012; Macron et al. 2014) since they provide abundant rainfall over southern Africa. By
contrast, the Angola Low (AL) has received much less attention despite it also significantly
impacts on southern African rainfall (Mulenga 1998; Cook et al. 2004; Reason and
Jagadheesha 2005; Munday and Washington 2017). The AL is a low-pressure system
centered at about 17°S over the Bié plateau in central Angola. The AL develops from October
to March and has long been considered as a heat low driven by dry convection processes and

associated surface heating (Mulenga 1998). Using both reanalyses and global climate models,
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Munday and Washington (2017) demonstrated that the heat low moves southward over the
Kalahari during the core of austral summer, while cyclonic vorticity remains over Angola
through moist processes reminiscent of tropical lows. They also pointed out the role of the AL
in explaining the model spread in simulating seasonal rainfall amounts along a northwest—
southeast band extended from Angola down to the Mozambican Channel. These results call

thus for better understanding of the influence of the AL on regional rainfall.

How the AL may impact southern African rainfall has been partly addressed in the literature.
At the seasonal timescale, the more intense the AL is, the larger summer rainfall amounts are
over southern Africa (Cook et al. 2004). At the intraseasonal timescale, intensification of the
AL favours wet spells over South Africa, southern Angola and southern Namibia (Rouault et
al. 2003; Cook et al. 2004; Reason and Jagadheesha 2005; Hermes and Reason 2009). The
AL influences regional rainfall variability by modulating easterly and northeasterly wind
anomalies from the southwestern tropical Indian Ocean and the Congo Basin, respectively,
and westerly wind anomalies from the tropical Atlantic (Rouault, 2003; Cook et al., 2004;
Vigaud et al. 2007, 2009; Hermes and Reason, 2009). At the interannual timescale, the AL
has been suggested to be partially independent from ENSO. Some El Nifo years are
associated with weak AL and reduced moisture convergence over southern Africa (Cook
2000), while some others are not (Lyon and Mason 2007). This suggests that the AL plays a

role in explaining the failure of ENSO in driving southern African rainfall variability at times.

The present study aims at revisiting the influence of the AL on southern African rainfall and
its interannual relationship with ENSO based on the identification of its main states at the
daily timescale in three modern reanalyses. The questions addressed in this study are twofold:

(1) At the daily timescale, how does the AL influence southern African rainfall
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patterns?
(i1) At the interannual timescale, does the AL co-vary with ENSO and can the AL

explain southern African rainfall variability beyond ENSO?

This paper is organized as follows. Section 2 presents the three reanalyses and the
methodology used for identifying the main AL states at the daily timescale. Section 3 presents
associated daily mean circulation and rainfall anomalies. Section 4 focuses on the interannual
relationship between the AL states and both ENSO and seasonal southern African rainfall.

Section 5 gives the main conclusions.

2. Datasets and methodology

2.1 Datasets

Three reanalyses are used to examine the spatio-temporal variability of the AL at the daily
timescale for the NDJFM 1980/81-2014/15 period: the National Center for Environmental
Prediction-Department of Energy reanalysis version 2 (NCEP2; Kanamitsu et al. 2002), the
European Centre for Medium-Range Forecasts Interim Reanalysis (ERA-I; Dee et al. 2011)
and the Modern Era Retrospective-analysis for Research and Applications version 2
(MERRAZ2; Gelaro et al. 2017). These reanalyses differ in many ways, including horizontal
and vertical resolution, data assimilation technique and sea surface temperature (SST) forcing
(Table 1). Their joint analysis allows accounting for uncertainties due to such model settings
in a region where observations available for assimilation are sparse, even during the satellite
era. The main atmospheric fields used here are horizontal winds at 700-hPa and their relative

vorticity, together with velocity potential at 200-hPa. These are class-A variables (that is,



157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

directly constrained by the assimilated observations).

We also use two rainfall datasets to assess how the AL influences southern African rainfall.
At the local scale (i.e. grid point), the one-degree daily precipitation data version 1.2 of the
Global Precipitation Climatology Project (GPCP; Huffman et al. 2001; Huffman and Bolvin
2012), available from October 1996-onward, has been selected. The GPCP data is used to
examine the daily mean anomalous rainfall patterns associated with the main states of the AL
for the overlapping period (NDJFM 1996/97-2014/15). At the regional timescale, we use the
Summer Rainfall Index (SRI; Dieppois et al. 2016) to analyze the interannual relationship
between the seasonal occurrence of the AL and NDJFM rainfall over subtropical southern
Africa. The SRI is derived over the 1980/81-2011/12 period from the 0.5° x 0.5° monthly
rainfall of the Climatic Research Unit dataset version 3.23 (CRU TS3.23; Harris et al. 2014).
The SRI is defined as rainfall amounts area-averaged over all grid points within subtropical
southern Africa, south of 20°S, where austral summer rainfall is predominant (Dieppois et al.

2016).

The Hadley Centre Sea Ice and SST version 1.1 dataset (HadISST; Rayner et al. 2003) is used
to examine the relationship between ENSO and the seasonal occurrence of the AL states at
the interannual timescale. The HadISST data provides monthly SSTs on a 1° x 1° grid from
1871-onward and is also used to derive a proxy for ENSO variability based on boreal winter

(December-January) SSTs area-averaged in the Nifo3.4 region (5°S-5°N; 170°W-120°W).

2.2 Methodology

2.2.1 Clustering procedure
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The Agglomerative Hierarchical Clustering (AHC; Gong and Richman 1995) procedure is
used to identify the main states of the AL. The AHC is a bottom-up clustering approach
providing a hierarchy of partitions of the spatio-temporal variability of a given parameter. The
AHC classifies either the temporal variability of spatial patterns or the spatial variability of
local time-series. The AHC consists in a step-by-step merging of N spatial patterns or N time-

series into N-to-1 clusters of size 1-to-N according to their spatial or temporal similarity.

Figure 1 provides a schematic view of the AHC procedure for N=5 spatial patterns of a given
parameter described by two grid points A and B. In the first step (Fig. 1a), the N=5 spatial
patterns constitute N=5 initial clusters. A dissimilarity matrix D is computed between all pairs
of initial clusters (i.e. 10 combinations for N=5). The Euclidean distance is used to quantify

dissimilarity and is defined as follows between two initial clusters i and j:

dy = \/(Ai—A,-)2+(Bi—B,-)2 Eq(D),

The Euclidean distance in Eq(1) is computed 10 times for N=5 and stored in D. In the second
step (Fig. 1b), the two initial clusters having the smallest Euclidean distance d;; are merged to
form a new cluster k of size ny= n;+ n; (n=2 in Fig. 1b). A new set of distances dj, is then
computed between the centroid of cluster k£ and the m remaining clusters as follows:

dgm = @;dim + ajdjy, + Bd;j Eq(2).
The coefficients o;, a; and P force the centroid of cluster k£ to minimize intra-cluster variance

according to the Ward’s method (1963). These coefficients are given by:

n; +n ni+n -n
Q; = J,aj — M,I[; =—"— Eqs(3,4and5).
ng + Ny, ng + Ny, Ny + Ny

The dissimilarity matrix D is then updated by replacing the d;, and d;, distances by the din

distances. The agglomerative partitioning continues until the N=5 spatial patterns are merged
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into a unique cluster (Fig. 1c-e).

The AHC procedure does not explicitly give an optimal number of clusters to be retained, but
allows multiple partitionings depending on the degree of details expected. The dendrogram
(Fig. la-e; right column) shows the evolution of intra-class heterogeneity at each step of the
clustering, and can be used to select the appropriate number of clusters to be retained.
Contrary to Empirical Orthogonal Function, the AHC does not suppose any orthogonality,
which has two consequences. First, artificial north-south or west-east structures are not
imposed “by construction”. Second, the AHC allows exploring non-linearities and robustness
of a given cluster by splitting it into sub-clusters of smaller size. The AHC procedure has
been successfully used to explore rainfall and atmospheric spatio-temporal variability (e.g.

Crétat et al. 2010, 2015; Pohl and Camberlin 2014).

2.2.2 Clustering settings

Prior to apply the AHC, a reasonable proxy of the AL is selected based on the examination of
the mean atmospheric circulation at 850- and 700-hPa in austral summer (Fig. 2). Three
regional lows appear clearly over southern Africa: a heat low over the Kalahari and two
tropical lows over the Mozambique Channel and Angola. The heat low is characterized by
shallow convection. Cyclonic winds and negative vorticity at 850-hPa (Fig. 2a-c) oppose
anticyclonic winds and positive vorticity at 700-hPa (Fig. 2d-f). The two tropical lows have
larger vertical extension, as illustrated by persistent cyclonic vorticity at 700-hPa (Fig. 2d-f).
While these three regional features emerge in all reanalyses, important differences are found
in the low-levels. The 850-hPa mean circulation pattern is smoothed in the coarse resolution

NCEP2 (Fig. 2a), while it is noisier spatially in ERA-I and MERRA2 (Fig. 2b-c). In
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mountainous regions, the surface often peaks above the 850-hPa geopotential height, which
prevents using this level to portray the AL variability in the two highest-resolution reanalyses.
The mean vorticity pattern over Angola and adjacent countries is also more consistent
between the three reanalyses at 700-hPa than 850-hPa (Fig. 2a-f). For these reasons, this

parameter at this level is chosen as a proxy of the AL in the three reanalyses.

The mean 700-hPa vorticity over southern Africa together with its interannual variability (Fig.
2g-1) provide guidance for selecting the spatial domain to monitor the AL variability. The
three regional lows discussed above all show substantial interannual variability. Hence, the
spatial domain should be small enough to extract the variability of the AL only, with no
interference from the Kalahari Low and Mozambique Channel Low. In the end, the AHC is
thus applied to daily anomalies of 700-hPa vorticity in the 5°-20°S—12°-25°E region (black

box in Fig. 2) over the period NDJFM 1980/81-2014/15.

2.2.3 Cluster partitioning

Figure 3 illustrates how daily patterns of 700-hPa vorticity anomalies are grouped into
statistically robust AL states. First, reanalysis dependency in the magnitude of the spatio-
temporal variability of the AL is evident (see total accumulated dissimilarity distance at the
top of the dendrograms in Fig. 3). The variability of the AL is sharply damped in the NCEP2
compared to the two remaining reanalyses, consistent with Fig. 2g-i. This indicates that the
AL variability is very sensitive to model settings (e.g. resolution, physical parameterization

and assimilation technique).

10
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Fig. 3 also indicates that the greatest increase in the accumulated dissimilarity distance is
found when merging the two last clusters at the top of the dendrograms. These two clusters
are noted regimes A and B hereafter. Merging regime A with regime B increases the
dissimilarity distance by 200% in NCEP2, 15% in ERA-I and 35% in MERRA2. Such jumps
in the dissimilarity distance indicate that regimes A and B refer to very different states of the
AL and suggest thus that the AL variability can, at first, be divided into two main states. This
is especially true for NCEP2, while there is much more diversity in both ERA-I and
MERRAZ2, as demonstrated by many abrupt jumps in the accumulated dissimilarity distance

in the 10 last merges (Fig. 3e-f).

In this study, we first present results with a partitioning into two regimes (A and B), and then
into six sub-regimes for NCEP2 and ERA-I and seven sub-regimes for MERRA2. This
double partitioning approach allows exploring complementary features of the AL. The 2-
regime partitioning provides a symmetric view of the AL corresponding to its strong and
weak phases. The 6/7-regime partitioning provides a regional view of different locations of
the AL. According to the dendrograms (Fig. 3a-c), regime A splits into 4 regimes (Al to A4)
in NCEP2, 2 regimes (Al and A2) in ERA-I and 5 regimes (Al to AS5) in MERRA2.
Similarly, regime B splits into 2 regimes (B1 and B2) in NCEP2 and MERRA2 and 4 regimes
(BI to B4) in ERA-IL. The size of each regime is shown in Table 2. Even in the 6/7-regime
partitioning, some regimes remain very frequent (Al and B1 in NCEP2, B1 and B3 in ERA-I,

and A3 and B1 in MERRAZ2: Table 2).

2.2.4 Assessing statistical significance

11
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The different states of the AL and their implication for southern African rainfall are examined
by averaging all daily anomalous patterns ascribed to each regime. The first step to evaluate
their robustness is to assess the representativeness of the daily mean anomalous patterns
associated with each regime. To that end, spatial correlations are computed between all daily
anomalous patterns of 700-hPa vorticity in the 5°-20°S—12°-25°E region (the input data for
the AHC clustering) and the average anomalous pattern of each regime. Results are
summarized in Figure 4. Most daily patterns are significantly correlated at the 95%
confidence level with the mean anomaly pattern of their corresponding regime (Fig. 4), even
with a 2-regime partitioning. This demonstrates that intra-regime variability is lower than

inter-regime variability, and thus that the mean anomalous patterns are robust.

The second step to evaluate the robustness of the AL states is to test the statistical
significance of the mean anomalous patterns of atmospheric circulation and rainfall associated
with each regime. The statistical confidence is assessed at the grid-point scale using a
bootstrapping approach at the 95% confidence level. For a given regime, 1000 surrogates of n
daily anomaly patterns are randomly extracted, with » corresponding to 25% of the size of the
regime. The n daily anomalous patterns are averaged to generate 1000 mean anomalous

patterns and to determine the 95% confidence level.

The third step is to discuss the sensitivity of the results according to the parameter, the level
and the domain used to infer the AL states. Preliminary tests indicate that surface pressure and
700-hPa geopotential height lead to little diversity in associated circulation and rainfall
anomalies. Corresponding regimes are mostly driven by mid-latitude circulation (Fig. S1).
The mean circulation and rainfall anomalies are qualitatively similar when the AHC is applied

to 600-hPa, 700-hPa and 775-hPa vorticity anomalies (Figs. S2-3). Results are more sensitive

12
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to the domain size (Figs. S4-5). Increasing the domain size towards the East or South leads to
deep modifications of some regimes. These differences could be due to the influence of the
Mozambique Channel Low east of the AL and the Kalahari Low and mid-circulation south of

it, interfering with the canonical AL.

3. Daily mean circulation and rainfall

This section characterizes the main AL states (anomalous circulation patterns on the
horizontal, vertical structure), and their relationship with daily rainfall patterns over southern

Africa.

3.1 Binary view of the Angola Low

The mean anomalous patterns of regimes A and B are shown in Fig. 5 for 700-hPa
atmospheric circulation and in Fig. 6 for rainfall. In all reanalyses, regime A depicts
significant cyclonic vorticity and wind anomalies over Angola and anticyclonic vorticity and
wind anomalies poleward (Fig. 5a-c). Regime A thus describes anomalously strong AL.
Associated rainfall anomalies are wet southeast of the cyclonic vortex and dry north of it (Fig.
6a-c). Circulation and rainfall anomalies associated with regime B (Figs. 5d-f and 6d-f) are
almost opposite to those of regime A (Figs. 5a-c and 6a-c). Regime B describes thus
anomalously weak AL. Both significance and amplitude of the anomalies associated with
these two AL states are strongly reanalysis-dependent (Figs. 5-6). Anomalies are more

significant in regime A for ERA-I and in regime B for NCEP2 and MERRAZ2. This could be

13
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due to sampling errors, which are larger for NCEP2 and MERRAZ2 than for ERA-I in regime

A, and reversely in regime B (Fig. 4).

The vertical structure of the AL is examined through cross-sections of vorticity and wind
anomalies averaged between 12°E and 25°E (Fig. 7). Results are only shown for regime A,
which corresponds to a strong AL. The vertical structure of regime B is similar to regime A
but with anomalies of opposite sign (not shown). Although daily mean anomalies are stronger
in ERA-I than in NCEP2 and MERRA?2, the vertical cross-sections are consistent regardless
the reanalysis. A tripole vorticity pattern extends in the whole troposphere from 30°S to 5°S,
with greatest anomalies between 850- and 400-hPa (Fig. 7a-c). Vorticity anomalies are
cyclonic between 25°S and 15°S and anticyclonic poleward. These anomalies depict sharp
horizontal wind shear between strong and significant westerly wind anomalies centered at
15°S and significant easterly anomalies further south (Fig. 7d-f). The AL is shown to control
not only lower-layer moisture fluxes, but also mass fluxes in the middle and upper

troposphere.

3.2 Refined view of the Angola Low

The binary view of the AL is useful to discuss its basic characteristics. However, sampling
errors remain large (Fig. 4), calling for a more detailed decomposition of the AL variability.
Partitioning into 6/7-regimes substantially refines the above analyses, especially in ERA-I and
MERRAZ2 (Fig. 4). Figures 8 and 9 show corresponding daily mean composite anomalies in

700-hPa atmospheric circulation and rainfall, respectively.
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For conciseness, the main states of the AL are gathered into three groups based on the
similarity in the mean anomalous patterns of circulation and rainfall of the 6/7 regimes. The
first group is composed of regimes B1 and B2 in all reanalyses (Figs. 8a-f and 9a-f). Regime
B1 occurs 20% to 36% of the time depending on the reanalysis and is more frequent than
regime B2 (Table 2). The mean anomalous circulation pattern of regime B1 (Fig. 8a-c) is
similar to that of regime B (Fig. 5d-f) and can be interpreted as a weak AL. Circulation
anomalies associated with regime B2 (Fig. 8d-f) display a tripole anomalous pattern very
similar to regime A (Fig. 5a-c) but slightly shifted northward. Thus, regime B2 describes an
anomalously northward location of the AL. Interestingly, regime B2 is associated with an
enhanced low over the Mozambique Channel in all reanalyses (Fig. 8d-f). These two systems
favour significant westerly wind anomalies from tropical southern Africa to the western
tropical Indian Ocean (Fig. 8d-f). This denotes drastically reduced moisture transport from the
Indian Ocean towards southern Africa (not shown). In spite of their differences, regimes Bl
and B2 are both associated with significant low-level anticyclonic circulation anomalies and

dry anomalies over subtropical southern Africa (Figs. 8a-f and 9a-f).

The second group consists of regimes associated with weak anomalies over Angola and
adjacent countries, denoting an AL close to its seasonal climatology (Fig. 2d-f). This group is
composed of regimes Al-2 in NCEP2 and MERRA?2 and B3-4 in ERA-I (Fig. 8g-1). Both the
circulation anomalies and the size of these regimes largely differ from one reanalysis to
another (Fig. 8g-1, Table 2). In NCEP2 and MERRAZ2, the circulation anomalies of regime Al
describe a slight strengthening of the climatological AL (Fig. 2d and f). The magnitude of
circulation anomalies associated with regime Al is much weaker in NCEP2 (Fig. 8g) than
MERRA?2 (Fig. 8i), due to larger sampling errors (Fig. 4). In ERA-I, regime B3 is the most

frequent regime (30.5% of the time: Table 2) and depicts a slight but significant eastward shift

15
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in the location of the AL (Fig. 8h). This shift is embedded in significant large-scale cyclonic
anomalies oriented in the northwest-southeast direction and extending from the southeastern
Atlantic at ~15°S to the southwest Indian Ocean at ~40°S. Although circulation anomalies are
reanalysis-dependent, regimes Al in NCEP2 and MERRAZ2, as well as B3 in ERA-I, are all
associated with significant westerly anomalies north of the cyclonic vortex and northwesterly
anomalies on its eastern edge (Fig. 8g-i). Such northwesterly anomalies favour low-level
convergence over eastern subtropical southern Africa and low-level divergence over its
western part. As a result, regimes Al in NCEP2 and MERRAZ2, and B3 in ERA-I, all promote
a significant zonal dipole in rainfall over subtropical southern Africa, with wet anomalies on
its eastern part and dry anomalies on the west (Fig. 9g-1). While regime B3 of ERA-I has no
equivalent in NCEP2 and MERRAZ2, its opposite phase exists in all reanalyses (regime A2 in
NCEP2 and MERRA?2 and B4 in ERA-I; Figs. 8j-1 and 9j-1). This suggests that slight zonal
shifts in the location of the AL may sharply modulate the zonal rainfall gradient over

subtropical southern Africa.

The third group represents the southernmost extension of the AL. This group is composed of
regimes A3-4 in NCEP2, A1-2 in ERA-I and A3-5 in MERRA?2 (Figs. 8m-s and 9m-s). Most
of these regimes are very robust in terms of sampling errors (Fig. 4). The cyclonic vortex is
centered near 18°S in all cases, but its longitude is regime-dependent (Fig. 8m-s). All the
regimes ascribed to this group depict significant cyclonic anomalies over subtropical southern
Africa and significant anticyclonic anomalies over tropical southern Africa (Fig. 8m-s). This
results in a stronger than usual meridional gradient of rainfall over southern Africa, with wet
anomalies in the subtropics and dry anomalies in the tropics (Fig. 9m-s). This group is
recorded 17.2% of the time in NCEP2 (A3+4), 25.3% in ERA-I (A1+2) and 37.5% in

MERRA?2 (A3+4+5; Table 2).
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The vertical structure of the AL decomposed into 6/7 regimes (Fig. S6) further illustrates that
the AL is not limited to the low troposphere. In particular, anomalously weak, northward and
southward AL states depict significant vorticity anomalies throughout the troposphere, which
are greatest above 850-hPa (Fig. S6a-c, d-f and m-s, respectively). In line with Munday and
Washington (2017), the AL cannot simply be seen as a thermal low driven by surface heating

and dry convection.

To summarize, a refined view of the AL helps identify three preferential states with
contrasted impacts on southern African rainfall: anomalously weak AL, near-climatological
state with slight zonal displacements, and anomalously strong AL with meridional
displacements. Weak AL and meridional displacements significantly shape the meridional
rainfall gradient between tropical and subtropical southern Africa. Near-climatological AL or
its slight zonal displacements modifies the zonal rainfall gradient in subtropical southern

Africa.

3.3 Synoptic context

The daily evolution of selected states of the AL is analyzed in a 9-day window to discuss the
synoptic context in which they develop. The daily evolution is constructed as follows. First,
all sequences of successive days ascribed to the same regime are identified. Second, the
sequences lasting less than two days are removed to exclude short-lived events. Third, the
first day of all sequences is averaged to form the composite at lag(0). Finally, the same

procedure is performed from lag(-4) to lag(+4). This approach is designed to focus on the
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growing and mature phases of the AL. Although Figure 10 shows the results for ERA-I only,

results obtained for NCEP2 and MERRA?2 are discussed as well.

Circulation anomalies associated with weak AL (i.e. B1 in the three reanalyses) are relatively
stationary (Fig. 10a-e). Both easterly wind anomalies over the eastern equatorial Indian Ocean
and quasi-stationary cyclonic anomalies over the southeast Atlantic and southwest Indian
Oceans prevail during the entire developing and mature phases of weak AL (Fig. 10a-e). This
result is robust across the three reanalyses (not shown) and suggests large-scale control and
long-lasting occurrence of this frequent AL state (B1 occurs 20% to 36% of the time; Table

2).

Northward AL location is favoured by tropical-extratropical interactions in all reanalyses.
These tropical-extratropical interactions are illustrated for regime B2 in ERA-I (Fig. 10f-j). In
the tropics, B2 is dominated by a persistent cyclonic vortex northeast off Madagascar. This
cyclonic vortex is embedded in a northwest-southeast tilted band of active convection
reminiscent of a northeastern shift of the Intertropical Convergence Zone (Fig. 10f-g). Such a
cyclonic vortex promotes significant westerly wind anomalies from north of Madagascar to
the Congo Basin starting at lag(-4). A mid-latitude eastward propagating wave-train
disturbance is also seen during the growing phase of B2 (Fig. 10f-g). At lag(-4), wind
anomalies over the southeast Atlantic Ocean are cyclonic south of 45°S and anticyclonic
further north. This anomaly pattern slowly propagates eastward during the following days
(Fig. 10f5)). The AL intensifies at lag(-2) when the southeasterly anomalies north of the mid-
latitude wave-train reach tropical southern Africa (Fig. 10g). The intrusion of relatively cold
and dry air from the extratropics above the relatively warm and wet boundary layer of tropical

southern Africa favours instability and rainfall. On the other hand, such an intrusion stabilizes
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the colder and drier lower troposphere of subtropical southern Africa and favours dry
conditions. Regime B2 matures at lag(0) and rapidly decays afterward, as the cyclonic vortex
off Madagascar weakens and the mid-latitude transient disturbance displaces over the

extratropical Indian Ocean (Fig. 10i-j).

The near-climatological state of the AL is described by regime B3 in ERA-I. This regime has
no equivalent in NCEP2 and MERRA?2 in a 6/7-regime partitioning. Regime B3 relates to
significant circulation anomalies in the tropics throughout its life cycle (Fig. 10k-0). B3 is
also associated with a significant mid-latitude disturbance embedded in an eastward
propagative Rossby wave. Positive air-land feedback may occur, as suggested by the abrupt
strengthening of cyclonic anomalies over subtropical southern Africa as the disturbance
reaches the landmass between lag(-2) and lag(0) (Fig. 10l-m). These anomalies rapidly
weaken afterward as the disturbance reaches the Indian Ocean (Fig. 10n-0). The time-
evolution of regimes B4 in ERA-I and A2 in NCEP2 and MERRA?2 is similar to that
described above, but with anticyclonic wind anomalies instead of cyclonic in the mid-

latitudes (not shown).

The life cycle of southward AL is illustrated by regime Al in ERA-I (Fig. 10p-t) and is
consistent among reanalyses (not shown). As for northward AL, southward AL is associated
with strong tropical-extratropical interactions. Easterly wind anomalies prevail north of
Madagascar during the growing phase of regime Al in response to anomalously active
convection over East Africa (Fig. 10p-r). At the same time, significant anticyclonic anomalies
develop south of South Africa (Fig. 10g-r). Regime Al matures at lag(0) when both easterly

anomalies off northern Madagascar and mid-latitude anticyclonic anomalies are the most
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pronounced (Fig. 10r). Regime Al then rapidly weakens after lag(+2), as both convection

over East Africa and mid-latitude anticyclonic circulation weaken (Fig. 10s-t).

The analysis of the synoptic context of development and intensification of the AL
demonstrates the significant roles of tropical and mid-latitude circulation. In particular,
meridional displacements of the AL are favoured by tropical-extratropical interactions in all
reanalyses. This calls for better understanding of how tropical-extratropical interactions
modulate the AL variability at the daily timescale and the relationship between the AL and

tropical-temperate troughs.

4. ENSO-Angola Low co-variability and consequences on southern African rainfall

This section aims at assessing the influence of ENSO on the seasonal occurrence of the AL,
as seen by a 6/7-regime partitioning, and the possible implication of the AL for ENSO’s

failure in driving southern African rainfall at times.

4.1 ENSO-Angola Low co-variability

Figure 11 presents the interannual variability of the seasonal occurrence of the main AL
states. Weak AL (i.e. B1) clearly decreases over the period (Fig. 9a-c), while the reverse
prevails for many regimes describing anomalously southward AL (i.e. A3 in NCEP2, Al and
A2 in ERA-I and A4 in MERRA4; Fig. 9m-n, q, r). These trends are more pronounced in
NCEP2 than in ERA-I and MERRA?2. Additional analyses and century-long data would be

required to disentangle the contribution of climate warming and decadal climate variability on
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these signals. Here, we aim at assessing how the seasonal occurrence of the AL is influenced
by ENSO at the interannual timescale. To that end, we compute linear correlation between the
seasonal occurrence of the AL and both grid-to-grid NDJFM SSTs (Fig. 12) and December-

January (DJ) SSTs of the Nifio3.4 region (Table 3).

In all reanalyses, the seasonal occurrence of weak AL is positively correlated to Nifio3.4 SSTs
(Table 3). The correlation pattern over the Pacific also reflects the typical signature of ENSO
(Fig. 12a-c). This demonstrates that anomalously weak AL occurs more frequently during El
Nifio years and less frequently during La Nifia years. On the other hand, anomalously
southward AL tends to be more frequent during La Nifia years and less frequent during El
Nifio years (Table 3 and Fig. 12m-s). This relationship between ENSO and extreme phases of

the AL is statistically less robust in NCEP2 than in ERA-I and MERRAZ2 (Table 3).

The influence of ENSO on the remaining AL states is more reanalysis-dependent. Northward
AL is poorly correlated with ENSO and global SSTs in NCEP2 and ERA-I (Table 3 and Fig.
12d-e), while positively and significantly correlated with ENSO in MERRA2 (Table 3 and
Fig. 12f). Near-climatological AL is significantly influenced by ENSO in NCEP2 and
MERRA? (Fig. 12g, i, j, 1), but not in ERA-I (Fig. 12h, k). These results highlight weaker and

more ambiguous influence of ENSO on the near-climatological states of the AL.

4.2 Role of the Angola Low in the complex relationship between ENSO and southern African

rainfall

Over southern Africa, summer rainfall variability does not respond systematically to strong

ENSO events at the interannual timescale (e.g. Lyon and Mason 2007; Fauchereau et al.

21



526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

2009; Hoell et al. 2015, 2017). Here, we explore to which extent the AL plays a role in

explaining the failure of ENSO in driving southern African rainfall variability at times.

Figure 13 presents a scatterplot between DJ SSTs of the Nifio3.4 region and the NDJFM SRI
over the 1980/81-2012/13 period. The SRI describes regions of southern Africa, south of
20°S, where austral summer rainfall is predominant (Dieppois et al. 2016). The correlation
value between Nifio3.4 SSTs and the SRI reaches -0.37 (significant at the 95% confidence
level: Fig. 13). El Nifo events tend to promote dry conditions over subtropical southern
Africa, as opposed to La Nina events, hereby corroborating many previous studies (e.g.
Ropelewski and Halpert 1989; Lindesay 1988; Rouault and Richard 2005; Crétat et al. 2010;
Ratna et al. 2013; Ratnam et al. 2014; Dieppois et al. 2015). Even through this relationship is
statistically significant, ENSO explains only about 13% of the SRI interannual variability.
This low value indicates that near-climatological conditions can also occur during El Nifio or
La Nina years. For instance, six out of the 33 seasons analyzed here are wetter than normal

during El Nifio-like years (Fig. 13: top-right corner).

Figure 14 helps discuss the potential role of the AL in explaining residual SRI variability over
the 1980/81-2012/13 period. In all reanalyses, the seasonal occurrence of the two extreme
phases of the AL (i.e. anomalously weak and anomalously southward phases) is much more
strongly correlated with the SRI (Fig. 14a-c, m-s) than with ENSO (Table 3). Moreover, the
correlation between the two extreme phases of the AL and the SRI are generally larger than
those between ENSO and the SRI. This suggests that, regardless the influence of ENSO,
extreme phases of the AL may improve seasonal rainfall predictability over subtropical

southern Africa. Better understanding of the specific influence of the extreme phases of the

22



550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

AL on the interannual variability of subtropical southern African rainfall requires partial

decoupling experiments with ENSO removed (e.g. Terray et al. 2016; Crétat et al. 2016).

The role of the remaining states of the AL in interfering the ENSO—SRI relationship is not
clear in NCEP2 (Fig. 14b,g,j) and ERA-I (Fig. 14e,h k). However, in MERRA2, both
anomalously northward (Fig. 14f: B2) and near-climatological AL with slight westward shift
(Fig. 141: A2) are more strongly correlated with the SRI than ENSO, further suggesting that

they could modulate ENSO effects on southern African rainfall.

4.3 Case study of contrasted El Nifio impacts on southern African rainfall

The very strong 1997/98 El Nifo, which was associated with near-climatological rainfall over
subtropical southern Africa, is here compared to the 1982/83 El Niflo, which led to extremely
dry conditions (Fig. 13). Lyon and Mason (2007) suggest that the 1997/98 El Nifio was
associated with an anomalously strong AL, which could have interfered with the forcing of
ENSO regionally. Our regime approach at the daily timescale corroborates this seasonal result
by showing that weak AL was more frequent than normal in 1982/83, while less frequent than

normal in 1997/98 (Fig. 14a-c), regardless the reanalysis.

The large-scale climate background conditions during the two contrasted El Nifio events are
documented in Figure 15 to further understand why weak AL is less frequent in 1997/98 than
in 1982/83. Both events are associated with SST warming in the eastern equatorial Pacific
Ocean and SST cooling in its western tropical part (Fig. 15a-c). This zonal SST gradient is
associated with an eastward shift in the mean Walker circulation over the tropical Pacific

during both events (Fig. 15d-f), with anomalous upper-level convergence over the western
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Pacific Ocean and anomalous upper-level divergence over the eastern Pacific Ocean. These
SST and upper-level circulation anomalies are accompanied by equatorial westerly wind

anomalies in the lower troposphere (Fig. 15d-f).

Climate background conditions associated with the 1982/83 and 1997/98 El Nifio events
differ in other regions. In 1982/83, cold SST conditions prevail in almost the whole Atlantic
(Fig. 15b), with anomalous 200-hPa convergence east of 0° and anomalous 200-hPa
divergence west of 0° (Fig. 15e). This upper-level circulation dipole is associated with a
strengthening of the South Atlantic High, favouring clear-sky conditions and local SST
warming (Fig. 15b). Strengthening of the South Atlantic High promotes low-level
southeasterly wind anomalies over southern Africa, hence unfavourable background
conditions for the development of the AL (Fig. 15¢). On the other hand, warm SST anomalies
prevail in the whole tropical Atlantic in 1997/98 (Fig. 15¢) and the South Atlantic High is
anomalously weak (Fig. 15f). In addition, the zonal gradient in 200-hPa velocity potential
anomalies sharply differs in 1997/98 compared to 1982/83. The 1997/98 zonal gradient
opposes anomalous upper-level divergence over Africa to anomalous upper-level
convergence over and east of the eastern Indian Ocean (Fig. 15f). This is accompanied by
strong easterly wind anomalies along the equator in the low levels and by a mid-latitude

disturbance southeast of Madagascar (Fig. 15f).

Over the Indian Ocean, a negative Subtropical Indian Ocean Dipole (SIOD; Behera and
Yamagata 2001) is seen in both 1982/83 and 1997/98. In 1982/83, the negative SIOD is
located off Australia and poorly connects with the tropical Indian Ocean (Fig. 15b). In
1997/98, the negative SIOD is located southeast of Madagascar and is strongly connected

with the tropical Indian Ocean (Fig. 15c¢). Tropical Indian Ocean SSTs show a positive Indian
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Ocean Dipole (IOD; Saji et al. 1999) in 1997/98 only, with cool SSTs in its eastern equatorial
part and warm SSTs in its western tropical part (Fig. 15¢). Such a positive IOD promotes
anomalously active convection over East Africa and the western tropical Indian Ocean as well
as significant 850-hPa westerly wind anomalies over tropical southern Africa (Fig. 15f),

hence favourable background conditions for the development of the AL.

Hoell et al. (2017) show that the SIOD strengthens the ENSO-related atmospheric response
over southern Africa when these two modes of variability are in opposite phases. The case of
the 1997/98 El Nifo does not support their findings, suggesting that the position of the SIOD
and/or the SIOD-IOD transitions might also be crucial in explaining the role of the AL in
interfering with the ENSO-southern African rainfall relationship. This hypothesis could be
tested through numerical experiments with partial ocean-atmosphere decoupling with
ENSO/IOD removed over the tropical Pacific/Indian Ocean (e.g. Terray et al. 2016; Crétat et
al 2016). Internal atmospheric variability could also play an important role for explaining the
AL variability. Untangling the role of SST forcing and internal atmospheric on the AL

variability could be examined through large ensembles of atmospheric model simulations.

5. Conclusion

This study aims at examining the Angola Low (AL) based on the Agglomerative Hierarchical
Clustering technique applied to the spatio-temporal variability of the daily circulation (700-
hPa vorticity) over Angola and adjacent countries over the NDJFM 1980/81-2014/15 period.
Emphasis is given on the impact of the main states of the AL on southern African rainfall

patterns and on the potential implication of the AL in the complex relationship between
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ENSO and southern African rainfall. Three reanalyses (NCEP2, ERA-I and MERRA2) are

considered to account for uncertainties.

The clustering technique allows extracting different degrees of details of the AL. Partitioning
into 2 regimes depicts the opposite phases of the AL, but over-simplifies its spatio-temporal
variability. A refined view of the AL into 6 or 7 regimes (depending on the reanalyses)
demonstrates three main states of the AL that are robust across the reanalyses: anomalously
weak AL, near-climatological state with slight zonal shifts and anomalously strong AL with
meridional shifts. The influence of these different AL states on southern African rainfall is
very strong. Both weakening and meridional displacements of the AL significantly impact the
meridional rainfall gradient between tropical and subtropical southern Africa. A near-
climatological AL or slight eastward/westward shifts significantly modulate the zonal rainfall
gradient of subtropical southern Africa. All reanalyses and most AL states suggest a strong
impact of both tropical and mid-latitude circulation on the AL development at the synoptic
scale. This result questions the statistical significance of the role of the AL in favouring the
development of tropical-temperate troughs suggested by previous studies (Cook et al. 2004;
Hart et al. 2010; Macron et al. 2014). Weak and southernmost AL states appear to be the most
robust features from one reanalysis to another in terms of occurrence and anomalous patterns
of circulation and rainfall. However, near-climatological states of the AL are highly reanalysis
dependent, suggesting that model settings (e.g. resolution, physics and assimilation schemes)

have major impacts on the AL in a data-scarce region.

At the interannual timescale, the two extreme phases of the AL (i.e. the anomalously weak

and southward phases) show significant relationships with ENSO. Weak AL is more frequent

during El Nifio years, and southward AL during La Nifia years. The influence of ENSO on the
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interannual variability of the remaining AL states is highly reanalysis dependent, calling for
cautious interpretation. Interestingly, the two extreme phases of the AL are more strongly
correlated with subtropical southern African rainfall than with ENSO. This result could
indicate that the two extreme states of the AL can be favoured by additional large-scale
coupled modes of variability. Detailed analysis of the strong 1982/83 and 1997/98 El Nifio
events suggest that Indian Ocean coupled modes of variability may counteract ENSO effects

on the AL.

This study demonstrates a significant and major role of the AL in modulating the spatial
distribution of rainfall over both tropical and subtropical southern Africa. Additional work is
now required to further understand the mechanisms influencing the intraseasonal and
interannual variability of the AL, both in terms of intensification and spatial location.
Sensitivity experiments using partial coupling strategy are also required to further understand
the role of regional coupled modes of variability on the AL in both the presence and absence

of ENSO.
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Table Captions

Table 1 Main differences between the NCEP2, ERA-I and MERRAZ2 reanalyses used to

extract and describe the main regimes of the Angola Low.

Table 2 Repartition of the N=5285 daily anomalous patterns of 700-hPa vorticity

feeding the AHC within regimes A and B and their respective sub-regimes for the three

reanalyses.

Table 3 Correlation between the seasonal occurrence of the Angola Low regimes and

December-January Nifio3.4 SST index.
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Figure Captions

Figure 1 (a-e) Schematic view of the AHC procedure applied to N=5 spatial patterns
described by two grid points A and B. Left column shows the spatial patterns in a Cartesian
plan. Right column shows the clusters merged according to dissimilarity distances. Colors

represent the successive merging along the procedure. See text for details.

Figure 2 (a-c) Daily mean 850-hPa vorticity (shadings every 0.1 s™'; negative/positive
values for cyclonic/anticyclonic vortex) and wind (vectors, m.s™') over the NDJFM 1980/81—
2014/15 period for NCEP2, ERA-I and MERRA?2, respectively. (d-f) Same as (a-c) but for
700-hPa vorticity and wind. (g-i) Standard deviation of daily 700-hPa vorticity anomalies
(shadings every 0.05 s™). The black box shows the domain used to identify the main Angola

Low regimes.

Figure 3 (a-c) Dendrogram tree of the N=5285 anomalous patterns of daily 700-hPa
vorticity (black box in Fig. 2) utilized to feed the AHC for NCEP2, ERA-I and MERRA?2,
respectively. (d-f) Associated evolution of the accumulated dissimilarity distance for the last
10 merges. Letters A and B show the regimes analyzed with a 2-regime partitioning for the
three reanalyses. Letters with number show the regimes analyzed with 6/7-regime

partitioning.

Figure 4 (a-c) Representativeness of each regime for NCEP2, ERA-I and MERRA2,
respectively. For each regime, box-and-whisker plots show the spatial correlations between
each of its daily 700-hPa vorticity anomalous patterns and its daily mean anomalous pattern.

The boxes have lines at the lower quartile, median, and upper quartile values. The whiskers
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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. Outliers are displayed
by a ‘plus’ sign. Black stars are mean spatial correlations. Red lines give the 95% confidence
bound according to the Bravais-Pearson critical values. Red stars show the mean spatial
correlation between all daily anomalous patterns of a given AL regime and the daily mean

anomalous pattern of the remaining AL regimes.

Figure 5 (a-c) Composite mean anomalies in 700-hPa vorticity (shadings every 0.02 s;
negative/positive values for cyclonic/anticyclonic anomalies) and wind (vectors, m.s™)
associated with regime A for NCEP2, ERA-I and MERRAZ2, respectively. Black contours and
blue vectors show vorticity and wind anomalies that are significant at the 95% confidence

level according to a bootstrap test detailed in section 2.2.4. (d-f) Same as (a-c) but for regime

B.
Figure 6 Same as Fig. 5 but for rainfall anomalies.
Figure 7 (a-c) Vertical-latitude composite mean anomalies in wind vorticity (shadings

every 0.025 s) zonally averaged in the 12°E-25°E band associated with regime A for
NCEP2, ERA-I and MERRA2, respectively. Only significant anomalies at the 95%
confidence level according to a bootstrap test are shown. (d-f) Same as (a-c) but for zonal
wind anomalies.

Figure 8 Same as Fig. 5 but for a 6/7-regime partitioning.

Figure 9 Same as Fig. 8 but for rainfall.
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Figure 10 (a-e) Daily evolution of composite mean anomalies in 700-hPa vorticity
(shadings every 0.02 s'; negative/positive values for cyclonic/anticyclonic anomalies) and
wind (vectors, m.s™') during the growing and mature phases of anomalously weak Angola
Low, as seen from regime B1 in ERA-I. Daily evolution is shown from 4 days prior to the
first day of regime B1 to 4 days after, every 2 days. Negative lags describe the growing stage
of the regimes, while positive lags describe their mature phase. See Section 3.3 for details.
Significance tested as in Fig. 5. Vorticity anomalies below the 80% confidence level are
masked and those at the 95% confidence level are contoured in black. Wind anomalies in gray
are not significant. Wind anomalies in pink, light blue and dark blue are significant at the 80,
90 and 95% confidence level, respectively. (f-j), (k-0) and (p-t) Same as (a-e) but for
anomalously northward, near-climatological and anomalously southward Angola Low, as

seen from regimes B2, B3 and Al in ERA-I, respectively.

Figure 11 (a-c) Seasonal occurrence of anomalously weak Angola Low for NCEP2.
ERA-I and MERRAZ2, respectively. Seasonal occurrence is expressed as the fraction (%) of
the number of days spent in each regime (Table 2). (d-s) Same as (a-c) but for the remaining

Angola Low regimes.

Figure 12 (a-c) Synchronous correlation between the seasonal occurrence of anomalously
weak Angola Low and seasonal SSTs during the NDJFM 1980/81-2014/15 period for
NCEP2, ERA-I and MERRA?2, respectively. Significant correlations at the 95% confidence

level are contoured in black. (d-s) Same as (a-c) but for the remaining Angola Low regimes.
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Figure 13 Scatterplot intersecting Nifio3.4 SSTs averaged in December-January (x-axis)
and the seasonal (NDJFM) SRI (y-axis) over the 1980/81-2012/13 period. Both time-series
are standardized so that mean=0 and standard deviation=1. Positive values represent warm
SST anomalies in the Nifio3.4 region and wet conditions over subtropical southern Africa,
and reversely for negative values. The SRI corresponds to the region colored in maroon in the

top-right insert. See Section 2.1 for details on the SRI.

Figure 14 (a-c) Scatterplot intersecting subtropical southern African rainfall as seen by
the SRI (x-axis) and seasonal occurrence of anomalously weak Angola Low (y-axis) over the
NDJFM 1980/81-2012/13 period for NCEP2, ERA-I and MERRAZ2, respectively. (d-s) Same
as (a-c) but for the remaining Angola Low regimes. Both time-series are standardized as in
Fig. 13. Positive values represent wet rainfall anomalies and above normal occurrence of the
Angola Low regimes, and reversely for negative values. Bravais-Pearson correlations between
the SRI and the seasonal occurrence of the regimes are labeled on the panels. Stars (*/**/***)
show significant correlation at the 90/95/99% confidence level according to the Bravais-
Pearson critical value. Red/Blue colors show associated warm/cold December-January SST
anomalies of the Nifio3.4 region. The 1982/83 and 1997/98 years taken as case study in

Section 4.3 are shown with a ‘plus’ sign.

Figure 15 (a) NDJFM SST climatology for the 1980/81-2014/15 HadISST data. (b)
NDJFM SST anomalies in 1982/83 computed as departure from the NDJFM climatology. (¢)
Same as (b) but for NDJFM 1997/98. (d) Daily mean 200-hPa velocity potential (shadings
every 1x10° m”s™; negative/positive values for upper-level divergence/convergence) and
850-hPa wind (vectors: m.s™') over the NDJFM 1980/81-2014/15 period for ERA-L (e)

Composite anomalies in 200-hPa velocity potential (shadings every 0.8x10° m’s’;
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negative/positive values for upper-level divergence/convergence anomalies) and 850-hPa
wind during the NDJFM 1982/83 season. Significance is tested at the 95% confidence level
according to a Student t test and shown with black contours for 200-hPa velocity potential
anomalies and with black vectors for 850-hPa wind anomalies. (f) Same as (e) but for the

NDJFM 1997/98 season.

Figure S1 (a) Composite mean anomalies in 700-hPa vorticity (shadings every 0.02 s™';
negative/positive values for cyclonic/anticyclonic anomalies) and wind (vectors, m.s™)
associated with the six main regimes derived from clustering of ERA-I daily surface pressure
anomalies of the 5°-20°S—12°-25°E region. (b) Same as (a) but for rainfall. Black contours
and blue vectors show vorticity and wind anomalies that are significant at the 95% confidence
level according to a bootstrap test detailed in section 2.2.4. (d-f) Same as (a-c) but the six
main regimes derived from clustering analysis of daily 700-hPa geopotential height

anomalies.

Figure S2 Same as Fig. S1 but for the mean anomalous circulation patterns associated

with the six main regimes derived from clustering of ERA-I daily vorticity anomalies at the

(a) 600-hPa, (b) 700-hPa and (c) 775-hPa. The vertical level retained in this study is 700-hPa

(panel b).

Figure S3 Same as Fig. S2 but for rainfall.

Figure S4 Same as Fig. S1 but for the mean anomalous circulation patterns associated

with the six main regimes derived from clustering of ERA-I daily 700-hPa vorticity anomalies
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919  over the (a) 5-20°S 12-25°E, (b) 4-21°S 11-26°E, (c) 3-22°S 10-27°E, (d) 2-23°S 9-28°E, (e)
920  1-24°S 8-29°E and (f) Eq-25°S 7-30°E domains. The domain retained in this study is 5-20°S
921  12-25°E (panel a).

922

923  Figure S5 Same as Fig. S4 but for rainfall.

924

925  Figure S6 Same as Fig. 7a-c but for a 6/7-regime partitioning.
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Tables

Table 1 Main differences between the NCEP2, ERA-I and MERRA?2 reanalyses used to extract and describe the

main regimes of the Angola Low.

Resolution Atmospheric Model Assimilation SST & sea-ice
Horizontal | Vertical P technique forcing
Weekly Optimum
. 3 Dimensional | Interpolation Sea
NCEP2 | 25°x2.5° | 28 Climate F("Crl";g“ SYstem | rariational Surface
(3DVAR) Temperature
(OISST)
0.75° x Integrated Forecasting .
ERA-I 0.75° 60 System (IFS) 4DVAR Daily OISST
0.5°x Goddard Earth Observing
MERRA2 0.625° 72 System version 5 (GEOS-5) 3DVAR Weekly OISST

Table 2 Repartition of the N=5285 daily anomalous patterns of 700-hPa vorticity feeding the AHC within

regimes A and B and their respective sub-regimes for the three reanalyses.

NCEP2 | ERA-I | MERRA2
Regime A 3151 1149 3149
Al 1684 602 529
A2 561 547 636
A3 458 / 1406
A4 448 / 281
A5 / / 297
Regime B 2134 4136 2136
Bl 1904 1073 1399
B2 230 490 737
B3 / 1610
B4 / 963

Table 3 Correlation between the seasonal occurrence of the Angola Low regimes and December-January

Nifio3.4 SST index.

NCEP2 ERA-I MERRA2
Weak AL +0.25 (B1) +0.41** (B1) | +0.44** (B1)
Northward AL -0.12 (B2) +0.05 (B2) +0.29* (B2)
Near-climatological AL | -0.29* (A1) | +0.02 (B3) -0.44%* (A1)
+0.36** (A2) | +0.09 (B4) +0.25 (A2)
Southward AL -0.25 (A3) -0.30* (A1) | -0.35** (A3)
-0.29* (A4) | -0.49** (A2) | -0.37** (A4)
-0.29* (AS)

* and ** show correlation values that are significant at the 90% and 95% confidence level according to the

Bravais-Pearson critical value.
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Figure 1 (a-e) Schematic view of the AHC procedure applied to N=5 spatial patterns described by two

grid points A and B. Left column shows the spatial patterns in a Cartesian plan. Right column shows the clusters
merged according to dissimilarity distances. Colors represent the successive merging along the procedure. See

text for details.
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Figure 2 (a-c) Daily mean 850-hPa vorticity (shadings every 0.1 s''; negative/positive values for
cyclonic/anticyclonic vortex) and wind (vectors, m.s™) over the NDJFM 1980/81-2014/15 period for NCEP2,
ERA-I and MERRA2, respectively. (d-f) Same as (a-c) but for 700-hPa vorticity and wind. (g-i) Standard
deviation of daily 700-hPa vorticity anomalies (shadings every 0.05 s™). The black box shows the domain used
to identify the main Angola Low regimes.
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Figure 3 (a-c) Dendrogram tree of the N=5285 anomalous patterns of daily 700-hPa vorticity (black box

in Fig. 2) utilized to feed the AHC for NCEP2, ERA-I and MERRA?2, respectively. (d-f) Associated evolution of
the accumulated dissimilarity distance for the last 10 merges. Letters A and B show the regimes analyzed with a
2-regime partitioning for the three reanalyses. Letters with number show the regimes analyzed with 6/7-regime
partitioning.
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Figure 4 (a-c) Representativeness of each regime for NCEP2, ERA-I and MERRA?2, respectively. For
each regime, box-and-whisker plots show the spatial correlations between each of its daily 700-hPa vorticity
anomalous patterns and its daily mean anomalous pattern. 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. Outliers are displayed by
a ‘plus’ sign. Black stars are mean spatial correlations. Red lines give the 95% confidence bound according to
the Bravais-Pearson critical values. Red stars show the mean spatial correlation between all daily anomalous
patterns of a given AL regime and the daily mean anomalous pattern of the remaining AL regimes.
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Figure S (a-c) Composite mean anomalies in 700-hPa vorticity (shadings every 0.02 s™;

negative/positive values for cyclonic/anticyclonic anomalies) and wind (vectors, m.s™") associated with regime A
for NCEP2, ERA-I and MERRA2, respectively. Black contours and blue vectors show vorticity and wind
anomalies that are significant at the 95% confidence level according to a bootstrap test detailed in Section 2.2.4.
(d-f) Same as (a-c) but for regime B.
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990  Figure 6 Same as Fig. 5 but for rainfall anomalies.
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991
992

993 Figure 7 (a-c) Vertical-latitude composite mean anomalies in wind vorticity (shadings every 0.025 s™)
994  zonally averaged in the 12°E-25°E band associated with regime A for NCEP2, ERA-I and MERRA2,
995 respectively. Only significant anomalies at the 95% confidence level according to a bootstrap test are shown. (d-
996  f) Same as (a-c) but for zonal wind anomalies.
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998
999  Figure 8 Same as Fig. 5 but for a 6/7-regime partitioning.
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Figure 9

Same as Fig. 8 but for rainfall.

49



Figure 10 (a-e) Daily evolution of composite mean anomalies in 700-hPa vorticity (shadings every 0.02 s
' negative/positive values for cyclonic/anticyclonic anomalies) and wind (vectors, m.s™) during the growing and
mature phases of anomalously weak Angola Low, as seen from regime B1 in ERA-I. Daily evolution is shown
from 4 days prior to the first day of regime B1 to 4 days after, every 2 days. Negative lags describe the growing
stage of the regimes, while positive lags describe their mature phase. See Section 3.3 for details. Significance
tested as in Fig. 5. Vorticity anomalies below the 80% confidence level are masked and those at the 95%
confidence level are contoured in black. Wind anomalies in gray are not significant. Wind anomalies in pink,
light blue and dark blue are significant at the 80, 90 and 95% confidence level, respectively. (f-j), (k-0) and (p-t)
Same as (a-¢) but for anomalously northward, near-climatological and anomalously southward Angola Low, as
seen from regimes B2, B3 and A1 in ERA-I, respectively.
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Figure 11 (a-c) Seasonal occurrence of anomalously weak Angola Low for NCEP2. ERA-I and
MERRAZ2, respectively. Seasonal occurrence is expressed as the fraction (%) of the number of days spent in
each regime (Table 2). (d-s) Same as (a-c) but for the remaining Angola Low regimes.
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1020
1021

1022 Figure 12 (a-c) Synchronous correlation between the seasonal occurrence of anomalously weak Angola
1023  Low and seasonal SSTs during the NDJFM 1980/81-2014/15 period for NCEP2, ERA-I and MERRA2,
1024  respectively. Significant correlations at the 95% confidence level are contoured in black. (d-s) Same as (a-c) but
1025  for the remaining Angola Low regimes.
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Figure 13 Scatterplot intersecting Nifio3.4 SSTs averaged in December-January (x-axis) and the seasonal
(NDJFM) SRI (y-axis) over the 1980/81-2012/13 period. Both time-series are standardized so that mean=0 and
standard deviation=1. Positive values represent warm SST anomalies in the Nifio3.4 region and wet conditions
over subtropical southern Africa, and reversely for negative values. The SRI corresponds to the region colored in
maroon in the top-right insert. See Section 2.1 for details on the SRI.
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Figure 14 (a-c) Scatterplot intersecting subtropical southern African rainfall as seen by the SRI (x-axis)
and seasonal occurrence of anomalously weak Angola Low (y-axis) over the NDJFM 1980/81-2012/13 period
for NCEP2, ERA-I and MERRAZ2, respectively. (d-s) Same as (a-c) but for the remaining Angola Low regimes.
Both time-series are standardized as in Fig. 13. Positive values represent wet rainfall anomalies and above
normal occurrence of the Angola Low regimes, and reversely for negative values. Bravais-Pearson correlations
between the SRI and the seasonal occurrence of the regimes are labeled on the panels. Stars (*¥/**/***) show
significant correlation at the 90/95/99% confidence level according to the Bravais-Pearson critical value.
Red/Blue colors show associated warm/cold December-January SST anomalies of the Nifio3.4 region. The
1982/83 and 1997/98 years taken as case study in Section 4.3 are shown with a ‘plus’ sign.
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Figure 15 (a) NDJFM SST climatology for the 1980/81-2014/15 HadISST data. (b) NDJFM SST
anomalies in 1982/83 computed as departure from the NDJFM climatology. (c¢) Same as (b) but for NDJFM
1997/98. (d) Daily mean 200-hPa velocity potential (shadings every 1x106 m2.s-1; negative/positive values for
upper-level divergence/convergence) and 850-hPa wind (vectors: m.s-1) over the NDJFM 1980/81-2014/15
period for ERA-I. (e) Composite anomalies in 200-hPa velocity potential (shadings every 0.8x106 m2.s-1;
negative/positive values for upper-level divergence/convergence anomalies) and 850-hPa wind during the
NDJFM 1982/83 season. Significance is tested at the 95% confidence level according to a Student t test and
shown with black contours for 200-hPa velocity potential anomalies and with black vectors for 850-hPa wind
anomalies. (f) Same as (e) but for the NDJFM 1997/98 season.
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Supplementary material

Figure S1 (a) Composite mean anomalies in 700-hPa vorticity (shadings every 0.02 s™'; negative/positive
values for cyclonic/anticyclonic anomalies) and wind (vectors, m.s™) associated with the six main regimes
derived from clustering of ERA-I daily surface pressure anomalies of the 5°-20°S—12°-25°E region. (b) Same as
(a) but for rainfall. Black contours and blue vectors show vorticity and wind anomalies that are significant at the
95% confidence level according to a bootstrap test detailed in section 2.2.4. (d-f) Same as (a-c) but the six main
regimes derived from clustering analysis of daily 700-hPa geopotential height anomalies.

56



1066
1067

1068
1069
1070

Figure S2 Same as Fig. S1 but for the mean anomalous circulation patterns associated with the six main
regimes derived from clustering of ERA-I daily vorticity anomalies at the (a) 600-hPa, (b) 700-hPa and (c) 775-
hPa. The vertical level retained in this study is 700-hPa (panel b).
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Figure S3

Same as Fig. S2 but for rainfall.
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Figure S4 Same as Fig. S1 but for the mean anomalous circulation patterns associated with the six main
regimes derived from clustering of ERA-I daily 700-hPa vorticity anomalies over the (a) 5-20°S 12-25°E, (b) 4-
21°S 11-26°E, (c) 3-22°S 10-27°E, (d) 2-23°S 9-28°E, (e) 1-24°S 8-29°E and (f) Eq-25°S 7-30°E domains. The
domain retained in this study is 5-20°S 12-25°E (panel a).
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Figure S5

Same as Fig. S4 but for rainfall.
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1083
1084

1085  Figure S6 Same as Fig. 7a-c but for a 6/7-regime partitioning.
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