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Abstract

Extreme events contribute significantly to rainfall variability in semi-arid

regions like South Africa. Here, following the definition of a novel typology of

rainfall extremes, disentangling large- and small-scale events in Part I, we use

quality-controlled observational databases in South Africa, the ERA5 reanaly-

sis and satellite estimates TRMM-3B42 to examine the relationship between

these two types of rainfall extremes and different modes of climate variability

at various timescales. At low frequencies, rainfall extremes are assessed at

interannual (IV: 2–8 years) and quasi-decadal (QDV: 8–13 years) timescales,

which are primarily associated with the El Niño–Southern Oscillation (ENSO)

and the Interdecadal Pacific Oscillation (IPO), respectively. At subseasonal

timescales, the typology of rainfall extremes is analysed depending on the syn-

optic configurations, as inferred by seven convective regimes including tropical

temperate troughs (TTTs: 3–7 days), and the intraseasonal variability associ-

ated with the Madden–Julien Oscillation (MJO: 30–60 days). At the IV time-

scale, the occurrence of large-scale extremes is substantially higher during its

wet phases thereby suggesting a 400% rise in the occurrence of large-scale

extremes as compared to its dry phases. At the QDV timescale, variability

mostly relates to the modulation of small-scale extremes during its wet phases.

Teleconnections with global sea surface temperature (SST) confirm that La

Niña conditions favour overall wet conditions and extremes in South Africa.

The numbers of large-scale extremes are consistently related to warmer SSTs

in the North Atlantic, while their link with warmer Indian and tropical South

Atlantic oceans is found to be statistically independent of the state of ENSO.

At the subseasonal timescales, large-scale extremes largely occur during three

out of the seven convective regimes identified in the southern African region

whereas small-scale extremes are nearly equiprobable during all convective
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regimes. The occurrence of large-scale extremes during continent-rooted TTT

is further enhanced during the locally wet phases of the MJO and is symmetri-

cally weakened during its dry phases.

KEYWORD S

atmospheric convection, El Niño–Southern Oscillation, Interdecadal Pacific Oscillation,
large-scale and small-scale extremes, Madden–Julien Oscillation, rainfall, South Africa,
tropical temperate troughs

1 | INTRODUCTION

Hydrometeorological extremes such as droughts and
floods are of crucial importance for human society.
Such extremes are likely to be more frequent and intense
at and above 1.5�C global warming levels (Donat
et al., 2016). Several studies have explored the response
of rainfall extremes to climate change in South Africa
(Engelbrecht et al., 2013; Mason et al., 1999; Mason &
Joubert, 1997; Pinto et al., 2016; Shongwe et al., 2009).
Pohl et al. (2017) pointed out a significant decrease in the
number of rainy days and an increase in their intensity,
in line with the Clausius–Clapeyron relation linking air
moisture to temperature. Similar results are drawn using
convection-permitting models at the regional scales
(Jackson et al., 2020; Kendon et al., 2017, 2019; Senior
et al., 2021). However, despite its primary importance in
predicting potential climate risks in sectors such as agri-
culture and hydropower (Conway et al., 2015, 2017), we
currently know very little about how these extreme rain-
fall events are distributed during the austral summer sea-
son at the synoptic, intraseasonal, interannual and
decadal timescale.

During the main rainy season from November to
February (hereinafter NDJF), rainfall exhibits three sig-
nificant timescales of variability related to the distinct
modes of Pacific variability over the twentieth century:
interannual (IV: 2–8 years), quasi-decadal (QDV: 8–
13 years) and interdecadal variations (IDV: 15–28 years;
Dieppois et al., 2016, 2019). Hereafter, the IV, QDV and
IDV timescales are referred to as low-frequency time-
scales of variability.

At the IV timescale, rainfall variability is strongly
modulated by El Niño–Southern Oscillation (Dieppois
et al., 2015; Nicholson & Kim, 1997; Washington &
Preston, 2006). Typically, El Niño conditions tend to
favour dry summers while La Niña led to above-normal
rainfall in South Africa. However, the relationship
between ENSO and rainfall is not systematic, since not
every El Niño event leads to dry conditions over the region
(Reason & Jagadheesha, 2005; Rouault & Richard, 2004).
This could be due to interferences with the Angola Low

(Lyon & Mason, 2007; Pascale et al., 2019) or the Subtropi-
cal Indian Ocean Dipole (SIOD; Hoell & Cheng, 2018).
Moreover, recent changes in the number of dry spells and
wet days in southern Africa could relate to a combined
influence of ENSO, the Southern Annular Mode (SAM),
SIOD and the Botswana High (Thoithi et al., 2020).

At the quasi-decadal timescale, rainfall variability
mostly relates to the Interdecadal Pacific Oscillation
(IPO; Dieppois et al., 2016, 2019). IPO exhibits ENSO-like
sea surface temperature (SST) patterns, shifting the
Walker-circulation zonally and resulting in an eastward
shift of the South Indian Convergence Zone (SICZ), thus
modifying the preferential location and intensity of tropi-
cal temperate troughs (TTTs; Pohl et al., 2018). However,
how much interannual and decadal timescales of climate
variability affect the likelihood and the total rainfall vari-
ability associated with extreme rainfall events is not
known.

At the subseasonal timescales, austral summer rain-
fall variability is strongly associated with synoptic scale
(i.e., 1–7 days), notably the convective cloud bands
widely known as TTTs (Fauchereau et al., 2009; Hart
et al., 2010; Macron et al., 2014; Todd et al., 2004; Todd &
Washington, 1999; Vigaud et al., 2012; Washington &
Todd, 1999). TTTs are responsible for 30%–60% of sum-
mer rainfall in southern Africa (Hart et al., 2013; Macron
et al., 2014; Reason et al., 2006). TTTs are oriented from
northwest to southeast and are the results of interactions
between transient perturbations in the midlatitudes and
tropical convection (Hart et al., 2010; James et al., 2020;
Macron et al., 2014), thereby linking the Tropics to the
temperate latitudes. Other notable rain-bearing systems
of summer rainfall are mesoscale convective complexes
(MCCs; Blamey & Reason, 2013), squall lines (Rouault
et al., 2002), tropical storms (Fitchett & Grab, 2014;
Malherbe et al., 2012, 2014; Reason & Keibel, 2004) and
cut-off lows (Favre et al., 2013).

Austral summer rainfall also varies at intraseasonal
timescales (i.e., 30–60 days), where the Madden–Julien
Oscillation (MJO) is the dominant mode of variability
(Madden & Julian, 1994; Zhang, 2005). The MJO is char-
acterized as an eastward propagation of large-scale

2 ULLAH ET AL.

 10970088, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/joc.8059 by C
ochrane France, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



convective clusters in the Tropics, which recur every 30–
60 days (Madden & Julian, 1994; Zhang, 2005), and have
overarching effects on rainfall patterns across the world
(Donald et al., 2006; Zhang, 2005). Several cohort studies
investigated the connection between MJO and precipita-
tion over South Africa in various dimensions. Pohl et al.
(2007) were the first to point out the influence of the
MJO on summer rainfall variability across southern
Africa. Their results were further completed and con-
firmed by Oettli et al. (2014). Grimm and Reason (2015)
assessed the intraseasonal teleconnections between South
America and South African rainfall and show that these
teleconnections are caused by eastward propagating wave
trains, which are modulated by the convective activity of
MJO over tropical South America. Puaud et al. (2017)
confirmed and further investigated these teleconnections
and suggest that at the intraseasonal timescale, the cov-
ariability is related to the modulations of large-scale
atmospheric convection over South America, and then
over tropical southern Africa after around 10 days.
Grimm (2019) suggested the strongest convective activity
over South Africa relate to MJO phase #7 and noted
positive anomalies in MJO phase #6. This study high-
lighted that the connection between MJO and regional
convective activity is not very strong (although signifi-
cant), thereby confirming the conclusions of Pohl et al.
(2009) for southern Africa. This is probably because at
least part of the MJO influence is indirect, exerted
through the MJO-related anomalies over South America
(Grimm, 2019) or through modulation of moisture fluxes
and moisture convergence over Africa (Pohl et al., 2007).
Silvério and Grimm (2022) proposed a precipitation index
for southern Africa and suggest that the enhancement of
precipitation in Mozambique is preceded by enhanced
precipitation over South Africa.

In terms of the combined influence of synoptic-
scale convective regimes and intraseasonal variability
associated with MJO, no discernible relation could be
found between MJO and the occurrence of TTTs (Pohl
et al., 2009) but Hart et al. (2013) did find a weak but
significant weakening of TTT intensity during MJO
phase #1, and an enhancement during phase #6. Yet,
how the association of different MJO phases and
synoptic-scale convective regimes modulate the num-
bers and the daily intensity of extreme events, remains
to be shown. Thus, in this study, we attempt to assess
such combined influence on a newly developed typol-
ogy of rainfall extreme (Ullah et al., 2022; Part I here-
after). Due to the rapidly changing patterns of these
synoptic-scale convective regimes and intraseasonal
variability related to MJO, these timescales are
referred to as subseasonal timescales in the following
sections.

In Part I, a novel typology of extreme rainfall events
was proposed for NDJF season based on their spatial frac-
tion as a base criterion, disentangling rainfall events into
large-scale (Spatial fraction ≥7%) and small-scale
extremes (spatial fraction <7%). The spatial fraction of an
extreme event was defined as the proportion of
South African rain-gauge stations or grid-points that
simultaneously exceed their local 90th percentile thresh-
old, regardless of their location, on the day of the event.
These thresholds were found to be a good compromise to
categorize extreme events according to their spatial
extension. Intrinsic properties of both types of events
were then explicitly assessed in the context of intraseaso-
nal descriptors of rainfall variability (ISDs), characteriz-
ing the duration, spatial extension, and intensity of wet
spells. NDJF total rainfall was found to be primarily
shaped by large-scale extremes, which constitute, despite
their rareness, more than half of the rainfall amount
according to observation, and nearly half of it in ERA5.
Observation (ERA5) shows an average of 8 ± 5 (20 ± 7)
days per season associated with large-scale extremes,
which are composed of 5 ± 3 (10 ± 3) spells with an aver-
age persistence of at least 2 days.

Here, we aim to investigate the variability of large-
and small-scale extremes during NDJF at both (1) low-
frequency (interannual and quasi-decadal) and (2) subsea-
sonal (synoptic-scale and intraseasonal) timescales of var-
iability. Such analyses are required to better identify the
drivers of rainfall extremes in the region, to eventually
promote multiyear seamless forecasts of extremes on one
hand and improve subseasonal operational forecasts on
the other hand.

This paper is organized as follows. Section 2 presents
the data and methods. Section 3 investigates the influ-
ence of variability at low-frequency (interannual and
quasi-decadal) timescales on rainfall extremes. Section 4
is dedicated to investigating the influence of variability at
subseasonal (synoptic-scale and intraseasonal) timescales
on rainfall extremes. The results are then summarized
and discussed in section 5.

2 | DATA AND METHODOLOGY

2.1 | Investigating the variability of
extremes at low-frequency timescales

To investigate the variability of extremes during NDJF at
low-frequency timescales, the time series of two extreme
ISDs, that is, wet days (WDEXT) and total rainfall (TREXT)
associated with large- and small-scale extremes are
obtained from Part I. WDEXT (TREXT) is defined as the
average number of wet days (total rainfall amount)

ULLAH ET AL. 3
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associated with large- and small-scale extreme events in a
season. These descriptors are computed using daily rain-
fall fields from the observational network of 225 stations
(OBS) and deterministic members of ERA5 at a
0.25� × 0.25� global resolution over the period of 1975–
2015. The choice of two extreme ISDs, that is, wet days
and total rainfall is made because of the strong depen-
dence of total rainfall in NDJF on the number of wet days
associated with large-scale extremes, suggesting their key
role in shaping total rainfall variability.

To account for the timescale dependence of telecon-
nections, we use the Summer Rainfall Index (SRI), as
introduced by Dieppois et al. (2016) using the Climatic
Research Unit (CRU TS 3.23) and the Global Precipita-
tion Climatology Centre reanalysis version 7.0 (GPCC.
v7). SRI is here decomposed into two significant
timescales of variability using a fast Fourier transform:
2–8 years interannual variability (IV) and 8–13 years
quasi-decadal variability (QDV). The filtered SRI is linked
to distinct modes of Pacific variability, namely the ENSO
for IV and Interdecadal Pacific Oscillation (IPO) for QDV.

Monthly SST fields from the Extended Reconstructed
Sea Surface Temperature, version 5 (Huang et al., 2017)
of the National Climatic Data Centre are used for describ-
ing the large-scale climate background conditions modu-
lating South African rainfall extremes and analysing
teleconnections. This gridded data set is generated using
in situ data from the International Comprehensive
Ocean–Atmosphere Data Set release 3.0. In this release,
several improvements are made, notably in quality con-
trol, bias adjustment and interpolation techniques, allow-
ing for optimal reconstruction of sparse data over a
2� × 2� resolution grid (Huang et al., 2017). In addition, a

Niño3.4 index is calculated over the region of east-central
equatorial Pacific between 5�N and 5�S, 170�W and
120�W, to monitor the state of ENSO and compute partial
correlations of global SSTs, after linearly removing ENSO
influence.

2.2 | Investigating the variability of
extremes at subseasonal timescales

Observed daily rainfall data (OBS) from the Water
Research Commission of South Africa (http://www.wrc.
org.za; Figure 1a) is used for 225 stations spanning
50 years (1965–2015). As in Part I, these 225 stations are
selected based on two conditions: (1) stations with less
than 1% of missing values; (2) seasonality test, that is, sta-
tions for which 50% or more of the annual rainfall occurs
during the austral summer season (Crétat et al., 2012).

ERA5 reanalysis Copernicus Climate Change Service
(Hersbach et al., 2020) is the 5th generation reanalysis
available from the European Centre for Medium-Range
Weather Forecasts (ECMWF). Here we use the daily
rainfall field for the 1979–2015 period, taken from the
deterministic member at 0.25� × 0.25� global resolution
(Figure 1b). Other variables used to assess the physical
processes concerning statistical quantifications of extremes
include vertically integrated moisture divergence (VIMD)
and low-tropospheric moisture fluxes, which are derived
from specific humidity, u-wind and v-wind at 850 hPa.
Daily outgoing longwave radiation (OLR) fields are also
obtained from the ERA5 ensemble to redefine the recur-
rent synoptic-scale convective regimes, following the
methodology of Fauchereau et al. (2009).

FIGURE 1 Spatial distribution of the percentage of rainfall during ONDJFM for OBS (a) for ERA5 (b) and for TRMM (c). The

unqualified stations in (a) are indicated by black “×” symbols based on the seasonality test and/or other quality control measures [Colour

figure can be viewed at wileyonlinelibrary.com]
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Tropical Rainfall Measuring Mission (TRMM v.7)
3B42 product (Huffman et al., 2007) is used for
satellite-based estimation of extreme rainfall events.
TRMM precipitation product covers an area from 50�S–
50�N and 180�W–180�E, with a spatial resolution of
0.25� × 0.25�, from 1998 to the present on a 3-hourly
basis. The daily accumulated precipitation (combined
microwave and infrared) is used here from 1998 to
2015 (Figure 1c). This dataset allows for a gridded esti-
mation of rainfall, and corresponding extreme spells,
thereby forming a useful complement to rain-gauges
and reanalysis.

The MJO signal was extracted using two daily indices
of the Real-time Multivariate MJO (RMM) index
(Wheeler & Hendon, 2004), which uses 850 and 200 hPa
zonal winds from NCEP/NCAR reanalysis (Kalnay
et al., 1996) in addition to OLR daily fields.

2.3 | Examining the relationship
between rainfall extremes and low-
frequency timescales of variability

We first compute Pearson's correlation between global
SST anomalies and the number of wet days and total
rainfall associated with large- and small-scale extremes
(cf., section 3.1). The analysis is then followed by an
assessment of the timescale dependence of the telecon-
nections at the interannual and quasi-decadal timescales
(cf., section 3.2).

The behaviour of rainfall extremes during different
phases of IV and QDV is quantified using the Risk Ratio
(RR) metric, commonly used in climate attribution stud-
ies (Paciorek et al., 2018). RR is defined as the ratio of the
probability of an ISD under a factual scenario (PF), to
that probability under a counterfactual scenario (PCF).
Here, PF (PCF) corresponds to a period when a specific
timescale of variability (i.e., SRI at IV or QDV timescale)
is in the positive (negative) phase of the anomaly, and is
given by

RR=
PF

PCF
=

a
a+bð Þ

h i
IV jQDV

x
x+yð Þ

h i
IV jQDV

, ð1Þ

where a (b) is the sum of a given ISD (i.e., number of wet
days) when it lies in its positive (negative) phase of
anomaly, when IV or QDV is in a positive phase, repre-
senting the PF scenario. Similarly, x (y) is the sum of a
given ISD (i.e., number of wet days) when it lies in its
positive (negative) phase of anomaly, when the IV or
QDV is in the negative phase, representing the PCF

scenario. In addition, we also consider two thresholds
obtained by using standard deviations (SD) of SRI at IV
and QDV timescales to better quantify the behaviour of
extreme ISDs: (1) the RR of extreme events in the weaker
positive phase of SRI (PF: IV or QDV > 0 and <+0.5 SD),
as calculated concerning the weaker negative phase of
SRI (PCF: IV or QDV > −0.5 SD and <0); (2) the risk of
occurrence of extreme events in the strongly positive
phase of SRI (PF: IV or QDV >+0.5 SD), calculated con-
cerning the strong negative phase of SRI (PCF: IV or
QDV < −0.5 SD). Physical mechanisms responsible for
these changes in the RR metrics are assessed through
composite anomalies of vertically integrated moisture
divergence (VIMD) and moisture fluxes in each PF and
PCF scenarios (cf., section 3.3).

2.4 | Examining the relationship
between extremes and subseasonal
timescales of climate variability

2.4.1 | Seasonality and network-density tests

Rainfall fields from OBS, ERA5 and TRMM are first sub-
mitted to the seasonality test. Hence, only the grid-
points or stations for which 50% or more of the annual
rainfall occurs during the austral summer season are
retained (Figure 1a–c). Comparison with OBS may be
biased by the weaker density and anisotropy of the rain-
gauge network. Similarly, one can question whether the
OBS network is dense enough to detect all extreme
events, and more particularly small-scale events. To
address these questions, for gridded ERA5 and TRMM
fields, we alternatively consider all-grid-points (AGP),
or only those nearest to OBS (NN). The NN and AGP
fields of ERA5 (TRMM) have been named ERA5-NN
and ERA5-AGP (TRMM-NN and TRMM-AGP), respec-
tively. For conciseness, the results related to the NN
fields of ERA5 and TRMM are shown in Supporting
Information.

2.4.2 | Defining three types of rainfall
extremes based on duration and spatial
extension

To investigate the variability of extremes at subseasonal
timescales, we focus on the day-to-day variability of
large- and small-scale extremes in NDJF. We thus first
identify the days associated with large- and small-scale
extremes using the daily values of spatial fraction
(i.e., the number of stations or grid-points exceeds
simultaneously the local 90th percentile) and

ULLAH ET AL. 5
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complement this typology by introducing information
related to the duration of the extreme rainy events. This
allows us to differentiate between long-lived and short-
lived large-scale extreme events. The local rainfall
threshold is obtained as the 90th percentile for each sta-
tion or grid-point. It is computed based on a normal dis-
tribution, and we note that it does not significantly
differ from Gumbel and Gamma distribution (cf.,
Figure S1, Supporting Information), thereby suggesting
statistical robustness in the definition of the local rain-
fall thresholds.

Including duration in the definition of extreme
events is important since synoptic and intraseasonal
ranges of variability play a major role in shaping the
persistence of extreme events. On the one hand, the
average spatial fraction defines the spatial scale or
extent of the event and acts as a key to separate large-
scale and small-scale extreme rainfall spells (Part I). On
the other hand, their persistence acts as a parameter to
distinguish between long-lived and short-lived events.
Such characterization of rainfall extremes is not only
novel for the region, but also essential to better under-
stand the behaviour of rainfall extremes and their
impacts, first in observations over recent years, and then
under changing climate.

Large-scale long-lived events form a category of rain-
fall extremes that may potentially lead to high environ-
mental and societal impacts. To date, the literature offers
no clear statistical definition of such spells for the region.
Part I depicts an average persistence of large-scale
extreme events of 2 ± 1 days in observations. Based on
the actual largest persistence values found over the study
period and considering twice higher standard deviation,
we retained a minimum threshold of at least 5 days as
the best compromise to identify large-scale long-lived
events. The definition of large-scale long-lived events
should be used with caution since: (1) such spells are not
defined based on their consequences on the environment
and societies, but from an atmospheric point of view,
considering the characteristics of the rainfall field itself;
(2) we hypothesize that an event with larger spatial
extension and longer persistence, therefore bringing huge
amounts of water, is more likely to have major conse-
quences for the regional water budget than other types of
rainfall events.

Large-scale short-lived events are the counterpart
of the previous type, but with a persistence of fewer
than 5 days. Collectively, large-scale extreme rainfall
events, regrouping short-lived and long-lived types,
are important for the regional water balance since
such events contribute to more than half of the total
rainfall in the austral summer (Part I). The remaining

type of rainfall extremes corresponds to small-scale
events, whose contribution to the total rainfall budget
is much weaker (Part I). The persistence of these local-
ized extremes may not provide a meaningful metric
because they are more rarely embedded in large-scale
circulation patterns likely to last more than a few
hours/days. Thus, we consider small-scale extremes as
a single category.

Overall, the different types considered in this work
may be summarized as follows:

Large-scale long-lived events
Spatial fraction ≥ 7% and persistence ≥ 5 days
Large-scale short-lived events
Spatial fraction ≥ 7% and persistence < 5 days
Small-scale events
Spatial fraction < 7%

2.4.3 | Characterizing the relationship
between rainfall extremes and synoptic-scale
variability

We first recalculate and update the work of Fauchereau
et al. (2009) by applying the k-means algorithm on the
latest available daily OLR fields from 10 ensemble mem-
bers of ERA5 reanalysis between 1979 and 2015. OLR
regimes are used as archetypes of the synoptic-scale con-
vective variability over the region in NDJF. Figure S2 dis-
plays seven robust convective regimes based on ERA5 for
NDJF, affecting southern Africa (Fauchereau et al.,
2009). Three regimes (#5, #6 and #7) correspond to the
typical signatures of TTT systems. Regime #5 refers to
continental TTTs, which bring heavy convective rainfall
over South Africa, while regimes #6 and #7 are shifted
northeastwards, thereby bringing rainfall over the
Mozambique Channel, Madagascar, and the southwest
Indian Ocean (Macron et al., 2014, 2016; Pohl et al.,
2018). Regimes #3 and #4 are generally associated with
enhanced subtropical and extratropical convection,
respectively, while regimes #1 and #2 refer to the drier
conditions over South Africa (Figure S2). OLR anomalies
shown here tend to be of larger magnitude than in Fau-
chereau et al. (2009), possibly due to a higher time sam-
pling of the diurnal cycle of atmospheric convection in
ERA5, and/or a much-increased spatial resolution com-
pared to NOAA's satellite estimates. By applying the
methodology proposed by Fauchereau et al. (2009) on
the OLR fields from 10 ensemble members of ERA5, the
regime for each day of NDJF season from 1979 to 2015 is
identified and used for the comparative analysis with
large- and small-scale extremes in this study (cf.,
section 4.1).

6 ULLAH ET AL.
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2.4.4 | Characterizing the relationship
between rainfall extremes and intraseasonal
variability related to MJO

Large-scale atmospheric convective patterns associ-
ated with the eight phases of the MJO over southern
Africa are first obtained (Figure S3). The strongest wet
and dry anomalies over South Africa are found during
MJO phases #6–7 and #2–3, respectively, while mod-
erate anomalies occur during other phases thereby
corroborating Macron et al. (2016) and Grimm (2019).
In NDJF, convective clusters associated with the MJO
develop at phase #1 over the tropical Indian Ocean.
The convective activity strengthens and propagates
eastwards (phases #2–4) and reaches the Maritime
continent (phases #4–5), before shifting to the Pacific
(#5–6), American, and eventually Atlantic sectors
(phases #7–8–1). During these MJO phases, clear-sky
conditions tend to prevail over equatorial Africa and
the nearby Indian Ocean (Wheeler & Hendon, 2004)
but in phase #8 this situation starts changing again
(Grimm, 2019). Two daily indices of MJO (phase
and amplitude) of the RMM index are used
to compare with rainfall extremes in this study
(cf., section 4.2).

2.4.5 | Characterizing the combined
influence of synoptic and intraseasonal
variability of MJO on rainfall extremes

The combined influence of synoptic and intraseasonal
variability on rainfall fields over southern Africa has
already been studied (Hart et al., 2013; Macron
et al., 2016; Pohl et al., 2009). Here, we attempt to
investigate how synoptic and intraseasonal variability
influence different types of extremes and can combine
their respective influence. Potential changes in the
occurrence and intensity of rainfall extremes during
different OLR regimes and MJO phases are explored
using contingency analysis by considering all possible
combinations between OLR regimes and MJO phases
(giving 56 different combinations; cf., section 4.3). To
quantify potential dampening and/or enhancement in
the intensity of extremes, we first compute the average
of all 56 classes. The behaviour of each “class” is then
presented in terms of anomaly against that mean value,
and for each type of extreme (cf., section 4.3). Risk
Ratio assessment is also used here to further explore
the combined influence of MJO and synoptic-scale con-
vective regimes on the number of large- and small-scale
extremes and is given by

RR=
PF

PCF
=

a
a+bð Þ

h i
OLR regime and MJO phase of interest MJO>1:0RMMð Þ

x
x+yð Þ

h i
OLR regime and MJO phase of interest MJO<1:0RMMð Þ

,

ð2Þ

where a (b) is the sum of extreme (nonextreme) days
when MJO >1.0 RMM, representing the PF scenario. Sim-
ilarly, the x (y) is the sum of extreme (non-extreme) days
when MJO < 1.0 RMM, representing the PCF scenario.
Following section 2.3, the composite anomalies of VIMD
and moisture fluxes in each PF and PCF scenarios is also
provided (cf., section 4.4).

3 | RAINFALL EXTREMES AT
LOW-FREQUENCY TIMESCALES
VARIABILITY

3.1 | Teleconnections of extremes with
global SSTs

We first analyse the seasonal rainfall amounts due to
daily extremes, and their contribution to seasonal rainfall
totals. For each austral summer season between 1979 and
2015, Figure 2 presents the respective contribution of
small-scale and large-scale extremes to total rainfall, as a
function of the seasonal amounts. Rainfall extremes are
responsible for a larger proportion of total rainfall when
the austral summer rainfall amounts are low. This nega-
tive relationship is significant at 95% for both large-scale
and small-scale extremes, and according to OBS and
ERA5 reanalysis (Figures 2a,b and S4a). It denotes a
weaker interannual variability of the rainfall amounts
due to daily extremes than those caused by non-extreme
rainy days. These same time series are also represented
as a function of the seasonal mean Niño3.4 index during
the same austral summer seasons (Figures 2c,d and S4b).
The negative relationship between total austral summer
rainfall and Niño3.4 is confirmed and is here extended to
the seasonal amounts resulting from both small-scale and
large-scale extremes. However, the ENSO dependency of
the latter appears weaker than seasonal amounts. In the
following, we further explore the driving mechanisms
responsible for such changes, from 1 year or group of
years to another, in seasonal extreme occurrence, and
corresponding rainfall amounts.

Correlations between global SST fields and the sea-
sonal occurrence of large- and small-scale extremes in
NDJF are shown in Figure 3a, and the correlations
between global SST fields and total rainfall associated
with large-scale, small-scale and non-extreme rainfall

ULLAH ET AL. 7
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totals are in Figure 4a. The contributions of these differ-
ent rainfall types (in terms of percentage) to seasonal
rainfall totals are also assessed with global SSTs
(Figure 4b). To better identify potential sources of vari-
ability in the Atlantic, Southern and Indian Oceans,
always strongly cross-correlated to ENSO these analyses
have all been replicated after removing linearly the influ-
ence of ENSO (Figures 3b and 4c,d).

La Niña conditions have been identified in many pre-
vious studies as favourable to anomalously wet rainy sea-
sons in southern Africa in austral summer. Figure 3a
shows that they also favour the occurrence of large- and
small-scale extreme events. Moreover, a warmer north
Atlantic Ocean and west tropical Atlantic significantly
favour the occurrence of extremes, especially large-scale
ones (Figure 3a,b). Similarly, a colder Indian Ocean,

FIGURE 2 The contribution of large- and small-scale extremes (in percentage) to total rainfall during NDJF for OBS (a) and for

ERA5-AGP (b). Seasonal total rainfall, total rainfall associated with large- and small-scale extremes as a function of Niño3.4 index is

presented in (c) and (d) for OBS and ERA5-AGP, respectively [Colour figure can be viewed at wileyonlinelibrary.com]
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tropical east Atlantic Ocean and subtropical south
Atlantic Ocean seem to favour the occurrence of small-
scale extremes (Figure 3a). After linearly removing the
influence of ENSO, we note that the correlation
between large-scale extremes and SSTs in the north
tropical Atlantic and subtropical south Atlantic is
higher (Figure 3b). Interestingly, large-scale extremes
are more strongly related to warmer SSTs in the north-
west Indian Ocean, after removing the ENSO influence
(Figure 3b), as observed during the anomalously wet
summer following the 1997/1998 El Niño event
(Lyon & Mason, 2007).

After removing ENSO influence, teleconnections
with small-scale extremes become weaker (Figure 3b).
ERA5 data suggest a significant relationship with the

subtropical Indian Ocean dipole (Dieppois et al., 2016,
2019; Pohl et al., 2018; Reason, 2001; Washington &
Preston, 2006), but these results are not confirmed by
OBS. By contrast, our results suggest that the variations
in SSTs over the tropical southeast Atlantic mainly affect
small-scale extremes in South Africa. Interestingly, orga-
nized correlation patterns of SSTs for large- and small-
scale extremes are remarkably consistent using OBS and
ERA5. The potential role of the tropical southeast Atlan-
tic and associated Angola Current has been notably docu-
mented in previous studies (Desbiolles et al., 2020;
Grimm & Reason, 2011; Rouault et al., 2003).

Figure 4 displays the correlation between global SSTs
and total rainfall fields. Here, once again, La Niña condi-
tions appear to favour wet conditions, including rainfall
totals associated with large- and small-scale extremes,
and non-extreme rainfall over South Africa. These results
are consistent in all datasets (Figure 4a), confirming the
results of Figure 2. Warmer conditions over the north
Atlantic and west tropical Atlantic are also linked to rain-
fall caused by large- and small-scale extremes, especially
in OBS (left and middle column panels in Figure 4a).
Warm SST anomalies around the southern tip of the Afri-
can continent (southeast Atlantic and southwest Indian
Oceans) and cold SST anomalies in the Southern Ocean
also tend to relate to total rainfall associated with large-
and small-scale extremes (left and middle column panels
in Figure 4a). However, these correlations are not signifi-
cant with non-extreme rainfall (right column panel in
Figure 4a). The latter appears better correlated with
the south Atlantic Ocean and equatorial Indian Ocean
(right column panel in Figure 4a), besides the equatorial
central-east Pacific Ocean.

As illustrated in Figure 4b, the contribution of large-
and small-scale extremes to total rainfall is positively
correlated with the equatorial Pacific SSTs, suggesting
that the contribution of extreme events to total rainfall
is greater during El Niño and lower during La Niña.
This may appear contradictory because drier conditions
tend to prevail during El Niño (Crétat et al., 2012). Pohl
et al. (2007) also suggested a larger influence of the MJO
on South African rainfall during El Niño events, despite
seasonal droughts. Here, this result is due to the stron-
ger influence of ENSO on non-extreme days, while
extreme-related rainfall is more constant interannually
(Figure 2).

To better identify potential sources of variability in
the Atlantic, Southern and Indian Oceans, this analysis
is replicated after removing linearly the influence of
ENSO on global SSTs (Figure 4c,d). When the ENSO
influence is removed, correlations with the tropical
Atlantic are stronger, for both large- and small-scale
extremes (left and middle column panels in Figure 4c).

FIGURE 3 The correlation to global SST fields with the

number of large- and small-scale extremes in the austral summer

over the period of 1979–2015. The set of four panels in (a) refers to

the correlation to global SSTs with the number of large-scale

extremes (left panels) and for small-scale extremes (right panels) for

OBS and ERA5-AGP. The same figure distribution is applied in (b),

but the correlations are computed after removing the influence of

ENSO. Niño3.4 index is used to compute partial correlations of

global SSTs. Regions with solid contours indicate the correlations

are significant at the 95% confidence level according to a Student's

t test [Colour figure can be viewed at wileyonlinelibrary.com]
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In OBS, the relationship between the eastern and tropi-
cal Indian Ocean and small-scale extremes also
strengthens, but this is not the case for ERA5 (middle
column panels in Figure 4c). The relationship between
extreme conditions and SST anomalies in the Southern
Ocean tend to weaken (Malherbe et al., 2016), which
may be due to the interdependency between ENSO
and the phase of the SAM in austral summer (Pohl
et al., 2010). The influence of SIOD on large-scale
extremes (left column panels in Figure 4d) is also clearer,
in OBS, after removing ENSO influence, thereby suggest-
ing a potential, yet secondary, influence on rainfall
extremes in South Africa.

These results are consistent with previous studies that
identified significant associations between southern Afri-
can rainfall and SST changes in the Pacific (Dieppois
et al., 2016, 2019), the southern Indian Ocean (Hoell &
Cheng, 2018) and the Atlantic Ocean (Pomposi
et al., 2018; Rapolaki et al., 2019, 2020). We complement
these studies by assessing how these teleconnections also
modify the occurrence of rainfall extremes, with a dis-
tinction made between small-scale and large-scale events
as such analyses are meant to better identify their large-
scale drivers.

3.2 | Timescale dependence of rainfall
extremes

Figure 5 displays the linear correlation of the number of
wet days and total rainfall associated with large- and
small-scale extremes with the SRI filtered at interannual
(IV) and quasi-decadal (QDV) timescales (Figure 5a,b), as
in Pohl et al. (2018). A strong relationship between IV
and the number of wet days associated with large-scale
extremes is found using all datasets with a correlation
between 0.70 and 0.72 (Figure 5a). The number of small-
scale extremes seems weakly influenced at the IV time-
scale with correlations between 0.30 and 0.32 (Figure 5b).
At the IV timescale, we note a consistent response of total
rainfall associated with large- and small-scale extremes
where all datasets show statistically significant correla-
tions between 0.51 and 0.69 (Figure 5c,d). It is interesting
to note that the number of small-scale extremes is weakly
modulated at the IV timescale while the total rainfall at
that timescale is strongly modulated. This could be due
to the regional- to local-scale perturbations such as
weaker TTTs and/or mesoscale convective complexes
(MCCs) may have a larger influence on the number of
small-scale extremes. In Part I, we note that small-scale

FIGURE 4 The correlation to global SST fields with total rainfall in the austral summer over the period of 1979–2015. The set of six
panels in (a) refers to the correlation to global SSTs with total rainfall associated with large-scale extremes, small-scale extremes, and non-

extreme rainfall (distributed column-wise from left to right, respectively) for OBS and ERA5-AGP. The set of six panels in (b) refers to the

contributions of total rainfall associated with large-scale extremes, small-scale extremes, and non-extreme rainfall to total rainfall

(distributed column-wise from left to right, respectively) for OBS and ERA5-AGP. The same figure distribution is applied in (c) and (d) but

the correlations are computed after removing the influence of ENSO. Niño3.4 index is used to compute partial correlations of global SSTs.

Regions with solid contours indicate the correlations are significant at the 95% confidence level according to a Student's t test [Colour figure

can be viewed at wileyonlinelibrary.com]
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extremes were largely embedded in non-extreme but spa-
tially coherent rainfall events while extreme conditions
were mostly located over the northeastern parts of
South Africa (cf., Figures S4 and S5; Part I), a region
known to be affected by MCCs (Blamey & Reason, 2013).

At the QDV timescale, all datasets show correlations
between SRI and the number of both types of extremes of
about 0.20 and 0.35 (Figure 5a,b). In contrast, the rela-
tionship of total rainfall associated with large-scale
extremes is stronger at the QDV timescale, with correla-
tions of about 0.48 and 0.50 (Figure 5c,d). However, the
linear correlations at the QDV timescale are not signifi-
cant according to the Bravais-Pearson test at p = 0.05
accounting for the autocorrelation in the time series. The
latter dramatically decreases the actual number of
degrees of freedom, thereby leading to a biased signifi-
cance assessment.

3.3 | Risk assessment at low-frequency
timescales

To better assess the potential variations in ISDs at IV and
QDV timescales, we estimate these variations through
changes in the risk ratio RR. Figure 6a displays the RR
metric for the number of wet days associated with large-
and small-scale extremes computed for the weaker posi-
tive phase (PF: IV >0 and IV < +0.5 SD) with respect to
the weaker negative phase (PCF: IV > −0.5 SD and
IV < 0) of IV timescale using OBS and ERA5-AGP. For
large-scale extremes, OBS and ERA5-AGP show RR of
about 1.32 and 1.41, respectively, with a narrow bin of
confidence interval between 1 and 2 (Figure 6a). This
suggests that the number of large-scale extremes at the
weaker positive phase of IV timescale could be 32%–41%
higher as compared to the weaker negative phase of IV

FIGURE 5 Anomalies of extremes ISDs (blue bars), SRI at the IV timescale (brown line) and SRI at the QDV timescale (red line) are

presented in four panels for wet days associated with large-scale extremes (a) and small-scale extremes (b), distributed row-wise from top to

bottom for OBS and ERA5-AGP, respectively. The same figure distribution is applied in (c) and (d) but the analysis is performed for total

rainfall associated with large- and small-scale extremes. The correlation of each ISD with IV (QDV) is displayed at the bottom (top) of each

panel using the same colour as used for their timeseries. The y-axis on left-hand-side in each panel is used to display the unit of ISDs while

the y-axis on right-hand-side is commonly used for SRI corresponding to IV and QDV index. The correlations marked with “*” are
significant at p = 0.05 according to the Bravais–Pearson test [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Estimated risk ratio computed for wet days associated with large- and small-scale extremes computed for the PF scenario,

i.e., the period when IV >0 and <+0.5 SD (weaker positive phase of IV) with respect to PCF scenario i.e., the period when IV > −0.5 SD and

<0 (weaker negative phase of IV) (a). The red (white) symbols represent the numerical position of risk ratio for large-scale extremes (small-

scale extremes) computed at p = 0.05. The horizontal expansion of stripes (blue and brown for large- and small-scale extremes, respectively)

represents the minimum and maximum limits of the 95% confidence interval. RR = 1.0 corresponds to an equiprobable risk of occurrence of

extremes either in PF scenario or in PCF scenario. A risk ratio above or below 1.0 can be interpreted with a factor, for instance, 0.2, 0.4 and

0.6 indicate a 20%, 40% and 60% higher risk of occurrence of extremes during PF scenario as compared to the PCF scenario or vice versa if

below 1.0. The composite anomalies of vertically integrated moisture flux divergence (g�kg−1�m−2) and moisture flux (g�kg−1�ms−1) at

850 hPa for both periods which are considered to compute the risk ratio are shown in (b) and (c) where only those anomalies are shown

which are significant at 95% confidence level according to the one-tailed Student's t test. The panels are distributed similarly in the second

row but here the risk ratio for large- and small-scale extremes is computed for the PF scenario, that is, the period when IV > +0.5 SD (strong

positive phase of IV) with respect to PCF scenario, that is, the period when IV < −0.5 SD (strong negative phase of IV) (d–f) [Colour figure
can be viewed at wileyonlinelibrary.com]

FIGURE 7 Same as Figure 6 but for QDV timescale [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 Legend on next page.
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timescale. Figure 6b,c shows the composite anomalies of
VIMD and moisture flux at 850 hPa corresponding to PF
and PCF scenario, respectively. Weaker anomalies prevail
during both scenarios yet during PF scenario, slightly
higher convergence over the northeastern and some cen-
tral domains of South Africa are quite notable which are
leading to a 32%–41% rise in the risk of occurrence of
large-scale extremes as compared to PCF scenario.

Figure 6d shows a similar analysis but RR is com-
puted for the number of days associated with extreme
events occurring during the stronger positive phase (PF:
IV > +0.5 SD) with respect to the number of days associ-
ated with the extreme events occurring during the stron-
ger negative phase (PCF: IV < −0.5 SD) of the IV
timescale. OBS and ERA5-AGP indicate a RR of nearly
5 with a confidence interval of about 3–7 suggesting; (1) a
400% higher risk on the numbers of large-scale extreme
wet days when IV lies in a strong positive phase, as com-
pared to its stronger negative phase; (2) larger confidence
interval suggests anomalously wet conditions with a
higher number of large-scale extremes (Figure 6d). In
OBS, small-scale extremes are more frequent during the
PF scenario of IV timescale with a RR of about 1.89 with
a narrow bin of confidence interval suggesting that the
number of such extremes is less variable (Figure 6d).
Extended to Madagascar, wet and dry dipole conditions
clearly prevail over 20�S during PF and PF scenarios of IV
timescale (Figure 6e,f). Figure 6e clearly represents the
moisture flux convergence over South Africa during
strong La Niña conditions. Another notable signal is the
location of Angola low, which is known as a tropical
source of convergent moisture that can next be embedded
in TTTs (Reason & Jagadheesha, 2005). This could result
in increased occurrence of large-scale extremes during
the seasons when IV > +0.5 SD. Such moisture flux
anomalies as shown in Figure 6e are also well discussed
by Hoell and Cheng (2018) as they identified such anom-
alies because of La Niña and positive SIOD phasing. In
such cases, cyclonic circulation prevails over southern
Africa and anticyclonic circulations over Madagascar and
the adjacent Indian Ocean. Nearly opposite features of
VIMD and moisture fluxes appear during the composites
of the seasons when IV < −0.5 SD. Here, strong divergent

anomalies represent departure of moisture from southern
Africa thus enhancing dry conditions (Figure 6f).

Figure 7a displays the risk ratio assessment for the
number of large- and small-scale extremes computed for
the weaker positive phase (PF: QDV >0 and QDV < +0.5
SD) with respect to the weaker negative phase (PCF:
QDV > −0.5 SD and QDV < 0) of SRI at QDV timescale.
OBS data show a RR of 1.32 with a confidence interval
between 0.94 and 1.85, suggesting that the numbers of
large-scale extremes are typically 32% higher in the PF
scenario of QDV timescale as compared to PCF
(Figure 7a). The convergence signals found over southern
Africa during PF scenario of QDV timescale may related
to the moisture transport patterns associated with SICZ,
which is formed by the convergence between the South
Atlantic westerlies and the South Indian easterlies
(Figure 7b). However, during PCF scenario of the QDV
timescale, we note a strong cyclonic circulation over
Madagascar and southeast Indian Ocean, with moisture
convergence over Madagascar and divergence from east-
ern parts of southern Africa (Figure 7c). Such anomalies
indicate: (1) strong equatorial moisture anomalies over
Indian Ocean and southernly anomalies over southern
Africa; (2) strong influence of the Indian Ocean warming
on low-level circulation and moisture, all together bring-
ing dry conditions over the regions (at least for the large-
scale extreme events).

No substantial change in the RR metric emerges in
the number of large-scale extremes when QDV lies in
its strong positive phase (PF: QDV > +0.5 SD), with
respect to its strong negative phase (PCF: QDV < −0.5
SD: Figure 7d). However, OBS and ERA5-AGP show a
RR of about 1.29–1.35 for large-scale extremes with a
confidence interval varies in between 1.06 and 1.58,
suggesting that such extremes could be 29%–35%
higher, and can be increased by up to 58%, during PF
scenario of QDV timescale as compared to its PCF sce-
nario. For small-scale extremes, both datasets show a
RR of about 1.49–1.91 with a confidence interval
between 1.38 and 2.1 (Figure 7d). Notably, the RR for
small-scale extremes is slightly higher as compared to
the RR of large-scale extremes, this suggests that vari-
ability at the QDV timescale has a larger influence on

FIGURE 8 Intraseasonal calendar of extreme rainfall typology for OBS (1965–2015), ERA5-AGP (1979–2015), and TRMM-AGP (1998–
2015) for the extended austral summer season ONDJFM. Large-scale long-lived (large-scale short-lived) rainfall spells for OBS, ERA5-AGP

and TRMM-AGP are presented in red symbols “▲,” “◆” and “●” (blue symbols “▲,” “◆” and “●”), respectively. Small-scale events are

displayed in black symbols “�” regardless of the dataset. The shape of the symbol represents the dataset, and the colour represents the type of

the event (i.e., large-scale long-lived or short-lived) which is based on the duration of the persistence of a spell. The intraseasonal calendar is

produced for extended austral summer season (October–March) and distinct baseline periods depending on data availability (OBS: 1965–
2015, ERA5: 1979–2015 and TRMM: 1998–2015). The extended season is selected here to investigate the occurrence of large-scale long-lived

events during onset (October) and cessation (March) months of core rainy season [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 The co-occurrence of different types of rainfall extremes identified by OBS, ERA5 and TRMM during NDJF over the period

of 1979–2015 in seven OLR regimes produced by 10 ensemble members of ERA5. Panels are distributed row-wise from top to bottom for the

days associated with large-scale long-lived events (a), large-scale short-lived events (b) and small-scale events (c). The reference values are

displayed at the upper-right corner of each panel in red letters (i.e., the total number of days of associated with respective type of extreme

events identified by each dataset). Colour shading displays how these reference values are distributed in terms of percentage in seven OLR

regimes produced by 10 ensemble members of ERA5 [Colour figure can be viewed at wileyonlinelibrary.com]

ULLAH ET AL. 15

 10970088, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/joc.8059 by C
ochrane France, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


the numbers of small-scale extremes (Figure 7d). The
RR value is lesser in OBS for small-scale extremes as com-
pared to ERA5-AGP suggesting: (1) a critical deficiency of

network density in OBS particularly for small-scale
extremes; (2) the viability of using ERA5-AGP to deal with
the network density issue in OBS.

FIGURE 10 Same as Figure 9 but for intensity except the reference values are displayed at the upper-right corner of each panel in red letters

are the average intensity of respective type of extreme events identified by each dataset [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 7e,f displays the composite anomalies of VIMD
and moisture flux for PF and PCF scenarios related to
strong opposite phases of the QDV timescale. During PF
scenario, an easterly moisture flux from the South Indian
Ocean is quite notable over tropical southern Africa
(above 15�S), the moisture flux then propagates toward
the southwestern regions before converging over the
northeastern parts of South Africa (Figure 7e). Dieppois
et al. (2016) suggest that the moisture fluxes from the
Indian Ocean converge with southeasterly moisture
fluxes from the South Atlantic High, thereby strengthen-
ing the SICZ and this relates to a northward shift of the
Intertropical Convergence Zone (ITCZ), north of
Madagascar from the western Indian Ocean to central
Africa.

The results of RR for small-scale extremes shown by
OBS and ERA5-AGP are in line with the previous sec-
tion, where we note that the total rainfall associated with
small-scale extremes is well correlated with the SRI at
QDV timescale (cf., Figure 5c). Second, shallow conver-
gence and weaker moisture flux over South Africa indi-
cate why the risk of large-scale extremes is comparatively
lesser than the risk of small-scale extremes.

In this section, we attempt to quantify changes in the
occurrence of extreme events using the varying magni-
tude of SRI on IV and QDV timescales. The SRI is a rain-
fall index, selected over a homogeneous region and
partially shaped by extremes itself. This suggests that the
SRI and daily extremes are not independent of each
other, due to the major contribution of large-scale
extremes to rainfall totals (Part I). The quantifications

made using RR are in line with the physical mechanism
shown via changes in the moisture fluxes and divergence.
We note that the effect of the SRI at IV timescale on the
RR is particularly stronger for the large-scale extremes.
The analysis presented in section 3 is also provided for
NN fields of ERA5 in Figures S4–S7.

4 | RAINFALL EXTREMES AT
SUBSEASONAL TIMESCALES

In this section, we attempt to quantify the changes in
daily rainfall extremes at subseasonal (synoptic-scale and
intraseasonal) timescales. To that end, we first comple-
ment the typology of rainfall extremes with duration sta-
tistics (section 2.4.2) prior to investigating the
characteristics of extremes. Figure 8 shows an intraseaso-
nal calendar of complemented typology of rainfall
extremes. All days associated with large-scale long-lived
events in OBS are also identified using the all-grid-points
fields of ERA5 and TRMM. A similar analysis is then
applied to the nearest neighbour fields of ERA5 and
TRMM where both datasets generally show remarkable
efficiency in monitoring large-scale long-lived extremes
(Figure S8). This allows us to conclude that the density of
the observational network (i.e., 225 stations) seems suffi-
cient to detect most large-scale long-lived rainfall spells.
Figure 8 also shows that the occurrence of large-scale
long-lived extremes in the onset and cessation months of
the austral summer is substantially fewer than during the
core of the rainy season. No event is detected by OBS dur-
ing October and only one in March of 1975/1976 sum-
mer, except a few spells detected by ERA5 and TRMM in
March (Figures 8 and S8). A list of large-scale long-lived
rainfall spells identified by OBS is provided in Table S1.

4.1 | Characteristics of rainfall extremes
in synoptic-scale convective regimes

Figure 9 displays the co-occurrence of different types of
rainfall extremes identified by OBS, ERA5 and TRMM in
each synoptic-scale convective regime. About 45%–50% of
days associated with large-scale long-lived events occur
during regime #5, corresponding to the continental TTT
events whereas about 20%–30% of these days occur dur-
ing regimes #3 and #4, respectively (cf., Figure S2). The
days associated with large-scale short-lived events, which
are more frequent than large-scale long-lived ones,
mostly occur during the same regimes (#3, #4 and #5:
Figure 9b). These results are consistent in OBS, ERA5
and TRMM, albeit a slightly lower contribution for the
two latter (Figure 9b). Small-scale extremes are more

FIGURE 11 The box and whisker plots display the active MJO

variability during NDJF from 1979 to 2015 computed by

considering only those days in each phase where the amplitude

exceeded 1.0 RMM index. The lower and upper end of red box

show the lower and upper quartile, respectively, while the black

line indicates the median of the distribution. The whiskers at the

bottom and top indicate the lower and upper extreme of the

distribution. The black “◆” and blue symbols “●” indicate mean

and outliers of the distribution, respectively [Colour figure can be

viewed at wileyonlinelibrary.com]
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likely during regimes #3 and #5 with a contribution of
25% and 20%, respectively (Figure 9c). The days associ-
ated with large-scale events occur largely during synop-
tic regimes #3 to #5 describing the precursors and then
the mature phases of continental TTT systems (Fauchereau
et al., 2009). However, according to the lead–lag composites
of circulation and convection anomalies associated with
different bands of intraseasonal variability in southern
African monsoon, presented by Silvério and Grimm
(2022), the TTT pattern (here identified as the regime
#5) is part of the evolution of these anomalies and is

preceded and followed by anomaly patterns like regimes
#3 and #6.

Regarding the daily average intensity of each type of
extreme event during different OLR regimes, we note
that large-scale long-lived events appear slightly more
intense during regime #5, with an average intensity
exceeding 60 mm�day−1 in OBS and TRMM (Figure 10a).
This is consistent with previous studies (Hart et al., 2013;
Macron et al., 2014), showing that TTTs produce heavier
and more extreme rainfall than normal. In OBS, the over-
all average intensity of large-scale short-lived events is

FIGURE 12 The occurrence and intensity of different types of rainfall extremes during NDJF in convective regimes associated with

eight MJO phases during the period of 1979–2015. Panels on the left (right) refer to the occurrence (intensity) and are distributed row-wise

from top to bottom for the days associated with large-scale long-lived events (a), large-scale short-lived events (b), and small-scale events (c).

The reference values (i.e., the total number of days or average intensity of respective type of extreme events as identified by each dataset) are

displayed inside each panel. The reference values are computed by considering only those days in each phase where the amplitude exceeded

1.0 RMM index of the MJO [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 13 Legend on next page.
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44.33 mm�day−1 but regime-to-regime differences are
substantially larger (OBS panel in Figure 10b). Large-
scale short-lived events tend to be 8%–23% more intense
in regimes #5 and #6 even though they are less likely
during regime #6 (Figure 10b). Such higher intensity dur-
ing regimes #5 and #6 is also found in ERA5 and TRMM,
but they underestimate the average intensity of large-
scale short-lived events (Figure 10b).

Small-scale extremes also display slightly higher
intensity during regimes #5 and #6 where OBS
shows an average intensity of about 48 mm�day−1 as
compared to 40–44 mm�day−1 during other regimes
(Figure 10c). In ERA5, no remarkable differences
appear in the intensity of small-scale events across dif-
ferent regimes and ensemble members (ERA5 panels in
Figure 10c). Overall, intermember differences are lower
for small-scale extremes, while, for other types of
extremes, the behaviour of ensemble members is
slightly more variable.

4.2 | Characteristics of rainfall extremes
in different MJO phases

As illustrated in Figure 11, between 1979 and 2015, 63%
of austral summer days are associated with active MJO
variability (Amplitude >1). To assess the regional
response of MJO phases on different types of rainfall
extremes, we assess how the numbers of extremes, and
their corresponding intensities, vary according to the
MJO phases (Figure 12).

Around 9%–27% of days associated with large-scale
long-lived events occur in MJO phases #7 and #8 as
shown by OBS and ERA5-AGP, while in phase #4 these
datasets indicate 11% to 12% of days associated with such
events (left panel in Figure 12a). TRMM shows different
results and yields higher numbers of days associated with
large-scale long-lived events during MJO phases #2 and
#3, questioning the robustness of this dataset (left panel
in Figure 12a). Particularly in OBS, we note that days of
large-scale long-lived events are more intense during
MJO phases #7 and #8, with an average intensity exceed-
ing 50 mm�day−1 (right panel in Figure 12a).

The number of wet days associated with large-scale
short-lived extremes are higher in austral summer dur-
ing MJO phases #6–8 (28%–37%), moderately frequent
in phases #3–5 (21%–24%) and less frequent in phases
#1–2 (7%–11%), and these results are consistent for all
datasets (Figure 12b). The intensity of large-scale short-
lived extremes appear slightly lower during phases #1–
2, while an extremely high-intensity signal in OBS is
notable during phases #3–8 with an average intensity
of about 41.05–47.86 mm�day−1 (right panel in
Figure 12b). Similar results emerge for the number of
days associated with small-scale extreme events, where
MJO phases #1–2, #3–5 and #6–8 show frequencies of
about 8%–12.5%, 21.5%–26.5% and 26.5%–30.5%, respec-
tively (left panel in Figure 12c). No remarkable inter-
phase differences appear for the intensity of small-scale
extreme events (right panel in Figure 12c). Overall,
regardless of the type of extreme events, we note there-
fore that the numbers of extremes are lesser in MJO
phase #1–2, moderate in #3–5 and higher in #6–8.
These coherent and successive groups of MJO phases
are referred to hereafter as dry, moderate, and wet MJO
phases, in the context of South African rainfall
extremes.

4.3 | Characteristics of rainfall extremes
during the combined influence of synoptic-
scale (OLR regimes) and intraseasonal
variability (MJO)

We assess here the combined influence of synoptic-scale
convective regimes and MJO phases on the different
types of extremes. Contingency analysis is provided for
the number of days associated with different types of
extremes and their corresponding intensity in Figures 13
and 14, respectively.

In Figure 13a, OBS and ERA5 suggest that the days
associated with large-scale long-lived events are largely
occurring in regimes #3 to #5 during moderate and wet
MJO phases. Large-scale short-lived events also exhibit
few notable and robust associations: (1) regime #5 with
phase #6 with a contribution of 6%–8% of days according

FIGURE 13 Concomitance between OLR regimes and MJO phases for number of days associated with different types of extremes

during NDJF over the period 1979–2015, distributed row-wise for the days associated with large-scale long-lived events (a), large-scale short-

lived events (b), and small-scale events (c). For 8 phases of the MJO, only those days are considered in which the MJO amplitude exceeded

1.0 RMM index. The panels indicated by “*” are significant according to the chi-square test at p = 0.05. The reference values are the total

number of days of a respective type of extreme event identified by datasets and displayed at the bottom-left corner of each panel in bold red

letters. Colour shading displays how these reference values are distributed in terms of percentage in 56 combinations produced by seven

synoptic-scale convective regimes and eight MJO phases. For the combined influence of OLR regimes and MJO phases, the OLR field from

the first ensemble member of ERA5 is used [Colour figure can be viewed at wileyonlinelibrary.com]

20 ULLAH ET AL.

 10970088, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/joc.8059 by C
ochrane France, W

iley O
nline L

ibrary on [20/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


FIGURE 14 Legend on next page.
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to all datasets (Figure 13b); (2) regime #3 with phase #3
in OBS and TRMM for 6% of days, although this signal is
not identified in ERA5 (Figure 13b). Finally, days associ-
ated with small-scale extreme events are nearly equiprob-
able in almost all 56 concomitance classes. They appear
slightly more frequently in regime #3 under moderate
and wet MJO phases (Figure 13c).

Figure 14 displays the intensity of rainfall extremes
during the combined influence of OLR regimes and MJO
phases. In OBS, days associated with large-scale long-
lived events are more intense in regime #5 occurring with
MJO phases #4 and #8, with an average intensity of
56.8 mm�day−1 (above one standard deviation: see, OBS
panel in Figure 14a). For the days of large-scale short-
lived events, all datasets show increased intensity when
regime #5 is associated with all moderate and wet MJO
phases (Figure 14b). Similar patterns appear in the inten-
sity of small-scale extremes (see regimes #5–6 and their
associations with most MJO phases in Figure 14c). This
association seems coherent, as the MJO is known as a
tropical mode of variability and regime #6 materializes
strong tropical temperate connections, favoured by

sustained convective activity in the Tropics that help con-
vection extend southwards over South Africa (Macron
et al., 2014) (Figure S2). Our results show that 11%–16%
of days associated with small-scale events occur in regime
#6. Thus, small-scale extreme events with extremely high
intensity can be anticipated when regime #6 coincides
with strong MJO activity. The analysis presented in sec-
tions 4.1–4.3 is also provided for NN fields of ERA5 and
TRMM in Figures S8–S13.

4.4 | Risk assessment at combined
influence of synoptic and intraseasonal
variability

To assess the risks of occurrence of extremes under differ-
ent combinations of OLR regimes and MJO phases, we use
a RR assessment (cf., section 2.3; Figure 15). Only regimes
#3, #4 and #5 are presented here since the highest number
of extremes occur in these regimes (section 4.1). The RR is
then provided for each regime for dry (#1–2), moderate
(#3–5) and wet phases (#6–8) of the MJO, as these groups

FIGURE 14 Same as Figure 13, but for intensity, except that the data is presented in terms of anomaly, computed with respect to the

average value calculated by considering all OLR regimes and MJO phases (displayed in the top-right corner of each panel) whereas raw

values are overlaid. The “+” and “−” symbols indicate the cells in which intensity differed from the +1.0 or −1.0 standard deviation,

respectively [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 15 Estimated risk ratio for the PF scenario, that is, the active MJO days (Amplitude >1.0 RMM) in each regime computed with

respect to the PCF scenario, that is, all days when MJO does not represent any phase (Amplitude <1.0 RMM) in respective regime provided

explicitly for regime #3 (a), regime #4 (b) and regime #5 (c). For each regime, the risk ratio is computed by considering dry (i.e., phases #1–
2), moderate (i.e., phases #3–5) and wet (i.e., phases #6–8), phases of the MJO. The blue stripes with red symbols in each panel represent

risk ratio for large-scale extremes, whereas brown stripes with white symbols represent small-scale extremes. The horizontal expansion of

stripes represents the minimum and maximum limits of the 95% confidence intervals. The symbols represent the numerical position of the

risk ratio computed at p = 0.05. RR = 1.0 corresponds to an equiprobable risk of occurrence of extremes during PF scenario (with MJO

influence) or during PCF scenario (without MJO influence). A risk ratio above or below 1.0 can be interpreted with a factor, for instance, 0.2,

0.4 and 0.6 indicate a 20%, 40% and 60% higher risk of occurrence of extremes during PF scenario as compared to the PCF scenario or vice

versa if below 1.0 [Colour figure can be viewed at wileyonlinelibrary.com]
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of contiguous phases are also found to be coherent and
homogeneous in terms of rainfall extremes (section 4.2). RR
is computed for each set of combinations when MJO is

active (PF: Amplitude >1.0 RMM) with respect to all days
when MJO does not represent any phase (PCF: Amplitude
<1.0 RMM) and is provided here only for OBS.

FIGURE 16 Set of six panels in top display the composite anomalies of vertically integrated moisture flux divergence (g�kg−1�m−2) and

moisture flux (g�kg−1�ms−1) at 850 hPa in each PF and PCF scenario during regime #3 (a, b), regime #4 (f, g) and regime #5 (k, l),

respectively, where only those anomalies are shown which are significant at 95% confidence level according to the one-tailed Student's t test.

Anomalies are computed with respect to the climatology of NDJF from 1979 to 2015. Set of nine panels in bottom represent the differences

between composite anomalies produced by considering those days in each set of phases (dry, moderate and wet phases) when amplitude

>1.0 RMM and when MJO does not represent any phase (i.e., PF minus PCF) for regime #3 (c–e), for regime #4 (h–j) and for regime #5 (m–
o). Stippling indicates the anomalies are significant according to two-tailed Student's t test at p < 0.1 while only significant fluxes are shown

using wind barbs. The reference values in the upper-right corner indicate the number in of days in each composite while the black rectangle

represents the area of interest, i.e., South Africa [Colour figure can be viewed at wileyonlinelibrary.com]
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Regime #3 is associated with a RR of about 1.35 for
the days associated with large-scale extremes when MJO
is active, regardless of the phase with respect to the days
when MJO is not present in this regime (Figure 15a).
These differences are coherent with slightly weaker nega-
tive anomalies of VIMD and easterly moisture flux
(Figure 16a,b). Further, in regime #3, the RR for large-
scale extremes was found nearly 1.0 with wet and dry
phases of MJO indicating that the occurrence of such
extremes is equiprobable either with or without MJO. In
regime #3, we note a RR of 1.36 with a confidence inter-
val of 1.02–1.82 suggesting a 36% increase in the risk of
occurrence of large-scale extremes with moderate phases
of MJO as compared to when MJO is not active
(Figure 15a). It may seem contradictory because the wet
phases are known to favour convection over southern
Africa. It is because RR is sensitive to the sample size.
For instance, OBS data identified 70 days associated with
large-scale extremes in regime #3 where 49 days were
found when MJO show a phase with amplitude above 1.0
RMM and only 21 days when MJO does not show any
phase. Among these 49 days, 25 days were associated with
moderate phases of the MJO in a sample size of 219 days
while 21 days occur during a substantially higher sample
size of 315 days when MJO was not active with any phase.
It is also worth noting that during regime #3 and moderate
phases of the MJO, the occurrence of small-scale extremes
was also higher as compared to other combinations as this
signal is not only identified by AGP fields of ERA5 and
TRMM but also with their NN fields as well (Figures 13
and S12). Figure 16c–e indicates that the differences in
terms of convergence over South Africa are higher when
MJO is active with the respective set of phases. For further
clarification, we provide the composite anomalies of
VIMD and moisture fluxes during regime #3 with moder-
ate phases of the MJO (see Figure S14). Figure 16a,b shows
that the moisture is diverging toward the northwest and
over western parts of South Africa creating a regime struc-
ture while if we consider only those days when MJO is
active with moderate phases (as shown in Figure S14),
convergence extends on a larger region with higher
strength while the moisture flux is more inward toward
South Africa thus resulting in a higher number of large-
scale extremes thereby confirming the RR result.

Figure 15b indicates the risk of occurrence of large-
scale extremes is higher when MJO is inactive during
regime #4 (i.e., PCF scenario). However, this is not the
case with wet phases of the MJO during regime #4, here
we note a risk ratio of about 1.10 suggesting a 10% higher
risk of occurrence of large-scale extremes (Figure 15b).
Indo-Pacific composites of MJO circulation reveal that
moisture flux anomalies are directed away from Africa
during phases #2–4, and toward Africa during phases

#6–8 (Wheeler & Hendon, 2004). Our results confirm this
as the differences in terms of divergence (convergence)
are higher in regime #4 with dry and moderate (wet)
phases of the MJO and these synoptic behaviours in
terms of VIMD and moisture flux anomalies over
South Africa are accurately mimicked by the risk ratio
assessment (Figure 16h–j).

Like regime #4, the risk of occurrence of large-scale
extremes in regime #5 is also higher without the influ-
ence of MJO (during PCF scenario) when computed for
the active MJO days of dry phases with respect to all days
when MJO does not show any phase in regime #5
(Figure 15c). The differences in composite anomalies also
suggest dry conditions during dry phases of the MJO over
South Africa (Figure 16m). However, during regime #5
and wet phases of MJO, we note a RR of about 1.15 with
a confidence interval between 0.85 and 1.55 suggesting a
risk of occurrence of large-scale extremes is 15% higher
with the MJO influence and even more if we consider the
upper bound of the confidence interval. Moisture flux
anomalies also suggest the difference is higher in terms
of convergence over South Africa (Figure 16o). During all
three regimes with different set of MJO phases, the risk
of occurrence of small-scale extremes remains equiproba-
ble either with or without the MJO activity. This suggests
that MJO plays an important role in modulating the
number of days associated with large-scale extremes.

The association between MJO phases and synoptic
regimes works well mostly for regime #5 this confirms
the results of Hart et al. (2013) according to which TTTs
tend to be more intense, that is, bring more rainfall,
when they occur during the wet phase of the MJO. The
dry phases act to weaken them and decrease associated
rainfall amounts. This translates into a different probabil-
ity to exceed the local 90th percentile thresholds, hence a
change in the RR metric. The results obtained from RR
metric are quantitative and statistically significant but
physical mechanisms studied here result in weak statisti-
cal significance (but not insignificant), confirming the
results of RR by showing some interesting signals. The
uncertainties in the physical mechanisms studied here
may be due to the biases in the reanalysis and shorter
sample size. Here we propose further aspects to extend
this study by (1) considering a larger sample size;
(2) using different reanalysis products to be sure if the
signals are like ERA5; (3) exploring dynamical perspec-
tive using the strength of MJO amplitude; (4) investigat-
ing teleconnections with other regions in the perspective
of the combined influence of synoptic regimes and MJO
phases. Characterization of extremes for the region was
never done before; this study fills this gap and by charac-
terizing extremes according to their properties thus open-
ing new dimensions for further research.
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5 | CONCLUSIONS AND
DISCUSSION

In Part I, we introduced a novel typology of rainfall
extremes, accounting for their spatial extensions and dis-
entangling large- and small-scale extreme events. Here,
we attempt to investigate the variability of two types of
rainfall extremes, first at interannual (IV: 2–8 years) and
quasi-decadal (QDV: 8–13 years) timescales of variability,
which are associated with ENSO and IPO, respectively
(Dieppois et al., 2016, 2019; Pohl et al., 2018). Changes in
the occurrence of rainfall extremes are next analysed at
subseasonal (synoptic and intraseasonal) timescales.
They are, respectively, related to short-lived disturbances
either related to tropical convection, mid-latitude dynam-
ics or interactions between both (Fauchereau et al., 2009;
Hart et al., 2013; Macron et al., 2014, 2016) and to the
regional influence of the MJO (Oettli et al., 2014; Pohl
et al., 2007). For all timescales, risk ratio assessments are
provided, to quantify the change in the probability for
either small-scale or large-scale extremes to occur. To our
knowledge, such quantifications of rainfall extremes have
never been carried out for the region.

We first explore the link between extremes, either
large or small scales, and global SSTs. The different ocean
basins have substantially contrasted results with large-
and small-scale extremes. This suggests the adequacy of
the method used in Part I to characterize South African
rainfall extremes as we speculated that large-scale circu-
lations or modes of variability have a greater influence on
the occurrence of large-scale extremes. We note that:
(1) La Niña conditions favour overall wet conditions in
South Africa, including an increased occurrence of rain-
fall extremes; (2) the number of days associated with
large-scale extremes and contribution of total rainfall is
related to warmer SSTs in the North Atlantic, while the
relationship with warmer Indian Ocean and tropical
South Atlantic appears as statistically independent of the
state of ENSO; (3) the contribution of large- and small-
scale extremes to total rainfall is greater during El Niño,
despite generally drier conditions during these years.

At low frequencies (IV and QDV), a risk ratio assess-
ment suggests that the probability of extremes varies with
the changing magnitude of IV and QDV timescales, pri-
marily associated with ENSO and IPO, respectively. At
the IV timescale, the number of large-scale extremes and
the total rainfall associated with small-scale extremes is
much more frequent when this timescale lies in a strong
positive phase, i.e., >+0.5 standard deviation. During
these strong positive IV phases, we note a 400% rise in
the probability of large-scale extremes as compared to
the strong negative IV phases. This is consistent with the
strong La Niña episodes in the Pacific SSTs, where

interannual variations play a primary role in shaping rain-
fall variability in South Africa. No substantial increment
in the risk ratio is noted when computed for strong posi-
tive phases of the QDV timescale compared to strong neg-
ative phases. Considering these results, it is conceivable
that the whole statistical distribution of daily rainfall
extremes is strongly related to rainfall variations at the IV
timescale and weak but significant on QDV timescale.
These findings may play an important role in promoting
multiyear seamless forecasts of rainfall extremes since they
identify the modes of climate variability that drive part of
their variability at both the IV and QDV timescales.

At the subseasonal timescales, days associated with
large-scale events occur largely during synoptic regimes
#3–5 (describing the precursors and then the mature
phases of continental TTT systems), whereas small-scale
extremes are nearly equiprobable during all regimes,
except for regime #3, which shows slightly higher num-
bers of such extremes. In terms of intraseasonal variabil-
ity, MJO phases #1–2, #3–5 and #6–8 are three coherent
and homogeneous groups which are, respectively, associ-
ated with weak, moderate and high numbers of both
types of extremes for South African rainfall. Previous
studies suggested that the intensity of TTT events
(i.e., their corresponding rainfall amounts) is increased
during phase #6 and decreased in phase #1, even though
TTT occurrence is not statistically modified by MJO
phases (Hart et al., 2013). Our results related to regime
#5 corroborate the results found in the literature and
extend them to rainfall extremes.

In Part I, we noted that the large-scale extremes are spa-
tially coherent and organized events, bringing more than half
of total seasonal rainfall during just 8 ± 5 days�season−1. In
this study, we find that around 75% of days associated with
large-scale extreme events occur in regimes #3–5 which are
characterized as early to mature TTT regimes. Thus, our
results support the argument made by Hart et al. (2013) “that
a single extreme event has the potential to drastically alter
the seasonal rainfall total.” The extensive characterization of
rainfall extremes carried out in this study is crucial in pro-
moting long-term multiyear seamless forecasts for the region
on one hand, and subseasonal operational forecasts on the
other hand.

We investigate here the intraseasonal variability of rain-
fall extremes separately at low frequency and subseasonal
timescales. It would be ideal to consider these timescales
together, to analyse climate variability according to a real
continuum of scales. This would include climate change,
with expected changes in the rainfall extremes due to the
Clausius-Clapeyron scaling relating air temperature to its
humidity (Betts & Harshvardhan., 1987; Kharin et al., 2007;
Muller et al., 2011; Pohl et al., 2017). The interdecadal time-
scale could also modify the changes in the intensity and
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occurrence of rainfall extremes, from one decade to
another, thereby influencing the changes that the region
will experience in the coming decades. Observational data-
sets may be too short to perform such analyses of slowly
changing modes of variability or mechanisms, hence the
need for long model simulations. However, current climate
models are mostly based on parameterized atmospheric
convection, and convection-permitting simulations may be
needed to better ascertain the influence of interdecadal vari-
ability on rainfall extremes (Jackson et al., 2020; Kendon
et al., 2017, 2019; Senior et al., 2021). The question of their
seamless predictability is also important because these
events may be considered as those more likely to lead to
strong impacts. Hence the need to develop a seamless pre-
diction tool for rainfall extremes, and more generally, high-
impact events over southern Africa and even Africa as a
whole.
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