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ABSTRACT: The spatiotemporal evolution of daily southern Africa precipitation characteristics, and associated atmo-
spheric circulation, related to El Nifio and La Nifia is examined across the region’s November—-April wet season.
Precipitation characteristics are examined in terms of monthly changes in daily average precipitation, the number of pre-
cipitation days, and the number of heavy precipitation days in three independently constructed estimates of observed
precipitation during 1983-2018. Mechanisms related to precipitation changes, including contributions from mass diver-
gence, water vapor transports, and transient eddies, are diagnosed using the atmospheric moisture budget based on the
ERAS reanalysis. El Nifio is related to precipitation anomalies that build during December-March, the core of the rainy
season, culminating in significantly below average values stretching across a semiarid region from central Mozambique to
southeastern Angola. A broad anticyclone centered over Botswana drives these precipitation anomalies primarily through
anomalous mass divergence, with moisture advection and transient eddies playing secondary roles. La Nifia is related to
significantly above average daily precipitation characteristics over all Africa south of 20°S in February and much less so
during the other five months. February precipitation anomalies are primarily driven through mass divergence due to a strong
anomalous cyclonic circulation, whereas a similar circulation is more diffuse during the other months. The spatiotemporal
evolutions of anomalies in daily precipitation characteristics across southern Africa related to El Nifo and La Nifia are not
equal and opposite. The robustness of an asymmetric evolution, which could have implications for subseasonal forecasts,
needs to be confirmed with analysis of additional empirical data and established with climate model experimentation.
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1. Introduction Given the environmental effects on socioeconomic growth in
southern Africa (Jury 2002), a better understanding of how
weather and climate modulate daily precipitation characteristics
is of critical importance.

As a principal driver of southern Africa climate during the
region’s austral summer rainy season (e.g., Hastenrath et al.
1995; Manatsa et al. 2011), information on El Nifio-Southern
Oscillation (ENSO) has been applied to many economic sec-
tors (Jury 2002; Smith and Ubilava 2017) to provide early
warning of seasonal to annual extremes. ENSO was found to
be a principal driver of seasonal climate based on average
conditions across many El Nifio and La Nifa events (Figs. 1b,c;
e.g., Nicholson and Entekhabi 1986; Ropelewski and Halpert
1987; Lindesay 1988; Jury et al. 1994; Rocha and Simmonds
1997; Nicholson and Kim 1997; Reason et al. 2000; Misra 2003;
Manatsa et al. 2011). This research found that El Nifio, the
warm phase of ENSO, is related to below average precipitation
on seasonal to annual time scales whereas La Nifa, the cool
phase of ENSO, is related to above average precipitation.

Dynamically, El Nifio and La Nifia events excite a mid-
tropospheric convection dipole between the tropical west and
central Pacific, which in turn excites circulation anomalies over

&# Supplemental information related to this paper is available  southern Africa (Ratnam et al. 2014; Hoell et al. 2015). The
at the Journals Online website: https://doi.org/10.1175/JCLI-D-20-  anomalous circulations alter the vertical motions (Hoell et al.
0379.s1. 2015) and moisture fluxes (Reason and Jagadheesha 2005;

Hoell et al. 2015), which then force seasonal southern Africa
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Socioeconomic exposure to weather and climate is high in
southern Africa (Fig. 1a) due to the region’s reliance on pre-
dominantly rainfed agriculture and the demand for hydro-
electric power (Conway et al. 2015). Rainfed agriculture
employs up to 75% of the workforce and accounts for up to
50% of the southern Africa gross domestic product (Hulme
1996; Dixon et al. 2001) while hydropower provides almost
100% of the electricity to Lesotho, Malawi, and Zambia
(Conway et al. 2015). The importance of the agricultural sector
to southern African food security and economic prosperity is
reinforced by African Union Commission initiatives and di-
rectly relates to agriculture-related United Nations Sustainable
Development Goals (Nhemachena et al. 2018). Economic losses
related to weather and climate extremes in southern Africa are
costly (Niang et al. 2014): the gross domestic product during dry
years is about 17% lower than wet years (Lindesay 1990) and the
gross domestic product during 1983, among the driest years on
record, was about 7% below average (Van Zyl et al. 1988).
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FIG. 1. (a) Southern Africa and November—April precipitation anomaly based on CHIRPS during (b) El Nifio and (c) La Nifia when
December meets the criteria of a warm or cool ENSO event, respectively. The red and magenta rectangles in (b) and (c) denote the
Longa-Mavinga and Limpopo regions, respectively, whose precipitation accumulations during ENSO events are shown in Fig. 2.

over southern Africa, which leads to reduced upward motion,
moisture flux convergence, and precipitation over the region
while La Nifia forces anomalous low pressure over southern
Africa, which leads to enhanced upward motion, moisture flux
convergence, and precipitation over the region (Cook 2000,
2001; Hoell and Eischeid 2019).

Despite its utility, the established physical understanding for
how ENSO affects seasonal southern Africa summertime cli-
mate has limitations. These limitations include informing the
behavior of southern Africa weather and climate on sub-
seasonal time scales and incorporating modulating influences
by other factors on southern Africa climate during ENSO
events. For the latter limitation, studies have found that
southern Africa climate is strongly modulated by atmospheric
variability from features like the Mozambique Channel trough
(e.g., Lazenby et al. 2016; Barimalala et al. 2020) and the
Angola low (e.g., Munday and Washington 2017; Howard and
Washington 2018; Pascale et al. 2019; Crétat et al. 2019). For
the Angola low, Blamey et al. (2018) found that precipitation
during the 2015/16 rainy season, and especially October—
December, was less than during El Nifio events of similar
magnitude, like 1982/83 and 1997/98, because the low was
weak. Likewise, Reason and Jagadheesha (2005) and Lyon and
Mason (2007, 2009) found that southern African precipitation
during the 1997/98 wet season was not as far below average as
was anticipated, despite the strong El Nifio event, because the
Angola low was unusually strong and farther south than
average.

In addition, differences in southern Africa climate between
ENSO events have also been attributed to differences in sea
surface temperature (SST) anomalies in the Pacific and Indian
Oceans. In the Pacific, the differences in the intensity and
pattern of SST anomalies between El Nifio or La Nifia events
(e.g., Wyrtki 1975; Capotondi et al. 2015) are related to dif-
ferent atmospheric circulations and southern Africa precipi-
tation anomalies (e.g., Ratnam et al. 2014; Hoell et al. 2015;
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Pomposi et al. 2018; Gore et al. 2020). In the Indian Ocean,
the subtropical Indian Ocean dipole (SIOD; Behera and
Yamagata 2001; Reason 2001; Washington and Preston 2006)
also modulates seasonal southern Africa precipitation during
El Nifio or La Nifia events. The SIOD can complement or
disrupt the forced ENSO response over southern Africa (Hoell
et al. 2017a,b; Hoell and Chen 2018): when ENSO and SIOD
are out of phase then the southern Africa response is stronger
than if ENSO acted alone, but if ENSO and SIOD are in phase
then the southern Africa response is weaker. A regional or
seasonal link may exist between the Indian Ocean dipole mode
(IOD; Saji et al. 1999) and southern Africa climate during
ENSO events (Gaughan et al. 2016; Williams and Hanan 2011),
although other studies find the relationship to be fleeting
(Manatsa et al. 2011, 2012) or undetectable (Marchant et al.
2007; Hoell et al. 2017a; Pascale et al. 2019).

The established physical understanding for how ENSO af-
fects seasonal southern Africa climate also cannot fully char-
acterize the behavior of weather and climate on subseasonal
time scales. To illustrate, Fig. 2 shows November—April daily
precipitation accumulation during El Nifio and La Nifia events
over the Limpopo and Longa—-Mavinga regions of southern
Africa (regions outlined in Fig. 1). These regions, both part of
transfrontier conservation areas (Muboko 2017), were selected
because they encompass vast national parks that are home to
wildlife that attract a robust tourism industry and are home to
rural communities highly dependent on rainfed agriculture. In
agreement with previous studies, the seasonal and annual ac-
cumulation during La Nifia years tends to be greater than
during El Nifio years. However, the daily precipitation char-
acteristics across the rainy season are largely different between
and among La Nifa and El Nifio years: precipitation days tend
to be more frequent during La Nifia, as is the occurrence of
heavy rain days, and the traces of cumulative precipitation
between La Nifia and El Nifio years separate in December,
January, and February.



1 FEBRUARY 2021

1000

HOELL ET AL.

1117

(a) Limpopo

750

Cumulative Precipitation (mm)

500
250
0_ T T T
Nov Dec Jan Feb Mar Apr May
Time
€ (b) Longa-Mavinga
£ 1000
c
k]
E 750
s
& 500
a
[
2 250
©
E
E 0
(@] Nov Dec Jan Feb Mar Apr May
Time
La Nina El Nino

FIG. 2. Daily precipitation accumulation for (a) Limpopo and (b) Longa—Mavinga regions
based on CHIRPS when December meets the criteria for La Nifia (blue lines) and El Nifio
(red lines) events. The geographic location of the two regions is shown in Fig. 1.

Here, we examine daily precipitation characteristics related
to El Nifio and La Nifia in southern Africa across the region’s
summertime wet season, taken here to be November—April
(Fig. 2). Our intention is to build a more complete under-
standing of the controls on daily precipitation and to probe
whether the behavior of precipitation between warm and cold
ENSO extremes are asymmetric, which has implications for
subseasonal forecasts. We examine the variability of daily
precipitation characteristics—daily average rainfall, precipi-
tation days (>1mm), and heavy precipitation days (top quin-
tile)—related to El Nifio and La Nifia events from 1983 to 2018
for each of the core months of the southern Africa wet season
using three estimates of observed precipitation. These esti-
mates are derived from in situ information, remotely sensed
data, and a blend of remotely sensed and in situ data. The daily
precipitation metrics are examined monthly to determine how
the effect of ENSO evolves throughout the rainy season. These
metrics—daily average rainfall, precipitation days, and heavy
precipitation days—were chosen because of their practical
applications. We do not employ models of the Earth system in
this study despite a period of record that approaches only 40
years for two reasons: we want to establish an empirical
baseline and we do not want results to be biased toward indi-
vidual model behaviors, since climate models have been shown
to struggle in reproducing features of the southern Africa re-
gional climate (Munday and Washington 2018).

We also explore the mechanisms by which precipitation is
delivered to southern Africa monthly during El Nifio and La

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 06/29/21 03:50 PM UTC

Nifa events. We do so by probing the moisture budget in an
atmospheric reanalysis across the region’s summertime rainy
season, which allows for an evaluation of how changes in
moisture weighted mass divergence, horizontal water vapor
transports, and transient eddies conspire to produce changes in
precipitation. Such a diagnostic evaluation of the atmospheric
moisture budget provides further insights into the drivers of
southern Africa weather and climate and how El Nifio and La
Nifna modulates these drivers.

Given the importance of daily rainfall to agriculture and
water availability to the region (Jury 2002), an improved pre-
dictive understanding determined from this study may guide
more effective early warning over countries with high exposure
to weather and climate (Conway et al. 2015). An outline of this
paper is as follows: In section 2, we describe the tools and
methods employed; in section 3, we discuss the results, in-
cluding average conditions over southern Africa and how El
Nifio and La Nifia events modulate weather and climate over
the region; and in section 4, we provide a summary and discuss
the implications of the results.

2. Tools and methods

a. Precipitation data

We use three estimates of observed daily precipitation:
1) Climate Hazards Group Infrared Precipitation with Stations
(CHIRPS), 2) Climate Prediction Center Unified Gauge-
Based Analysis of Daily Precipitation (CPC-Unified), and
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TABLE 1. List of El Nifio and La Nifia events based on ONI.

Month El Nifio La Nifia

November 1986, 1987, 1991, 1994, 1997, 2002, 2004, 1983, 1984, 1988, 1995, 1998, 1999, 2000,
2006, 2009, 2014, 2015, 2018 2005, 2007, 2008, 2010, 2011, 2016, 2017

December 1986, 1987, 1991, 1994, 1997, 2002, 2004, 1983, 1984, 1995, 1998, 1999, 2000, 2005,
2006, 2009, 2014, 2015, 2018 2007, 2008, 2010, 2011, 2016, 2017

January 1983, 1987, 1988, 1992, 1995, 1998, 2003, 1984, 1985, 1989, 1996, 1999, 2000, 2001,
2005, 2007, 2010, 2015, 2016, 2019 2006, 2008, 2009, 2011, 2012, 2018

February 1983, 1987, 1988, 1992, 1995, 1998, 2003, 1985, 1989, 1996, 1999, 2000, 2001, 2006,
2005, 2010, 2015, 2016, 2019 2008, 2009, 2011, 2012, 2018

March 1983, 1987, 1992, 1995, 1998, 2010, 2015, 1985, 1989, 1996, 1999, 2000, 2006, 2008,
2016, 2019 2009, 2011, 2012, 2018

April 1982, 1983, 1987, 1992, 1998, 2015, 1985, 1989, 1999, 2000, 2008, 2011
2016, 2019

3) Precipitation Estimation from Remotely Sensed Informa-
tion using Artificial Neural Networks—Climate Data Record
(PERSIANN). We chose these datasets because they are con-
structed differently, and they are used in the weather, climate,
and applications communities.

CHIRPS (Funk et al. 2015), available on a 0.05° X 0.05° fixed
latitude-longitude grid, is derived by blending cold cloud dura-
tion observations from five infrared satellite products and
available station precipitation observations. CHIRPS draws on
archives of station observations, including the Global Historical
Climate Network, the Global Summary of the Day, the World
Meteorological Organization’s Global Telecommunication
System, the Southern African Science Service Centre for
Climate Change and Adaptive Land Management, and pre-
cipitation made available by select national and international
agencies. Like other precipitation datasets, the density of
station observations included in CHIRPS varies in space
and time, which makes the blending of satellite data with
the station observations a key feature of CHIRPS.

CPC-Unified (Chen et al. 2008), available on a 0.5° X 0.5° fixed
latitude-longitude grid, is based on station precipitation observa-
tions. CPC-Unified draws on archives of station observations, in-
cluding Global Historical Climate Network, the Global
Summary of the Day, the World Meteorological Organization’s
Global Telecommunication System, and national and interna-
tional agencies. CPC-Unified considers orography and imple-
ments quality control techniques based on comparisons with
satellite-derived precipitation and model forecasts.

PERSIANN (Ashouri et al. 2015), available on a 0.25° X
0.25° fixed latitude-longitude grid, is based on remotely sensed
information only. PERSIANN applies a neural network-based
algorithm to GridSat-B1 infrared satellite observations and
the National Centers for Environmental Prediction stage IV
hourly precipitation data. Biases are then removed using the
Global Precipitation Climatology Project (Adler et al. 2003)
monthly precipitation product.

Results based on the three precipitation datasets are quali-
tatively similar for their common period of 1983-2018. We
present analyses based on CHIRPS in the paper, and results
based on PERSIANN and CPC-Unified are provided in the
online supplemental material.
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b. Precipitation metrics

We consider three daily precipitation metrics during each
month of southern Africa’s austral summer rainy season: daily
average precipitation, precipitation days, and heavy precipi-
tation days. These metrics were chosen because of their prac-
tical applications. Daily average precipitation is defined as the
average daily rainfall during a given month. Precipitation days
are defined as the number of days during each month in which
precipitation exceeds 1 mm. Heavy rain days are those falling
within the upper quintile of the rainfall distribution of wet days
based on 1983-2018.

c. El Nifio and La Nifia

We use the NOAA Climate Prediction Center (CPC) cata-
log of El Nifio and La Nifa events' to examine the association
of precipitation characteristics and ENSO. This catalog is
based on 3-month overlapping seasons: December—February,
January-March, . .., November—January. El Nifio events occur
when the Nifio-3.4 region (5°N-5°S, 120°~170°W) SST anomaly
exceeds 0.5°C for at least five consecutive overlapping 3-month
seasons. La Nifia events occur when the Nifio-3.4 region SST
anomaly falls below —0.5°C for at least five consecutive over-
lapping 3-month seasons. SST are based on the Extended
Reconstructed SST dataset version 5 (ERSSTVS; Huang et al.
2017) and anomalies of SST are based on centered 30-yr pe-
riods updated every five years.

We temporally disaggregate 3-month seasons from the CPC
ENSO event catalog to obtain months that qualify as El Nifio
and La Nifna (Table 1). The disaggregation is based on the
center month of the 3-month season. For example, CPC des-
ignated the October—-December 3-month season in 1997 to be
an El Niflo period, so we identify November 1997 as El Nifio.
Similarly, February 2011 is considered La Niiia since the 2011
January—March period was determined to be La Niiia.

! https:/origin.cpc.ncep.noaa.gov/products/analysis_monitoring/
ensostuff/ONI_v5.php.
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d. Moisture budget

We probe the atmospheric moisture budget to gain physical
insights that underpin a predictive understanding of daily average
precipitation related to El Nifio and La Nifia during each month of
the southern Africa summertime wet season. We employ the
method of Seager and Henderson (2013) to arrive at a form of the
moisture budget equation that allows us to diagnose the effects of
anomalous moisture weighted mass divergence, horizontal water
vapor transports, and transient eddies on precipitation changes
related to warm and cold ENSO extremes. This evaluation of the
moisture budget is based on the ERAS reanalysis (Hersbach et al.
2020) analyzed at 3-h increments on a 0.25° X 0.25° fixed latitude—
longitude grid and 37 pressure levels.

We begin with a common form of the moisture budget
equation, shown in Eq. (13) of Seager and Henderson (2013):

P=E—iﬂr’qdp—iv.r’qu (1)
8p,, )y 8p,, 0 '

Equation (1) states that precipitation P is balanced by evapo-
ration E, the tendency of vertically integrated moisture, and
the divergence of vertically integrated moisture flux. In Eq. (1),
g is the acceleration due to gravity, p,, is the density of water
vapor, p is atmospheric pressure, p; is the surface pressure, g is
the specific humidity, and V is the horizontal wind, comprising
zonal u and meridional v components.

Vertical integrals in Eq. (1) are rewritten as pressure
weighted sums since we evaluate the ERAS reanalysis at dis-
crete vertical levels. The summation is over vertical layers k
with thickness Apy, of which there are K;j, where i, j indicate
longitude and latitude, respectively:

1
=

K K
P~E— Zq Py~ g*V quV Ap.. (2

Diagnosing the contributions of mass divergence, water vapor
transports, and transient eddies requires that variables in the
vertically integrated moisture flux term be separated into means
and deviations from the mean. For example, specific humidity at a
3-h increment as in our evaluation of ERAS can be expressed as

4,=G+q5=q +3+4q, 3)

where primes denote a departure of 3-hourly data from a
monthly mean, bars denote a monthly average, hats denote
monthly average departures from the long-term monthly
mean, and double bars denote the long-term monthly mean.

Substituting expansions like Eq. (3) for specific humidity and
the horizontal wind vector into the vertically integrated moisture
flux term in Eq. (2) and expressing the resulting expression as the
monthly precipitation from the long-term mean yields Eq. (33)
in Seager and Henderson (2013):

s = 10y 1, ¥ e
P~E——Y qAp,——V-> (V.G Ap,

ot g P g k;( a4 Ap,)

1 K‘xl _

gp —V. z (ngq“Apk) 4)
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Note that Seager and Henderson (2013) neglect the vertically
integrated moisture tendency term in their Eq. (33) because of
its magnitude relative to the other terms. We verify this later
for southern Africa related to El Nifio and La Nifia.

To examine contributions by moisture weighted mass diver-
gence and horizontal water vapor transports, the divergence
operator is brought inside second term on the right-hand side of
Eq. (4), which introduces a surface term. After applying a vector
identity and replacing pressure thickness with climatological
values, Eq. (35) in Seager and Henderson (2013), in addition to
the vertically integrated moisture tendency term, is obtained:

K

~ =~ 1 9 Kij 1 & ——
P~E- g_a_z Apk——z @V - V)i,
1 d = 1 W=
?I; (V qu)Apk 7V z (V kq’% k)Apk
1WQ
_quvs . Vps . (5)

For monthly mean anomalies, Eq. (5) states that precipitation is
balanced by evaporation, the vertically integrated moisture ten-
dency term, the moisture weighted mass divergence, horizontal
water vapor advection, transient eddies based on 3-hourly data,
and a surface term. We use Eq. (5) to attribute changes in monthly
precipitation characteristics related to El Nifio and La Nifia to
contributions by moisture weighted mass divergence, horizontal
water vapor transports, and transient eddies anomalies. We will also
show that contributions by anomalous evaporation, the vertically
integrated moisture tendency, and the surface term related to warm
and cold ENSO extremes are small.

Since deviations from the monthly mean are considered at 3-h
increments, the transient term of the moisture budget equation
includes variations on time scales as short as three hours. The
transient term therefore captures key high-frequency features of
southern Africa weather and climate, including but not limited
to tropical temperate troughs.

e. Statistical significance

We use a bootstrapping approach to determine if changes in
precipitation characteristics or terms of the moisture budget
equation during El Nifio and La Nifa are statistically different
at the 5% level from conditions based on a 1983-2018 mean.
Random samples corresponding to the number of days that
qualify as either El Nifio or La Nifia are drawn from the entire
population. The samples are screened for the precipitation
characteristic or term of the moisture budget equation. This
process is repeated 10 000 times to build a distribution, which is
then used to identify the 2.5% and 97.5% confidence levels
corresponding to a two-sided p value of 0.05.

3. Results
a. Mean precipitation characteristics

To establish a baseline from which changes in precipi-
tation characteristics related to El Nifio and La Nifla can be
compared, we begin with a description of spatiotemporal var-
iations in average daily precipitation, precipitation days, and
heavy precipitation days for November—April 1983-2018. We
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FIG. 3. Average precipitation (mm day ') based on CHIRPS.

use the entire 36-yr record since the sample size of ENSO
neutral is small (Table 1).

Daily average precipitation across southern Africa varies
greatly in space and time during austral summer, from meager
precipitation over the semiarid steppes over of Namibia,
Botswana, and central-western South Africa to abundant
precipitation over humid subtropical areas of Zambia, Malawi,
and northern Mozambique (Fig. 3; see also Figs. S1 and S2 in
the online supplemental material). The seasonal increase in
daily average precipitation begins in November as the tropical
rain belt dips southward into the region. Also, in November,
southeastern South Africa and Swaziland experience a local
maximum in precipitation as rain-bearing tropical temperate
troughs (TTTs) make their way onshore (e.g., Todd and
Washington 1999; Blamey and Reason 2009; Ratna et al. 2013;
Macron et al. 2014; Wiston and Mphale 2019). The rainy season
winds down in March and ends in April, as the tropical rain belt
lifts northward and the occurrence of TTTs become less fre-
quent. Although qualitatively quite similar, differences in av-
erage monthly precipitation between CHIRPS, CPC-Unified,
and PERSIANN are apparent. CHIRPS and PERSIANN are
most similar in terms of magnitude and pattern because they
are both based on remotely sensed information, although
precipitation from PERSIANN is smoother owing to its coarser

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 06/29/21 03:50 PM UTC

resolution. CPC-Unified captures the evolution of the precipi-
tation pattern during southern Africa’s rainy season but differs
greatly from CHIRPS and PERSIANN in terms of magnitude,
likely because it is based on observations that are sparse in space
and time.

December-February constitute the height of the southern
Africa rainy season, as daily average precipitation reaches its
greatest values regionwide (Fig. 3; see also Figs. S1 and S2).
The tropical rain belt becomes firmly established in the
northern part of southern Africa and TTTs become more fre-
quent over the southern part of the region. Daily average
precipitation more than 6 mm day ! related to the tropical rain
belt covers a wide swath of the region, including Zambia,
Malawi, northern Mozambique, northeastern Zimbabwe, and
the majority of Madagascar. Tropical cyclones are also a
semicommon occurrence over these areas, particularly for
Madagascar and north-central Mozambique (Fitchett and
Grab 2014). Coastal areas of southern Mozambique and
southeastern South Africa receive precipitation from rain-
bearing TTTs, but in amounts that are comparably less than
the northern part of the region. Precipitation in central South
Africa, Botswana, and eastern Namibia is unique, since this
area receives comparably less precipitation (~2 mm day '), as
neither the tropical rain belt nor TTTs affect this area with
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vigor. While the rainy season begins to wind down in March,
appreciable daily precipitation is nonetheless observed in a
spatial pattern that resembles December—February. The aus-
tral summertime rainy season ends in April, as average daily
precipitation of less than 1 mm day ' engulfs the region.

The spatiotemporal variability of precipitation days gener-
ally scales with daily average precipitation across the region
(Fig. 4; see also Figs. S3 and S4). Precipitation days are most
frequent over the subtropical humid areas in the northern part
of the region that are directly affected by the tropical rain belt.
More than half, and upward of three-quarters, of days in
December-February receive precipitation over humid sub-
tropical areas like Zambia, Malawi, and northern Mozambique,
with the 3-month maximum occurring in January. Precipitation
days are comparably less frequent over the semiarid areas in the
southern and western part of the region that receive most of the
precipitation from rain bearing TTTs or are only somewhat af-
fected by the tropical rain belt. Subtropical areas including
southern Mozambique, northeastern South Africa, Zimbabwe,
and Botswana receive the bulk of their precipitation during the
core of the rainy season in approximately 8 days per month.
‘While similar in terms of the patterns of precipitation days, it is
important to note that the magnitudes differ between CHIRPS
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and PERSTIANN. There are more precipitation days in
PERSIANN than CHIRPS regionwide.

Heavy precipitation days demonstrate a distinct preference
for occurring in January—March over most of the region (Fig. 5;
see also Figs. S5 and S6). This is interesting because the timing
is offset by about one month from the seasonal maximum
precipitation accumulation, shown in Fig. 3 as occurring in
December-February. The likelihood of heavy precipitation
days is greatest over the entire region in January. This includes
areas like Mozambique, Malawi, Zambia, northern Zimbabwe,
and Angola, where at least one and upward of two days per
year experience such an event. This likelihood decreases
somewhat across the region in February and March but is
nonetheless still noteworthy for areas like Zambia in February
and central-northern Mozambique in March. Subtropical
areas, like southern Mozambique, southern Zimbabwe, and
Botswana experience comparably fewer heavy precipitation
days by virtue of having fewer precipitation days, but their
greatest likelihood for such an event occurs in January and
March. The number of heavy precipitation days does not vary
as much between CHIRPS and PERSIANN like they do for
the number of precipitation days. A possible reason for the differ-
ence is that heavy precipitation days are defined relative to the
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FIG. 5. Average heavy precipitation days (top quintile) based on CHIRPS.

distribution of rainfall in each dataset while precipitation days are
defined by the same physical threshold that is applied to all datasets.

b. Changes in precipitation characteristics related
to El Nifio and La Niia

We probe the spatiotemporal variations in monthly precip-
itation, precipitation days, and heavy precipitation days during
each month of the southern Africa wet season related to El
Niflo and La Nifia. Results are expressed as a difference from
average conditions shown in Figs. 3-5. We expect that seasonal
precipitation anomalies related to El Nifio and La Niiia (Figs. 1
and 2) occur during months that make up the season. We test
these expectations in the following.

El Nifio and La Nifa are related to statistically significant
daily average precipitation anomalies across southern Africa,
highlighted by a notable evolution in their spatial pattern
throughout the region’s summertime rainy season (Fig. 6; see
also Figs. S7 and S8). The anomalies are largest during
December-March, the core months of the rainy season, yet
largely insignificant in November and April, which mark the
beginning and end of the rainy season, respectively. The
anomalies are most prominent over the transition area between
the humid subtropical climates to the north and the semiarid
climates to the south, including central-southern Mozambique,

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 06/29/21 03:50 PM UTC

Zimbabwe, southwestern Zambia, and Botswana. Results based
on CHIRPS, CPC-Unified, and PERSIANN are qualitatively
quite similar in terms of patterns and magnitudes, although
significant precipitation anomalies are noticeably more wide-
spread from PERSIANN, particularly in February and March.

During December—February, the magnitude of daily pre-
cipitation anomalies related to El Nifio builds from one month
to the next, culminating in a large area of significantly below
average precipitation over the central part of the region (left
column in Figs. 6, S7, and S8). This large area, which covers an
east-to-west oriented band across central and southern Mozambique,
Zimbabwe, Botswana, southwestern Zambia, southeastern
Angola, and northeastern Namibia, is especially pronounced in
January and February. El Nifio is not related to below average
precipitation over the wettest areas of the region, like northern
Mozambique and northeastern Zambia, during the core of the
rainy season. During March, daily precipitation anomalies re-
lated to El Nifio are generally mild, with a small area of below
average precipitation covering southern Angola, and northern
Namibia.

Daily precipitation anomalies related to La Nifia do not
exhibit the same seasonal evolution as El Nifio (right column in
Figs. 6, S7, and S8). In December, significant above average
precipitation anomalies span central Mozambique, Zimbabwe,
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FIG. 6. Precipitation anomaly (mm day !) related to El Nifio and La Nifia based on CHIRPS. Shaded values are significant at p < 0.05.

southwestern Zambia, and southeastern Angola. Despite be-
ing squarely in the core of the rainy season, precipitation
anomalies related to La Nifia in January are weak, as the
spatial extent of statistically significantly above average pre-
cipitation anomalies is limited to the intersection of Angola
and Namibia, Botswana, and parts of Zimbabwe. In February,
the spatial extent of statistically significant above average
precipitation anomalies is widespread and covers almost the
entirety of the region south of 20° south latitude, except
southeastern Botswana and central South Africa. In March, the
spatial extent of statistically significant above average precip-
itation anomalies is again limited, but primarily over northern
Mozambique and northeastern Zambia.

An asymmetry in the southern African precipitation re-
sponse to opposite ENSO extremes is suggested by dissimi-
larities in the patterns and absolute magnitudes of below
average precipitation related to El Nifio and above average
precipitation related to La Nifia. This is especially evident in
January, as El Nifio is related to widespread below average
precipitation across much of semiarid southern Africa, in-
cluding Mozambique, Botswana, Zimbabwe, and Namibia,
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while La Nifia is related to weak and isolated areas of above
average precipitation in Zimbabwe, Botswana, Angola, and
Namibia (Figs. 6, S7, and S8). We test for the existence of such
an asymmetry across the region’s summertime wet season by
probing symmetric and asymmetric precipitation components,
taken to be the precipitation difference between El Nifio
and La Nifa and the precipitation summation of El Nifio and
La Niifia, respectively (Figs. 7, S9, and S10), as in Hoerling
et al. (1997).

The magnitude of the symmetric component of southern
Africa precipitation related to El Nifio and La Nifia is greater
than the asymmetric component during all months, suggesting
that the summertime precipitation response to ENSO over the
region is largely linear (Figs. 7, S9, and S10). The pattern of the
symmetric precipitation component is dominated by an east-to-
west oriented band across central and southern Mozambique,
Zimbabwe, Botswana, southwestern Zambia, southeastern Angola,
and northeastern Namibia during December—February. The
symmetric component is also prominent in March over northern
parts of the region, including Mozambique, Zambia, and Angola.
Nonetheless, the magnitude of the asymmetric component is
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asymmetric component of ENSO-related precipitation anomalies based on the sum of La Nifia and El Nifio. Precipitation is based on

CHIRPS (mm day'). Shaded values are significant at p < 0.05.

statistically significant over a large part of the region during
January—March, which suggests that a noteworthy nonlinearity
may exist in the ENSO-related precipitation response over
southern Africa. The pattern of the asymmetric precipitation
component related to ENSO is generally weak, yet widespread
across southern Africa in January and February, and confined to
Mozambique and Malawi in March.

The robustness of an asymmetric component to the evolu-
tion of precipitation anomalies related to ENSO extremes
across the southern Africa summertime wet season may have
implications for subseasonal forecasts. The existence of an
asymmetry suggests that precipitation forecasts based on
ENSO should not assume that daily precipitation anomalies
between El Nifio and La Nifia are equal and opposite. It is
important to note, however, that these results are based on an
empirical sample that spans just four decades (Table 1), and
further research will be needed to probe this possible asym-
metry. The asymmetry would need to be confirmed using an-
alyses based on empirical data that span a longer time period
and established in simulations from reliable climate models.
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El Nifio and La Nifia are also related to statistically signif-
icant precipitation day anomalies across southern Africa
(Figs. 8, S11, and S12). These monthly patterns resemble
(Figs. 6, S7, and S8) and are correlated with (Table 2) the daily
average precipitation anomalies during many months of the
rainy season. PERSIANN indicates larger precipitation day
anomalies related to El Nifio and La Nifia than CHIRPS or
CPC-Unified because it indicates more precipitation days on
average (Figs. 3, S3, and S4). Precipitation day anomalies are
most prominent over the transition area between the humid
subtropical climate to the north and the semiarid climates to
the south and west. This zonally oriented band across cen-
tral southern Africa spanning central-southern Mozambique,
Zimbabwe, southwestern Zambia, and Botswana experiences
approximately 8-12 days in which at least 1 mm of precipi-
tation is observed during the core of the rainy season (Figs. 4, S3,
and S4). La Nifa (EI Nifio) increases (decreases) the number of
such days by up to 3 over these areas, constituting a 20%-30%
change in precipitation days relative to average. Like the daily av-
erage precipitation anomaly, El Niflo is related to a significant
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FIG. 8. Precipitation day (>1 mm) anomaly related to El Nifio and La Nifia based on CHIRPS. Shaded values are significant at p < 0.05.

decrease in the number of rain days, principally during January and
February. La Nifia is related to significant increases in the number
of rain days during February over nearly all southern Africa and
over Zambia and northern Mozambique during March.

The changes in precipitation days related to El Nifio and La
Nifia have implications for how we interpret rainfall regimes
over southern Africa. First, the similarities between the pat-
terns of monthly precipitation day anomalies (Figs. 8, S11,
and S12) and average daily precipitation anomalies (Figs. 6,
S7, and S8) suggest that ENSO’s effect on daily average
precipitation is at least partly due to how often it rains. This is
key over semiarid southern Africa, including central-southern
Mozambique, Zimbabwe, Botswana, and southwestern Zambia,
because some of these areas only experience around 8

precipitation days per month during the height of the rainy
season, and fewer opportunities for precipitation will have
consequences. Beyond altering the daily average precipitation
for a given month, changes in the number of precipitation days
related to El Nifio and La Nifia will alter the likelihood of pro-
longed dry spells. For example, a 30% reduction in the number
of precipitation days during El Nifio for an area that on average
experiences 8 such days per month will increase the likelihood of
long dry spells.

Likewise, the monthly patterns of heavy precipitation day
anomalies related to El Nifio and La Nifia (Figs. 9, S13, and S14)
resemble the patterns of precipitation day anomalies (Figs. 8,
S11, and S12). That is, heavy precipitation days exhibit signifi-
cant deviations from average during the height of the rainy

TABLE 2. Pattern correlation between monthly precipitation and precipitation day anomalies related to El Nifio and La Nifia based on
CHIRPS over the domain 35°-15°S, 10°-42°E.

ENSO phase November December January February March April
El Nifio 0.75 0.82 0.78 0.83 0.61 0.65
La Nifia 0.66 0.75 0.48 0.78 0.81 0.61
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FIG. 9. Heavy precipitation (top quintile) day anomaly related to El Nifio and La Nifia based on CHIRPS. Shaded values are significant at
p < 0.05.

season, January, and February during El Nifio and February for
La Nifna. This makes sense because increases in precipitation
days increase the opportunity for heavy precipitation. It is im-
portant to note, however, that while there is some coherence in
the pattern of heavy precipitation days, the patterns are some-
what scattered because heavy precipitation tends to be localized
and the top quintile of precipitation is difficult to achieve.

¢. Mean moisture budget

Toward better understanding the mechanisms by which pre-
cipitation is delivered to southern Africa and to establish a baseline
from which to physically diagnose ENSO-related precipitation
anomalies, we begin with an analysis of the mean atmospheric
moisture budget over southern Africa [Eq. (2)], shown in terms of
evaporation minus vertically integrated moisture flux divergence
(Fig. 10). This formulation of the moisture budget equation also
allows us to compare mean monthly precipitation in the ERAS5
reanalysis with observed estimates (Figs. 3, S1, and S2) to quali-
tatively judge the fidelity of the reanalysis in representing
key features of southern Africa weather and climate. A visual
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comparison between ERAS5 and CHIRPS monthly average pre-
cipitation indicates a rather strong agreement between the two
and supports our use of this reanalysis in diagnosing southern
Africa weather and climate. The ERAS representation of south-
ern Africa precipitation indicates a marked improvement (Zhang
et al. 2013) over its predecessor, ERA-Interim (Dee et al. 2011).

The movement of prominent features in the large-scale at-
mospheric circulation over Africa and the southern Indian
Ocean are key to maintaining the atmospheric moisture bud-
get, and therefore the progression of the tropical rain belt
during southern Africa’s austral summer rainy season. In
November, the rain belt is noticeable over Angola and the
Democratic Republic of the Congo and moves southward in
December and February related to the seasonal progression
and intensification of the Angola low (e.g., Howard and
Washington 2018), which is apparent in the behavior of the
vertically integrated moisture flux (streamlines in Fig. 10). Also
contributing to the southward movement and intensification of
the rain belt in the eastern part of the region is development of
the Mozambique Channel trough in January and February
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(Lazenby et al. 2016; Barimalala et al. 2020), which is also visible
in the vertically integrated moisture flux field. The tropical rain
belt reaches its southernmost extent in February and lifts
northward in March and April as the Mozambique Channel
trough weakens and the Angola low both weakens and moves
northward.

While an in-depth discussion on tropical rain belts is beyond
the focus of this paper, it is nonetheless important to point out
that arguments have been made in the literature as to how the
tropical rain belt over central and southern Africa should be
characterized. Cook (2000) argued that this rain belt is distinct
from the intertropical convergence zone (ITCZ) and should be
labeled the South Indian convergence zone (SICZ). Similarly,
Nicholson (2018) argued that the ITCZ is not an appropriate
paradigm in which to characterize the rain belt over central and
southern Africa and advocated for further research on the topic.

d. Changes in moisture budget related to El Nifio and

La Niia

Vertically integrated moisture flux divergence anomalies
related to El Nifio (Fig. 11) and La Nina (Fig. 12) mirror the
spatial patterns and evolution of daily average precipitation
anomalies (Fig. 6) during the southern Africa summertime
rainy season. This suggests, and we confirm, that contributions
to moisture budget anomalies by changes in evaporation
(Figs. S15 and S16), the vertically integrated moisture tendency
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term (Figs. S17 and S18), and the surface term (Figs. S19 and
S20) from Eq. (5) related to warm and cold ENSO extremes
are small. This reinforces the importance of the vertically in-
tegrated moisture flux divergence term in the moisture budget
equation over southern Africa and motivates a diagnosis of
how changes in the moisture weighted mass divergence, hori-
zontal moisture transports, and transient eddies lead to pre-
cipitation anomalies during each month of the region’s austral
summer rainy season.

The most prominent feature in the vertically integrated
moisture flux over southern Africa related to ENSO is that of
anomalous anticyclonic and cyclonic circulation during El
Nifo and La Nifia, respectively (streamlines in Figs. 11 and 12).
These anomalous circulation centers encompass almost the
entirety of southern Africa and demonstrate a notable evolu-
tion throughout the rainy season, consistent with that of the
vertically integrated moisture flux divergence (shading in
Figs. 11 and 12) and the spatial pattern of daily average pre-
cipitation anomalies (Fig. 6).

The subseasonal evolution of anomalous vertically inte-
grated moisture flux and their divergence related to El Nifio
(Fig. 11) and La Nina (Fig. 12) explain the differences in
anomalous precipitation characteristics between warm and
cold ENSO events (Fig. 6) during the summertime wet season.
El Nifio is related to a single anomalous anticyclone in the
vertically integrated moisture flux field that is centered over
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FIG. 11. Vertically integrated moisture flux anomaly (streamlines) and its divergence (shading; mm day ') related to El Nifio. Shaded
values are significant at p < 0.05.

the intersection of Angola, Namibia, and Botswana, whose
effect is to produce widespread and coherent anomalous
moisture flux divergence anomalies across much of southern
Africa. By contrast, La Nifia is related to two diffuse anoma-
lous cyclones in the vertically integrated moisture flux field,
one centered over Angola, Namibia, and Botswana and the
other centered over the Mozambique Channel, which leads to
comparably weak anomalous moisture flux divergence across
southern Africa, particularly during December, January, and
March. During February, a single cyclonic circulation in the
vertically integrated moisture flux field is related to La Nifia,
resulting in strong moisture flux convergence and therefore
increases in precipitation relative to average.

The contributions of moisture weighted mass divergence,
horizontal moisture advection, and transient eddies to the
vertically integrated moisture flux divergence anomalies asso-
ciated with El Nifio and La Nifia are diagnosed to better un-
derstand ENSO’s physical links to southern Africa precipitation.
This diagnosis provides further insights into the mechanisms that
drive southern Africa precipitation since the vertically integrated
moisture flux divergence term itself cannot distinguish between
contributions by moisture weighted mass divergence (i.e., the
diffluence and divergence of circulation), moisture advection (i.e.,
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the movement of air across the humidity gradient), or transient
eddies (i.e., tropical temperate troughs).

For the core months of southern Africa’s austral summer
rainy season, December—February, the contribution by the
moisture weighted mass divergence term dwarfs the contri-
bution by the moisture advection and transient eddy terms to
the total vertically integrated moisture flux divergence anom-
aly related to both El Nifio (Fig. 13) and La Nina (Fig. 14).
Note that we only show the core months of the rainy season for
brevity, but the same applies for November, March, and April,
which experience comparatively weaker anomalous precipi-
tation (Fig. 6). These results indicate that vertical motions due
to mass balance considerations are key to southern Africa
precipitation related to ENSO, not the movement of air across
the humidity gradients in the subcontinent, or fast fluctuations
in weather. These results are consistent with Cook (2000), who
found that mass divergence dominates the moisture advection
contribution to vertically integrated moisture flux diver-
gence over land in an idealized model simulation, and
Seager and Naik (2012), who also identified the primacy of
the mass divergence contribution to vertically integrated
moisture flux divergence related to El Nifio and La Nifa.
These results are also consistent with Hoell and Eischeid
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FIG. 12. Vertically integrated moisture flux anomaly (streamlines) and its divergence (shading; mm day ') related to La Nifia. Shaded
values are significant at p < 0.05.

(2019), who found a close correspondence between vertical
motions and precipitation anomalies over southern Africa
during ENSO events.

4. Summary and discussion

We examined daily southern Africa precipitation charac-
teristics related to El Nifio and La Nifia, and the mechanisms
by which precipitation is delivered, during each month of the
region’s rainy season that spans November—April. Using three
independently constructed estimates of observed rainfall for
1983-2018, we investigated the spatiotemporal variation of
daily average precipitation, precipitation days, and heavy
precipitation days related to warm and cold ENSO events. We
then examined the atmospheric moisture budget in a widely
used atmospheric reanalysis to diagnose how El Nifio and La
Nifia modulate the circulation, moisture weighted mass di-
vergence, water vapor transports, and transient eddies, thereby
leading to changes in southern Africa precipitation.

Changes in the atmospheric circulation, and therefore the
atmospheric moisture budget, related to El Nifio promote an
environment that is conducive for widespread decreases in
daily average precipitation (Fig. 6) and precipitation days
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(Fig. 7) during December-February, the core of the southern
African rainy season. The magnitude of daily average precip-
itation and precipitation day anomalies related to El Nifio
build during this 3-month span, culminating in significantly
below average values over an east-to-west oriented band across
the transition area between the humid subtropical climate to
the north and the semiarid climates to the south and west. This
band spans central and southern Mozambique, Zimbabwe,
Botswana, southwestern Zambia, southeastern Angola, and
northeastern Namibia, with much of that region home to rural,
rainfed smallholder agriculture juxtaposed within conservation
lands next to wildlife protected areas (Hanks 2003; Makate
et al. 2017). Interestingly, El Nifio is not related to significant
anomalies in precipitation characteristics over the wettest part
of the region, which includes northern Mozambique and
northeastern Zambia, during any month of the rainy season.
The statistically significant anomalous precipitation charac-
teristics over southern Africa related to El Nifio are driven
by anomalous vertically integrated moisture flux divergence
during the core of the rainy season (Fig. 11). The vertically
integrated moisture flux divergence is caused by a large area of
anomalous anticyclonic circulation in the vertically integrated
moisture flux due to a weakened Angola low and Mozambique
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FIG. 13. Contribution to vertically integrated moisture flux divergence anomaly (mm day ') by (top) moisture weighted mass divergence,
(middle) moisture advection, and (bottom) transient eddies related to El Nifio. Shaded values are significant at p < 0.05.

Channel trough. By separating the vertically integrated mois-
ture flux divergence into parts related to mass divergence,
advection, and transients, we find that mass divergence is the
primary contributor to vertically integrated moisture flux and
therefore precipitation anomalies related to El Nifo (Fig. 13).

Changes in the atmospheric circulation related to La Nifia
promote an environment that is conducive for widespread in-
creases in daily average precipitation (Fig. 6) and precipitation
days (Fig. 7) over southern Africa. The statistically significant
anomalies, however, do not exhibit the same evolution across
the rainy season as during El Nifio. Significant anomalies in
daily average precipitation and precipitation days related to La
Nifia span central Mozambique, Zimbabwe, southwestern
Zambia, and southeastern Angola in December. However, in
January, these statistically significant anomalies are weak and
limited to the intersection of Angola and Namibia, Botswana,
and parts of Zimbabwe even though this is the height of the
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rainy season region wide. Another reversal is found in February,
as widespread significant precipitation anomalies related to La
Nifa are observed, covering nearly the entire region south of
20°S latitude. During March, significant increases in daily
precipitation and precipitation day anomalies over northern
Mozambique and eastern Zambia are related to La Nifia. The
month-to-month variability in precipitation characteristics can
be explained by variations in the anomalous cyclonic circulation
in the vertically integrated moisture flux field over southern
Africa. Strong and significant precipitation anomalies during
February are related to a single coherent cyclonic circulation in
the vertically integrated moisture flux field, leading to a con-
centrated are vertically integrated convergence (Fig. 12). By
contrast, during December and January, two anomalous cy-
clones prevail—one over Botswana and the other over the
Mozambique Channel—which leads to comparably weak
anomalous moisture flux divergence across southern Africa.
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FIG. 14. Contribution to vertically integrated moisture flux divergence anomaly (mm day ') by (top) moisture weighted mass divergence,
(middle) moisture advection, and (bottom) transient eddies related to La Nifia. Shaded values are significant at p < 0.05.

Like El Nifio, mass divergence is the primary contributor to
vertically integrated moisture flux divergence and precipita-
tion anomalies related to La Niiia (Fig. 14).

Dissimilarities in the patterns and absolute magnitudes of
below average precipitation related to El Nifio and above av-
erage precipitation related to La Nifia suggest an asymmetry in
the southern African precipitation response to opposite ENSO
extremes (Fig. 7). We probed this asymmetry and found that the
summertime precipitation response to ENSO over the region is
largely linear. However, a nonlinear component is nonetheless
statistically significant over a large part of southern Africa dur-
ing January—March, which overlaps the core of the region’s rainy
season. The implications for sustainable food production are
critical as timing and consistency in rainfall will directly impact
crop yield production (Ray et al. 2015).

With that underlying consideration, the existence of an
asymmetry would suggest that precipitation forecasts based on
ENSO should not assume that daily precipitation anomalies
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between El Nifio and La Nifia are equal and opposite. Given
the empirical sample spanning just four decades upon which
this analysis is based, this asymmetry will need to be confirmed
using analyses based on empirical data that span a longer time
period and established in simulations from reliable climate
models. As noted previously, Earth system models were not
employed in this study because we wanted to establish an
empirical baseline and we did not want results to be biased
toward individual model architectures, particularly those run
at coarse resolutions that may poorly simulate daily precipi-
tation (e.g., Wehner et al. 2014).

A primary motivation for this study was to build a more
complete understanding of the controls of daily southern Africa
precipitation across the region’s austral summer rainy season.
The relevance for this motivation is that the spatiotemporal
variability of precipitation across the southern Africa rainy
season has direct implications for rural Africa communities,
especially those that practice smallholder agriculture as their



1132

main source of subsistence (e.g., Gelcer et al. 2018) and toward
the development of policy initiatives for monitoring and mea-
suring progress toward sustainable development goals in the
critical agricultural sector of southern Africa. The potential for
El Nifio to create a drier season in which dry spells become more
common due to decreases in rain days, and La Nifia to do the
opposite, will impact agriculture yields, which are sensitive to
soil moisture changes during germination and reproductive
growth stages of crops. Such ENSO-related changes in food
production will impact acute and chronic food insecurity with
the potential to increase uncertainty in the timing and type of
decisions made related to agricultural practices (e.g., Kotir 2011;
Cairns et al. 2013). While previous studies relating ENSO and
southern Africa climate have largely focused on seasonal and
annual behaviors, this study denotes a better characterization of
southern Africa’s weather and climate on subseasonal time
scales, charting new territory and potentially providing an im-
proved predictive understanding to guide effective early warn-
ing. The principal findings of this are of importance to
subseasonal forecasts that guide agriculture, water, and power
sectors in countries with high exposure to weather and climate.
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