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Abstract Sections

The EINino-Southern Oscillation (ENSO) — describing shifts between Introduction

warm EINifio and cold La Nifia phases — has a substantial effect on Dynamical connections
the global climate. In this Review, we outline the mechanisms and of ENSO to Africa
climate impacts of ENSO in Africa, focusing on rainfall. ENSO’s ENSO effects on the
influence varies strongly by season, region, phase, event and decade, African climate

highlighting complex dynamics and asymmetries. Although difficult Modelling ENSO impacts
to generalize, key characteristics include: anomalies across the Sahel in Projected change in
July-September, related to the tropospheric temperature mechanism; ENSOimpact

astrong dipole inanomalies between eastern and southern Africaduring | Summary and future
October-December (the short rain reason) and December-February, perspectives

linked to interactions with the Indian Ocean Dipole and Indian Ocean
Basin mode, respectively; and anomalies over southern Africa (with
possibleindications of opposite anomalies over East Africa) during
March-May (the long rain season), associated with continuation of

the Indian Ocean Basin mode. These teleconnections tend to be most
pronounced for East Pacific EI Nifio and Central Pacific LaNifa events,
aswellas during decades wheninterbasininteractions are strongest.
Although challenging to simulate, climate models suggest that these
impacts will strengthen in the future, manifesting as anincreased
frequency of ENSO-related dry and wet extremes. Given the reliance

of much of Africa on rain-fed agriculture, resolving these relationships
is vital, necessitating realistic simulation of regional circulations, ENSO
anditsinterbasininteractions.
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Introduction

Across Africa, hundreds of millions of people depend on seasonal
rainfall for food security. This rainfall shows substantial geographi-
cal variability owing to features of the general circulation (Box 1): an
arid climate prevails in the Sahara; semi-arid conditions in the Sahel,
Greater Horn of Africa and parts of southern Africa; a monsoonal
climate in parts of West Africa, East Africa and Madagascar; and a
tropical climate in much of East Africa. Beyond such climatological
differences are year-to-year rainfall fluctuations, often linked to modes
of climate variability. For instance, the Indian Ocean Dipole'? (I0D),
the Indian Ocean Basin® (I0B) mode and the Atlantic Nifio/Nifa*are
known to drive interannual changes in rainfall spanning the African
continent.

Also of marked importance is the El Nio-Southern Oscillation
(ENSO). Warmer-than-average sea surface temperatures (SSTs) in
the eastern and central tropical Pacific — EI Nifio conditions — and
cooler-than-average SSTsin the eastern and central tropical Pacific —
La Nifia conditions — both have global teleconnections that modu-
late African rainfall via interactions with other modes of variability>®,
neighbouring oceans*”*and local circulation features’".Indeed, ENSO
is known to have had arole in several catastrophic drought and flood
eventsacross the continent: the strong 1997 EINifo indriving floodsin
East Africa'"; the strong 2015/16 EI Nifio inintense drought in southern
Africa; the 2019 EINifio in floodsin Uganda, Kenya, Ethiopiaand Soma-
lia; the consecutive 2020-2022 La Nifia in drought spanning southern
Ethiopia, southern Somaliaand eastern Kenya; and the 2023/24 EINifio
in simultaneous drought in southern Africa and extensive floodingin
East Africa.

Given the reliance on rain-fed agriculture, each of these events
had substantial societal impacts. For example, the 2015/16 EINifio and
subsequent 2016/17 La Nifa led to food shortages for an estimated
5-6 million people in southern Africa and across Kenya, Somalia and
Ethiopia®.Similarly, thethree-yearLaNifia-related droughtin2020-2023
contributed to food shortages for tens of millions and displacement
of 3.3 million across Somalia, Ethiopia and Kenya". These impacts
highlight the importance of understanding ENSO-rainfall relation-
shipsin Africa, essential for accurate prediction and implementation
of preparation measures to reduce socioeconomic consequences. At
present, however, the complexity of ENSO-rainfall responses chal-
lenges such efforts, as seen during the 1997 and 2016 El Nino events,
which had vast socioeconomicimpacts.

Inthis Review, we assess the current knowledge of ENSO impacts
on Africa, focusing on rainfall. We begin by describing the mecha-
nisms by which ENSO affects Africa, including via interactions with
the Indian and Atlantic Oceans, and modulation by extratropical
processes and regional circulations. We subsequently outline its
impactonthe African climate, detailing the symmetrical responses,
asymmetrical responses and multidecadal fluctuations. We next
discuss challengesin modelling ENSO impacts and in projecting their
changesunder greenhouse warming. The Review ends by identifying
pathways for progress.

Dynamical connections of ENSO to Africa

Various mechanisms govern ENSO impacts on the African climate.
These mechanismsinclude tropical planetary-wave propagation, and
interbasin interactions with the Indian and Atlantic Oceans that, in
turn, influence atmospheric circulation over Africa, both of whichare
also modulated by extratropical processes and regional circulations.
These aspects are now discussed, focusing on the linear dynamics

associated with atypical EINifio; the dynamics of La Nifia are assumed
to belinearly opposite.

The tropical tropospheric temperature
One pathway by which Pacific ENSO SST variability caninfluence Africa
is through the tropical troposphere (Fig. 1a). As an El Nifio develops
inJuly-August-September (JAS), positive SST anomalies promote
anomalous ascending motion (deep convection) in the central and
eastern equatorial Pacific, transporting heat to the troposphere. This
anomalous deep convection drives a Gill-Matsuno response, trigger-
ing damped Kelvin and Rossby waves, which extend to the east and
west of the heated region, respectively. The associated atmospheric
Kelvin waves distribute the Pacific tropospheric heat throughout the
tropics™®?° (Fig. 1a). These warm tropospheric temperature anoma-
lies enhance atmospheric stability outside the Pacific, in turn, sup-
pressing atmospheric convection over West Africa and the Sahel',
and decreasing rainfall*?°. This process also operates in other seasons.
The westward-propagating Rossby waves also initiated by the
Gill-Matsuno response are similarly important. These Rossby waves
establish high-pressure anomalies over the tropical Atlantic, the east-
erly wind anomalies of which weaken moisture transport from the
Atlantic Ocean into West Africa, reducing the oceanic source of mois-
ture for the Sahel, and thereby decreasing rainfall over the Sahel®.
At the 100-200-mb level, the Rossby waves also weaken the Tropical
Eastern African Jet, reducing upper-level divergence over regions of
the Horn of Africa®*** and reducing rainfall.

The Indian Ocean
Also importantin influencing ENSO impacts on the African climate
are atmospheric teleconnection-driven interactions between Pacific
Ocean SSTs and Indian Ocean SSTs. These connections involve interac-
tions with modes of Indian Ocean SST variability (including the IOD,
the IOB or the Subtropical Indian Ocean Dipole, in different seasons)
or they can occur independently. For example, in JAS when the IOD is
first developing, the interactionsinclude a process that reinforces the
troposphere warming mechanism. Specifically, asaresult of EINifioin
JAS, the western Pacific-minus-Indian Ocean zonal SST gradient weak-
ens because of anomalous cooling in the west Pacific. The associated
anomalous easterliesin the equatorial Indian Ocean push surface warm
water to the central and western equatorial Indian Ocean, intensify-
ing convection in that location***, Resulting anomalous upper-level
easterliesin the westernIndian Ocean, in combination with anomalous
upper-level westerlies via the Atlantic (from enhanced convection
in the central and eastern Pacific), form upper-level convergence.
This convergenceis conduciveto large-scale subsidence over western
Africa®**%, driving negative rainfall anomalies.

In other seasons, the interactions with modes of Indian Ocean
SST variability dominate. During September-October-November
(SON), for example, EINifio influences the African climate in conjunc-
tion with the 10D (Fig. 1b). At this time, mature positive IOD (plOD)
phases — established through Bjerknes feedbacks — are common.
ENSO processes act to reinforce this plOD: EI Nifio-related weakening
ofthe Walker circulation promotes easterly equatorial wind anomalies
over the equatorial Indian Ocean, producing negative SST anomalies
near Sumatra-Java and positive SST anomalies in the western Indian
Ocean**?, an SST pattern resembling the plOD (Fig. 1b). These SST
anomalies cause a northwestward shift of atmospheric convection, a
westward extension of the seasonal southeasterly trades"**”, and an
anomalously strong Intertropical Convergence Zone (ITCZ) over the
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Box 1| African seasonal circulation

The African climate varies by region and season. In mid-May, prevail over the equatorial Indian Ocean®, and the subtropical
monsoonal rain reaches west Africa 5°N'®, and the cross-equatorial Indian and Atlantic high-pressure systems are at their southernmost
branch of the Somali Jet starts to bring moisture and rainfall latitudes. These conditions lead to convergence over southern Africa,
northward to the southern slopes of the Ethiopian plateau. Toward resulting in strong rainfall during these months. The convergence,
June, the Saharan Heat Low establishes, the cyclonic circulation uplift and instability, together with the upper-level divergence of the
of which (aided by the development of the equatorial Atlantic leading edge of midlatitude westerly troughs, support development
cold tongue) connects southwesterly monsoonal flows and the of tropical-extratropical cloud-band events' (Tropical Temperate
northeasterly Mediterranean flows throughout the boreal summer Troughs) that extend southeastward across southern Africa from the
months (June, July and August; JJA). These flows extend the Angola Low toward the southwest Indian Ocean®*"”2, Also extending
Intertropical Convergence Zone (ITCZ) to ~17°N, and the tropical rain southeastward is the South Indian Convergence Zone (SICZ; blue
belt to around 10°N"*, explaining why 80% of the rain in the Sahel dashed line in the upper right panel of the figure), which develops in
regions falls during these months'2. southern summer and merges with the ITCZ over the southwest Indian
During September, October and November, the tropical rain Ocean'®. The mid-level Botswana High, which forms in September-—
belt shifts southward, and Sahel rainfall dissipates. From October to November in response to heat released by rainfall over the Congo
early December, the onset of onshore moisture transport from the Basin, shifts southward and strengthens into its peak in DJF**.
Indian Ocean drives coastal and topographic uplifts in the western During March, April and May, the ITCZ moves into the equatorial
highlands, producing short rains®”® across east African countries. and southern equatorial Africa region. Onshore moisture transport
By austral summer (December-February; DJF), northeast trade from the Indian Ocean leads to high rainfall (the long rains)*"° across
winds blow across the northwest Indian Ocean, strong westerlies much of east Africa.
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western Indian Ocean®, increasing rainfall over north equatorial Indian In December-January-February (DJF), El Nifio affects Africa
Ocean and equatorial East Africa. Thus, part of ENSO’simpact during  throughthe OB mode (Fig.1c). Inthis season, the climatological winds
SON s conveyed viathe IOD, which by itself also exertsasimilarimpact  along the equatorial Indian Ocean are westerlies, and no upwelling
to that of ENSO (cf. middle and right panels, Supplementary Fig. 1a). occursintheequatorial easternIndian Ocean.Asin SON, EINifio-related
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Fig.1|Mechanisms ofimpact of the EINifio-Southern Oscillation (ENSO) on
African climate. a, Schematic representation of the tropospheric temperature
mechanism, whereby EINifio triggers a Gill-Matsuno response, the atmospheric
Kelvin waves (eastward arrows) of which increase atmospheric stability outside
the Pacific, suppressing atmospheric convection (and thereby reducing rainfall)
over the Sahel (blue downward arrows). b, Schematic representation of the
Indian Ocean influence in September-October-November (SON), wherein
EINifno weakens the Walker circulation (grey arrows), leading to a positive Indian
Ocean Dipole (I0D) that enhances short rains in East Africa through increasing
convergence toward East Africa. ¢, Asin panel b, but during December-January-
February (DJF) when El Nifio-related Walker circulation weakening causes

Indian Ocean Basin mode (I0B) warming that reduces the land-ocean pressure

gradient, and lowers the southward extension of seasonal flow convergence

and the equatorward shift of the South Indian Convergence Zone equatorward
compared with the climatology (light versus dark arrows), in turn, increasing
rainfallin northeast southern Africa but decreasing itin southeast southern
Africa.d, Schematic representation of the Atlantic Ocean influence in June-July-
August (JJA), whereby EI Nino-related weakening of the Walker circulation drives
development of an Atlantic Nifia that shifts the tropical rain belt northward,
decreasing rainfall over the Guinea coast but increasing rainfall over the

Sahel; thisincreased Sahel rainfall competes with rainfall reductions via the
tropospheric temperature mechanismin panel a. Thus, EI Nifio influences African
climate through troposphere temperature warming and concurrent modes of
variability in the Indian Ocean and the Atlantic oceans.

weakening of the Walker circulation establishes easterly wind anoma-
lies in the equatorial Indian Ocean. These wind anomalies reduce the
prevailing westerlies, subsequently decreasing evaporative heat loss

and generating basin-wide warm anomalies’; thiswarming is also rein-
forced by the tropospheric temperature warming process. Basin-wide
warming, in turn, strengthens convection over the tropical Indian
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Ocean and weakens the pressure gradient between the ocean and the
African continent™***°, A resulting decrease in seasonal converging
flowsinduces circulation changes over much of southern Africa, includ-
ing weaker southward excursion of the South Indian Convergence Zone
(SICZ)"**, anintensified mid-level BotswanaHigh**, aweakened Angola
Low**and ashallowed Mozambique Channel Trough®* (Fig. 1c). Through
these processes, rainfall can be perturbed across much of southern
Africa. The influence of the IOB warming persists into March-April-
May (MAM), with some conditions unfavourable for moisture transport
into southern Africa continuing.

In addition, EI Nifio impacts on DJF Africa rainfall are conducted
through a negative phase of the Subtropical Indian Ocean Dipole® .
During a negative phase, cold SST anomalies south of Madagascar
decrease moisture transport into southeastern Africa, favouring
anomalously dry and hot summers. In contrast, warm SST anomalies
tothe north cause anomalously wet and cold conditions over eastern
Africa® (Supplementary Fig. 1b). However, this impact is not statisti-
cally significant after ENSO influence is removed (cf. centre and right
panels, Supplementary Fig. 1b), highlighting that the Subtropical
Indian Ocean Dipole is, by and large, a response of the subtropical
highs to ENSO.

The processes described above for EI Nifio apply in the oppo-
site sense to La Nifia. As a La Nifia develops, the troposphere cools
throughout the tropics, conducive to the ascending motion and rainfall
over the Sahel region. Convection over the western equatorial Pacific
intensifies, creating an anomalously strong Walker circulation with
anomalous westerlies over the Indian Ocean®, often coinciding with a
negativelOD inJJA and SON. These changes strengthen the upper-level
easterlies, leading to increased subsidence and decreased rainfall
over eastern Africa. The anomalous westerlies drive an 0B cooling,
delivering opposite impacts to those of EI Nifio.

The Atlantic Ocean

The Atlantic Oceanalso has arolein modulating ENSO impactson the
African climate, largely through co-occurrence with an Atlantic Nifo
or Atlantic Nifa. Through the weakened Walker circulation, an EINifio
induces easterly anomalies along the equatorial Atlantic, the result-
ing upwelling of which drives cool SST anomalies in the east, in turn
promoting dry anomalies over the Guinea coast and wet anomalies
over the Sahel®®.. This dipole rainfall pattern is similar to that associ-
ated with Atlantic Nifia (Supplementary Fig. 1c): decreased rainfall
over the Guinea coast and increased rainfall in the Sahel, both linked
to easterly wind anomalies, increased upwelling, cooled SSTs, sup-
pressed atmospheric convection, northward-shifted tropical rain belt
andITCZ, intensified land-ocean thermal and pressure gradients, and
strengthened northward monsoon penetrationinto West Africa***™*.,
Thus, co-occurrence of an Atlantic Nifia and El Nifio — as is often the
case —amplifies the dipolar rainfall pattern (Fig. 1d). However, wet
anomaliesinthe Sahel canbe offset by theincreased subsidence arising
from the tropospheric temperature mechanism*'***4° Indeed, should
that occur, the concurrent Atlantic Nifiabroadens the EINifio-induced
drying from Senegal to Ethiopia*.

Modulations of ENSO impact on Africa

Beyond SSTs in the Indian and Atlantic Ocean, ENSO’s impact on the
African climateis also modulated by various other processes and fea-
tures. These include Mediterranean SST, the Southern Annular Mode
(SAM), and regional circulations (encompassing the Sahara Heat Low,
the SomaliJet, the Angola Low, the Boswana High and the SICZ), as now

discussed. Note that although these circulation systems can respond
to ENSO, they also vary independently to modulate ENSO impact.

Mediterranean SSTs. Mediterranean SST can substantially affect the
West African monsoon and modulate ENSO impact. Warmer-than-
normal Mediterranean SSTs enhance local evaporation, increasing
northward moisture advection and continental moisture flux con-
vergence in low-level northern Africa®. As a result, the West African
monsoon is intensified and the tropical rainband (see Box 1 figure)
migrates northward®*, increasing Sahel rainfall. The amplitude of the
Sahel rainfall anomalies is comparable with those from ENSO. Moreo-
ver,anomalously high SSTsinthe eastern Mediterraneanrelative to the
Indian Ocean are conducive to increased rainfall over the Sudan-Sahel
region; this enhancement occurs via strengthened low-level conver-
gence between the northeasterly moisture transport fromthe eastern
Mediterranean and the monsoonal southwesterly moisture transport
from the eastern equatorial Atlantic**. Thus, variability in Mediter-
ranean SSTs can modify ENSO impact: an El Nifio concurrent with
warmer-than-normal Mediterranean SSTsis associated with subdued
rainfall in West African, Sahel and Sudan-Sahel regions, but El Nifio
concurrent with cooler-than-normal Mediterranean SSTsis associated
with amplified dry conditions.

The Southern Annular Mode. Modes of high-latitude climate variability
canalso exertacontrol on ENSO-rainfall relationshipsin Africa, includ-
ingthe SAM. During a negative phase of the SAM, the midlatitude west-
erliesare shifted equatorward, bringing frontal systems* and low-level
moisture fluxes toward southern Africa, increasing rainfall in western
South Africa during]JA*®. However, in DJF, the associated easterly flows
fromthe Indian Ocean to eastern South Africa decrease”, reducing rain-
fall. An equatorward shift of the atmosphere circulation during EI Nifio
inDJF tends toinduce anegative phase of the SAM, thereby reinforcing
EINifio-induced dry conditions over South Africain DJF. Thus, an EINifio
concurrent with anegative SAM phase, amplifiesJJA rainfallincreasesin
western South Africa and DJF drying over eastern South Africa.

Regional circulations. ENSO impacts on the African climate are also
modulated by regional circulations that vary bothindependently and
respond to ENSO. The Saharan Heat Low — a low-pressure system situ-
ated over the Sahara in the summer months whose intensity varies on
intraseasonal to interdecadal timescales*®*’ —is one suchexample.In
combinationwith the relative high pressure over the Guinean coast, the
SaharaLow produces alow-level pressure gradient that drives the West
African monsoon: the stronger the Sahara Low, the more intense the
monsoonal flow*, Inaddition, an intensified Saharan Heat Low favours
amid-level African Easterly Jet*™°, with corresponding divergence driv-
ing convection over the Central and Eastern Sahel, but decreased
convection from Senegal to west of the Jos Plateau®. Thus, variability
of the heat low modifies ENSO impact: when an El Nifio occurs with
ananomalously strong heat low, the impact of EI Nifio can be muted.
Likewise, the Somali Jet — which develops during April-June and
brings moisture to the southern slopes of the Ethiopian plateau
and the Greater Horn of Africa®** — has a bearing on ENSO impact.
Typically, a stronger jet is associated with anomalously high rainfall
in these regions, and vice versa®***. During El Nifio, however, there is
atendency for delayed onset and reduced intensity of the Somali Jet;
thus, many drought years over the Ethiopian plateau coincide with an
EINifno®**. However, the Somali Jet can be influenced by other factors
(including cross-equatorial and land-sea temperature gradients) such
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Fig.2|Seasonal evolution of observed ENSO impacts on African rainfall.
a,July-August-September (JAS) rainfall anomalies averaged across four
datasets'*'** regressed onto anormalized Nifio3.4 index averaged across

three datasets'® '’ at zero lag over 1948-2023; stippling indicates statistical
significance above the 95% confidence level. b-d, As in panel a, but for October-
November-December (OND), December-January-February (DJF) and March-
April-May (MAM). e, Composites of JAS rainfall anomalies averaged across four
datasets'*?'**'%® during eastern Pacific EI Nifio events over 1948-2024 wherein
the E-index®*is >1 standard deviation. Stippling indicates consistency in the sign

of anomalies for 70% of EI Niflo-Southern Oscillation (ENSO) events, and red
contours mark anomalies significant at the 90%, 95% and 99% confidence levels.
e-h, Asin paneld, but for OND, DJF and MAM. i-1, Asin a-d, but for central Pacific
EINifo events wherein the C-index®is >1 standard deviation. m-p, Asina-d, but
for eastern Pacific La Nifia events wherein the E-index is <-1standard deviations.
q-t, Asini-Ibut for central Pacific La Nifia events where the C-index is <-1
standard deviations. ENSO affects different regions in different seasons through
different mechanisms, with generally opposite but asymmetricimpacts between
EINifio and La Nifa.

that the standard ENSO-SomaliJet relationship can differ and thereby
modulate ENSO impact; thus notall EINifio eventslead toadrought over
the plateau.

The Angola Low is an additional factor influencing the impact of
ENSOin Africa. The AngolaLow represents the climatological aggregate
of summertime tropical lows that form following the breakdown of
the Congo Air Boundary®®. Typically, an anomalously weak or north-
ward Angola Low promotes increased rainfall over tropical southern
Africa but decreased rainfall over subtropical southern Africa®; the
reverse prevails for an anomalously strong or southward Angola Low.
The position and intensity of the Angola Low is influenced by ENSO,
weakening and shifting northward during EINifio and intensifying and
shifting southward during La Nifa’, thereby modulating any rainfall
responses’’. However, the response of the Angola Low can be vastly
different from one event to another. For example, the Angola Low
barely weakened during the 1997/98 EI Nifio, meaning that an expected
drought did not eventuate over southern Africa®.

Like the Angola Low, variability in the Botswana High also has a
role. Situated across tropical southern Africa, the Botswana High typi-
cally forms in August, and strengthens and moves southward during
austral springand summer®>*”*8, Its strength varies independently and
dependently of ENSO®. During EI Nifio summers, the Botswana High
tends to intensify”°, reducing moisture transport from the tropical
Indian Ocean and establishing extremely dry conditions across most
of southern Africa, as during the 2015/16 EINifio event®. Yet the mag-
nitude of Botswana High anomalies is not proportional to the strength
of ENSO events. For example, during the 1997/98 strong El Nifio event
the highwasless intense than in the weaker1986/1987 EINifio event™*®,
contributing to variability in hydroclimatic responses.

Similarly, the Tropical Temperate Troughis animportant determi-
nant of ENSO-rainfall connections in Africa. The Tropical Temperate
Troughisacloud-band system of convergence and convection extend-
ing northwest-southeast over southern Africa to the southwest Indian
Ocean, inducing heavy rainfall>****¢°, During El Nifio, convergence
shifts northward and troughs tend to be less common®*, whereas dur-
ingLaNifa, troughs form more frequently and shift further south®**>¢',
Yet the Tropical Temperate Trough also varies independently of ENSO,
asseenduring the1997/98 EINifio (when troughs are typically uncom-
mon), which witnessed a quick succession of two trough events that
contributed >40% of summer rainfall over much of southern Africa®.

Finally, Africanrainfallis alsoinfluenced by the SICZ, alarge-scale
summer land-based convergence zone that extends across southern
Africa into the southwest Indian Ocean'®®, A northward shift of the
SICZ reduces moisture transport from the Indian Ocean®, leading
to increased rainfall in the northeast and decreased rainfall in the
southwest. During El Nifio, the SICZ shifts northeastward, owing to a
weakening in the western portion of the South Indian High™. Accord-
ingly, rainfallincreasesin the northeast and decreases in the southwest.

Thus, ENSO impact on the African climate involves various
mechanisms. These mechanisms include tropical tropospheric
planetary-wave propagation, interbasin interactions with the Indian
and Atlantic oceans, and extratropical processes. Theimpacts are also
modulated by regional circulations.

ENSO effects on the African climate

Having established the physical mechanisms by which ENSO caninflu-
ence the African climate, attentionis now turned to their corresponding
impacts. The seasonal evolution of ENSO-rainfall relationships is dis-
cussed (Fig. 2), outlining first the symmetric assumptions (the linearly
opposite EI Nifio and La Nifia responses captured through regression
analysis) and second their asymmetric components (the contrasting
impacts captured by composite analysis). The latter can be substantial,
owingto ENSO asymmetries related to: the SST anomaly centre (eastern
Pacific (EP ENSO) or central Pacific (CP ENSO)®**®); the magnitude of
SST anomalies (EP EINifio is greater than CP EI Nifio®¢”¢*’°, CP La Nifia
tends to be greater than EP LaNifa®°®”"”*, and strong EINifio tends to
begreater thanstrong LaNifia****°); and the duration of events (La Nifa
tends to last multiple years but that is rare for El Niflo). Composites
based on EPand CPENSOindices, constructed asalinear combination
of the first two empirical orthogonal functions of DJF SST anomalies
in the tropical Pacific®***’° (Supplementary Fig. 3a,b), allow these
asymmetries to be determined.

JAS

InJAS, ENSO-Africanrelationships are dominated by anomaliesinthe
Sahel and surrounding regions. Here, strong warming and drying occur
during the EI Nifio developing months®*"*° (Fig. 2a; Supplementary
Fig.2a), with Sahel-averaged anomalies (11-15° N, 17° Wto 40° E) reach-
ing 0.38 °C °C'and -0.42 mm day'°C™". Remnant SST anomalies from
the 1982/83 strong EINiiio, for example, led to the 1983 boreal summer
drought over the western Sahel™, one of the driest summers of the
twentieth century for the region. These impacts can largely be linked
to the tropical troposphere temperature mechanism (Fig. 1a) which
increases atmospheric stability, suppresses convection, and weak-
ens circulation and moisture transport over the Sahel'*?°. Upper-level
convergence associated with anomalous winds from the Atlantic and
Indian Oceans also contributes to subsidence over western Africa,
decreasing the frequency of wet days and heavy rainfall events across
the Guinea coast and into the Sahel during early-peak West African
monsoon season®**%,

By definition, the opposite JAS effects would be observed in the
Sahel during La Nifia developing years if one assumes that ENSO is a
linear system (opposite-signed anomalies of Fig. 2a, Supplementary
Fig. 2a). For example, during the 1998 La Nifia, rainfall over the Sahel
was anomalously high®. These relationships would emerge from tropo-
spheric cooling that promotes atmosphere instability over the Sahel,
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a JAS Sahel rainfall-ENSO relationship
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Fig.3|Influence of decadal variability on ENSO-rainfall relationships

in Africa. a, Relationships between Sahel rainfall and the EINifio-Southern
Oscillation (ENSO) during July-August-September (JAS), including: observed
20-year running correlation between 11-year high-pass filtered JAS Sahel rainfall
anomalies™® (17° W to 40° E,11-15° N; red box in the right panels) and 11-year
high-pass filtered JAS ENSO indices, with thicker lines indicating correlations
significant above the 95% confidence level (left); and regression of sea surface
temperature'® and rainfall'®® anomalies onto normalized Nifo3.4 index averaged
across three datasets'®'* over 1931-1970 (top right) and 1971-2010 (bottom
right). b, Asin panel a, but eastern Africa rainfall-ENSO relationships during
October-November-December (OND), with eastern Africa encompassing
29-42°E,7°Sto5°N.c, Asin panel a, but southern Africa rainfall-ENSO

relationships during December-January-February (DJF), with southern Africa
encompassing 15-40° E, 15-35° S. d, Regression of seasonal rainfall anomalies'®
indifferent parts of Africa onto a normalized 11-year low-pass filtered annual
mean Interdecadal Pacific Oscillation (IPO) time series"° over 1901-2022;
western and northern Africa (20° Wto 35° E, 12° Sto 40° N) focus onJAS, eastern
Africa (35-55° E, 12° S to 25° N) on MAM, and southern Africa (10-55° E, 12-38°S)
on DJF. e, Regression of JAS rainfall anomalies'*® onto normalized 11-year low-pass
filtered annual mean Atlantic Multidecadal Variability (AMV) time series" over
1901-2022.In all panels, stippling indicates statistical significance above the 95%
confidence level. Decadal variability modulates ENSO impact but also induces
decadal anomalies on which ENSO anomalies are superimposed.

and upper-level divergence that promotes large-scale ascent over
western Africa, both conducive to increased rainfall*.

Inreality, however, ENSO nonlinearity translates into nonlinear cli-
mateimpacts over the Sahel. Forinstance, negative EI Nifio-related pre-
cipitationanomalies are muchstronger for EP events (-0.73 mm day;
Fig.2e) relative to CP events (-0.12 mmday™; Fig. 2i). For example, the
1997 EPEINifio and the2009 CPEINifio produced average Sahel rainfall
anomalies of -80.0 and -10.0 mm day™, respectively. These differences
arise fromthelarger amplitude of EP EINifio SST anomalies compared
with the CP El Nifo, triggering a stronger tropospheric temperature
response. In addition, strong SST cooling in the equatorial eastern
Atlantic coherent with EP EINifio”, but weaker in CP EINifio, suppresses
atmospheric convection and contributes to rainfall reductions. By
contrast, CP La Nifia events tend to be much stronger than EP La Nifia
inamplitude”"?, asreflected in the magnitude of corresponding rain-
fall anomalies over Africa. Indeed, positive La Nifia-induced rainfall
anomalies over the Sahel are larger for CP events (+0.30 mm day;
Fig.2q) than for EP events (+0.12 mm day™; Fig.2m).

OND

As the ENSO cycle develops into OND, the spatial pattern of climate
impacts evolves to include dipole centres of action between eastern
(and central) Africaand southern Africa. During EI Nifio, anomalously
high rainfall occurs during the short rain season in East Africa’**
(Fig.2b), with spatially averaged changes of +0.38 mm day'°C™(7° Sto
5°N,29-42°E).For example, during the 1997 EINifio event, devastating
floods in Somalia, Ethiopia, Kenya, Sudan and Uganda caused several
thousand deaths and displaced hundreds of thousands of people’.
These changes can be linked to a weakened Walker circulation, the
anomalous equatorial easterlies associated with a concurrent plOD
event (Fig. 1b) and the anomalously strong ITCZ over the western
Indian Ocean?, collectively promoting low-level warm moist conver-
gence toward the equatorial east coast of Africa. Surface air tempera-
ture anomalies are small, owing to an offset between increases from
western ocean warming and decreases from enhanced evaporation
(Supplementary Fig. 2b).

Theother centre of actionin OND is statistically significant warm-
ingand dryingin South Africa. Here, anomalies reach 0.14 °C °C™and
-0.15mm day'°C™ over 35-15°S, 15-40° E (Fig. 2b; Supplementary
Fig. 2b). Indeed, during 2015 El Nifio, the anomalies were 0.97 °C °C™!
and-0.67 mm day°C™. These dry and warm anomalies develop as the
seasonal southward excursion of the SICZ and cloud-band events are
impeded and shift northeastward to the off-equatorial regions>'%**¢,

There is strong evidence of the opposite effects during La Nifna.
Indeed, the three consecutive La Nifia from 2020 to 2022 led to failed

rain seasons across Kenya, Somalia and Ethiopia, causing food short-
age and acute malnutrition”. By contrast, rainfallincreased over south
Africa, averaging 0.20 mm day ™ over the three summers. Theseimpacts
arise from a strengthened Walker circulation and resulting anomalous
westerlies over the equatorial Indian Ocean that shift low-level con-
vergence to the eastern Indian Ocean/western Pacific region, causing
drier-than-normal conditions. Likewise, over southern Africa, the SICZ
and cloud-band events extended further south.

AsinDJF, thereis substantial nonlinearity to these responses. Once
again, the stronger-amplitude SST anomalies for EP EINifio relative to
CPEINifnotranslate into astronger and more coherent rainfall dipole™:
+0.90 mm day over east Africa and —0.33 mm day ™ over southern
Africa for EP (Fig. 2f), versus +0.22 mm day ™ and —0.09 mm day™
for CP (Fig. 2j). The differences are reflected in individual events:
+0.25 mm day™ and -0.14 mm day™ during the 2009 CP EI Nifo, but
+0.92 mm day'and -0.67 mm day ' during the 2015 strong EINifio. Simi-
larly, the weaker SST anomalies for EP La Nifiacompared with CP LaNifia
give rise to a weaker and less spatially coherent precipitation dipole
for the former: —0.22 mm day™ over East Africa and 0.06 mm day™
over southern Africa for EP La Nifia (Fig. 2n), versus —0.27 mm day~
and 0.22 mm day for CP La Nifa (Fig. 2r). This asymmetry between
EP EINifio (+0.90 mm day™) and CP La NiAa (-0.27 mm day™) rainfall
anomalies is, in part, related to the stronger El Nifio-induced plOD
compared with the La Nifia-induced nlOD"°.

1

DJF

The spatial pattern of ENSO-related anomalies in DJF is broadly similar
to OND, consisting of opposite responses between southern Africa
and eastern Africa. For EINifio, warmer and drier conditions dominate
across southern Africa®*° (Fig. 2c; Supplementary Fig. 2c), averaging
0.28°C °C?'and -0.37 mm day'°C™ when averaged over 35-15°S,
15-40°E. Prolonged dry spells during the 2023/24 EI Nifio, for example,
resulted in widespread crop failure and livestock losses, according to
the World Food Programme””. This reductionin precipitation is linked
to subsidence-related suppression of low-level southward moisture
convergence and cloud-band development®. The subsidence is related
to convection strengthening over the tropical Indian Ocean and pres-
sure gradient weakening between the ocean and the African continent
asaresult of IOBwarming (Fig. 1c). The decrease in rainfall leads to an
increaseinsolarradiationand evaporation, inturnincreasing surface
temperature by 0.45 °C.

The other node of the dipole encompasses wet anomalies across
East Africa. Here, rainfall increases of +0.29 mm day™°C™ are associ-
ated with EINifio (Fig. 2c; Supplementary Fig. 2c). This above-average
rainfall occurs because the seasonal southward excursion of the
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SICZ and cloud-band events are impeded and shift northeastward to
the off-equatorial regions'** (Fig. 1c). Like in OND, surface air tem-
perature anomalies are small because increases due to the western
ocean warming are offset by decreases from enhanced evaporation
(Supplementary Fig. 2c).

The opposite impacts occur during La Nifa. Specifically,
decreased rainfallis observed over the equatorial East African regions
and increased rainfall over south Africa. These impacts arise from a
strengthened Walker circulation, leading to a shift low-level conver-
gencetotheeasternindian Ocean, causing the drier-than-normal condi-
tions over equatorial Africa, but the SICZ and cloud-band events extend
further south, increasing rainfall and decreasing air temperatures
over southern Africa.

Nonlinearities in these responses are particularly marked during
DJF.Forinstance, whereas astrong dipole is apparent between eastern
andsouthern Africa for EPEINifio (+0.72 mm day™and -0.70 mm day?,
respectively; Fig. 3g), it is far weaker and less defined for CP El Nifio™
(+0.04 mm day™and-0.003 mm day; Fig. 3k). Moreover, for EPEINifio
events there is strong subsidence-related drying toward the Guinea
coast’** that is absent for CP EI Nifio (Fig. 3g k). Likewise, the eastern
and southern Africa precipitation anomaly is ill defined and weak for
EPLaNifia (-0.04 mm day'and -0.32 mm day, respectively; Fig. 30)
compared with CP La Nifa” (+0.64 mm day™ and -0.33 mm day’;
Fig.3s). These differences primarily reflect the weaker SST anomalies
of EP LaNifia compared with CP La Nifia.

MAM

InMAM after an EINifio, theimpacts on Africalargely reflect drying over
southern Africa with little wet anomaly in off-equatorial East Africa.
Specifically, although more geographically constrained, warmand dry
conditions persist from DJF**° (Fig. 2d; Supplementary Fig. 2d), averag-
ing 0.44 °C °C™and -0.19 mm day'°C™, respectively. The warm and
dry anomalies emerge from continued EI Nifio-induced IOB warming,
strengthened convection over the tropical Indian Ocean, and a weak-
ened pressure gradient between the ocean and the African continent,
both of which increase subsidence over southern Africa.

InMAM afteralaNifa, theseimpacts generally reverse. Wet con-
ditions predominate over southern Africa, arising from a weakening
in convection over the tropical Indian Ocean and an intensificationin
the pressure gradient between the ocean and the African continent —
conditions that continue from DJF. These dynamicsincrease low-level
moisture convergence, facilitating cloud-band development and
rainfall over land®.

Asinother seasons, however, there is a substantial asymmetry in
these teleconnections. For example, the dry anomaly over southern
Africais strongafter an EP EINifio compared with CP EINifo (Fig. 2h,1).
Further, dry anomalies over off-equatorial East Africa are generated
during CP La Nifa, but anomalies are far weaker during EP La Nifia
(Fig.2p,t). EINifio events often transition into a developing La Nifia®".
Thetransitionleadstoadryshortrainseasonineastern Africa®>'. During
such transitions, when SST in the tropical western Pacific is high',
moisture transportincreases to the west, decreasingrainfallin the long
rainseason. Suchasequence occurredin2016-2017, whenthe 2015/16
ElNifio transitioned to a La Nifa'®'. By contrast, a CP La Nifia often
persists into a multiyear LaNifia event’’®, Accordingly, the associated
eastward shift of convergence toward the Indo-Pacific regioninduces
adryanomaly (-0.38 mm day™) over East Africa (Fig. 2t), leading to a
multiyear decrease inlong rain. There is no counterpart for EP EINifio,
as astrong EINifio event usually does not continue into the next year.

Multidecadal variability

Inaddition to ENSO variability, temporal fluctuations in ENSO-Africa
impacts add to their complexity. These multidecadal changes are
evident across many regions of Africa®**7%°, particularly between
1931-1970 and 1971-2010, time periods of generally weakened and
strengthened interbasin interactions, respectively. These multidecadal
changes are now discussed for the Sahel, eastern Africa and Southern
Africa (Fig. 3).

In the Sahel, ENSO’s impact on rainfall varies markedly from
1931-70 and 1971-2010. Pre-1970s, correlations between ENSO
(Nifio3.4) and Sahel rainfall averaged —0.43 (Fig. 3a, left), and accord-
ingly, El Nifio-induced decreases in JAS Sahel rainfall were small at
-0.29 mm day (standard deviation (s.d.)) (Fig. 3a, right); these
relationships generally also hold for Nifio3 and Nifio4 indices. These
comparatively low-amplitude anomalies relate to the relatively weak
magnitude of EINifio events®** (Fig. 3a, right), warm SSTsin the North
Atlantic (relative to the tropics elsewhere)® and weak covariability
between El Nifio and Atlantic Nifia*?%*. In contrast, El Nifio relation-
ships with Sahelrainfallare much stronger during 1971-2010, with aver-
age correlations reaching —0.59 (Fig. 3a, left) and corresponding rainfall
anomalies reaching -0.43 mm day™s.d.™ (Fig. 3a, right). This change
inrelationship can be linked to more coherency in modes of tropical
SST variability between the three oceans®***7°%%* Indeed, during
1971-2010, anegative phase of Atlantic Multidecadal Variability (AMV)
enhanced covariability between ENSO and Atlantic Nifia/Nifio®*%,
decreasing occurrences of the Atlantic Nifia/Nifo-related rainfall
dipole pattern®***° as Pacific-related anomalies dominate®,

Similar decadal fluctuations in ENSO impact occur in East Africa.
ENSO-rainfall relationships are again generally weaker during1931-70
(r=0.30) compared with1970-2010 (r = 0.61), albeit withmore decadal
variability (Fig. 3b, left). Accordingly, OND EI Nifio-related rainfall
anomalies averaged over East Africa vary from 0.29 mmday™s.d.?in
theearly period to 0.34 mm day™s.d.™ inthelater period (Fig. 3b, right).
The stronger relationships during 1971-2010 can be linked to enhanced
ENSO-10D coupling®, with strong equatorial Indian Ocean easterlies
and a westward shift in the Indian Ocean ITCZ intensifying the short
rain response to ENSO’° and driving a strong wet anomaly over the
Hornof Africa’. Since the turn of the twenty-first century, a decreased
ENSO-IOD relationship® contributes to the observed reductioninthe
impact of EI Nifio on east Africa rainfall (Fig. 3a, left).

Summer rainfall over southern Africa also shows pronounced
decadal variability. During 1931-70, correlations between ENSO and
DJF rainfall are 0.15 and rainfall anomalies averaged over the region
are —0.05 mm days.d.™, far lower than correlations of —0.69 and
anomalies of —0.33 mmday™s.d. " seen from1971-2010 (Fig. 3c). This
relationship intensification can also be explained by strengthened
ENSO-IOD coupling during 1971-2010, leading to a reversal of the
Walker circulation over the western tropical Indian Ocean’’and astrong
negative subtropical Indian Ocean Dipole” during DJF, both contrib-
uting to the low rainfall in southern Africa. Additionally, a positive
phase of the Interdecadal Pacific Oscillation (IPO) during 1971-2010
isassociated with more EINifio events and an overall stronger impact
by the ENSO on southern Africa®™.

Any changes in ENSO relationships can be modulated by multi-
decadal SST fluctuations that influence climatological rainfall. For
example, a positive IPO from the late 1960s to the late 1980s con-
tributed to a widespread decrease in Sahel rainfall during JAS*®
(Fig. 3d). Rainfall reductions linked to the 1982/83 El Nifio therefore
contributed to anear-record Sahel drought™. A positive IPO is further
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associated with reduced moisture convergence and vertical ascent
over southern Africa (including the Limpopo River Basin), decreasing
summertime cloud-band formation and rainfall’”*%, and thereby modu-
lating any ENSO impacts in the region, for example El Nifio-induced
drought (Fig. 3d).

Thetransitioninto a negative phase of the IPO since the late 1990s
is also important. The strengthened Walker circulation post-1990s
associated with the negative IPO results in warmingin the central and
eastern Indian Ocean”, reducing moisture transport to equatorial
eastern Africa, leading to drying of the East African long rains'*%%?
(Fig. 3d), increasing the susceptibility to long-rain drought during La
Nifa events, and heightening the risk of ENSO-induced consecutive
short-rainand long-rain droughts™. Through the troposphere tempera-
ture mechanism, the negative IPO has also contributed to Sahel rainfall
recovery, increasing extreme rainfall events during La Nifia years'®,

The phase of the AMV likewise has a bearing on ENSO-related
rainfall anomalies in Africa. A negative phase of the AMV (reflecting
lower SSTsinthe tropical North Atlanticand Mediterranean Searelative
tothetropical South Atlantic) decreases meridional moisture conver-
genceover the Sahel region, shifting the ITCZ southward such that Sahel
rainfall decreases?”*'* (Fig. 3e). Through this mechanism, the negative
AMV during1960-80 contributed to drying of the Sahel and intensified
EINifio-induced droughts. In contrast, the positive AMV since the 1980s
promoted convergence of moisture and enhanced rainfall, contributing
toSahel rainfall recovery®®'®, with alarge increase in the frequency of
extreme rainfall during LaNifia'®. The post-1990 positive AMV phase,
conductive to equatorial Pacific easterlies that reinforce the negative
IPO'*'%8, reinforces the Sahel rainfall recovery and exacerbates the
frequency and intensity of extreme rainfall during La Nifa.

Modelling ENSO impacts

Although observations allow ENSO impacts on African climate to be
examined, model simulations provide greater insight and examination
of their changesin the future. Yet modelling such impactsis challenged
by the diversity of processes involved. For instance, SST variability
across the Pacific, Atlantic and Indian Oceans, and their interactions
with each other and the atmosphere, are all integral. The representa-
tion of these processes and their bearing on ENSO-Africa climate are
now discussed.

Of particular importance is correct simulation of the IOD and
its relationship with ENSO. Generally, model representation of
ENSO-10D relationships is poor. Indeed, CMIP6 models'®’ show a
factor of 5 difference in the amplitude of ENSO and the IOD during
SON (Fig.4a).Models with larger ENSO amplitude systematically pro-
duce astronger 10D amplitude"*™ (Fig. 4a), with greater ENSO-10D
coupling, inturn, translating into a larger ENSO influence on rainfall
average over eastern Africa’ (Fig. 4b). This influence is highlighted
by high spatial coherence in the larger ENSO influence on grid-point
rainfallin eastern Africa (Fig. 4c), consistent with the relationship for
the east Africa average.

Modelled ENSO relationships with the IOB show similar character-
istics. The magnitude of IOB variability during DJF varies by afactor of -4,
and again, those models with a larger ENSO amplitude tend to show a
larger IOB amplitude”" (Fig. 4d). In turn, those models with stronger
ENSO-IOB coupling systematically generate a greater ENSO-related
rainfall response over Africa, notably the dipole pattern between south-
ernand eastern Africa (Fig. 4e,f). The intermodel differences reinforce
theimportance of the coupling between the Indian and Pacific Ocean
SSTs in ENSO-induced rainfall over Africa.

Owing to modelinability to reproduce such relationships’, many
models do not accurately simulate ENSO impacts on the African
climate. Indeed, model responses are typically weaker and/or less
spatially coherent than observed™ (cf. Fig. 2a—d and Fig. 5a). For
example, only ~50% of CMIP6 models simulate a statistically sig-
nificant correlation between JAS rainfall in the western Sahel and
ENSO (Fig. 5a, left). In OND, the impact of ENSO on southern African
rainfallis far weaker (cf. Fig.2b and Fig. 5a, middle left). Furthermore,
ENSO’s impact on DJF rainfall is concentrated over the western half
of southern Africa rather than the eastern half as in observations
(cf. Fig. 2c and Fig. 5a, middle right), and its impact on MAM rainfall
is weaker than observed.

Simulation of ENSO impacts on African climateis also challenged
by underestimation of multidecadal SST variability. Indeed, multiyear
rainfall predictability is sourced from the AMV®¥15717 the [PO%15717,
variability in the Indian Ocean and the Mediterranean Sea®>"$, and
relative warming of the subtropical North Atlantic with respect to the
tropics"’; for reasons unknown, the majority of models underestimate
these sources of multidecadal SST variability'** ">, This underestima-
tion translates into impact on rainfall, as evidenced by hindcasts of
African rainfall variability that correctly simulate the Sahel drought
of the 1960s t0 1980s and the post-1980s recovery but with a far small
amplitude than observed?"#*!% The underestimated SST variability
and the overly weak impact on rainfall mean that their modulation on
ENSO-rainfall relationship in Africais weak, leading to underestimated
ENSO-induced droughts and floods.

Projected change in ENSO impact

Knowledge of how ENSO affects the African climate has important
implications for understanding and assessing future projections. These
projections are invaluable in assessing the potential future impacts
of climate change, informing decision-making for adaptation, and
increasingresilience to extreme weather events. Although challenged
by the difficulty in simulating ENSO-Africa interactions, knowledge
of background changes in mean rainfall, and of changes in ENSO and
related modes of variability, allows some interpretation of how these
relationships could evolve.

Projected mean rainfall changes

Anthropogenically driven changes in climatological rainfall canact to
modulate any ENSO-related perturbations: if a changing circulation
condition (for example movement of convergence zone and moisture
availability) is conducive to a precipitation increase, the same circu-
lation will be conducive to any ENSO-forced increases, exacerbating
flooding;if achanging circulation conditionis conducive to a precipi-
tation decrease, the same changing circulation will be conducive to
any ENSO-forced decreases, exacerbating drought; or ENSO-forced
changes could counter any anthropogenic changes. Thus, it is necessary
to consider mean rainfall changes.

Inthe Sahel, mean rainfallis expected to increase under transient
greenhouse warming. Indeed, more than 80% of CMIP6 models pro-
jectanincrease in rainfall over central and eastern Sahel (11-15° N,
0-40°E) in all seasons, particularly in JAS (36% increase) and OND
(59% increase)'** *° (Supplementary Fig. 5). These changes arise
through various processes, including: an intensified north-minus-
south SST gradient™ " that favours moisture convergence into the
Northern Hemisphere™*; enhanced land-sea thermal contrasts that
intensify the low-level West African Westerly Jet and moisture flux
into the Sahel**'”’; and Mediterranean warming that also promotes
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moisture convergence over the Sahel™. In the west Sahel, however,
rainfall increases are lower, probably owing to a southward shift of

the chle7.129,136,137

a ENSO-I0D relationship

Rainfallisalso projected toincrease over eastern Africa. In particu-
lar, more than 80% of CMIP6 models project an increase in the short

rains"**° averaging 15% (OND) over all models (Supplementary Fig. 5).
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Fig.4|10D and IOB influence on ENSO-African rainfall relationships.

a, Theamplitude of September-October-November (SON) El Nifio-Southern
Oscillation (ENSO) and Indian Ocean Dipole (I0D; the difference in SST anomalies
over the western tropical Indian Ocean (10° Sto10° N, 50-70° E) and the eastern
Indian Ocean (10° S to Equator, 90-110° E)) variability in CMIP6 models'” and
their linear fit. Correlation (R) and statistical significance (p) are displayed at the
top left of the plots. b, The intermodel relationship between SON ENSO-induced
East African (0-10° N, 35-45° E) rainfall and the ENSO-10D relationship, both
defined as the linear regression coefficients between the two variables. ¢, The
intermodel relationship between SON ENSO-induced grid-point rainfall anomalies

(asthelinear regression coefficients of grid-point rainfallanomalies onto the model
ENSO index) and the ENSO-10D relationship (as the linear regression coefficients
ofthe IOD index onto the ENSO index). Stippling represents statistical significance
atthe 95% confidencelevel.d, Asin panel a, but the amplitude of December-
January-February (DJF) ENSO and Indian Ocean Basin mode (I0B; sea surface
temperature anomalies averaged over the tropical Indian Ocean (30°Sto 25° N,
40-110° E)) variability. d, As in panel b, but DJF ENSO-induced rainfall in Southern
Africa (15-40°S,10-40° E) and ENSO-IOB relationship. f, Asin panel ¢, but for DJF
rainfall and DJF IOB. Models in which the IOD and the IOB are more responsive to
ENSO produce stronger rainfallanomalies in Africa during ENSO events.
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Theseincreases are driven by faster warmingin the western equatorial
Indian Ocean compared with the eastern Indian Ocean, enhancing
convergence over East Africa’®*1*2,

Incontrast, rainfallis projected to decrease over southern Africa.
Forexample, robust declines of 25% (JAS),15% (SON) and 6% (MAM) are
projected. These reductions relate to anorthward shift of the SICZ'**'*,
anorthward shift of the Congo Air Boundary'*, an expanding thermal
low and a reduced number of tropical lows'*. In the main rain season
of DJF, there is a tendency for a slight rainfall increase but intermodel
consensus on the change is low.

Thus, climatological circulation, convergence and moisture avail-
ability are changing under greenhouse warming. These changes will
affect ENSO impacts. Moreover, changing climatological mean rainfall
will offset or exacerbate ENSO impact.

Projected change inmodes of SST variability

In addition to changes in mean rainfall, changes in ENSO will greatly
influence any resultingimpact on Africa. The majority of models project
anincrease in ENSO SST variability under greenhouse warming. This
enhanced SST variability translates into a projected increase in the
frequency of strong El Nifio and strong La Nifia events, swings from a
strong EINifio to astrong La Nifia event’>*2'*¢ and disproportionately
more frequent multiyear La Nifia events than those of strong EI Nifio
events’®. These changes will translate to more extreme droughts and
floods.

As established, other modes of SST variability are also pivotal
in ENSO teleconnections to Africa and, hence, will also have a role
in determining their future behaviour under warming. Strong plOD
events, forexample, are likely toincrease in frequency, whereas moder-
ate plOD events decrease'*'*2, Given that ENSO-IOD relationships are
not expected to change'™, these stronger plOD events could intensify
ENSOimpact. By contrast, variability of Atlantic Nifio/Nifiais projected
to decrease, and with it the relationship with ENSO™”**%, This change
means that ENSO impact on the Sahel rainfall will be less affected by
teleconnection through Atlantic Nifilo/Nifia (which induces a dipole
pattern) and more dominated by the tropospheric temperature mecha-
nism (which generates anomalies of the same sign). On interdecadal
timescales, the IPOis projected to weakenin amplitude and to shorten
in periodicity'*’, whereas AMV variance is projected to increase'’. These
changes mean that modulation by the IPO will reduce but that by the
AMV will strengthen.

Projected increase in extreme anomalies

Shifts in background rainfall alongside changes in modes of SST vari-
ability all translate to an evolution of ENSO-Africa teleconnectionsin
the future. These changesrelate to the magnitude and spatial pattern
of rainfall impacts, and correspondingly, the frequency of extreme
wet and dry events, as now discussed. However, given the tendency
for models to underrepresent ENSO-Africa relationships compared
with observations™* (cf. Fig. 3a—d and Fig. 5a), these findings should
beinterpreted with caution.

Over the Sahel, ENSO-rainfall relationships are projected to
strengthen in the future. Recall that in observations, El Nifio triggers
widespread rainfall reductions across the Sahel during JAS (Fig. 2a) via
the troposphere temperature mechanism (Fig.1a). Although the spatial
pattern of rainfall reductions is more constrained in models, it is clear
that ENSO’s teleconnection hereis enhancedin the future (cf. Fig. 5a,b,
left). In particular, rainfall sensitivity intensifies and the area of ENSO
impacts expands from a small area in the east to also encompass the

centraland western Sahel (the west boundary from29° Eto 14° E, esti-
mated based onthe green contourinFig.5a,b, left); these changes are
alsoreproduced when using asubset of models with greater ENSO-10D
coupling or stronger ENSO nonlinearity (Supplementary Figs. 6 and 7).
Accordingly, the number of ENSO-related dry seasons increases 63%
from 1900-1999 to 2000-2099, and the number of ENSO-related
wet seasons increases 135% (Fig. 5¢). These changes are consistent
with the projected increase in ENSO amplitude and a corresponding
increase in the signal-to-noise ratio®*”°, with the larger increase in wet
events arising from spatial overlap with the area of increased mean
rainfall and a projected increase in La Nifia events relative to EI Nifio
(Supplementary Fig. 5a).

ENSO teleconnections also strengthen slightly over East Africa.
During OND, historical ENSO-related rainfall anomalies reflect an
enhancement (during El Nifio) or weakening (during La Nifia) of the
short rains (Fig. 2b) via interactions with the IOD (Fig. 1b). The mag-
nitude of these anomalies is projected to increase from 0.36 to
0.42s.d s.d.™ over the East Africa region (5°S to 10° N, 38-50°E)
(Fig.5a,b, middleleft). However, the area affected by these ENSO anom-
alies is little changed. Like for the Sahel, this intensified response is
related to the greater signal-to-noiseratio arising fromincreased ENSO
amplitude and the increased mean short rain (Supplementary Fig. 5)
that facilitates a stronger response; there is no substantial change in
the ENSO-IOD relationship™°. The smaller amplitude of changes over
east Africa during OND relative to the Sahel during JAS translate into
smaller changes in wet and dry events. Indeed, the number of short
rainseasons witha dry anomaly greater than1.0 s.d. increases by only
35% (Fig. 5d, left). In comparison, although an increase in wet events
is expected with ENSO changes, the total number of seasons with a
wet anomaly hardly changes (Fig. 5d, right), owing to an offsetting
effectfroma decreased frequency of moderate plOD events coherent
with non-extreme El Nifio events'*? and the dominant effect of strong
EINino. However, the number of short rain seasons withawet anomaly
greater thana1.0 s.d. value increases by 37% for strong EI Nifio events
(>1.75s.d.). The drying signals observed over southern Africain OND
are much weaker in models.

Strengthened ENSO teleconnections are also apparent in DJF
under greenhouse warming. In observations, ENSO impacts during this
seasonresemble a dipole between eastern Africaand southern Africa,
with the southernlobe dominant (Fig. 2c). Bothfeatures are evidentin
models, albeit with a different spatial configuration. In the future, the
wet poleregion (eastern Africa during EI Nifio) is projected to enlarge
and be more sensitive (Fig. 5a,b, middle right) due to the projected
increasein ENSO amplitude and in meanrainfall (Supplementary Fig. 5).
By contrast, the dry pole (southern Africa) shows asmall weakening and
moderate areal contraction. Accordingly, the number of dry events
increases only 10% across southern Africa, amid a 47% increase in wet
events (Fig. Se).

The greater sensitivity of ENSO impacts during DJF also persists
into MAM. Historically, EINifo events give rise to drying across south-
ern Africaand minor wettingin east Africa (Fig. 2d). The southerndry-
ing remains fairly consistentinto the future, but the long rains over east
Africa amplify and expand slightly in spatial extent (Fig. 5a,b, right).
Given little change in mean rainfall over the region (Supplementary
Fig.5), these shifts are likely to be linked to increased ENSO amplitude
thattranslatestoanincreased frequency of strong ENSO events. Over
eastern Africa, where La Nifa or multiyear LaNifiainduces droughts'®,
long rain seasons with adry and wet anomaly increase by 53% and 20%,
respectively (Fig. 5f).
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Fig. 5| Future change of African rainfall associated with ENSO. a, Multimodel
ensemble mean regression of normalized rainfallanomalies onto the normalized
Nifi03.4 index from CMIP6 models over 1900-1999 for July-August-September
(JAS), October-November-December (OND), December-January-February (DJF)
and March-April-May (MAM); purple and green contours indicate where more
than 50% and 70% of models agree on a rainfall decrease during EINifio, respectively,
and stippling where correlations are significant above the 95% confidence level.

b, Asin panel a, but for2000-2099. In panels aand b, seasonal rainfall anomalies
and Nifi03.4 are quadratically detrended and normalized over the1900-2099 period

for each model and then separated into the two 100-year periods. ¢, The number of
wet (rainfall anomalies >1.0 s.d.) and dry (rainfall anomalies <-1.0 s.d.) seasons in
the Sahel (17° W to 40° E, 11-15° N) during JAS by EINiflo-Southern Oscillation
(ENSO) amplitude in1900-1999 (blue) and 2000-2099 (red). d, Asin panel ¢, but
for OND rainfallin East Africa (35-55° E, 12° St0 25° N). e, As in panel ¢, but for DJF
rainfallin southern Africa (15-40°S,10-40°E).f, As in panel ¢, but MAM rainfallin
East Africa.Ingeneral, increased ENSO variability leads to a higher frequency of dry
and wet extreme anomaliesin the future.

Summary and future perspectives

ENSO exerts a substantialimpact on the African climate. It does so by
forcing anomalies in the tropical troposphere, driving tropical SST
variability that interacts with ENSO, inducing extratropical oceanic
and atmospheric anomalies, and changing regional circulations. These
contrasting drivers translate into marked variability in resulting pre-
cipitation impacts that historically include: anomalies over the Sahel
during]JAS;adipolein anomalies between eastern and southern Arica
during OND and DJF; and a weak dipole between southern Africa and
eastern Africa during MAM. However, ENSO-related climate impacts
are challenging to generalize, owing to event asymmetry, differences
between EI Nifio and La Nifia, as well as modulation by multidecadal
variability. Complex atmosphere-ocean interactions across multi-
ple basins complicate simulation of these teleconnections. Neverthe-
less, under transient greenhouse warming, ENSO-induced dry and wet
anomalies are expected to increase over much of Africa, manifesting
asanincreased frequency of both dry and wet extremes.

Simulation of ENSO-Africa teleconnections is challenging and
uncertain, highlighting aresearch focus. There are many longstanding
model systematic errors and biases that probably have a substantial
impact on historical and future simulation of ENSO-Africa relation-
ships: those pertaining to simulation of ENSO (cold biasin the equatorial
central Pacific”’, overly strong easterly winds and overly cool SST and
overly shallow thermoclinein the equatorial eastern Indian Ocean'%"",
and awarmbiasinthe easternboundary current systemregions of the
tropical Pacificand Atlantic'”); those pertaining to simulation of rains in
Africa (overly strong short rains'°**’ and overly strong summer rainfall
over southern Africa'*); and those pertaining to ENSO interbasin inter-
actions (weak ENSO-10D coupling"*"* and ENSO-Atlantic Nifio/Nifa
interactions*"?), Impacts from some of the biases remain unknown,
particularly their relevance to African teleconnections.

High-resolution models are urgently required to address many
ofthe biases. Vertical heat transport by submesoscale oceanic eddies
(<10 kmin the tropics), simulated only in high-resolution models,
leads to marked alleviation of the cold bias in the equatorial central
Pacificandimproved ENSO properties'. Itislikely that submesoscale
eddy could also alleviate biases of the overly cool SST and shallow
thermocline inthe equatorial eastern Indian Ocean, reducing the IOD
amplitude that is responsible for the IOD being too independent of
ENSO, and improving ENSO-10D interactions and ENSO impacts on
Africa. High resolution is also urgently required to simulate regional
circulation and regional rainfall*, including the Angola Low, Tropical
Temperate Trough events and the SICZ. Initiatives such as coordi-
nated regional climate downscaling experiments (CORDEX)"* can be
effective as they allow regional processes crucial for the simulation
of extreme events™ ", However, these simulations, when using out-
puts of low-resolution global models as boundary conditions, inherit
biases fromthe global models™® (including the biasin east Africarainfall

seasonality’), further highlighting the need to rectify global model
errors by using high-resolution models.

In addition to model development and increased access to
high-resolution models, there are also several knowledge gaps that
requireinvestigation. Most projections compare differences between
the twenty-first and the twentieth centuries, assuming a unidirectional
or linear change as greenhouse warming proceeds. However, even
under a persistentincrease in CO,beyond 2100 as in the SSP5-8.5 emis-
sion scenario'”’, the response of ENSO might not be unidirectional or
linear. For example, in alimited number of models that areintegrated
beyond 2100, ENSO undergoes an initial increase and a subsequent
reduction™*'*°, Whether ENSO impact on Africa also evolves nonlin-
early depends on competing factors, for example a decreased ENSO
amplitude versus an increased sensitivity arising from mean rainfall
changes and rising temperatures. Anincreased number of models that
integrate beyond 2100 is needed to aid a comprehensive assessment
of the likely nonlinear behaviour of ENSO and its impacts on Africa.

Another knowledge gap is interactions on synoptic timescales
between mean climate change, such as high temperature and atmos-
pheric moisture, and ENSO anomalies. At present, analysis is mostly
conducted onseasonal or monthly averages. How mean climate change
manifests on weather timescales, or howitinteracts with ENSO-induced
extreme weather, isunclear. There is evidence suggesting that climate
change amplifies ENSO-related extreme events, for example the sever-
ity of drought during the 2015/16 EINifio'*". Continuous daily outputs of
climate simulations, preferably from high-resolution climate models,
areneeded to address theissue.

Giventheimportantinfluence of ENSO on the African climate, and
theresulting socioeconomicimpacts of ENSO-related climate variabil-
ity, these limitations must be addressed. Doing so willimprove assess-
ment of the maximum range of potential risks, essential for forecasting
and early warming, improved adaptation, and assessment of mitigation
strategies. Such actions are vital to limit the extreme socioeconomic
consequences of ENSO across the African continent, helpingto reduce
food shortages, prevent famine and eliminate premature deaths.

Published online: 5 August 2025
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