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Abstract | The climate of South America (SA) has long held an intimate connection with El Nifio,
historically describing anomalously warm sea-surface temperatures off the coastline of Peru.
Indeed, throughout SA, precipitation and temperature exhibit a substantial, yet regionally
diverse, relationship with the El Nifio—Southern Oscillation (ENSO). For example, EL Nifio is
typically accompanied by drought in the Amazon and north-eastern SA, but flooding in the

tropical west coast and south-eastern SA, with marked socio-economic effects. In this Review,

we synthesize the understanding of ENSO teleconnections to SA. Recent efforts have sought
improved understanding of ocean—atmosphere processes that govern the impact, inter-event
and decadal variability, and responses to anthropogenic warming. ENSQO’s impacts have been
found to vary markedly, affected not only by ENSO diversity, but also by modes of variability
within and outside of the Pacific. However, while the understanding of ENSO-SA relationships
has improved, with implications for prediction and projection, uncertainty remains in regards
to the robustness of the impacts, inter-basin climate interactions and interplay with greenhouse

warming. A coordinated international effort is, therefore, needed to close the observational,
theoretical and modelling gaps currently limiting progress, with specific efforts in extending
palaeoclimate proxies further back in time, reducing systematic model errors and improving

simulations of ENSO diversity and teleconnections.

El Nifo and La Nifa events denote sea-surface tem-
perature (SST) conditions in the tropical Pacific that
are, respectively, warmer and colder than average'.
Collectively, these events are referred to as the El Nifo-
Southern Oscillation (ENSO), which, owing to scientific
breakthroughs from the 1960s, are now widely known to
arise from coupled atmosphere—ocean interactions that,
in most cases, involve the entire Pacific basin®’. However,
the scientific understanding of ENSO has historically
been deeply rooted in South America (SA). For example,
El Nifo was first described by Peruvian fishermen in the
nineteenth century as a warm current appearing around
Christmas time along the coast of Ecuador and Peru,
disrupting local fisheries and bringing torrential rains to
the normally arid coastal plane’.

Yet, ENSO’s effects extend far beyond the coastal
regions of Ecuador and Peru, with substantial and region-
ally varied climatic effects observed throughout the
entire SA continent™’, as well as globally"'®''. Within SA,

changes in temperature and precipitation can be linked
to both direct (for instance, coastal warming along
Peru'?) and indirect (for instance, atmospheric telecon-
nections from the Pacific"®) forcings, which, in turn, can
have marked socio-economic, ecological and environ-
mental impacts. ENSO impacts are felt through agricul-
tural production', fisheries'®, malaria occurrence and
public health'®"”, wildfire frequency'®, and droughts
and floods'~*°. For example, drought linked to the
1877-78 El Nifio led to crop failures, starvation and dis-
ease that killed hundreds of thousands in north-eastern
Brazil, with similar disruption over the Central Andes’.
The early 1925 coastal-warming event induced cata-
strophic floods in the northern region of Peru and
Ecuador'>", and the ensuing 1925-26 El Nifio generated
a severe summer drought in the Amazon region, caus-
ing deadly fires and the loss of thousands of lives®. See
BOX 1 for further discussion of ENSO’s socio-economic
impacts in SA.
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Key points

* The ELNifio—Southern Oscillation (ENSO) influences South America (SA) by modifying a
unique set of meteorological processes linked to coastal-warming-induced convection,
the Walker circulation or Rossby-wave-train-related atmospheric-circulation
anomalies.

¢ ELNifio impacts on SA feature a pattern with floods along the west coast of Ecuador
and Peru, and Colombia, and drought in the Amazon and north-east of the continent.

* ENSO’s impact is modulated by a multitude of factors, including event diversity
within ENSO itself, other modes of climate variability within and outside the Pacific,
inter-basin climate interactions and greenhouse warming, making its seasonal
prediction challenging.

* Greenhouse-warming-induced rainfall reductions can overwhelm El Nifio-related
rainfall increases, as already found in central Chile, leading to persistent dry
conditions.

* Although uncertainty exists, there is a projected intensification of ENSO’s impact on
SA under greenhouse warming, which is likely to be exacerbated by the mean state
change.

The societal relevance of ENSO in SA — a conti-
nent of over 420 million inhabitants — provides clear
motivation to understand the teleconnections, their
mechanisms and their potential change in the future.
However, several recent advances in tropical dynamics
have also spurred renewed interest in the SA region,
building a wealth of literature regarding ENSO-SA
teleconnections and necessitating a synthesis of cur-
rent scientific knowledge. For example, Atlantic SST
variability — a product of interactions with the ENSO
and ocean-atmosphere processes internal to the trop-
ical Atlantic — has been shown to complicate ENSO’s
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impacts in SA, particularly along the east coast and the
interior of the continent’>**, as occurred in 2012 (REF*).
ENSO diversity — for instance, eastern Pacific (EP) or
central Pacific (CP) events, which describe where the
largest SST anomalies are observed*®*” — has further
been found to have major consequences for under-
standing corresponding impacts in SA and beyond™*,
even producing anomalies that are dramatically different
from expected in 2015-16 (REFS**~*). Interactions with
the Indian and Atlantic oceans have also been revealed
to feed back to the Pacific, affecting ENSO properties
and, thereby, teleconnections’~*’. Similarly, ENSO’s
impacts have been shown to be complicated by other
modes of natural-climate variability that can interact
with ENSO***° and modify its impacts and trends”;
examples include the Southern Annular Mode* (SAM),
the Indian Ocean Dipole® (IOD), the Interdecadal
Pacific Oscillation® (IPO), the Atlantic Multidecadal
Variability® and greenhouse warming”.

In this Review, we summarize the full scope of ENSO
influences on the SA continent, focusing on precipita-
tion given the more direct societal implications through
droughts and flooding. We begin by describing the
meteorological context of SA, followed by the mecha-
nisms by which ENSO modulates the climate: through
local forcing, tropical pathways and extratropical tele-
connections. We subsequently outline how ENSO
diversity, interaction with other modes of variability
and inter-basin interactions govern the corresponding
impacts. The Review ends with the implications for pre-
dicting and projecting ENSO impacts on SA and iden-
tifies the formidable hurdles that must be overcome to
enable further progress.

Meteorological features of the South American
climate

We begin by discussing the meteorological features
unique to SA, the changes of which determine how ENSO
exerts its impact on rainfall and temperature across the
continent. From north to south, the South American cli-
mate is influenced by the Pacific and Atlantic intertropi-
cal convergence zone (ITCZ), the SA monsoon, the South
Atlantic convergence zone (SACZ) and the mid-latitude
westerly wind belt® (FIC. 1a), all of which govern the
marked regional variability in seasonal rainfall.

For example, regions north of the equator (such
as the Colombian Andes) experience two rainy sea-
sons that peak in April and October (FIC. 1), related to
the twice-yearly meridional movement of the Pacific
ITCZ%-%. In northern SA, however, most annual rain-
fall is generated during June-July-August (JJA) (FIC. 1¢)
when the ITCZ moves north. Further south, rainfall over
the Amazon basin (FIC. 1d) is influenced by the SA mon-
soon®>*, which starts to develop in late austral spring
and peaks in December-January-February (DJF) in the
SACZ region (FIG. 1¢), when maximum solar radiation
reaches the southern tropics.

Monsoonal rain over the Amazon basin during DJF
provides moisture to establish an active SACZ®, the
northern edge of which merges with the Atlantic ITCZ.
Diabatic heating in the Amazon basin further encour-
ages the establishment of the Bolivian high® (FIC. 1a),
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Box 1| Socio-economic impacts of the El Nifio—Southern Oscillation in South America

ELNifo and La Nina are associated with substantial socio-economic impacts in South America, which can often be linked
to corresponding changes in precipitation and temperature, thereby, triggering (or amplifying) drought and/or flooding.
ElNifo-related drought in 1997-98, for example, resulted in a 10% drop in coffee production in Colombia, the country’s
most important agricultural export’. The strong La Nifa that followed was further linked to central Chile experiencing
the third worst drought in the twentieth century?, affecting at least 600,000 ha of croplands and fruit plantations, with
economic losses of about US$200 million. The compounding impacts of El Nifio-related drought and land-use changes
increase the vulnerability of ecosystems to fire, with significant consequences for local and regional populations?.

In Amazonia, for example, the 2015-16 EL Nifio led to extreme drought conditions, which, in combination with elevated

temperatures from global-warming trends”, increased fire incidence by 36% compared with the preceding 12 years,
and pushed active fire detection beyond the agricultural transition zone'®. Similarly, the 2015-16 El Nifio aggravated
the effects of a multi-year drought in north-east Brazil that started in 2011-12, with an estimated 33.4 million people

affected and economic losses placed at US$26 billion.

Flooding related to the El Nifio-Southern Oscillation (ENSO) also has catastrophic impacts. In the Brazilian state
of Santa Catarina, flooding during the 1982-83 El Nifio event’® affected 186 of 199 municipalities, leaving 220,000
homeless, 65 dead and/or missing?” and economic losses exceeding US$1.1 billion?”. Similarly, in central Chile, three
times the average rainfall fell during June-July-August of 1997, resulting in extreme floods that damaged 13,000 houses,
caused 21 fatalities and led to economic losses of US$300 million?. In addition, in the normally arid coast of Peru, EL
Nifo-related rainfall and flooding'” in 2017 affected ~1.2 million people and damaged over 50,000 houses and 76,000 ha

of croplands?.

Beyond drought-related and/or flooding-related impacts, ENSO has also been linked to an increase in vector-borne
diseases'®"”. The 1991-92 El Nifio, for example, led to a doubling in the number of malaria cases as the regional mean
temperature increased and mean rainfall decreased, increasing transmission and favouring the establishment of
breeding sites, with similar spikes also observed during the 1997-98, 2006-07 and 2009-10 El Ninos. Given these strong
socio-economic impacts, there is strong motivation to understanding ENSO teleconnections to South America in both
contemporary and future climates to minimize and mitigate potential damage.

which is instrumental in transporting moist air from
the interior of the continent to the high-level Altiplano
region of the Central Andes. To the south of the Bolivian
high, surface heating east of the Central Andes develops
a seasonal surface low-pressure system over the Chaco
region® (the ‘Chaco Low’, CL, FIC. 1a). The resulting
strengthening of the sea-level pressure gradient between
the continent (the CL) and the South Atlantic high
intensifies the trade winds, encouraging north-easterly
or easterly moisture flow from the tropical Atlantic
Ocean to the Amazon basin”. These interactions pro-
duce low-level winds and moisture convergence over
the Amazon, central and south-east Brazil, and other
tropical/subtropical regions east of the Andes, resulting
in the enhanced rainfall in SACZ regions*®”' during DJF
and March-April-May (MAM) (FIC. 1d.e).

After crossing the Amazon basin, the low-level flow
is blocked by the Andes and channelled southwards,
establishing the South American low-level jet”? (SALL])
(FIG. 1a). The SALLJ transports a large amount of mois-
ture from the Amazon to the subtropics, facilitating the
development of mesoscale convective systems (MCS
in FIG. 1a) in south-east SA (SESA) and contributing to
stable, year-round precipitation’>”* (FIG. 11). The SALL]
can manifest in two regimes: strong southwards flow
that transports moisture from the Amazon basin to
the SESA region (which is more prevalent in JJA) and a
weak eastwards flow that redirects moisture to the SACZ
(which develops more often in DJF, increasing rainfall
in south-east Brazil)’"7®. After March, the SA mon-
soon weakens as the area of deep convection retreats
north-westwards and drier conditions return to the sub-
tropical SA, leading to a declining moisture supply to the
SACZ. In north-east Brazil, the rainy season takes place
during March through May (FIG. 1g), when the Atlantic
ITCZ is in its southernmost position.

As the seasons advance, the SACZ weakens and dis-
appears by JJA, while the Atlantic ITCZ moves north-
wards (FIG. 1a) and the Amazon enters its dry season
(FIG. 1d). With cooler temperatures, the CL and the
Bolivian high vanish. However, the Atlantic subtropi-
cal high strengthens and expands westwards, such that
the pressure gradient between the continent and the
Atlantic subtropical high strengthens, in turn enhanc-
ing the SALLJ”. Likewise, the Pacific subtropical high
is furthest to the north and closest to the continent in
JJA, so central Chile (30°S - 40°S) and the adjacent
Andes, therefore, experience their rainy season dur-
ing this time, given links to frontal systems moving
from the Pacific, cut-off lows” and atmospheric riv-
ers’® (FIG. 1h). By contrast, to the south of 45°S, the
westerly wind belt is present year-round, resulting in
a weak annual cycle of rainfall, with large accumu-
lations (>3,000 mm year™) over the western side of
the austral Andes and dry conditions to the east of the
continental divide”.

Mechanism for ENSO impact

As aresult of random fluctuations in the climate system
and coherent modes of climate variability, the most
significant of which is ENSO, rainfall and temperatures
can deviate from the average conditions described pre-
viously. This section describes the main mechanisms by
which ENSO impacts the South American climate: direct
local forcing in the coastal zone of western SA and remote
forcing via two far-field atmospheric-teleconnection
pathways through the tropics and extratropics. Emphasis
is placed on understanding the dynamics and impacts
associated with a typical El Nifio event, as reflected by the
standardized regressions shown in FIC. 2, which assumes
that El Nifio and La Nifa events are symmetrical but
opposite in sign.
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Local forcing

During an El Niflo event, anomalously warm waters are
often observed adjacent to western tropical SA, particu-
larly in a coastal El Nifio'>”*, with a typical magnitude
of 1.5-3°C. Through transferring heat from the ocean
to the atmosphere, this anomalous warming elevates air
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Fig. 1| South American meteorological and climatological features. Schematic

of the main climatological features in South America (SA) (part a). The blue and red lines
represent features in June-July-August (JJA) and December-January-February (DJF),
respectively. Seasonal climatology of rainfall® (bars) and air temperature'® (lines) for
seven regions: Colombian Andes (part b), northern SA (part ), Amazon basin (part d),
south-east Brazil over the SACZ region (part e), south-east SA (SESA) (part f), north-east
Brazil (part g) and central Chile (part h). The South American climate, therefore, features
a set of unique processes that govern the strong regionality of the seasonal cycle, which
the ELNifo—-Southern Oscillation modifies to exert its impact. CL, Chaco Low;

ITCZ, intertropical convergence zone; MCS, mesoscale convective system;

SACZ, South Atlantic convergence zone; SALLJ, South American low-level jet.

temperatures in the coastal region, triggering localized
atmospheric convection and heavy rainfall. The rainfall
impacts on the coast of Ecuador and Peru occur mainly
in the rainy months of February, March and April,
when regional SSTs are seasonally at their highest and
the threshold for deep convection is more likely to be
reached. However, coastal warming off the coast of Peru
and Ecuador also causes a decrease in the SST gradi-
ent with the far-eastern Colombian Pacific, weakening
transport of moisture to the region and, thereby, con-
tributing to drought over Colombia®***. Warm and cold
events exhibit marked asymmetry with their impacts,
related to the ability of anomalies to push the SST above
convection thresholds”.

Tropical pathway

Anomalous ENSO-related SSTs also drive changes in
the climatological Walker circulation (FIG. 2a), which
refers to a series of zonal overturning cells in the atmos-
phere associated with regions of rising and sinking
motion. This so-called tropical pathway refers to the
eastwards shift in deep convection that occurs as a
result of anomalous SST warming in the central and
eastern equatorial Pacific (FIC. 2b), pushing average
SSTs above the thresholds for atmospheric convection.
These changes in the Walker circulation further pro-
mote anomalous descending motion over much of east-
ern equatorial SA and the western equatorial Atlantic
during September-October-November (SON) and DJF,
where the coldest surface temperatures are located®-*
(FIC. 2¢,d), inhibiting the equatorwards movement of the
Atlantic ITCZ and contributing to negative precipitation
anomalies over equatorial eastern SA. By MAM, subsid-
ence shifts to the eastern equatorial Atlantic. However,
dryness over the equatorial eastern SA is enhanced by
the tropical Atlantic meridional SST gradient (FIC. 2¢),
driven by extratropical teleconnections.

Extratropical pathway

In addition to being affected by the anomalous Walker
circulation, ENSO impacts in SA are also modulated by
an extratropical teleconnection. This extratropical path-
way refers to a pattern of stationary Rossby wave trains
— triggered by anomalous convection over the tropical
Pacific — and describing a series of positive and negative
atmospheric-pressure anomalies that extend northwards
and southwards into the mid-latitudes, before then
veering into the Atlantic basin®~*>%*%> (FIG. 2c,d). In the
northern hemisphere, these wave trains are referred to
as the Pacific-North American (PNA) pattern®*¥, and in
the southern hemisphere, the Pacific-South American
(PSA) pattern®-.

Owing to the strength of ENSO anomalies’’ and
the equator-to-pole temperature gradient®, the PSA
is most pronounced during SON. During an El Nifo
event, the atmospheric pattern culminates in nega-
tive and positive pressure anomalies over the eastern
mid-latitudes and eastern subtropical SA, respectively
(FIC. 2¢). These atmospheric-circulation anomalies favour
north-westerly advection of moist warm air into SESA,
as well as an enhanced SALL)"**>%. Collectively, such fea-
tures, combined with favourable synoptic meteorological
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conditions, promote heavy rainfall and flooding across
southern Brazil, Uruguay and northern Argentina®»*>*
(FIG. 2¢). The PSA further induces positive pressure
anomalies over the Amundsen and Bellingshausen Seas,
blocking the westerly winds, displacing the storm track
to the north and favouring more frequent passage of
frontal systems over central Chile and the subtropical
Andes, especially during JJA, the major rainy season™.

The PNA, by contrast, attains maximum amplitude
during DJF and is able to influence the climate of north-
ern SA through the presence of anomalous cyclonic
circulation over the western tropical North Atlantic
(FIC. 2d). The cyclonic anomalies, in combination with
a corresponding weakening of the trade winds” and
wind-evaporation-SST feedbacks’, promote warmer
SSTs in the tropical North Atlantic from February
through May*'%’, referred to as the Atlantic Meridional
Mode. This warming pattern inhibits the southwards
migration of the rain-bearing Atlantic ITCZ, resulting
in negative rainfall anomalies in north-east Brazil***>'"'
and the Amazon basin*>*** (FIC. 2¢). Conversely,
La Nifia events tend to generate cold SST anomalies in
the tropical North Atlantic region, reinforcing the south-
wards shift of the ITCZ and bringing anomalously high
rainfall to northern SA. Together with the PSA-related
positive rainfall anomalies in the south, the PNA-related
negative rainfall anomalies in the north contribute to a
well-known, large-scale dipole structure that character-
izes SA rainfall variability associated with an El Nifio
event (FIG. 2c—e).

Impact on air temperatures

In comparison to rainfall, ENSO signatures in surface-air
temperatures are relatively modest™'?>. Temperature
impacts vary seasonally and are governed by a variety
of processes operating in tropical and extratropical
regions'’>'””. During an El Nifo, for example, cooler
surface-air temperatures in SESA tend to coincide
with rainier conditions due to cloud radiative impacts
on insolation. However, more rainfall often accompa-
nies enhanced northerly flow of warm air and, as such,
the balance between warm advection and cold condi-
tions associated with rainfall acts to produce relatively
low-amplitude air-temperature anomalies. These effects
are particularly noticeable over the southern half of
the continent (FIG. 2c—¢). A notable exception occurs
during JJA of El Nifo years when the northerly flow
is intensified with no corresponding rainfall anom-
alies, favouring unusually warm conditions over the
subtropical region east of the Andes’ (FIC. 2b). Along
the tropical west coast of SA, pronounced tempera-
ture anomalies also occur at the height of El Nino and
La Nifia events (FIC. 2d,e).

Diversity of the ENSO and impact on SA

The previous section described the general mechanisms
and impacts of ENSO on the South American climate.
However, as no two ENSO events are exactly alike (for
example, exhibiting different spatial patterns, amplitude
and temporal evolution), and as El Nifio and La Nifia are
not mirror images of each other, the climatic impacts
may exhibit substantial asymmetry. In this section, we
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outline the causes and implications of ENSO asymmetry
and diversity on subsequent SA climatic impacts.

CP and EP ENSO
ENSO SST anomalies exhibit a longitudinal continuum
in the location of maximum amplitude, incorporating EP
and CP El Nifio and La Nifa events*>’*!*1% which have
the largest anomalies in the EP and CP, respectively*®'
(FIC. 3a, inset). In general, EP El Nifos tend to attain
stronger SST anomalies than CP El Nifios, whereas CP
La Ninas tend to be stronger than EP La Ninas'". The
mechanisms responsible for this diversity in ENSO-
related SST location and magnitude involve a diverse mix
of oceanic and atmospheric processes, including equa-
torial upwelling (which tends to be most active in the
EP)*!" wind-driven zonal displacements of the western
Pacific warm pool (which are more influential in chang-
ing SSTs in the CP)'"”'*® and non-linear atmospheric
convection responses to SST (which explain the greater
magnitude of E1 Nifio events over La Nifia events)”'?%'%.
Given these contrasts, different indices are needed
to characterize the diversity of ENSO events, as well as
the asymmetry between El Nifio and La Nifia'**'%®, Many
indices have been developed to capture this range of
behaviour'”". Here, we characterize the asymmetry using
alinear combination of the first two empirical orthogonal
functions of SST anomalies in the tropical Pacific, which
capture the essence of EP and CP El Nifios in a compact
mathematical formulism”. The principal components
(PCs) of these empirical orthogonal functions, which
exhibit a non-linear relationship (FIG. 3a), are used to
construct an EP and a CP index” (FIG. 3b,c, respectively).
CP El Nifos have seemingly become more frequent than
EP El Nifios in recent decades''’ (FIC. 3b,c), most likely
due to natural decadal climate variability*-''"'"?

Diversity of ENSO impact on SA
The aforementioned distinctions between CP and EP
ENSO — specifically, the magnitude and location of
SST anomalies — are important, given that they directly
affect the depiction of ENSO impacts on SA, through
both the tropical and extratropical pathways. Indeed,
the climatic consequences of EP and CP ENSO can be
profoundly different, in some extreme cases promoting
opposite rainfall anomalies®****#>!">!1*_For example,
during the 1997-98 EP El Nifio, torrential rain inundated
the coastal zone of Peru and Ecuador, while near-normal
conditions prevailed for the 2015-16 event, which was
a mix of an EP and CP El Nino**!'"> (FIG. 3b,c, stars).
Here, we examine variability in EP and CP impacts
through composites based on EP El Nino, CP El Nio,
EP La Nina and CP La Nifia events identified in FIG. 3b,c.
In all seasons, rainfall anomalies are stronger for EP
El Nifos compared with CP El Nifios. Over SESA, for
example, the positive summertime-rainfall anomalies are
three times the magnitude for EP events when compared
with CP events (FIC. 3d.¢). These differences can be attrib-
uted to a more pronounced eastwards shift in the Walker
circulation for EP El Niflo events, resulting in descending
motion and strengthened negative precipitation anom-
alies over north-east SA***“** (FIG. 3d,e). EP El Nifos fur-
ther tend to exhibit stronger and more well-defined PSA
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< Fig. 2 | Evolution of a typical El Nifio event and its impact on the South American
climate. Sea-surface temperature'” (left), rainfall (middle) and surface-air temperature
(right) climatologies (part a) and ELNiflo—Southern Oscillation-related anomalies for
June-July-August (JJA; part b), September-October-November (SON; part c), December-
January-February (DJF; part d) and March-April-May (MAM; part e). Overlaid on the left
panels is the Walker circulation, with upwards and downwards arrows reflecting rising and
sinking branches, respectively. Climatologies are calculated over the period 1948-2016.
Anomalies are calculated by regressing seasonally averaged variables on the normalized
DJF Nifio3.4 index, using data from the period 1948-2016. All values shown in the regres-
sion maps, in physical units per standard deviation (s.d.), are significant above the 90%
confidence level. Year 0 in parentheses indicates an El Nifio developing year and year 1 the
subsequent decaying year. In SON (part c), the Pacific-South American teleconnection
emerges, represented as a sequence of high-pressure (H) and low-pressure (L) systems
from the central equatorial Pacific to the South Atlantic. In DJF (part d), a northwards
teleconnection is found, the Pacific-North American pattern. The ELNifio-Southern
Oscillation’s impact revolves around a prominent feature during an EL Nifo that includes
anincrease in rainfall along the west coast, accompanied by a dipole pattern of an
anomalous dry condition in the north-east and wet condition in the south-east.
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and PNA patterns'-*>'"%, Indeed, during CP El Nifos, the
PNA is relatively weak, producing minimal SST changes
in the tropical North Atlantic (the Atlantic Meridional
Mode) and, thereby, smaller rainfall anomalies in north-
ern SA, especially during MAM*>""”''8 (FIC. 2¢). Contrasts
can further be related to SST warming along the western
coast of SA during EP El Nifios, which directly results
in anomalously higher rainfall in Peru and Ecuador,
a stronger SALLJ, transporting more moisture to SESA
during JJA and SON during EP El Nifio****>%, and a
strengthened blocking high to the west of the southern
tip of SA during EP El Niflo, increasing positive rainfall
anomalies over central Chile*'.

CP La Nifias, by contrast, tend to exhibit a stronger
and spatially coherent rainfall response than EP La Nifas
(FIC. 3f,g), the latter of which are a relatively rare occurrence
(FIC. 3b). For instance, excess rainfall over northern SA dur-
ing DJF is much stronger, and during MAM more spatially
coherent during CP La Nifas (FIC. 3f,), owing to a stronger
developing negative Atlantic Meridional Mode, which
results in a more persistent southwards displacement of
the ITCZ*>**'. In some cases, though, La Nifia events can
be associated with drought over north-east Brazil, such
as in 2011-12, when a positive Atlantic Meridional Mode
overwhelmed the La Nifia impact®. Moreover, negative
SON rainfall anomalies in SESA also tend to be stronger
for CP La Nifas compared with EP La Nifas associated
with a stronger PSA, while in DJE stronger rainfall deficits
are observed in south-east Brazil", due to land surface-
atmosphere interaction triggered by soil-moisture
anomalies in the previous SON season'® (FIG. 3¢).

Thus, ENSO diversity directly affects the climatic
impacts in SA. EP El Nifios tend to have a stronger
effect than CP El Nios, linked to the anomalous SST
and convection. La Nifa events further exhibit impacts
with spatial patterns different from those of El Nifo,
with CP events typically stronger in intensity than their
EP counterparts.

Modulation of ENSO impact

As well as being affected by the location, seasonality
and sign of SST anomalies, ENSO’s impact on SA is also
modulated by local land surface-atmosphere interac-
tions, air-sea interactions in the neighbourhood of the
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continent, other modes of interannual climate variability,
inter-basin interactions and a changing mean climate,
each of which is now discussed.

Land surface-atmosphere interactions
Local land surface—atmosphere interactions contribute
to inter-event differences in ENSO climate impacts'**~'*.
In northern SA, for example, soil moisture, evapotran-
spiration and rainfall recycling over the Amazon basin
affect the response of the tropical North Atlantic to PNA
teleconnections. Specifically, negative rainfall anomalies
over the Amazon basin act to decrease the pressure gra-
dient with the tropical North Atlantic, weakening the
North Atlantic trade winds, in turn, warming SSTs'*"'*,
which inhibit the southwards movement of the Atlantic
ITCZ and creating conditions unfavourable for rainfall
in northern SA'?"'?, Thus, if the initial rainfall over the
Amazon is lower than normal, it would reinforce
the impact of the El Niflo PNA teleconnections, leading
to a further rainfall reduction in northern SA. Conversely,
if the initial rainfall anomaly over the Amazon is
positive, it would offset the impact of an El Nifio'*"'*.
A land surface-atmosphere feedback similarly
explains an inverse relationship between antecedent SON
and peak DJF rainfall in central-east SA during ENSO
years'®. For instance, a negative SON rainfall anomaly in
central-east SA leads to low SON soil moisture and high
late SON surface temperatures; this, in combination with
topographical effects, enhances low-level anomalous
convergence and cyclonic circulation over south-east
Brazil, increasing moisture flux from the Atlantic,
north-western SA and Amazon basin into central-east
Brazil, thus, creating favourable conditions for increased
rainfall in DJE Conversely, an antecedent wet condition
in SON leads to opposite anomalies in DJE. While this
reversal of rainfall anomalies from spring to summer
can also occur without the influence of the ENSO, it is
more frequent during El Nifio or La Nifa years due to
the rainfall anomalies it generates in central-eastern SA
and because the ENSO teleconnection to this region is
very weak in DJF**'?°. Therefore, the effects of land
surface—atmosphere feedback overcome those of ENSO
remote forcing.

Neighbouring air-sea interactions

Air-sea interactions in the neighbourhood of the
continent also have the potential to modulate ENSO
impacts through either establishing anomalous rainfall
on land'>""'*" or altering the development of the ENSO
itself'”. For example, an El Nifio-independent posi-
tive South Atlantic dipole mode — that is, anomalous
cooling to the north-east South Atlantic and warming
to the south-west — can shift the SACZ southwards and
the ITCZ northwards'*, reinforcing El Nifio-induced
rainfall reductions over north-eastern SA. However,
a positive South Atlantic dipole mode can itself be trig-
gered by CP El Nino'', presenting a positive feedback
that intensifies the impact of the CP El Niiio.

Interannual variability
The ENSO’s impact on SA is also affected by other
modes of variability.
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< Fig. 3| EP and CP ENSO regimes and their different impacts on the South American

climate. ELNifio-Southern Oscillation (ENSO) non-linearity (o) represented by a
quadratic relationship between the first and second principal components of December-
January-February (DJF)-averaged sea-surface temperature anomalies'* from 1948 to
2016 (REF*) (part a). The eastern Pacific (EP) and central Pacific (CP) ENSO regimes can

be described by an E-index[(PC1 — PC2)/~/2] (partb) and a C-index[(PC1 + PC2)/-/2]
(part c), respectively, with their patterns shown in the insets in panela. An EP EL Nifio is
defined when the E-index is greater than 1.00 standard deviation (s.d.) (red circles in parts
aandb) and an EP La Nifia when the E-index is greater than —0.75s.d. in amplitude (yellow
circles in parts a and b). A CP ElNifio or CP La Nifa event is defined when the C-index
exceeds 1 or —1s.d.in amplitude, respectively (purple and blue circles in parts a and b).

As EP La Nifia is smaller in amplitude than CP La Nifa, a threshold of 0.75s.d. is used to
maximize the number of events included. The red and yellow stars in partsa,band ¢
indicate the 2015-16 and 1949-50 events, which are mixed EP/CP El Nifio and EP/CP

La Nifa, respectively. Composites of rainfall'* (shading) and surface temperature*’
(contours) anomalies for EP EL Nifio (left), CP ELNifio (middle-left), EP La Nifia (middle-right)
and CP La Nifa (right) during June-July-August (JJA; part d), September-October-November
(SON; part e), December-January-February (DJF; part f) and March-April-May (MAM; part g).
Year 0 in parentheses indicates an ELNifio developing year and year 1 the subsequent
decaying year. Red and blue contours in parts d—g represent positive and negative surface-
air-temperature anomalies, respectively, drawn at intervals of 0.2 °C. Thick contours or
stippled areas indicate statistical significance above the 90% confidence level. EP El Nifios
generally have a stronger impact than CP ELNifios, but can be opposite along the tropical
west coast between EP and CP El Nifios. Further, impacts of CP La Nifas are generally
stronger than EP La Nifias, but the spatial pattern is not a mirror opposite of that associated
with their respective El Nifios.

North Atlantic SST variability. Although tropical North
Atlantic SST responds to the ENSO-induced PNA tele-
connection, the Atlantic Meridional Mode also operates
independently from the Pacific*”' and can, therefore, off-
set or reinforce the impact of the PNA on the SST#*440%,
Moreover, the negative phase of the North Atlantic
Oscillation — that is, anomalous low and high surface
pressure in the northern mid-latitudes and high lati-
tudes, respectively — reduces the north-easterly trades
and SST in the tropical North Atlantic, leading to less
rainfall in the Amazon basin'* and Colombia'*".

Indian Ocean variability. The IOD** and the Indian
Ocean basin-wide (IOB) warming'*’ further act to oft-
set or amplify the ENSO’s impact on SA, specifically,
as they tend to occur in conjunction with an EI Nifo
event'”. A positive phase of the IOD, characterized by
an anomalous cooling in the east but warming in the
western equatorial Indian Ocean in SON, can trigger
Rossby wave trains similar to the PSA pattern during El
Nino*>'* (FIC. 4a), leading to increased rainfall in SESA
and in central Chile by guiding weather systems (and,
therefore, moisture) over the region'*. IOB warming,
a basin-wide warming that develops during the matured
El Nifio season of DJF and peaks in MAM, further trig-
gers Rossby wave trains patterns similar to to those in
SON and DJE, enhancing and prolonging the El Nifio
impact in SESA into MAM'.

The SAM. The SAM is characterized by opposing
geopotential-height anomalies between the mid-
latitudes and high latitudes®, a positive phase describing
positive anomalies over the mid-latitudes and nega-
tive anomalies over the high latitudes, decreasing the
strength of the mid-latitude westerlies and reducing
the strength of high-latitude westerlies. A positive SAM
produces drier conditions in SESA and central Chile,
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as the rain-bearing westerly systems are shifted pole-
wards, which can offset or modulate the impact from
an El Nifno™""* (FIG. 4b). Indeed, while the SAM gener-
ally causes drying in SESA, El Nifo events are typically
conducive to rainfall”’, with the interplay between these
two modes influencing the precipitation responses;
during the 2015-16 El Nifio, for example, negative rain-
fall anomalies predominated due to a strong offset by
a positive SAM'. A similar situation was observed in
central Chile, where the strong El Nifio event was not
able to break the prolonged drought affecting this region
since 2010 because of the persistent positive SAM state””.
In contrast, the positive SAM phase and the very strong
El Nifio during early 2016 conspired to produce an
extreme drought that triggered severe environmental
disruptions along western Patagonia because both lead
to negative rainfall anomalies'’.

Decadal variability

In addition to the interannual variability, climatic
impacts in SA also exhibit longer-term variability related
to decadal variations in ENSO diversity and correspond-
ing relationships with other modes of variability. For
example, from the mid-1970s to late 1990s, when the
IPO was positive (with anomalous cooling in the central
and western regions of the North and South Pacific sur-
rounded by warming along the equatorial and western
coastline of the Americas), ENSO events included more
occurrences of strong CP La Nifia and strong EP EI Nifo
events'””. Since the 2000s, however, the IPO has been
negative and ENSO events feature more CP El Nifios,
which are smaller in amplitude'’. These decadal changes
in ENSO characteristics act to modify the correspond-
ing impacts in SA™'**. For instance, during the positive
IPO, El Nifno was associated with an increase in rain-
fall in southern Brazil and central Chile, a relationship
that was not apparent during the negative IPO phase™*’
(FIC. 4c). Furthermore, in Colombia, La Nifia-induced
rainfall is particularly large during the negative phase
of the IPO, whereas El Nifio-induced drying is exacer-
bated during the positive phase'*". Further, ENSO-SAM
and ENSO-IOD relationships also change on decadal
timescales'?*'*>13¢_ For instance, an El Nino, conducive
to central Chile JJA rainfall, induces a negative SAM,
which is also favourable to central Chile JJA rainfall,
and this ENSO-SAM relationship, which reinforces the
ENSO’s impact on central Chile, has been weakening in
recent decades'**'%; similarly, an El Nifio can induce a
positive IOD, which reinforces El Nifio-induced rainfall
increase in SESA and in central Chile, but the El Nifio
and the IOD relationship has been weakening in recent
decades*. These changes result in ENSO’s impact on the
South American climate becoming less robust in recent
decades, and its prediction more challenging.

Inter-basin interactions

Since the year 2000, the warm phase of the Atlantic
Multidecadal Variability has not only intensified the
negative phase of the IPO' but also the two-way inter-
action between the tropical North Atlantic and the cen-
tral equatorial Pacific, inducing a higher frequency of CP
El Nifios"* (FIG. 3b,c). El Nifio-induced warming of the
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a SONIOD

Fig. 4 | Modulation of the ENSO’s impact on SA. a| Regression between
September-November-October (SON) Indian Ocean Dipole (I0D)*°
and SON rainfall (shading) and 200-mb stream function (contours).
Stream-function contours are drawn at intervals of 0.6 from -3 to 3
(10°m?s*(s.d.)"!). b| Regression between October-November-December
(OND) Southern Annular Mode (SAM)*® with OND rainfall field (shading)
and 200-mb geopotential height. Geopotential-height contours are drawn
at intervals of 10 from —100 to 50 m (s.d.)™". Only values above the 90%
confidence level are plotted. c | Relationship between May to September
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(MJJAS) E-index and central Chile regional precipitation index’’. The
black and blue lines show the regression for 1914-2018 and 2000-18,
respectively. The red circles highlight the Chile megadrought years from
2009 to 2018. The diverse impact of the El Nifo—-Southern Oscillation
(ENSO) on SA is modulated by a multitude of factors: the positive 10D,
which tends to reinforce, and the positive SAM, which tends to offset,
impacts from EL Nifio. ENSO’s influence has been weakening, as indicated
by the smaller slope in the recent period (blue line), which may contribute
to the recent drought in central Chile. s.d., standard deviation.

tropical North Atlantic in MAM can initiate a La Nifia in
subsequent seasons™, which is conducive to a cooling
in the tropical North Atlantic in the following MAM, and
vice versa. Recent North Atlantic background warming
associated with a positive phase of the Atlantic Multideca-
dal Variability has intensified this inter-basin connec-
tion®, leading to more frequent biennial CP El Nifios'*,
with an expected overall weaker impact on SA (FIG. 3d,¢e).

Warming climate

Recent evidence suggests that at least part of ENSO’s
impact on SA has already been impacted by greenhouse-
warming-induced change. For example, the persistent
positive SAM phase, as a result of Antarctic ozone deple-
tion and increasing CO, (REF."**), may have contributed to
a failure in the ENSO-rainfall teleconnection in central
Chile and the megadrought in the region since 2010,
and even the strong 2015-16 El Nifo is not enough to
compensate for these dry conditions™ (FIC. 4c).

Implications

Understanding how ENSO impacts the climate of SA,
including the variability and modulating factors, has
important implications for seasonal and multi-year
prediction, as well as for future projection of how the
teleconnections may change in the future.

Predictions

The robustness of the local impacts in western SA asso-
ciated with coastal El Nifio or EP El Niflo events and
the tropical and extratropical teleconnection renders
SA one of the regions where models demonstrate pre-
dictability in ENSO impact'*>'*!. Given that EP El Nifio
is typically greater in amplitude than CP El Nifio, and CP

La Nifia is greater in amplitude than EP cold anomalies,
prediction of ENSO types is, in principle, expected to
enhance prediction of the corresponding impact from
a signal-to-noise-ratio perspective. For example, since
the early 2000s, there has been a general reduction in
ENSO predictability'*, which might be associated with
more CP ENSO. However, whether an ENSO impact
emerges depends on a number of factors, including
the evolution of ENSO itself* and the impact of other
modes of climate variability*>**'*. For example, the
prediction of north-east Brazil rainfall relies more on a
north-minus-south SST gradient in the tropical Atlantic
than on Pacific SST anomalies”. More specifically,
a positive interhemispheric SST gradient anomaly during
El Niflo keeps the ITCZ in the tropical North Atlantic,
which, in turn, leads to rainfall deficits over north-east
Brazil, and vice versa for La Nifia'*’. This relationship
emerges because the Atlantic meridional SST gradient
and the position of the ITCZ are not solely driven by the
ENSO but are also affected by ocean and atmosphere
dynamics within the South Atlantic via, for example,
Atlantic Niflos™ and variations in the Benguela upwel-
ling system'*. Thus, predictors incorporating both the
tropical Pacific and Atlantic SSTs result in improved pre-
diction compared with that achieved when using SSTs
from either ocean alone™'*.

Both the Indian and the Atlantic oceans feed back
into the Pacific, which provides additional precursors
for the prediction of ENSO diversity and, therefore, its
impact. A positive IOD not only reinforces the develop-
ment of a concurrent El Nifio by promoting anomalous
westerlies in the western Pacific but also intensifies an
El Nifo-induced IOB warming in DJF and MAM* and
accelerates the transition to a La Nifa event*’. Likewise,
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La Nifia events can be triggered by an El Nifio-induced
anomalous warming in the tropical North Atlantic in
MAM?®*% or an Atlantic Nifio in JJA'*°, Thus, incor-
porating information of oceans outside the Pacific can
potentially improve the prediction of ENSO diver-
sity’®**!7, evolution and phase transition™, as demon-
strated in hindcast experiments'®**='*, ultimately
providing more accurate information for seasonal
predictions in SA. The Indian and Atlantic feedback to
the Pacific also operates on decadal timescales, enhanc-
ing multi-year prediction'*”'®. For example, a decadal
warming trend in the tropical Atlantic leads to a cooling
trend in the Pacific'”.

Projection of the South American mean climate

Under greenhouse warming, the majority of climate
models project a mean pattern of rainfall change some-
what similar to the anomaly pattern associated with
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an El Nifio"”'~"**, This pattern includes an increase in
SON and DJF rainfall over SESA'** and a likely reduc-
tion in the central-eastern Amazon and north-east
Brazil regions'*"-'**'**. One exception is central Chile,
where most climate models predict decreased precipi-
tation, contrasting with the wetter-than-normal condi-
tions associated with an El Nifio. However, the extent
of the projected change depends on model realisms in
simulating ENSO.

The ability of models to simulate ENSO diver-
sity and non-linearity can be assessed in terms of the
dynamical non-linear coefficient |a| (FIC. 32), diagnosed
over the modelled 1900-2099 period (FIC. 5a). Models
simulating an |a| close to zero indicate that the first
and second PCs are not able to simulate the observed
ENSO non-linearity and diversity. With a realistic |a],
the pattern associated with PC1 represents the average
pattern of all ENSO events, and the pattern associated
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Fig. 5 | Dependence of projected rainfall change on the level of simulated ENSO non-linearity. Relationship between
a, a greater amplitude of which means that a model’s ability to produce distinct central Pacific and eastern Pacific EL Nifio—
Southern Oscillation (ENSO) systems is higher, and the sum of absolute skewness of the E-index (positive skewness) and
C-index (negative skewness) across all CMIP5 models. A positive skewness of the E-index means that warm anomalies are
able to grow to a greater amplitude than cold anomalies, as shown in FIG. 3b (part a). An |a close to zero suggests that the
first and second principal components (PCs) are not non-linearly linked, which is opposite to the observed (black circle).
A substantial |a| indicates that the pattern associated with PC1 is the average pattern of El Nifio anomalies, and the
pattern associated with PC2 modulates the PC1 pattern to produce the difference between central Pacific and eastern
Pacific ELNifio events, and the asymmetry between ELNifio and La Nifia, as shown in FIG. 3a. Models are separated into
two different groups: realistic models (red symbols), which represent the best ten models that simulate |al, and unrealistic
models (blue symbols), which represent the worst ten models. Other models are indicated in grey. Multi-model ensemble
mean of projected changes in rainfall during March-April-May (MAM) between the 2000-99 and the 1900-99 periods
forced under RCP8.5 (REF.***) using the realistic models (part b) and less realistic models (part c). The contours reflect

the projected change in stream function at 200 mb, with the solid purple and dashed blue lines indicating positive and
negative stream-function anomalies, respectively; contours are drawn at intervals of 0.2 x 10°. The dotted areas in parts b
and cindicate a statistically significant difference between realistic and less realistic models at the 90% confidence level
using a Student’s t-test. Models that simulate stronger ENSO non-linearity project a rather different future from models
simulating weaker ENSO non-linearity, including an increase in the mean rainfall in the northern Amazon basin and drier
conditions south of the Nordeste.
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with PC2 modulates the PC1 pattern to produce the dif-
ference between weak and strong El Nifo events, and
the asymmetry between El Nifio and La Nifia (FIC. 3a).
These so-called realistic models — that is, the ten models
with |a] closest to that observed — can be used to exam-
ine projected rainfall changes. In the realistic models,
the distinction between EP and CP ENSO are clearer,
ENSO diversity is higher and its response to greenhouse
warming is stronger; in particular, when compared with
the unrealistic models, the projected increase in strong
EP El Nifio and strong La Nifa is greater'® and mean
SSTs in the eastern equatorial Pacific are warmer'**.
Consequently, an increasing MAM rainfall trend in the
Amazon and a subdued MAM drying trend in south-
ern Chile are projected in the realistic models (FIC. 5b,c),
related to increased rainfall linked directly to warmer
mean SSTs in the eastern equatorial Pacific'*®, which
offsets a SAM-related rainfall reduction in the central
Chile region. The increase in mean rainfall in the north-
ern Amazon basin, and the drier conditions south of the
Nordeste, are also stronger in those models, simulating
stronger ENSO non-linearity (FIC. 5b,c).

In addition, models that simulate a stronger decadal
Atlantic feedback to the Pacific, in which the cooling
effect induced by the Atlantic warming is greater, project
a smaller warming in the Pacific* and, likely, smaller
rainfall changes in SA. These changes suggest that the
source of uncertainty in the projected rainfall change
and future ENSO impact on the South American climate
is not limited to the realism of the ENSO and Pacific
conditions in climate models.

Projection of ENSO teleconnections
At present, there is no evidence to suggest that the con-
temporary pathways through which ENSO influences
SA are likely to change under greenhouse warming'>~'%.
However, given that strong El Nifio'* and strong La Nifia'®
events are projected to increase in frequency, ENSO-
related climate and weather extremes are likely to increase
in most regions of SA. Further, the frequency of coastal
El Nifio events is projected to increase with climate
change®'®". As such, regions with a robust ENSO signal in
the current climate are generally expected to experience an
increase in ENSO-driven extreme events in the future'®,
as the impact superimposes on the mean state change'®’.

In terms of whether the intensity of the ENSO telecon-
nection will change, previous studies using historical Nifio
indices show either a weakened teleconnection'””'** or
no robust change in ENSO teleconnection patterns'**'®.
However, the projected change is likely to depend on
each model’s ability to simulate ENSO diversity and
non-linearity'® (FIC. 6). For instance, in models that sim-
ulate a higher level of ENSO diversity, a weaker drying
in north-western SA and a broader and more intense
rainfall increase in SESA in SON is projected (FIC. 6Db,c).
Nevertheless, CP or EP ENSO SST anomaly patterns
differ vastly from one model to another, even in models
that simulate ENSO diversity'*, which remains a source
of uncertainty for simulating and projecting ENSO’s
regional impacts over SA.

Even if the mechanisms for ENSO impacts do not
change, ENSO impact is likely to be modified by the

mean state changes. Positive temperature anomalies dur-
ing El Niflo on a warmer climate could lead to deadly
heat in the Amazon region and tropical western SA'®.
In addition to the dipole-like rainfall change, the mean
SACZ is likely to move southwards, as observed since
1979 (REF.'?). On the other hand, the projected posi-
tive SAM trend is likely to decrease the mean rainfall
in central Chile, offsetting an El Niflo-induced rain-
fall increase™. The projected reduction in rainfall and
soil moisture in the Amazon region may exacerbate,
via increased evaporation, higher temperatures and
less land-rainfall recycling'®, and the impacts of El
Nifio-driven drought conditions, conducive to more
extreme fire risk'®.

Summary and pathways forwards

How ENSO impacts SA would, at first sight, appear to
be a relatively simple and solved problem; the tendency
of floods and droughts along the tropical west coast of
Ecuador/Peru and Colombia, respectively, during strong
or coastal El Nifios has long been known. The more
comprehensive picture, such as droughts in the Amazon
and floods in SESA during El Nifos, has also been famil-
iar to many. However, ENSO’s impact on SA is depend-
ent on a multitude of factors, including ENSO diversity,
the impact from other modes of climate variability and
inter-basin interactions, especially between the Pacific
and the Atlantic. CP and EP ENSO events, for example,
can have opposite impacts or disparate impacts, related
to contrasting teleconnection efficiencies via the tropi-
cal and extratropical pathways. For instance, in the west
coastal fringe, the tendency of floods may not occur dur-
ing a CP El Niflo and, instead, drier than normal condi-
tions can be prevalent. Modes of variability in the Indian
and Atlantic oceans further feed back into the Pacific,
affecting ENSO properties, and, thereby, modulating the
resulting impacts in SA. A positive IOD, for instance,
favours the development of an El Niflo, and a positive
Atlantic Meridional Mode during MAM can trigger a
CP La Nifia**"*, in turn, promoting anomalous climatic
patterns typical of those events. These modes of climate
variability can also modify ENSO impacts directly,
either reinforcing corresponding anomalies (such as
when an El Nifio occurs in conjunction with a positive
10D'*) or muting them (for central Chile, such as when
an El Nifio occurs concurrently with a positive SAM).
Moreover, decadal-scale variability — both in regards to
ENSO and the resulting interactions with other modes
— adds a further complication to diagnosing ENSO tele-
connections, especially in light of the relatively short
instrumental record.

ENSO thus represents an important, yet complicated,
influence on SA, promoting temperature and precipi-
tation anomalies that have profound socio-economic,
ecological and environmental impacts. Therefore, it is
vital to reduce the uncertainties in ENSO in both con-
temporary and future climates, which can be achieved
through continued palaeoclimate investigations, model
developments and targeted research.

Extending the instrumental record further back in
time by using palaeoclimate proxies can help decipher
the complexity of ENSO impacts on SA. At the same
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Fig. 6 | Dependence of EP ENSO teleconnection on simulated ENSO
non-Llinearity. Multi-model ensemble mean of eastern Pacific (EP) EL Nifio—
Southern Oscillation (ENSO) teleconnections during September-October-
November (SON), as simulated by the realistic models (red symbols in FIC. 5a)
for the present climate (1900-99; part a), future climate (2000-99; part b)
and the difference (part c), and by the unrealistic models (blue symbols in
FIG. 5a) for the present climate (1900-99; part d), future climate (2000-99;
part e) and the difference (part f). Rainfall (shading) and 200-mb stream
function (contours) anomalies are calculated by regressing SON-averaged
values onto the SON E-index prior to multi-model averaging. The solid

purple and dashed blue lines indicate positive and negative stream-function
anomalies, respectively; contours are drawn at intervals of 0.5 % 10° for parts
a, b, d and e, and 0.15 x 10° for parts c and f. The dotted areas in c and f
reflect statistically significant differences at the 90% confidence level using
a Student’s t-test. The detailed structure of the projected changes between
the two groups is different, but both show a tendency for a strengthened
teleconnection. Further, relative to the unrealistic models, teleconnection
patterns associated with a positive E-index feature less drying along
the tropical west coast in the present-day and future climate and in the
projected change in realistic models.

time, palaeoproxies can improve understanding of
ENSO’s response to past external climate forcing, such
as changes in the Earth’s orbit and volcanic eruptions.
In fact, it was iconic records from SA, such as sediment
cores from Laguna Parcacocha in Ecuador'®'”’ and
El Junco in the Galapagos'”, that motivated palaeo-
climate modelling of past ENSO behaviour'”>. These
records show, for instance, a decrease in ENSO vari-
ance during the mid-Holocene (4-7ka before present)
and a ramp-up in the past 3,000 years. However, the
occurrence of extreme rainfall in northern SA heavily
depends on ENSO diversity, which needs to be taken
into account'”. Despite the complexity of ENSO impacts
on SA, it remains a prime location for palaeoclimate

proxy collection and analysis, providing insights into
how ENSO and its impacts have changed in the past and
guiding studies of how ENSO may change in the future.
Extending such proxy record further back to the early
Holocene when atmospheric CO, was decreasing would
provide a more complete picture of ENSO response in
the past.

Climate models provide a vital tool for understanding
past and projecting future ENSO impacts, but they suffer
from long-standing systematic errors. These include a
cold bias in the equatorial CP'"*'”> and the equatorial
eastern Indian Ocean'’”®, but a warm bias in the eastern
boundary-current-system regions, including the tropical
Pacific and Atlantic**'”’. The cold-tongue bias could have
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a substantial impact on the simulated characteristics of
ENSO and the IOD'7, and the bias in the Atlantic could
be responsible for the weak Atlantic-Pacific interaction.
Other model errors include unrealistic ENSO seasonal
phase locking'”’, which can affect the timing of ENSO
impact on SA, weak ENSO diversity and the associated
impacts'’®*%1%5179 Tt is not clear whether these errors
are related to, for instance, unrealistic representation
of land-surface processes'®, a dry bias in the central
Amazonia'®' and Northern American regions'®, a wet
bias in the vicinity of the Andes'®* or low variability in
the SACZ and in ENSO-induced extratropical Rossby
wave trains’'.

Thus, there is considerable uncertainty in the pro-
jected change in ENSO impact on SA. Under greenhouse
warming, models that simulate a more realistic ENSO
diversity tend to produce a stronger increase in CP and
EP ENSO variability than those that do not'", suggesting
that the ENSO impact on SA could be more extreme
in the future. But the pattern and its projected mean
state change could be substantially different if model
systematic errors in Atlantic—Pacific interactions and in
ENSO diversity are corrected”. Given that the systematic
errors in the tropical Atlantic have persisted for many
model generations and may take a long time to rec-
tify, flux adjustments in climate models can be a useful
approach for exploring the Atlantic—Pacific interactions
in the current climate and for gauging their impact on
future change under differing climate-change-forcing
scenarios.

Recent progress in our understanding of ENSO
impact on SA provides valuable guidance for setting
research priorities. Among these is the urgent need to
reduce model systematic errors, like those associated
with the ocean-atmosphere processes in the EP, because
of their adverse impacts on the skill of seasonal forecasts

and future projections. Given the models’ inability to
reproduce the land-surface process responsible for the
inverse relationship between SON and DJF rainfall in
central-east SA'", strengthened effort in understand-
ing the associated processes is in order, so that these are
represented as accurately as possible in models. Further,
comprehensive studies of how climate change interacts
with ENSO impacts are required if we are to fully grasp
the consequences. Finally, there is a need for higher
spatial and temporal resolution to capture the details
of ENSO impacts embedded in the SA rainfall dipole
pattern. This pattern results from both tropical and
extratropical teleconnections, which are mediated by
weather events on daily to intra-seasonal timescales'*>'*.
Some of these weather events are extreme and it is these
extreme events that are most consequential in terms of
socio-economic impacts (BOX 1). Importantly, it has been
suggested that these ENSO-related extreme events are
already being amplified by underlying climate-change
trends, as, for example, in the heightened risk of Amazon
fires during the 2015-16 El Nifio'"".

Scientific progress on these issues will not only
be of benefit to SA but to the world as well. Ocean-
atmosphere-land interactions that affect the climate
of the Amazon feed back into the global climate®"'*'%,
In a globalized world, economic impacts felt in SA
ripple through international markets, especially for
weather-sensitive and climate-sensitive commodi-
ties. Ultimately, progress in understanding, assessing
and predicting ENSO’s impact on SA and its global
consequences will depend critically on sustained
global ocean and climate observations, more com-
prehensive palaeoreconstructions and climate-model
improvements.
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