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The 2023 extreme coastal El Nino: Atmospheric and

air-sea coupling mechanisms

Qihua Peng1, Shang-Ping Xie'*, Gino A. Passalacquaz, Ayumu Miyamoto1, Clara Deser®

In the boreal spring of 2023, an extreme coastal El Niiio struck the coastal regions of Peru and Ecuador, causing
devastating rainfalls, flooding, and record dengue outbreaks. Observations and ocean model experiments reveal
that northerly alongshore winds and westerly wind anomalies in the eastern equatorial Pacific, initially associated
with a record-strong Madden-Julian Oscillation and cyclonic disturbance off Peru in March, drove the coastal
warming through suppressed coastal upwelling and downwelling Kelvin waves. Atmospheric model simulations
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indicate that the coastal warming in turn favors the observed wind anomalies over the far eastern tropical Pacific
by triggering atmospheric deep convection. This implies a positive feedback between the coastal warming and
the winds, which further amplifies the coastal warming. In May, the seasonal background cooling precludes deep
convection and the coastal Bjerknes feedback, leading to the weakening of the coastal El Nifio. This coastal El Nifio
is rare but predictable at 1 month lead, which is useful to protect lives and properties.

INTRODUCTION

Because of the strong upwelling of cold subsurface water, deep con-
vection is largely suppressed off Peru. Consequently, the Peruvian
coastal region receives merely ~5 cm of annual rainfall (1), render-
ing it one of the driest places on Earth. In March-April 2023, an
extreme coastal warming event, one of the strongest in the past four
decades (figs. S1 and S2), occurred along the coast of Peru and Ec-
uador. This extreme coastal El Nifio caused widespread flooding and
the worst recorded dengue outbreak in Peruvian history, leading to
more than 300 deaths (2, 3). The arid Sechura desert in northern
Peru was submerged under a vast lake known as Lake La Nifia, a
phenomenon observed only during extreme El Nifio events. Tens of
thousands of homes were destroyed by the flooding. In addition,
this event caused the lowest chlorophyll-a (Chl-a) concentrations in
the coastal regions since the Moderate Resolution Imaging Spectro-
radiometer (MODIS) satellite measurements began in 2002 (fig. S3),
with impacts on marine ecosystems and fisheries (4).

This type of phenomenon, distinguished by its distinct evolution,
spatial pattern, dynamics, and impacts from basin-scale El Nifio
events, is categorized as a coastal El Niflo (5-7). Similar extreme
events occurred in 1925 (7) and 2017 (6, 8, 9). Some studies show
that intraseasonal downwelling Kelvin waves (6, 10, 11) trigger the
coastal El Nifo, and coastal Bjerknes feedback (6) further amplifies
it. Other studies suggest that surface heat flux anomalies (9), re-
duced atmospheric stability due to central Pacific cooling (7), or ex-
tratropical circulation anomalies in the Southern Hemisphere (8,
12) play an important role in driving the coastal El Nifio. However,
the rarity of extreme coastal El Nifio events in modern instrumental
records hinders a comprehensive understanding of the ocean-
atmosphere dynamics involved. The occurrence of the 2023 coastal
El Nifio event, with extensive observations (some in real-time),
presents a valuable opportunity to further investigate crucial dy-
namical processes of coastal El Nifio. The 2023 event exhibits sev-
eral unique features including unusual atmospheric perturbations in
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the far eastern Pacific and strong subsurface temperature anomalies
along the equator that leads to the rapid growth of a basin-scale El
Nifio. These features highlight the need for a close look into ocean-
atmospheric processes that produced the 2023 coastal El Nifio.

Here, we examine the evolution and mechanisms of the 2023 ex-
treme coastal El Niflo by using a variety of observations. We further
use comprehensive ocean (OGCM) and atmospheric (AGCM) gen-
eral circulation models to reveal the underlying oceanic and atmo-
spheric dynamics. In addition to confirming the coastal Bjerknes
feedback that amplifies the coastal El Nifio, our results indicate that
atmospheric internal variability in the far eastern Pacific helps trig-
ger, and is also amplified by, the extreme coastal El Nifio. Both ob-
servations and numerical experiments reveal that the seasonal
cooling of background sea surface temperature (SST) decouples the
coastal ocean and atmosphere from May onward, ultimately leading
to the decay of the coastal El Niiio.

RESULTS

Evolution of the 2023 coastal El Nifio

The year of 2023 opened with the tropical Pacific Ocean in a La Nifia
state. The onset of the coastal warming was first observed in mid-
February: Weak warming signals initially manifested in locations
away from the coastline together with weak northwesterly winds
over the equatorial southeastern Pacific Ocean (Fig. 1 and fig. $4). In
early March, a burst of westerly wind anomalies took place in the
eastern equatorial Pacific (EEP) (Fig. 2A), concomitant with strong
northerly wind anomalies off Ecuador and Peru (Fig. 2D). The SST
warming signal shifted to coastal regions and greatly intensified
through March and April (Fig. 2C). The coastal El Nifio peaked at
the end of April with a monthly maximum SST anomaly of +4°C in
the Coastal region of South America (CSA; averaged over 85°W to
80°W, 10°S to 0°), while the central equatorial Pacific sustained neu-
tral conditions during this period. Monthly coastal SST warming in
2023 was the strongest at most coastal stations since 2000 (fig. S2),
comparable to the extreme warming in 1983 and 1998 (fig. S1A).
Positive sea level anomalies (SLA) exceeding 10 cm were observed
along the equator and CSA (Fig. 2C and fig. $4B), coinciding with
strong subsurface warming (exceeding 5°C) above 80 m in the
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Fig. 1. The spatiotemporal distribution of the 2023 coastal El Niiio and associated atmospheric conditions. Left: Observed SST (°C, color shading), 10-m wind (me-
ters per second, vectors; values below 0.5 m/s not shown), and rainfall anomalies (line contours with an interval of 2 mm/day; positive values in green and negative values
in brown) during (A) January, (C) February, (E) March, (G) April, and (I) May. Right: Same as left but for the anomalous wind and rainfall obtained from the AGlobal experi-
ment during (B) January, (D) February, (F) March, (H) April, and (J) May (see Materials and Methods for details).

coastal region (fig. S5). During this period, the coastal warming was
accompanied by heavy rainfall (Figs. 1 and 2D) and the strongest
10-m meridional wind (v10) anomalies off Peru since 1982 (fig. S1B).

The warming signals started to decay in May. The alongshore
winds relaxed to their climatological state, accompanied by a return
to normal rainfall amounts (Fig. 2 and fig. S4). In June, a basin-scale
El Nifio emerged, with westerly wind anomalies over the central-
western equatorial Pacific. This evolution evokes similarities with
the Rasmusson and Carpenter (RC) El Nifio composite (13), which
has been rarely observed during the satellite era. During the 1950s
and the mid-1970s, warm SST anomalies first appeared off the coast
of South America and then developed westward into basin-scale El
Nifios (13). After the 1976-1977 climate regime shift, this pattern
reversed, with coastal warming often trailing the basin-wide peak
(e.g., 1983 and 1998) (fig. S1A). This change coincides with a rever-
sal in equatorial SST anomaly propagation (9, 14), possibly due to
altered background state (15-17). Whether the 2023 event signifies
a resurgence of RC composite-type El Nifio awaits confirmation
through continued observations in the future. As the 2023 coastal
warming after May is closely linked to basin-scale El Nifio with rela-
tively minor effects in the far eastern Pacific, hereafter, we focus on
the atmospheric and oceanic dynamics during March-May.

Peng et al., Sci. Adv. 10, eadk8646 (2024) 22 March 2024

Ocean dynamics
We first conduct a mixed layer heat budget analysis for the 2023
coastal El Nifo to reveal the underlying physical processes. Fig-
ure S6A shows that the thermodynamical processes, particularly the
shortwave radiation and latent heat flux (fig. S6E), primarily damp-
ened the 2023 coastal El Nifio during March-May. Figure S6A also
highlights that vertical advection drives the coastal SST warming
throughout March and April, with the Ekman feedback (—w'T)
dominating (fig. S6C). Specifically, the northerly alongshore wind
anomalies strongly suppress upwelling in the coastal region
(fig. S6D), thus raising CSA SST. This weakened upwelling coincided
with record-low Chl-a since measurements began in 2002 (fig. S3).
Moreover, the thermocline feedback (—WT;) term is also important
for coastal SST increase in April. After May, the thermocline feed-
back becomes dominant (fig. S6C), and the CSA warming is primar-
ily caused by basin-scale wave dynamics. The meridional advection
term is an additional positive contributor to the coastal warming
during April-May. In the CSA region, the northerly wind anomalies
drive anomalous southward currents (fig. S6D), resulting in warm
advection along the coast.

Observations show that the 2023 coastal EI Nifio is accompanied
by strong northerly alongshore wind anomalies in the southeastern

20f8

$202 ‘T2 JqWeA0N U 610°80Us 195" MMM/ SA1Y Lo} papeoumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

A SLA & ul0 (Obs)
Ul =
—=M

B SLA (CTRL) & ul0
T3 =

8
(0]
€ Apr 0
E Ap
-8
) 8,W 120E 160E 160W oW
D Rain & v10 (Obs)
4 10
] 0 0
-
1051 _4 -10
1
; U
155 :3

Jan Feb  Mar Apr Jun Jul

Jan Feb Mar Abr May Jun Jul

Fig. 2. Evolution of the 2023 coastal El Nifio. Longitude-time Hovmoller diagram of u10 anomalies (line contours with an interval of 2 m/s; positive black and negative
gray) as well as (A) observed SLA (cm, color shading) and (B) simulated SLA from the OGCM CTRL run (cm, color shading). All meridionally averaged over 2°S to 2°N. Latitude-
time evolution of (C) SSTA (°C, color shading) and SLA (line contours with an interval of 2 cm; positive black and negative gray), and (D) rainfall (millimeters per day, color
shading) and v10 anomalies (line contours with an interval of 1 m/s, positive black and negative gray) zonally averaged over 80°W to 85°W. The dashed line indicates the

approximate time when the coastal rainfall and wind anomaly signals disappear.

Pacific and westerly (easterly) wind anomalies along the eastern
(central and western) Pacific during February-April (Figs. 1 and
2A). We conduct three OGCM experiments denoted as T/Coast’ T;EEP,
and T, to quantify the relative importance of wind anomalies over
the coastal region, the EEP, and the central-western equatorial Pa-
cific, respectively (see Materials and Methods). The control run
(CTRL), a hindcast run forced by the full forcings (see Materials and
Methods), captures the key characteristics of the 2023 coastal El
Niito. Specifically, the simulated warming signals in the CTRL simu-
lation are largely confined to the coastal regions during March-
April (fig. S7), along with a weak La Nifia state in the central Pacific,
consistent with observations. The simulated CSA SST anomalies
show that weak positive anomalies began in mid-February, followed
by a rapid intensification during March and April. The anomalies
reached their peak amplitude of approximately 4°C in late April and
then decayed in May (Fig. 3A), similar to observations. In addition,
the CTRL run successfully simulates the Kelvin waves, including the
upwelling Kevin waves in January and February and downwelling
Kelvin waves from March to June (Fig. 2B). Overall, the good mod-
el/observation agreement provides confidence in the subsequent
numerical experiments to examine key factors responsible for the
2023 coastal El Nifo.

Figure 3B shows that the coastal wind stress anomalies dominate
the 2023 coastal El Nifo, contributing approximately +2.5°C SST
warming. Specifically, the northerly alongshore wind anomalies
strongly suppress the coastal upwelling and raise SST there, consistent
with the heat budget results (fig. S6C). In addition, the coastal wind
anomalies excite downwelling coastal Kelvin waves (Fig. 3B), which
depress the thermocline off Peru and raise SST there. The simulated

Peng et al., Sci. Adv. 10, eadk8646 (2024) 22 March 2024

’

CSA warming in 7 amplifies in March, peaks at the end of April,
and declines in May due to the dissipation of the alongshore wind
anomalies, much as in observations and the CTRL run.

The wind stress anomalies over the EEP (90°W to 130°W, 5°S to
5°N; T;EEP) cause sizable warming (~1.5°C) along the coast (Fig. 3C).
These westerly wind anomalies drive downwelling equatorial Kelvin
waves, which propagate eastward along the equatorial waveguide.
Upon arriving at the east coast, the signals split to the south and
then propagate along the coast of South America, leading to strong
coastal warming through thermocline feedback in April-May. Our
heat budget analysis also underscores the importance of the ther-
mocline feedback in driving coastal warming during April, consis-
tent with the results from the ’L';EEP experiment and confirming that
the EEP westerly wind anomalies contribute to the coastal El Nifio
(10). Despite the weakening of the EEP westerly wind anomalies af-
ter May (Fig. 2A), the positive SST anomalies in the eastern Pacific
persist (Fig. 3C). This persistence is likely due to the time lag associ-
ated with Kelvin wave propagation.

The central-western equatorial Pacific wind anomalies (T’CWP)
have different impacts on the coastal El Nifio. Before March, east-
erly wind anomalies prevail over the central-western Pacific
(Fig. 2A), exciting weak upwelling Kelvin waves that cool SST along
the coast (Fig. 3D). From March onward, a series of westerly wind
bursts occur west of 160°E, driving equatorial downwelling Kelvin
waves (Fig. 2A) (18, 19). It takes 3 months for these waves to propa-
gate into the coastal region, contributing to the coastal warming af-
ter June (Fig. 3D). The dominant role of thermocline feedback
arising from basin-scale wave dynamics after June is further con-
firmed by the heat budget analysis (fig. S6C). By this time, coastal

30f8

$202 ‘T2 JqWeA0N U 610°80Us 195" MMM/ SA1Y Lo} papeoumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

]
TCOBSt

C T D Tewp

Eq A SSTA & SLA (CTRL) B

%

551

-3.5 0.0 3.5 -3.5 0.0 3.5

108 v - A — —4 T — —— T — ——1 .
Jan Feb Mar Apr May Jun JulJan Feb Mar AprMay Jun JulJan Feb Mar Apr May Jun JulJan Feb Mar Apr May Jun Jul
L S EEE—— g L S EEE—— g L S EE— L S EEE—— g

-3.5 0.0 3.5 -3.5 0.0 3.5

Fig. 3. Latitude-time evolution of the 2023 extreme coastal El Nifio in OGCM experiments. Latitude-time Hovm®ller diagrams of coastal (80°W to 85°W) SST anoma-

lies (color shading; degree Celsius) and SLA (contours with an interval of 2 cm; positive black, zero omitted and negative gray) from the OGCM (A) CTRL, (B) T

and (D) simulations.

)
Tewe

warming is primarily due to the well-known basin-scale El Nifo-
Southern Oscillation (ENSO) dynamics (13, 20, 21), which differ
from those growing the coastal El Nifio. Thus, wind stress variations
east of 130°W cause the coastal El Nifo to grow, while wind anoma-
lies to the west contribute to the persistence of the coastal warming
after May. It has been widely accepted that the warming along the
Peruvian coast during the onset of basin-scale El Nifo is induced by
remote forcings from the central Pacific (20). However, our results
indicate that this perspective is not applicable when coastal El Nifio
occurs: In such cases, the coastal warming is primarily driven by
local wind anomalies in the far eastern Pacific, with remote forcings
playing a minimal role.

Atmospheric response and coastal Bjerknes feedback

To explore the atmospheric response to coastal warming, we per-
formed a 10-member AGCM experiment (“AGlobal”) forced by
globally observed SSTs (see Materials and Methods). The AGlobal
ensemble mean, which averages out atmospheric internal vari-
ability, represents the atmospheric (e.g., precipitation and surface
wind) responses induced by SST anomalies. The AGlobal experi-
ment broadly captures observed atmospheric anomalies in the far
southeastern Pacific during March and April, including deep con-
vection (together with heavy rainfall) (Fig. 1, F and H), sizable
westerly anomalies over the EEP, and strong alongshore northerly
wind anomalies over the southeastern Pacific (Fig. 1, right). This
indicates that a substantial portion of the atmospheric response is
driven by the 2023 SST anomalies. To further isolate the impacts
of the 2023 coastal warming, we conducted the “ACoast2023” ex-
periment. In this experiment, observed SST anomalies are pre-
scribed only over the CSA region, while the remaining ocean is
set to its climatological values (see Materials and Methods). The
ACoast2023 successfully reproduces key features for the 2023
event, including heavy rainfall off Peru, the strong northerly
alongshore winds, and the deep meridional overturning cell in the
far eastern Pacific with ascent/descent in the southern/northern
hemisphere, closely resembling both the observations and the
AGlobal experiment (figs. S8 and S9). Therefore, the atmospheric
responses in the far eastern Pacific are predominantly driven by
the 2023 coastal warming.

Together, the above OGCM and AGCM results imply positive
feedback between the coastal warming and wind anomalies over the
far eastern Pacific Ocean. Northerly (westerly) wind anomalies over
the coastal (EEP) region cause anomalous coastal SST warming.

Peng et al., Sci. Adv. 10, eadk8646 (2024) 22 March 2024
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Once the coastal SSTs rise above the convective threshold, the con-
vective anomalies cause a Matsuno-Gill response (22, 23) with
anomalous northerly (westerly) winds over the coastal (EEP) re-
gion. These wind anomalies in turn intensify the coastal warming
(6). In addition, the Intertropical Convergence Zone (ITCZ) and
wind anomalies across the Pacific Ocean are coupled with basin-
scale ENSO (24, 25). The preceding basin-scale La Nifia could desta-
bilize the ITCZ through reduced tropospheric stability (7) and
positive feedback that strengthens (weakens) the ITCZ south
(north) of the equator (6, 26, 27), favoring northerly coastal wind
anomalies.

Unlike the equatorial Bjerknes feedback during basin-scale
ENSO (28), the coastal Bjerknes feedback in this region operates
within a specific time window: It is only active during February-
March-April (FMA) and plays a crucial role in the phase-locking
behavior of extreme coastal El Nifio events. Specifically, during
FMA when SSTs off Peru reach their annual maximum and are close
to the convective threshold, coastal warming can cause deep con-
vection and thus activate the coastal Bjerknes feedback. In other
seasons, however, background SST is too low for deep convection
south of the equator even with large coastal warming, which de-
couples the coastal warming and eastern Pacific wind anomalies. As
a result, the extreme coastal El Nifo peak phase is locked to FMA,
in contrast to basin-scale El Nifo. In 2023, the coastal Bjerknes
feedback was active during March and April, manifested by strong
wind and rainfall anomalies over the southeastern Pacific (Figs. 1
and 2). These strong atmospheric responses contrast with the con-
siderably weak responses observed in this region within the RC
composite. After May, this positive feedback became inactive due to
the background SST cooling (fig. S4), explaining why the 2023
coastal El Nifio and especially the atmospheric anomalies started to
decay in May.

The activation of this coastal Bjerknes feedback is a key source
of predictability of the 2023 coastal El Nifio. At the end of February,
the seasonal background warming, the suppressed upwelling,
and the arrival of the first downwelling Kelvin wave pulse (Fig. 2A
and fig. S4) work together to raise SSTs off Peru to exceed the
convective threshold, activating the coastal Bjerknes feedback.
Seasonal forecast models from the North American Multi-Model
Ensemble (NMME) successfully captured this coastal Bjerknes
feedback, which explains why the NMME started to predict
heavy rainfall over the CSA region when initialized on 1 March and
1 April (fig. S10).
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Role of atmospheric perturbations

SST-forced wind anomalies as in the AGlobal ensemble-mean last
for a season or longer (fig. S11, I and J). Superimposed on these slow
SST-forced wind variations are higher-frequency wind anomalies
over the far eastern Pacific. In early March, a patch of strong west-
erly wind anomalies appeared over the EEP, mostly associated with
the 30- to 90-day Madden-Julian Oscillation (M]JO) (Fig. 4B and
fig. S11E). The March 2023 MJO index was in phase 8 and the stron-
gest since 1974 (Fig. 4A). A phase 8 MJO features westerly wind
anomalies at 850 hPa in the EEP, with suppressed (active) convec-
tion over the maritime continent (South America). The band-pass
(30 to 90 days) filtered results indicate that the phase 8 MJO event
creates strong 10-m zonal wind (ul0) anomalies of ~2 m/s over the
EEP and v10 anomalies of —1.5 m/s over the coastal region during
the first half of March (fig. S11, E and F) (29). In addition, during 6
to 20 March 2023, a highly unusual tropical depression system
dubbed “Cyclone Yaku” developed oftf Peru centered at ~8°S
(fig. S12A). Such a cyclonic depression-like system is exceptionally
rare there due to cool background SSTs. This low-pressure system
induces 4.5 (3.7) m/s northerly alongshore (westerly) winds over the

coastal region (EEP) in mid-March (figs. S11, C and D, and S12A).
The wind perturbations associated with the MJO and tropical de-
pression system favor coastal warming by suppressing coastal up-
welling and exciting downwelling Kelvin waves.

Yaku was accompanied by considerable rainfall so it is conceiv-
able that eastern Pacific atmospheric variability such as Yaku could
be energized by coastal warming and deep convection. We investi-
gate this possibility by comparing the March-April ensemble SD (a
measure of internal atmospheric variability) from AGlobal in 2023
with the climatological value during 2010-2022. In support of the
hypothesis, Table 1 shows that the coastal warming in March-April
2023 strengthens the ensemble SD of rainfall and v10 in CSA by 123
and 64%, respectively, relative to their climatological values. The
ACoast2023 experiment also yields similar results.

To explore what drives internal variability of alongshore winds
off Peru, we have calculated the wind and precipitation regressions
against the ensemble spread in CSA v10 during March-April 2023
in AGlobal. A Yaku-like cyclonic circulation oft Peru emerges with
increased rainfall near the center and westerly wind anomalies
on the equator (fig. S13A, sign reversed). Ensemble member 10
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Fig. 4. Weather to intraseasonal timescale perturbations during the 2023 event. (A) The Wheeler-Hendon phase diagram for June 1974 to July 2023. The 2023 MJO
index is highlighted in color, with February in magenta, March in red, and April in blue. (B) Hovmoller diagrams of equatorial (5°S to 5°N) 200 hPa velocity potential (¢,
color shading, m?/s) and 850-hPa zonal wind anomalies (line contours with an interval of 1 m/s; positive black and negative gray). (C) Observed 30 to 90 band-filtered
anomalies of rainfall (millimeters per day; color shading) and 10-m wind (meters per second, vectors), averaged during 5 to 13 March 2023. (D) Correlation (color shading)
of observed v10 with eastern Pacific (EP, 85°W to 100°W, 2°S to 2°N) averaged u10; also shown are 10-m wind regressions (vectors) onto EP u10 (30- to 90-day band-filtered

anomalies used for 2012-2023).
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Table. 1. SD of ensemble spread in CSA v10, rainfall, and EP u10 in AGlobal experiments. Monthly anomalies are first calculated, followed by the

computation of the SD from the squared variance averaged for March and April.

Variable Climatological (2010-2022) 2023 Fractional difference
CSA V10 0.42 0.69 +64%
CSA rainfall 1.59 3.52 +123%
EPu10 0.78 1.08 +38%

produces a Yaku-like tropical depression off Peru (fig. S12B). The
northerly wind anomalies off Peru act to strengthen the coastal
warming. The regression against CSA v10 ensemble spread during
2010-2022 in AGlobal exhibits similar pattern, albeit with much-
reduced magnitudes (not shown). This implies positive feedback
between the coastal warming and internal atmospheric variability
such as Yaku-like coastal tropical depression systems.

The topography of the Andes mountains is important in modu-
lating ENSO variability (30). For the 2023 coastal El Niio, the
record-strong phase 8 MJO during 5 to 13 March features broad
westerly anomalies on the equator that impinge on the steep Andes
mountains (Fig. 4C). At low levels, the orographic barrier forces
poleward-propagating Kelvin waves with poleward flows west of the
Andes. Cyclone Yaku develops on the cyclonic region of the topo-
graphically forced flow off Peru, aided by convective heating in-
duced by coastal warming. Likewise, the intraseasonal easterly
phase during the second half of February corresponds to a southerly
surge off Peru at 10°S (fig. S11, E and F). A regression analysis for the
30- to 90-day observed EEP ul0 during 2012-2023 confirms the
funnel-like flow pattern off CSA (Fig. 4D and fig. S13B). Further
research is necessary to investigate the connection between the MJO
and v10 variability off Peru, as both are important forcings of coast-
al El Nifio.

DISCUSSION

We have investigated the evolution and coupled mechanisms of the
2023 extreme coastal El Niflo using observations and GCM experi-
ments. In early March, a record-strong MJO drives westerly wind
anomalies over the EEP, and a rare low-pressure system Yaku devel-
ops off Peru with anomalous northerly alongshore winds. Our
OGCM and heat budget analysis results show that these anomalous
winds are crucial in driving the 2023 coastal El Nifio by suppressing
coastal upwelling and deepening the thermocline depth via down-
welling Kelvin waves (6, 10, 11).

The AGCM results further show that the SST warming drives
deep convection south of the equator, strengthening the coastal
northerly and EEP westerly anomalies. The intensified wind anoma-
lies further amplify the coastal warming, indicative of coupled
positive feedback. This coastal Bjerknes feedback is important in
intensifying, sustaining, and predicting the 2023 coastal El Nifio. In
May, the background seasonal cooling inhibits deep convection and
the coastal Bjerknes feedback, causing the coastal El Nifo to decay.
We further identify a positive feedback between coastal warming
and internal atmospheric variability such as Yaku-like cyclones off
Peru. Our analysis suggests that Yaku is part of the strong phase 8
MJO, induced by the orographic effect of the high Andes and
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amplified by convective heating over warm coastal waters. Given the
rarity of extreme coastal El Nifio, the 2023 case provides a valuable
opportunity to test ocean-atmospheric processes involved.

Coastal SST off Peru has exhibited a warming trend since the
mid-2010s (fig. S2), possibly related to the fact that the two most
extreme coastal El Niflo events since 1925 both occurred after 2017.
The increase in the frequency and intensity of coastal El Nifio took
place despite a La Nina-like pattern of SST change over the recent
three decades. Anthropogenic global warming (31) is likely to affect
the characteristics of coastal El Nifio events. The El Nifo-like
warming pattern projected by climate models reduces the barrier to
deep convection and strengthens the coastal Bjerknes feedback off
Peru and Ecuador, favoring increased frequency and intensity of ex-
treme coastal El Nifio events (6). With more frequent occurrences of
coastal El Nifio, the compounded heavy rainfall would result in
greater damages in a warmer climate.

MATERIALS AND METHODS

Observational and reanalysis datasets

We used the daily and monthly National Oceanic and Atmospheric
Administration (NOAA) Optimum Interpolation Sea Surface Tem-
perature version 2 dataset (OISSTv2) during 1982-2023 (32), daily
wind velocity derived from the Cross-Calibrated Multi-Platform
Version 2.0 (CCMP V2.0) from Remote Sensing Systems (33), and
daily SLA from the Copernicus Marine and Environment Moni-
toring Service (CMEMS). All datasets mentioned above are at
0.25° % 0.25° resolution. The daily air-sea fluxes are derived from the
ERAS reanalysis data (34). We used the daily 0.1° X 0.1° precipita-
tion spanning 2001-2023 from the Global Precipitation Measure-
ment (GPM) (35) and monthly 2.5° X 2.5° rainfall from Global
Precipitation Climatology Project (GPCP) during 1979-2023 (36).
Before the analysis, we eliminated the long-term trend within these
datasets. The ocean temperature, mixed layer depth, currents, and
monthly SLA are obtained from the National Centers for Environ-
mental Prediction (NCEP) Global Ocean Data Assimilation System.
The Real-time Multivariate MJO indices (RMM]1 and RMM2) are
used to track the MJO activities. We also use monthly 0.1° x 0.1°
MODIS Chl-a concentration data (37) to investigate the marine eco-
logical response. The in situ coastal SST data are obtained from the
Instituto del Mar del Peru.

OGCM experiments

We used the MIT General Circulation Model (MITgcm) in this
study. The model is configured to a Lat-Lon-Cap (LLC270) grid,
with a horizontal resolution of 1/3° in the zonal direction and 1/9°
in the meridional direction at low and high latitudes, stretching to
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1/3° at mid-latitudes. The model has 50 vertical layers, with layer
thickness gradually increasing from 5 m near the surface to 456 m in
the deep ocean. The diffusion and mixing parameters of the model
are identical to those used in previous studies (38, 39). In the hind-
cast run (hereafter CTRL), the MITgcm was integrated forward in
time from 1 January 2000 to 1 July 2023, forced by 6-hourly realistic
wind stress, wind speed, downward shortwave and longwave radia-
tions, precipitation, and 2-m air temperature and humidity from the
JRA55-do product (40).

As thermodynamics primarily act to damp the 2023 coastal El
Niio (figs. S6A and S6C), here, we mainly focus on the underlying
dynamic process forced by anomalous wind stress. To investigate
the relative importance of wind stress anomalies over the coastal
region (75°W to 90°W, 20°S to 5°N), the EEP (90°W- to 130°W, 5°S
to 5°N) and the central-western Pacific Ocean (CWP; 120°E to
130°W, 5°S to 5°N), we conduct three sensitive experiments (ta-
ble S1). In the coastal wind run (1: )» We retained time-varying
wind stress over the coastal region But daily climatological wind
stress outside this region with a 3° buffer region where the strength
of the wind stress anomalies is linearly reduced, and all the other
forcings are fixed to their daily chmatologlcal values. The EEP (Togp)
[central-western Pacific wind run (’r wp)] is similar to the TCoast ex-
cept that only the time-varying wind stress in the eastern (central-
V\festern) equatorial Pacific is retained. The solutions, T’Cmt,
Tppps and ’L'CWP, thus isolate the dynamic effects of wind stress
anomalies over the coastal region, EEP, and CWP, respectively.

AGCM experiments

To evaluate the effects of coastal warming, we performed two ex-
periments. In the AGlobal run, we force the Geophysical Fluid Dy-
namics Laboratory AM4.0 (41) with 1/4° observed daily OISST (42)
from 1 January 2010 to 30 June 2023. The model resolution is ap-
proximately 100 km with 33 levels in the vertical. The AGlobal is
radiatively forced by historical (until 2014) and Shared Socio-
economic Pathway 2-4.5 scenarios in Coupled Model Intercompari-
son Project phase 6 (43). The AGlobal experiments have 10
members, each with slightly different initial conditions. The ensem-
ble mean of the simulations is analyzed to assess the atmospheric
response to 2023 SST anomalies across the global ocean, and the
spread (SD) indicates the uncertainty from internal variability,
prominently reflecting the influence of MJO and weather-scale per-
turbation in tropical regions. The coastal run (ACoast2023) is simi-
lar to AGlobal; however, starting from 1 January 2023, it retains only
realistic SST in the coastal region (90°W-coast, 15°S-equator, with
5° linear tapering zones outside this region) while using climato-
logical SST in other regions. The results thus isolate the atmospheric
responses to 2023 coastal SST anomalies.

Ocean mixed layer heat budget

Here, we use a mixed layer heat budget (26) to assess the relative
contribution of ocean dynamics and thermodynamics to the 2023
coastal El Nifio.

! ' ’ ’ Qnet_Qpen '
T = —WI,) — /T, —(WT,) + <—> R

pepH

where u, v, and T indicate the mixed layer averaged zonal current,
meridional current, and ocean temperature, respectively. w is the
vertical velocity at the bottom of the mixed layer. The Qg is the
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surface net heat flux, and the Q. is the shortwave radiation trans-
mitted through the bottom of the mixed layer depth. p and cp are
the density and specific heat capacity of seawater, respectively; and
H is the mean mixed layer depth (here we use the monthly climato-
logical mixed layer depth). R is the residual term. The vertical
advection term [—(wT,)’] could be further decomposed into the
thermocline feedback (—wT ), the Ekman feedback (—w'T ), and
the nonlinear term (—w' T’ L) Here the overbar indicates the clima-
tological value, and the prime indicates the anomalies. More details
can be found in (26).

Supplementary Materials
This PDF file includes:
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Figs.S1to S13
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