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Ongoing intensification of anomalous
Western North Pacific anticyclone during
post-El Niño summer with achieved
carbon neutrality

Check for updates

Wen Zhang1,2,9, Weichen Tao 1,9 , Gang Huang 1,2,3 , Kaiming Hu 1,4,5, Xia Qu 1,4, Ya Wang 5,6,
Haosu Tang 7 & Suqin Zhang8

Analysis of a suite of global climatemodel projections under symmetric CO2 ramp-up and ramp-down
(RD) scenarios, our results demonstrate a progressive strengthening of the western North Pacific
anticyclone (WNPAC) with rising CO2 concentrations, a trend that persists as CO2 declines, followed
by gradual recovery without fully returning to its initial state when CO2 concentrations restore. The
overshoot of the WNPAC in the CO2 RD phase is highly correlated with the enhanced anomalous
Maritime Continent (MC) convection, which influences WNPAC through reinforced Kelvin wave
response or local Hadley circulation adjustment. This enhanced convection is attributed to increased
Indo-Pacific zonal SST gradient associated with strengthenedMCwarming and accelerated decay of
El Niño in theCentral Pacific, ultimately linked to climatological equatorial Pacific El Niño-likewarming
pattern-related air-sea processes. The overshoot of the WNPAC during the CO2 RD phase may
exacerbate flood and high temperature risks in densely populated East Asia.

The boreal summer is a major rainy season for East Asia, where is housing
over a billion people and predominantly influenced by the East Asian
summer monsoon (EASM). The prominent mode of EASM features a
notable anomalous lower-tropospheric anticyclone over the western North
Pacific (WNP), generating rapidly in late autumnofElNiñodevelopingyear
and persisting into the following summer1,2. The WNP anomalous antic-
yclone (WNPAC) plays a crucial role in modulating El Niño-Southern
Oscillation (ENSO)’s impact on summer climate of the East Asia
and WNP3,4.

Numerous mechanisms have been proposed to explain the summer-
time WNPAC and emphasizes the combined influence of sea surface
temperature (SST) anomalies acrossmultiple tropical oceansduringElNiño
decay phase. Following the peak of ElNiño, the tropical IndianOcean (TIO)
warms up and persists into summer due to El Niño-forced atmospheric and
oceanic processes5–8. The stimulated eastward Kelvin wave induces Ekman

divergence and suppresses convective processes in the tropicalWNP, acting
to amplify the anomalous anticyclone9–12. Besides, local cold SST anomalies
in theWNP can influence the anticyclone as a Rossby wave response, and a
positive thermodynamic feedback is formed between them two and main-
tained until early summer2,13,14. Additionally, the wind-induced moist
enthalpy advection mechanism, driven by enhanced convection over the
TIO, transports low moist enthalpy air westward to the WNP, and also
contribute to inhibit convection and strengthen the anticyclone in this
region15.

From the perspective of large-scale circulation adjustment, the TIO
warming and WNP cooling increase the zonal SST gradient in the Indo-
western Pacific, with air converging (diverging) and rising (descending)
around theTIO (WNP), favoring themaintenance of theWNPAC16–18. This
zonal SST contrast prolong the ENSO’s influence on the WNPAC and is
known as the Indo-western PacificOcean capacitor (IPOC)mode19. For the
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cases of fast decaying El Niño, the zonal SST gradient in the Indo-Pacific
sector is amplified due to the emergence of warm SST anomalies over the
maritime continent (MC)andcold SSTanomalies in the central Pacific (CP)
during the subsequent summer16,20–22. This SST gradient can enhance the
Walker circulation, leading to increased convection around theMC, thereby
affecting the WNPAC through a Kelvin wave response or the local Hadley
circulation16,21,23.

The increasing Carbon Dioxide (CO2) concentrations are propelling
the climate system towards a severe state, profoundly affecting ecosystems,
andhuman society24–26. Therefore, theParisAgreement is proposedwith the
aim to limit global average temperature increase to less than 2 °C above pre-
industrial (PI) levels, and pursuing efforts to control temperature increase
below 1.5 °C. To achieve this goal, reducing CO2 emissions by applying
carbon dioxide removal (CDR) methods is required27–30. Owing to the
ocean’s huge heat capacity, particularly in the deep ocean, it accumulates a
substantial amountofheat during theCO2 ramp-up (RU)phase.This heat is
redistributed by slow ocean dynamical processes, and then acts on global
climate during the CO2 ramp-down (RD) phase, leading to the hysteresis
and irreversibility of climate change. For instance, the global average surface
temperature31,32, precipitation32–36, sea level height37,38, sea ice39, and soon, are
projected to overshoot, although CO2 concentrations begin to decline.
These fundamental variables can serve as background fields in conjunction
with the ocean slow response to influence global main climate system and
climate variability, resulting the asymmetrical response of intertropical
convergence zones40, Hadley circulation41,42, EASM43,44, South Asian sum-
mer monsoon45,46, Indian Ocean dipole47, ENSO48–51, tropical cyclones52,
among others. In light of these considerations, it is natural to ask: How does
theWNPAC respond during post-El Niño summer under a CDR scenario?

Under global warming scenario, the change of WNPAC remains clo-
sely linked to the Indo-Pacific SST anomalies 53–55. The amplitude of ENSO
generally remains unchanged56–58, while the equivalent ENSO intensity
tends to induce stronger TIO SST anomalies due to increased atmospheric
moisture59, leading to the intensification of WNPAC via amplified tropo-
spheric eastward Kelvin waves60,61. Additionally, the decreased SST
anomalies is projected around the CP, indicating the accelerated decay of El
Niño, and favors a stronger WNPAC by exciting enhanced Rossby wave
response55,62. For the CO2 RD phase, an investigation conducted by using
28-member ensemble simulationsof theCESM1.2model under an idealized
CDR scenario reveals that ENSO variability exhibits substantial increase,
which enhances the warm SST anomalies in the TIO and cold SST
anomalies in the equatorial central and eastern Pacific (CEP), resulting in
the intensification of the WNPAC by exciting atmospheric Kelvin and
Rossby wave responses49. Nevertheless, their study relies solely on a single
model, and the underlying dynamic mechanisms driving changes in the
WNPAC, alongside the origins of SST anomalies within tropical basins,
remain incompletely understood. In present study, based on nine models
from Coupled Model Intercomparison Project Phase 6 (CMIP6), it was
found that there is considerable variability in ENSO variability across the
models, but the most models exhibit an overshooting phenomenon in the
anticyclone. The mechanisms underlying the asymmetric response of
WNPAC is investigated under the ideal CO2 concentration variations,
which first increases from PI level at a rate of 1% per year up to four times
CO2 concentrations for 140 years, then decreases symmetrically at the same
rate for another 140 years, and finally stabilizes at PI level for 60 years.

Results
Asymmetric response of the WNPAC
Figure 1a shows the regressed SST anomalies, 850-hPa wind anomalies and
precipitation anomalies during the June-July-August(1) [JJA(1)] onto the
standardized D(0)JF(1) Niño-3.4 index in the CO2 RU phase. In this study,
months within the El Niño developing (decaying) year are marked as 0 and
1, respectively. The anomalous anticyclone in the WNP is well reproduced
by most models, as supported by the consistency test. Correspondingly, the
entire Indo-Pacific SST anomalies generally exhibit a tri-polar structure,
withwarmSST anomalies in the TIO and equatorial CP, andweak cold SST

anomalies in the WNP, indicating that the models can reasonably capture
the impact of the IPOC mode on the WNPAC during the ENSO decay
phase (Fig. S1). However, some discrepancies with observations are noted:
the models fail to reproduce the SST warming in the eastern Indian Ocean,
overestimate the positive precipitation anomalies in the equatorial CP, and
underestimate the positive (negative) precipitation anomalies in the TIO
(WNP) (Figs. 1a and 7 in ref. 19).

The negative regionalmean vorticity of the 850-hPawind anomalies in
the WNP region (10°–30°N, 110°–160°E, encircled area in Fig. 1a) is cal-
culated to represent the intensity of the WNPAC, and the timeseries of the
WNPAC in 9 models’ multi-model ensemble (MME) and the associated
variation of CO2 concentrations are depicted in Fig. 1b. Despite the inter-
annual fluctuations in the time series of WNPAC with the increase of CO2

concentrations, WNPAC still trends towards intensification, which is
consistent with the conclusion drawn under CMIP6 SSP5-8.5 scenario54.
However, when the CO2 concentrations begin to decrease, the intensity of
the WNPAC shows an overshoot phenomenon, and the intensification
continues until around the 200th year, followed by a gradual recovery. The
WNPAC does not return to the initial intensity when CO2 concentrations
revert to PI level. We also try calculating the WNPAC intensity by using
another definition12, and the results are consistent with those obtained by
using the regional vorticity average (figure not shown).

The time series of theWNPAC intensity in eachmodel are displayed in
Fig. S2. To minimize the impact of individual model, the MME results are
verified by recalculating after excluding individual models, and the asym-
metric features remain robust (Fig. S3). Due to internal variability across
models, there are somedifferences in the time series ofWNPACchanges.To
further verify the reliability of the 9models’MME results, the trajectories of
WNPAC intensity under entire pathway of CO2 concentrations in each
model are examined in Fig. S4. For the same CO2 concentrations, seven

Fig. 1 | The asymmetric response of the WNPAC intensity. a Regressed SST
anomalies (shading; unit: K), precipitation anomalies (contours; unit: mm day−1),
and 850-hPa wind anomalies (vectors; unit: m s−1) during JJA(1) onto the stan-
dardized D(0)JF(1) Niño-3.4 index in the CO2 RU period for 9 models’MME. For
precipitation anomalies, solid contours represent positive values at 0.6 and 1.2 mm
day−1, while dashed contours indicate negative values at –0.6 and –1.2 mm day−1.
The black arrows and brown dots denote that at least 70% models show consistent
results. The red solid line rectangle highlights the WNP region. b Evolution of CO2

concentrations (unit: ppm) and WNPAC intensity (unit: 10−6 s−1) for 9 models’
MME.TheWNPAC intensity is defined as the negative of the area-averaged vorticity
anomalies. The green shadings correspond to the selected CO2 RU (55–105) and RD
(175–225) period. The dashed vertical lines indicate the year 140, when CO2

concentrations peak.
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models show a stronger WNPAC during the CO2 RD compared to RU
phase in most instances. These seven models exhibit a distinct pattern of
initial strengthening followed by subsequentweakening during the CO2RD
phase, indicating a pronounced overshooting and asymmetric response of
the WNPAC. Additionally, we provide the horizontal distributions of 850-
hPa wind and vorticity anomalies over the WNP region for the differences
between nine pairs of periods starting from years 1–51 (230–280) of the RU
(RD) phase with 10-year intervals until years 81–131 (150–200) (Fig. S5).
Consistency tests show that at least seven models successfully simulate the
anticyclonic anomalies andnegative vorticity anomalies in each timeperiod,
reinforcing the reliability of the asymmetric response identified in
the WNPAC.

Causes of the WNPAC’s asymmetric response
To elucidate the asymmetric response of the WNPAC intensity, the years
from175 to 225,when exhibit the strongest intensity, are selected as theCO2

RD period, and the years from 55 to 105 having equivalent CO2 con-
centrations with the CO2 RD period are selected as the CO2 RU period. The
differences in regressed variablefields between the twoperiods arepresented
in Fig. 2a. An anomalous anticyclone appears over theWNP, indicating that
the WNPAC is intensified during the RD period compared to the RU
period, consistent with the conclusions of WNPAC time series in Fig. 1b.
For the differences of regressed precipitation anomalies, in addition to the
enhanced dry anomalies in the WNP corresponding with the intensified
WNPAC, wet anomalies emerge from the central TIO to MC, particularly
pronounced for the latter region. The anomalous SST differences are
characterized by weak warm anomalies from the central TIO to MC and
cold anomalies in the equatorial CP, thereby increasing the zonal SST
gradient over the Indo-Pacific sector.

As reviewed in the Introduction, the enhanced zonal SST gradient
could strengthen the Walker circulation, resulting in increased convection
around the MC, which further strengthens the WNPAC through a Kelvin
wave response or the local Hadley circulation adjustment16,20,23. Moreover,
the increased negative precipitation anomalies over the tropical WNP (Fig.
2a) may directly reinforce the anticyclone as a Rossby wave response15,63,64.
Besides, changes in ENSO variability does not consistently impactWNPAC
across 9models (Fig. S6), as revealed by findings in ref. 49. 7 out of 9models
show very low or even negative correlation coefficients between them two,
similar to previous conclusions obtained by reanalysis datasets17,21,65. It
indicates that variations in the WNPAC intensity may not directly depend
on changes of ENSO variability. In the next subsection, the mechanisms
involved in the enhanced positive precipitation anomalies in the MC and
negative precipitation anomalies in the tropical WNP, as well as their
contributions to the overshooting of the WNPAC, are investigated.

Formation and impact of MC precipitation changes. Figure 2b illus-
trates the meridional mean (10°S–5°N) of zonal circulation anomalies.
Coupled with the warm and cold SST anomalies in the Indo-Pacific
sector, there is a wide range of upwardmotions over the tropical TIO and
MC, and the CP are dominated by downward motions. The strongest
upward anomalies occur around 500-hPa over theMC, and the strongest
downward anomalies are centered at 250-hPa over the CP. Together,
these anomalies form a complete zonal circulation system, which indi-
cates the enhancement of the Walker circulation and promotes positive
precipitation anomalies over the MC. Notably, the upward motions over
the MC corresponds to the clear positive precipitation anomalies (Fig.
2a, b), while the downward motions over the CP does not lead to a
significant negative precipitation anomalies. This is because that the
subsidence over the CP primarily occurring at the upper-level has a
limited impact on moisture distribution and convection in the lower
atmosphere2,66.

To investigate the evolution of the MC precipitation, we focus on the
region with the strongest positive precipitation anomalies (red dashed lines
encircled area in Fig. 2a). The timeseries show a gradual increase in these
anomalies during the CO2 RU phase, with the peak occurring around year

200 during the CO2 RD phase, followed by a slow decline (Fig. 2c). Three
regions of SST anomalies are examined to explore their potential relation-
ship with MC precipitation anomalies, including the warm SST anomalies
in the TIO (20°S–10°N, 60°E–90°E), the MC (10°S–5°N, 105°E–125°E, and
10°S–0°, 125°E–145°E; red dashed lines encircled area in Fig. 2a), and the
cold SST anomalies in the CP (160°E–160°W; red solid lines encircled area
in Fig. 2a). The SST anomalies in the TIO, as shown in Fig. S7, exhibit
minimal variability and no robust asymmetric response, excluding their
contribution to the convection changes over theMC. The SST anomalies in
both the MC and equatorial CP show a delayed response relative to CO2

concentration changes, with their peak values occurring approximately 30
years before and after the peak of the MC precipitation anomalies, respec-
tively (Fig. 2c). This temporal alignment suggests a joint contribution to the

Fig. 2 | The increased convection around the MC and its underlying causes.
a Regressed SST anomalies (shading; unit: K), precipitation anomalies (contours;
unit: mm day−1), and 850-hPa wind anomalies (vectors; unit: m s−1) during JJA(1)
onto the standardized D(0)JF(1) Niño-3.4 index in the differences between the CO2

RD and RU period for 9 models’MME. For precipitation anomalies, solid contours
represent positive values at 0.3 and 0.6 mm day−1, while dashed contours indicate
negative values at –0.3 and –0.6 mmday−1.bRegressedmeridionalmean (10°S–5°N)
vertical pressure velocity anomalies (shading; unit: Pa day−1) and wind anomalies
(arrows; units: Pa s−1 and m s−1) during JJA(1) onto the standardized D(0)JF(1)
Niño-3.4 index in the differences between the CO2 RD and RU period for 9 models’
MME. The brown dots in (a), gray grids in (b), and black arrows in (a), (b) denote
that at least 70%models show consistent results. The red solid line rectangles in (a),
(b) highlight the equatorial CP region, and the red dashed line rectangles highlight
the MC region. c Evolution of the regressed precipitation anomalies in the MC
(yellow line; unit: mm day−1), SST anomalies in the equatorial CP (red line; unit: K),
and SST anomalies in theMC (blue line; unit: K) during JJA(1) onto the standardized
D(0)JF(1) Niño-3.4 index for 9models’MME. The green shadings correspond to the
selected CO2 RU (55–105) and RD (175–225) period. The dashed vertical lines
indicate the year 140, when CO2 concentrations peak.
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MC precipitation anomalies, a conclusion further supported by individual
model results (Fig. S8).

Notably, the MC warming is relatively weaker than the equatorial CP
cooling (Fig. 2a). However, the MC region, characterized by higher clima-
tological SST along with more vigorous convection activities, is susceptible
to induce convection and precipitation anomalies even with minor local
temperature perturbations.

On one hand, the MC warming and enhanced precipitation further
amplify the eastwardKelvin waves penetrating into the western Pacific (Fig.
3a). The Kelvin wave-induced easterly anomalies decrease with increasing
latitude, leading to negative relative vorticity anomalies over the WNP.
These anticyclonic vorticity at the upper boundary layer, which initiates
boundary layer divergence through the Ekman pumping process as shown
in Fig. 3a, inhibiting local convection and sustaining the WNPAC 10,11.

On the other hand, in the zonal mean of meridional circulation
anomaly fields, the enhanced convection over the MC strengthens the
ascending branch centered around 5°S and the corresponding descending
motions centered near 12.5°N, forming an anomalous local Hadley circu-
lation and reinforcing the WNPAC (Fig. 3b). The time series of MC pre-
cipitation anomalies confirm its close relationship with WNPAC, as both
time series present the asymmetric characteristics andpeakaroundyear 200,
and the correlation coefficient between them reaches at 0.92 (Figs. 1b and
2c). These mechanisms align with previous studies, which mention the
enhanced convection around the MC could influence the WNPAC via
Kelvin wave-induced Ekman divergence9–12 or adjustments of the local
Hadley circulation16,21,23.

Formation and impact of WNP precipitation changes. Moisture
budget analysis is used to examine the WNP region (5°–20°N,
140°E–170°E; encircled area in Fig. 4c), where negative precipitation
anomalies aremost prominent (Fig. 2a) and can reinforce theWNPACas
a Rossby wave response15,63,64. The results show that the reduction in
precipitation anomalies is primarily driven by climatological moisture
advection due to enhanced subsidence anomalies (�hΔω0 � ∂p�qi; Fig. 4a),
and the role of changes in subsidence anomalies is dominant67. In the
tropics, these vertical motion anomalies are constrained by the moist
static energy (MSE) budget. The climatological MSE advection due to
enhanced subsidence anomalies (hΔω0 � ∂p�hi) in the WNP is primarily
balanced by climatological horizontal advection of changed anomalous
moist enthalpy (�h�~u � ∇h Δs0ð Þi; Fig. 4b). The spatial distribution of each
term in the MSE equation is depicted in Fig. S9.

For�h�~u � ∇h Δs0ð Þi, the strongest negative anomalies are found at the
925-hPa boundary layer (figure not shown). At this level, the WNP region
experiences climatological easterly winds, which transport anomalous
negative moist enthalpy into the area (Fig. 4c), stabilizing the atmospheric
column and suppressing convection. This reduction in anomalous moist
enthalpy in boundary layer is linked to cooling changes in SST anomalies64.
The cold SST anomalies, located on the northern flank of the equatorial CP
and associated with the rapid decay of El Niño, suppress boundary layer
moisture and atmospheric temperature anomalies, leading to a decrease in
anomalous moist enthalpy during the CO2 RD compared to RU period.
Although the peak of �h�~u �∇h Δs0ð Þi does not coincide directly with pre-
cipitation anomalies, this dynamic term exhibits a notable slowdown in the
recovery during the CO2 RD phase (Fig. 4d). This delayed recovery plays a
significant role in the lagged response of WNP precipitation anomalies.

In summary, during the CO2 RD period, enhanced warm SST
anomalies over the MC and cold SST anomalies in the equatorial CP
increase the zonal SST gradient across the Indo-Pacific, which boosts con-
vection around the MC and strengthens the WNPAC via Kelvin wave-
induced Ekman divergence9–12 or adjustments of the local Hadley
circulation16,21,23. Additionally, the cold SST anomalies in the equatorial CP
result in negativemoist enthalpy anomalies in the northern boundary layer,
which are transported by the climatological easterlies, suppress convection
over the tropical WNP and further enhance the anticyclone as a Rossby
wave response15,63,64. To better understand the causes of the increased zonal
SST gradient, subsequent research will be directed towards elucidating the
physical processes behind the delayed response of SST anomalies in the
equatorial CP and MC.

Origin of asymmetric SST anomalies in the equatorial CP
Figure 5a shows that the decay rate of SST anomalies over the equatorial CP
after the end of the ENSOmaturewinter intensifieswith the increase ofCO2

concentrations, persisting until around the 170th year in theCO2RDphase.
This accelerated decay of warm SST anomalies is consistent with the time
evolution characteristic of equatorial CP SST anomalies during JJA(1) (Fig.
2c). To investigate themechanisms behind the asymmetric response of SST
anomalies in the equatorial CP, the mixed-layer temperature tendency
equation is employed in this section, and we analyze the involved key
physical processes and their working months. The change of mixed-layer
temperature is governed by thermodynamic and dynamic processes. The
former encompasses the roles of net surface shortwave radiation (SWR), net
surface longwave radiation (LWR), sensible heat flux (SHF), and latent heat
flux (LHF), and the latter involves oceanic advection processes and advec-
tion feedback processes.

For the evolution of mixed-layer temperature tendency anomalies
(∂T 0=∂t) in the equatorial CP, two distinct accelerated decay periods are
observed in late winter [JF(1)] and early summer [MJ(1)] (Fig. 6a). More-
over, the accelerated decay exhibits the delayed recovery in both periods,
cumulatively leading to the asymmetric response of equatorial CP SST
anomalies during JJA(1). It is important to note that although the mixed-
layer temperature tendency anomalies peak around year 145 during JF(1)
(Fig. 6c) and does not align perfectly with the WNPAC (Fig. 1b) or

Fig. 3 | Physical processes associated with how increased convection around the
MC influences the WNPAC. a Regressed negative 925-hPa divergence anomalies
(shading; unit: 10−7 s−1), 925-hPa wind anomalies (vectors; unit: m s−1), and verti-
cally averaged (850–200 hPa) air temperature anomalies (contours; unit: K) during
JJA(1) onto the standardized D(0)JF(1) Niño-3.4 index in the differences between
the CO2 RD and RU period for 9 models’MME. The air temperature anomalies are
adjusted by subtracting the mean value across the entire tropics (20°S–20°N,
180°W–180°E). The red solid line rectangles highlight the tropical WNP region.
b Regressed zonal mean (105°E–145°E) vertical pressure velocity anomalies
(shading; unit: Pa day−1) andwind anomalies (arrows; units: Pa s−1 andm s−1) during
JJA(1) onto the standardized D(0)JF(1) Niño-3.4 index in the differences between
the CO2 RD and RU period for 9 models’MME. The red solid line rectangles
highlight the tropicalWNP region. The browndots in (a), gray grids in (b), and black
arrows in (a), (b) denote that at least 70% models show consistent results.
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equatorial CP SST anomalies (Fig. 2c), the recovery during the CO2 RD
phase is slower, contributing to the delayed recovery of the equatorial CP
SST anomalies. The mixed-layer temperature tendency equation effectively
reproduces the main characteristics of mixed-layer temperature anomalies
in the equatorial CP, with delayed recovery of two accelerated decay periods
(Fig. 6b). The detailed contributions from each thermodynamic and
dynamic component are presented in Fig. S10.

Furthermore, attention is directed towards identifying the dominant
physical processes driving mixed-layer temperature anomalies in the two
periods.During JF(1), the reductions in SWRandLHF anomalies accelerate

the decay of equatorial CP SST anomalies (Fig. S10a and d). During MJ(1),
the mean meridional advection of the anomalous temperature gradient
(��v∂T 0=∂y) emerges as the primary contributor and hastens the decay (Fig.
S10h). Subsequent analysiswill delve into elucidating the reasons behind the
asymmetric response of these three processes.

Anomalous SWR in JF(1). During the JF (1) period, an asymmetric
response can be seen in the time series of SWR anomalies (Figs. 6c and
S10a). In the tropics, SWR tends to co-vary with cloud cover68,69. By
comparing these anomalies between the total SWR and clear-sky SWR to

Fig. 4 | The role of the wind-induced moist enthalpy advection mechanism.
aMoisture budget (mmday−1) over the tropicalWNPwithin regions of pronounced
negative precipitation anomalies in the differences between the CO2 RD and RU
period for 5 models’MME. b Same as (a), but the MSE budget (W m−2). The red
dashed line rectangles in (a), (b) highlight the processes with the greatest con-
tributions. cThe 925-hPa climatological winds (vectors; unit: m s−1) during JJA(1) in
the CO2 RU period, and regressed 925-hPa moist enthalpy anomalies (shading; kJ
kg−1) during JJA(1) onto the standardized D(0)JF(1) Niño-3.4 index in the differ-
ences between the CO2 RD and RU period for 5 models’MME. The brown dots and

black arrows denote that at least 70% models show consistent results. The red solid
line rectangle highlights the tropical WNP within regions of pronounced negative
precipitation anomalies. d The evolution of regressed precipitation anomalies
(yellow line; unit: mm day−1) onto the standardized D(0)JF(1) Niño-3.4 index and
�h�~u � ∇h Δs0ð Þi (red line; unit: W m−2) in the tropical WNP during JJA(1) for 5
models’MME. The green shadings correspond to the selected CO2RU (55–105) and
RD (175–225) period. The dashed vertical lines indicate the year 140, when CO2

concentrations peak. The prime symbols in (c), (d) represent the anomalies caused
by ENSO.

Fig. 5 | Changes of SST anomalies in the equatorial CP and MC. a Hovmöller
diagrams of regressed SST anomalies (unit: K) in the equatorial CP onto the stan-
dardizedD(0)JF(1) Niño-3.4 index for 9models’MME. b Same as (a), but in theMC.

The gray grids denote the region in which at least 70% models show consistent
results. The dashed vertical lines respectively denote the central year of RU period,
the peak year of CO2 concentrations, and the central year of RD period.

https://doi.org/10.1038/s41612-024-00871-3 Article

npj Climate and Atmospheric Science |           (2024) 7:317 5

www.nature.com/npjclimatsci


isolate the contribution of cloud cover, and the obtained time series of
SWR anomalies related to cloud indicate a high degree of synchroniza-
tion with the time series of total SWR anomalies, demonstrating that the
changes in cloud cover predominantly induce the anomalous SWR
(Fig. 6c).

Cloud formation is closely linked to convective activities70,71. In theCO2

RU period, the entire equatorial Pacific exhibits positive precipitation
anomalies in response to El Niño, particularly pronounced in the tropical
CP (Fig. 7a). The disparity between the RD and RU period shows an
intensification of precipitation anomalies in the equatorial CEP, and a
decrease in the western Pacific (Fig. 7b). Especially for the equatorial CP
region, anobvious increase inprecipitationanomalies is observed, leading to
a reduction of SWR into ocean surface, thereby favoring the accelerated
decay of local SST during the JF(1) period. However, similar to previous
conclusions, the changes of El Niño-related SST anomalies are not
evident56–58 (Fig. S11b).

Beside the role of SST anomalies, the tropical precipitation response is
also modulated by the climatological SST background67. The climatological
SST differences between the RD and RU period suggest an El Niño-like
warming in the equatorial Pacific (Fig. 7b), which is similar to the results
projected by CMIP models under various global warming scenarios72–74.

According to a simplifiedmoisture budget decomposition, ref. 67 found that
the changes of precipitation anomalies are primarily controlled by the
dynamic component related to the changes in ENSO-driven vertical
motions. Under the climatological equatorial Pacific El Niño-like SST
warming, the substantial increase in low-level specific humidity over the
equatorial CEP weakens atmospheric stability, leading to an intensification
and eastward shift of the ENSO-induced circulation anomalies and conse-
quently the precipitation response. Therefore, the asymmetric response of
SWR anomalies under CDR scenario can be fundamentally attributed to
climatological equatorial Pacific warming pattern.

Anomalous LHF in JF(1). LHF variations result from atmospheric for-
cing and oceanic response, with atmospheric forcing encompassing
contributions from wind speed, relative humidity, and sea-air tempera-
ture difference. The changes of LHF anomalies in the equatorial CP
region stem from the atmospheric forcing (Fig. S12a and c), and the
wind-induced LHF anomalies emerge as the dominant contribution (Fig.
S12e). Moreover, the time series of LHF anomalies and corresponding
wind-induced LHF anomalies over the equatorial CP are examined (Fig.
6c), they exhibit a high degree of consistency. As that both the influence of
changes in climatological and anomalous wind speed are included in the

Fig. 6 | The critical periods and physical processes for the accelerated decay of the
SST anomalies in the equatorial CP. a Hovmöller diagrams of the mixed-layer
temperature tendency anomalies (∂T 0=∂t) in the equatorial CP (unit: Kmonth−1) for
5 models’MME. The ∂T 0=∂t values are calculated as the difference in temperature
anomalies between times t and t � 1. The difference term, Δ∂T 0=∂t, is calculated by
subtracting the result of the initial period of the CO2 RUphase. b Same as (a), but the
combined contributions of thermodynamic and dynamic processes from mixed-
layer temperature tendency equation. The gray grids in (a), (b) denote the region in
which at least 70% models show consistent results. The dashed vertical lines in (a),
(b) respectively denote the central year of RU period, the peak year of CO2 con-
centrations, and the central year of RDperiod. The red solid line rectangles in (a), (b)
highlight the critical periods. c Evolution of mixed-layer temperature tendency
anomalies in the equatorial CP during JF(1) (grey solid line; units: K month−1), the
contribution of SWR anomalies (red solid line; units: K month−1), the contribution

of SWR anomalies related to cloud (red dashed line; units: K month−1), the con-
tribution of LHF anomalies (blue solid line; units: K month−1), and the contribution
of LHF anomalies related to wind speed (blue dashed line; units: K month−1) for 5
models’MME. d Evolution of mixed-layer temperature tendency anomalies in the
equatorial CP during MJ(1) (grey solid line; units: K month−1), the contribution of
mean meridional advection of anomalous temperature gradient (��v∂T 0=∂y; grey
dashed line; units: K month−1), mean meridional ocean currents (�v; red solid line;
units: m s−1), and meridional gradient of temperature anomalies (�∂T 0=∂y; blue
solid line; units: K m−1) for 5 models’MME. The green shadings in (c), (d) corre-
spond to the selected CO2 RU (55–105) and RD (175–225) period. The dashed
vertical lines in (c), (d) indicate the year 140, when CO2 concentrations peak. The
prime symbols represent the anomalies caused by ENSO. The Δ symbols represent
the deviation relative to the initial period of the CO2 RU phase.
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calculation of wind-induced LHF anomalies, further decomposition is
conducted to reveal their relative importance (Fig. S13), and the results
show that the contribution of wind speed anomalies is dominant
(Fig. S13b).

During the CO2 RU period, when an El Niño event occurs, warm
SST anomalies emerge in the equatorial CEP (Fig. S11a), corresponding
to the convergence of lower-level wind anomalies (Fig. 7c). To the north
(south) of the equator, the anomalous northerly (westerly) winds
combine with the climatological northeasterly (southeasterly) winds,
enhancing (reducing) evaporation and resulting in negative (positive)
LHF anomalies (Figs. 7c and S11a). In the CO2 RD period, accompanied
with the intensification of precipitation anomalies over the equatorial
CP (Fig. 7b), the anomalous northerly winds in the north are
strengthened, consequently amplifying the negative LHF anomalies
within this region (Fig. 7d). As previously discussed, the increased
precipitation anomalies are fundamentally linked to the climatological
equatorial Pacific warming.

Meridional advection of anomalous temperature inMJ(1). During the
MJ(1) period, the mean meridional advection of anomalous temperature
gradient (��v∂T 0=∂y) dominantly contributes to the asymmetric response
inmixed-layer temperature decay (Figs. 6d and S10h). This asymmetry is

intricately related to both themeanmeridional ocean currents (�v) and the
meridional gradient of mixed-layer temperature anomalies (�∂T 0=∂y)
(Fig. 6d). The equatorial CP, typically governed by climatological east-
erlies, features northward (southward) meridional ocean currents north
(south) of the equator via Ekman transport (Fig. 7e). Simultaneously, due
to that the warm SST anomalies are closer to the equator in this region,
the meridional gradients of mixed-layer temperature anomalies manifest
as positive (negative) values to the north (south) near the equator
(Fig. 7e). Thus, the resulting warm meridional advection favors the
maintenance of warm SST anomalies over the CP.

During the CO2 RD period, the mixed-layer meridional current dif-
ferences show a trend of convergence toward the equator relative to theCO2

RU period, indicating a weakening of climatological meridional currents
(Figs. 6d and 7f). This weakening can be attributed to the diminished
easterlies in the equatorial CP due to the climatological equatorial Pacific
warming pattern75,76. Furthermore, the accelerated dissipation of SST
anomalies in the equatorialCP leads to a decrease in the absolute value of the
meridional gradient of mixed-layer temperature anomalies on both sides of
the equator (Figs. 6d and 7f). The concurrent weakening of meridional
ocean currents and the meridional gradient of mixed-layer temperature
anomalies collectively diminishes the warm advection and accelerates the
decay of equatorial CP SST anomalies.

Fig. 7 | The spatial fields corresponding to the key physical processes of the
equatorial CP. a Climatological mean SST (contours; unit: °C) during JF(1) and
regressed precipitation anomalies (shading; unit: mm day−1) during JF(1) onto the
standardized D(0)JF(1) Niño-3.4 index in the CO2 RU period for 5 models’ MME.
b Same as (a), but for the differences between the CO2 RD and RU period. The
climatological mean SST is adjusted by subtracting the mean value across the entire
tropics (20°S–20°N, 180°W–180°E). c Regressed LHF anomalies (shading; unit: K
month−1) and 1000-hPa wind anomalies (vectors; unit: m s−1) during JF(1) onto the
standardized D(0)JF(1) Niño-3.4 index in the CO2 RU period for 5 models’ MME.

d Same as (c), but for the differences between theCO2RDandRUperiod. eThe zonal
average (160°E–160°W) of the climatological mean meridional ocean currents (�v;
vectors; unit: m s−1) and the meridional gradient of mixed-layer temperature
anomalies (�∂T 0=∂y; shading; unit: K m−1) in the CO2 RU period for 5 models’
MME. f Same as (e), but for the differences between the CO2 RD and RU period and
the climatological mean meridional ocean currents at the equator is indicated by
brown arrows. The prime symbols in (e), (f) represent the anomaly caused by ENSO.
The black arrows and brown dots denote that at least 70% models show consistent
results.
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Origin of asymmetric SST anomalies in the MC
The positive SST anomalies in the MC region develop from ENSO mature
winter and reach a warming peak in the following spring, followed by a
secondary warming from July(1) (Fig. 5b). The asymmetric response to the
changes of CO2 concentrations coincidentally corresponds to two warming
peaks. The mixed-layer temperature tendency indicates that the strength-
ened JJA(1) MC warming in CO2 RD phase is mainly associated with two
periods: early spring (FM(1)) and early summer (JJ(1)) (Fig. 8a). The results
derived from mixed-layer temperature tendency equation accurately cap-
ture the features of original temperature tendency, as well as the asymmetric
response during the two pivotal periods (Fig. 8b–d). In comparison with
thermodynamic processes, oceanic dynamic processes exhibit negligible
influence on the changes in theMCmixed-layer temperature evolution (Fig.
S14). Specifically, the FM(1) and JJ(1) period are primarily linked to an
increase in SWR (Figs. S14a and 8c) andLHFanomalies (Figs. S14d and 8d),
respectively.

Anomalous SWR in FM(1). In the FM(1) period, the precipitation
anomalies are similar to those in the JF(1) period (Figs. 7a and 9a),
characterized by positive precipitation responses in the tropical Pacific
region and negative precipitation responses in the MC region. The cli-
matological equatorial Pacific warming pattern induce an uneven

increase in lower-level specific humidity, thereby engendering structural
changes in the circulation and precipitation anomalies67. Relative to the
CO2 RU period, the CO2 RD period experiences the enhanced ENSO-
related precipitation anomalies in the equatorial CEP, while the anom-
alous precipitation in the MC region is further suppressed due to the
adjustment of Walker circulation (Fig. 9b). The weakening convection
corresponds to diminished cloud cover, allowingmore SWR to penetrate
the ocean surface and exacerbating the SST warming.

Anomalous LHF in JJ(1). Comparable to the equatorial CP, the
changes in LHF anomalies are predominantly driven by atmospheric
forcing (Fig. S15a and c), and the wind-induced LHF anomalies highly
resemble the original LHF anomalies (Fig. S15e). For the JJ(1) period,
the impact of wind changes on LHF anomalies can be decomposed into
the contribution from the changes of climatological winds and wind
anomalies (Fig. S16), revealing the predominant influence of the latter.
During the CO2 RD period, in contrast to the RU period, the positive
precipitation anomalies around the MC region are intensified due to
the increased Indo-Pacific zonal SST gradient (Fig. 2a, c), accompanied
by the anomalous lower-level convergence and northerly anomalies
(Fig. 9d), which partly offset the climatological southeasterly winds
(Fig. 9c) and are conducive to SST warming by reducing evaporation

Fig. 8 | The critical periods and physical processes for the strengthened warming
of the SST anomalies inMC. aHovmöller diagrams of themixed-layer temperature
tendency anomalies in the MC (unit: K month−1) for 5 models’MME. The ∂T 0=∂t
values are calculated as the difference in temperature anomalies between times t and
t � 1. The difference term, Δ∂T 0=∂t, is calculated by subtracting the result of the
initial period of the CO2 RU phase. b Same as (a), but the combined contributions of
thermodynamic and dynamic processes from mixed-layer temperature tendency
equation. The gray grids in (a), (b) denote the region in which at least 70% models
show consistent results. The dashed vertical lines in (a), (b) respectively denote the
central year of RU period, the peak year of CO2 concentrations, and the central year
of RD period. The red solid line rectangles in (a), (b) highlight the critical periods.
c Evolution of mixed-layer temperature tendency anomalies in the MC during

FM(1) (grey solid line; units: K month−1), the contribution of SWR anomalies (red
solid line; units: Kmonth−1), and the contribution of SWRanomalies related to cloud
(blue solid line; units: K month−1) for 5 models’ MME. d Evolution of mixed-layer
temperature tendency anomalies in the MC during JJ(1) (grey solid line; units: K
month−1), the contribution of LHF anomalies (red solid line; units: K month−1), and
the contribution of LHF anomalies related to wind speed (blue solid line; units: K
month−1) for 5 models’MME. The green shadings in (c), (d) correspond to the
selected CO2 RU (55–105) and RD (175–225) period. The dashed vertical line in (c),
(d) indicates year 140, when CO2 concentrations peak. The prime symbols represent
the anomaly caused by ENSO. The Δ symbols represent the deviation relative to the
initial period of the CO2 RU phase.
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from ocean. Thus, a positive feedback emerges between local SST
and LHF.

Discussion
Thepresent study, basedonCMIP6modelswith idealized variations inCO2

concentrations, delves into the asymmetric response of theWNPACduring
post-ENSO summer and its underlying physical mechanisms. Our findings
reveal a progressive strengthening of the anomalous WNPAC with the
increase of CO2 concentrations, and the intensification persists even as the
CO2 concentrations begin to decline, followed by a gradual recovery. The
WNPAC fails to restored to its initial state whenCO2 concentrations return
to PI level. Moreover, during the CO2 RD phase, the pronounced asym-
metric response of the WNPAC is likely to exacerbate the climate risks
across East Asia, particularly with heightened temperature anomalies from
the Indo-China Peninsula to the Philippines (Fig. S17b) and increased
precipitation anomalies from central China to southern Japan. (Fig. S17d).
This asymmetric evolutionary characteristic of WNPAC can be explained
by the variations of Indo-Pacific zonal SST gradient.

In contrast to the CO2 RU period, the increased zonal SST gradient
associated with the strengthened SST warming in the MC and the accel-
erated decay of positive SST anomalies in the equatorial CP is witnessed in
the CO2 RD period and favors the anomalous convection over the MC,
which modulates the anomalous anticyclone through the Kelvin wave-
induced Ekman divergence mechanism or the adjustment of meridional
circulationwithin the localHadley circulation.Additionally, the rapid decay
of the equatorial CP SST anomaliesweakens boundary layermoist enthalpy
anomalies, which are transportedby the climatological easterlies, enhancing
moist stability over theWNP, suppressing local convection, and reinforcing
the anticyclone as aRossbywave response. The increasedzonal SSTgradient
over the Indo-Pacific sector is ultimately stemming from the climatological
equatorial Pacific El Niño-like warming pattern.

For the equatorialCP, the accelerateddecay of SSTanomalies is evident
in late winter and early summer. In the late winter, the climatological
equatorial Pacific warming is beneficial for the enhanced precipitation
anomalies in the equatorial CP, thereby reducing the downward SWR by
increasing cloud cover and exacerbates the LHF release through the
intensified climatological northly winds owing to the anomalous low-level
wind convergence. Subsequently, in the early summer, the attenuationof the

climatological easterlies in the CP, related to the climatological equatorial
Pacific warming, diminishes themeridional ocean currents on both sides of
the equator; together with that the accelerated decay in local SST decrease
the meridional temperature gradient, weakening of the meridional tem-
perature advection and thus further exacerbating SST decline.

Concerning the MC, the downward SWR in the early spring is
increased as that the local convection is suppressed due to that the clima-
tological equatorial Pacific warming amplifies El Niño’s influence on the
anomalous weakened Walker circulation. During the early summer, the
increased Indo-Pacific zonal SST gradient favors the positive precipitation
anomalies corresponding with the anomalous lower-level wind con-
vergence, which is opposite to the climatological southerly winds and
reduces the LHF release, indicating a positive feedback between local SST
and LHF. All the key processes and mechanisms are summarized in a
schematic diagram (Fig. S18).

Under the CDR scenario, the upper ocean begins to cool rapidly, while
the deep ocean continues towarmdue to its huge heat capacity and the slow
ocean dynamical processes38,77,78. These weaken the vertical temperature
gradient of the ocean and mitigates the cold upwelling efficiency in the
equatorial CEP, thereby leading to an El Niño-like warming35,44,45,48. Fur-
thermore, the El Niño-like warming interacts with the slow recovery of
walker circulation, which in turn contribute to the warming through
Bjerknes feedback of air-sea coupling processes51. However, two fast pro-
cesses, as non-uniform changes in evaporative patterns and cloud cover
variations over the western Pacific, act to weaken the zonal SST contrast
across the tropical Pacific and indirectly favor the El Niño-like warming
under global warming scenario74,79, and these processes are unlikely to
operate in CDR scenario. The climatological El Niño-like warming causes
the asymmetric response of the SST anomalies in theMC and equatorial CP
during the El Niño decaying summer relative to variations in CO2 con-
centrations. However, the peak occurrence times of these anomalies in the
two regions are asynchronous, and the SST anomalies in the MC show a
more discernible lag recovery compared to those in the equatorial CP.
Further analysis reveals the importance of asynchronous response in the two
regions’ winter precipitation (Figs. 6c and 8c), which may include multi-
facetedprocesses at varying scales and complexmechanisms.Consequently,
a comprehensive understanding of these dynamics necessitates further
investigation, promising avenues for future research endeavors.

Fig. 9 | The spatial field corresponding to the key physical processes of the MC.
a Climatological mean SST (contours; unit: °C) during FM(1) and regressed pre-
cipitation anomalies (shading; unit: mm day−1) during FM(1) onto the standardized
D(0)JF(1) Niño-3.4 index in the CO2 RU period for 5 models’MME. b Same as (a),
but for the differences between the CO2RD and RUperiod. The climatologicalmean
SST is adjusted by subtracting the mean value across the entire tropics (20°S–20°N,
180°W–180°E). c Regressed LHF anomalies (shaded; unit: K month−1) during JJ(1)

onto the standardized D(0)JF(1) Niño-3.4 index in the CO2 RU period and clima-
tologicalmeanwinds (vectors; unit:m s−1) in theCO2RDperiod for 5models’MME.
dRegressed LHF anomalies (shaded; unit: Kmonth−1) and wind anomalies (vectors;
unit: m s−1) during JJ(1) onto the standardized D(0)JF(1) Niño-3.4 index in the
differences between the CO2 RD and RU period for 5 models’MME. Black arrows
and brown dots denote that at least 70% models show consistent results.
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Methods
CMIP6
In this study, we utilize the 1pctCO2 and 1pctCO2-cdr experiments from
the CMIP6. The 1pctCO2 experiment, spanning 150 years, features that
CO2 concentrations increase at a rate of 1% per year from the PI level (284.7
ppm). By the 140th year, CO2 concentrations quadruple from the PI
baseline, reaching 1138.8 ppm. The 1pctCO2-cdr experiment involves the
symmetric removal ofCO2 over 140 years, followed by stabilization at the PI
level for at least an additional 60 years.We extract data from years 1–140 of
the 1pctCO2experiment andyears 1–200of the 1pctCO2-cdr experiment to
construct ideal CO2 RU and RD scenarios. In these scenarios, CO2 con-
centrations increase from year 1 to year 140, then decrease symmetrically
from year 141 to year 280, and eventually stabilizes from year 281 to 340.

The ensemble for these experiments comprises ninemodels: ACCESS-
ESM1-5, CanESM5, CAS-ESM2-0, CESM2, CNRM-ESM2-1, GFDL-
ESM4,MIROC-ES2L, NorESM1-LM, and UKESM1-0-LL. For the analysis
of atmospheric variables and SST,monthly outputs fromall ninemodels are
included in the calculations. However, for the analysis of the moisture
budget,MSEbudget andmixed-layer temperature tendency equation,CAS-
ESM2-0, CESM2, GFDL-ESM4, and UKESM1-0-LL are excluded due to
insufficient variables.

Data preprocessing and definition
All model datasets are interpolated onto a uniform 2.5˚ × 2.5˚ grid. To
isolate interannual signals for evaluating variables’ response to ENSO, an
8-year high-pass filter is applied to remove trends and interdecadal signals.
Interannual anomalies are computed by subtracting the climatological
mean over the entire time period. Following this, variable anomalies are
regressed against the standardized Niño-3.4 index (defined as the SST
anomalies averaged over 5˚S–5˚N, 120˚–170˚W during D(0)JF(1)) over a
51-year moving window. These regressions are carried out individually for
each model, followed by averaging of all models to establish the MME,
which serves to minimize model biases. In this study, the consensus among
individual models is considered significant if at least 70% models agree on
the sign80. To ensure clarity and consistency, the 95% confidence intervals
for the time evolution of all variables have been added and are presented
collectively in Fig. S19.

Moisture budget
To analyze precipitation anomalies, themoisture budget approach is widely
used81. The equation used to describe the ENSO-induced precipitation
changes is presented as follows:

ΔP0 � ΔE0 � Δh�~u � ∇hq
0i � Δh~u0 �∇h�qi

�Δh�ω � ∂pq0i � Δhω0 � ∂p�qi þ NL: ð1Þ

In this formulation, Δ signifies the changes observed during the CO2

RD period relative to the CO2 RU period. The prime symbol indicates
anomalies attributable to ENSO, and the overbar represents the climato-
logical mean. The variables P, E,~u, q, and ω correspond to precipitation,
evaporation, horizontal wind, specific humidity, and vertical pressure,
respectively. The subscript h refers to the horizontal direction, and the
subscript p corresponds to pressure. The NL indicates the sum of all non-
linear terms. Each term on the right side of the equation, except for the
evaporation term, can be further divided, and Eq. (1) can be expressed as
follows 82:

ΔP0 � ΔE0 � hΔ�~u �∇hq
0i � Δ�~u � ∇h Δq0

� �� �

�hΔ~u0 � ∇h�qi � ~u0 � ∇h Δ�q
� �� �

�hΔ�ω � ∂pq0i � �ω � ∂p Δq0
� �D E

�hΔω0 � ∂p�qi � hω0 � ∂p Δ�q
� �i þ NL: ð2Þ

MSE budget
In the tropics, the vertical motion is largely controlled by theMSE budget83.
The MSE equation is represented as follows:

∂t sh i0 þ h~u �∇hsi0 þ hω � ∂phi0 ¼ F0
net : ð3Þ

MSE is defined as h ¼ cpT þ Lvqþ gz, with s ¼ cpT þ Lvq repre-
senting the moist enthalpy. The variables T and z refer to atmospheric
temperature, and geopotential height, respectively, while Fnet indicates the
netMSEflux. The constants cp,Lv , and g denote the specific heat at constant
pressure, the latent heat of vaporization, and gravitational acceleration,
respectively. The time tendency term ∂t sh i0 is considered negligible over
interannual timescales. Changes in theMSE equation betweenCO2 RD and
CO2 RU period can be expressed as82:

hΔω0 � ∂p�hi � �hω0 � ∂p Δ�h
� �i þ ΔF0

net

�hΔ�~u �∇hs
0i � hΔ�~u �∇h Δs0ð Þi

�hΔ~u0 � ∇h�si � h~u0 �∇h Δ�sð Þi

�hΔ�ω � ∂ph0i � h�ω � ∂p Δh0
� �i þ NL; ð4Þ

where the net MSE flux, F0
net , entering an atmospheric column encom-

passes contributions from both the top and the surface of the atmosphere:

F0
net ¼ S#t � S"t � R"

t

� �
� �S"s þ S#s � R"

s þ R#
s � LH � SH

� �
: ð5Þ

The first three terms (S#t , S
"
t , R

"
t ) represent radiative fluxes entering an

atmospheric column from the top of the atmosphere, including downward
shortwave, upward shortwave, and upward longwave radiative fluxes. The
following six terms (S"s , S

#
s , R

"
s , R

#
s , LH, SH) describe fluxes entering from

the surface, comprising both shortwave and longwave radiative fluxes in
both directions, as well as latent and sensible heat fluxes. Positive values in
this context indicate atmospheric heating.

Mixed-layer temperature tendency equation
We employ a diagnostic equation for the mixed-layer energy balance to
identify the dominant contribution of thermodynamic and dynamic pro-
cesses to the SST anomalies in the equatorial CP andMC. The mixed-layer
temperature tendency equation is expressed as:

∂T 0

∂t
¼ � u0

∂�T
∂x

þ v0
∂�T
∂y

þ w0 ∂�T
∂z

� 	
� �u

∂T 0

∂x
þ �v

∂T 0

∂y
þ �w

∂T 0

∂z

� 	
þ Q0

net

ρCPH
þ R

ð6Þ
Here, a prime represents the anomaly caused by ENSO, and a bar

represents the climatological mean. T denotes the mixed-layer potential

temperature, and ∂T=∂t indicates its tendency. �ðu0 ∂�T∂x þ v0 ∂�T∂y þ w0 ∂�T
∂zÞ �

ð�u ∂T 0
∂x þ �v ∂T 0

∂y þ �w ∂T 0
∂z Þ denotes ocean dynamic terms (D), u, v, and w are

three-dimensional ocean currents. Q0
net

ρCPH
denotes ocean thermodynamic

term (Q). Qnet ¼ SWRþ LWRþ SHF þ LHF is the net surface heat flux,
in which SWR is the net surface shortwave radiation flux, LWR is the net
surface longwave radiation flux, SHF is the surface sensible heat flux, and
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LHF is the surface latent heat flux. All these heat fluxes are downward
positive, corresponding to ocean warming. ρ ¼ 103kgm�3 is the density of
seawater, and Cp ¼ 4000 J kg�1K�1 is the specific heat of ocean. H is the
depth of themixed layer, andH is set as a constant 50meters for simplicity,
following the precedent set in a previous studies36,84–86. R represents the
residual term. The nonlinear terms have a negligible effect on the SST
anomalies over the equatorial CP andMC, so these terms are disregarded in
our analysis.

The decomposition of the LHF anomalies
The LHF anomalies can be decomposed into components of oceanic
response and atmospheric forcing, denotedasQ0

Ocean andQ
0
Air respectively.

Q0
Air primarily encompasses the effects of relative humidity (Q0

RH), wind
speed (Q0

Wind), and sea-air temperature difference (Q0
T ). Following ref. 87,

the individual contribution of these factors can be expressed as:

Q0
Ocean ¼ LHF

1
�qs

d �qs
dT

� 	
T 0 ð7Þ

Q0
Air ¼ LHF0 � Q0

Ocean ð8Þ

Q0
Wind ¼ LHF

W 0

�W
ð9Þ

Q0
RH ¼ LHF

RH0

RH
ð10Þ

Q0
T ¼ LHF

ΔT 0

Δ�T
ð11Þ

where the overbar and prime symbols represent the climatological mean
and the anomaly caused by ENSO, respectively. qs denotes the saturated
specific humidity following the Clausius-Clapeyron equation.W stands for
surfacewind speed.RH refers to surface relative humidity.T represents SST,
and ΔT is the temperature difference between SST and near-surface air
temperature. Due to the limited availability of near-surface atmospheric
variables in model outputs, the 1000-hPa winds and relative humidity are
used for instead.

The changes of wind-induced LHF anomalies can be decomposed as:

ΔQ0
Wind ¼ Δ

LHF
�W

W 0 þ LHF
�W

ΔW 0 ð12Þ

Δ LHF
�W W 0 and LHF

�W ΔW 0 represent the contribution of the climatological
mean and anomalous wind speed, respectively.

Data availability
The CMIP6 outputs are available online on https://esgf-node.llnl.gov/
projects/cmip6/.
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