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Irreversibility of ENSO impacts on the
wintertime anomalous Western North
Pacific anticyclone to CO2 forcing

Check for updates

Wen Zhang1,2, Weichen Tao1 , Gang Huang1,2,3 , Kaiming Hu1,4,5, Xia Qu1,4, Hainan Gong4,5, Kai Yang6 &
Ya Wang5,7

During the boreal winter, the El Niño-Southern Oscillation (ENSO) influences the East Asia-western
NorthPacific (WNP) climateby triggering ananomalousWNPanticyclone (WNPAC). Analysis of a suite
of coupledmodel projections under symmetric CO2 ramp-up (RU) and ramp-down (RD) scenarios, the
results reveal thatWNPACstrengthenswith increasingCO2 concentrations, peaks early in theCO2RD
phase, and then gradually weakens without fully returning to its initial state when CO2 concentrations
restore. The irreversible recovery ofWNPAC is related to enhancednegative precipitation anomalies in
the tropical WNP and positive precipitation anomalies in the equatorial central and eastern Pacific.
These changed precipitation anomalies are primarily driven by the climatological equatorial Pacific El
Niño-like warming pattern due to various external and internal feedback processes. Our findings
indicate that the irreversible change of WNPAC to CO2 forcing may hinder the winter monsoon and
exacerbate climate risks in the East Asia-WNP region.

The El Niño-Southern Oscillation (ENSO) is the dominant mode of
interannual climate variability, significantly influencing global climate by
altering atmospheric circulations and establishing teleconnection
patterns1–7. During the El Niño developing fall, an anomalous lower-
tropospheric anticyclone emerges over the western North Pacific (WNP)
and can persists into the subsequent summer, known as the western North
Pacific anomalous anticyclone (WNPAC)8–13. TheWNPAC plays a pivotal
role in mediating ENSO’s climatic impact on the East Asia and WNP by
modulating monsoon, leading to notable anomalies in temperature and
precipitation14–19.

Themaintenancemechanisms of theWNPAC during ElNiñomature
winter are primarily governed by convective activity anomalies in both the
equatorial central and eastern Pacific (CEP) and the tropical WNP.
According to the Gill model20, ENSO-related positive precipitation
anomalies in the equatorial CEP can induce cyclonic circulation anomalies
as aRossbywave response to the northwest. Anomalous northeasternwinds
on the western flank of the cyclonic circulation anomalies transport dry air
into the tropical WNP, suppressing local convection21, and then the
anomalousWNPACis triggeredas aRossbywave response to thesenegative

precipitation anomalies8,14. Simultaneously, the northeasterly wind
anomalies enhance the northeasterly trade winds, reinforcing local cold sea
surface temperature (SST) anomalies through increased evaporation8.These
cold SST anomalies further suppress local convection and strengthen the
WNPACto formpositive thermodynamical feedback.The combined effects
of remote forcing from the equatorial CEP and local air-sea interaction in
the tropical WNP are supported by numerical experiments22–24. Besides,
from the perspective of large-scale zonal circulation adjustment, enhanced
convection in the equatorial CEP shift the Walker circulation eastward,
resulting in reduced precipitation anomalies over the tropical WNP22,25–31,
and thereby influencing theWNPAC. Even under global warming scenario,
the precipitation anomalies in the equatorial CEP and the tropicalWNP still
dominate the variations of the WNPAC during El Niño mature winter32.

Since the Industrial Revolution, the rise in anthropogenic Carbon
Dioxide (CO2) concentrations has driven long-term global warming,
leading to various climate impacts and an increase in the frequency and
severity of extreme weather events33–41. To address these potential threats,
the Paris Agreement aims to limit global temperature increases to below
2 °C relative to pre-industrial levels, with efforts to further constrain the rise
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to within 1.5 °C. Achieving this goal requires Carbon Dioxide Removal
(CDR) methods to reduce atmospheric CO2 concentrations

42–48. Due to its
large heat capacity, the ocean absorbs significant heat during theCO2 ramp-
up (RU) phase, and subsequently releases it during the ramp-down (RD)
phase through slow oceanic dynamics, thereby influencing global
climate49–51. This delayed response induces hysteresis and irreversibility in
the global hydrological cycle under CDR scenarios52–57. Regional pre-
cipitation also exhibits asymmetric changes, such as in the tropical
Pacific56,58, East Asia59, and South Asia55,60. While the direct response of
global and regional precipitation to CDR is well-studied, the response of
ENSO-driven tropical Pacific precipitation anomalies has received less
attention. Understanding this response is crucial for projecting the varia-
tions of the WNPAC. A recent study indicates that ENSO SST variability
shows hysteresis amplification under CDR scenarios, enhancing pre-
cipitation anomalies across the equatorial CEP and triggering stronger
atmospheric teleconnections that intensify the WNPAC61. However, this
investigation is based on a single model and does not fully address the
dynamics driving the changes in precipitation anomalies across the equa-
torial CEP. Additionally, the effects of local precipitation anomalies in the
tropicalWNPon the anomalous anticyclone are not adequately considered.

Here,weutilizeninemodels fromtheCoupledModel Intercomparison
Project Phase 6 (CMIP6) that conduct idealized CO2 concentration
experiments. These experiments involve a gradual increase in CO2 con-
centrations from pre-industrial levels at a rate of 1% per year until reaching
four times the pre-industrial concentrations over 140 years, followed by a
symmetric decrease at the same rate for another 140 years, before stabilizing
at the pre-industrial level for 60 years. Despite considerable spread in pro-
jection of ENSO SST variability, most models exhibit a strengthened
response of precipitation anomalies to ENSO in the tropical WNP and
equatorial CEP, as well as an enhancement of the WNPAC and its climate
impacts during the El Niñomature winterwhenCO2 concentrations return
to pre-industrial levels.

Results
Asymmetric response of the WNPAC
The regressed SST anomalies, precipitation anomalies, and 850-hPa wind
anomalies during D(0)JF(1) onto the standardized Niño-3.4 index during
theCO2RUphase inmulti-model ensemble (MME)arepresented inFig. 1a.
In this research, the El Niño developing year is denoted as 0, and the
subsequent ElNiño decaying year is denoted as 1.Mostmodels successfully
reproduce the phase-locking feature of El Niño (Fig. S1a), which provides a
reliable basis for further analyzing ENSO and its associated impacts. A
notable feature is the hook-like pattern of positive precipitation anomalies
across the equatorial CEP, while negative precipitation anomalies dominate
the tropical WNP. As a combined contribution of direct Rossby wave
response to the tropicalWNP negative precipitation anomalies and remote
forcing from the CEP positive precipitation anomalies8, a fully developed
anomalous anticyclone emerges in the WNP. Significant warm SST
anomalies are observed in the equatorial CEP, and the tropicalWNP region
shows the cold SST anomalies, consistent with previous studies8,21. Most
models accurately depict the observational characteristics of SST, pre-
cipitation, andwindanomalies during theElNiñomaturewinter, supported
by consistency tests. However, compared to observations (Fig. S1b), the
positive SST anomalies and precipitation anomalies in the equatorial Pacific
extend too far westward, and there is a tendency to underestimate the
positive precipitation anomalies in the equatorial central Pacific and the
negative precipitation anomalies in the tropical WNP. Consequently, the
simulated WNPAC appears relatively weaker (Fig. 1a and S1b).

To investigate whether the WNPAC exhibits an asymmetric response
under the CDR scenario, we designate years from 230 to 280 in the CO2 RD
phase as the CO2 RD period, and years from 1 to 51 in the CO2 RU phase
with consistent CO2 concentrations as the CO2 RU period. Figure 1b pre-
sents the differences in regressed variable fields between the two periods.
The variations in SST anomalies across the equatorial CEP are not sig-
nificant, indicating that the ENSO intensity remains relatively unchanged,

resembling the patterns observed in global warming scenarios62–67. Com-
pared to the SST anomalies, the positive precipitation anomalies in this
region are considerably enhanced, suggesting a southeastward shift of the
hook-like positive precipitation pattern, which likely influences the sub-
sequent teleconnection impacts32,63,65. Over the WNP region, there is a sig-
nificant intensification of the anomalous anticyclone, accompanied by
enhanced local negative precipitation anomalies. The strengthened south-
westerlies at northwest flank of WNPAC further exacerbate the warm
temperature and positive precipitation anomalies in the East Asia-WNP
region by hindering winter monsoon and transporting more warm and
moist air to this area (Fig. S2b, S2d).

Further validation of the robustness of the WNPAC’s asymmetric
response under the CDR scenario is performed by calculating theWNPAC
intensity throughout the entire phase of CO2 concentrations change. The
WNPAC intensity is defined using the area-weighted regional mean of the
negative vorticity of the 850-hPa wind anomalies in the WNP region
(0°–20°N, 100°–150°E, as indicated in Fig. 1a). This regionwell captures the
anticyclonic circulation anomalies in each model (figure not shown). As
depicted in Fig. 1c, the WNPAC gradually strengthens as CO2 concentra-
tions rise. During the CO2 RD phase, due to the ocean’s thermal inertia49–51,
the tropical climatological SST continues to increase for about 15 years,
while the WNPAC continues to intensify for additional 25 years after CO2

concentrations’ peak. This overshoot and subsequent slow recovery lead to
the WNPAC being stronger during the CO2 RD period compared to the
CO2 RU period (Fig. 1b, c). Among the nine models, seven successfully
capture the asymmetric characteristics of the WNPAC (Fig. S3). Addi-
tionally, an alternative definition by calculating the regionally averaged eddy
geopotential height anomaly at 925-hPa following ref. 32 is applied to cal-
culate the WNPAC intensity, yielding consistent results derived by the
regional vorticity average (Fig. S4). To further validate the robustness of the
asymmetric WNPAC response, horizontal distributions of 850-hPa wind
and vorticity anomalies over theWNP region are presented, comparing the
differences across nine pairs of periods. These periods span from years 1–51
(230–280) of the RU (RD) phase, with 10-year intervals, to years 81–131
(150–200) (Fig. S5). Consistency tests indicate that at least seven models
simulate the anticyclonic circulation and negative vorticity anomalies in
each time period.

Reasons for the asymmetric response of the WNPAC
The anomalous WNPAC is closely related to the local non-adiabatic cool-
ing, which triggers the anomalous anticyclone as an Rossby wave response.
Our findings demonstrate a remarkable concordance between precipitation
anomalies in the tropical WNP and the WNPAC intensity (Fig. 1c), with
correlation coefficients consistently exceeding the 90% confidence level in 8
models (Fig. S6). Similarly, equatorial CEP precipitation anomalies show a
strong associationwithWNPAC intensity in theMMEresults (Fig. 1c),with
that six models exhibit a significant correlation exceeding the 90% con-
fidence level (Fig. S6). These equatorial CEP precipitation anomalies could
influence tropical WNP precipitation anomalies through atmospheric
teleconnections8,21 or the Walker circulation22,25–31, thereby affecting the
strength of the anomalous anticyclone.While ENSO plays a significant role
in influencing WNPAC, its SST variability does not seem to directly affect
the intensity of the anticyclone. The correlation coefficients between ENSO
SST variability andWNPAC in the ninemodes are not significant, and only
one models’ results reach 90% confidence level (Fig. S7). Moreover, con-
sistent with previous conclusion, the projection of ENSO SST variability
across the nine models shows large spread. Therefore, our forthcoming
investigationwill focus on analyzing the origin of precipitation anomalies in
the tropical WNP and equatorial CEP.

Predicted changes in ENSO-driven precipitation anomalies during the
CO2 RD relative to the RU period exhibit intensified negative anomalies in
the tropical WNP and positive anomalies in the equatorial CEP (Figs.
1b and 2a). These precipitation anomalies are similar to those observed
under global warming scenarios, as reported in previous studies29–31,68–72.
Based on the two-layer approximated moisture budget equation31, the
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variation in precipitation anomalies (ΔP0) can be decomposed into the
thermodynamic (�Δ�q � ω0) and dynamic (��q � Δω0) components. The
simplified equation accurately captures the amplitude and spatial dis-
tributionof the changes inprecipitationanomalies between theCO2RDand
RU period (Fig. 2a, b). Compared to thermodynamic component
(�Δ�q � ω0), thedynamic component (��q � Δω0) plays amoredominant role
(Fig. 2c, d). The dynamic component is largely controlled by the changes in
vertical motion anomalies, confirmed by their resembling spatial distribu-
tion (Fig. 2d). Anomalous ascending and descending motions appear over
the equatorial CEP and tropical WNP, respectively, indicating a further
weakening of ENSO-induced anomalous Walker circulation during the
CO2 RD period. Given that circulation anomalies are primarily responsible

for the precipitation anomalies, further analysis is necessary to determine
the factors driving variations in vertical motion anomalies in the tropical
WNP and equatorial CEP.

The intensified descending anomalies in the WNP
Due to data limitations, a simplifiedMoist Static Energy (MSE) equation for
5 models is used to analyze the intensified descending anomalies in the
tropical WNP under the CDR scenario. As depicted in Fig. 3, the climato-
logical MSE advection due to changes in anomalous vertical motion
(hΔω0 � ∂p�hi) is primarily balanced by four factors: net MSE flux anomalies
ðΔF0

netÞ, anomalous moist enthalpy advection due to changes in horizontal
wind fields (�hΔ�~u � ∇hs

0i), anomalous horizontal advection of changed

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 D(0)JF(1) onto the
standardized Niño-3.4 index in the CO2 RU period for 9 models’MME. Solid
contours represent positive precipitation anomalies at 1.5 and 3.0 mm day−1, while
dashed contours denote negative anomalies at −1.5 and −3.0 mm day−1. Red solid
rectangles highlight the WNP (0°–20°N, 100°E–150°E) region. b Same as (a), but in
the differences between the CO2 RD and RU period. Solid contours represent
positive precipitation anomalies at 0.5 and 1.0 mm day−1, while dashed contours
denote negative anomalies at −0.5 and −1.0 mm day−1. Red solid and dashed rec-
tangle respectively highlight the significant precipitation anomaly regions, specifi-
cally the tropical WNP (0°–15°N, 120°E–150°E) and the equatorial CEP

(10°S–2.5°N, 170°E–110°W) regions. The black arrows and brown dots in (a, b)
indicate consistency in results among at least 7 out of 9 models. c Evolution of CO2

concentrations (unit: ppm), WNPAC intensity (unit: 10−6 s−1), equatorial CEP
region-averaged precipitation anomalies (red solid rectangle in Fig. 1b; unit: mm
day−1), tropical WNP region precipitation anomalies (red dashed rectangle in Fig.
1b; unit: mmday−1), and tropical climatological SST (20°S–20°N, 180°W–180°E; unit:
mm day−1) for 9 models’ MME. The yellow shading represents the intermodel
spread, corresponding to the 3rd and 7th percentiles among the 9models. The green
shadings in (c) highlight the selected periods for CO2 RU (1–51) and CO2 RD
(230–280). The prime symbols represent the anomalies caused by ENSO. The
dashed vertical lines at year 140 in (c) mark the peak in CO2 concentrations.

https://doi.org/10.1038/s41612-024-00854-4 Article

npj Climate and Atmospheric Science |           (2024) 7:299 3

www.nature.com/npjclimatsci


climatological moist enthalpy (� ~u0 � ∇h Δ�sð Þ� �
), and climatological vertical

advection of the changed anomalousMSE (�h�ω � ∂p Δh0
� �i). The results for

each model are shown in Fig. S8, with four of the five models successfully
capturing the negative climatological MSE advection due to changes in
anomalous vertical motion (hΔω0 � ∂p�hi), and the four important con-
tributing factors in the MME generally exhibiting negative values in these
four models. Figure S9 illustrates the spatial distribution of each term in
MSE equation during the CO2 RD compared to the RU period, and the
abovementioned four terms exhibit negative anomalies in the tropicalWNP
(Fig. S9c, S9d, S9g, S9i), aligning with the effects of climatological MSE
advection due to changes in anomalous vertical motion (hΔω0 � ∂p�hi; Fig.
S9a). To further validate these terms, in addition to quantitatively analyzing
the contribution of each term, their temporal evolution characteristics are
provided in Fig. S10. The results reveal consistent overshoots and sub-
sequent delayed recoveries in the four terms (Fig. S10c, S10d, S10g, S10i),
indicating their crucial role in driving the enhanced descending anomalies
in the region. These four terms involve different physical processes as

external forcing and internal feedback mechanisms. The former drives
variations in precipitation anomalies associated with changes of climato-
logical background fields, while the latter amplifies the precipitation
anomalies associated with changes of precipitation-related variable
anomalies as feedback processes. The specific mechanisms are individually
analyzed in following subsections.

External forcing. In the tropical WNP region, the vertical profile of
anomalous moist enthalpy advection due to changes in horizontal wind
fields (�hΔ�~u � ∇hs

0i) indicates that the negative anomalies are primarily
due to changes in the lower free troposphere (Fig. S11). Consequently, the
spatial distribution of climatological winds and anomalous moist
enthalpy at 700-hPa are selected for analysis. During the CO2 RU period,
the tropical WNP is characterized by climatological easterlies, and the
distribution of anomalous moist enthalpy exhibits a maximum in the
equatorial CEP (Fig. 4a), where corresponds to the significant SST
warming (Fig. 1a). These climatological easterlies transport high

Fig. 2 | Tropical precipitation anomalies and moisture budget decomposition.
a Regressed precipitation anomalies (shading; unit: mm day−1) during D(0)JF(1)
onto the standardizedNiño-3.4 index in the differences between theCO2RDandRU
period for 9 models’MME. Red solid and dashed rectangles respectively highlight
the tropical WNP and the equatorial CEP region. b The combined effect of ther-
modynamic and dynamic term (shading; unit: mm day−1) in the moisture budget
decomposition in the differences between the CO2 RD and RU period for 9 models’
MME. c The effect of thermodynamic term (shading; unit: mm day−1) and clima-
tological surface specific humidity (contours; unit: g kg−1) in the differences between
the CO2 RD and RU period for 9 models’MME. Solid contours represent positive

climatological surface specific humidity with intervals of 0.3 g kg−1. d The effect of
dynamic term (shading; unit: mm day−1) and vertical pressure velocity anomalies at
500-hPa (contours; unit: Pa day−1) in the differences between the CO2 RD and RU
period for 9 models’MME. Solid contours represent positive vertical pressure
velocity anomalies at 300, 600, 900, and 1200 pa day−1, while dashed contours denote
negative anomalies at −300, −600, −900 and −1200 pa day−1. The brown dots
indicate consistency in results among at least 7 out of 9 models. The prime symbols
represent the anomalies caused by ENSO. The Δ symbols represent the deviation
between the CO2 RD and the RU period.

Fig. 3 | Budget analysis of the MSE (W m−2)
equation in the tropicalWNP for 5models’MME.
The prime symbols represent the anomalies caused
by ENSO. The Δ symbols represent the deviation
between the CO2 RD and the RU period.
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anomalous enthalpy towards the tropicalWNP, reducing themoist static
stability of the atmospheric column and making this region more sus-
ceptible to convection.

During the CO2 RD period, the climatological equatorial Pacific SST
compared to CO2 RU period presents an El Niño-like warming
pattern54,58–60, which enhances convective in the equatorial CEP following a
warmer-get-wetter mechanism58,73,74, corresponding with a convergence of
climatological wind fields towards the equatorial CEP region (Fig. 4c). The
resultant weakening of the climatological easterly winds in the tropical
WNP reduces the transport of high anomalous moist enthalpy to the tro-
pical WNP (�hΔ�~u � ∇hs

0i < 0), increasing the atmospheric moist static
stability and thereby suppressing convection.

Interestingly, the vertical profile of anomalous horizontal advection of
changed climatological moist enthalpy (� ~u0 �∇h Δ�sð Þ� �

) reveals that var-
iations are also predominantly concentrated in the lower free troposphere
(Fig. S12). Figure 4b illustrates the spatial distribution of anomalous wind
fields and climatological moist enthalpy at 700-hPa during the CO2 RU
period. In El Niño mature winter, significant positive SST anomalies in the
equatorial CEP (Fig. 1a) induce anomalous northwesterly winds over the
tropical WNP. The climatological moist enthalpy is a function of climato-
logical temperature and specific humidity. Although the temperature
component accounts for 95.95% of total moist enthalpy in the tropical
WNP, the analysis indicates that the anomalous horizontal advection of
climatologicalmoist enthalpy is predominantly contributed by themoisture
advection, constituting 66.34% of the total effect (figure not shown). The
climatological moist enthalpy in the tropical WNP exhibits a strong

meridional gradient, and anomalous northerly winds bring low climatolo-
gical moist enthalpy air to the region (Fig. 4b), stabilizing the atmospheric
column and thus suppressing convection. This negative moist enthalpy
advection is one of the key mechanisms for maintaining the wintertime
WNPAC21.

During the CO2RDperiod, significant increase of climatologicalmoist
enthalpy occurs in the equatorial Pacific (Fig. 4c), enhancing themeridional
gradient of the climatological moist enthalpy. Thus, the resultant
strengthened negative moist enthalpy advection (� ~u0 �∇h Δ�sð Þ� �

< 0) over
the tropicalWNP corresponds to a further reduction of precipitation in this
region. The decomposition of moist enthalpy indicates that the enhanced
meridional gradient of changed climatologicalmoist enthalpy ismainly due
to changes in climatological specific humidity, while the contribution of
temperature changes is minimal (Fig. S13a and S13b). The climatological
equatorial Pacific warming pattern causes increased convections in the
equatorial CEP and decreased convections along their north flank58,75, as
shown in Fig. S13c. These changes in convective activities induce changes in
the climatological specific humidity throughmoisture-convection feedback
mechanism76,77, and the pattern correlation between them two reaches 0.68
for the region of 15°S to 15°N, and 60°E to 80°W (Fig. S13b and S13c).

Internal feedback. In the MSE budget analysis, the difference between
the CO2 RD and RU period shows that the net MSE flux anomalies
(ΔF0

net) play a dominant role in the enhanced descending anomalies over
the tropical WNP (Fig. 3). As shown in Eq. (5), the net MSE flux
anomalies (ΔF0

net) includes five components, with longwave cloud

Fig. 4 | External forcing processes contributing to
negative precipitation anomalies in the
tropicalWNP. aClimatological wind fields (arrows;
unit: m s−1) and regressed moist enthalpy anomalies
(shading; kJ kg−1) onto the standardized Niño-3.4
index at 700-hPa in the CO2RU period for 5models’
MME. b Same as (a), but wind anomalies (arrows;
unit: m s−1) and the climatological moist enthalpy
(shading; kJ kg−1). c Climatological wind fields
(arrows; unit: m s−1) and climatological moist
enthalpy (shading; kJ kg−1) at 700-hPa in the dif-
ferences between the CO2 RD and RU period for 5
models’MME. The black arrows and brown dots
indicate consistency in results among at least 4 out of
5 models. Red solid rectangles highlight the tropical
WNP region. The prime symbols represent the
anomalies caused by ENSO. The Δ symbols repre-
sent the deviation between the CO2 RD and the RU
period.
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radiative anomalies (ΔR0
cloud) contributing the most significant change

(Fig. 5a), accounting for 85.1% of changes in net MSE flux anomalies
(ΔF0

net). In contrast, the contributions of clear-sky longwave radiative,
net solar radiative, latent heat flux, and sensible heat flux anomalies are
about 18.8%, 0.2%, 7.3%, and 3.2%, respectively (figure not shown). The
cloud-related net longwave radiative flux anomalies (R0

cloud) in the tro-
pics reflect an internal positive feedback between atmospheric convection
and cloud radiative forcing78–81, as that pattern correlation between them
in the tropical region of 15°S to 15°N, and 60°E to 80°W reaches 0.83
(Figs. 2d and 5a). In the tropical WNP, the further suppression of con-
vection leads to an additional decrease in negative longwave cloud
radiative anomalies (ΔR0

cloud), which cool atmospheric column, enhance
gross moisture stability, and thereby further inhibit convection21. This
convection-cloud radiative positive feedback amplifies the negative
precipitation anomalies but is not the root cause of it.

In addition to the convection-cloud radiative feedback, there exists
another positive feedback mechanism that contributes to the negative
precipitation anomalies in this region. During the RUperiod, theminimum
MSE anomalies in the tropical WNP appears around 700-hPa (Fig. S14a),
indicating an increase in the grossmoist stability of the atmospheric column
in the climatological deep convection region (�h�ω � ∂ph0i < 0). The vertical
structure of these MSE anomalies is primarily controlled by specific
humidity anomalies, while the contribution of dry static energy anomalies is
relatively minor (figure not shown). Furthermore, this vertical distribution
of specific humidity anomalies is related to moisture-convection feedback,
and large-scale descending anomalies in the tropical WNP lead to a
reduction in mid-to-lower free atmospheric level moisture anomalies, as
explained by ref. 21.

During the CO2 RD period, the vertical profile of MSE anomalies
shows a further reduction around 700-hPa compared to the CO2RUperiod
(Fig. S14b), mainly due to changes in specific humidity anomalies (Fig.
S14d). The pattern correlation between these specific humidity anomalies
and vertical pressure velocity anomalies at 700-hPa in the tropical region of
15°S to 15°N, 60°E to 80°W is approximately 0.67 (Fig. 5b), suggesting an
important role for moisture-convection positive feedback. In the tropical
WNP, enhanced descending anomalies further reduce specific humidity
anomalies (Fig. 5b), resulting in reduced climatological upward advection of
the anomalous MSE (�h�ω � ∂p Δh0

� �i < 0) and increased gross moisture

stability of the atmospheric column, thereby suppressing convection.
Additionally, there is some enhancement ofMSE anomalies at the top of the
free troposphere, related to changes in atmospheric temperature anomalies
(Fig. S14c), which to some extent reduces the vertical gradient of MSE
anomalies. These changes in atmospheric temperature anomalies are
associated with the moist adiabatic adjustment of tropical convection,
meaning that when specific humidity anomalies are confined to the lower
free troposphere, atmospheric temperature anomalies in the upper free
troposphere increase correspondingly to maintain tropical moist
adiabats5,82,83.

The intensified ascending anomalies in the CEP
The MSE equation for 5 models is also utilized to explore the enhanced
ascending anomalous over the equatorial CEP under CDR scenario (Fig. 6).
The climatological MSE advection due to changes in anomalous vertical
motion (hΔω0 � ∂p�hi) is primarily balanced by anomalous vertical advection
of the changed climatological MSE (�hω0 � ∂pðΔ�hÞi), net MSE flux
anomalies (ΔF0

net), climatological moist enthalpy advection due to changes
in anomalous horizontal winds (�hΔ~u0 � ∇h�si), and anomalous MSE
advection due to changes in climatological vertical motion (�hΔ�ω � ∂ph0i).
Figure S15 provides the results for eachmodel, showing that all five models
successfully capture the positive climatological MSE advection due to
changes in anomalous vertical motion (hΔω0 � ∂p�hi), with the four key
contributing factors in the MME generally exhibiting positive values across
these models. The spatial distribution of these four terms exhibit positive
anomalies over the equatorial CEP during the CO2 RD relative to the RU
period (Fig. S9b, S9c, S9f, S9h), and their temporal evolution aligns with the
climatologicalMSE advection due to changes in anomalous vertical motion
(hΔω0 � ∂p�hi; Fig. S16a, S16b, S16c, S16f, S16h), exhibiting characteristics of
overshoot and delayed recovery and indicating their contribution to the
strengthened positive precipitation anomalies over the equatorial CEP. The
corresponding physical processes of these four terms from the perspectives
of external forcing and internal feedback processes are examined in the next
subsections.

External forcing. During the CO2 RU period, the climatological MSE in
the equatorial CEP reaches its lowest value at approximately 700-hPa,
cooperating with the ascending anomalies in the lower to mid

Fig. 5 | Internal feedback processes contributing
to negative precipitation anomalies in the
tropical WNP. a Regressed cloud-related longwave
radiation into the atmospheric column (shading;
unit: Wm−2) onto the standardized Niño-3.4 index
in the differences between the CO2 RD and RU
period for 5 models’MME. b Regressed specific
humidity anomalies (shading; unit: 10−3 kg kg−1)
and vertical pressure velocity anomalies (contours;
unit: pa day−1) at 700-hPa onto the standardized
Niño-3.4 index in the differences between the CO2

RD and RU period for 5 models’MME. Solid con-
tours represent positive vertical pressure velocity
anomalies at 100 and 400 pa day−1, while dashed
contours denote negative anomalies at −100 and
−400 pa day−1. The brown dots indicate consistency
in results among at least 4 out of 5 models. Red solid
and dashed rectangles respectively highlight the
tropical WNP and the equatorial CEP region. The
prime symbols represent the anomalies caused by
ENSO. The Δ symbols represent the deviation
between the CO2 RD and the RU period.
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troposphere to enhance the gross moist stability of the atmospheric
column (�hω0 � ∂p�hi < 0, Fig. 7a). The difference between the CO2 RD
and RU period indicates that the increase in climatological MSE over the
equatorial CEP is most pronounced in the lower troposphere (Fig. 7a)
and is associated with climatological equatorial Pacific warming pattern.

The equatorialCEPSSTwarming, ononehand, favors a direct increase
in boundary layer moisture, on the other hand, enhances convection in the
area58,75 and thereby increases lower troposphere moisture (Fig. S17c)
through the moisture-convection feedback process76,77. The strengthened
climatological moisture primarily contributes to the increase of climatolo-
gical MSE in the lower free troposphere (Fig. 7a), which aligns with
anomalous ascending motion to weaken atmospheric gross moist stability
(�hω0 � ∂p Δ�h

� �i > 0) and thereby promotes convection. Ref. 84 also
demonstrates that this term is the main contributor to the enhanced pre-
cipitation over the equatorial CEP under global warming scenario. Addi-
tionally, the equatorial CEP SSTwarming leads to changes in climatological
atmospheric temperature through moist-adiabatic adjustment (Fig. S17b),
resulting in a weak positive center of climatologicalMSE at around 250-hPa
(Fig. 7a). This weak positive center reduces the vertical gradient of the
changed climatological MSE and inhibits enhanced convection to some
extent.

Moreover, anomalousMSE advection due to changes in climatological
vertical motion (�hΔ�ω � ∂ph0i) also contributes to the enhancement of
precipitation anomalies. The equatorial western Pacific is a region of deep
convectiondominated by strong climatological ascendingmotions, whereas
the equatorial eastern Pacific, being the descending branch of the Walker
circulation, experiences climatological descending motions (Fig. 7b).
Simultaneously, the vertical distribution ofMSE anomalies across the entire
equatorial Pacific shows a decrease from the lower to the upper free tro-
posphere (Fig. S17e). Consequently, in the equatorial eastern Pacific,
anomalous MSE transported by descending motions enhance gross moist
stability (�h�ω � ∂ph0i < 0) and suppresses convection.

During the CO2 RD period, the climatological equatorial Pacific
warming pattern shift the Walker circulation eastward, characterized by
enhanced ascending motions in the equatorial CEP and stronger des-
cending motions in the western Pacific (Fig. 7b; ref. 59), consistent with the
conclusions under global warming scenario28,29,85. The anomalous MSE
transported by enhanced ascendingmotions reduce the grossmoist stability
of the region (�hΔ�ω � ∂ph0i > 0) and facilitate enhanced convection.

Internal feedback. Similar to the conclusions for the tropical WNP, net
radiative flux anomalies (ΔF0

net) contribute the most to the enhanced
ascending anomalies over the equatorial CEP according to MSE budget
analysis (Fig. 6). Among the five components included in the simplified
net MSE flux anomalies (ΔF0

net), changes in longwave cloud radiative
forcing anomalies (ΔR0

cloud) are the most significant, accounting for

58.2% of changes in netMSE flux anomalies (ΔF0
net). Contributions from

changes in clear-sky longwave radiative, net solar radiative, latent heat,
and sensible heat flux anomalies are approximately 13.1%, 3.7%, 19.3%,
and 5.7%, respectively (figure not shown). In contrast to the tropical
WNP, the further enhancement of convection in the equatorial CEP leads
to an additional increase in positive longwave cloud radiative anomalies
(ΔR0

cloud), which warm atmospheric column, reduce gross moisture
stability, and thereby further promote convection as a convection-cloud
radiative positive feedback (Fig. 5a).

Another internal feedback process is related to climatological moist
enthalpy advection due to changes in anomalous horizontal winds
(�hΔ~u0 � ∇h�si), with its positive changes primarily concentrated in the
tropopause and lower free troposphere (Fig. S18). Therefore, 100-hPa and
700-hPa are selected for detailed analysis. At 100-hPa, climatological moist
enthalpy is predominantly influenced by atmospheric temperature due to
the very low water vapor content at the level, and it increases from west to
east across the equatorial Pacific (Fig. 8a). The low-value center of clima-
tological moist enthalpy in the equatorial western Pacific is caused by the
adiabatic cooling effect of climatological ascending airflows (Fig. 7b). At
700-hPa, climatological moist enthalpy is affected by both atmospheric
temperature and moisture, showing a decrease from west to east across the
equatorial Pacific (Fig. 8b), owing to that the high climatological moist
enthalpy is close to the warm pool in the equatorial western Pacific.

During the CO2RUperiod, the vertical cross-sections of the equatorial
wind fields reveal pronounced anomalous ascending (descending) motions
in the equatorial CEP (western Pacific) in response to El Niño, corre-
sponding with anomalous easterlies (westerlies) at upper (lower) tropo-
sphere (Fig. S19a).During theCO2RDperiod, the enhanced equatorial CEP
convection anomalies further strengthen upper-level easterly wind
anomalies (Figs. 8a and S19b) and lower-level westerly wind anomalies
(Figs. 8b and S19b), both of which bring more high climatological moist
enthalpy air to the equatorial CEP (� Δ~u0 � ∇h�s

� �
> 0) and promote con-

vection. Previous study has used this wind-enthalpy-convection positive
feedback to explain the formation of negative precipitation anomalies in the
tropical WNP and the subsidence anomalies in the northern flank of the
equatorial Pacific21,79.

Discussion
This study investigates the irreversible response of the anomalousWNPAC
and its climate impacts during the El Niñomature winter to CO2 forcing, as
well as the underlying physical mechanisms. The results reveal that the
WNPAC progressively strengthens with increasing CO2 concentrations,
reaching its maximum intensity in the first few decades of CO2 RD phase
before gradually weakening. However, the anticyclone does not fully return
to its initial state even when the CO2 concentrations are reduced to the pre-
industrial level.

Fig. 6 | Same as Fig.3, but in the equatorial CEP.
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This overshoot and the subsequent slow recovery of the anomalous
WNPAC are primarily due to the enhanced negative precipitation
anomalies in the tropical WNP as a Rossby wave response, and further
promoted by the enhanced positive precipitation anomalies in the equa-
torial CEP through the adjustments of atmospheric teleconnections and
Walker circulation. These changed precipitation anomalies are mainly
driven by variations in vertical motion anomalies. The key processes and
mechanisms are summarized in a schematic diagram and explained as
follows (Fig. 9).

In the tropical WNP, the enhanced negative precipitation anomalies
are driven by remote forcing from the equatorial CEP, and subsequently
amplified by local feedback processes. The climatological equatorial Pacific
El Niño-like warming pattern weakens the climatological easterlies and
increases the meridional gradient of climatological specific humidity in the
lower free troposphere of the tropical WNP. These changes reduce the
horizontal transport ofhighanomalousmoist enthalpyby the climatological

easterlies (� Δ�~u � ∇hs
0� �
< 0) and enhance the horizontal transport of low

climatological moist enthalpy by the anomalous northerlies
(� ~u0 � ∇h Δ�sð Þ� �

< 0), thereby suppressing convection. The suppressed
convection, through convection-cloud radiative feedback, reduces the
cloud’s reflection of longwave radiation, leading to anetMSEflux outflowof
atmosphere (ΔF0

net < 0). Additionally, suppressed convection reduces spe-
cific humidity anomalies in the lower troposphere through moisture-
convection feedback processes, reducing the upward transport of anom-
alous MSE (�h�ω � ∂p Δh0

� �i < 0). These two internal feedback processes
enhance the grossmoist stability of atmospheric column, further amplifying
negative precipitation anomalies.

In the equatorial CEP, climatological equatorial Pacific warming
pattern increases the lower free troposphere climatological MSE and
climatological precipitation, strengthening upward transport of cli-
matological MSE (�hω0 � ∂pðΔ�hÞi > 0) and anomalous MSE
(�hΔ�ω � ∂ph0i > 0). Both processes weaken atmospheric gross moist

Fig. 7 | External forcing processes contributing to positive precipitation
anomalies in the equatorial CEP. a Meridional average (10°S–2.5°N) of climato-
logical MSE in the CO2 RU period (contours; unit: KJ kg−1) and in the differences
between the CO2 RD and RU period (shading; unit: KJ kg−1) for 5 models’MME.
b Same as (a), but the climatological vertical pressure velocity in the CO2 RU period

(contours; unit: pa day−1) and in the differences between the CO2 RD and RUperiod
(shading; unit: pa day−1). The gray grids indicate consistency in results among at
least 4 out of 5 models. Red dashed rectangles highlight the equatorial CEP region.
The Δ symbols represent the deviation between the CO2 RD and the RU period.
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stability and enhance convection in the region. The enhanced con-
vective anomalies, on one hand, strengthen the input of net radiative
flux anomalies (ΔF0

net > 0) to atmosphere through convection-cloud
radiation feedback, and on the other hand, drive the low-level hor-
izontal convergent winds and the upper-level horizontal divergent
winds, thereby transporting more high climatological moist enthalpy
air to the region (� Δ~u0 � ∇h�s

� �
> 0). This wind-enthalpy-convection

feedback further intensifies the convective anomalies.
Under the CDR scenarios, climatological equatorial Pacific warm-

ing pattern is primarily associated with deep oceanwarming54,59, which is
due to the immense heat capacity and slow ocean dynamical
processes49–51. The gradual recovery of the Walker circulation plays a

mutually reinforcing role in this warming pattern. This type of warming
causes the significant southward shift of the intertropical convergence
zone75, and the increase in climatological humidity is particularly evident
over the CEP, indicating its southeastward movement (Fig. 2c). The
changes in precipitation anomalies in the equatorial CEP and tropical
WNP also exhibit a southeastward shift (Fig. 1b). However, the rela-
tionship between positional shift of climatological humidity and pre-
cipitation anomalies, and the corresponding low-level circulation
response, particularly the positional changes of the WNPAC, are not
fully discussed in the present study and require further research, as it
could impact the spatial distribution of climate anomalies in East Asia-
WNP (Fig. S2b).

Fig. 9 | Key processes involved in the asymmetric response of the anomalous WNPAC intensity during El Niño mature winter.

Fig. 8 | Internal feedback processes contributing
to positive precipitation anomalies in the
equatorial CEP. a Climatological moist enthalpy
(shading; unit: KJ kg−1) in the CO2 RU period and
regressed wind fields (arrows; unit: m s−1) onto the
standardized Niño-3.4 index in the differences
between the CO2RD andRUperiod at 100-hPa for 5
models’MME. b Same as (a), but at 700-hPa. The
black arrows and brown dots indicate consistency in
results among at least 4 out of 5 models. Red dashed
rectangles highlight the equatorial CEP region. The
prime symbols represent the anomalies caused by
ENSO. The Δ symbols represent the deviation
between the CO2 RD and the RU period.
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Methods
The idealized CDR pathway
This study utilizes data from the CMIP6 1pctCO2 and 1pctCO2-cdr
experiments. In the 1pctCO2 experiment, CO2 concentrations increase
annually by 1% over 150 years from the pre-industrial levels of 284.7 ppm,
quadrupling by year 140 to reach 1138.8 ppm. The 1pctCO2-cdr experi-
ment features symmetric CO2 removal over 140 years, followed by stabili-
zation at the pre-industrial levels for at least 60 additional years.Weuse data
from the first 140 years of the 1pctCO2 experiment and the first 200 years of
the 1pctCO2-cdr experiment to construct idealized CO2 RU and RD sce-
narios. In this scenario, CO2 concentrations rise from year 1 to year 140,
decline symmetrically fromyear 141 to year 280, and stabilize fromyear 281
to year 340.

Data preprocessing
The experiments involve an ensemble of nine climate models: ACCESS-
ESM1-5, CanESM5, CAS-ESM2-0, CESM2, CNRM-ESM2-1, GFDL-
ESM4, MIROC-ES2L, NorESM1-LM, and UKESM1-0-LL. All model
datasets are initially interpolated onto a standardized 2.5° × 2.5° grid to
ensure consistency. To extract interannual signals and assess variables’
responses to ENSO, an 8-year high-pass filter is applied, removing trends
and interdecadal signals. Subsequently, interannual anomalies are calcu-
lated by subtracting the climatological mean for the entire study period.
These anomalies are then regressed against the standardizedNiño-3.4 index
[SST anomalies averaged over 5°S–5°N, 120°–170°W during D(0)JF(1)].
This regression used a 51-yearmovingwindow for eachmodel individually,
and the results were averaged to create MME, thus minimizing biases from
any single model.

Monthly outputs from all nine models are to examine the asymmetric
response of theWNPAC and associated precipitation anomalies. However,
CAS-ESM2-0, CESM2, NorESM2-LM, and UKESM1-0-LL are excluded
from the MSE budget analysis due to data limitations. Consequently, only
fivemodels were used to study themechanisms driving asymmetric vertical
motion anomalies in the tropicalWNP and equatorial CEP. In this study, a
significant consensus among the models is identified as being present if at
least 70%of themodels agreedon the signof the anomalies86. Specifically, for
cases with 9 models, this threshold corresponds to an agreement among at
least 7models, while for cases with 5models, an agreement among at least 4
models is required. Correlation analysis is used, and the confidence level is
estimated based on the standard two-tailed Student’s t test. The effective
degrees of freedom are considered when applying the t test. The effective
degrees of freedom (Neff ) is estimated using the formula
Neff ¼ N � ð1� r1 � r2Þ=ð1þ r1 � r2Þ, where N is the sample size, and r1
and r2 are the lag-1 autocorrelation coefficients of the time series87.

The observational and reanalysis datasets employed in this study are as
follows: (1) the Hadley Centre Global Sea Surface Temperature (HadISST)
dataset, (2) the Global Precipitation Climatology Project (GPCP) monthly
precipitation dataset, and (3) the National Centers for Environmental
Prediction-Department of Energy (NCEP-DOE) reanalysis. All these
datasets span the period from 1981 to 2010 and are interpolated and pro-
cessed in a manner consistent with the CMIP6 model outputs.

Moisture budget decomposition
The decomposition of the moisture budget simplifies the understanding of
rainfall changes by separating thermodynamic and dynamic components.
This approach effectively delineates the spatial patterns of tropical pre-
cipitation alterations under both warming and CDR scenarios, as well as
elucidates the interactions between precipitation and atmospheric
circulation31,58,60,72. The equationused to describe theENSO-induced rainfall
changes is presented as follows:

ΔP0 � � Δ�q � ω0 þ �q � Δω0� � ð1Þ

In this formulation, Δ signifies the changes observed during the CO2 RD
period relative to theCO2RUperiod.Theprime symbol indicates anomalies

attributable to ENSO, and the overbar represents the climatological mean.
The variables P, q, and ω correspond to precipitation, surface specific
humidity, and 500-hPa vertical pressure velocity [negative (positive) ω
indicates upward (downward) motion], respectively. The term Δ�q � ω0 is
regarded as the thermodynamic component associated with climatological
moisture, while �q � Δω0 is considered as the dynamic component related to
circulation anomalies.

MSE budget
In the tropics, vertical motion is primarily regulated by the MSE budget88.
The MSE equation is expressed as:

∂t sh i0 þ h~u � ∇hsi0 þ hω � ∂phi0 ¼ F0
net ð2Þ

Here, MSE is defined as h ¼ cpT þ Lvqþ gz, where s ¼ cpT þ Lvq
represents moist enthalpy. The terms~u, ω, q, T , and z, and Fnet correspond
tohorizontalwind, vertical pressure velocity, specifichumidity, atmospheric
temperature, and geopotential height, respectively, while Fnet denote the net
MSE flux. The constants cp, Lv , and g represent the specific heat at constant
pressure, latent heat of vaporization, and acceleration due to gravity,
respectively. It is noted that the time tendency term ∂t sh i0 is negligible on
interannual timescales. According to ref. 84, variations in theMSE equation
between CO2 RD and CO2 RU period can be reformulated as:

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; ð3Þ

whereNL indicates the sum of all nonlinear terms. The net MSE flux, F0
net ,

entering an atmospheric column includes components from both the top
and the surface of the atmosphere:

F0
net ¼ ðS#t � S"t � R"

t Þ � �S"s þ S#s � R"
s þ R#

s � LH � SH
� � ð4Þ

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.
Conversely, the subsequent six terms (S"s , S

#
s , R

"
s , R

#
s , LH, SH) describe

fluxes entering from the surface, which encompass both shortwave and
longwave radiative fluxes in both directions, along with latent and sensible
heat fluxes. Positive values in this context denote heating of the atmosphere.

The three longwave radiation terms (R"
t , R

"
s , R

#
s ) are consolidated and

termed as net longwave radiation flux (R0
net), which are further subdivided

into cloud-related (R0
cloud) and clear-sky (R

0
clear) components. Similarly, the

four solar radiation terms (S#t , S
"
t ; S

"
s , S

#
s ) are amalgamated and referred to

as net solar radiation flux (S0net)
21. Thus, the net MSE flux differences

between CO2 RD and CO2 RU period are captured by:

ΔF0
net ¼ ΔR0

cloud þ ΔR0
clear þ ΔS0net þ ΔLH0 þ ΔSH0 ð5Þ

Data availability
The CMIP6 outputs are publicly available online at https://esgf-node.llnl.
gov/projects/cmip6/. The observational and reanalysis data used to evaluate
the performance of the models in this study can be accessed from the
following sources: the HadISST dataset at https://www.metoffice.gov.uk/
hadobs/hadisst/data/download.html, the GPCP dataset at https://psl.noaa.
gov/data/gridded/data.gpcp.html, and theNCEP-DOE reanalysis dataset at
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.pressure.html.
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