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Abstract
This study examines the comparative atmospheric circulation and tropical sea surface temperature
(SST) relationships during the developing and decaying stages of El Niño from a meridional
structure standpoint. Results indicate a transition in the variability of the first two modes of the
Hadley circulation (HC) during these stages, with the first mode exhibiting a larger explained
variance in the decaying stage. The regime change in HC variability corresponds to underlying
anomalous SST distributions, as confirmed by sensitive experiments. Quantitative assessment
reveals the HC-SST response amplitudes are approximately two times stronger during the decaying
stage compared to the developing stage. Employing the Kuo–Eliassen (KE) equation, diabatic
heating anomalies during the decaying stage explain the difference in air-sea response intensity
between the two stages. Diabatic heating variations are identified as the primary contributor to
amplification or reduction of air-sea response intensity during the respective El Niño stages,
providing insights into the different air-sea processes throughout the El Niño lifespan.

1. Introduction

El Niño, identified as a naturally recurring phe-
nomenon characterized by fluctuations in sea sur-
face temperature (SST) within the central-eastern
Pacific Ocean, is notably renowned for its significant
interannual climate variability (Bjerknes 1969, Neelin
et al 1998). These variations exhibit diverse amp-
litudes, temporal progressions, and spatial configura-
tions (Capotondi et al 2015, Timmermann et al 2018,
Chen et al 2022, Chen andFang 2023, Fang et al 2024),
consequently exerting an impact on global climate
(Freitas et al 2016, Guo et al 2020, Yang and Huang
2021). Previous studies have highlighted pronounced

climate effects of El Niño during its recession stage,
such as excessive precipitation in East Asia during
post-El Niño summers due to the anomalous west-
ern North Pacific anticyclone (Wang et al 2000, Song
and Zhou 2015, Piao et al 2020, Chen and Li 2023,
Gao and Li 2023), anomalous drought in northeast-
ern South America, and flooding on the tropical west
coast and southeastern South America through tele-
connections (Cai et al 2020). Although studies have
shown similar amplitudes of SST anomalies (SSTA)
between the developing and decaying stages (Kim and
Yu 2022), greater impact observed during the decay-
ing stage compared to the developing stage remains
quantitatively unexplained in prior research.
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As El Niño develops, the eastward propagation
of warm Kelvin waves associated with the westerly
anomalies in the central-eastern Pacific, correspond-
ing with further warmer SSTA in that Pacific. Thus,
this results in the skewness of SSTA increasing east-
ward along the equator. Additionally, negative anom-
alies in Indian–Pacific warm pool (McCreary et al
2005, Cai et al 2011) through the wind–upwelling–
SST feedback (Wang 2019) and tropical Atlantic
regions (Ham et al 2021, Kim and Yu 2022) by atmo-
spheric bridge (Liao andWang 2021) have been detec-
ted, which is favorable for El Niño growth (Wang and
Wang 2021). An eastward shift in the intense pre-
cipitation region in the tropical Pacific was observed
because of the eastward displacement of the ascend-
ing branch of the Walker Cell (WC; Yun et al (2021)).
Positive SSTA can trigger the Pacific-North American
pattern (PNA) response, affecting climates in North
America (Soulard et al 2019). As El Niño weak-
ens, strengthening easterly anomalies generate cold
Kelvin waves in the western Pacific, causing a gradual
decrease in SST in the central-eastern Pacific and
the emergence of negative anomalies (Weisberg and
Wang 1997, Song et al 2022). This leads to a westward
shift in the WC’s ascending position (Timmermann
et al 2018, Chen et al 2022), affecting East Asia cli-
mates differently. Additionally, a negative PNA tele-
connection response is likely due to significant negat-
ive SSTA in the equatorial Pacific (Wang et al 2021).
Moreover, in the decaying stage of El Niño events, SST
in the peripheral regions of the equatorial central-
eastern Pacific demonstrate disparate rates of decline.
Specifically, negative anomalies are observed to the
north of the equator, while positive anomalies are
present to the south of the equator. (Stuecker et al
2015, Song et al 2022). Additionally, it is reported that
the meridional distribution of SSTA exhibits differ-
ent characteristics as El Niño develops or dissipates,
displaying by quasi-symmetric or asymmetric feature
(Feng et al 2023). Therefore, notable variations in
tropical SSTA and the resulting climate impacts are
evident during different El Niño stages.

The Hadley circulation (HC) plays a vital role
in regulating global and regional climates. The
primary mode of long-term variability of seasonal
HC presents an equatorial asymmetric (EA) struc-
ture, and the second leading mode displays an equat-
orial symmetric (ES) pattern (Ma and Li 2008,
Nguyen et al 2013, Sun and Zhou 2014). Previous
studies have demonstrated that the SST meridional
gradient significantly influence the strength and spa-
tial distribution of HC (Lindzen and Nigam 1987,
Numaguti 1995, Bordoni and Schneider 2010, Feng
et al 2021, Yun et al 2021). Theoretical analyses sug-
gest that the meridional gradient of radiative equi-
librium temperature is crucial for determining HC
strength by modifying boundary layer convergence
and atmospheric thermal structures (Held and Hou

1980). Off-equatorial heating can trigger anomalous
cross-equatorial HC patterns (Lindzen and Hou
1988). Numerical experiments have emphasized the
sensitivity of lower atmospheric convergence and
divergence to the meridional distribution of heating
profile (Hou 1998, Fang and Tung 1999, Wang et al
2019). The primary modes of HC variability are sig-
nificantly correlated with the corresponding meridi-
onal structure of SSTA (Xie et al 2022, Li et al 2023).
Moreover, different stages of El Niño can result in
varying structural anomalies within theHC (Guo and
Tan 2018, Feng et al 2023). Thus, the noticeable spa-
tial disparity in SST distribution during various El
Niño stages leads to distinct effects on the HC (Feng
et al 2023). However, can this phenomenon regu-
late the characteristics ofHC variability? Additionally,
the intricate link between SST and HC raises the
question of whether spatial structural variations in
SST during different stages can induce changes in
the HC-SST relationship. These questions remain
unanswered. Therefore, a quantitative analysis is con-
ducted by examining the connection between SST
and HC from the perspective of different meridional
structures to explore the impact of various El Niño
stages on the air-sea interaction as well as the rel-
evant physical process. Specifically, section 2 covers
the data and methods, section 3 explores HC vari-
ability and evaluates the linkage between SST and
HC, section 4 discusses key physical processes, and
Section 5 provides a conclusion.

2. Methods and data

2.1. Reanalyzes
This study utilizes six sets of atmospheric reana-
lysis data covering the period from 1980 to 2018
(table 1). The datasets are interpolated to a hori-
zontal resolution of 2.5◦× 2.5◦ to calculate the
ensemble mean field. The analysis is based on the
ensemble field to enhance the robustness of the
findings. Monthly-mean outgoing longwave radi-
ation (OLR) obtained from NOAA climate dia-
gnostics center (CDC; Liebmann and Smith (1996))
and the monthly-mean precipitation from Global
Precipitation Climatology Project version 2.3 (GPCP;
Adler et al (2018)) are used to depict the convection
process, both at a common horizontal resolution of
2.5◦× 2.5◦. Moreover, ERA5 daily data at 00:00 UTC,
including atmospheric temperature, zonal and meri-
dional wind speeds (u, v), and pressure velocity (ω,
unit: Pa s−1) is used to evaluate the dominant driv-
ing process influencing the predominantmode of HC
variability. Two oceanic datasets, including NOAA
extended reconstructed SST v5 (ERSST5; Huang et al
2017) and the Met Office Hadley Centre Sea Ice and
SST data set (HadISST) (Rayner et al 2003), are also
utilized to capture the variations in SSTA.
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Table 1. List of the atmospheric reanalyzes for meridional wind used in this study.

Datasets Abbreviation References

Japanese 55 year Reanalysis JRA55 Kobayashi et al (2015)
Modern-Era Retrospective analysis for Research and
Applications v2

MERRA2 Gelaro et al (2017)

National Centers for Environmental Prediction
National Center for Atmospheric Research
(NCEP-NCAR) Reanalysis 1

NCEP1 Kalnay et al (1996)

NCEP-Department of Energy Reanalysis 2 NCEP2 Kanamitsu et al (2002)
European Center for Medium-Range Weather
Forecasts (ECMWF) Era-Interim

ERAI Dee et al (2011)

ECMWF Reanalysis v5 ERA5 Hersbach et al (2020)

2.2. Quantitative methods
This study employed the mass stream function (MSF,
S1 Methods) to quantify the mean meridional cir-
culation. To quantitatively evaluate the intensity of
air-sea interaction, we decompose the HC and SST
into their symmetric (HC-ES, SST-ES) and asym-
metric (HC-EA, SST-EA) components according to
Feng et al (2016) (S2 Methods). Subsequently, we
derive the first principal component (PC1) values
for each component using an empirical orthogonal
function (EOF) decomposition. Thus, the quantitat-
ive measure of climate response strength is defined as
follows:

Ratio=
Reg [PC1(SST− EA) ,PC1(HC− EA)]

Reg [PC1(SST− ES) ,PC1(HC− ES)]
,

(1)

where PC1 (SST-ES) is the PC1 of the first mode of
SST-ES variability, and the other variables remain the
same. The denominator (numerator) represents the
regression ratio of HC-ES (HC-EA) to SST-ES (SST-
EA). This Ratio serves as an indicator of the intens-
ity of the relationship between different meridional
structures of tropical SST and atmospheric circula-
tion (Feng et al 2016). A higher ratio value signi-
fies a heightened sensitivity to the spatial distribu-
tion of SST, suggesting a more robust tropical air-sea
interaction.

2.3. Extended Kuo–Eliassen equation
To isolate and quantify the physical terms such as
diabatic heating, friction, and the fluxes of eddy
heat and momentum that affect the HC response
(Hoskins et al 2020, Hoskins and Yang 2021, Hill et al
2022), we employ the extended Kuo–Eliassen (KE)
equation (Kim and Lee 2001, Chemke and Polvani
2021, Chemke 2022, Zaplotnik et al 2022) to solve for
the zonal-mean meridional streamfunction (ψ KE).
The extended KE equation, formulated without a
quasi-geostrophic assumption, is an elliptic second-
order partial differential equation and is represented
as follows:
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(2)

where, f is Coriolis parameter, R is earth’s radius
(6,371,000 m), g is gravity (9.81 m·s−2), ϕ is latit-
ude, P is pressure (Pa),Rd is the gas constant of dry air
(287 J·kg−1 K−1), ρ is air density, square bracket and
prime represent the zonal-mean and monthly-mean
parts, and deviation from zonal-mean and monthly
mean, respectively. S2 is the static stability. J, T, u, v,
ω,Fλ and θ are the diabatic heating, atmospheric tem-
perature, zonal wind,meridional wind, pressure velo-
city, friction, and potential temperature, respectively.
[υ ′T ′], [u ′υ ′], [u ′ω ′] and [ω ′θ ′] are the eddy heat
flux, eddymomentum flux, vertical eddymomentum
flux and vertical eddy heat flux, respectively.

2.4. Model
The atmospheric general circulationmodel employed
here is the National Center for Atmospheric Research
(NCAR) Community Atmospheric Model, version 5
(CAM5). TheCAM5 serves as a comprehensive global
climate model and constitutes the atmospheric com-
ponent within the NCAR Community Earth System
Model (CESM). With a horizontal resolution meas-
uring 1.9◦× 2.5◦ and consisting of 30 vertical layers,
CAM5 possesses the capacity to accurately replicate
various climatic characteristics (Zhou et al 2020).

2.5. Statistical method
An El Niño event occurs when the three-month run-
ning mean Niño 3.4 index (areal-averaged SSTA in
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170◦–120◦W, 5◦S–5◦N) exceeds 0.5 ◦C for 5 consec-
utive months or longer. Finally, ten events are selec-
ted: 1982/1983, 1986/1988, 1991/1992, 1994/1995,
1997/1998, 2002/2003, 2004/2005, 2006/2007,
2009/2010, and 2015/2016. The former ten years are
designated as El Niño developing years, and the lat-
ter ten years are classified as El Niño decaying years.
In our analysis, we considered entire years for both
developing and decaying stages. To investigate HC
and SST variability, we employ various methods
including EOF analysis, the North test, student’s two-
sided test, correlation (r), and linear regression.

3. Results

3.1. Regime shift of HC variability during the two
stages
Initially, an analysis is conducted on HC variability
features during El Niño cycle (figure 1). The HC-
EOF1 in developing stage (figure 1(a)) exhibits sig-
nificant ES features with an explained variance of
26.92%, consistent with the HC-EOF2 for the long-
term HC variability, primarily influenced by El Niño
(Zhou and Wang 2006, Ma and Li 2008, Sun et al
2019). TheHC-EOF2 (figure 1(b)) shows EA features,
aligning with the HC-EOF1 mode in the long-term
HC variability (Dima and Wallace 2003). However,
in decaying stage, the first mode becomes dominated
by an EAwith∼40% explained variance, correspond-
ing to the HC-EOF2 in developing stage but with a
stronger intensity. The secondmode becomes ESwith
a decreasing explained variance of nearly 16.99%,
which is less than that ofHC-EOF1during developing
stage. This indicates that a regime replacement of the
dominantmode occurs during different stages, which
further suggests disparities in the air-sea response.

3.2. Varying extents of the HC-SST response
during the two stages
Subsequently, a quantitative evaluation of tropical
air-sea interactions as El Niño transitions is conduc-
ted using equation (2). Figure 2 depicts the rela-
tionship between HC-ES (HC-EA) PC1 and SST-ES
(SST-EA) PC1, as well as their response ratio dur-
ing the two stages. Based on the ensemble filed the
ratio ofHC-EA to SST-EA is approximately 2.39 times
(figure 2(b)) than that of HC-ES to SST-ES during
developing stage, which is significantly lower than
the ratio value of 5.98 times (figure 2(d)) during the
decaying stage. Moreover, the response amplitude of
HC-EA to SST-EA during decaying stage (figure 2(c),
dark-cyan) is much larger than that during devel-
oping stage (figure 2(a), dark-cyan). This observa-
tion implies that the HC-EA component is intensi-
fied considerably during decaying stage (figures S1(a)
vs (c)). Meanwhile, the response of the HC-ES to
SST-ES does not exhibit significant variations in two
stages (figures 2(a) and (c), deep-pink), which could

be further examined from theminimal changes in the
HC-ES intensity (figures S1(b) vs (d)). Similar res-
ults have also been detected between HadISST and
atmospheric datasets (figure S2). This indicates that,
under equivalent SSTA forcing intensity, the vari-
ations in HC-EA component are more suppressed
(pronounced) during developing (decaying) stage,
leading to a decreased (increased) explained vari-
ance in EA mode. This suggests that tropical air-sea
interactions are more intense during decaying stage,
providing a measurable explanation for the greater
impact of decaying stage on climate dynamics com-
pared to developing stage. Therefore, what changes in
the fundamental thermal conditions have caused the
distinct extent of tropical air-sea interaction?

4. Discussion

To explore the controlling mechanisms behind the
varied responses as stage transitions, we examine
the changes in meridional distributions of zonal-
mean zonal wind, OLR, and precipitation (figure 3).
During developing stage, persistent westerlies trans-
port warm water from the western to eastern Pacific
(Jin 1997, Wang et al 2023), leading to a signi-
ficant rise in positive SSTA in the tropical Pacific
(Timmermann et al 2018, Hayashi et al 2020).
An ES feature manifests in the zonal-mean zonal
wind (figure 3(a), red line), resulting in corres-
ponding characteristics in zonal-mean SSTA (Feng
et al 2023). Moreover, an intensified deep convec-
tionmoves eastward because of the eastward displace-
ment of WC (figure S3(a)). The zonal-mean OLR
shows an ES pattern (figure 3(a), green line), show-
ing an inverse correlation with meridional SSTA dis-
tribution. Increasing SST leads to decreasing OLR,
culminating in deep convection initiation near the
equator (Kohyama and Tozuka 2016, Chaudhari et al
2017), signifying intense convection in the equat-
orial area (Freitas et al 2016). The strong correla-
tion between OLR and precipitation suggests that
enhanced deep convection causes localized heavy
rainfall events (Xu 2013, Harrison and Chiodi 2015).
As SSTA in the equatorial central-eastern Pacific
region increase, intense convection moves eastward,
indicating a zonal shift in oceanic latent heat release.
This leads to a zonal shift in the center of intense
precipitation anomalies (figure S4(a)), displaying a
quasi-symmetric pattern in the meridional direction
(figure 3(a), blue line).

With the phase transition, there is a noticeable
and asymmetric decline in the westerlies on either
side of equator in tropical Pacific Ocean (Song et al
2019, Chen and Li 2021), displaying an EA pattern
(figure 3(b), red line). The SST maintains signific-
ant positive anomalies to the south and rapidly trans-
itions to negative anomalies to the north (Stuecker

4
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Figure 1. Spatial distribution features of the HC-EOF1 and HC-EOF2 during the El Niño developing and decaying stages. (a)
HC-EOF1 during the El Niño developing stage under the ensemble mean field (with an interval of 0.2× 1010 kg s−1). The zero
line is thick. (b) Same as in (a), but for the HC-EOF2. (c) and (d) Same as in (a) and (b), but for the HC EOF1 and EOF2 during
the El Niño decaying stage. The sample for EOF analysis is 120.

Figure 2. Response of the HC to SST during the developing and decaying stages based on ERSST5 and the atmospheric reanalyzes.
(a) The regression coefficients of HC to SST during the developing stage (SST-EA PC1 to HC-EA PC1 is in dark-cyan, and SST-ES
PC1 to HC-ES PC1 is in deep-pink. (b) The extent of tropical air-sea interaction. (c) and (d) Same as in (a) and (b), but for the
results during the decaying stage. The blue star represents that the trend of HC-EA/SST-EA is significantly greater than that of
HC-ES/SST-ES at the 90% confidence level (based on the running slope difference (RSD) t test, S3 Methods). The hexagon
denotes that trend of HC-ES/SST-ES is significantly greater than that of HC-EA/SST-EA at the 90% confidence level (based on the
RSD t test).
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Figure 3.Meridional distribution of zonal-mean zonal wind (unit: m s−1, values multiplied by 4), OLR anomaly (unit: W m−2),
precipitation anomaly (unit: mm d−1, values multiplied by 10), and the correlation coefficients between HC-PC1 and
zonal-mean SSTA based on ERSST5 during the developing (a) and decaying (b) stage. The shading for each variable is referenced
to its one standard deviation. The star represents represent significance at the 0.05 level using the student’s two-sided test.

et al 2015, Song et al 2022), resulting in an asym-
metric zonal-mean SSTA structure. Asymmetric heat-
ing near the equator causes the center of negative
OLR anomaly in tropical Pacific to shift towards the
southern region (figure S3(b)), accompanied by a
pronounced precipitation center in the same vicin-
ity (figure S4(b)). The meridional distributions of
OLR and precipitation anomalies exhibit an EA pat-
tern (figure 3(b)). As noted, low-level atmospheric
circulation is sensitive to the meridional structure
of SSTA changes (Lindzen and Nigam 1987). Thus,
in this stage, a slight deviation of a few degrees
from the equator in SSTA induces anomalous lat-
ent release and enhance the deep convection south
of the equator, which further results in the asym-
metric feature of the HC (figure 1(c)). Moreover, the
zonal-mean SST,OLR, and precipitation demonstrate
coherent temporal and latitudinal changes, coincid-
ing with the migration of the extreme center from
north to south as the El Niño event progresses (figure
S5). This further indicates the impact of underlying
heating source changes on atmospheric convection
activity.

Additionally, comparing the correlation between
the HC-PC1 and zonal-mean SSTA during the two
stages (figures 3(a) and (b), right panel) reveals dis-
tinct patterns. During developing stage, the correla-
tion values exhibit an ES distribution, peaking around
the equator (r = 0.48, p < 0.05). Conversely, the
decaying stage shows an EA feature, peaking between
5◦ and 10◦S (r = 0.68, p < 0.05). Similar results
have also been detected between HadISST and HC-
PC1 (figure S6). Therefore, both spatial configura-
tions alignwith the distribution ofHC-EOF1mode in
each stage. This alignment suggests that shifts inmeri-
dional location of tropical heating source can induce
anomalous perturbations in tropical meridional cir-
culation (Gill 2007, Feng et al 2016). Therefore, the
meridional positioning of the underlying heat source

plays a pivotal role in HC variability by modulating
the amplitude of the tropical air-sea response during
El Niño cycle (figure 2). Next, the influence of meri-
dional distribution changes in SSTA on HC is further
assessed based on numerical simulation.

We conduct experiments using CAM5 to validate
our hypothesis. Three experiments are conducted: the
first is a free-run experiment using the climatological
SST field as the baseline. The second and third sets
involves incorporating monthly SST anomalies dur-
ing developing and decaying stages, respectively, into
the corresponding months of the climatological SST
field. Each experimental group consists of 30 years
of numerical simulations. Ensemble averaging is per-
formed on results from the 2nd to the 30th year for
each experiment set to obtain the climatological dis-
tribution of HC and spatial anomalies of HC during
developing and decaying stages (figure 4). The sim-
ulated climatological HC closely matches the reana-
lysis results (Hur et al 2021), exhibiting a high spatial
correlation of 0.99 and showcasing the model’s abil-
ity to replicate HC features. Adding SST anomalies
during developing stage leads to an anomalous HC-
ES pattern (figure 4(a)), consistent with observations.
Nonetheless, discrepancies in the meridional circula-
tion over tropical Northern Hemisphere region com-
pared to observations may be attributed to limited
feedback mechanisms between the atmosphere and
ocean (Jin 1997), and the influence of Northern
Hemisphere landmasses on the air-sea interaction
dynamics (Liu et al 2020). This discrepancy suggests
the presence of significant air-sea interactions can-
not be adequately represented by a basic atmospheric
circulation model driven solely by ocean temperat-
ures. Conversely, exposure to SST anomalies during
the decaying stage results in an asymmetric config-
uration (figure 4(b)), with a rising branch near 10◦S
and a sinking branch near 20◦N, further supporting
the hypothesis that distinctmeridional SST structures

6
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Figure 4. Spatial distribution of climatological MSF, and its anomalies from CAM5 model during El Niño developing and
decaying stages. (a). The MSF anomalies during El Niño developing stage (contour line, with an interval of 0.2× 1010 kg s−1)
and its climatological mean (shading). (b) As in (a), but for El Niño decaying stage. Solid (dotted) contour line is positive
(negative), and the zero line is thickened. The dark spot represent significance at the 0.05 level using the student’s two-sided test.

Figure 5. Climatological distribution of the six terms in the right hand of equation (2) for theψ KE without exact solution over
the entire period. (a) Diabatic heating (with an interval of 0.2× 10−5 K s−1), (b) eddy heat flux (with an interval of
0.1× 10−1 K∗m∗s−1), (c) friction (with an interval of 0.1× 10−4 m s−2), (d) eddy momentum flux (with an interval of
0.5× 10−4 m2 s−2), (e) vertical momentum flux (with an interval of 0.2× 10−4 Pa m s−2) and (f) vertical heat flux (with an
interval of 0.2× 10−4 K Pa s−1). The black thickened line is zero line for the six terms.

significantly influence HC variability during these
two stages.

Although the significance of changes in SSTA
meridional structures is acknowledged, the phys-
ical process of how anomalous warming impacts the
HC remains unclear. Thus, we employ the extended
KE equation to understand the relevant quantitat-
ive contributions. The ψ KE derived from equation
(2) demonstrates a high degree of agreement with
MSF (figure S7). Additionally, the magnitude of dia-
batic heating (figure S8(a)) is comparable to that
of ψ KE, suggesting that diabatic heating term is a
primary contributor to the MSF. The pattern correla-
tions between ψ KE and the six terms are presented in
table 2. The diabatic heating is the dominant driver of
climatological HC (r= 0.85, p< 0.05). This is mainly
attributed to diabatic heating’smodulation of tropical
latent heat release (Chemke and Polvani 2019) and

subtropical cooling processes (figure 5(a)) (Zaplotnik
et al 2022), which correspond to the ascending and
downdraft branches of HC, respectively.

Furthermore, it is evident that friction is posit-
ively correlated with climatological ψ KE (r = 0.84,
p < 0.05). The frictional force acting on the zonal
wind can be considered to approximately balance the
Coriolis force acting on the meridional wind (fψ ∝
−Fxusfc in Chemke and Yuval (2023)). Therefore, fric-
tional force primarily controls the horizontal motion
of the lower part of HC (figure 5(c)). Extratropical
eddy heat and momentum fluxes are generally con-
sidered to influence the dynamics in mid-latitude
region, thus affecting the boundaries and width of
the HC (Zurita-Gotor 2019). Therefore, the diver-
gence of subtropical momentum (figure 5(d)) and
heat fluxes (figure 5(b)) induced by tropical eddies is
also an important driver of HC variability (r = 0.82

7
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Figure 6. Spatial anomalous distribution ofψ KE, diabatic heating and their EOF1 modes during El Niño developing and decaying
stages. (a) The ψ KE anomalies during El Niño developing stage (shading, with an interval of 0.1× 1010 kg s−1), and the EOF1
mode of ψ KE variability during El Niño developing stage (contour line, with an interval of 0.2× 1010 kg s−1). (b) As in (a), but
for the results during decaying stage. (c) and (d) The same as in (a) and (b), but for the results of diabatic heating term. Solid
(dotted) contour line is positive (negative), and the zero line is thickened.

and 0.83, respectively, p < 0.05). Moreover, the ver-
tical eddymomentum flux and vertical eddy heat flux
exhibit negative correlations with HC (r = − 0.38
and −0.46, respectively, p < 0.05), indicating that
they weaken the tropical meridional circulation
(figures S8(e) and (f)).

The anomalous distribution of HC represented
by ψ KE exhibits ES features in the developing stage
(figure 6(a)) and EA features during the decaying
stage (figure 6(b)). Additionally, the anomalous dis-
tributions of six terms demonstrate that the diabatic
heating anomaly (figures 6(c) and (d)) is comparable
inmagnitude toψ KE anomaly, whereas the remaining
five terms (figure S9) are generally an order of mag-
nitude smaller. Furthermore, it is seen that the amp-
litude of diabatic heating anomalies during the decay-
ing stage is roughly twice that of the developing stage
(figures 6(c) vs (d)), comparable to the response ratio
in ERA5 (figures 2(b) vs (d)). Furthermore, the spa-
tial correlation coefficients between diabatic heating
anomalies and ψ KE anomalies remain strongly posit-
ive in both stages (table 2), confirming the dominant
role of diabatic heating anomalies in influencing HC
variability. The contributions of the other five terms
in both phases are deemed negligible. Moreover, the
EOF1 mode of ψ KE anomalies during the two stages

Table 2. Spatial correlations between the ψ KE and the relative
contributing physical process during the climate state and two
stages of El Niño. Only correlations exceeding the 0.05
significance threshold are shown.

Climate state Developing stage Decaying stage

J 0.85 0.92 0.88
V′T′ 0.83 0.26 0.24
Friction 0.84 0.36 0.35
u′v′ 0.82 0.32 0.24
u′w′ −0.38 / −0.11
w′θ′ −0.46 −0.07 −0.14

exhibits substantial agreement with that of diabatic
heating (figure 6). This further suggests that the
primary driver of different connection between HC
and SST along the El Niño lifespan is the diabatic
heating process.

Therefore, the relocation of the heating source,
combined with increased deep convection and heat-
ing in the tropical troposphere, primarily controls
the distribution of atmospheric perturbation poten-
tial energy (Stechmann andOgrosky 2014, Zhang et al
2016, Dong et al 2017). Consequently, this process,
driven by diabatic heating, significantly impacts HC
variability, leading to diverse air-sea responses during
El Niño transitions.
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5. Conclusion

This study examines the key factors influencing HC-
SST responses along El Niño lifespan. The analysis
reveals a transition in HC variability, with HC-
EOF1 exhibiting an ES (EA) feature during devel-
oping (decaying) stage. The response amplitude of
HC to tropical SST is approximately doubled during
decaying stage compared to developing stage, primar-
ily driven by the anomalous SST structures during
each stage. Sensitivity experiments confirm that the
thermal state of the El Niño cycle significantly influ-
ences tropical air-sea interactions. By decomposing
the streamfunction using the extended KE equation,
we identify six key components, with diabatic heating
playing a crucial role. It reveals that the magnitude
of the MSF intensity change caused by the diabatic
heating term during the decaying stage is twice that
of the developing stage. Therefore, we ascertain that
it is mainly due to the diabatic heating process con-
tributing to the amplified air-sea response during the
decaying stage. The influence of diverse El Niño stages
on air-sea processes can be explained by the following
steps:

(1) During the developing stage, the zonal-mean
SSTA shows an ES distribution, which leads to
a strengthened diabatic heating in the equatorial
region (figures 6 and S10), and further result
in an increasing low-level convergence activity,
with deeper convection (negative OLR anom-
aly, figure S3) and heavier precipitation (figure
S4) over tropical central-western Pacific Ocean
regions. Thus, an ES structure of these domin-
ant atmospheric processes (figure 3(a)) is gen-
erated, which strengthens the ES component of
HC, paralleling to the primaryHCESmode dur-
ing the developing stage.

(2) With the recession of El Niño, the asymmet-
ric decay rate of westerlies on the flanks of
equatorial Pacific Ocean (figure 3(b)), leads to a
slower decline rate in SST south of the equator
than north of the equator. The zonal-mean
SSTA presents an EA structure, with a warmer
heating locating around 5◦–10◦S. This indic-
ates that more latent heat release occurs here.
Further, it leads to a strengthened diabatic heat-
ing (figures 6 and S11) and causes an increas-
ing low-level convergence activity (figures S3
and S4) over this region. Subsequently, the EA
component of HC is strengthened, parallel-
ing the dominant EA mode during this stage.
Additionally, the larger anomaly amplitude of
diabatic heating also leads to a greater intens-
ity of tropical air-sea interaction in the recession
stage.

Therefore, our study provides a quantitative
explanation for the heightened climatic impact of El

Niño during its decaying stage relative to its develop-
ing stage (Liu et al 2021, Yu et al 2022, Chen and Li
2023, Gao and Li 2023), with a specific perspective
on the role played by the meridional distribution of
SSTA in shaping the variability of HC by regulating
the atmospheric diabatic heating process.
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