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regional impacts
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El Nifio significantly impacts the global Hadley circulation (HC), however, the modulation of different
decay rates of El Nifio on the HC is overlooked. Our research reveals that rapid decay (RD) events
cause the global HC to exhibit an equatorially asymmetric configuration, in contrast to the quasi-
symmetric structure seen during slow decay (SD) events. This is primarily driven by HC anomalies in
the central-eastern Pacific, influenced by anomalous sea surface temperatures that impact the
conversion of atmospheric perturbation potential energy to kinetic energy. The structure of regional
HC anomalies in the Indo-Pacific Warm Pool (IPWP) exhibits contrasting patterns within different
events. During RD (SD) events, the intensified (weakened) regional HC over the IPWP results in
increased (decreased) terrestrial precipitation over its coastal countries. Therefore, our findings have
important implications for understanding and predicting regional climate impacts associated with

different EI Nifio decay patterns.

El Nifio is a naturally occurring phenomenon characterized by fluctuations
in sea surface temperature anomalies (SSTA) over the central-eastern Pacific
(CEP) region, renowned for its significant interannual variability'”. These
fluctuations exhibit diverse amplitudes, temporal progressions, and spatial
configurations’, consequently exerting essential impacts on global
climate® . The variable duration of El Nifio events has sparked significant
interest in understanding its decay characteristics within the climate
research community'"'".

Notably, about 40% of El Niflo events from 1950 to 2020 exhibit slow
decay (SD) characteristics "*, challenging the conventional view that El Nifio
typically ends rapidly after its winter peak. Moreover, different decay rates of
El Nifio events manifest distinct climate effects. Rapid decay (RD) events
result in a swift shift to negative SSTA in the CEP region, giving rise to a
stronger, more frequent, and broader anomalous anticyclone (AAC) over
the northwest Pacific (NWP). In contrast, SD events, characterized by
persistent positive SSTA in the same region, exert a weaker influence on the
AAC" ", The differing decay rates cause shifts in the position of the AAC,
leading to diverse rainfall anomalies in East Asia. RD events are associated
with positive rainfall anomalies throughout eastern China, while SD events
concentrate positive anomalies in the Yangtze-Huaihe River basin'’.
Moreover, the SSTA in the tropical Indian Ocean (IO) and its impact on

summer precipitation in South Asia during El Nifio decay years are closely
linked to the El Nifio decay rate'”™"’. Future projections show prolonged
eastern Pacific warm SSTA following El Nifio peaks. Their persistence into
the boreal spring shifts tropical Pacific convection eastward, modifies the
Pacific-North American teleconnection, and drives a northeastward shift of
temperature and precipitation anomalies over North America®. Addi-
tionally, northern tropical Atlantic warming in the boreal spring of El Nifio
decaying years is stronger and more persistent during SD than RD events'".
Consequently, different patterns of SSTA, particularly in the tropical IO and
the tropical Pacific Ocean, emerge under varying El Nifio decay rates.
Although previous studies have focused primarily on the regional climate
impacts and teleconnection patterns associated with these varying decay
rates, the extent to which they influence the global-scale circulation system
remains uncertain.

The Hadley circulation (HC) is a thermodynamic system characterized
by two closed cells: the upward branch corresponding to the intertropical
convergence zone and the downward branches associated with the sub-
tropical high-pressure belts in each hemisphere. Through its vertical over-
turning and horizontal transport, the HC exports tropical water vapor and
energy to subtropical and extratropical regions while returning moisture
equatorward near the surface, thereby exerting primary control over global
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temperature, precipitation patterns, drought occurrence, and large-scale
weather systems” . El Nifio substantially modifies the HC's strength™*,
width”?*, and variability"**** of the HC, chiefly by altering the spatial
pattern of SSTA. However, most studies have emphasized global HC
responses to El Nifio phase (e.g., development, maturity, decay)”*"”; the
influence of varying El Nifio decay rates—particularly on regional HC
anomalies—remains inadequately explored.

Numerous studies underscore the pivotal role of regional HC intensity
and the latitude of its poleward edge in driving climate variability>****".
Variations in regional HC substantially modulate tropical cyclone activity
over the Atlantic and western Pacific*’, and alter precipitation regimes in
Australia and Asia” as well as in South America™. Regional HC anomalies
have also been implicated in observed declines in precipitation over West
Africaand northern China, and in changes in snow accumulation across the
southern Himalaya, although substantial uncertainties remain regarding the
magnitude and mechanisms of these links””*. Recent work has advanced
our understanding of interannual variability in regional HC dynamics and
clarified some of their climatic impacts*’. Nonetheless, previous studies
have not yet explored the linkage between the HC and varying El Nifo decay
rates. Whether different El Nifio decay types exert distinct influences on the
global and regional HC, and the extent to which regional HC anomalies
contribute to changes in the global HC and its associated climate impacts,
remain unresolved and warrant further investigation. In this study, we
utilize multiple reanalysis datasets and models within an atmospheric
energetics framework to demonstrate that the global annual-mean HC
exhibits anomalous equatorial asymmetrical (quasi-symmetrical) structures
during RD (SD) events. This configuration is primarily modulated by
regional HC dynamics within the CEP region. Furthermore, the intensity of
regional HC in the Indo-Pacific warm Pool (IPWP) region enhances during

RD events but suppresses during SD events, leading to contrasting impacts
on precipitation patterns across South Asia, China, Australia, and the
Maritime Continent.

Results

Distinct meridional gradient of underlying SSTA within the RD
and SD events

Firstly, we classified the 25 El Nifo events spanning from 1950 to 2022 into
14 RD and 11 SD events (RD and SD events, Methods). El Nino typically
peaks in boreal winter, followed by a transition to La Nifia by the next
summer (Supplementary Fig. 1b, red). However, RD and SD events deviate
significantly: RD events (blue) exhibit a higher peak and rapid cooling to
negative SSTA by the following April-May-June (AM]), while SD events
(yellow) feature a lower peak but sustained positive anomalies through
autumn. Though their development is synchronous, RD events reverse
phase by the following AM]J, in contrast to SD events, which maintain a
positive Nifo-3.4 index throughout the entire year post-peak. Additionally,
distinctive anomalous spatial patterns emerge in the SSTA across these
events, particularly evident in the tropical Pacific warm pool and the CEP
regions. The SSTA in the Pacific mirrors that of a La Nifia pattern®’ during
RD events, characterized by significant negative anomalies throughout the
CEP (Fig. 1a, shading), accompanied with two anomalous anticyclonic
systems on either side of the equator (Fig. 1a, contour line). The anticyclone
in the Northern Hemisphere (NH) is associated with anomalous easterlies
in the NWP region, enhancing the intensity of the trade winds, while the
Southern Hemisphere (SH) anticyclone features westerlies that reduce the
climatological wind there. Based on the wind-evaporation-SST feedback
mechanism®, substantial cold SSTA are detected in the region north of the
equator in the tropical Pacific, whereas warm SSTA south of the equator.
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Fig. 1 | Spatial distributions of Sea Surface Temperature Anomalies (SSTA) and
zonal wind anomalies during the rapid decaying (RD) and slow decaying (SD) El
Niiio decay events. Composite differences of annual mean SSTA (shading, units: °C)
based on Extended Reconstructed Sea Surface Temperature v5 (ERRSTV5) and
zonal wind anomalies (contour line, units: m-s~') based on European Centre for
Medium-Range Weather Forecasts (ECMWF) Reanalysis v5 (ERA5) during the RD

(a) and SD (b) events. ¢, d Meridional distribution of global zonal-mean annual
mean SSTA (¢; units: °C) and its gradients using central differential (d; units:
107°°C-m ") during the RD and SD events, respectively. In a—c, the slash areas and
dark spots indicate statistically significant anomalies of zonal wind, SST, and zonal-
mean SSTA at the 0.05 level based on the two-sided Student’s ¢ test, respectively.
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Fig. 2 | Anomalous distributions of the perturbation potential energy (PPE),
energy conversion term (Cy), vertical velocity and precipitation during the RD
and SD events. Composite differences of annual mean PPE anomalies (shading,
units: 10°J-m?) and pressure velocity anomalies (contour line, units: 10 *-Pa-s ") at
850 hPa based on ERA5 dataset from 1950 to 2022 during the RD (a) and SD (b)
events. ¢, d same as in (a, b), but for the anomalies of annual mean Cy (shading, units:
W-m?) based on ERA5 dataset from 1950 to 2022 and annual mean precipitation

Latitude

(contour line, units: mm-d ') based on Global Precipitation Climatology Project
(GPCP) dataset from 1979 to 2022. Vertical distribution of global zonal-mean Cj
during the RD (e) and SD (f) events. In (a-d), the dark spots indicate statistically
significant of PPEand Cy at the 0.05 level using Student’s two-sided t-test, and slashes
indicate statistically significant of vertical velocity and precipitation at the 0.05 level
based on the two-sided Student’s ¢ test. In e, f the dark spots indicate statistically
significant anomalies of Cy. at the 0.05 level based on the two-sided Student’s ¢ test.

Additionally, the anomalous easterlies over the equatorial Pacific
would induce the upwelling Kelvin waves that propagate eastward*,
progressively attenuating warming in the eastern Pacific. This process is
further linked to a shallower thermocline in the eastern Pacific, resulting in
significant negative SSTA through thermocline feedback mechanism®.
Simultaneously, a westward shift and intensification of the Walker circu-
lation (WC, Walker Circulation, METHODS) has been detected (Supple-
mentary Fig. 2), favoring warm SSTA in the western Pacific. Significant
positive SSTA are also noted in the IO and tropical Atlantic, consistent with
previous findings'®'"”. However, the IO SSTA exhibits an east-west seesaw
pattern, with greater amplitude in the eastern. Consequently, elevated
temperatures correspond to the upward branch of the WC within the warm
pool. In conjunction, the global zonal-mean SSTA exhibits an asymmetric
structure during RD events, with the peak positive anomalies located near
10°S (Fig. 1c).

In contrast, during SD events, the spatial distribution of SSTA is similar
to El Nifo pattern, with positive SSTA in the central-eastern equatorial
Pacific and negative SSTA in the west (Fig. 1b, shading). This pattern arises
primarily from the sustained influence of westerly wind anomalies over the
Pacific (Fig. 1b, contour line). Meanwhile, positive SSTA continue to be
observed in the IO but with a different zonal distribution. The IO SSTA
exhibit higher values in the western region, with elevated temperatures
situated near 70°E, aligning with the anomalous WC upward branch
(Supplementary Fig. 2). The initiation of zonal winds in the RD and SD
stages may be influenced by the intensity and distribution of IO SSTA".
When the IO is dominated by positive SSTA" or stronger negative SSTA in
the western 10", conditions become favorable for forming anomalous
easterlies in the western and central equatorial Pacific during the summer of
decay years, potentially accelerating the decline of El Nifio. Conversely, it

would slow down the rate of decay*. Additionally, the SSTA in the South
Atlantic transition from positive during RD events to negative during SD
events, aligning with prevailing westerlies and easterlies anomalies,
respectively. Consequently, the meridional distribution of global zonal-
mean SSTA becomes equatorially symmetrical during SD events (Fig. 1c).
Correspondingly, the evolution of longitudinal-mean distribution of global
SSTA (Supplementary Fig. 3) corroborates distinct meridional character-
istics, showing equatorial asymmetric feature with greater amplitude to the
south of the equator during RD events, and equatorial symmetric feature
during SD events.

Contrasting SSTA patterns in RD and SD El Nifio events imply
differing latent heat release and diabatic heating processes, and thus
energy conversion pathways. Diabatic heating process facilitates the
conversion of potential energy into kinetic energy®, thereby influencing
the formation and persistence of atmospheric circulation patterns. Fur-
thermore, atmospheric perturbation potential energy (PPE) reflects the
energy conversion resulting from the interaction between the atmosphere
and ocean®. Thus, we conduct further analysis to quantify the PPE
(Atmospheric Perturbation Potential Energy, Methods). During RD and
SD events, distinct spatial patterns of anomalous PPE are evident, showing
strong coherence with the associated SSTA (Fig. 1a, b). As defined by Eq.
10 (Atmospheric Perturbation Potential Energy, Methods), diabatic heat-
ing serves as the direct source term for PPE. Thus, a positive diabatic
heating anomaly generates PPE, while a negative anomaly indicates its
consumption. Consistent with this, RD events exhibit notable positive
atmospheric PPE anomalies over the equatorial Western Pacific Warm
Pool (WPWP) region (Fig. 2a). Conversely, SD events display persistent
positive PPE anomalies predominantly in the CEP region along the
equator (Fig. 2b). These distinct patterns underscore that atmospheric
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Fig. 3 | Vertical and horizontal distribution of mass stream function (MSF)
anomalies based on ERA5 dataset during the RD and SD events from 1950

to 2022. Composite differences of annual mean MSF anomalies (contour line, with
an interval of 0.15 x 10'’kg-s™") and its climatological mean (shading, with an
interval of 2 x 10'°kg-s ") during RD (a) and SD (b) events, respectively. ¢, d Hor-
izontal distribution of the regional annual mean MSF anomalies (shading, with an
interval of 0.6 x 10"°kg-s ") during RD (c) and SD (d) events, respectively. The
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Longitude
regional MSF is defined as the maximum strength along the vertical level of the HC at
each grid point. The solid (dotted) shadings indicate clockwise (counter-clockwise)
flow. The solid (dotted) contour lines are positive (negative) anomalies, and the zero
lines are thickened. The dark spots indicate statistically significant anomalies at the
0.05 level based on the two-sided Student’s ¢ test. The global area is divided into three
regions, including the Indo-Pacific Warm Pool (IPWP, 39° to 139°E), central-
eastern Pacific (CEP, 139.5°- 270°E), and Atlantic (ATL, 90°W-39°E) regions.

energy dynamics, particularly the generation of PPE, are fundamentally
influenced by the underlying spatial variations in SSTA.

The conversion of atmospheric PPE into kinetic energy is primarily
mediated by the mid-term C, ** (Atmospheric Perturbation Potential Energy,
Methods). Under conditions where cold air ascends or warm air descends,
Cy is positive, indicating a conversion from perturbation kinetic energy
(PKE) to atmospheric PPE. In contrast, when warm air ascends or cold air
descends, C; becomes negative, denoting a transformation from atmo-
spheric PPE to PKE*. During RD events (Fig. 2c), regions exhibiting pro-
nounced conversion from PPE to PKE are predominantly situated over the
10, WPWP region, southern of the CEP region. These areas align with the
distribution of positive SSTA (spatial correlation coefficient of —0.56,
P <0.01) and are associated with enhanced diabatic heating. This signifies
that more energy, generated as PPE from these heat sources, is readily
available for conversion to PKE, fueling strong low-level convergence and
upward airflows. Notable negative anomalies manifest in the NWP and
along the western coast of the United States, indicative of significant upward
movement of warm and moist air masses in these areas. In contrast, during
the SD event, these regions predominantly demonstrate a conversion from
PKEto PPE (Fig. 2d), with the focal point of upward movement of warm and
moist air masses located in the CEP regions along the equator, exhibiting an
approximately symmetrical configuration around the equator. And the
spatial correlation coefficient between the Cy anomalies and SSTA reaches
—0.63 (p < 0.01) during this event.

Furthermore, the zonal-mean Cj anomalies exhibit distinct vertical
structures across different events. During RD events, the C; anomalies
display an equatorial asymmetric structure, with negative anomalies south
of the equator and positive anomalies to the north (Fig. 2e), indicating a
significant diabatic heating process” south of the equator. In contrast,
during SD events, C; anomalies show an equatorial quasi-symmetric
structure with its maximum anomalies at the equator (Fig. 2f), suggesting
that the center of latent heat release is situated at the equat0r45. Moreover,
results from Japanese 55-year Reanalysis (JRA55) and the National Centers
for Environmental Prediction/National Center for Atmospheric Research

Reanalysis 1 (NCEP1) (Datasets, METHODS) are consistent with the above
findings (Supplementarys Figs. 4 and 5). These distinctive features imply
that different tropical circulation responses may occur. Therefore, how do
these changes in the conversion of atmospheric PPE to PKE affect tropical
meridional circulation?

Impacts on the meridional circulation
We utilize the European Centre for Medium-Range Weather Forecasts
Reanalysis v5 (ERAS5, Datasets, METHODS) to calculate the mass stream
function (MSF; Global HC, METHODS), allowing for spatial characteriza-
tion of the HC. The climatological HC (Fig. 3a, shading) exhibits an
equatorially quasi-symmetric structure, with one updraft branch at
approximately 7°N and two downdraft branches near 30°N/S"*. A sig-
nificant transition in their spatial distribution from RD to SD events is
evident (Fig. 3a, b). During RD events, the MSF anomalies exhibit an
equatorially asymmetric structure, negatively correlating with climatologi-
cal MSF (R =—0.31, p <0.05). Positive anomalous MSF is observed in the
tropics, indicating an anomalous clockwise meridional circulation. In
contrast, SD events display an equatorially quasi-symmetric anomalous
pattern that resembles the climatological annual-mean pattern, showing a
significant positive spatial correlation with climatological MSF within the
range of 20°N to 20°S (R = 0.23, p < 0.05). Notably, the position of the zero
contour shifts southward during SD events compared to climatology,
indicating a southward displacement of the rising branch of the HC*. The
differences in HC between RD and SD events show a roughly symmetric
pattern around the equator (Supplementary Fig. 6), with positive (negative)
anomalies in the SH (NH). This indicates an intensification of the HC is
expected in both the cells in the SH and NH during SD events.
Furthermore, the ascending branch of the anomalous HC is located
near 10°S during RD events, whereas it shifts to the equator during SD
events. The locations of the anomalous ascending branches align with the
maximum of zonal-mean SSTA (Fig. 1¢) and the minimum of zonal-mean
Cy anomalies (Fig. 2e, f), respectively. This raises the question: why do global
HC anomalies exhibit asymmetry in the upward branch between RD and
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Fig. 4 | Spatial distribution of regional Hadley Circulation (HC) based on ERA5
dataset from 1950 to 2022 during RD and SD events. Composite differences of

regional annual mean MSF anomalies averaged over IPWP (a), CEP (b),and ATL (c)
regions during RD events (contour line, with an interval of 0.2 x 10'°kg-s™") and its
climatological mean (shading, with an interval of 2 x 10'°kg-s™"). The solid (dotted)
contour line is positive (negative), and the zero line is thickened. d—f same as in (a-c),
but during SD events. g The variations of annual mean HC intensity in the NH and
SH cells of regional HC over IPWP, CEP, and ATL regions, respectively. Red and

yellow bars without slash indicates the anomalous HC intensity in the NH cell using
two indices: ¥"** defined as the maximum value at 500 hPa and ¥**¢ defined as the
areal averaged value (HC intensity, METHODS) during RD events, respectively.
Blue and cyan bars without slash, same as red and yellow bars, but for the results of
the SH cell during RD events. The bar with slash indicates the results during SD
events. The dark spots in a-f and blue stars in g indicate statistically significant
anomalies at the 0.05 and 0.1 level using the two-sided Student’s ¢ test, respectively.

SD events? By simplifying the linearization formula relating underlying
ALY, we
a0 />
find a positive relationship between meridional wind and the zonal-mean
SSTA gradient, implying that low-level convergence is subjected to the
meridional SSTA gradients. Consequently, the position where the SSTA
gradient varies from positive to negative coincides with the location of
convergence. During RD events, the zero-crossing of the meridional gra-
dient of zonal-mean SSTA occurs near 10°S (Fig. 1d), which coincides with
the latitude of the meridional wind reversal (Supplementary Fig. 7a). Within
the 10°S-10°N band, the anomalous meridional wind predominantly
exhibits northerly anomalies, consistent with an anomalous southward flow
in the low-level and forming a clockwise meridional circulation, thereby
identifying the convergence zone associated with the HC’s ascending branch
at 10°S. Conversely, during SD events, these features appear near the
equator, where the SSTA meridional gradient zero-crossing (Fig. 1d) and
meridional wind sign reversal coincide (Supplementary Fig. 7b), explaining
the anomalous ascending branch of the HC being situated near the equator.
Furthermore, meridional wind anomalies exhibit southerlies south of the
equator and northerlies north of it, corresponding to two distinct anom-
alous HC branches in the SH and NH (Fig. 3b).

thermal conditions to low-level atmospheric circulation (||v|| o

Thus, El Nifio RD and SD events result in significantly differences in
the spatial distribution of global HC. This finding is strongly corroborated
by results from NCEP1 and NOAA-20C datasets (Supplementary Figs.
8 and 9). Furthermore, the robustness of these anomalous HC spatial pat-
terns is confirmed by two alternative RD and SD event definitions (Sup-
plementary Figs. 10-14), indicating their insensitivity to the specific event
classification (RD and SD events, Methods). These observed significant
differences in SSTA and Cj across various ocean basins raise the question:
What are the corresponding variations in the regional HC during RD and

SD events, and their irrespective role in contributing to the formation of
global HC anomalies?

Which region dominates the global HC anomalies?

To understand the predominant regions influencing the global HC
anomalies, we analyze the horizontal distribution of regional HC anomalies
(Regional HC, METHODS) (Fig. 3¢, d). Combining the distributions from
both events, the regional HC can be partitioned into three cells.

The first localized HC is in the IPWP region (IPWP in Fig. 3¢, d),
exhibiting a clockwise (anticlockwise) circulation anomaly in the NH and an
anticlockwise (clockwise) circulation anomaly in the SH during RD (SD)
events. The corresponding vertical structures of the regional HC, derived
from the divergent component of the meridional wind averaged over the
IPWP, demonstrate an equatorially symmetric configuration through both
events (Fig. 4a, d), albeit with opposite directions, indicating an enhance-
ment (diminishment) of the regional HC during RD (SD) events. Spatial
correlation analysis of the IPWP HC with SSTA reveals that anomalous SST
variations in the WPWP region are the primary drivers of the observed
contrasting HC spatial structures (Supplementary Fig. 15). During RD
events, positive SSTA over the WPWP significantly enhances atmospheric
diabatic heating, characterized by positive PPE anomalies (Fig. 2a). This
vigorous heating triggers a Gill-type response’"”, generating AAC in the
upper troposphere over the IPWP and driving strong divergence. This
circulation pattern, marked by low-level convergence (indicated by negative
Ci anomalies in Fig. 2c) and extratropical subsidence, completes the mer-
idional overturning cells, leading to a clockwise HC anomaly in the NH and
an anticlockwise anomaly in the SH. Conversely, during SD events, per-
sistent cold SSTA over the WPWP weakens diabatic heating, or even
induces cooling, exhibiting negative PPE anomalies (Fig. 2b). This cooling
drives anomalous high-level convergence and downwelling, with a
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corresponding positive C, anomaly (Fig. 2d) signifying an energy conver-
sion from kinetic energy to diabatic heating. This process results in an
anticlockwise HC anomaly in the NH and a clockwise anomaly in the SH,
which weakens local upwelling and the regional HC strength. Previous
studies suggest that El Nifio decay events can weaken the HC over the
IPWP?. Our results diverge from this established pattern, highlighting the
need for a nuanced examination of El Niflo occurrences as distinct events
characterized by varying rates of decay.

The second pair of cells is located in the CEP region (CEP in Fig. 3¢, d),
presenting different horizontal structures between the two events. Notably,
positive MSF anomalies extend across the tropical region, suggesting a
reduction in the intensity of regional HC in both hemispheres during El
Nino RD events. The vertical structure of the regional HC shows an
equatorially asymmetric feature (Fig. 4b). In contrast, during SD events, the
regional HC exhibits an equatorially symmetric structure, with negative
anomalies in the SH and positive anomalies in the NH (Fig. 4e). The
anomalous regional HC over the CEP resembles the spatial patterns of
global HC anomalies in both RD and SD events.

The third pair, positioned over the tropical Atlantic (ATL in Fig. 3¢, d),
signifies the distant impact of El Nifio events, weakening the regional HC
over the north Atlantic basin during both events (Fig. 4c, f). However, the
HC anomalies in the southern Atlantic changes from negative to positive
between RD and SD events.

Additionally, we analyze the maximum intensity variations in the SH
and NH cells of the regional HC across three regions (HC intensity,
METHODS). The two indices assessing HC intensity show coherence and
consistency in their performance (Fig. 4g). Specifically, significant
strengthening in the NH and SH cells over IPWP during RD events is
detected. Conversely, during SD events, intensity anomalies exhibit con-
trasting behavior, showing weakening in both cells, with a greater amplitude
than that during RD events. In the CEP, regional HC intensity in both the
NH and SH cells decreases during RD events, while it amplifies during SD

events, particularly for the SH cell. In the ATL region, changes in regional
HC intensity are negligible. During RD events, the NH cell weakens while
the SH cell strengthens. However, both cells show weakening during SD
events.

Thus, the presence of distinct decay events leads to diverse distribution
features of regional HC. The spatial configuration of regional HC within the
CEP region aligns closely with that of global HC. Therefore, from the per-
spective of spatial anomalies in HC across the three regions and globally, we
hypothesize that the spatial anomalies of global HC during different El Nifio
decay events are primarily influenced by regional HC over the CEP.

We employ sensitivity experiment to validate the influence of SSTA
over CEP region during RD and SD events on the global HC using the
Community Atmospheric Model, version 5 (CAMS5) (CAM5 model,
METHODS). By incorporating monthly SSTA over tropical Pacific regions
(Supplementary Figs. 16 and 17) into the corresponding month of the
climatological SST field, we observe a similar equatorial asymmetric
structure in the global HC during RD events (Fig. 5a) and a quasi-symmetric
structure during SD events (Fig. 5b). This finding supports the conclusion
that the CEP is the critical region influencing the HC during RD and SD
events™. It is noteworthy that disparities exist between the simulated HC
anomalies and the observed HC anomalies (Fig. 3a,b), particularly for the
extratropic. Discrepancies in the meridional circulation over the tropical
NH compared to observations may be attributed to limited feedback
mechanisms between the atmosphere and ocean™, as well as the influence of
NH landmasses on the air-sea interaction™ using the CAM5 model. Further,
the spatial correlation coefficients between simulated and observed patterns
reach 0.71 (p < 0.05) for RD and 0.53 (p < 0.05) for SD events, both statis-
tically significant. Additionally, it is evident that the horizontal distribution
of regional HC anomalies (Supplementary Fig. 18) and their vertical
anomalies (Supplementary Fig. 19) from the simulated results align closely
with the observed results. To further corroborate these findings, we employ
a 10-member ensemble of Community Earth System Model version 2
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Fig. 6 | Impacts of IPWP HC on the South Asia-China-Australia-Maritime
Continent land rainfall. Regression pattern of annual mean rainfall over South Asia
(a), China (b), Australia (c), and Maritime Continent (d) against the annual mean
IPWP HC intensity averaged over the NH cell and SH cell. As for South Asia,
Australia, and Maritime Continent, the study period is the Global Precipitation

Climatology Centre (GPCC) dataset from 1950 to 2022, while for China, the study
period is from 1961 to 2019 based on rainfall records from Chinese observation
stations (units: mm-month ™). The dark spots indicate statistically significant cor-
relations at the 0.05 level using two-sided Student’s ¢ test.

(CESM2) simulations (Datasets, METHOD), which incorporate time-
evolving SSTA in the eastern tropical Pacific’” from 1950 to 2019. Addi-
tionally, we analyze output from 13 models participating in the Coupled
Model Intercomparison Project Phase 6-Atmospheric Model Inter-
comparison Project (CMIP6-AMIP) from 1950 to 2013 (Datasets,
METHOD). Consistent with the observations, the ensemble-averaged
results exhibit analogous anomalous structures: an asymmetric structure
during RD events (Fig. 5¢, e) and a quasi-symmetric structure during SD
events (Fig. 5d, f). Hence, the model results provide support that the var-
iation of underlying SSTA over Pacific region exert significant influences on
modulation the regional HC during both events.

To quantify this regional-global HC relationship, a further spatio-
temporal correlation analysis between the global and regional HC anomalies
was conducted (Supplementary Fig. 20). The correlation coefficient for RD
events reaches 0.72 (p < 0.05), while for SD events it is 0.60 (p < 0.05), both
indicating statistically significant coherence. This result confirms the sig-
nificant contribution of CEP HC on the global circulation.

Impacts of regional HC on regional rainfall patterns?

The findings illustrate that the regional HC exhibits distinct spatial char-
acteristics and varying intensities during RD and SD events. Given the HC’s
crucial role in influencing regional precipitation®***, it is important to assess
the impacts of the opposing changes in the intensity of regional HC on the
regional climate. Considering the similarities between regional anomalies
over the CEP and global HC anomalies, it is plausible that the impacts may
also be analogous. Additionally, the alterations in the regional HC intensity
over ATL are not significant, whereas the regional HC over IPWP shows

divergences compared to global HC anomalies. Consequently, we focus on
elucidating the implications of the shifts in the regional HC intensity within
the IPWP on precipitation patterns in the South Asia-China-Australia-
Maritime Continent region. To comprehensively capture the sustained
modulation of the IPWP HC intensity on year-round climate responses,
particularly cross-equatorial and interhemispheric teleconnections, this
study was conducted. Monthly global precipitation data from the Global
Precipitation Climatology Centre (GPCC") is utilized, combined with
rainfall records from Chinese meteorological observation stations, to
investigate its regional climatic impacts. Hence, the regression patterns of
land rainfall anomalies in these regions relative to regional HC intensity over
the IPWP are illustrated in Fig. 6.

Remote impacts—South Asia and China. During RD events, South
Asia exhibits a pronounced anomalous increase in rainfall, notably
concentrated over central India, Bangladesh, and the southern slopes of
the central Himalayas (Supplementary Fig. 21a). Conversely, SD events
are associated with widespread precipitation suppression across these
regions, with only southern India and Sri Lanka showing localized,
marginally positive rainfall anomalies (Supplementary Fig. 21e). These
contrasting anomalous rainfall patterns over South Asia are generally
overlapped with the IPWP HC intensity related rainfall areas (Fig. 6a).
Specifically, regression analysis of South Asian rainfall anomalies against
IPWP HC intensity shows statistically significant positive correlations.
This correlation distribution shows a significant positive field correlation
with the rainfall anomalous pattern during RD events (R = 0.65, p < 0.05),
whereas it is negative (R = —0.45, p < 0.05) during SD events during SD
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events. This relationship is consistent with the well-established influence
of the cross-equatorial HC on the Asian monsoon system®"*’. Further-
more, the notably intensified South Asian summer monsoon response
observed during RD events may significantly contribute to the occur-
rence of severe rainfall across the region'****. Mechanistically, an
intensification of the IPWP HC strengthens the southeast trade winds in
the southeastern IO. This, in turn, enhances the Mascarene High and
modifies the water vapor transport flux, thereby influencing regional
precipitation®.

In addition, during RD events, widespread and significant heavy
rainfall is observed across southwestern, central, eastern, and northern
China (Supplementary Fig. 21b). Conversely, SD events are characterized by
a distinct dipole rainfall distribution in eastern China, with abundant pre-
cipitation south of the Yangtze River basin and drought conditions north of
the Yellow River basin (Supplementary Fig. 21f). This dipole pattern mirrors
observations during boreal summer seasons of El Nifio decay years™*.
Regression analysis of rainfall anomalies against the IPWP HC intensity
reveals a positive correlation with rainfall in southwestern and northeastern
China, and negative correlations in southeastern China and Tibet (Fig. 6b).
Consequently, this rainfall pattern demonstrates a statistically significant
negative correlation with the spatial distribution of rainfall anomalies during
SD events (R = —0.44, p < 0.05), and a significant positive correlation during
RD events (R =0.36, p < 0.05). While previous studies have emphasized the
role of AAC variability on East Asia during different El Nifio decay phases'’
1% the robust correlation in the China rainfall anomalies between those
during the RD/SD events and associated with IPWP HC intensity under-
scores a direct influence of regional HC intensity on precipitation patterns
over China.

Remote impacts—Australia and Maritime Continent. Precipitation
patterns in Australia and the Maritime Continent exhibit a direct
correlation with anomalous tropical SST®. Various El Nifio occur-
rences result in distinct degrees and spans of precipitation
irregularities™”’. Consequently, these regions display distinct spatial
distribution characteristics of rainfall anomalies under varying decay
rates, demonstrating significantly strengthened precipitation during
RD events and weakened precipitation during SD events (Supple-
mentary Fig. 21). Moreover, regression analysis of rainfall against
IPWP HC intensity reveals significant rainfall increases, particularly
in inland and eastern Australia (Fig. 6¢), and across much of the
Maritime Continent (Fig. 6d). This regressed pattern closely resem-
bles the observed rainfall anomalies during SD events, evidenced by
strong negative spatial correlation coefficients of —0.72 (p < 0.05) for
Australia and —0.73 (p <0.05) for the Maritime Continent. Con-
versely, a robust positive spatial correlation is observed with rainfall
anomalies during RD events, with coefficients of 0.76 (p <0.05) for
Australia and 0.53 (p < 0.05) for the Maritime Continent. Therefore,
an intensification of regional HC activity is consistently associated
with positive anomalous rainfall in these regions, while its weakening
leads to negative anomalies. These findings align with earlier research
findings, which suggest heightened precipitation in northern Aus-
tralia when the regional HC over the western Pacific is more robust™,
and further underscore the crucial role of regional HC on the rainfall
during both RD and SD events.

Thus, distinct differences in regional rainfall anomalies are
observed between El Nifio decay types. RD events are associated with
enhanced precipitation, while SD events exhibit suppressed rainfall,
and in some regions (Australia and the Maritime Continent), severe
drought. Additionally, we conducted the correlation between the
IPWP HC intensity and precipitation but during the boreal summer
(June-July-August, JJA). The result is similar to that as observed
based on the annual mean (Supplementary Fig. 22-23). This result
suggests that the variation of IPWP HC intensity may be an important
driver of these contrasting rainfall anomalous patterns during RD
and SD events.

Discussion

This study evaluates the impact of different decay rates of El Nifio events on
the tropical meridional circulation. We find the anomalous spatial structure
of global HC performs an equatorial asymmetric (quasi-symmetric) feature
during El Nifio RD (SD) events (Fig. 3). From a global perspective, this is
mainly driven by the meridional gradient of global zonal-mean SSTA®.
During RD events, energy conversion involves a significant transformation
from PPE to PKE, primarily driven by diabatic heating processes*® occurring
in the southern part of the IPWP and the equatorial Pacific region. This
results in an equatorially asymmetrical structure characterized by ascending
of warm and moist air around 10°S (Fig. 2), leading to enhanced atmo-
spheric meridional circulation®. Conversely, during SD events, the con-
version process shifts, with a notable transition from kinetic energy to
atmospheric potential energy over the IPWP, alongside a significant con-
version from potential energy to kinetic energy over the CEP. This scenario
exhibits an equatorially quasi-symmetrical structure marked by upward of
warm and moist air masses at the equator. These differences in energy
conversion processes underscore the varying impacts of different decay rate
of El Niflo on the spatial structures of global HC anomalies by altering
atmospheric stability” and circulation characteristics®.

We find that the variation of the global HC is dominated by the
regional HC over the CEP. During RD events, anomalous westerlies dom-
inate the south of CEP, leading to positive SSTA (Fig. 7). Accordingly, this
results in a diabatic heating process via latent heat release’, driven by the
enhanced SSTA. Consequently, the conversion of PPE to PKE generates
anomalous upward airflow, determining the location of the anomalous
ascending branch of the HC over the south of CEP (Fig. 7). In contrast,
during SD events, positive SSTA persist within the CEP, but their maximum
amplitude shifts towards the equator, resulting in anomalous ascending in
the equator region. This finding is further validated based on the CAMS5,
CMIP6-AMIP, and CESM2 ensemble simulations, supporting that the
variation of SSTA in the CEP is a decisive factor contributing to the global
HC anomalies. Additionally, the spatial structure of IPWP HC exhibits
contrasting structures during RD and SD events, primarily due to differing
atmospheric diabatic heating anomalies over the WPWP and their asso-
ciated Gill-type responses™.

Moreover, the IPWP HC intensity are intensified during RD events,
and suppressed during SD events (Fig. 4g). Our findings reveal an increase
in IPWP HC intensity are accompanied with enhanced rainfall in the South
Asia-China-Australia-Maritime Continent regions, while a decreased
intensity is connected with reduced precipitation in these areas (Fig. 6). This
robust connection highlights the crucial role of regional HC, particularly
over the IPWP, in shaping regional rainfall anomalies during different EI
Nifio decay events (Fig. 7). This offers a novel perspective for compre-
hending precipitation anomalies linked to varying El Nifio decay rates in the
IPWP vicinity. Crucially, given that climate models generally simulate large-
scale circulation more reliably than local precipitation ", the linkage
between regional HC and rainfall presents a robust and interpretable can-
didate predictor for seasonal precipitation, thus holding significant potential
for future practical prediction applications.

It is indicated that El Nifio events are projected to persist for longer
durations in the eastern and far eastern Pacific in the future®. Additionally,
it is noted that intense El Nifio events often transition into RD events, and
the frequency of these strong El Nifio occurrences is anticipated to increase
with global warming”. Analysis of this study suggests that the IPWP vicinity
regions may see elevated precipitation in the future under high-emission
scenarios. Consequently, these results provide a novel perspective on
understanding shifts in regional HC, its association with SSTA, and its
impact on regional climate during different El Nifio decay rates and their
future projections.

Methods

RD and SD events

During an El Nifio event, the Nifio 3.4 index, which represents the areal-
averaged SSTA in the region of 170°-120°W and 5°S-5°N, exceeds 0.5 °C for
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Fig. 7 | Schematic diagram depicting the influence a
of different El Nifio decaying rates on the

regional HC. (a) Schematic diagram for the RD

event, and (b) schematic diagram for the SD event.

Red shading indicates positive SSTA, while dark

blue shading indicates negative SSTA. Enhanced

regional HC is depicted by a solid blue circle with y

vectors, whereas weakened regional HC is repre- y

PPE == PKE

sented by a dashed blue circle. Blue arrows represent
zonal and meridional wind anomalies. Green arrows
indicate negative Cy anomalies, signifying energy
conversion from PPE to PKE. This pattern is asso-
ciated with warm, moist air upwelling and suggests
positive precipitation anomalies over the regions b
highlighted by the blue ellipse. Conversely, magenta
arrows indicate positive C anomalies, signifying
energy conversion from PKE to PPE. This pattern is
associated with negative precipitation anomalies
over the regions as shown within the orange ellipse.

a continuous period of 5 months or longer, indicating the occurrence of an
El Nifio episode. In total, 25 El Nifio events were identified. To classify into
the RD and SD events, two criteria'>" are employed (Criterion-1). First is
that the discrepancy between the most intense SSTA observed during the El
Nifio event and that in the subsequent June-August (JJA) period of the
decay year surpasses 1°C. Second is that the SSTA recorded during the
decay year’s JJA period is either less than or equal to 0.2 °C. Therefore, events
meeting both criteria are categorized as RD El Nifo events, while those that
fall short are labeled as SD events. Notably, the El Nifio event of 1982/
83 satisfies the first criterion but not the second. However, considering that
by 1983, the SST in the tropical Pacific region had reverted to mean con-
ditions, it is considered as an RD event in this study. Consequently, 14 RD
events (1951/52, 1953/54, 1963/64, 1969/70, 1972/73, 1977/78, 1982/83,
1987/88, 1994/95, 1997/98, 2002/03, 2006/07, 2009/10, 2015/16) and 11 SD
events (1957/58, 1958/59, 1965/66, 1968/69, 1976/77, 1979/80, 1986/87,
1991/92, 2004/05, 2014/15, 2018/19) are identified. In this paper, a com-
posite method is used to extract features common to RD and SD events. The
statistical significance of the findings was assessed using two-sided Student’s
t test. Notably, the period from 1950 to 2022 included several sequences of
consecutive El Nifio events (1957/59, 1968/70, 1976/78, 1986/88, and 2014/
16). To address potential uncertainties arising from these events, we per-
formed a supplementary analysis excluding these periods (Supplementary
Figs. 10 and 11). Additionally, a sensitivity analysis is also performed to
categorize El Nifo events as fast-decaying or slow-decaying. Additionally,
we use the criterion that an El Niflo event is considered fast-decaying if the
Nifio-3.4 index in the subsequent June-July-August (JJA) period is less than
0 (Criterion-2). This definition identifies (1951/52, 1953/54, 1958/59, 1963/
64, 1969/70, 1972/73, 1977/78, 1982/83, 1987/88, 1994/95, 1997/98, 2004/
05, 2006/07, 2009/10, 2015/16) as RD events and (1957/58, 1965/66, 1968/
69, 1976/77, 1979/80, 1986/87, 1991/92, 2002/03, 2014/15, 2018/19) as SD
events. However, years where the two methods disagreed (1958/59, 2002/03,
and 2004/05) are excluded to maintain classification consistency. Therefore,
the events identified using the two methods align. Moreover, to address
potential uncertainties arising from different classification methods, we
further perform a supplementary analysis under Criterion-2 method and
excluding these disagreed events (Supplementary Figs. 12 and 13). More-
over, we further calculated the Nifio 3.4 index decay rate for each event
defined as Criterion-3 method. The specific method is as follows: 1)
determine the month when the event reaches its maximum intensity. 2)

select the Nifo 3.4 index until the summer (JJA) of the decay year. Finally,
apply linear fitting to the SSTA changes during this period, with the fitted
slope defined as the decay rate of the event (Supplementary Fig. 24). Using
the median decay rate of the 25 events, we classified them into 14 RD (1951/
52, 1953/54, 1957/58, 1963/64, 1965/66, 1969/70, 1972/73, 1982/83, 1987/
88, 1997/98, 2002/03, 2006/07, 2009/10, 2015/16) and 11 SD events (1958/
59, 1968/69, 1976/77, 1977/78, 1979/80, 1986/87, 1991/92, 1994/95, 2004/
05, 2014/15, 2018/19). Under this classification, 12 RD events overlap with
those identified by the 1.0 °C and 0.2 °C threshold criteria, and 9 SD events
overlap, yielding an overlap rate exceeding 75%. A similar spatial structure
of the global and regional HC can be captured using Criterion-3 method
(Supplementary Fig. 14). Therefore, these evidences strengthen our con-
fidence in our conclusions.

Datasets

The spatial variability of the HC under various El Nifio decay events is
examined by analyzing monthly-mean meridional wind from three atmo-
spheric reanalysis datasets: the National Centers for Environmental Pre-
diction/National Center for Atmospheric Research Reanalysis 1 (NCEP17),
European Centre for Medium-Range Weather Forecasts (ECMWF) Rea-
nalysis v5 (ERA5”) covering the period 1950-2022, Japanese 55 year Rea-
nalysis (JRA55”) from 1958 to 2022, and the National Oceanic and
Atmospheric Administration (NOAA-20C") dataset spanning from 1950
t0 2015. Additionally, the monthly-mean air temperature, relative humidity,
vertical velocity, and sea level pressure from NCEP1 are employed to
compute atmospheric perturbation energy, enabling an assessment of the
physical mechanisms driving the variations in tropical meridional circula-
tion and energy conversion processes. Monthly-mean global precipitation
data from the Global Precipitation Climatology Centre (GPCC") over the
period 1950-2022, along with rainfall records from Chinese observation
stations over the period 1961-2019, are utilized to examine regional climatic
effects. Moreover, we also use the gridded daily rainfall data provided by the
Global Precipitation Climatology Project (GPCP) with a horizontal reso-
lution of 2.5° from 1979 to 2022%. Additionally, the NOAA Extended
Reconstructed Sea Surface Temperature v5 (ERSST5"') oceanic dataset is
utilized to capture sea surface temperature variations. To validate the
observed results, we utilized the Community Earth System Model version 2
(CESM2) Pacific Pacemaker Ensemble datasets. This ensemble comprises
10 simulations, in which time-evolving SSTA in the eastern tropical Pacific
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(10°S-10°N, 160-90°W) are nudged to ERSSTv3b datasets during
1920-2019. A linearly tapering buffer zone extends the nudging region to
20°S and 20°N from 180°W to the American coast’. Additionally, we
analyze output from 13 models participating in the Coupled Model Inter-
comparison Project Phase 6- Atmospheric Model Intercomparison Project
(CMIP6-AMIP) during 1950-2013 (Supplementary Table 1). The ensemble
average over 13 models is derived by interpolating them into the same
horizontal resolution of 2.5° x 2.5°. Given the time range of the CMIP6-
AMIP ensemble, RD events do not include 2015, and SD events exclude
2014 and 2018.

Global zonal-mean HC

The mass stream function (MSF, ) to quantify the mean meridional cir-
culation, which is mainly obtained by integrating the meridional wind in the
vertical direction as follows:

P
¥(g.p) = Z”Rgﬂ / 6.l M

where  is the MSF, ¢ is the latitude, p is the pressure, g (9.80665 m s7°) is
gravitational acceleration, v stands for the zonal-mean meridional wind, R is
the Earth’s radius, and overbar and square brackets represent temporal and
zonal averaging, respectively. A positive meridional overturning circulation
signal (typically occurring over the Northern Hemisphere, NH) is
characterized by a clockwise pattern with rising at the equator and sinking
in the subtropical regions of the NH. Conversely, a negative signal in
meridional overturning circulation represents an anticlockwise pattern of
circulation®.

Regional HC

According to the Helmholtz theorem, the horizontal wind field can be
decomposed into two parts: the non-divergent part V', and the non-rotating
part V.,

V=V,+V, )

Therefore, to assess the role of regional HC on the global meridional
circulation, the regional HC calculation method™ is obtained by integrating
the divergent component of the meridional wind as follows:

R P
W(x,y.p) = ”gﬂ / )k 3

where ¥y, is the regional MSF. According to this approach, we initially break
down the horizontal velocity at every pressure level to determine the non-
divergent part and non-rotational velocity. Subsequently, we integrate the
divergent component from the upper atmosphere to the surface at each point
of longitude to derive the three-dimensional HC. To characterize the regional
HC, the meridional MSF is derived by averaging the divergent component of
the meridional wind in a regional domain. In this paper, the regional HC can
be partitioned into three cells, including IPWP region (39°-139°E), CEP
(139.5°-270°E), and tropical Atlantic region (90°W-39°E).

HC intensity

To assess the influence of different decay rates of El Nifio event on the HC
intensity, two distinct definitions of HC strength are utilized within this
research. The initial definition characterizes HC strength as the highest
absolute value of ¥ at 500 hPa in each hemisphere (¥™*)*. The second
interpretation involves computing the spatially averaged HC strength by
averaging the stream function field across the latitude-pressure plane®. In
defining the HC intensity in the NH, the following criteria are employed:

¥(¢,p)>0

¢.p) € [-15",45 | x[100, 1000]hPa )

vy w,p)]{ (

For the HC intensity in the Southern Hemisphere, it is defined as
follows:

¥(¢.p) <0

¢,p) € [—45",20°] x[100, 1000]hPa ®)

vy — w,p)]{ (

where ¥ is sampled uniformly across latitude and at vertical intervals
of 50hPa.

Walker circulation
Following previous work™, the WC is defined as follows:

2nR [P
Yye(dp) = ?/ updp (6)
Po

where ¥y is the zonal circulation, A is the longitude, uj, stands for
divergent component of zonal wind averaged over the tropics (5°S-5°N).

Atmospheric perturbation potential energy

Regarding the issue of energy conversion in local circulation, we employ
atmospheric PPE and conversion terms (C;) to analyze the spatial dis-
tribution characteristics of energy. The PPE provides a localized perspective
on the conversion dynamics between diabatic heating and kinetic energy.
The mathematical expression for PPE*>* is as follows:

—i+1

ipz;;:““njzélaw—j) /Ps v
0 oo

@)

o0
PPE =)  PPE; =

i=1 i=1

where i is the order terms of PPE. p, p,,, and p, are the pressure, reference
pressure (generally 1000hPa), and surface pressure, respectively. x = R/C,,
where R (287 Jkg ' K ') and C, (1004 ] kg ' K™") are the gas constant of dry
air and the specific heat at a constant pressure, respectively. y,=g/C,
indicates the dry adiabatic lapse rate. §(K) is the potential temperature at
reference state, and T'(K) denotes the departure of air temperature after
removing the area-weighted seasonal cycle. Thus, the mathematical
expressions of the first and second moment terms of PPE can be written as:

1 [P
PPE, = — / T'dp (8)
YaJ o
.|
kpt, [P T 96
PPE, = — ——(—=) 4 9
P2y / L i Tap) P ®

where PPE, and PPE, denote the first and second order terms of PPE,
respectively. In contrast to PPE, and PPE,, the higher-moment terms of
PPE are much smaller and can be omitted at the local scale (Supplementary
Table 2). Thus, atmospheric PPE is calculated as the sum of PPE,;
and PPE,".

The energetic conversion between the atmospheric PPE and pertur-
bation kinetic energy (PKE) is mainly controlled by the following equations:

1 [P<9PPE

—/ ——dp=C,+ G+ HBF (10)
g) o ot

1 [P 9PKE
7/ ——dp=—C,+ D+ HBFp (11)
gJ) o ot

Where G, D, and HBF denote the diabatic heating, viscous dissipation, and
horizontal boundary fluxes, respectively. A detailed derivation of the local
thermodynamic equation and the local kinetic energy equation is shown in
Supplementary Text 1. G is the source term of PPE, representing diabatic
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heating. When there is a positive anomalous heatinglocally, it increases PPE,
whereas a negative anomalous heating results in a depletion of PPE.
Therefore, the atmospheric diabatic heating G term in Eq. 10 does not
directly alter PKE; instead, it first modifies PPE according to the governing
equations. Consequently, PPE serves as a crucial intermediary that links
diabatic heating to changes in atmospheric circulation. Previous studies
have shown that the energy exchange between PPE and PKE is mainly
achieved through the conversion term C,**, as detailed in the following
formula:

1 [
Ck:—/ wadp

0

(12)

where w is the pressure velocity, and a is air specific volume. When cold air
ascends or warm air descends, Cy is positive and energy is converted from
PKE to PPE. Conversely, when warm air ascends or cold air descends, C; is
negative, and PPE is converted to PKE.

CAMS5 model

To further corroborate the proposed mechanism concerning the impact of
SST on the HC during the two events of El Nifo, we utilized the Community
Atmospheric Model, version 5 (CAM5), developed by the National Center
for Atmospheric Research (NCAR). The CAMS5 serves as a comprehensive
global climate model and constitutes the atmospheric component within the
NCAR Community Earth System Model (CESM). With a horizontal
resolution measuring 1.9° x 2.5° and consisting of 30 vertical layers, CAM5
possesses the capacity to accurately replicate various climatic characteristics.
A full description of CAMS5 is available online at https://ncar.github.io/
CAM/doc/build/html/cam5_scientific_guide/.

Here, three experiments are carried out, with the first being a free-run
experiment driven by the climatological SST field as the model’s baseline.
The second set entails incorporating monthly SSTA during the RD events
(Supplementary Fig. 16) into the respective month of the climatological SST
field, while the third set involves incorporating monthly SSTA during the SD
events (Supplementary Fig. 17) into the corresponding month of the cli-
matological SST field. To address potential issues of model instability or
“spillover” caused by abrupt SSTA boundaries, we applied a non-orthogonal
spatial filtering procedure to the added SSTA. This filtering employed a
decay rate of one-fifth within 5° latitude of the boundary edges to ensure
smooth transitions and maintain numerical stability in the simulations.
Each experimental group comprises 22 years of numerical simulations.
Then, we perform ensemble averaging on the results from the 3rd year to the
22nd year for each set of experiments, thus obtaining the corresponding
climatological distribution of the HC.
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