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Abstract

As the Earth continues to warm, humid heat extremes (HHEs) have emerged as a widely recognised threat to
human health in equatorial Southeast Asia (SEA). While most studies have focused on climate trends, this study
presents a comprehensive analysis of the synoptic and large-scale drivers of HHEs. On daily timescales, both the
Madden-Julian Oscillation (MJO) and Kelvin waves are the leading modes of HHE variability. HHE risk increases
by 1.2-1.4x during the dry-to-wet transition of the MJO phases, predominantly driven by increased near-surface
specific humidity preceding the peak rainfall anomaly in phase 2 and increased shortwave radiation due to reduced
cloud cover in phase 8. HHE risk increases by 1.3-2.0x during the dry phase of equatorial Kelvin waves, which
drives subsidence and increased shortwave warming. On interannual timescales, El Nifio is the leading driver,
under which HHE risk increases 3 — 5x. Despite the limited overlap (19%) between wet- and dry-bulb temperature

extremes, the differences in their temperature and humidity conditions, and their drivers, are small. This
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understanding lays the groundwork for short-range to seasonal forecasts, which are a crucial component of much-

needed heat early warning systems.

Introduction

The year 2024 is currently the warmest year on record', rapidly surpassing the previous record set in 20232, Across
the globe, heat extremes are increasing in frequency, duration, and intensity due to climate change®*~’. Equatorial
SEA has emerged as one of the most critical global hotspots for humid heat extremes (HHESs), primarily because
the region is densely populated and climatologically very humid. High ambient humidity impairs evaporative
cooling, a mechanism responsible for over 75% of heat dissipation from the human body?®, which defines the
unique threat posed by HHEs. Observational trends and projections consistently indicate that HHEs in SEA have
intensified in recent decades and are expected to intensify further in the near future®'°. Record breaking heat
events occurred across SEA in April and May 2023, accompanied by severe health impacts, increased wildfires,
and reduced agricultural productivity''. However, meteorological drivers of HHE!? variability across equatorial
SEA remain poorly understood, particularly at the daily timescales relevant for extreme heat early warning
systems.

Several large-scale atmospheric drivers are known to modulate heat extremes variability. El Nifio events are
associated with increases in the frequency® and spatial extent of heat extremes, particularly in tropical regions'3~
13, Positive phases of the Indian Ocean Dipole (I0D) have been linked to intensified heat extremes in mid-latitude

regions!®!’

, yet their impact on equatorial SEA is not well understood. The Madden—Julian Oscillation (MJO)
also affects regional weather, with its active phases capable of doubling the likelihood of heat extremes over
India'8, yetits role in equatorial SEA remains largely unexplored. In equatorial SEA, synoptic features like Cross-

Equatorial Northerly Surges (CENS) influence regional moisture transport'®?’, and may also have potential role

in preconditioning the environment for heat extremes.
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Midlatitude atmospheric dynamics, particularly Rossby wave trains, are well documented for generating
persistent so-called “heat domes” during heat extremes?'?2. Equatorial Kelvin waves, westward-propagating
mixed Rossby—gravity (WMRG) waves, and equatorial Rossby waves modulate daily weather variability over
equatorial SEA!!1223-27 While most studies have focused primarily on their influence on rainfall extremes during

2328 Lyu et al.!! point to a role for equatorial Rossby and Kelvin waves in the

the convective wave phases
unprecedented April-May 2023 SEA heat extremes.

Previous studies' 13131829 typically evaluate heat extremes drivers in isolation, or for a single case study, with
limited quantification of their relative importance or of how interactions among tropical modes, including ENSO,

modulates regional heat extreme risk. Moreover, much of the existing literature!#30-33

emphasises monthly or
seasonal mean temperature anomalies, with comparatively limited attention to the daily-scale processes governing
heat extremes specifically in equatorial SEA. In this region, there is also no consensus in the literature on whether
humid and dry heat extremes should be treated within a common framework or considered as dynamically distinct
phenomena. This study addresses these gaps by establishing the first quantitative relative-risk framework for
equatorial SEA heat extremes. First, we analyse the dynamic and thermodynamic characteristics of HHEs over
the last 32 years. Second, we quantify the relative contribution of the MJO and equatorial waves on daily to
intraseasonal HHE variability and of ENSO and IOD on interannual variability. Third, we compare the
characteristics of heat extremes defined using both wet- and dry-bulb temperature to determine whether they
should be considered as the same or separate events. Insights from this study will lead to improved short-range to

seasonal forecasting guidance on which metric to forecast and an evidence base for the development of regional

early warning systems and climate risk management strategies.
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Results

Characteristics of heat extremes in equatorial SEA

HHESs are diagnosed using 32 years of ERA53* daily mean wet-bulb temperature (7,,), which must be above
the local 95" percentile and an absolute value of 25.5°C for at least 3 consecutive days and cover an area of
approximately 2,300 km? (see Methods). HHE occurrence peaks in March — May (MAM; Fig. 1a), with 82% of
land grid cells in equatorial SEA experiencing their highest HHE frequency in this season. The timing of the HHE
peak season aligns with the maxima in the annual cycle of the near-surface temperature and specific humidity
(Fig. S1). In contrast, 16% of SEA, primarily in the East, experiences peak HHEs during December—February
(DJF). The East is characterised by a monomodal rainfall peak in June-August (JJA) and weak influence from the
Asian—Australian monsoon and the ITCZ*. Consequently, while much of equatorial SEA experiences its wet
season from November to March (NDJFM), the East receives the least precipitation during this period™.

The West experiences substantially higher frequencies (Fig. 1¢) and intensities (Fig. 1d) of HHEs than the
Centre and East regions, with at least one event every year on average. One contributing factor is the regional
topography where approximately 66% of the West region lies below 500 meters (Fig. 1a), where temperatures are
warmer due to the atmospheric lapse rate, compared to 50% and 46% of land below 500 meters in the Centre and
East regions, respectively. The fragmented, archipelagic geography of equatorial SEA countries limits the spatial
footprint of HHEs, leading to smaller-scale events than those occurring over the large, contiguous landmasses
characteristic of mid- and high-latitudes®®. Across the three subregions, 23.3% of events cover only 2,300 km?
(Fig. 1e), whilst 18.3% cover more than or equal to 11,532 km?2. Approximately half of HHE events (50%) persist
for a duration of three or four days (Fig. 1f).

While this study focuses on HHEs, we also consider heat extremes identified using the same event criteria but
based on an absolute dry-bulb temperature (7%,) threshold of 28.5°C (hereafter referred to as dry heat extremes,

DHE; see Methods). Like HHEs, most of equatorial SEA record their highest DHE frequency in MAM (45%),
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although in some regions (26%) their peak season is observed in September to November (SON, Fig. 1b). During
the MAM peak season, the West region consistently shows a higher frequency of DHEs, with at least one event
every two years, than the Centre and East regions (Fig. 1c). DHE intensities are also highest in the West, with
daily mean 75, reaching 29.2°-29.5°C and a secondary peak 0f 29.4°-29.5°C in SON (Fig. 1d). The Centre region
shows a similar bimodal seasonal pattern but with lower values (29.1°-29.2°C), whereas the East region has a
weaker seasonal cycle, with mean 7%, generally below 29.1 °C. The higher frequency and intensity of both HHEs
and DHEs in the West are consistent with recent climate model projections!®.

Besides sharing a primary peak season in MAM (Fig. 1a,b), equatorial SEA HHEs and DHEs typically have
similar spatial extents and durations (Figs. le,f). To quantify the degree of synchronisation between these two
types of heat extremes across equatorial SEA during MAM, the Jaccard index?’ is utilised. This metric evaluates
the intersection of two binary datasets relative to their union across a three-dimensional domain (time x latitude x
longitude). Across equatorial SEA, the spatiotemporal overlap between HHEs and DHEs during MAM is up to
19%, although this proportion is sensitive to our chosen lower thresholds (25.5°C for HHEs and 28.5°C for DHESs).

To determine if HHE and DHE should be considered as separate phenomena or not, it is instructive to plot the
events on a relative humidity (RH) vs 7%, diagram, where higher 7., and Heat Index (HI, a metric combining Tom
and RH) are towards the top right (Fig. 2). The climatology in equatorial SEA (black cross) is high in humidity
but only moderately high in temperature. Ten days before the commencement of HHE and DHE events (unfilled
blue and red circles), their 75, values are already almost 1°C warmer than climatology. During both types of
events, 7,, is on average 26°C and HI is 34°C, exceeding the ‘Extreme Caution’ threshold (HI>33°C)3. It is
important to note that these classifications are based on daily mean 7, which captures prolonged exposure but
may underestimate peak stress levels. Using daily maximum 7, would shift more events into more severe HI

categories.
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Equatorial SEA heat extremes are now examined within a broader tropical and subtropical context (35°N —
35°S) using data from Jackson et al.®, who diagnosed their HHEs in the same way as this study, albeit with a
lower absolute threshold of 7,,=24°C. In their approach, events are grouped by whether the region is moisture-
limited with higher 7%, and lower humidity, or energy-limited with lower 7>, and higher humidity during the
season of extreme heat at each location (see their Fig. 5). The difference between the climatologies (unfilled green
and yellow crosses, Fig. 2) and the HHE conditions (filled crosses) in the moisture and energy-limited regions in
Jackson et al® is stark and equatorial SEA’s climatology closely aligns with that of the energy-limited regime.
Moreover, the equatorial SEA HHE and DHE events have 7>, and RH characteristics that are more similar to
these energy-limited HHE events (filled green cross) than their moisture-limited HHE events (filled yellow cross).

To further assess the difference between HHEs and DHEs in equatorial SEA, we quantify the relative
contribution of T, and 2m specific humidity (g2.) to T, using the method of Rocuet et al.* (see Methods). While
DHE:s are identified based on 7>, anomalies, their decomposition is evaluated using 7T, during DHE days to
maintain a consistent metric for comparison with HHEs. On non-heat-extreme days, 7', is primarily moisture-
controlled (68.4%), with the remaining 31.6% from 7>,. During HHESs, this moisture dependence is amplified to
73.2% (SE +0.02, SD £10.8), whereas during DHEs it decreases to 65.9% (SE £0.31, SD +25.2). The small
standard error values across both categories confirm that these mean dependencies are statistically robust and
well-defined. The larger standard deviation for DHEs reveals a higher degree of event-to-event heterogeneity.
This suggests that while the moisture contribution is lower on average during DHESs, the high internal variability
allows for certain DHE days to exhibit moisture dependencies comparable to those observed in HHEs.

These results suggest that equatorial SEA HHE and DHE events, as defined in this paper, are fairly similar in
their temperature and humidity conditions when put into the global context, and should not necessarily be

considered as different phenomena, despite not often overlapping precisely in time and space. In the following
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sections, we focus our analysis on HHESs, returning to the differences between HHE and DHE drivers in the final

section of the results.
Physical drivers of humid heat extremes

Figure 3 presents composite time series of the key surface and atmospheric variables, shown as absolute values
and anomalies relative to a 15-day smoothed climatology (see Methods), centred on DO, defined as the first day,
or onset day, of each HHE event. We average results over the West, Centre and East regions because there is little
difference between the separate results (not shown). In the lead up to DO, the positive anomaly in 7,, grows, driven
by similar positive anomalies in both 75, and ¢, (Figs. 3a-c). There is also a positive anomaly in total column
water vapour, which goes to zero on D0, accompanied by a suppression of rainfall that starts on D-2 (Figs. 3d,e).
This evolution during HHEs is typical of the energy-limited regions defined in Jackson et al*°, where heat extremes
commonly follow periods of suppressed rainfall.

Changes in the sensible heat flux remain minimal throughout the event lifecycle (Fig. 3f). Instead, the surface
energy partitioning strongly favours the latent heat flux (values of 110-115 W m2, compared to sensible heat flux
values of 16-17 W m2). Anomalies in both heat fluxes are small (<5 W m), although a peak in latent heat flux
during the events is evident (Fig. 3g). These surface conditions influence the overlying atmospheric boundary
layer, primarily through a surplus in net radiation, which further offset evaporative moisture flux. The warming
surface leads to a modest but distinct increase in boundary layer height, which experiences a positive anomaly of
+23 m during the peak phase (Fig. 3h). Although not directly linked, the boundary layer growth could be partly
driven by an increase in net surface radiation, indicated by a positive anomaly in incoming shortwave radiation
(+13 W m2, Fig. 3i), due to reduced cloud cover as indicated by a peak in outgoing longwave radiation (Fig. 3k).

At the same time, upwelling longwave radiation from the warming surface also increases by approximately 5
W m? (Fig. 3j), but this loss is partially moderated by the moist atmosphere. Even though there is a decrease in

total column water vapour on D-2 to D+2, the background atmospheric humidity, represented by specific humidity
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and total column water vapour, and soil moisture (Fig. 31) over equatorial SEA remains relatively high, leaving
substantial residual water vapour in the column and plenty of moisture for evaporation from the surface. This
residual moisture acts as a radiative buffer by absorbing and re-emitting part of the outgoing longwave radiation.
As aresult, the longwave radiation anomaly decreases but remains near zero during the event peak. This condition
limits what would otherwise be much stronger surface radiative warming and moderates the growth of the
boundary layer. In all variables, the anomalies from climatology during events are relatively small compared to
their absolute values.

The analysis suggests a plausible influence from larger-scale drivers on HHEs. Persistent anomalies at D—10
and D+10 suggest that HHESs evolve within a slowly varying large-scale background state, potentially associated
with broader climate variability such as ENSO. In this context, the daily evolution shown in Fig. 3 likely develops
on top of a pre-conditioned environment. This interaction between large-scale background states and local

extremes is explored in the following sections.
Atmospheric circulation during humid heat extremes

Atmospheric conditions are analysed during the pre-event (D-3 to D-1), peak (D0 to D+2), and post-event
(D+3 to D+5) periods in the West region (Fig. 4). On D-3 to D-1, a high-pressure anomaly develops over the
Philippine Sea (Fig. 4a) and intensifies on D-2 to DO, forming a ridge across the equatorial SEA (Fig. 4b) that
suppresses cloud formation. Throughout HHE evolution, anomalous easterly flow dominates 850 hPa (Figs. 4a-
¢). There is a positive anomaly in both T, (Figs. 4a-c) and ¢, (Figs. S2a-c) across most of the domain, except
near the high-pressure centre at 125°-150°E, 0°-20°N. Between D-1 to D+2, the relatively homogeneous moisture
field produces a weak spatial gradient, across which anomalous easterly winds drive minor positive horizontal
moisture advection anomalies (0.07-0.13 g kg™' day!), dominated by the zonal component (Fig. 4d). By D+3 to

D+5, the high-pressure anomaly weakens and easterly wind anomalies subside (Fig. 4c).
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The 850 hPa high-pressure and easterly wind anomalies extend upward into the mid-troposphere (500 hPa,
Figs. 4f-h). Anomalous subsidence at 500 hPa is present from D-3 to D-1 and intensifies during DO to D+2. The
enhanced subsidence suppresses convection and cloud formation (Figs. 3d,k) which can drive surface warming
via both shortwave and adiabatic heating. The resulting daytime surface heating favours the development of a
deeper boundary layer (Figs. 3h,4¢). Under these conditions, the close temporal alignment between enhanced 850
hPa horizontal moisture advection (Fig. 4d) and increasing near-surface humidity (Figs. 4e,3c) suggests vertical
coupling where subsidence and boundary layer growth facilitate the entrainment of moist air from the lower
troposphere into the near-surface air.

The vertical specific humidity (¢) anomaly profile (Fig. 4e) further reveals a top-down moistening sequence
at 850—700 hPa (D-10 to D-3), with horizontal moisture advection contributes to the development of an elevated
moisture reservoir. During the first three days of HHEs (DO to D+2), intensified anomalous subsidence, along
with the deepening of the planetary boundary layer (PBL), facilitates the vertical entrainment of this descending
moist air. The increase in g at D+2 likely reflects the cumulative effect of this coupling, where moisture is confined
near the surface by a stabilising subsidence inversion aloft. On D+3 to D+5 (Fig. 4h), the mid-tropospheric high-
pressure anomaly weakens and the intensity of subsidence diminishes in many areas. Broadly similar atmospheric
circulation conditions occur across the Centre and East regions (Fig. S3), especially during DO-D+2, however, in
the East, the high-pressure anomalies are displaced further eastward, centred over Papua New Guinea.

The relative roles of advection, adiabatic heating, and diabatic heating are quantified through a low-level
Lagrangian temperature budget analysis following Rothlisberger and Papritz*!' (Figs. S4a-g and Supplementary
Method A), which, despite assuming a dry atmosphere, is currently the most appropriate methodology available
in the literature. Anomalies in all three terms start to appear 12 days prior to HHE onset. Consistent with a
subtropical boundary-layer heat budget study*? that identified diabatic heating as a dominant factor, our budget

analysis shows that diabatic processes dominate across 61.3% of locations in equatorial SEA, contributing
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approximately 0.6—1.0 °C to the temperature increase during the two days preceding HHE onset. A combination
of diabatic and adiabatic heating dominates another 21.1% of the region. In the West region, the magnitude of the
adiabatic term is only 14% of that of the diabatic contribution. The contribution of temperature advection is
negative (cooling), although Fig. 4d shows that moisture advection remains critical, potentially supplying the
humidity necessary to increase 7, and fuel the diabatic heating term.

Compared with mid- and high-latitude heat extremes?"-?243

, where geopotential height anomalies could reach
hundreds of meters at 500 hPa*}, HHEs across equatorial SEA occur under weaker synoptic anomalies. This
difference is partly a consequence of the weak tropical Coriolis force, which yields a large Rossby deformation
radius* and limits the amplitude of the geopotential anomalies by spreading them over broad spatial scales.
Nonetheless, the occurrence of equatorial SEA HHEs under conditions of high-pressure and subsidence anomalies
combined with enhanced surface solar radiation confirms that the underlying dynamics are fundamentally akin to

those driving heat extremes at higher latitudes?!*°.

Role of local sea surface temperature

Given that equatorial SEA is an archipelago of islands, locally warm SSTs may contribute to the development
and amplification of HHEs. During HHE peak period (DO to D+2), there is a positive SST anomaly of up to 0.2°C
across most of SEA (Fig. 5a), with stippling indicating regions where anomalies are significantly higher than non-
HHE MAM days (p < 0.05).

To determine whether local SST anomalies act as a driver or a secondary response within ENSO and 10D
coupling, a lead-lag correlation was calculated for each climate mode. Local SST anomalies were defined from
10 x 10 ocean grid cells surrounding each coastal HHE centroid. 7, anomalies at HHE onset (D0) were correlated
with spatially averaged local SST anomalies across lags from —20 to +20 days (see Methods). The results indicate
a lagged covariability between local SST anomalies and 7., with a higher correlation than that in the climatology,

defined as the covariability across all MAM days regardless of HHE occurrence (Figs. 5b,c). To test significance,

10
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we constructed a null hypothesis via a bootstrap procedure (N=1,000), correlating 7, onset values with SST
anomalies from randomly selected years at the same locations and seasonal timings as the observed HHEs.

During El Nifio conditions (Fig. 5b), the maximum correlation window period (+0.40) is observed around 15
— 8 days before HHE onset (D-15-D-8) and is well above the mean climatological correlation (+0.16) and mean
of the null hypothesis (+0.15), indicating that HHEs tend to occur after periods of increased SST anomalies. These
pre-existing elevated SSTs likely enhance low-level atmospheric moisture availability, which supports HHE
development. Similar mechanisms have been reported over mainland southern East Asia*’, where warm SSTs
contribute to the development and amplification of HHEs through moist air advection from nearby seas.
Regression at this maximum correlation window period shows that a 1°C increase in local SST is associated with
an average increase of 0.34°C (SE +0.02) in 7, with SST explaining 16% of T, variance. Meanwhile, La Nifa
conditions exhibit a negative correlation (r = -0.23) between D-5 to D-2 (Fig. 5b), which suggests that HHE
development is largely independent of local oceanic warming. Therefore, the increase in 7, in La Nifia phases
likely arises from atmospheric forcing and or land-atmosphere feedback mechanisms rather than by local SST
anomalies.

Under positive IOD conditions (Fig. 5¢), a weak relationship is present at D-15 to D-11 before HHE onset (»
=+0.19). Although this exceeds the climatological mean (» =+0.16), it remains within the 95% confidence interval
of the null distribution. During negative IOD conditions, a low correlation value at D-9 to D-5 (= -0.11) also
falls within this confidence interval. These results suggest that 7, increases during negative 10D events, like
during La Nifia, are not driven by local SST anomalies. Meanwhile, the correlation values under neutral condition
predominantly appear after DO and are statistically indistinguishable from the noise. In general, the relationships
are, however, weak across all IOD phases, and if there is a true association between IOD-driven local SSTs,

additional data is needed to detect it reliably.

11
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Role of ENSO and 10D

On interannual timescales, we examine the relationship between HHE variability and ENSO (Fig. 6). There
were strong El Niflo events in 1997-1998, 2009-2010, 2015-2016, and 2023-2024, which all peaked in the DJF
season, and which coincided with peaks in HHE frequency in the following MAM. This seasonal offset suggests
that ENSO exerts a delayed but substantial influence on the occurrence of HHEs across equatorial SEA, separate
to the locally generated SST anomalies that lag the HHE events (Fig. 5). It is physically consistent with the
mechanism of ENSO-induced free-tropospheric warming, where deep Pacific convection forces a delayed
atmospheric adjustment over the SEA*’. A lag correlation analysis reveals statistically significant correlations (p
< 0.05) between the DJF Nifio3.4 index and detrended MAM HHE frequency, with a correlation coefficient of
approximately +0.73.

The 10D also modulates HHE variability (Fig. S5), primarily through mechanisms analogous to ENSO,
however, the statistical link is slightly weaker and less consistent, i.e. positive IOD events in 1994 and 2006 were
not followed by peaks in HHEs. There is a lagged correlation of +0.41 between the SON 10D index and detrended
MAM HHE frequency, a lower degree of covariability than that observed in ENSO. The relatively weak signal
likely reflects both the smaller frequency number of strong IOD events and their frequent co-occurrence with
ENSO; for instance, the only two strong negative IOD events in the past 32 years both coincided with La Nifia
phases, making their independent effects difficult to isolate*®,

Both El Nifio and positive IOD phases create favourable conditions for HHEs through two primary physical
mechanisms: oceanic and atmospheric circulation changes. First, as also discussed in the previous lead-lag
analysis (Fig. 5b), the widespread positive SST anomalies associated with El Nifio may contribute to warmer
global background temperature and enhanced low-level moisture availability prior to the onset of HHEs. Second,
these interannual modes drive changes in the atmospheric circulation®?*’. During El Nifio, Walker circulation

weakens and shifts eastward!>3%%, inducing 500 hPa subsidence and anticyclonic anomalies across much of

12
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equatorial SEA (Fig. S5b). Positive IOD events result in broadly similar, albeit weaker in magnitude, descent
pattern (Fig. S5e). These subsidence can suppress convection and increase incoming surface solar radiation,
directly promoting the formation and persistence of heat events, similar to mechanisms well-documented over
East Asia'>*. Furthermore, superimposed on this strong interannual variability is a statistically significant
increase in the frequency of HHEs since 1993 (Fig. 6). The linear trend indicates an average increase of 1.16 HHE
events per year relative to the 1993-2024 mean. This observed trend is consistent with previous studies on
historical trend>*®? and future climate model projections®, which suggest that SEA will experience some of the

most intense increases in HHEs by the late 21st century.
Modulation by the Madden-Julian Oscillation

To illustrate how the MJO modulates HHEs, we examine anomalies of key variables by MJO phase on all
days in the MAM period (Fig. 7). The analysis focuses on the West region, but the modulations are found to be
consistent across SEA, differing primarily in the timing of anomalies by phase as the MJO propagates eastward
(not shown).

The transition to enhanced MJO phases begins in phase 2 and continues through phases 3—4 in the West region

245052 During these phases, positive precipitation anomalies (1.0 — 2.4 mm h™!) occur

when convection intensifies
over land (Fig. 7a). In phase 2, the large-scale active convective envelope resides over the Indian Ocean,
immediately west of the equatorial SEA and coincides with generally positive anomalies in 75, ¢2m, and T, (Figs.
7b-d). This phase is characterised by intense moisture convergence in the boundary layer that precedes the peak
of deep convection®*>? and aligns with one of the two peaks in HHE occurrence.

By phase 3, the arrival of the convective envelope produces peak rainfall anomalies (Fig. 7a). This shift leads
to a subsequent decline in HHE variability. Consistent with recent work*’, HHE frequency therefore peaks prior

to the maximum precipitation. Once the MJO progresses to phase 4, precipitation anomalies begin to decline, yet

the surface energy exchange intensifies. The peak in turbulent fluxes (Figs. 7e,f), particularly the latent heat flux,

13
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likely represents a response to the rainfall discharge in phase 3 and enhanced surface winds. Previous work shows
that although moisture convergence begins to decrease during this phase, equivalent potential temperature remains
positive near the surface, maintaining conditionally instability®®. This, together with reduced downward solar
radiation of up to 18 W m? in phase 4 (Fig. 7g), tends to suppress further near-surface warming and HHE
frequency.

In contrast, the suppressed phases (5-6) are characterised by lower g2, anomalies (Fig. 7c), driven by an
increase in incoming shortwave radiation of approximately 10 W m? in phase 5 — 6 (Fig. 7g). Reduced cloud
cover (Fig. 7h) drives increases of incoming shortwave radiation and small decreases in upwelling longwave
radiation of around 2 W m™ (Fig. 7i). This atmospheric drying arises from large-scale moisture deficits, with
suppressed phases marked by strongly negative precipitation anomalies (Fig. 7a). These combined processes
deplete atmospheric moisture, resulting in weak T, anomalies (Fig. 7d) and a reduced likelihood of HHE
occurrence. In phases 7, 8, and 1, near-surface humidity and temperature trend back toward climatological
averages, with phase 8 exhibits a more pronounced positive anomaly in net shortwave radiation and reduced cloud
cover. Moreover, a recent study found that the co-occurrence of phase 8 with El Nifio may further reinforces the
regional increase in temperature, as associated teleconnections tend to persist longer and sustain warming
anomalies?, helping to explain the elevated HHE frequency in this phase.

Our results indicate a latitudinal shift in the MJO influence on SEA HHEs. While previous studies'!* have
linked MJO phase 4 to heat extremes over mainland SEA (e.g. Myanmar, Laos, Thailand, and Cambodia) through
the westward expansion of the Western Pacific Subtropical High (WPSH), the peak HHE risk in most of the
equatorial SEA occurs during MJO phases 2 and 8. These results suggest that equatorial HHEs are less directly

governed by subtropical ridge dynamics.

14
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Modulation by equatorial waves

Equatorial Kelvin waves typically propagate eastward along the equator with periods of approximately 2.5 —
17 days?%*%, Equatorial WMRG and Rossby waves travel westward and have periods ranging from ~3—6 days*?
and 10-30 days>>®, respectively. These shorter periods, relative to those of the MJO, ENSO and 10D, make
equatorial waves ideal candidates for influencing HHE events that have a typical length of 3 or 4 days. We use an
equatorial waves dataset provided by Yang et al.’’, where dynamical fields from ERAS are projected onto
theoretical wave structures to isolate the contribution of each mode at the 850 hPa level (see Methods). Equatorial
Kelvin waves peak between March and July, when they are active 56% of the time (Fig. 8a), a period that aligns
with the peak HHE season (MAM). In contrast, WMRG and Rossby waves are only active 39% and 37% of the
time during the HHE season (Figs. 8b,c).

There is a clear transition through time when the structure of Kelvin waves is composited onto HHEs over the
West region (Fig. 8d), a pattern that is consistent across equatorial SEA and separate results are therefore not
shown. Approximately two days before HHE onset (D-2), low-level convergence and westerly wind anomalies
associated with the convective phase of Kelvin waves pass over the West region. At HHE onset (D0), the pattern
rapidly transitions to widespread low-level divergence and then anomalous easterly winds on D+1. The
subsequent return of the convergence phase around D+3 align in time with the termination of favourable HHE
conditions. The rapid lifecycle of Kelvin waves appears to drive HHE events but also confine the events to
durations of three or four days (Fig. 1e). This suggests that Kelvin waves play a significant role in modulating
daily variability of heat extreme as well as rainfall?>-%, Their role in modulating heat extremes in the West region
relative to the other intra and inter-seasonal tropical modes will be quantified in the following section, including
a comparison with the East and Centre regions.

Unlike in mid- and high-latitudes where Rossby wave trains are the primary drivers of heatwaves?'*3, HHEs

over the equatorial SEA show the strongest association with Kelvin waves. The role of WMRG waves appears to
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be minimal, with WMRG waves driving only very weak variability in 850 hPa divergence and wind speed (Fig.
S6a). While equatorial Rossby waves are associated with a low-level divergent pattern over continental SEA
during HHE onset (Fig. S6b), they exert an opposing, convergent influence in equatorial SEA. This contrasting
behaviour reflects the off-equatorial structure of Rossby waves, which limits their direct influence near the
equator’’.

Kelvin wave influences on HHEs are now examined through variability in atmospheric vertical structure and
shortwave heating during all active MAM Kelvin waves (i.e. not just during HHESs) across equatorial SEA (Fig.
9). The analysis focuses on the four canonical Kelvin wave phases*>*’: westerlies and convergence (wet phases),
and divergence and easterlies (dry phases). The dry phases of Kelvin waves are associated with subsidence at mid-
levels (Fig. 9a), with upper-level convergence at 500 hPa present in the divergence phase (Fig. 9b). Easterly wind
anomalies prevail throughout the vertical profile during both the divergence and easterly phases. There are positive
T (Fig. 9c) and potential temperature (Fig. 9d) anomalies in the two dry phases, representing a warming response
sustained by reduced cloud cover and a corresponding positive anomaly in downward shortwave radiation (Fig.
9¢).

The peak in incoming solar radiation and atmospheric warming is observed during the easterly phase rather
than the divergence phase. This phase offset likely reflects the behaviour of the wet Kelvin waves in the broader
eastern hemisphere®®, where convection aligns with the westerly phase rather than the centre of convergence
phase. Consequently, the suppressed convection centre in this study is shifted west of the lower-tropospheric
divergence maximum. The resulting column heating is much more intense in Kelvin waves than that produced by
equatorial Rossby or WMRG wave (Fig. S7). Additionally, an increase of approximately 3 hPa in boundary layer
height during the dry phases (not shown), likely represents surface heating response. Together, these features
precondition the environment for the HHEs by coupling radiative surface warming with boundary layer deepening

and convective suppression.
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In contrast, the wet Kelvin wave phases are characterised by upward vertical velocity, westerly wind
anomalies, and decreased potential temperature and downward shortwave radiation. Surface 7,, anomalies remain
minimal during these phases (Fig. 9c), however, enhanced low-level convergence promotes moisture
accumulation aloft. This moisture buildup, in combination with unstable thermodynamic profiles, supports the
initiation of deep convection. Nonetheless, such conditions are unfavourable for the onset of HHEs.

Whether modulated by the rapid lifecycle of equatorial Kelvin waves or the intraseasonal progression of the
MIJO, the transition from a typical warm day to a HHE day relies on a shared vertical atmospheric pathway. An
extreme event occurs when surface intensification is accompanied by vertically coherent, favourable anomalies
across the atmospheric column. Composite vertical profiles during MJO (Fig. S8) and equatorial Kelvin waves
(Fig. S9) show that HHEs are characterised by an intensification of both potential temperature and specific
humidity extending from the surface to 500 hPa. While zonal wind anomalies become stronger during HHE days,
vertical velocity remains comparable to non-HHE days.

Relative importance of tropical modes on HHE variability

We compute the relative risk (see Methods) of HHEs during each active phase of ENSO, IOD, MJO, and
Kelvin waves relative to their neutral phases for the West region (Fig. 10) and the Centre and East regions (Figs.
S10,11), together with the associated event counts (Table S1). Taking El Niflo as an example, the interpretation
of relative risk is that a value greater than 1 indicates an increased risk of HHE occurrence in El Nifio years
compared to the risk of HHE occurrence in ENSO neutral years. A value of 2 indicates twice the risk and a value
of 0.5 indicates that the risk is halved. Finally, a value of 1 (baseline) indicates no difference relative to the neutral
phase.

Across all three regions, ENSO exhibits the most prominent association with HHE occurrence, with median
relative risk values of 3—5 for El Nifio (EN) and 0.5-0.6 for La Nifia (LN), with most bootstrap confidence intervals

separated from the baseline. This suggests a statistically strong and consistent association, aligned with previous
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studies which linked El Nifio to elevated T, over tropical land and to prolonged, slower-moving, and continuous
heat extremes'**”. The IOD also shows a notable association with HHEs in all three regions, with median relative
risk values of 3-5 in the positive phase (+IOD) and 0.4-0 .5 in the negative phase (-IOD). The IOD relative risk
is calculated while controlling for the positive ENSO phase, ensuring that the reported associations reflect the
independent contribution of the I0OD. However, the broader spread of IOD relative risk indicates greater
uncertainty compared to ENSO.

The West region demonstrates observable variations in MJO relative risk, with phases 1,2,8 pointing to
potentially enhanced risks (median values up to 1.2—1.4) and phases 4-7 having suppressed risks down to 0.7—
0.9. Across most of the regions, the median relative risk tends to be higher during phase 2 and 8, where the
bootstrap medians remain positioned above the baseline. Although the 2.5th-97.5th percentile whiskers
occasionally intersect the baseline, the general tendency in the median risk suggests that these phases provide a
conditional enhancement of HHE risk. Results are broadly similar for the Centre (Fig. S10) but are noisier in the
East (Fig. S11), possibly due to the lower sample size of HHE events there.

The modulation associated with equatorial Kelvin wave phase appears more pronounced, with median relative
risk values of 1.7 and 2.0 for the divergence (K2) and easterly (K3) phases compared to when Kelvin wave
amplitude is weak. This sensitivity remains evident in the Centre region, where median relative risk values range
from 1.3—1.8, but is weaker in the East (1.0—1.3). Conversely, the westerly (K1) and convergent (K4) phases show
relative risks close to the baseline (~1.0) which indicates a weak influence on HHE occurrence. Meanwhile, the
WMRG and Rossby waves have only a weak influence on HHESs across all their phases (0.7-1.0, Fig. S12), which
is consistent with their comparatively weak low-level divergence and associated column heating required to
enhance temperature extremes in the equatorial SEA.

We now investigate whether the relative risk by MJO and Kelvin waves varies under different ENSO and the

10D conditions. When the West region relative risk by MJO and Kelvin phase is split into the three ENSO states
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(El Nifo, La Nifia, neutral), the shape of the variability remains reasonably similar, and it is the values of relative
risk which change considerably (Fig. 10b). El Nifio amplifies the relative risk values to above one across all MJO
and Kelvin phases, whereas La Nifia suppresses them to below one. When ENSO and 10D are neutral, the MJO
phase signals appear noisy, whereas the Kelvin wave phases remain more consistent (Figs. 10b,c). Under the
influence of Kelvin waves alone, HHE risk ranges from 1.6 in K2 to 2.5 in K3, slightly lower than during co-
occurrence with El Nifio, when the relative risk increases to 2 in K2 and 3 in K3. El Nifio appears to provide low-
frequency thermodynamic preconditioning that elevates baseline the temperature and humidity, allowing MJO
and Kelvin waves to more effectively modulate HHE relative frequencies.

To disentangle the independent contribution of the overlapping tropical modes, we applied a multivariate
negative binomial generalised linear model (GLM; see Supplementary Methods B and Fig. S13). While empirical
relative risk (Fig. 10) captures total observed risk, the GLM isolates independent multiplicative effects.
Considering the influence of individual drivers, the relative risks predicted by the model are generally consistent
with the empirical relative risk results, with El Nifio showing the largest multiplicative-scale effect, followed by
+10D, the combined equatorial Kelvin wave (K2,3), and MJO (M1,2,8) group phases.

Comparison with dry heat extremes

Here we consider the key differences between HHEs and DHEs for the West region only, where previous
analysis in this paper shows the signals are the most robust. HHE and DHE events have broadly similar relative
risks associated with large-scale drivers (Fig. 10 vs Fig. S14), with DHE risk higher in MJO phases 1 and 8 (1.4—
1.5) than phase 2 (1.1), while HHE risk is lower in phases 1 and 8 (1.2—1.3) than in phase 2 (1.4). Most HHE
drivers shown in Fig. 3 are like those for DHEs, albeit with different amplitude, and are thus not shown, with the
main exceptions being g2, latent heat flux, and soil moisture (Figs. 11a-c). HHEs are characterised by a rise in

q>m, whereas DHEs develop under slightly drier conditions, with anomalies near zero at the onset (DO; Fig. 11a).
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This reduced moisture comes with a lower latent heat flux anomaly (-5.1 W m? compared with climatology, Fig.
11b), and a soil moisture anomaly decline of 0.03 m3 m™ by D+2 (Fig. 11c¢).

The vertical and horizontal moisture transport patterns further distinguish HHEs from DHEs. During DHEs,
the total gsso horizontal advection anomaly reaches a minimum of -0.43 g kg™! day! on D-1 (Fig. 11d), compared
with a maximum of +0.13 g kg*! day! at HHE onset (DO0; Fig. 4d), indicating a dry air intrusion that precedes the
T>, peak. The vertical profile of ¢ anomalies (Fig. 11e) shows a deep layer of moisture depletion extending from
the surface up to at least 500 hPa on DO for DHEs, although a positive ¢ anomaly grows in the lowest levels from
D+1 to D+5, which is similar but weaker than that for HHEs (Fig. 4e). This widespread drying through most of
the troposphere, except the lowest level, leads to a higher PBL height (803 hPa compared to 817 hPa in HHEs),
which could further suppress cloud formation and increases shortwave radiation reaching the surface. HHEs do
not exhibit this deep drying but instead maintain a moist boundary layer that prevents effective heat dissipation
through evaporation.

Both HHEs and DHE:s are linked to anomalous high-pressure at 850 and 500 hPa during the first three days of
the heat extremes (D0-D+2). However, DHEs are closely linked to westerly wind anomalies (Figs. 11f,g), whereas
HHE:s typically feature easterly wind anomalies (Figs. 4b,g). Unlike HHEs, the high-pressure anomalies at 850
hPa during DHEs is more spatially confined over the West region, accompanied by a subsidence at 500 hPa. This
large-scale subsidence, combined with surface desiccation, facilitates the development of DHEs. While HHEs
occur alongside a moist and relatively shallow boundary layer, DHESs are characterised by the coincidence of both
surface drying and large-scale atmospheric descent.

While HHEs and DHEs in equatorial SEA can arise from distinct drivers, their near-surface temperature —
humidity characteristics and contribution to 7, remain broadly similar. This contrasts with regions outside the
equatorial tropics, such as Southern China®, where T, during DHEs is more humidity-controlled, whereas T,

during HHEs tends to vary more in step with temperature. Luo et al.*® noted distinct mechanisms between
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Southern China DHEs and HHEs, showing that the latter are associated with increased cloud cover and weaker
surface radiative heating. In equatorial SEA, however, net shortwave radiation retains a persistent influence during
both extremes, albeit with a greater amplitude during DHEs (not shown). Similar radiative characteristics are also
evident in equatorial Africa, e.g. Gulf of Guinea and Central Africa®!, however HHEs typically occur around one
month later than DHEs. Taken together, these comparisons suggest limited distinction between HHEs and DHEs

in equatorial SEA compared with other regions.
Discussion

This study provides comprehensive understanding of the dynamic and thermodynamic drivers of equatorial
SEA heat extremes, and quantifies the relative contribution of key tropical modes to HHE variability. Results
indicate that HHEs are generated in situ through a combination of diabatic and adiabatic heating, rather than
relying on the horizontal advection of distant warm and/or moist air. The capacity for such local heating to reach

142947.6263  controlled by interannual

extreme heat thresholds is constrained by the regional background conditions
modes such as ENSO and the IOD. They pre-condition the atmosphere by elevating baseline temperature and
humidity, thereby allowing the MJO and equatorial Kelvin waves to effectively modulate HHE risk.

Across the West, Central and East regions of equatorial SEA, El Niflo and positive IOD events significantly
increase HHE risk up to 35 times. In contrast, La Nifia and negative IOD reduce the HHE risk to about 0.5-0.6
and 0.4-0.5 times, respectively. On daily timescales, dry-to-wet transitions of the MJO and the dry Kelvin wave
phases act as important dynamical triggers. When interannual background states coincide with intraseasonal
modes, El Nifio compounds the subsidence-driven warming, elevating the combined HHE risk to above 1 across
all MJO and Kelvin wave phases. While the co-occurrence of positive IOD and Kelvin waves demonstrates a
broadly similar compounding effect, the results for positive IOD and the MJO are noisier. The larger variance in

HHE risk during IOD events, despite the proximity of the mode’s SST footprint to equatorial SEA, aligns with

the high internal variability and decaying eastward signal-to-noise ratio documented in a broader circulation-
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focused study®. In the context of HHES, these dynamical inconsistencies of the IOD manifest as a less coherent
and more stochastic HHE risk compared to the more robust influence of ENSO.

In the absence of interannual modes such as ENSO or IOD, equatorial Kelvin waves provide a more
statistically consistent control on HHE variability relative to the MJO. We find that the divergence and easterly
phases of these waves trigger HHE initiation by promoting surface radiative warming and adiabatic warming
through subsidence. Unlike WMRG and Rossby waves which are fragmented by the complex regional
geography?’, equatorially trapped Kelvin waves retain dynamical coherence across the region. In addition, the
MAM HHE season in equatorial SEA also aligns with the peak season of Kelvin wave amplitude, whereas WMRG
and Rossby waves are at their minimum at this time of year. These reasons likely underpin the stronger and more
robust influence of Kelvin waves on equatorial SEA HHE variability identified in this study.

While this study quantifies the relative contributions of several tropical modes to HHE variability in equatorial
SEA, several aspects remain less explored. Although we were able to assess the relative contribution of co-
occurring pairs of El Niflo (and positive IOD) with MJO and Kelvin waves, the limited length of the timeseries
prevented us from looking at all combinations of ENSO, 10D, MJO and Kelvin waves together. In addition,
Kelvin waves are known to often precede the enhanced MJO phases®2, and the role of this should be the subject
of future research. Furthermore, while this study focuses on daily to interannual drivers, the variation of HHEs on
sub-daily timescales and geographically dependent diurnal cycle of 7, remain an important next step for
improving local forecasts. Additionally, ongoing climate change may alter tropical mode variability, thus it is
essential to assess how the dominant tropical modes identified here are projected to evolve under different climate
change scenarios, alongside projections of HHE occurrences.

The most relevant metric for impact-based forecasting and early warning in equatorial SEA is still unclear®.
The regional national meteorological services currently use various metrics for extreme heat prediction and

warning, e.g., HI (PAGASA in the Philippines, MetMalaysia in Malaysia), 7, (BMKG in Indonesia), and Wet-
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Bulb Globe Temperature (MSS in Singapore). Since there is low variability in specific humidity over equatorial
SEA, the distinction between HHEs and DHEs is minimal, particularly compared with moisture-limited regions
elsewhere in the tropics and subtropics, where HHEs and DHEs can be driven by completely different
processes*>%%67 and often occur at different times of the year®%%%’. The choice of heat metric for early warning
systems, is therefore, likely to be less critical in equatorial SEA than in more arid regions. Detailed heat-health
studies, similar to a recent paper linking Japanese heat stroke-related ambulance transportations to different heat

stress metrics®®, are required to fully determine the most appropriate metric for equatorial SEA.

Methods

ERAS reanalysis
Daily means were calculated from hourly data on the native spatial grid (0.25° x 0.25°) for the European Centre
for Medium-Range Weather Forecasts (ECMWF) fifth generation reanalysis (ERA5)**% from 1993 —2024.

GPM-IMERG data

Daily accumulated precipitation data from the Integrated Multi-satellitE Retrievals for GPM (IMERG) product
were used for the period 2001-2024. The GPM-IMERG dataset’®, originally available at a 0.1° x 0.1° spatial
resolution, was re-gridded onto the ERAS grid.

Sea surface temperature

Daily global SST data at a spatial resolution of 0.05°, 1993-2024, were used from the European Space Agency’s
Climate Change Initiative (ESA CCI)"'. To quantify local oceanic influence on coastal HHEs as presented in Fig.
5, alocal SST signal was derived from a 10 x 10 grid cell domain centred on each coastal HHE centroid. Coastal
HHE locations were identified using a land—sea mask threshold of 0.5, ensuring proximity to at least one adjacent

ocean cell. To ensure that the SST signal used in the lead-lag correlations in Fig. 5 represents true oceanic
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conditions, we applied the ESA CCI land-sea mask. Local SST values were calculated by averaging all non-

masked ocean pixels within each 10 x 10 grid cell.

ENSO

Monthly Nifio-3.4 SST anomalies from the National Oceanic and Atmospheric Administration Climate Prediction
Centre (NOAA CPC) from 1993-20247 were aligned with the daily-averaged ERAS5 datasets by assigning the
monthly value to each day within its respective month. Following the operational definition by NOAA, El Nifio
and La Nifia episodes were identified when the Nifio-3.4 SST anomalies exceeded +0.5°C for a minimum of five
consecutive overlapping three-month periods. Additionally, strong ENSO episodes were further classified when
anomalies exceeded 1.5 °C for the same duration.

10D

Anomalies of the IOD (i.e. the Dipole Mode Index, DMI) were provided by NOAA’, based on monthly SST
anomalies for the period 1993-2024. Positive and negative IOD events were identified when the three-month
running mean of the DMI exceeded +0.4°C for at least three consecutive months. The monthly IOD values were
aligned with the daily ERAS5 data by assigning the monthly value to each day within its respective month.

MJO

The Wheeler-Hendon index’, based on the Tropical Monitoring Outlooks from Bureau of Meteorology (BOM)
were used to define the MJO for the period 1993-2024. Days when the amplitude index > 1 are considered active
periods.

Equatorial waves

Equatorial wave activity was identified using an ERA5-based dataset provided by Yang et al.’”, which classifies
wave types by meridional mode number (n): Kelvin waves (n= —1), Westward-moving Mixed Rossby-Gravity
(WMRG) waves (n=0), and Equatorial Rossby-1 (ER) waves (n=1). The dataset provides 6-hourly wind fields at
a spatial resolution of 1° x 1° across 28 vertical pressure levels, covering the period from 1993 to 2024. For each
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wave type, the zonal (1) and meridional (v) wind components at 850 hPa were reconstructed to characterise wave
dynamics. Wave amplitude and phase were computed following Crook et al.?3, using diagnostic variables (W, and
545 Wo; see Table 1) at latitudes representative of each wave mode. Amplitudes of W; and W, were normalised using
their standard deviation over the study period and are considered active when their amplitude is > 1. The equatorial
wave data were converted to daily means and re-gridded to match the spatial resolution of ERAS.
Table 1. Diagnostic variables W; and W> used for equatorial wave mode, adapted from Crook et al.?*, where u

and v are zonal and meridional wind, and x is distance in metres.

Wave type Wi Wi latitude W2 W: latitude
Kelvin u 0°N Ju 0°N
Ox
WMRG -u 10°S A 0°N
Equatorial Rossby -u 0°N v 8°N
550

Identification of HHE
HHEs were identified for land areas within 10°S and 10°N and 95°-140°E for the period 1993-2024. The
identification procedure involved the following steps:

e Daily mean 2-metre 7, values were computed separately for each land grid cell using ERAS data via the

555 Davies-Jone methods’ and Python code from Raymond™®.

e The 95th percentile of T, parameters was calculated from all days 1993-2024. The 95th percentile is used
to capture the most extreme heat events relative to the local climatology™, a stricter criterion than the
90th percentile commonly used in previous heat extremes studies””’. Additionally, to exclude days
unlikely to pose significant health risks, an absolute minimum threshold of 25.5°C was applied.

560 e Hot-humid days were identified when T, exceeds both the local 95th percentile and the absolute

minimum threshold of 25.5°C.
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A three-dimensional connected components algorithm (available via
https://pypi.org/project/connected-components-3d/) was applied to aggregate the hot humid days into
spatially contiguous HHEs.

e HHEs are defined as hot humid days occurring for a minimum duration of 3 days, and over a minimum

spatial extent of 3 grid cells (~2,300 km?).

® DHEs were identified in the same way as above but using daily mean 75, with a minimum absolute

threshold of 28.5°C.

® The climatology for HHEs, DHEs, and associated meteorological variables were smoothed using a 15-
day window and averaged over the 32-year reference period (1993-2024).

T, was selected to represent HHEs because it relates closely to surface thermodynamic properties of equivalent
potential temperature (6, ) and it is more strongly controlled by humidity than apparent temperature®® (47) or wet-
bulb globe temperature (WBGT)?!, allowing for a more distinct categorisation of HHE and DHE events. T, is also
physiologically relevant as it captures the upper limit of evaporative cooling for healthy, well-acclimatised

individuals under heat stress®. Physiological modelling by Vanos et al.??

suggest that adverse health effects may
occur at T, values®? between 22° and 34°C?2, much lower than the commonly cited upper limit of survivability of
T,,=35°C?’. Thus, a threshold of 25.5 °C was applied to define HHEs, ensuring both physiological relevance and
a sufficient sample size for robust statistical analysis. However, T, may overlook critical aspects of heat-related
risk, particularly in arid or high-elevation regions where extreme humidity is uncommon. 7, also does not
incorporate solar radiation and wind dynamics, that can influence human thermal perception and heat stress
response. A threshold of 28.5°C was selected for DHEs to ensure a balanced comparison between datasets, as this
specific threshold yields a sample size comparable to that of HHEs.

The use of daily mean T, and 7>, values allows for the representation of both daytime heating and nighttime

cooling, capturing the full diurnal cycle and better reflects prolonged exposure to heat stress conditions than peak
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daily values. This approach is particularly relevant for HHEs over SEA, where nighttime temperatures have been
rising at a faster rate than daytime temperatures®. Moreover, daily means account for the cumulative thermal
burden across a 24-hour period, which is more representative of sustained physiological stress than short-term
daytime peaks alone. Previous analysis has shown that using daily maximum temperatures does not substantially

alter the identification of HHEs?.

Calculation of the HI

HI was calculated based on the multiple regression formulation developed by Rothfusz and published by the
NOAA/National Weather Service®®. This formula estimates the perceived temperature by combining air
temperature and relative humidity. Adjustments to the original equation are applied under conditions of unusually
low or high relative humidity, as well as when Heat Index values fall below 80°F (26.7°C), to improve accuracy
across a broader range of environmental conditions®!. While HI is a commonly used indicator of thermal
discomfort, its empirical formulation based on Steadman’s physiological data®%S limits its reliability under
extreme temperature and humidity conditions®-*7. Moreover, HI does not account for environmental factors®® such
as solar radiation, wind speed, outdoor activity, or clothing.

Validation of ERAS with weather station observations

Observed and ERAS daily mean 7%, and 7,, during HHEs were composited in Fig. S15 to ensure ERAS data quality
and reliability. Observations are from 133 in-situ surface weather stations from the HadISD® dataset. Stations
were selected based on data completeness, including only those with at least one observation available for each
three-hourly interval throughout the analysis period (Figs. S15a,b). Each weather station was paired with the
overlapping ERAS grid box and lapse-rate corrections were applied to the ERAS reanalysis temperatures, using
both dry-adiabatic and saturated-adiabatic lapse rates (Figs. S15c,d), to adjust for elevation differences between

ERAS grid cells and the in-situ observation sites.
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The two datasets show broad agreement, especially in the timing of HHE onset, indicating that the events
identified in ERAS5 were also observed. ERAS, however, has a cold bias, even after applying the lapse-rate
correction, which acts to largely reduce but not eliminate the discrepancy. This bias likely arises from several
factors, including the spatial averaging inherent to ERAS grid cells compared with point-based station
measurements, unresolved local topography and elevation difference, and the influence of land use cover on
station records.

Calculation of relative risk

The relative risk, sometimes referred to as the risk ratio, was calculated using:

P(x | a)

Relative risk = P(x—ln)

(1]

where x represents the number of HHE events at each grid, a and »n denote calendar days classified as the active
and neutral phases, respectively. Thus, P(x/a) and P(x/n) represent the probability of observing HHEs given the
active or neutral phase. For MJO and Kelvin waves and all compound climate states (Figs. 10b,c), the baseline
(P(x/n)) is strictly defined as the calendar days of the inactive intraseasonal state (Phase 0) occurring under a
neutral background climate. Equation (1) was applied to each grid cell prior to regional aggregation and for each
large-scale driver assessed in this study to quantify whether these drivers enhanced or suppressed the occurrence
of heat extremes. Bootstrapping with 1,000 resamples was used to generate confidence intervals. Modulation by
each driver was considered significant at the 5% level where the 2.5th—97.5th percentile range of the bootstrapped
distribution lies above the baseline value of 1.

Composite analysis

Lead-lag composite analyses were performed by centring a temporal window on the first day of each HHE and
DHE (DO0) event. To create a composite time series, daily anomalies for each variable were extracted across a

uniform period to capture the evolution from the pre-event (before D0), peak (DO-D+2) and post-event (D+3
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onwards). Anomalies were calculated using a 15-day smoothed mean, selected after doing a sensitivity tests with

7-, 10-, and 20-day windows (not shown).
Data availability

The ERAS reanalysis data are available from the Copernicus Climate Change Service
https://doi.org/10.24381/cds.adbb2d47 for single level data** and https://doi.org/10.1002/qj.4174 for pressure
level data®. GPM-IMERG data are available from
https://gpm1.gesdisc.eosdis.nasa.gov/data/GPM_L3/GPM_3IMERGDF.07/°. ENSO data are available from
https://www.cpe.ncep.noaa.gov/products/analysis_monitoring/ensostuff/detrend.nino34.ascii.txt’>. 10D data are
available from https://psl.noaa.gov/gcos_wgsp/Timeseries/Data/dmi.had.long.data’. MJO data are available from
http://www.bom.gov.au/climate/mjo/. The equatorial waves dataset is available on request from Yang etal.’’. SST
data are available from https://catalogue.ceda.ac.uk/uuid/4a9654136a7148e39b71eb5618bb02d2/"!. HadISD sub-
daily station data® are available from https://www.metoffice.gov.uk/hadobs/hadisd/v340 2023f/index.html.

Acknowledgements

PhD funding for Hidayat was provided by the Indonesia Endowment Fund for Education (LPDP), Ministry of

Finance of the Republic of Indonesia. Additional research support was provided by NERC grant Humid heat

extremes in the Global (sub)Tropics (H2X): NE/X013618/1 (C.E.B. and L.S.J.). The authors thank Ida

Pramuwardhani, Agie Wandala, and Supari from the Indonesian Agency for Meteorology, Climatology, and

Geophysics (BMKG) for their input to this study.

References

1. World Meteorological Organization. WMO Confirms 2024 Warmest Year on Record, about 1.55°C above Pre-
Industrial ~ Level.  https://wmo.int/news/media-centre/wmo-confirms-2024-warmest-year-record-about-

155degc-above-pre-industrial-level (2025).

29



650

655

660

665

670

. World Meteorological Organization. WMO Confirms 2023 Smashes Global Temperature Record.

https://wmo.int/news/media-centre/wmo-confirms-2023-smashes-global-temperature-record (2024).

. Muhammad, M. K. L. et al. Heatwaves in Peninsular Malaysia: a spatiotemporal analysis. Sci. Rep. 14, 4255

(2024).

. Sa’adi, Z. et al. Employing gridded-based dataset for heatwave assessment and future projection in Peninsular

Malaysia. Theor. Appl. Climatol. 155, 5251-5278 (2024).

. Dong, Z. et al. Heatwaves in Southeast Asia and their changes in a warmer world. Earths Future 9,

€2021EF001992 (2021).

. Li, X.-X. Heat wave trends in Southeast Asia during 1979-2018: the impact of humidity. Sci. Total Environ.

721, 137664 (2020).

. Intergovernmental Panel on Climate Change (IPCC). Climate Change 2021 — The Physical Science Basis:

Working Group I Contribution to the Sixth Assessment Report of the Intergovernmental Panel on Climate

Change. (Cambridge University Press, 2023). doi:10.1017/9781009157896.

. Buzan, J. R. & Huber, M. Moist heat stress on a hotter Earth. Annu. Rev. Earth Planet. Sci. 48, 623—655 (2020).

. Zachariah, M. et al. Extreme humid heat in South and Southeast Asia in April 2023, largely driven by climate

change, detrimental to vulnerable and disadvantaged communities. https://doi.org/10.25561/104092 (2023).

10.Im, E.-S., Kang, S. & Eltahir, E. A. B. Projections of rising heat stress over the western Maritime Continent

from dynamically downscaled climate simulations. Glob. Planet. Change 165, 160—172 (2018).

11.Lyu, Y. et al. The characterization, mechanism, predictability, and impacts of the unprecedented 2023

Southeast Asia heatwave. npj Clim. Atmospheric Sci. 7, 246 (2024).

12.Muhammad, F. R. & Lubis, S. W. Impacts of the boreal summer intraseasonal oscillation on precipitation

extremes in Indonesia. /nt. J. Climatol. 43, 1576—1592 (2022).

30



675

680

685

690

13.Wu, S. et al. Longer- and slower-moving contiguous heatwaves linked to El Niflo. Geophys. Res. Lett. 51,
€2024GL109067 (2024).

14.Zhang, Y., Boos, W. R., Held, 1., Paciorek, C. J. & Fueglistaler, S. Forecasting tropical annual maximum wet-
bulb temperatures months in advance from the current state of ENSO. Geophys. Res. Lett. 51, €2023GL106990
(2024).

15.Menzo, Z. M., Karamperidou, C., Kong, Q. & Huber, M. El Nifio enhances exposure to humid heat extremes
with regionally varying impacts during Eastern versus Central Pacific events. Geophys. Res. Lett. 52,
€2024GL112387 (2025).

16.Reddy, P. J., Perkins-Kirkpatrick, S. E. & Sharples, J. J. Interactive influence of ENSO and IOD on contiguous
heatwaves in Australia. Environ. Res. Lett. 17, 014004 (2022).

17.Swapna, P. et al. Contrasting tropical precipitation and ecosystem response to Indian Ocean Dipole in a
warming climate. Sci. Total Environ. 971, 179081 (2025).

18.Devi, R., Gouda, K. C. & Lenka, S. Intensity duration and frequency of heat wave in different phases of MJO
over India. Atmospheric Res. 300, 107250 (2024).

19.Xavier, P. et al. Seasonal dependence of cold surges and their interaction with the Madden—Julian Oscillation
over Southeast Asia. J. Clim. 33, 2467-2482 (2020).

20.Lubis, S. W. et al. Projected changes in cross-equatorial northerly surges and their hydrological impacts in the
near future. npj Clim. Atmospheric Sci. 8, 375 (2025).

21.Barriopedro, D., Garcia-Herrera, R., Ordoiiez, C., Miralles, D. G. & Salcedo-Sanz, S. Heat waves: physical
understanding and scientific challenges. Rev. Geophys. 61, e2022RG000780 (2023).

22 .Rothlisberger, M., Frossard, L., Bosart, L. F., Keyser, D. & Martius, O. Recurrent synoptic-scale Rossby wave

patterns and their effect on the persistence of cold and hot spells. J. Clim. 32, 3207-3226 (2019).

31



695

700

705

710

715

23.Crook, J. et al. Impact of the Madden—Julian oscillation and equatorial waves on tracked mesoscale convective
systems over Southeast Asia. Q. J. R. Meteorol. Soc. 150, 17241751 (2024).

24 Peatman, S. C. et al. A local-to-large scale view of Maritime Continent rainfall: control by ENSO, MJO and
equatorial waves. J. Clim. 34, 8933-8953 (2021).

25.Guigma, K. H., Guichard, F., Todd, M., Peyrille, P. & Wang, Y. Atmospheric tropical modes are important
drivers of Sahelian springtime heatwaves. Clim. Dyn. 56, 1967-1987 (2021).

26.Lubis, S. W. & Respati, M. R. Impacts of convectively coupled equatorial waves on rainfall extremes in Java,
Indonesia. Int. J. Climatol. 41, 2418-2440 (2021).

27.Muhammad, F. R., Lubis, S. W. & Setiawan, S. Impacts of the Madden—Julian oscillation on precipitation
extremes in Indonesia. Int. J. Climatol. 41, 1970-1984 (2021).

28.Latos, B. et al. Equatorial waves triggering extreme rainfall and floods in southwest Sulawesi, Indonesia. Mon.
Weather Rev. 149, 1381-1401 (2021).

29.Lyu, Y. et al. Revealing the circulation patterns most conducive to regional heatwave in Southeast Asia and
the mechanisms behind. Geophys. Res. Lett. 52, €2024GL112190 (2025).

30.Thirumalai, K., DiNezio, P. N., Okumura, Y. & Deser, C. Extreme temperatures in Southeast Asia caused by
El Nifio and worsened by global warming. Nat. Commun. 8, 15531 (2017).

31.Sun, B., Li, H. & Zhou, B. Interdecadal variation of Indian Ocean basin mode and the impact on Asian summer
climate. Geophys. Res. Lett. 46, 12388—12397 (2019).

32.Zhang, T., Huang, B., Yang, S., Chen, J. & Jiang, X. Dynamical and thermodynamical influences of the
Maritime Continent on ENSO Evolution. Sci. Rep. 8, 15352 (2018).

33.Mie Sein, Z. M. et al. Interannual variability of air temperature over Myanmar: the influence of ENSO and

I0D. Climate 9, 35 (2021).

32



720

725

730

735

34.Hersbach, H. et al. ERAS hourly data on single levels from 1940 to present. Copernicus Climate Change
Service (C3S) Climate Data Store (CDS) https://doi.org/10.24381/CDS.ADBB2D47 (2018).

35.Aldrian, E. & Dwi Susanto, R. Identification of three dominant rainfall regions within Indonesia and their
relationship to sea surface temperature. Int. J. Climatol. 23, 1435-1452 (2003).

36.Rantanen, M., Kdmaréinen, M., Luoto, M. & Aalto, J. Manifold increase in the spatial extent of heatwaves in
the terrestrial Arctic. Commun. Earth Environ. 5, 570 (2024).

37.Jaccard, P. Etude comparative de la distribution florale dans une portion des Alpes et des Jura. Bulletin de la
Société Vaudoise des Sciences Naturelles 37, 547-579 (1901).

38.National Weather Service. Heat Index. https://www.weather.gov/safety/heat-index (accessed 1 February
2024).

39.Jackson, L. S., Birch, C. E., Chagnaud, G., Marsham, J. H. & Taylor, C. M. Daily rainfall variability controls
humid heatwaves in the global tropics and subtropics. Nat. Commun. 16, 3461 (2025).

40.Rocuet, C. et al. Key role of the Madden—Julian Oscillation on humid heatwaves. Preprint at arXiv
https://doi.org/10.48550/ARXIV.2509.17526 (2025).

41.Rothlisberger, M. & Papritz, L. Quantifying the physical processes leading to atmospheric hot extremes at a
global scale. Nat. Geosci. 16,210-216 (2023).

42 Miralles, D. G., Teuling, A. J., Van Heerwaarden, C. C. & Vila-Guerau De Arellano, J. Mega-heatwave
temperatures due to combined soil desiccation and atmospheric heat accumulation. Nat. Geosci. 7, 345-349
(2014).

43.Ha, K.-J. et al. Dynamics and characteristics of dry and moist heatwaves over East Asia. npj Clim. Atmospheric
Sci. 5,49 (2022).

44 Fischer, E. M. et al. Storylines for unprecedented heatwaves based on ensemble boosting. Nat. Commun. 14,

4643 (2023).

33



740

745

750

755

760

45.Gill, A. Atmosphere—ocean dynamics. vol. 30 (Elsevier, 1982).

46.Luo, M., Wu, S., Liu, Z. & Lau, N. Contrasting circulation patterns of dry and humid heatwaves over Southern
China. Geophys. Res. Lett. 49, €2022GL099243 (2022).

47.Chiang, J. C. H. & Sobel, A. H. Tropical tropospheric temperature variations caused by ENSO and their
influence on the remote tropical climate*. J. Clim. 15, 2616-2631 (2002).

48.Park, H.-J., An, S.-I., Park, J.-H., Yang, Y.-M. & Kim, S.-K. Sub-seasonal impact of El Nifio—Southern
Oscillation on development of the Indian Ocean Dipole. Commun. Earth Environ. 6, 374 (2025).

49.Hu, K., Huang, G. & Wu, R. A strengthened influence of ENSO on August high temperature extremes over
the southern Yangtze River Valley since the late 1980s. J. Clim. 26, 2205-2221 (2013).

50.Birch, C. E. et al. Scale interactions between the MJO and the Western Maritime Continent. J. Clim. 29, 2471—
2492 (2016).

51.Peatman, S. C., Matthews, A. J. & Stevens, D. P. Propagation of the Madden—Julian Oscillation through the
Maritime Continent and scale interaction with the diurnal cycle of precipitation. Q. J. R. Meteorol. Soc. 140,
814-825 (2014).

52.Seo, K. & Kim, K. Propagation and initiation mechanisms of the Madden-Julian oscillation. J. Geophys. Res.
Atmospheres 108, 2002JD002876 (2003).

53.Wang, J. et al. Association of western US compound hydrometeorological extremes with Madden-Julian
oscillation and ENSO interaction. Commun. Earth Environ. 5, 314 (2024).

54.Straub, K. H. & Kiladis, G. N. Extratropical forcing of convectively coupled Kelvin waves during austral
winter. J. Atmospheric Sci. 60, 526543 (2003).

55.Kiladis, G. N., Wheeler, M. C., Haertel, P. T., Straub, K. H. & Roundy, P. E. Convectively coupled equatorial

waves. Rev. Geophys. 47, 2008RG000266 (2009).

34



765

770

775

780

56.Wang, L. & Chen, L. Interannual variation of convectively-coupled equatorial waves and their association
with environmental factors. Dyn. Atmos. Oceans 76, 116—126 (2016).

57.Yang, G.-Y., Hoskins, B. & Slingo, J. Convectively coupled equatorial waves: a new methodology for
identifying wave structures in observational data. J. Atmospheric Sci. 60, 1637-1654 (2003).

58.Senior, N. V. et al. Extreme precipitation at Padang, Sumatra triggered by convectively coupled Kelvin waves.
0. J. R. Meteorol. Soc. 149, 2281-2300 (2023).

59.Yang, G.-Y., Hoskins, B. & Slingo, J. Convectively coupled equatorial waves. Part I: horizontal and vertical
structures. J. Atmospheric Sci. 64, 3406-3423 (2007).

60.Qiao, N. et al. Trend, driving factors, and temperature-humidity relationship of the extreme compound hot and
humid events in South China. Theor. Appl. Climatol. 155, 4213-4230 (2024).

61.Birch, C. E. et al. Future changes in African heatwaves and their drivers at the convective scale. J. Clim. 35,
5981-6006 (2022).

62.Raymond, C. et al. On the controlling factors for globally extreme humid heat. Geophys. Res. Lett. 48,
€2021GL096082 (2021).

63.Zhang, Y. & Fueglistaler, S. How tropical convection couples high moist static energy over land and ocean.
Geophys. Res. Lett. 47, €2019GL086387 (2020).

64.Andrian, L. G., Osman, M. & Vera, C. S. The role of the Indian Ocean Dipole in modulating the austral spring
ENSO teleconnection to the Southern Hemisphere. Weather Clim. Dyn. 5, 1505-1522 (2024).

65.Justine, J., Monteiro, J. M., Shah, H. & Rao, N. The diurnal variation of wet bulb temperatures and exceedance
of physiological thresholds relevant to human health in South Asia. Commun. Earth Environ. 4,244 (2023).

66.Baldwin, J. W. et al. Humidity’s role in heat-related health outcomes: a heated debate. Environ. Health
Perspect. 131, 055001 (2023).

67.Coffel, E. D. More distinct dry and humid heat in a warming world. Earths Future 13, ¢2024EF005770 (2025).

35



785

790

795

800

805

68.Guo, Q. ef al. Comparing integrated heat stress indicators with raw meteorological variables in predicting heat
stroke-related ambulance transportations in Japan. GeoHealth 9, €2024GH001257 (2025).

69.Hersbach, H. et al. ERAS hourly data on pressure levels from 1940 to present. Copernicus Climate Change
Service (C3S) Climate Data Store (CDS) https://doi.org/10.24381/CDS.BD0915C6 (2018).

70.Huffman, G. J., Stocker, E. F., Bolvin, D. T., Nelkin, E. J. & Jackson Tan. GPM IMERG Final Precipitation
L3 1 Day 0.1 Degree x 0.1 Degree V06. Goddard Earth Sciences Data and Information Services Center (GES
DISC) https://doi.org/10. 5067/GPM/IMERGDEF/DAY/07 (2024).

71.Good, S. A. & Embury, O. ESA Sea Surface Temperature Climate Change Initiative (SST cci): Level 4
Analysis product, version 3.0. Centre for Environmental Data Analysis
https://doi.org/10.5285/4A9654136A7148E39B7FEBS6FSBB02D2 (2024).

72.National Oceanic and Atmospheric Administration. Cold and Warm Episodes by Season.
https://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/detrend.nino34.ascii.txt (accessed 30
January 2024).

73.National Oceanic and Atmospheric Administration. Dipole Mode Index (DMI) Monthly Time-Series.
https://psl.noaa.gov/gcos_wgsp/Timeseries/Data/dmi.had.long.data.

74.Wheeler, M. C. & Hendon, H. H. An all-season real-time multivariate MJO index: development of an index
for monitoring and prediction. Mon. Weather Rev. 132, 1917-1932 (2004).

75.Davies-Jones, R. An efficient and accurate method for computing the wet-bulb temperature along
pseudoadiabats. Mon. Weather Rev. 136, 2764-2785 (2008).

76.Raymond, C. wetbulb_dj08 spedup. Github https://github.com/cr2630git/wetbulb_dj08 spedup (2024).

77.D’Ippoliti, D. et al. The impact of heat waves on mortality in 9 European cities: results from the EuroHEAT

project. Environ. Health 9, 37 (2010).

36



810

815

820

825

78.Ceccherini, G., Russo, S., Ameztoy, 1., Marchese, A. F. & Carmona-Moreno, C. Heat waves in Africa 1981—
2015, observations and reanalysis. Nat. Hazards Earth Syst. Sci. 17, 115-125 (2017).

79.Silversmith, W. Connected-components-3d-3.12.1. PyPI https://pypi.org/project/connected-components-3d/
(2024).

80.Steadman, R. G. A universal scale of apparent temperature. J. Clim. Appl. Meteorol. 23, 1674—1687 (1984).

81.Sherwood, S. C. How important is humidity in heat stress? J. Geophys. Res. Atmos. 123, 11-808 (2018).

82.Vanos, J. ef al. A physiological approach for assessing human survivability and liveability to heat in a changing
climate. Nat. Commun. 14, 7653 (2023).

83.Vecellio, D. J., Kong, Q., Kenney, W. L. & Huber, M. Greatly enhanced risk to humans as a consequence of
empirically determined lower moist heat stress tolerance. Proc. Natl. Acad. Sci. 120, €2305427120 (2023).

84.Welty, J., Stillman, S., Zeng, X. & Santanello, J. Increased likelihood of appreciable afternoon rainfall over
wetter or drier soils dependent upon atmospheric dynamic influence. Geophys. Res. Lett. 47, ¢2020GL087779
(2020).

85.Steadman, R. G. The assessment of sultriness. Part I: a temperature-humidity index based on human physiology
and clothing science. J. Appl. Meteorol. 18, 861-873 (1979).

86.Blazejczyk, K., Epstein, Y., Jendritzky, G., Staiger, H. & Tinz, B. Comparison of UTCI to selected thermal
indices. Int. J. Biometeorol. 56, 515535 (2012).

87.Havenith, G. & Fiala, D. Thermal indices and thermophysiological modeling for heat stress. in Comprehensive
Physiology (ed. Prakash, Y. S.) 255-302 (Wiley, 2015). doi:10.1002/cphy.c140051.

88.Budd, G. M. Wet-bulb globe temperature (WBGT)—its history and its limitations. J. Sci. Med. Sport 11, 20—
32 (2008).

89.Dunn, R. J. H., Willett, K. M., Parker, D. E. & Mitchell, L. Expanding HadISD: quality-controlled, sub-daily

station data from 1931. Geosci. Instrum. Methods Data Syst. 5, 473—491 (2016).

37



Figure legends

830 Figure 1. Characteristics of heat extremes across equatorial SEA. a Peak HHE season, defined as the three-

835

840

845

850

month period with the highest number of events per land grid cell. The West (95°-109°E), Centre (109°-125°E),
and East regions (125°-140°E) are defined by longitudinal boundaries, indicated by the labels and axis ticks at
the top of the plot. Stars indicate land areas exceeding 500 meters elevation above mean sea level. b As in
panel (a), but for DHE. ¢ Total number of HHEs and DHEs per land grid cell per decade. Solid lines indicate
HHEs and dashed lines indicate DHEs. d As in panel (c¢) but for daily mean of 7,, (HHE) and 7%, (DHE) on
the first day of each heat extreme event. e Spatial extent of heat extreme events (HHE: circle hatching, DHE:
cross hatching). f As in panel (e) but for duration. All panels are derived from events identified over the period

1993-2024.

Figure 2. Daily mean temperature and humidity conditions during heat extreme events in the equatorial

SEA averaged over the West, Centre, and East and across the global (sub)tropics. Blue and red open
circles depict conditions 10 days before (D-10) the first day of HHEs and DHEs (i.e. DO, onset day),
respectively. Arrows link these points to the mean conditions on the second day of each HHE (blue filled
circle) and DHE (red filled circle), when T, and T3, typically reach their maximum (i.e. 2nd day, D+1). Shaded
regions represent the distribution during the second day of HHE and DHE using Gaussian Kernel density
estimation, encompassing 95% of the events. The unfilled black cross represents the equatorial SEA
climatology, averaged over all months. Climatological values (green and yellow open cross symbols) and
values on the second day of HHEs (solid cross symbols) averaged across all moisture- (orange) and energy-

limited (green) regions are average globally between 35°N and 35°S, taken from Jackson et al.*

Figure 3. Composite time series during HHEs, averaged over the West, Centre, and East regions. The

analysis is based on ERAS5 reanalysis data, except precipitation, which is from GPM-IMERG. Daily mean

values and anomalies are composited on day 0 (i.e. onset day) of the events. Panels show daily mean values
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(solid lines) and anomalies (dashed lines) relative to the 1993-2024 daily climatology smoothed with a 15-

day moving average. Shaded areas represent the 95% confidence intervals for the daily anomalies.

Figure 4. Anomaly composites of meteorological variables from ERAS reanalysis during MAM HHESs in

the West region. a,b,c Anomalies of 7, (°C; shading) during the pre-event (left), peak (middle), and post-
event (right) periods, overlaid with anomalies of 850 hPa geopotential height (Z, contours) and wind (UV,
vector). d Composite time series of horizontal specific humidity advection anomaly at 850 hPa (black line)
and its corresponding decomposition into zonal (purple) and meridional (orange) components. Shaded areas
denote 95% confidence intervals. e Time-pressure cross-section of anomalous specific humidity (g kg,
shaded) and vertical-zonal wind vectors (m s!, vector), with purple dashed-line indicates the daily maximum
PBL height in hPa. f,g,h As in panel (a-c) but for anomalies of 500 hPa vertical velocity (w, Pa s™'; shading),
geopotential height (m; contours), and wind (m s™'; vectors). Positive @ anomalies correspond to anomalous
downward motion (subsidence), while negative anomalies indicate anomalous upward motion (ascent).
Anomalies are calculated relative to local climatological daily means for the 1993-2024 period, smoothed

with a 15-day moving average.

Figure 5. SST anomalies during HHEs across all three regions. a SST anomalies (°C, shading) during DO —

D+2 relative to HHE onset. Stipplings marks the regions where anomalies are statistically significant at the
95% confidence level based on a two-tailed Welch’s t-test against non-HHE days in MAM season. b Lead-
lag correlations between SST and 7,, anomalies relative to HHE onset in three ENSO phases. ¢ Same as (b),
but for IOD. The horizontal black lines with vertical end caps indicate the window at which the correlation
coefficient reaches its maximum departure from the null distribution. The black dashed lines represent the
climatological correlation based on all MAM days. The red dashed lines indicate the mean of the null
distribution, constructed by resampling event dates across different years within El Nifio (b) and positive IOD

(c, pIOD) years. Shaded areas in panel (b) and (c) denote 95% confidence intervals derived from 1,000
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875 bootstrap iterations. Anomalies are calculated relative to long-term daily MAM means over 1993-2024 and
smoothed using a 15-day moving average. SST data are from European Space Agency’s Climate Change
Initiative (ESA CCI).

Figure 6. ENSO and equatorial SEA monthly HHE occurrence. Positive SST anomalies (°C; red shading, left
axis) indicates El Nifio conditions, meanwhile negative anomalies (°C; blue shading, left axis) indicate La

880 Niiia. The right y-axis shows the frequency of HHE events per month, as a mean over all land grids where at
least one event occurs. Solid and dashed black lines denote long-term trends in event frequency. The trend is
expressed as the fraction of affected land grids and events per year and is significant at the 5% level.

Figure 7. Anomalies of atmospheric variables in the West region by MJO phases during MAM period.
Anomalies (black lines) are computed over land grid cells only and are relative to the 15-day smoothed local

885 daily climatology (1993 —2024), except panel (a) which covers 2001-2024. Star symbols denote the enhanced
MJO phases (3,4), circle symbols the suppressed MJO phases (5,6), while the neutral MJO phase (0) and
transition phase (1,2,7,8) are shown without symbols. Grey shaded areas represent the 95% confidence
intervals. Note that these composites represent all active MJO phases, not only those occurring during HHEs.
The blue bars represent the relative frequency of HHE days per phase, expressed as a percentage.

890 Figure 8. Climatology of equatorial wave modes across SEA and temporal progression of Kelvin waves
during HHESs in the West region (95° - 109°E). a—¢ Hovmoller plots showing the climatological mean
number of active days for Kelvin (a), MRG (b), and Rossby waves (c), averaged across 10°N — 10°S. The
horizontal dashed lines indicate the peak HHE period (MAM). d 850 hPa divergence (s™'; shading) and zonal
wind (ms™') anomalies, from three days before (D-3) to four days after (D+4) the HHE onset day (D0). The

895 black rectangle in the DO panel represents the West region. Anomalies are calculated relative to 1993-2024

daily means and smoothed using a 15-day moving average.
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Figure 9. Composites of the vertical atmospheric structure during active equatorial Kelvin wave phases. a
Vertical wind (w, Pa s™'), b zonal wind (1, m s™!), ¢ T,, (°C), d potential temperature (0, °C) anomalies for wet
(dashed line) and dry (solid line) Kelvin wave phases. The phases are labelled K1-K4 following the cycle
900 defined by Crook et al.?: K1 (Westerlies), K2 (Divergence), K3 (Easterlies), and K4 (Convergence).
Anomalies are for MAM relative to the 1993-2024 climatology, averaged over 10°S-10°N and 95°-109°E.
Note that these composites represent all active Kelvin waves, not only those occurring during HHEs.
Figure 10. Relative risk of HHE occurrences associated with modes of variability in the West region during
MAM. a Relative risk of HHE occurrence during the active phases of each mode relative to that mode’s neutral
905 phase for the 1993-2024 period: ENSO (EN: El Niflo, LN: La Nifia), IOD (+10D: positive IOD, -IOD: negative
I0D), MJO (M[number]: MJO in phase 1-8), and Kelvin waves (K1: westerlies, K2: divergence, K3:
easterlies, K4: convergence). b Relative risk of MJO and Kelvin wave phases conditioned on ENSO state. ¢
As in (b), but conditioned on IOD state. Orange (blue) lines connect the median relative risk of coupled MJO
— Kelvin and El Nifio - Positive IOD (La Nifia — Negative [OD) phases. In all panels, the boxes show the
910 interquartile range, the centre line represents the median, and the whiskers indicate the 2.5th and 97.5th
percentiles of the bootstrap distribution. The asterisk (*) symbols above the upper whiskers represent a smaller
sample size (<10 active years for unconditioned interannual modes; (<30 active days for intraseasonal and
conditioned phases) for the corresponding composite. Relative risk values are calculated from the 32-year
daily climatology from 1993-2024, with statistical uncertainty is assessed using 1000 bootstrap resamples
915 within each active phase category.
Figure 11. Key characteristics during DHEs in the West region. a Composite time series of ¢, daily mean
values (solid lines) and anomalies (dashed lines). b As in (a), but for latent heat flux. ¢ As in (a), but for surface
soil moisture. d Composite time series of 850 hPa horizontal ¢ advection anomaly (black line) and its

corresponding decomposition into zonal (purple) and meridional (orange) components. Shaded areas denote
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95% confidence intervals. e Time-pressure cross-section of anomalous ¢ (g kg™!, shaded) and vertical-zonal
wind vectors (m s™!, vector), with purple dashed-line indicates the daily maximum PBL height in hPa. f
Anomalies of 75, (°C; shading), with anomalies of 850 hPa geopotential height (Z, contours) and wind (UYV,
vector). g Anomalies of 500 hPa vertical velocity (w, Pa s™'; shading), geopotential height (m; contours), and
wind (m s™'; vectors). Positive o anomalies correspond to anomalous downward motion (subsidence), while
negative anomalies indicate anomalous upward motion (ascent). Anomalies are calculated relative to local
climatological daily means for the 1993-2024 period, smoothed with a 15-day moving average.
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