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In April and May 2023, Southeast Asia (SEA) encountered an exceptional heatwave. The Continental
SEA was hardest hit, where all the countries broke their highest temperature records with
measurements exceeding 42 °C, and Thailand set the region’s new record of 49 °C. This study

provides a comprehensive analysis of this event by investigating its spatiotemporal evolution, physical
mechanisms, forecast performance, return period, and extensive impacts. The enhanced high-

pressure influenced by tropical waves, moisture deficiency and strong land-atmosphere coupling are
considered as the key drivers to this extreme heatwave event. The ECMWF exhibited limited forecast
skills for the reduced soil moisture and failed to capture the land-atmosphere coupling, leading to a
severe underestimation of the heatwave’s intensity. Although the return period of this heatwave event
is 129 years based on the rarity of temperature records, the combination of near-surface drying and
soil moisture deficiency that triggered strong positive land-atmosphere feedback and rapid warming
was extremely uncommon, with an occurrence probability of just 0.08%. These analyses underscore
the exceptional nature of this unparalleled heatwave event and its underlying physical mechanisms,
revealing its broad impacts, including significant health repercussions, a marked increase in wildfires,

and diminished agricultural yields.

The world has witnessed a significant escalation in heatwaves in recent
decades', leading to a surge in casualties across various regions. For example
in Western Europe, the deadliest summer 2003 heatwave has caused
~70,000 excess deaths™’. In July-August 2010, the heatwave-related death
toll reached >10,000 in Russia’. During the 2021 Pacific Northwest heat-
wave, there have been 868 documented fatalities attributed to the event
between 25 June and 2 July’. Recent studies have focused on the mid- and
high-latitude regions undergoing unprecedented heatwave occurrences

where the most pronounced surface warming trends were observed®’.
Nevertheless, Southeast Asia (SEA), traditionally known for its hot climate,
has not received sufficient attention. Surrounded by the world’s warmest
oceans, SEA stands particularly vulnerable to heatwaves due to its dense
population, diverse terrains, and underdeveloped economy™’. Aligning with
the increasing trends of heatwave exposure on a global scale, studies indi-
cated that heatwaves over SEA are becoming more frequent, longer-lasting,
and more intense as the consequences of global warming'’™"".
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In mid-April and early May 2023, a record-breaking heatwave affected
many SEA countries, especially over the Continental Southeast Asia (CSEA;
see box in Fig. 1a). 70% of all weather stations in Thailand, Laos, Cambodia,
Myanmar’s, and Vietnam have recorded daily maximum temperatures
exceeding 42 °C (Fig. 1a). Notably, on 19 April, Laos’s Sainyabuli province
set a new all-time national highest temperature record of 42.9 °C". Subse-
quently, from 1 May to 10 May (Fig. 1b), Thailand documented its highest
temperature record reaching 49 °C" in Bangkok. Meanwhile, Vietnam also
broke the country’s previous record of 43.4 °C with a new maximum tem-
perature of 44.1 °C'*"”. Within the same time frame, on 7 May, Myanmar’s
Magway Region registered a peak temperature of 46 °C, leading to 61 heat-
related fatalities' (the summary map is shown in Fig. S1). By taking the
domain average daily temperature, the extreme happened in May 2023
stands unmatched in comparison to historical records dating back to 1950
(Fig. 1¢).

Although the intensity of this heatwave event is unprecedented, its
spatiotemporal distribution remains to be revealed, and the underlying
physical processes are yet to be explored. These aspects will be systematically
investigated for the first time in our study. Meanwhile, the forecast per-
formance of this heatwave event will also be analyzed”. Finally, we will
quantify the likelihood of future occurrence of such extreme event and its
extensive impacts. Through this study, we aim to provide valuable insights
into the nature and potential risks of extreme heatwaves over the region,
empowering decision-makers to develop more effective risk management
measures.

Results

Characteristics of the 2023 SEA heatwave

The spatiotemporal evolution of the heatwave event was examined over
CSEA by analyzing the spatiotemporal evolution of areas with record-
breaking temperatures at different timescales (see Methods) (Fig. 1d)***".
Initially, the onset of record-breaking temperatures was observed from 14 to
22 April at the daily to 17 day timescale (Fig. 1d, e). During the first episode,
the maximum daily temperature exceedance coverage was 266,000 km’,
accounting for 20% of the entire CSEA domain. However, the second epi-
sode of extreme temperatures that occurred on 4-7 May was more devas-
tating. The impacted area extended over 560,000 km’, covering 42% of the
domain, causing severe local impacts over Myanmar, Laos, Thailand,
Cambodia, and Vietnam and >60 deaths'*"”. Following the peak, two
subsequent episodes of high temperatures occurred from 18 to 22 May and
from 28 May to 2 June, with elongated duration but diminishing spatial
coverage (29% and 19% respectively). Upon examining the dates with
highest temperatures (Fig. 1b), it becomes evident that the majority of the
readings exceeding 42 °C were registered during the second episode of heat,
marking this short-lived episode as the peak in terms of both severity and
spatial coverage, which would be the focus of the following analyses.

Synoptic conditions
The analysis of synoptic conditions conducive to the peak heatwave episode
were split into pre-event (28 April-1 May; Fig. 2a, d, g), peak (4-7 May; Fig.
2b, e, h), and post-event (9-12 May; Fig. 2¢, f, i) periods. During the pre-
event period, a widespread high-pressure anomaly at 925 hPa (Z925)
dominated CSEA and South China (Fig. 2a). Additionally, there was a high-
pressure anomaly over CSEA at 500 hPa (Z500), resulting in a configuration
reminiscent of the conventional “heat dome” pattern as depicted in many
studies of significant heatwave events” ™, wherein an exceptionally high-
pressure blocking system in the upper troposphere confine scorching air in
the lower troposphere. Meanwhile, the low-level northeasterly wind
brought dry-cold air and contributed to the negative moisture advection
over CSEA (Fig. 2d and Fig. S2g). As a result, the negative anomaly in
relative humidity (RH) of -5% at 925 hPa (RH925) and the limited cloud
cover fraction (Fig. S3a, d) were observed, which allowed more incoming
solar radiation and contributed to surface warming over CSEA.

During the peak episode, the Z500 high-pressure anomaly intensified
over CSEA (Fig. 2b), which can be partly attributed to the southwestward

expansion of the Western Pacific Subtropical High (WPSH; defined by the
5880 geopotential meter [gpm] contour; Fig. S4), leading to enhanced
subsidence in the atmospheric column above this region (Fig. 2h). This
situation contributed to the notable moisture divergence over CSEA (Fig.
S2b, e) and exacerbated the negative moisture anomaly over CSEA.
Meanwhile, a strong low-pressure system developed over South China (SC),
which contributed to significant moisture convergence over SC and caused
the severe rainstorm over Jiangxi Province (Fig. 2b and Fig. S5)*. This
strong low-pressure system exacerbated the moisture divergence over CSEA
by deflecting moisture that was supposed to be transported to the CSEA
towards SC. As a result, a further decrease in RH of 7% over CSEA relative to
the pre-event period (from 70% to 63%, Fig. 2d, e) was observed and the
cloud coverage was reduced by ~30% compared to the pre-event period (Fig.
S3b, e). Such reduction allowed more solar radiation to reach the ground,
leading to rapid surface warming. On the other hand, after being heated
during the pre-event period, the near-surface pressure anomaly also tran-
sitioned to negative state over CSEA (Fig. 2b). However, it is difficult for such
a shallow low-pressure system to stimulate convection due to the lack of
moisture supply and the strong downward motion from upper levels. This
warm-core low structure has also been considered as the common setup for
dry heatwaves over CSEA™.

Regarding the post-event period, the high-pressure system over CSEA
weakened significantly with the eastward retreat of WPSH (Fig. 2c and Fig.
$4). Meanwhile, alow-level cyclonic circulation formed over the east coast of
Vietnam (Fig. 2f), which contributed to the moisture convergence (Fig. S2f)
and upward motion over CSEA (Fig. 2i). Besides, extreme tropical cyclonic
storm Mocha emerged over the Bay of Bengal (Fig. 2¢)”, transporting
moisture from the ocean to the CSEA and further exacerbated the moisture
convergence there (Fig. S2f, j). The combination of these two low-pressure
systems resulted in the positive RH anomalies and abundant cloud for-
mation over CSEA (Fig. S3¢, f), which led to a decrease in surface solar
radiation and brought precipitation to the region, inducing cooling and
ultimately marking the end of the extreme heatwave episode (Fig. S5).

Interaction of tropical waves

As mentioned above, the enhanced high-pressure system and the moisture
deficiency over CSEA played important roles in the formation of this
extreme heatwave event. Previous studies highlighted that the tropical
weather systems are strongly modulated by the interplay of tropical
waves™* . To further analyze the driving forces of the synoptic conditions
contributing to this peak heatwave episode, the roles of several tropical
modes including Equatorial Rossby (ER) wave, Kelvin wave, Mixed-Rossby
Gravity (MRG) wave, and Madden-Julian Oscillation (MJO) are explored.
A wavenumber-frequency spectral analysis (see Methods) was conducted
by decomposing these tropical waves individual contribution to the CSEA
regional outgoing longwave radiation (OLR, Fig. 3a).

During the peak episode (4-7 May), the regional average OLR over
CSEA reached the maximum (Fig. 3a), indicating the most intense solar
radiation and the absence of convective activity in the area, both facilitated
the accumulation of heat. These days also corresponded to the highest
regional average temperatures (red bars in Fig. 3a). ER and Kelvin waves
were the primary contributors to the positive OLR anomalies during this
period. This can be further confirmed by the Hovmoller diagram of OLR
Anomalies (Fig. 3b), which shows that CSEA was influenced by the
westward-propagating ER (red dashed line), the eastward-propagating
Kelvin (green dashed line) waves. Notably, ER wave at peaking phase has
been proven to enhance the middle and upper level convergence™, thereby
strengthening the westward-propagating Z500 high-pressure system men-
tioned above. As a result, the subsidence in the atmospheric column above
CSEA was severely intensified (Fig. 2h).

Meanwhile, such east-west asymmetry between ER and Kelvin waves
favored strengthening of MJO, known as the “acceleration effect” ™.
According to the phase diagram (Fig. 3¢), MJO transitioned into Phase 4 on
30 April and rapidly advanced into Phase 5 from 6 to 7 May (Fig. 3d). The
phase 4 is favorable for the westward expansion of WPSH and the
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Fig. 1 | Characteristics of the 2023 CSEA heatwaves. a Daily maximum tem-
perature from weather stations during April-May 2023. The red box is the region of
Continental Southeast Asia (CSEA). b The date of the highest daily maximum
temperature occurrence at each station in CSEA. ¢ The temporal evolution of the
average daily maximum temperature during April-May in CSEA. The red triangle
indicates the peak regional average daily maximum temperature in 2023.

d Spatiotemporal evolution of spatial extent (in 10°km®) of areas with record-
breaking temperatures at different timescales (from 1 to 31 days; see Methods). The
black vertical lines in this figure mark the duration of each episode. e The spatial
distribution of areas with record-breaking temperatures in each episode. Areas
shaded in red indicate the occurrence of record-breaking temperature for each grid
element on that day.
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Fig. 2 | Meteorological conditions leading up to the heatwave. a—c The average

4 day Z500 (contour) and Z925 (shading) anomalies during 28 April-1 May (before
the heatwave), 4-7 May (peak of the heatwave) and 9-12 May (after the heatwave).
The red boxes represent the CSEA region with the solid and dashed lines indicating

positive and negative anomalies, respectively. d—f Same as (a-c) but for 925 hPa
relative humidity and wind Anomalies. g-i Same as (a-c) but for anomalies of
pressure velocity (shading) and geopotential height (contour) along the longitude-
height cross section averaged over the latitudes between 10 °N and 22 °N.

strengthening of the Z500 high-pressure system over CSEA (Fig. 3d). As
documented in previous studies™*’, when MJO turns into phase 5, WPSH
typically expands eastward, facilitating convection at Bay of Bengal and
South China Sea. It is noteworthy that MJO exhibited significant activity on
4-7 May with an amplitude peaking at 2.6, exceeding 95% of all historical
records in Phase 4 as well as all records for Phase 4 in May (based on the
records from 1974 to 2023). Thus, the MJO played an important role in
modulating the high-pressure system over CSEA in the peak period of this
extreme heatwave event.

Land-atmosphere coupling

In addition to atmospheric forcing mechanisms, the role of land-
atmosphere coupling has also been highlighted as an important factor in
extreme heatwaves'"*’. High temperatures dry the soil by increasing eva-
poration and plant transpiration, while drier soil intensifies surface warming
by reducing evaporative cooling and increasing upward sensible heat
flux™**. Meanwhile, soil moisture reduction favors a positive geopotential
height anomaly in the upper levels, maintaining local high pressure and
furtherly promoting surface warming®”. Such positive land-atmosphere
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Fig. 3 | Tropical waves analysis and MJO states. a The temporal evolution of the
average wavenumber-frequency-filtered OLR anomalies (see Methods) of tropical
waves over the CSEA region, accompanied by the corresponding regional average
daily maximum temperatures (red bar) and daily total precipitation (blue bar).

b Date-longitude Hovméller diagram of the OLR anomalies (shading) averaged
between 10°N and 22°N. The contours indicate the filtered OLR anomalies of the
tropical waves (only 4 wm™ contours are shown): the Madden-Julian Oscillation
(blue), Equatorial Rossby wave (red), Kelvin waves (green) and Mixed-Rossby
Gravity (orange). The black box represents the CSEA during the peak of the
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(RMM1 and RMM2) represent daily values of the Real-time Multivariate MJO
Indices from the two leading modes, where dots denote the dates and distance from
the origin is proportional to MJO strength. d The composites of 500 hPa geopotential
height (2500) and 925 hPa geopotential height (Z925) anomalies for May ranging
from 1994 to 2023 in active MJO phase 4 and 5. The active MJO events are defined as
the MJO amplitudes from the RMM index > 1. The red boxes represent the CSEA
region.

feedback can increase the likelihood of extreme high temperatures and has
been considered to play crucial roles in the development of heatwaves over
northern Europe, North American, and even over moist eastern China**™*,
Thus, it is important to investigate the role played by the land-atmosphere
coupling in intensifying the magnitude of this extreme heatwave event.
The land-atmosphere coupling strength can be quantified by using n
diagnostic of soil moisture-temperature coupling”’(see Methods). During
the pre-event period, about half of the CSEA was characterized by negative
soil moisture anomalies (Fig. 4a). This can be attributed to the “heat dome”
pattern and the reduced cloud cover, which contributed to surface warming
and increased soil moisture depletion. In this context, the land-atmosphere
coupling was not evident and only occurred in some areas with severe soil
moisture deficits (Fig. 4d). During the peak episode, the air became drier and
hotter, which promoted stronger depletion of soil moisture, leading to

substantial negative soil moisture anomalies across most of the CSEA
(Fig. 4b). Corresponding, the land-atmosphere coupling strength intensified
rapidly (Fig. 4e), which enhanced surface warming by increasing upward
sensible heat flux. Specifically, the strong sensible heat (-70 W m?, 13%
higher than pre-event) was emitted to the atmosphere during the peak
period (Table S1). It is noteworthy that areas of strong land-air coupling
strength are highly consistent with regions of extreme high temperatures
during this heatwave episode (Fig. 4e and Fig. le), further highlighting the
crucial role played by land-surface coupling in intensifying the magnitude of
this extreme heatwave event. Regarding the post-event period, the soil
moisture increased significantly due to the return of precipitation, leading to
positive soil moisture anomalies across most of the CSEA region and con-
tributing to a rapid decrease in land-atmosphere coupling strength
(Fig. 4c, D).
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Fig. 4 | Land-atmosphere coupling. a—c The average 4 day soil moisture (0-7 cm) anomalies during 28 April-1 May (before the heatwave), 4-7 May (peak of the heatwave)
and 9-12 May (after the heatwave). d—f Same as (a—c) but for land-atmosphere coupling strength.

Forecasts

The ability to forecast extreme events at longer lead times can significantly
enhance early warning and strengthen mitigation efforts preparation sys-
tems. In this study, we analyzed the prediction of this heatwave event using
the European Centre for Medium-Range Weather Forecasts (ECMWF)
operational S2S forecasts™>. Figure 5 indicates the ECMWF forecasted
spatial distribution of the ongoing heatwave process effectively at 1 week
lead time (initialized on 1 May, Fig. 5b), but the intensity was under-
estimated by 1°C. Furthermore, the forecast skill of ECMWF for this
heatwave event decreased rapidly with the increasing lead times. Specifically,
the ECMWE predicted the maximum positive temperature anomaly center
near Laos and Thailand but overlooked high temperatures in other areas
(Fig. 5¢—f). Meanwhile, the forecasted intensity of positive temperature
anomalies was significantly lower than the observed values.

To explore the reasons behind ECMWF’s diminished forecasting
accuracy for this heatwave event, we examined the forecasts of the
enhanced high-pressure, the decreased relative humidity and the land-
atmosphere coupling, which are considered as the key factors conducive
to the extreme heatwave episode. The results show that the ECMWF
demonstrated high forecast skills for the enhanced high-pressure system
and negative relative humidity anomalies (Fig. S6), but exhibited limited
skills for the soil moisture anomalies even at 1 week lead time (Fig. 5h).
This indicates that ECMWF struggles to capture the strong land-
atmosphere coupling during this extreme heatwave event, leading to a
cold bias and contributing to the underestimation of heatwave
intensity™. Furthermore, while the forecast skills for atmospheric con-
ditions declined rapidly with increasing lead times—evidenced by rising
mean absolute errors (MAEs) and decreasing pattern correlation coef-
ficients (PCCs; Fig. S6 and Table S2)—the skill for soil moisture pre-
diction remained consistently low across all lead times. This suggests
that ECMWF’s deficiency in simulating soil moisture may introduce

systematic cold biases, while the decreasing forecast skill for atmospheric
conditions likely contributed to the rapid deterioration of heatwave
forecast skills.

Return period

Analyzing the probability of extreme event occurrences can assist decision-
makers in better understanding the potential risks of future extremes,
enabling the implementation of more effective risk management measures.
In this study, the return period of this heatwave episode is calculated based
on the statistical distribution for extreme events using the generalized
extreme value (GEV) distribution and maximum likelihood estimates™.
Result indicated that the return period of this event with 4 day mean tem-
perature exceeding 34.3°C (averaged over the CSEA) was 129 years (Fig. 6a).
Following previous studies™", the joint probability density of key drivers to
the extreme events are also calculated to provide a robust estimation of their
return period. As discussed in previous sections, the enhanced high-pres-
sure, the reduced moisture and the land-atmosphere coupling served as the
key factors in this heatwave event. Thus, the 4 day mean Z500, RH925 and
soil moisture (SM) anomalies during April to May ranging from 1950 —
2023 are analyzed in Fig. 6b-d.

As depicted in Fig. 6b, the joint probability for high value in Z500
anomalies and low value in RH925 anomalies (quadrant 4) in this event was
0.15%. This indicates that the combination of such enhanced high-pressure
system and near-surface dryness is an uncommon setup over CSEA.
Moreover, the joint probability for Z500 and SM anomalies in this event was
0.30%, while the joint probability for RH925 and SM anomalies was
exceptionally rare at 0.08%. As a result, the simultaneous occurrence of the
three pivotal factors leading to this extreme heatwave episode was absolutely
unprecedented, particularly the synergistic impact of near-surface drying
and soil moisture deficiency, which could stimulate strong positive land-
atmosphere feedback and leading to rapid warming.

npj Climate and Atmospheric Science| (2024)7:246


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-024-00797-w

Article

Subseasonal forecasts of T2m

a OBS 4 May to 7 May

21°N I " P 7

b Initialized on 1 May
- A

¢ Initialized on 27 April

o

95°E 10°E 105°E 110°E 95°E 10°E 105°E 110°E 95°E 10°E 105°E 110°E
d Initialized on 24 April e Initialized on 20 April f Initialized on 17 April
21°N s = 210N # Y 210N E 7

18°N 18°N

15°N 15°N

12°N 12°N

95°E 110°E 95°E

0 1 2

100°E

105°E 110°E 95°E 100°E 105°E 110°E

—6 (°C)

3 4 5

Subseasonal forecasts of soil moisture

g OBS 4 May to 7 May

21°N

18°N

15°N

12°N

(r
95°E 100°E

105°E

110°E 95°E

h Initialized on 1 May

100°E

k Initialized on 20 April

i Initialized on 27 April

21°N

18°N

15°N

12°N

105°E 110°E 95°E 100°E 105°E 110°E

j Initialized on 24 April

21°N

-

18°N

15°N

I Initialized on 17 April

21°N

105°E 110°E

95°E

100°E 105°E 110°E

12°N 12°N
95°E 100°E 105°E 10°E  95°E 100°E
-0.16 -0.12 -0.08 ~0.04

Fig. 5 | Subseasonal forecasts of the temperature and soil moisture. a The observed
daily mean 2 m temperature (T2m) anomalies averaged from 4 May to 7 May (the
peak of this heatwave) over CSEA. The corresponding forecasts from ECMWEF

0.00

— - (mP/m?)

0.04 0.08 0.12 0.16

initialized on 1 May (b), 27 April (c), 24 April (d), 20 April (e), and 17 April (f).
g-1 same as (a—f) but for soil moisture anomalies.

npj Climate and Atmospheric Science | (2024)7:246


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-024-00797-w

Article

a4 Return period
1
] T
P
e 1
r”‘ 1
f’ 1
/’ 1
/’ I
— # 1
354 e !
! 1
@) P i
o) / |
Py I I S
= 1
E 344 :
5 :
2 1
a - A —
g | Y e ?
- 1
= 33 .
:
1
1
:
1
324 l
1
1
' 1
:

T T T T T T T
0 25 50 75 100 125 150 175 200

Return period (years)

b The JPD of Z500 and RH925 anomalies

20 - : 0.0025
® O !
15 i
1
: F0.0020
10 A
' 4 i
1
& 5
2 F0.0015
N
Q07
[@))
E s F0.0010
_10.
- 0.0005
_15 E
1 0.15%
-20 0 20 40
7500 (m)

¢ The JPD of SM and Z500 anomalies d The JPD of SM and RH925 anomalies

M 035

r0.30
r0.25
r0.20
r0.15

r0.10

0.05

0.00 0.05
SM (m3/m?)

—010  —0.05

Fig. 6 | Return period analysis of the heatwave. a The return period of the heatwave
calculated from generalized extreme value (GEV) distribution and maximum like-
lihood estimates (see Methods). The red dot is the average 4 day mean daily max-

imum temperature over CSEA in the peak of this heatwave (4-7 May). b The joint
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Impacts

The prolonged and arid weather conditions accompanying the heatwave
desiccated the vegetation over the region, leading to heightened fire risk and
a surge in wildfire incidents. Figure S7a, b depicts the spatial distributions of
monitored fire spots over the CSEA region on 4 May, as observed by the
Moderate Resolution Imaging Spectroradiometer (MODIS) aboard Terra
and Aqua satellites. Through the quantification of fire spots with 4-day
interval in May since 2003 (Fig. S7c, d), the studied 2023 peak heatwave
episode featured an unparalleled number of fire spots at both medium and
high confidence observed by Terra.

In addition to the surge in wildfires, heatwaves have the potential to
significantly reduce annual yields as temperatures surpass crop-specific
thresholds, leading to substantial declines in production®. Rice is one of
the most crucial staple crops in SEA, and it exhibits high sensitivity to

elevated temperatures, particularly during the germination and flow-
ering stages”™**. In addition to the diminished quality and reduced yield
caused by elevated temperature stress, hot weather conditions also exert
an impact on the labor involved in the planting and harvesting
process®>®. Fig. S8 illustrates the rice production and respective growing
seasons for Myanmar, Laos, Thailand, and Cambodia since 2013. With
advancements in cultivation techniques and the introduction of more
resilient and productive varieties, Laos, Thailand, and Cambodia have
shown an increasing trend in annual rice production, while Myanmar
has experienced a persistent decline probably due to an unstable political
situation. However, the annual rice production of each country has been
evidently influenced by the studied heatwave events in 2023, attributing
to the fact that May marks the beginning of planting and the middle of
harvesting seasons.
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Discussion

This study delivers a comprehensive examination of the “once-in-200 year”
Southeast Asia heatwave event in April-May 2023 with the focus of the
unprecedented extreme heatwave episode on 4-7 May, covering its spa-
tiotemporal evolution, physical mechanism, forecast performance, return
period, and extensive impacts. The 2023 heatwave event has brought far-
reaching consequences over CSEA, with all countries experiencing record-
breaking temperatures. The regional average daily maximum temperature
also reached its highest level since 1950, severely affecting people’s lives and
properties, leading to unparalleled wildfires, and causing a substantial
reduction in rice yields.

Synoptic analysis indicated that the enhanced local high-pressure
system affected by the tropical waves played a dominant role in the for-
mation of this extreme heatwave event, which brought strong subsidence in
the atmospheric column above this region and contributed to the notable
moisture divergence over CSEA. Meanwhile, the strong moisture con-
vergency over SC also exacerbated the moisture divergence over CSEA. Asa
result, the cloud cover over CSEA was severely reduced, causing more solar
radiation and resulting in rapid warming. The temperature budget at Z925
analysis indicated that the diabatic heating played the most important role in
heatwave formation (Text S1 and Fig. S9). Besides, the persistent warming
over CSEA region intensified soil moisture depletion, which in turn con-
tributed to further warming by reducing evaporative cooling and increasing
upward sensible heat flux during the peak episode of this heatwave event
(Fig. S9 and Table. S1). Consequently, the positive feedback mechanism of
land-atmosphere coupling also played a crucial role in exacerbating the
severity of this extreme heatwave event.

In terms of predictability, the European Centre for Medium-Range
Weather Forecasts (ECMWF) successfully forecasted the spatial pattern
of the extreme heatwave at 1 week lead time, though the intensity was
underestimated by 1°C and its forecast skill decreased rapidly with
increasing lead times. Further analysis revealed a systematic deficiency
in simulating soil moisture across all lead times, which may introduce
persistent cold biases that compound the rising atmospheric errors,
ultimately reducing the accuracy of heatwave forecasts with increasing
lead times.

To assess the future probability of such extreme event, both return
period calculation and joint probability analysis of the key drivers were
conducted. The results indicated that the return period for this event,
characterized by a 4 day mean temperature exceeding 34.3 °C (averaged
over the CSEA), was 129 years. Furthermore, the combination of near-
surface drying and soil moisture deficiency, which could trigger strong
positive land-atmosphere feedback and lead to rapid warming, was excep-
tionally rare, with an occurrence probability of just 0.08%. These analyses
underscore the extremity of this heatwave event and the crucial role of land-
atmosphere coupling in exacerbating the heatwave severity.

This unprecedented heatwave event showed significant impacts on
lives, ecosystems, and agriculture. As one of the most important agricultural
heartlands with a dense population, accurate heatwave prediction in CSEA
is urgent for ensuring food security and safeguarding public health at both
local and regional scales. Therefore, further research should be focused on
exploring advanced forecast skills, such as deepening the understanding of
key drivers and their representation in dynamical models”, establishing
statistical model based on physical progress analysis®”, and integrating
dynamical models with machine-learning techniques™”".

Methods

Overview/Introduction

To analyze heatwave temperature, the gridded daily maximum 2 m tem-
perature data ranging from 1950 - 2023 from ERAS5 reanalysis™*, along with
the station data for 2023 from Global Historical Climatology Network daily
(GHCNd)” were utilized. The GHCNd dataset contains meteorological
measurements from over 90,000 stations across the globe and was utilized
for the validation of temperature estimates from satellites and atmospheric
reanalysis.

Table 1 | The characteristics of each tropical mode

Mode Wavenumber band  Period band (days) Equivalent depth (m)
MJO 0-9 20-100 Not specified

ER 10to -1 9.7-72 1-90

KELVIN  1to 14 2.5-20 8-90

MRG —10to —1 3-96 8-90

To characterize the magnitude and spatiotemporal evolution of this
event, we identified areas with record-breaking temperatures at different
timescales over target region (denoted as dashed red boxes in the Fig. 1a) for
April-June 2023. Following previous studies”**', We calculated the moving
average of daily maximum 2 m temperature with windows from 1 to 29 d for
each April-June day from 1950-2023. For each calendar day and time scale
in April-June 2023, one grid with the highest temperature during the period
1950-2023 was identified as the record-breaking grid. We then calculated
the area of record-breaking temperature for each day and timescale in April-
June 2023 (Fig. 1c). The spatial patterns of record-breaking temperatures are
also shown in Fig. 1d.

Synoptic conditions and the interaction of tropical waves

The daily mean ERA5 reanalysis data for geopotential height, zonal wind
component, meridional wind component, vertical wind component, spe-
cific humidity and relative humidity at various pressure levels in the
atmosphere are utilized. Daily anomalies were calculated relative to the
1981-2010 mean of each calendar day. The outgoing long-wave radiation
(OLR) from ERAS5 is also utilized to conduct tropical wave analysis. The
details are as follows:

Firstly, the mean and first three harmonics of the OLR annual cycle are
removed to obtain intraseasonal anomalies. Then, a wavenumber—frequency
spectral analysis was executed for all latitudes within the meridional band of
25°5-25°N based on the NCAR command language (NCL) script filter_-
waves, available from Dr. C. Schreck at GitLab (https://k3.cicsnc.org/carl/
carl-ncl-tools/blob/master/filter/filter_waves.ncl). In this study, the con-
tribution of four tropical waves including MJO, ER, KELVIN and MRG to
intraseasonal anomalies are analyzed. The characteristics of each mode are
defined as previous studies”” and can be found in Table 1.

Land-atmosphere coupling

The strength of land-atmosphere coupling can be quantified by using
diagnostic of soil moisture-temperature coupling, which is based on two
energy balances of evaporation and potential evaporation. This metric has
been widely utilized in previous heatwave studies****”*. Based on the daily,
the strength of land-atmosphere coupling can be defined as:

n=eXxT (1)

e=H-H, = (R,~E) - (R, - 1E,) @)

where primes represent daily anomalies of each variable expressed as the
number of standard deviations relative to the climatological mean. R,, refers
to the surface net radiation, T is the daily temperature, E and EP denote the
actual and potential evaporation, respectively, and A is the latent heat of
vaporization. Following previous studies, the surface net radiation was
calculated by subtracting the surface net thermal radiation from the surface
net solar radiation’®”. The T, E, E,, and R, can be obtained from ERA5
reanalysis dataset. The ¢’ is represented by H' — H,’ and denotes the con-
tribution of soil moisture deficiency to sensible heat flux. The energy term ¢/
will be zero when the soil moisture is sufficient for the atmospheric demand,
and it may increase under dry conditions. Positive values of 7 mean the
stronger soil moisture-temperature coupling. The local energy balance
solely controls the atmospheric temperature if the potential effect of soil
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moisture on temperature is accompanied by large anomalous temperature
values.

Subseasonal forecast

For the subseasonal forecast, we use the state-of-the-art ECMWEF Integrated
Forecasting System (IFS) model, one of 11 models available as part of the 25
prediction project database™. The IFS has 51 forecast ensemble members,
with 11 reforecast members implemented over the previous 20 years, and a
maximum resolution of 0.5°. Forecasts and reforecasts are initialized twice a
week. Previous studies consistently highlight ECMWF as a leading sub-
seasonal dynamical model, demonstrating superior forecasting skills over
other models"*. Specifically, the good performances of ECMWF are
demonstrated up to lead times of 7-10 days for extreme cold events, up to
15 days for heatwaves over some certain regions™ .

Considering the observed synoptic conditions, the forecasts of 2 m
temperature (T2m), geopolitical heights at 500hpa (Z500), relative humidity
at 925hpa (RH925) and soil moisture (SM; 0-7 cm) anomalies are analyzed,
which are calculated by subtracting the 20 year average from the respective
reforecasts. The soil moisture in the 0-7 cm layer is obtained by interpolating
the soil moisture from the 0-20 cm layer based on distance. We mainly focus
on the 4 day average conditions during the peak time of this event (from 4 to
7 May) and five initialized time are considered: 1 May, 27 April, 24 April, 20
April, and 17 April, which correspond to the lead time of 3-6, 7-10, 10-13,
14-17 and 17-20 days.

Data availability

The ERAS5 reanalysis data can be obtained from https:/cds.climate.
copernicus.eu/cdsapp#!/home. The subseasonal forecast data from
ECMWEF can be downloaded at https://apps.ecmwf.int/datasets/data/s2s/.
The agricultural yield data were obtained from the United States Depart-
ment of Agriculture (USDA) Foreign Agricultural Service (https://ipad.fas.
usda.gov/countrysummary/Default.aspx?id=TH&crop=Rice). The MODIS
fire spot data were downloaded from NASA’s Land Processes Distributed
Active Archive Center (LP DAAC) located at the USGS Earth Resources
Observation and Science (EROS) Center. The Terra data are available at
https://e4ftl01.cr.usgs.gov/MOLA/MOD14A1.061/, and the Aqua data are
available at https://e4ftl01.cr.usgs.gov/MOLT/MYD14A1.061/. The daily
averaged cloud fraction data were downloaded from Level-1 and Atmo-
sphere Archive & Distribution System Distributed Active Archive Center
(LAADS-DAAC). The Terra data are available at https://ladsweb.modaps.
eosdis.nasa.gov/archive/allData/61/MODO08_D3. The Aqua data are avail-
able at  https://ladsweb.modaps.eosdis.nasa.gov/archive/allData/61/
MYDO08_D3.
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