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ABSTRACT

Heat waves in South Korea have become markedly longer, highlighting a need to better understand the physical mechanisms
governing their persistence. Therefore, we first categorised 52years (1973-2024) of summer heat waves into moderately long
events (MLEs; 5-9days) and extremely long events (ELEs; > 10days) based on their duration and statistical distribution. Then,
we analysed each type of summer heat wave using a stage-based framework that focused on their growth, maintenance and
decay stages to examine the thermodynamic evolution of these events. We found that, although both MLEs and ELEs exhibited
similar initial warming driven by warm advection and adiabatic heating during the growth stage, ELEs developed distinct ther-
modynamic features during the maintenance and decay stages. The persistent high-pressure system over South Korea induced
pronounced subsidence that sustained adiabatic warming and inhibited cloud formation, enhancing surface downward short-
wave radiation and amplifying surface warming. This, in turn, depleted soil moisture, enhancing sensible heat flux through
land-atmosphere interactions, thereby strengthening diabatic heating and delaying surface cooling. Those thermodynamic pro-
cesses sustained ELEs, while large-scale circulation provided a dynamical background for the stagnation of the high-pressure
systems. By distinguishing the thermodynamic evolution of ELEs from that of MLEs, this study provides key insights into the
mechanisms driving the longer heat waves over South Korea.

1 | Introduction Shaposhnikov 2012; Otto et al. 2012; Seo et al. 2019), the sum-

mer of 2018 in East Asia (Iwasaki et al. 2019; Ren et al. 2020) and

Extreme heat waves have become more frequent around the
world in recent decades (Trenberth and Fasullo 2012; Perkins-
Kirkpatrick and Lewis 2020). Notable examples include
the summer of 2003 in Europe (Robine et al. 2008; Garcia-
Herrera et al. 2010), the summer of 2010 in Russia (Revich and

the summer of 2021 in North America (Thompson et al. 2022).
These events posed substantial risks to human health, society,
the economy, agriculture and ecosystems (Perkins 2015; Bador
et al. 2017; Ho et al. 2020). Numerous studies have noted an
increasing trend in the frequency, intensity and persistence
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of extreme heat waves and those trends are projected to con-
tinue worldwide (Rohini et al. 2019; Chen et al. 2021; Ma and
Yuan 2021; Allan et al. 2023).

Mirroring the global trend, South Korea has also experienced
prolonged and intense heat waves in recent decades (Kysely and
Kim 2009; Lee et al. 2020). For instance, a record-breaking heat
wave lasting 31.5days occurred in July-August 2018, when ex-
tremely high temperatures had severe socioeconomic effects,
including 48 heat-related fatalities (Min, Kim, et al. 2020).
Other notable long-lasting heat waves occurred in 1994, 2013
and 2016 (Kim et al. 2008; Kim et al. 2018; Yoon et al. 2018).
Although prolonged heat waves intensify cumulative heat stress
(Mazdiyasni et al. 2019; De Polt et al. 2023), previous studies
have predominantly focused on their frequency and intensity,
with comparatively little attention given to their duration. Given
the ongoing trend of prolonged heat waves, understanding the
mechanisms underlying their extended duration has become in-
creasingly important.

Korean heat waves are generally associated with anticy-
clonic circulation, which contributes to their onset (Yoon
et al. 2021). This circulation induces descending air motion,
clear-sky conditions and increased solar radiation, resulting
in surface heating (Yeo et al. 2019; Yoon et al. 2018). Choi
et al. (2021) highlighted that prolonged heat waves in August
resulted from both anticyclones and stagnant weather sys-
tems driven by large-scale teleconnections. Furthermore,
Yeh et al. (2018) reported that the long-lasting heat wave of
2016 was caused by a persistent high-pressure system over
the Kamchatka Peninsula that acted as an atmospheric block
downstream on the Korean Peninsula at the same time that an
anomalous high over Mongolia induced warm advection into
Korea via northerly winds. Min, Chung, et al. (2020) observed
that widespread blocking over the North Pacific Ocean and
Asia induced stationary weather patterns over South Korea
during severe heat waves in 1994, 2013 and 2016. According
to Ha et al. (2020), the northwestward expansion of the North
Pacific High and its persistence until August contributed to
sustained warming over South Korea in 2018. Those studies
emphasize the importance of large-scale atmospheric circula-
tion in the persistence of heat waves.

From the perspective of atmospheric circulation, previous
studies have linked Korean heat waves to several telecon-
nection patterns (Lee and Lee 2016; Choi et al. 2020; Lee,
Cho, et al. 2024). Among them, the meridionally propagating
Rossby waves called the Pacific-Japan (PJ) pattern are re-
garded as one of the key drivers (Nitta 1987). Noh et al. (2021)
demonstrated that the positive phase of the PJ pattern induced
warm horizontal advection in the lower troposphere, thereby
intensifying heat waves over Korea and Japan. Korea is also
influenced by the circumglobal teleconnection (CGT) pattern,
a zonally elongated wave train in the mid-latitudes (Ding and
Wang 2005). Kim et al. (2019) suggested that diabatic heating
in northwestern India can strengthen the CGT pattern, am-
plifying Korean heat waves. More recently, remote influences
from the Arctic have emerged as an important factor affecting
summer weather in the mid-latitudes. Notably, the influence
of Arctic variability, such as the Arctic Oscillation (AO), has

increased through changes in westerly intensity that promote
the stagnation of high pressure over East Asia, including
South Korea and prolonged heat waves (Lee and Lee 2016; Wu
and Francis 2019).

In addition to those anomalous circulations, the evolution of heat
waves also depends critically on local processes, such as ther-
modynamic processes and land-atmosphere coupling (Zhang
et al. 2011; Lin et al. 2022; Domeisen et al. 2023; Barriopedro
et al. 2023; Chen et al. 2024). Such processes include horizon-
tal advection of air from climatologically warmer regions, adia-
batic warming due to subsidence and diabatic heating caused by
radiation and surface heat flux. Additionally, local conditions,
including reduced cloud cover and soil moisture deficits, can
amplify surface heating by altering the surface energy balance
(Seneviratne et al. 2010; Wang et al. 2022; Tak et al. 2024; Liu
et al. 2025). Although those processes have been studied indi-
vidually or through case studies, systematic understanding of
how thermodynamic factors collectively contribute to the per-
sistence of extreme heat waves, especially those of exceptional
duration, remains insufficient.

In this study, we address that gap by examining the thermo-
dynamic characteristics of prolonged heat waves over South
Korea, with a particular emphasis on their temporal evolution
across the distinct stages of growth, maintenance and decay.
We classified heat waves lasting at least 5days into moderately
long events (MLEs; 5-9days) and extremely long events (ELEs;
>10days) to assess how and why certain events persist for far
longer than the typical duration. Notably, ELEs exhibited an
extended maintenance phase during which high temperatures
remained sustained rather than declined. To systematically
analyze the differences, we adopted a stage-based compara-
tive framework and evaluated the roles of key local thermody-
namic processes—advection, adiabatic and diabatic heating
and the surface energy budget—in sustaining and terminating
extremely high temperatures. Our findings offer new insights
into the thermodynamic characteristics that distinguish ELEs
from MLEs under persistent high-pressure systems, thereby en-
hancing our understanding of the drivers behind exceptionally
prolonged heat waves.

This paper is organised as follows. Section 2 describes the obser-
vational and reanalysis data, the analysis method and the defini-
tion of a heat wave. Section 3 outlines the categorization of heat
waves into MLEs and ELEs based on duration and presents the
stage-based characteristics of temporal evolution, atmospheric
circulation patterns and thermodynamic processes. Section 4
concludes this study with a discussion.

2 | Data and Methods
2.1 | Observational and Reanalysis Data

To define heat waves over South Korea, we used the daily
maximum temperature (T, ) from the Automated Synoptic
Observing System (ASOS) operated by the Korea Meteorological
Administration (KMA). The data were collected from 61 sta-
tions for 52 summer seasons (June-August) from 1973 to 2024.

International Journal of Climatology, 2025

20f12

85UB0|7 SUOWIWIOD 38D 3|ceot|dde au) Aq peussnob ke ssjo e VO ‘8sn Jo sajnu Joj Areiq1 8UlUO A8]1M UO (SUOIPUOD-PUB-SULIBY WO A8 | 1M AleIq 1 Ul [UO//:SdNY) SUORIPUOD pue sWs | 8y} 835 *[9202/TO/ET] Uo ARiqiTauliuo A8 | ‘A%iqi AlsieAlun SUeWo eym3 Aq TSTOL 90(/Z00T 0T/10p/L0o A3 |1mAkeid 1 puluO'SIewL//Sdny wouy papeojumoq ‘9T ‘SZ0Z ‘8800260T



The area-averaged T, .. from these stations was used as a repre-

sentative value for South Korea.

Meteorological conditions were derived from the 6-hourly
Japanese Reanalysis for Three Quarters of a Century (JRA-3Q;
Kosaka et al. 2024) dataset, which consists of 37 pressure lev-
els with a horizontal resolution of 1.25°x1.25°. The 6-hourly
JRA-3Q data for the following variables were aggregated into
daily values: 2-m air temperature (T2m), air temperature (T)
at 975hPa, geopotential height (GPH) at 500 and 200hPa, ver-
tical velocity (w) at 500hPa, specific humidity (Q) at 975hPa
and zonal (U) and meridional winds (V) at 975hPa. Additional
JRA-3Q variables used in this study were the surface energy
budget components, total cloud cover, soil moisture and daily
precipitation.

To investigate the role of diabatic heating, we further used
diabatic heating components at 975hPa, following Lopez
et al. (2025). The following heating rates are explicitly provided
in JRA-3Q, but they are not fully available in ERAS: sensible
heat transfer without phase change, represented by the verti-
cal diffusion heating rate (VDFHR); latent heat associated with
moisture processes, represented by the convective heating rate
(CNVHR) and large-scale condensation heating rate (LRGHR);
and net atmospheric radiation, represented by the longwave ra-
diative heating rate (LWHR) and solar radiative heating rate
(SWHR).

2.2 | Methods

To explore the local temperature evolution associated with heat
waves, the thermodynamic energy equation in the pressure co-
ordinates (Holton and Hakim 2013) was used:

oT Q
= _V.VT+S§ =
T, + pco+cp (€))]

where T is the temperature, V is the horizontal wind vector,
S, is the static stability parameter, w is the vertical velocity in
pressure coordinates, Q is the diabatic heating and C,, is the
specific heat capacity of air at a constant pressure. The terms
of Equation (1) from left to right represent the temperature ten-
dency and changes in temperature due to horizontal advection,
adiabatic heating and diabatic heating, respectively. The tem-
perature tendency, horizontal advection and adiabatic heating
were calculated from the data using their analytical expres-
sions. Note that diabatic heating was estimated as a residual
of Equation (1). Equation (1) was evaluated at 975hPa due to
its proximity to the surface, which means that it appropriately
represents near-surface thermodynamic processes (Gonzélez-
Herrero et al. 2022; Ha et al. 2022).

To clarify the roles of teleconnection patterns in sustaining
prolonged heat waves, we analysed several key teleconnection
indices at a daily time scale. The AO index was obtained from
the National Oceanic and Atmospheric Administration Climate
Prediction Center (NOAA CPC), available at: https://www.cpc.
ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao.
shtml. The CGT index was calculated as the regional mean of

200hPa GPH anomalies over northwestern India (35°-40° N,
60°-70° E) (Ding and Wang 2005). The PJ index was computed
as the difference in normalised 850 hPa GPH anomalies between
grid points over Taiwan (22°N, 120°E) and Japan (35°N, 140°E)
(Kubota et al. 2016).

We conducted a composite analysis to identify the characteris-
tics of two types of heat wave events. Composite anomalies were
calculated by subtracting the daily climatological mean of each
variable from 1973 to 2024 to exclude seasonal cycles. The statis-
tical significance of the composites was evaluated using a one-
sided Student's t-test.

2.3 | Definition of a Heat Wave

A heat wave is generally described as a period of consecutive
days in which the air temperature is higher than usual (Smith
et al. 2013; Coughlan De Perez et al. 2023). However, more spe-
cific definitions of heat waves require that thresholds vary by
country due to their differing local climates. In South Korea,
the KMA uses an absolute threshold to formally define a heat
wave as a period of at least two consecutive days during which
T, .. €xceeds 33°C. However, using an absolute threshold is
unlikely to detect heat wave events in early or late summer
because they are primarily concentrated within a specific pe-
riod (mid-July to August). To account for the local climate, we
here defined a heat wave using a relative threshold (i.e., T ax
exceeding the seasonally varying 90th percentile threshold for
at least two consecutive days). The 90th percentile threshold
was calculated for each calendar day during the summer sea-
son using T, within a 15-day window centered on the tar-
get date based on the reference period of 1981-2010 (Stefanon
et al. 2012; Russo et al. 2014).

60 1.0
1 = CDF
Short (<4 days)
MLEs (5-9 days)| |
B ELEs (>10 days) | |-
— 0.8
‘0 .
-
C
g 0.6
> X
B a
2 i O
3 - 0.4
o
(O]
—
L
— 0.2
| . | | I 0-0

2345678 12 16 20 26
Duration [days]

FIGURE1 | Histogram and cumulative distribution function (CDF;
green line) of heat wave events over South Korea during summer
months (June 1 to August 31) from 1973 to 2024, categorised by event
duration. Coloured bars indicate short-duration events (grey), moder-
ately long events (MLESs; orange) and extremely long events (ELEs; red).
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3 | Results

3.1 | Categorization of Duration-Dependent
Heat Waves

According to the method for defining heat waves described in
Section 2.3, 123 heat wave events were detected over South Korea
from 1973 to 2024. Figure 1 shows the distribution of summer
heat wave durations, which from 2 to 26 days during that 52-year
period. Notably, no events were observed with durations between
9 and 11days. To establish a statistically robust classification, we
analyzed the cumulative distribution function of heat wave dura-
tions (right axis in Figure 1). Given that the 80th percentile cor-
responded to a duration of 4days, we distinguished long-duration
events (lasting 5days or more) from short-duration events (less
than 5days), following previous studies (Yang et al. 2021; Ji and
Chen 2024). Short-duration events were excluded from the analysis
because they are typically associated with small-scale or transient
high-pressure systems that are largely irrelevant to the sustained
thermodynamic processes that are our focus in this study.

Among the remaining long-duration events (> 5days), we clas-
sified the most persistent and exceptional heat wave events

using a 10-day threshold. This threshold was supported not
only by the observed gap in event durations but also by pre-
vious research showing that heat waves lasting 10days or
more are often associated with highly stable and persistent
atmospheric circulation patterns, such as prolonged blocking
or quasi-resonant amplification (Petoukhov et al. 2013; Mann
et al. 2018).

Accordingly, we defined MLEs as those lasting between 5 and
9days (15.4% of the total events) and ELEs as those lasting
10days or more (top 4.1%). Based on that classification, 24 long
heat wave events were identified: 19 MLEs accounting for 113
heat wave days and 5 ELEs accounting for 90days (Table 1).
Despite their low frequency, MLEs and ELEs collectively ac-
counted for 40% of the total heat wave days and exhibited sig-
nificantly greater intensity than short-duration events. It should
be noted that this classification was introduced to facilitate a
comparative analysis of representative cases with distinct du-
rations rather than to establish fixed types of heat waves. Our
choice of duration thresholds does not affect the robustness of
the primary conclusions drawn in this study. For example, in
2024, an ELE was formally followed by an MLE owing to a sin-
gle day that did not meet the threshold; however, regarding them

TABLE 1 | Summary statistics of summer heat wave events over South Korea from 1973 to 2024, categorised by duration: Short-duration events
(2-4days), moderately long events (MLEs; 5-9 days), and extremely long events (ELESs; >10days). The average intensity is defined as the mean daily

T ., anomaly relative to the 90th percentile threshold.

Frequency Average duration Average
Category [events] Proportion [%] Total days [days] [days] intensity [°C]
Short (2-4 days) 99 80.5 265 2.7 0.80
MLEs (5-9 days) 19 15.4 113 5.9 0.95
ELEs (>10days) 5 4.1 90 18.0 1.44
Total 123 100 468 3.8 0.96
i MLEs (19 events)
|| M@ ELEs (5 events)
1980 —
1990 —|
@ ]
$ 2000 —|
2010 —
—
_l\I\IIWI\H\I\|III\I!\I\|\IIWIIIIWI\I!I!\I!II\I\1!\I\I!II\!!\i\I\II\ITTT.\TVT\.TTTTHI\I\H\II
Jun 1 Jun 15 Jul 1 Jul 15 Aug 1 Aug 15 Aug 31
Day

FIGURE2 | Temporal distribution of heat wave events based on daily maximum temperature (T

) for moderately long events (MLEs; 5-9 days)

max:

and extremely long events (ELEs; >10days). Coloured squares represent MLEs (orange) and ELEs (red).
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area-averaged over South Korea (34°-38°N, 125°-130°E) for moderately long events (MLESs; 5-9days) and extremely long events (ELEs; >10days).

Coloured dotted lines represent T,

from day —5 to day +5 relative to the onset and end dates of individual heat wave events. Thick lines indicate the

duration of heat wave events. (b, d) Schematic diagrams showing composite-mean T, ,, anomalies evolution for MLEs and ELEs. Thick red, black,

and blue lines represent the growth, maintenance and decay stages, respectively. Grey shading denotes the duration of the heat wave event. Numbers

in parentheses indicate the number of events.

as a single continuous ELE yields consistent results, demonstrat-
ing the robustness of our classification.

Figure 2 illustrates the temporal distribution of heat waves over
South Korea during the 52 summer seasons from 1973 to 2024.
MLEs and ELEs predominantly occurred in July and August,
whereas short-duration events were more evenly distributed
throughout the summer. ELEs were primarily concentrated in
late summer from mid-July to August. On average, ELEs ex-
hibited a difference of 1.44°C between their daily T, , and the
seasonally varying 90th percentile threshold, which is notably
greater than the 0.95°C observed for MLEs (Table 1). This indi-
cates that despite fewer occurrences (only 5 cases), ELEs have a
substantial effect due to both their duration and intensity.

The longest heat wave, lasting for 26days, occurred in July-
August 2018. Other ELEs were observed in 1994 (20days), 2013
(16days), 2016 (16 days) and 2024 (12 days). These events are con-
sistent with the record-breaking heat waves reported in previous
studies (Yeh et al. 2018; Min, Kim, et al. 2020; Ha et al. 2020).
Notably, four out of the five ELEs occurred since the 1990s, indi-
cating a recent trend toward longer-lasting heat waves. Despite
their rarity, this trend suggests a potential increase due to ongo-
ing global warming and underscores the need to better under-
stand the physical processes that sustain their persistence.

3.2 | Stage-Based Characteristics of MLEs
and ELEs

3.2.1 | Temporal Evolution

We examined the temporal evolution of heat waves with differ-
ent durations by comparing MLEs and ELEs. Figure 3a,c shows
area-averaged T, . anomalies (relative to the daily climatology
of 1973-2024) over South Korea (34°-38°N, 125°-130° E) within
a 5-day window before and after the onset and end of individual
MLE and ELE events (coloured dotted lines). MLEs exhibited
a largely symmetrical temperature evolution around the event
onset. T anomalies began increasing significantly before the

event onsets, peaking shortly after onset and then decreased
rapidly as the event ended, returning to the climatological levels.
Conversely, although ELEs showed similar initial growth, they
featured a distinct maintenance phase duringwhich T, _anom-
alies remained up to 4.2°C above normal with slight fluctuations
before gradually returning to normal.

To perform detailed research on the full life cycles of these
events, we classified each heat wave event into stages based
on its temperature evolution: the growth stage, defined as the
period of rapid temperature increase before onset (5.8days on
average for MLEs, 8days for ELEs); the maintenance stage,
during which temperature remained relatively stable at a high
level (10.2days for ELESs, not present in MLEs); and the decay
stage, marked by a rapid temperature decrease after the peak
of the event (3.8 for MLEs, 3.6days for ELEs) (Figure 3b,d).
Notably, MLEs comprised only the growth and decay stages,
whereas ELEs included all three, highlighting the presence of a
sustained high-temperature phase unique to ELEs. This stage-
based framework was introduced to better capture the dynamic
evolution of heat waves. Note that the analysis period is different
for each heat wave event to reflect the event-specific temporal
evolution of T anomalies. The following analyses focus on

max

the characteristics of each stage for MLEs and ELEs.

3.2.2 | Atmospheric Patterns

Although this study focuses on thermodynamic characteristics,
it is essential to examine the background circulation patterns
that initiate and maintain heat waves. To clarify that, we con-
ducted a stage-based composite analysis of anomalous GPH at
500, w at 500, Q at 975 and UV at 975hPa (Figure 4). In addition,
we examined the normalised indices of three key teleconnec-
tion patterns (PJ, CGT and AO) during each stage because they
are widely recognised as remote drivers of heat waves (Lee and
Lee 2016; Kim et al. 2022; Kim et al. 2024; Table 2).

Given that MLEs and ELEs both lasted more than 5days, the
MLESs shared several initial features with the ELEs during the
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FIGURE 4 | Composite anomalies of (left) geopotential height (GPH, gpm) at 500hPa, (center) vertical velocity (w, Pa/s) at 500hPa and (right)

specific humidity (Q, kg/kg) and wind vectors (UV, m/s) at 975 hPa for (a-f) moderately long events (MLEs; 5-9 days) and (g-o0) extremely long events
(ELEs; >10days). The yellow box denotes the region of South Korea (34°-38°N, 125°-130°E). Statistically significant anomalies at a 95% confidence
level are indicated by hatched areas.
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TABLE 2 | Normalised PJ, CGT and AO indices during different heat wave stages for moderately long events (MLEs; 5-9 days) and extremely long

events (ELEs; >10days).

MLEs ELEs
Index Growth Decay Growth Maintenance Decay
PJ 0.24* 0.37** 0.05 —0.04 0.02
CGT 0.59* 0.11 0.68* 0.00 0.18
AO —0.04 0.17* 0.44%* 0.74** 0.71**

Note: *p<0.5, **p <0.01.

growth stage, including high-pressure systems over East Asia,
local subsidence and southwesterly winds (Figure 4a-c). A
broader wave train structure that extended from Europe to the
southern region of the Kamchatka Peninsula was indicative of
an eastward-propagating Rossby wave (Ding and Wang 2005;
Yeo et al. 2019), which was associated with a significantly
positive CGT index (+0.59, p<0.05; Table 2). Furthermore, a
north-south dipole pattern, consisting of an East Asian high
and a Russian low, corresponded to a weak but positive PJ index
(+0.24, p<0.05), reflecting localized wave activity over the
western North Pacific and Japan (Nitta 1987; Noh et al. 2021).
The resulting high-pressure system over South Korea induced
broad subsidence. In the lower troposphere, southwesterly
winds transported warm and moist air from the East China
Sea and western Pacific to South Korea, creating thermody-
namic conditions favorable for the development of heat waves.
As each event decayed (Figure 4d-f), the high-pressure system
weakened, leading to reduced subsidence and weaker low-level
southerly winds. These changes primarily contributed to the
dissipation of MLEs.

Compared with MLEs, ELEs featured more robust and per-
sistent high-pressure systems throughout their life cycles.
During their growth (Figure 4g-i), a slightly more amplified
high-pressure system developed over South Korea, with con-
current low-pressure systems in the Arctic (above 80°N), corre-
sponding to a significantly positive AO phase (+0.44, p<0.01).
Such low anomalies over the Arctic intensified the Arctic-
midlatitude temperature gradient, which in turn induced a
northward shift of the jet stream. Consequently, the westerlies
weakened over East Asia, favouring the persistence of the high-
pressure system over South Korea (Lee and Lee 2016; Wu and
Francis 2019; Lee, Noh, et al. 2024). Additionally, at 200hPa, a
more distinct CGT-like pattern, with high and low features over
the mid-latitudes, was observed when the CGT index was sig-
nificantly positive (+0.68, p<0.05) (not shown). This suggests
that large-scale wave activity contributed to the amplification of
high-pressure systems over East Asia, which in turn supported
local subsidence.

During the maintenance stage (Figure 4j-1), high-pressure sys-
tems intensified and persisted from Western Europe to East
Asia. Even though the CGT index dropped to near zero, the
continued positive phase of the AO (+0.74, p <0.01) helped sus-
tain high-pressure systems established during the growth stage.
Additionally, an anomalous high-pressure system over the south-
ern Kamchatka Peninsula acted as an atmospheric blocking,
hindering the eastward progression of the high-pressure system

over Korea (Yeh et al. 2018; Min, Chung, et al. 2020). Although
individual ELEs originated from diverse forcings—such as
blocking highs over the Kamchatka Peninsula in 2016 (Yoon
et al. 2021) or the westward expansion of the Western North
Pacific Subtropical High in 1994 and 2018 (Ha et al. 2020)—
they consistently resulted in a prolonged high-pressure system
over South Korea, supporting strong subsidence and weak low-
level winds. In the decay stage (Figure 4m-o), the high-pressure
systems gradually weakened and shifted westward despite a
strongly positive AO index (+0.71, p <0.01). This is because the
AO reflects the Arctic-midlatitude dipole structure, which does
not always align with regional anomalies. The weakening of the
high-pressure system over Korea facilitated northeasterly winds
into the Korean Peninsula, which advected dry and cold air and
thereby contributed to the decay of ELEs.

Taken together, these results show that ELEs are associated
with distinct atmospheric circulation patterns that are strongly
linked to persistent Arctic forcing. However, circulation dif-
ferences alone do not fully explain their contrasting thermo-
dynamic characteristics. The following sections examine how
local thermodynamic processes further distinguish the duration
of heat waves, highlighting that ELEs are not merely prolonged
MLEs but involve fundamentally different mechanisms.

3.2.3 | Thermodynamic Characteristics

Having established the presence of high-pressure systems
during MLEs and ELEs, we used the thermodynamic energy
equation in pressure coordinates (Equation 1) to quantify the
contributions of thermodynamic processes to temperature
changes at 975hPa, spatially averaged over South Korea (34°-
38°N, 125°-130°E) across each stage of these events (Figure 5).
We found that ELEs differed from MLEs in two key thermo-
dynamic characteristics. First, although both MLEs and ELEs
exhibited similar initial temperature increases driven by warm
horizontal advection and adiabatic heating associated with
strong subsidence, ELESs sustained that warming for longer due
to prolonged subsidence under persistent high-pressure systems.
Second, during the decay stage, although high-pressure systems
weakened in both cases, ELEs exhibited an insignificant but
positive diabatic contribution that was absent in MLEs.

During the growth stage of MLEs, positive temperature tendency
was primarily driven by horizontal advection associated with
anomalous southwesterly winds transporting moisture from the
ocean (Figure 5a). Those southwesterly winds were influenced
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FIGURE 5 | Bar graphs of anomalous (a, ¢) temperature budget components and (b, d) diabatic heating rate at 975hPa, area-averaged over South
Korea (34°-38°N, 125°-130°E), during different heat wave stages in (a, b) moderately long events (MLEs; 5-9 days) and (c, d) extremely long events
(ELEs; >10days). The top panels show temperature budget components: Total temperature tendency (red), horizontal advection (blue), adiabatic
heating (orange) and diabatic heating (black). The bottom panels show components of the diabatic heating rate from JRA-3Q: Shortwave radiative
heating rate (SWHR), longwave radiative heating rate (LWHR), convective heating rate (CNVHR), large-scale condensation heating rate (LRGHR)
and vertical diffusion heating rate (VDFHR). Statistically significant anomalies at the 95% (99%) confidence level are indicated by grey hatched
(cross-hatched) areas.

(a) MLEs: SEB c) ELEs: SEB
[ wWee mELH : -
o E 5 LWeown I SH : - ]
40 _: Il SWret 0 _:
NE ] : NE ]
= 20 H : = 20
=] 8 - -
] - : E
°7 X : %] =
20 4 i 20 3 ; ;
T ' T T T ’ T
Growth Decay Growth Maintenance Decay
5 _(b) MLEs: TCC & PRCP & SM 5 _(d) ELEs: TCC & PRCP & SM
0 I7/—I 04 - 0.0 00
o I 4 - 15_5 - 20 3 | 03 &
w -10 4 < T 0 E 2 mg
= 15 - = -15 3 —-40% 0.6 E
20 Armrce ? k. L 60 |09
-25 | PRCP : B -25 :
i|msm : | : :
-30 T T -30 T T T -8.0 1.2
Growth Decay Growth Maintenance Decay

FIGURE 6 | Bargraphsof anomalous (a, ¢) surface energy budget (SEB) components and (b, d) total cloud cover (TCC), daily precipitation (PRCP)
and soil moisture (SM), area-averaged over South Korea (34°-38°N, 125°-130°E), during different heat wave stages for (a, b) moderately long events
(MLEs; 5-9days) and (c, d) extremely long events (ELEs; > 10days). The SEB components are upward longwave radiation flux (qup;
ward longwave radiation flux (LW, ;s orange), net shortwave radiation flux (SW_; red), latent heat flux (LH; green) and surface sensible heat flux
(SH; purple). In panels (b, d), TCC (blue; left axis), PRCP (sky blue; right axis) and SM (brown; right axis) anomalies are shown. A positive value indi-

cates downward. Statistically significant anomalies at the 95% (99%) confidence level are indicated by grey hatched (cross-hatched) areas.

grey), down-

by a developing high-pressure system centered over the East Sea shortwave radiation due to reduced cloud cover significantly
(Figure 4a,c). As the high-pressure system intensified, adiabatic =~ amplified the warming (Figures 5a and 6a). Enhanced down-
heating from increased subsidence and enhanced surface net = ward longwave radiation due to abundant moisture further
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supported this process. The net diabatic heating, on the other
hand, acted as a damping term, partially offsetting the warming.
This damping was primarily due to LWHR, which was associ-
ated with emitted longwave radiation from the warmed atmo-
sphere (Figure 5b). CNVHR and VDFHR further contributed
to diabatic cooling by limiting convective heat and vertical heat
transport under the influence of strong subsidence.

As MLE:s transitioned into the decay stage, the temperature ten-
dency reversed, primarily due to diabatic cooling from CNVHR
and LWHR. The weakening of the high-pressure system and
associated subsidence disrupted the anomalous southwesterly
winds and induced cold horizontal advection, but its influence
was not statistically significant (p >0.05; Figures 4f and 5a).

In ELEs, the growth stage resembled that of MLEs, but the
maintenance and decay stages exhibited distinct thermody-
namic characteristics (Figure 5c). During the maintenance
stage, which was prominent during ELEs, the temperature ten-
dency was near zero, indicating the persistence of extremely
high temperature anomalies. This balance arose from adiabatic
heating associated with strong subsidence and compensating
cold horizontal advection induced by anomalous northeaster-
lies (Figure 4j-1). Meanwhile, diabatic heating began to con-
tribute positively, likely reflecting surface-induced warming.
Persistent subsidence suppressed cloud formation, increasing
surface shortwave radiation income (Figure 6c). As a result,
the release of both sensible and latent heat fluxes increased,
suggesting stronger land-atmosphere interaction. This was ac-
companied by a marked decline in soil moisture, likely reflect-
ing cumulative surface drying due to sustained evaporation
(Figure 6d).

During the decay stage, strong cold horizontal advection and
weakened adiabatic heating dominated the negative tempera-
ture tendency. This shift was due to the westward movement
of high-pressure systems, which brought cold and dry air
through northeasterly winds (Figure 4m-o). In contrast, the
positive contribution of diabatic heating increased, delaying
the decay of ELEs, although not by a statistically significant
amount (p>0.05). This increase was partly due to enhanced
VDFHR, which reflected upward heat transport due to re-
leased sensible heat flux (Figure 5d). The surface energy
budgets support this result, showing reduced net shortwave
radiation but increased sensible heat flux (Figure 6¢). Notably,
soil moisture did not recover to climatological levels after the
events, implying prolonged surface dryness. This could not
only intensify heat waves but also create favourable condi-
tions for concurrent or subsequent droughts (Li et al. 2019;
Seo and Ha 2022).

These results suggest that ELEs are not merely responses to
persistent high-pressure systems. Although large-scale circula-
tion (e.g., CGT and AO) initiated ELEs by providing the neces-
sary atmospheric background, including persistent upper-level
high-pressure systems, the maintenance of extremely high tem-
peratures in ELEs was further supported by thermodynamic
processes involving land-atmosphere interactions. Sustained
sensible heat release under continued drying distinguished
ELEs from MLEs, in which subsidence weakened and the sur-
face recovered more quickly, limiting their duration.

4 | Discussion and Conclusion

In this study, we compared the thermodynamic characteris-
tics of recent ELEs (> 10days) with those of MLEs (5-9 days) in
South Korea. By adopting a stage-based analysis framework, we
systematically examined the life cycles of heat wave events, their
growth, maintenance and decay stages, to better understand the
physical processes that modulate heat wave persistence.

The thermodynamic evolution of MLEs and ELEs revealed both
commonalities and key distinctions. The growth stage of both
event types exhibited initial warming dominated by horizontal
warm advection, with adiabatic heating as high-pressure sys-
tems intensified. However, their development diverged in the
later stages. MLEs decayed as the high-pressure system weak-
ened, allowing enhanced cold advection and diabatic cooling. In
contrast, ELEs featured a prolonged maintenance stage in which
persistent high-pressure systems sustained adiabatic warming
and promoted increasing diabatic heating, particularly through
intensified land-atmosphere interactions. In particular, gradual
soil moisture depletion enhanced sensible heat flux, which, to-
gether with vertical diffusion heating, contributed to maintain-
ing elevated temperatures. Even as circulation began to shift
and cold advection intensified, enhanced diabatic heating con-
tinued to counteract cooling, delaying the termination of ELEs.

A key finding of this study is that ELEs are not merely extended
versions of MLEs but possess qualitatively distinct thermody-
namic characteristics, particularly during the maintenance
stage. Although large-scale circulation (e.g., CGT and AO) ini-
tiates ELEs by providing favourable conditions for persistent
high-pressure systems, regional thermodynamic processes
increasingly dominate their persistence. In particular, surface
drying suppresses the rapid decay of ELEs by enhancing the re-
lease of sensible heat flux to the atmosphere, which can reinforce
high-pressure anomalies and form a sustaining cycle of dryness
and warming (Seo et al. 2021; Yoon et al. 2023; Lyu et al. 2024).

Although those processes have been well documented in con-
tinental areas such as Eurasia, their increasing relevance over
the Korean Peninsula, traditionally considered a region with
limited land-atmosphere interactions due to its relatively humid
and oceanic climate, suggests a possible shift in heat wave
characteristics. This shift might reflect observed trends such
as soil moisture depletion, which could further enhance land-
atmosphere feedback under future climate conditions (Cheng
et al. 2015; Li et al. 2021). Nonetheless, given the complexity of
these interactions, further long-term and high-resolution obser-
vations are needed to enhance our understanding and improve
the prediction of future heat wave events.

Although our results highlight the role of thermodynamic pro-
cesses in prolonging heat waves, our circulation-based compos-
ite analysis further indicates that large-scale teleconnection
patterns, such as the CGT and AO, modulate the synoptic circu-
lations that support the development and maintenance of heat
waves. Although we did not quantitatively assess the relative
contributions of each teleconnection pattern, the consistent
association between a positive AO phase and ELEs indicates
a possible link between remote forcings and heat wave per-
sistence (Lee and Lee 2016; Wu and Francis 2019). In addition,
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Choi et al. (2020) reported significant decadal shifts in the
interannual variability of heat waves in East Asia that were
linked to an amplified Scandinavian teleconnection pattern.
Those findings, together with growing evidence that local topo-
graphic forcing and slowed Rossby wave propagation contrib-
ute to prolonging heat waves (Jiménez-Esteve et al. 2022; Nie
et al. 2024), highlight the need for further studies to systemati-
cally assess how remote forcings and their variability modulate
the persistence of ELEs under both present and future climate
conditions.

In conclusion, our findings indicate that the recently prolonged
heat waves in South Korea should be distinguished from oth-
ers in terms of their thermodynamic processes. Specifically, the
combined influence of adiabatic heating associated with per-
sistent upper-level high-pressure anomalies and diabatic heating
involving land-atmosphere interactions plays a critical role in
prolonging heat waves. Although the number of observed ELEs
remains small, their frequency is projected to increase with on-
going climate change. In this regard, our study provides insights
into the processes governing the persistence of such extreme
heat events. Expanding the sample size and conducting compar-
ative analyses across similar climate zones would enhance the
robustness and generalizability of these findings. Furthermore,
incorporating model simulations or scenario-based analyses
could enhance understanding of external influences, such as
anthropogenic forcing, on heat waves during global warming.
Such integrative approaches will ultimately support more accu-
rate predictions and improved preparedness for future extreme
heat waves in South Korea and beyond.
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