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climate simulations
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This study analyzes the impact of climate change on the summertime hourly extreme rainfall event
(HER) over South Korea. The UKESM-forced regional climate model is utilized to simulate HER over
South Korea in the historical (2001–2005) and future periods (2091–2095) under the SSP1-2.6 and
SSP5-8.5 scenarios at a convection-permitting resolution (2.5 km). A significant increase in futureHER
intensity and frequency appears in July, with the frequency increases about two times for SSP1-2.6
and about 3.7 times for SSP5-8.5 scenarios. Themonth of maximumHER frequency is also projected
to shift fromAugust to July.When clustering theHERs into six representativeweather patterns, SSP5-
8.5 scenarios show a predominant increase in weather patterns characterized by a frontal boundary
between low and high pressure in July. Our results suggest that the future sub-seasonal evolution of
HER over South Korea may change with the intensification of subtropical high and the deepening of
mid-level trough according to different future scenarios.

Extreme rainfall event is one of themost crucialmeteorological phenomena
which have great influences on ecosystems and human society. It causes
natural disasters, such as floods or landslides, and leads to loss of life and
property damage. In the past 4 years, extreme rainfall events have occurred
every year in South Korea, resulting in over 150 casualties and extensive
property damages1,2. It can be inarguably asserted that the frequent occur-
rence of extreme rainfall events in recent years is linked to climate change.
The impact of climate change on extreme rainfall has been reported by
previous studies based on observed long-term trend analyses3–6 and future
climate simulations7–13. These studies argued that a significant increase of
short-duration extreme rainfall events is evident, and the percentage
changes in both frequency and intensity will be even greater in the future,
especially for more severe rainfall. Despite an increasing attention paid to
sub-daily extreme rainfall, however, detailed future projections of extreme
rainfall are not well quantified.

The utilization of regional climate model (RCM) is necessary in
simulating a local extreme climate. However, conventional RCMs, with
a horizontal resolution of tens of kilometers, often have difficulties in
simulating localized extreme rainfall events due to rather coarse
resolution. To overcome this limitation, a high-resolution (≤4 km)
RCM has recently been proposed14,15. This modeling approach allows

the deactivation of error-prone cumulus parameterization schemes,
referred to as convection-permitting model (CPM). The advantages of
CPM in simulating sub-daily rainfall have been highlighted with
improved representation of rainfall intensity and diurnal cycle, as it can
explicitly simulate the deep convection process14,16–19. This leads to an
improvement in short-duration extreme rainfall modeling
performance12,20–22. The CPM also exhibits a better performance in
simulating precipitation over regions of complex terrain21,23,24 and
high-elevation25,26 owing to the realistic representation of topography.
However, most previous studies have focused on the characteristics of
rainfall over long-term or seasonal periods.

Various features of extreme rainfall events appear in South Korea
owing to complex atmospheric factors6,27–29. Changma, a subsystem of the
East Asian summer monsoon, has a great influence on precipitation pat-
terns over South Korea in early summer30,31. Changma often brought a
prolonged rainy period to South Korea with a quasi-stationary front, but it
has been undergoing changes owing to climate change in recent years,
prompting research for its redefinition32. In late summer, extreme rainfall
events in South Korea are also associated with tropical cyclones and mid-
latitude flow. Moreover, the complex topography of South Korea con-
tributes to the spatial variability of rainfall. Therefore, it is necessary to
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understand the characteristics of rainfall patterns in SouthKorea on various
spatial and temporal scales.

In this study, we aim to examine future changes of the hourly scale
extreme rainfall events in South Korea under two different future emission
scenarios by utilizing the CPM. In particular, we explore the monthly var-
iations of summertime hourly extreme rainfall, focusing on its frequency.
First, the added-value of the high-resolution CPM is assessed for historical
climate simulations in view of observations. Then, we examine the changes
in extreme rainfall patterns under climate change by analyzing the fre-
quency of extreme rainfall events according to the weather patterns.

Results
Future changes in monthly variation of hourly extreme rainfall
event (HER)
Before projecting future climate, the performance of the 2.5 km resolution
CPM (CPM2.5) in simulating extreme rainfall is briefly evaluated in com-
parison to the 25-km resolution RCM (RCM25). Figure 1a–c presents the
features of hourly precipitation rainfall derived from observations and
model results with CPM2.5 and RCM25 in historical and future periods.
The CPM2.5 shows a better performance compared to the RCM25 for
extreme precipitation above the 98th percentile (Fig. 1a–c). CPM2.5 results
align more closely with observations with a bias of 13%, remarkably lower
than RCM25 which shows 41% bias. The magnitude of the model biases
between 99.90 and 99.99th percentile ranges from 9.9 to 19.5 mmand 3.3 to
6.0mmforRCM25andCPM2.5, respectively, indicating the added-value of
CPM for reproducing the observed extreme rainfall distributions. Future
climate projections exhibit high precipitation amount over 99.90th

percentile compared to the historical with increases of about 14% and 60%
under the SSP1-2.6 (SSP126) and SSP5-8.5 scenarios (SSP585), respectively.
In SSP585 scenario, the increase becomes steeper above 99.93rd percentile.

Figure 1d, e shows the frequency and mean precipitation amount of
hourly rainfall event exceeding the 99.95th percentile for each month. The
observations show the relatively high frequency in July and August, but
there is little difference in rainfall amounts between the months (34.3‒
37.9mm/h). The model results obtained through bootstrapping are ana-
lyzed based on the median. Both CPM2.5 and RCM25 overestimate fre-
quency in June and underestimate the precipitation amount of extreme
rainfall events, but can capture the observedmonthly variations of historical
extreme rainfall events. Compared to RCM25, CPM2.5 simulates the
monthly variation of extreme rainfall frequency close to the observations,
especially by reducing about 70% of RCM25 biases in August. For the
precipitation intensity, rainfall amount simulations are clearly improved in
CPM2.5 compared to RCM25. These results support the added-value of
high-resolutionmodeling simulation17,24. Future scenarios show increases in
both the frequency and intensity for all summer month under SSP585,
whereas SSP126 exhibits varying patterns across different months. In July
and August, which account for most of the summer precipitation, the
changes are more evident in frequency than in precipitation amount.

Using the CPM2.5 simulations, we project the future changes of the
monthly and sub-daily HER frequency (Fig. 2). Here, HER is defined as the
cases where the hourly-accumulated rainfall amount exceeds the 99.95th
percentile historical period rainfall over the land region of South Korea (See
Data andMethods). The average annual frequencies of HER are 56, 67, and
126 for historical, SSP126 and SSP585 scenarios, respectively. This indicates

Fig. 1 | Assessment of regional climatemodel performance in simulating extreme
rainfall over South Korea. a–c Hourly precipitation amount according to the
percentile in historical and future period. Note that y-axis scales are different.
d Frequency and emean amount of rainfall events exceeding the 99.95th percentile
derived from observation and model data in historical and future period. CCLM
rainfall results are from data interpolated into ASOS stations. Results from the

observation and RCM25 are presented for the historical period, while CPM2.5 are
shown for both the historical and future periods. The shaded range in (a–c) and
vertical lines in (d, e) indicate the 90% confidence interval diagnosed by the boot-
strapping method. Star markers in (d, e) indicate the future changes are statistically
significant at 99% confidence level in Wilcoxon rank-sum test.
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that theHERfrequency is projected to increaseby approximately 18%under
SSP126and123%under SSP585. In thehistorical period, the simulatedHER
frequency is within the observed range, although it is underestimated except
in June (top subpanel in Fig. 2a). The highest frequency occurs in August
with a diurnal peak at 16–24 LST and the second-highest monthly rainfall
frequency appears in July, with only a slight difference between the two
months. The bimodal diurnal peaks of summer HER occurrence which
appear in the early morning and evening hours are consistent with
observations33,34. Themonthlypeak inAugust (Fig. 2a) is projected to shift to
July in future (Fig. 2b, c). Significant changes inHER frequency are found in
July with a 99% increase under SSP126 and a 271% increase under SSP585.

Future changes in HER frequency are presented in Fig. 2d, e. Under
SSP126, the HER frequency decreases in June (−32%) andAugust (−38%),
whereas it increases in July and September to themuch greater extent in July
(Fig. 2d). The future changes in diurnal variation of HER frequency vary
across different hour, and distinctive increase appears at 08–12 LST. The
HER frequency change under SSP585 is positive for all months and hours
and shows a much larger increase compared to the SSP126 (Fig. 2e). More

than half of HERs are projected to occur in July with 271% increase while
46% increase is projected in August. In July, diurnal variation in HER
frequency shows a double peak in the early morning (08–12 LST) and
afternoon (16–20 LST) and theHER frequency peak also appears in the late
afternoon in August (Fig. 2c). Under SSP585, the frequency increases sig-
nificantly across the overall time of the day in July (Fig. 2e).

In the case of HER precipitation, it is projected to increase in both July
(17.0–19.8%) andAugust (9.2–11.9%) inAugust under the SSP126 scenario,
although the frequency of HER events decreased in August. A similar
increasing pattern is projected under the SSP585 scenario, with increases of
16.7–24.0% in July and 9.0–22.2% in August. Therefore, to analyze the
regional changes in future rainfall, the spatial distributions of precipitation
anomalies when HER occurs are displayed in Fig. 3. The anomalies are
calculated by subtracting climatological precipitation mean from the HER
precipitation amount for the relevant period. The maximum HER pre-
cipitation is located in the southern (June and September) and northern
(July andAugust) regions of SouthKorea in the historical period (Fig. 3a–e).
The overestimation of HER event frequency in June is likely due to the

Fig. 2 | Monthly and diurnal variation of HER frequency. a–c Frequency of
extreme rainfall event according to the month and local standard time (LST)
(shaded) andmonthly and diurnal variation of extreme rainfall event frequency (bar
plot) under a Historical, b SSP126, and c SSP585 and their future changes under
d SSP126 and e SSP585. Note that y-axis scales for bar plots are different. The black

line and green line in (a–c) indicate the 90% confidence interval for the observation
and CPM2.5 data, respectively, diagnosed by the bootstrapping method. Black
squaremarkers in (d, e) indicate the future changes are statistically significant at 99%
confidence level in Wilcoxon rank-sum test.
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overestimation of precipitation over the southeastern region when com-
pared with the observations (not shown). Both SSP126 and SSP585 results
exhibit an increase of summer precipitation over the southern region of
South Korea (Fig. 3a, f, k). In August under SSP585, a narrow diagonal
precipitation band pattern appears, which is likely due to the mountainous
topography of the region. The characteristics of CPM models to simulate
intense precipitation over mountainous areas has also been reported in
previous studies24,35.

The relatively smaller rate of increase in precipitation in July compared
to the rate of increase in frequency alignswith the results shown in Fig. 1d, e.
In July, a greater increase in precipitation with wider area of the southern
region appears under a higher emissions scenario (Fig. 3h, m). The spatial
distribution of HER frequency presents that a relatively high frequency also
appears over the southern region (Supplementary Fig. 1). Compared to
August, both the rate of increase in rainfall amount and the frequency of
HER events are higher in July resulting in a shift in the peak. SinceHERs are
events based on spatiotemporal pooling, we analyze the future changes in
HER events over temporal and spatial scales (Supplementary Fig. 2). The
frequency of HERs at individual ASOS stations exhibits a clear increase
under higher concentration scenarios (SSP126: 30.3%, SSP585: 115.4%). In
contrast, the number of ASOS stations with increased HER events per day
shows relatively smaller differences between the historical and future period.
These results indicate that the notable increase in HER frequency is pri-
marily due to more frequent occurrences in the southern region. The HER
precipitation in August diminishes under SSP126 over south of 37°N area,
but it increases regionally under SSP585 (Fig. 3i, n). In September, the
precipitation core is located in a different region according to the scenarios,
suggesting the dominant occurrence of local HERs (Fig. 3j, o).

Future changes in HER according to the weather patterns
The above results indicate a shift of theHERpeak fromAugust to Julywith a
significant increase in HER frequency in future climate. We next examine
which weather pattern mostly contributes to this shift. Six weather patterns

are identified by Self Organizing Map (SOM) method (see Data and
Methods). They are derived from the observed 1894HERs for 30 years over
1985–2014.The identifiedweatherpatterns agreewith theprevious results36.
Figure 4a–f shows the composite of 850-hPa geopotential height when
HERs occur for each cluster andwe analyzed the weather patterns based on
their similarity. For clusters 1 and 3 (hereafter C1 and C3), relatively low
geopotential height anomaly in high latitudes and high anomaly in low
latitudes are found (see also Supplementary Fig. 3). In contrast, C2 and C5
are dominated by relatively low pressure over the south and southwest of
South Korea. According to the Park et al.36, C1 and C3 represent a quasi-
stationary frontal boundary between low and high pressure. The robust
southwesterly integrated water vapor transport enters South Korea, trans-
porting warm and humid air which induces the development of HER. C2
andC5clusters are identified as extratropical cyclonepattern.As the cyclone
system moves in from eastern China, it influences extreme rainfall devel-
opment while positioned near the west region of South Korea during HER
occurrences. When considering the position of the 500 hPa trough, the
cyclone is tilted westward, indicating baroclinic instability. C4 shows a
pattern where the edge of the North Pacific high is positioned over South
Korea. In contrast to the patterns of C1 and C3, C4 shows a more pro-
nounced North Pacific high influence compared to the low-pressure
influence in the north. The strong moisture flux is transported along the
edge of the expandedNorth Pacific high. The extreme rainfall events related
to the C4 are usually triggered by a local disturbance on the boundary
between low and high36. C6 presents a dominant high geopotential height
pattern. Park et al.36 found that diverse systems, like local instability ormeso-
α to synoptic-scale cyclone, are occasionally involved in C6.

The HER frequency for each cluster is presented in Fig. 4g–i. In his-
torical period, main occurrence period differs from one cluster to another
(Fig. 4g). The HER frequency for C1 and C3 is maximum in early summer,
whereas that for C2 and C5 is found in July and August. In the case of C6, a
noticeableHERoccurrence inSeptember is found.These features are similar
to the observation results (not shown). In future climate, theHER frequency

Fig. 3 | Spatial distribution of HER precipitation anomaly. Composite of HER
precipitation anomaly (Units: mm/h) in (a, f, k) summertime
(June–September), b, g, l June, c, h,m July, d, i, n August, and e, j, o September
under a–e Historical, f–j SSP126, and k–o SSP585. The anomalies for sum-
mertime are calculated by subtracting summertime climatological precipitation

mean from the HER precipitation amount in summertime. The anomalies for
each month are calculated by subtracting monthly climatological precipitation
mean from the HER precipitation amount for that month. Only unique HER
hours are considered.
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in July rapidly increases in specific weather patterns and shows different
characteristics between SSP126 and SSP585 (Fig. 4h–i). Under SSP126, the
highest HER frequency is found in July across all clusters. The July HER
particularly shows a significant increase inC4 (259%) andC2 (72%).On the
other hand, a HER decrease in August appears across all patterns except C1
andC6.Under SSP585, a high increase in JulyHER frequency is found inC1
and C3 with 474% and 814% increases, respectively. However, it should be
noted that the frequency for C3 shows large uncertainty under both future
scenarios. InAugust, the significantHERchange is found inC2 andC5. The
C1+C3 pattern in July is projected to increase by approximately 644%,
while the C2+C5 pattern in August is expected to increase by about 52%.

Figure 5 shows the histogram of HER rainfall in July and August for
each cluster. When examining future climate, HER frequency primarily
increases for precipitation below 60mm in July C2, C3, and C4 under
SSP126. In C3, around ten occurrences of precipitation intensities not
recorded in the historical climate occasionally appear. Similar to SSP126,
most HERs in C2 and C5 under SSP585 are within the 30–40mm range
which is similar to the historical rainfall intensity. The HER frequency
increases in C1 and C3 in response to an increased rainfall intensity. In
August, most HERs are distributed in below 50mm under SSP126, but
interestingly, relatively high rainfall intensity HERs (above 70mm) appears
in C5 and C6. Although the increase in frequency of high-intensity HERs is
not as high as that of the 30–50mm range, it is noteworthy that the
unprecedented high-intensity rainfall events are projected to emerge in
future climate.UnderSSP585, theHER frequency inC2 increaseswithin the
historical rainfall intensity range. While in C5, the frequency of high-

intensity HERs notably increases, indicating the intensification of extreme
rainfall. Consequently, inAugust under SSP585, the clusters of extratropical
cyclone patterns which show high rate of increase exhibit different change
features: C2 increases mainly in 30–40mm rainfall, while intense pre-
cipitation HERs increase in C5.

The synoptic patterns associated with HER are further analyzed for
each month to identify the factors responsible for the monthly changes in
the frequency for each cluster. Figure 6 shows the geopotential height at 850
and 500 hPa and integrated water vapor transport (IVT) derived from
RCM25. Here IVT is defined as follows.

IVT ¼ � 1
g

Z 300hPa

1000hPa
uq dp

� �
iþ � 1

g

Z 300hPa

1000hPa
vq dp

� �
j

where u and v are zonal and meridional wind (m/s), respectively, g is the
gravitational acceleration, and q is a specific humidity (kg/kg). p is the
pressure, i and j are zonal and meridional unit vector, respectively.

In July, distinct moisture transport patterns emerge in the his-
torical period, with slight changes in future climate. In SSP126, the
geopotential height increases over north region of western North
Pacific, indicating the expansion of the high-pressure system to the
north. This pattern is associated with an increase in the frequency of
C4 under SSP126. SSP585 shows the development of a subtropical
high over the western North Pacific in July. It creates a strong gradient
of geopotential height on the east of South Korea, leading to a strong
southerly IVT toward South Korea. The pattern is closely related to

Fig. 4 | Characteristics of HER for each cluster. a–f Composite of observed geo-
potential height at 850 hPa (Units:m) for a Cluster 1 (C1), bCluster 2 (C2), cCluster
3 (C3), d Cluster 4 (C4), e Cluster 5 (C5), and f Cluster 6 (C6). Only unique HER
hours are considered. g–i Frequency of HER for each month and cluster under

g Historical, h SSP126, and i SSP585. The vertical line in (g–i) indicates the 90%
confidence interval for the CPM2.5 data diagnosed by the bootstrapping method.
Star markers in (g-i) indicate the future changes are statistically significant at 99%
confidence level in Wilcoxon rank-sum test.
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C1 and C3 where the front appears over South Korea. The patterns of
C1 and C3 in July also represent the enhanced subtropical high with
increased gradient over the western North Pacific (Supplementary
Fig. 4). This result indicates that the development of the subtropical
high over the western North Pacific contributes to the increasing July
HER frequency in a warming climate. However, the development
pattern varies between the future scenarios leading to differences in
the clusters with increased frequency, where C4 frequency increases
under SSP126 while C1 and C3 frequencies increase under SSP585
(Fig. 6b, c). In August, a difference is found between SSP126 and
SSP585. While a 500-hPa trough develops over the northwest of
South Korea under SSP585, a flat and similar circulation pattern to
the historical period is found under SSP126 (Fig. 6e, f). The former
pattern is also detected in July and it can influence the development of
a low pressure near South Korea in lower troposphere, as in C2 and
C5, under SSP585. This result suggests that the increasing C2 and C5
HER in July and August under SSP585 are mostly likely due to the
development of a mid-level trough. Under SSP126, C2+ C5 pattern
HER decrease in August, presumably due to the lack of a well-

developed mid-level trough compared to the historical period (Sup-
plementary Fig. 5).

The diurnal variation of HER frequency in July and August is further
examined inFig. 7. Thediurnal variationof JulyHERin thehistorical period
shows no significant difference among six clusters (Fig. 7a–f). The con-
vectiveHERwithhigh convective instability (seeData andMethods section)
mostly occurs in the afternoon hours, with higher frequency in August
compared to July. The afternoon convective HER which is accompanied
with deep convection is usually modulated by the local surface heating34,
implying its sensitivity to the magnitude of future temperature changes. In
future climate, each cluster exhibits prominent increase in its frequency. For
July HER under SSP126, small increase appears in the afternoon for C4
which is the clusterwith high increase rates. (Fig. 7j). As the total number of
HER frequency increases, the proportion of convectiveHER also rises in the
afternoon hours from 6.7 to 11.0% (Table 1). Under SSP585, C3 occurs
more frequently in the between 04 and 16 LST compared to the historical
period and a significant increase in C1 is evident in the afternoon. The
convective HER in July notably increases in the afternoon hours for these
clusters, accounting for 20.1%of the totalHERs. InAugust, the frequency of

Fig. 5 |HistogramofHERrainfall amount. HistogramofHER rainfall amount (mm/h) for each cluster in (a–c) July and (d–f)August under a,dHistorical,b, e SSP126, and
c, f SSP585. The width of the bin is 2 mm. The results are the medians based on bootstrapping.
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SSP126 and SSP585 HER is higher in the afternoon hours for C2 and C5.
Under SSP585 scenario, the convective rainfall events dramatically increase
in the afternoonhours, with proportionof afternoon convectiveHERevents
rising from 10.4% to 29.8%. The annualmean convectiveHER frequency in
summertime is projected to increase in future climates with higher green-
house gas emission scenarios (SSP126: 27%, SSP585: 145%), resulting in a
larger share of totalHERs. Consequently, the role of CPMthat can explicitly
simulate deep convection is expected to become more important for the
future projection of extreme rainfall.

Discussion
This study analyzes the future changes in hourly scale extreme rainfall
(HER) events according to the weather patterns in South Korea under
SSP126 and SSP585 scenarios utilizing a high-resolution convection

permitting model. The regional climate model is used to conduct experi-
ments for dynamically downscaling at 25 km and 2.5 km by one-way
nesting. The 2.5 km convection permitting resolution results (CPM2.5)
show better performances in simulating extreme rainfall compared to the
25 kmmother domain results (RCM25). TheCPM2.5model simulatesboth
the frequency and intensity of South Korean hourly extreme rainfall in
summertime reasonably, aligning closely with the observations and redu-
cing the bias of the RCM25 by about 70%.

The total HER frequency is expected to increase in the future climate
under global warming, but the monthly changes differ according to future
emission scenarios. The highest frequency of HER is recorded in August in
the historical climate, but themonthlypeak is projected to shift fromAugust
to July in the future climate.A significantHERfrequency increase appears in
July under both SSP126 and SSP585 with 99% and 271% increases,

Fig. 6 | Weather patterns of HER for each month. Composite map of integrated
water vapor transport (Units: kg∙m−1s−1; vector) and geopotential height at
850 hPa (Units: m; shaded) and 500 hPa (Units: m; pink contour) for HERs in
a–c July, and d–f August under a, d Historical, b, e SSP126, and c, f SSP585.

Only unique HER hours are considered. The integrated water vapor
transport and geopotential height at 850 hPa are masked where the altitude
above 1500 m.

Fig. 7 | Diurnal variation of HER and convective HER frequency. Frequency of
HER (light color) and convective HER (dark color) in July (green color) and August
(blue color) according to the clusters under a–f Historical, g–l SSP126, and
m–r SSP585. The frequencies are calculated at 4-h intervals and the results are the

medians obtained based on bootstrapping. Star markers in (g–r) indicate the future
changes of HER frequency are statistically significant at 99% confidence level in
Wilcoxon rank-sum test.
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respectively. In August, HER frequency also increases under SSP585,
whereas a decrease appears under SSP126. By clustering the weather pat-
terns related to the HER, we find out which synoptic pattern contributes to
the shift of thepeak.The frequencyofHER in July ofC2 andC4significantly
increases under SSP126 (72%and259%, respectively), due to the northward
expansion of the western North Pacific subtropical high compared to the
historical climate. Under SSP585, the frequency of the quasi-stationary
frontal patterns (C1+C3) increases by 644% in July, indicating that the
large increase in JulyHER occurrence in C1 andC3 impacts to themonthly
frequency peak in July. The positive changes of HER frequency in August
under SSP585 are influenced by a significantly frequency increase for
extratropical cyclone patterns (C2+C5). The future changes in HER fre-
quency by intensity are not evident with regard to the weather patterns, but
the distinct characteristics in HER intensity according to the future sce-
narios can be identified. Because the convectiveHER is generally featured as
short-duration, high-intensity rainfall, the importance of reliable future
projectionutilizingCPMis being emphasized.Thediurnal variation ofHER
shows different increase patterns according to the future climates, with
SSP126 displaying a prominent rise in the afternoon for C2 and C4 in July,
and SSP585 exhibiting increases in both morning and afternoon hours.
Under SSP585, convective rainfall events increase sharply in the afternoon
in August (430%), especially in C2+C5 patterns.

The factors affecting monthly changes according to weather patterns
canbe identified through the changes inmonthly synoptic patterns in future
climate. In July, the intensification of high pressure over the western North
Pacific region contributes to the increased frequency of C4 under SSP126
andC1 andC3 under SSP585. InAugust, the deepening ofmid-level trough
appears only under SSP585, inducing the development of a low-level low-
pressure near South Korea, which contributes to the increased frequency of
C2 and C5. The increase of westernNorth Pacific subtropical high intensity
is themain point leading to the future changes ofmonthly variation inHER
frequency. This increment also appears in UKESMdata, indicating that the
RCM results are directly influenced by the boundary forcing data. UKESM
has been known to have reasonable performance in simulating extreme
precipitation37, but it tends to estimate large temperature increase which

may contribute to the intensified western North Pacific subtropical high in
future projection38,39.

Previous studies have shown the large uncertainty in future changes of
the western North Pacific subtropical high in CMIP5 and CMIP6 data40–42.
However, projections based on emergent constraints suggest a robust
intensification of the western North Pacific subtropical high in future43,
implying possible increases of theHER frequency associatedwith the quasi-
stationary front pattern. In addition, the increase of geopotential height in
western North Pacific is considered to be due to the development of an El
Niño-like warming pattern in the future climate44. Reflecting the strong
correlation between the western North Pacific subtropical high and tropical
sea surface temperature, a comprehensive understanding of the mechan-
isms associated with these two climatic phenomena is required for more
reliable projections of HER.

This study has significance in quantitatively analyzing the monthly-
dependent response of hourly extreme rainfall frequency changes under
various future climate change scenarios. Importantly, using improved high-
resolution simulations of convective extremes, we show that higher
emissions will bring substantial increases in the frequency and intensity of
short-duration extreme rainfall events, demonstrating the potentially huge
benefits in the East Asian monsoon region obtained by global warming
mitigation. Although there remain uncertainties arising from the single-
model based future projections, previous multi-model studies have also
shown a notable increase in extreme precipitation in July compared to other
summermonths under future climate conditions45,46. In addition, this study
focused on how different emission scenarios affect the HER and related
weather patterns, highlighting the specific role of greenhouse gas con-
centrations under controlled conditions.

Our synoptic pattern analysis indicates that large-scale mechan-
isms associated with the enhanced subtropical high in the western
North Pacific are consistently at work, inducing the distinct changes in
hourly extreme rainfall events. In particular, the expansion of the
western North Pacific subtropical high is expected to play a crucial role
in the combined effect between HER-related weather patterns, influ-
encing the path of IVT in C1 and C3 patterns and modifying the
boundary location of subtropical high in C4 pattern, which in turn
affects the characteristics of extreme rainfall events. Future works are
required to explore and quantify the potential influences of other
forcing factors like land-use changes or aerosol interactions.While this
study focuses on climatological HER-related weather patterns,
unprecedented new weather patterns may emerge in future climate.
When we perform SOM clustering analysis on future climate data,
some new weather patterns are identified. However, their underlying
mechanisms of precipitation development are largely consistent with
those observed in the historical climate. Therefore, we assign these
HERs with similar historical patterns. Further investigation into the
characteristics of these newly emerging patterns appears to be neces-
sary. In addition, detailed dynamics of extreme rainfall events, and the
interactions between the HER-related synoptic patterns need to be
further explored given the multifaceted nature of climate systems.

Data and Methods
Model description
The Consortium for small-scale modeling (COSMO) model in Climate
Mode (CCLM) is utilized as the convection permitting regional climate
model47. The detailed CCLM configurations are provided in Table 2. The
U.K. Earth SystemModel 1.0-LL (UKESM) is used as the lateral boundary
condition, which has native N96 grid48. We use historical (2001–2005) and
two future scenarios (2091–2095), SSP126 and SSP585, from the UKESM
data for the CPM simulation. A double-nesting method is applied for
dynamical downscaling of the coarse-resolutionUKESM. First, theUKESM
data are dynamically downscaled into 25 km resolution for the East Asia
domain using CCLM (Supplementary Fig. 6). Next, the 25 km CCLM
output data are additionally downscaled into 2.5 km resolution for South
Korea region utilizing convection-permitting CCLM. The performance of

Table 1 | The percentage of convective HER within the
total HERs

Scenario Month Morning hours
(00–12 LST)

Afternoon hours
(12–24 LST)

Historical July 1.0% 6.7%

August 0.0% 10.4%

SSP126 July 6.3% 11.0%

August 12.5% 19.4%

SSP585 July 14.8% 20.1%

August 18.8% 29.8%

Note that the values are the medians obtained through bootstrapping

Table 2 | Configuration of CCLM regional climate model

RCM25 CPM2.5

Model domain East Asia South Korea

Horizontal resolution 25 km 2.5 km

Cumulus scheme Tiedtke OFF

Microphysics scheme Extended DM

Radiation scheme Ritter-Geleyn

Land surface model TERRA_ML

Spectral nudging ON OFF
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the CCLM model configured identically to this study is described in Lee
et al.12.

Observation data
The Automated Synoptic Observing System (ASOS) in situ hourly rainfall
data from the KoreaMeteorological Administration (KMA) are used in this
study for 1985–2014.To eliminate the spatial dependencyamong rain gauge
data, we select specific ASOS stations based on Local Moran’s I49,50. Local
Moran’s I is a statistical index which can measure a local spatial auto-
correlation of a specific area with its neighbors and its statistical significance
can be assessed through the permutation test. It is widely used in various
fields such as geography, hydrology andmeteorology to detect the similarity
between spatially distributed data points51–54. LocalMoran’s I index for the i
point (IiÞ is defined as follows.

Ii ¼
ðxi � �xÞPn

j¼1ωijðxj � �xÞ
ðn� 1Þ�1Pn

j¼1 xj � �x
� �2

n is the number of ASOS stations, �x is the mean value of all ASOS
station data andω is weight matrix. A high positive Ii value implies that the
point is correlated with its neighbors. In this study, we calculate local
Moran’s I for the hourly extreme precipitation events where the amount of
rainfall exceeds 99.95th percentile (31.0mm). For each extremeprecipitation
event, local Moran’s I is calculated based on the different distance from the
event’s occurrence station by assigning a weight of 1 to stations within the
specified range and 0 to those outside it. (Supplementary Fig. 7). When
examining the median values for each distance range, it is found that the
distance at which the value is statistically insignificant at 95% confidence
level is 20 km. This result well agrees with the previous studies (14–35 km)
which analyze the spatial dependency of ASOS station in South Korea,
despite differences in analyzed periods and time scales51,55. Therefore, after
excluding those located on islands orwhere the percentage ofmissing values
exceeded 1% and those with distances smaller than 20 km from each other,
the 55ASOSstations arefinally selected (SupplementaryFig. 6b).The25 km
and 2.5 km CCLM hourly rainfall data are interpolated into the location of
the ASOS stations using bilinear interpolation method.

The European Centre for Medium-Range Weather Forecasts
(ECMWF) Reanalysis v5 (ERA 5) reanalysis 3-hourly data provided by
ECMWF are used to detect the representative weather pattern for extreme
rainfall events in observed period.

Bootstrapping
Bootstrapping method is utilized to estimate the uncertainty for the
observations and CCLM data. For observation and 25 km CCLM data, we
randomly select three individual years out of 30 years (1985–2014) with
replacement and this process is repeated1000 times. For 2.5 kmCCLMdata,
due to the limited period, we randomly select three individual years out of 5
years (2001–2005 for historical climate and 2091–2095 for future climate)
with replacement and this process is repeated 30 times. The 5th and 95th
percentiles are calculated from each sample to determine the 90% con-
fidence interval. To preserve the spatial relationship of the original data in
the bootstrap sample, we use all stations for each bootstrap sample, rather
than select individual station and apply bootstrapping for the time only13,56.

In thismanuscript, the results derived frombootstrapping are analyzed
basedon themedian values of the annualmean. Statistical significance of the
future changes compared to the historical climate is examined utilizing
Wilcoxon rank-sum test.

Definition of hourly extreme rainfall event (HER)
The summertime (June to September) hourly precipitation data, derived
from the observed ASOS station data and the model data which are inter-
polated into ASOS stations, are used to define extreme HER. In this study,
we treat the each of the hourly data (5 years × 55 stations) as an individual
case, disregarding temporal and spatial properties. First, the 99.95th

percentile hourly precipitation is calculated frompooling of all stations data.
The threshold of the 99.95 percentile (31.0 mm in the observation data) is
chosen because it is comparable to 30mm which has been used as the
criterion for extreme rainfall in previous studies and KMA6,33. Thus, the
HER is defined as the cases where the hourly-accumulated rainfall amount
exceeds the threshold (99.95th percentile rainfall in historical period). The
rainfall amount threshold of model derived from the historical period is
adopted for both historical and future periods. Here, the HERs that occurs
during the period when tropical cyclones are located in near South Korea
(32–40°N, 120–138°E) are excluded since their dynamics and precipitation
mechanisms differ from those of synoptic-scale systems, requiring a sepa-
rate approach for analysis57,58.

The observed tropical cyclone best-track data are provided byRegional
SpecializedMeteorologicalCenterTokyo.Themodel tropical cyclone tracks
are detected using 25 km CCLM data following the method of previous
studies59–61, applying suitable thresholds for the CCLM. Also, in order to
ensure the independence of HERs, we only consider events with a time
interval of at least two hours between themat each station. The time interval
threshold of the two hours is obtained through the time autocorrelation.
Statistical significance at 95% confidence level disappears at two-hour when
calculating autocorrelation for the period of 24 h before and after the
extreme precipitation occurred time (Supplementary Fig. 7). The two-hour
time interval is occasionally employed in hourly scale rainfall research in
East Asia62,63. The sensitivity test for defining rainfall amount threshold is
also conducted for data without no-rain hours or applied different time
intervals, but the overall results do not change significantly.

The convective HER is defined using convective available potential
energy (CAPE) values12,64. CAPE is the amount of energy available for
convection which has been widely used as a measure of atmospheric
instability. Extremely unstable environments are typically defined by
CAPE > 2500 J/kg in continental regions like the U.S., but due to lower
CAPE in South Korea when extreme rainfall occurs, this study adjusts the
threshold to 800 J/kg to reflect regional condition65,66. Here, we identify the
convective HER from the total rainfall events by selecting those with CAPE
values exceeding 800 J/kg. CAPE is calculated from the hourly data derived
from CPM which is interpolated into ASOS stations.

Self-organizing map clustering
We use self-organizing map (SOM)method to cluster the weather patterns
related to the HER. SOM is a type of unsupervised artificial neural network
that has a capable of mapping high-dimensional data into low-dimensional
arraywith preserving the important topological relationships between input
data67,68. Because of its ability to extractmajor signals fromcomplex datasets,
the SOM method has been widely utilized in climate sciences and
meteorology36,69–73.

In this study, we conduct the clustering of weather patterns using SOM
methodwith reference toHoffmann and Schlünzen74 and Park et al.36. SOM
method is applied to the 30 years (1985–2014) 3-hourly normalized ERA5
geopotential height at 850 hPa around South Korea (27–47°N, 112–136°E)
for the timewhich is closest to the observedHERoccurrence time.Here, the
observed 1894 HER for 1985–2014 is newly calculated for clustering
weatherpatterns. The 1× 6node array is selected basedon several sensitivity
tests to reflect the temporal variability of geopotential height. Since SOM
algorithm arranges the similar clusters adjacently, the one-dimensional
node array is suitable for arranging the climate data in sequence36,75. The
SOM clustering yields six dominant weather patterns of HER. Using these
six clusters as the criteria, the normalized 850 hPa geopotential height
patterns for HERs derived from the RCM data are distributed into the six
observedHER clusters. The normalized RCMdata are calculated as follows.
First, the RCM data are interpolated into the ERA5 grid. Then the inter-
polatedRCMdata are normalizedwith a temporalmean value of RCMdata
and a temporal standard deviation of the corresponding ERA5 data
(1985–2014) to match the magnitude of signal with the observation. The
process of sorting the normalized RCM data is conducted in the same
manner as the SOM, which finds the best matching unit (BMU). The
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Euclideandistance is calculatedbetweeneachHERweatherpatterndata and
the six clusters, and then the HER is assigned to the node with the smallest
distance. This distribution method is conducted for both historical and
future periods of RCM data with the assumption that the overall climate
patterns might not change in the future.

The analyzed results of Quantization Error (QE) and topographical
error (TE) are calculated using the climate data and their BMU to support
this assumption (Supplementary Fig. 8). These two indices are widely used
as the quality measurement of the SOM performance76–78. The QE is the
distance data between data vector and best matching unit, which provide a
basis for estimating how well the input data has been clustered. TE is
proportion of all data that first and second BMUs are not adjacent vector. It
measures how well the structure of the input space is modeled. In Supple-
mentary Fig. 8b, the median of mean QE and TE for CPM data for all
scenarios are in a range of observation, exceptQE for SSP585. The reason of
the mean QE for SSP585 is out of range is that the QE in SSP585 has a
secondary probability density peak around 80. However, it is noteworthy
that the primary peak is still around the median of the observed QE.

Data availability
Themodel simulation data used in this study are available upon reasonable
request from the authors. The ASOS station data are available at https://
apihub.kma.go.kr. TheERA5data can be downloaded at https://cds.climate.
copernicus.eu. The observed tropical cyclone data are available at https://
www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/besttrack.html.

Code availability
Source codes used in this study are available from the authors upon rea-
sonable request.
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