
1.  Introduction
An increasing number of studies have examined the dependence of sub-daily extreme rainfall intensity on the 
surface air temperature, so-called extreme precipitation-temperature (EP-T) scaling as reviewed by Fowler 
et al. (2021). The scaling rates identified in the observations were found to be larger than the theoretical limit 
of the Clausius-Clapeyron (C-C) relation, suggesting disproportionate intensification of sub-daily precipita-
tion extremes in a warmer condition. Several observational studies confirmed this short-term EP-T relationship 
over various regions: Europe (Berg & Haerter, 2013; Blenkinsop et al., 2015; Busuioc et al., 2017; Drobinski 
et al., 2016; Lenderink & van Meijgaard, 2010), North America (Ivancic & Shaw, 2016; Lepore et al., 2015; 
Panthou et al., 2014), Australia (Hardwick Jones et al., 2010; Wasko & Sharma, 2014), and Asia (Fujibe, 2013; 
Hatsuzuka et al., 2021; Lenderink et al., 2011; Park & Min, 2017; Utsumi et al., 2011; Wang et al., 2018; Xiao 
et al., 2016). These sub-daily rainfall scaling rates were generally higher than those for daily rainfall, confirm-
ing that hydrological extremes at shorter timescales are more sensitive to surface warming levels (Drobinski 
et al., 2016; Park & Min, 2017; Utsumi et al., 2011; Wang et al., 2018).

Abstract  A convection-permitting regional climate model (CPRCM) with 2.5 km resolution has been 
simulated over South Korea for current and future conditions, and the role of convection in the scaling of 
hourly extreme precipitation (EP) with temperature is examined. It is found that the CPRCM can reproduce 
the observed super Clausius-Clapeyron (C-C) scaling for hourly EP. Precipitation type estimated based on the 
convective available potential energy reveals the important role of convection in the super C-C scaling. Fraction 
of convective rainfall events increases rapidly with temperature, and the contribution of convection becomes 
dominant in future simulations under high-emission scenarios. In the late 21st century, as temperature ranges 
shift to warmer conditions, unprecedented hourly extreme rainfall events are projected to occur particularly 
during the late summer season. Future changes in hourly extreme events are found to be affected much by 
boundary conditions from different global climate models.

Plain Language Summary  The role of convection in the scaling of hourly extreme precipitation 
(EP) with temperature is examined using convection-permitting regional climate model simulations. The 
convection-permitting model has been simulated over South Korea with 2.5 km resolution for current and 
future conditions. The model is found to capture the observed super Clausius-Clapeyron (C-C) scaling, which 
is underestimated by a low resolution simulation based on convective parameterization. When analyzing 
contributions of convective versus non-convective type events based on convective available potential energy, 
convective events are found to be more important in shaping the super C-C scaling. As the proportion 
of  convective precipitation increases rapidly with warming, the role of convection in the scaling becomes 
dominant. Future projections under high emission scenarios indicate the occurrence of unprecedented hourly 
EP events during the late summer season. It is also found that global climate model boundary conditions affect 
the EP-temperature scaling by providing different background warming rates.
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The convective process has been suggested as an important dynamic mechanism for the super C-C scaling by 
enhancing the EP intensity beyond the thermodynamic threshold (Fowler et al., 2021). To classify precipitation 
types, some studies used the observations of cloud types: stratiform versus convective (e.g., Berg et al., 2013; 
Lenderink et al., 2011; Park & Min, 2017), and others applied convection available potential energy (CAPE) 
or duration-based thresholds (Barbero et  al.,  2019; Hatsuzuka et  al.,  2021; Maranan et  al.,  2019; Panthou 
et al., 2014; Visser et al., 2020). Regardless of different methods, those observational analyses consistently found 
the enhanced role of convection in extreme rain events at warmer atmospheric conditions.

Compared to the observed scaling, most Global Climate Models (GCMs) and traditionally used large-scale 
Regional Climate Models (RCMs) underperform the sub-daily extreme rainfall intensity, majorly due to their 
low resolutions to resolve the convective process. Convective parameterization applied in GCMs and RCMs 
imprecisely calculates convection in a subgrid scale with missing processes associated with several small-scale 
interactions (Rio et  al.,  2019). This induces rainfall more frequently, leading to weaker short-term rainfall 
(Drobinski et al., 2016; Kendon et al., 2019; Lenderink & van Meijgaard, 2010; Oh & Sushama, 2020; Suhas & 
Zhang, 2015; Wehner et al., 2021). By comparing two RCM simulations in identical resolutions but with different 
parameter settings, some studies showed that the proper setting of physics is also important to simulate weather 
systems responsible for sub-daily extreme rainfall events (Ahrens & Leps, 2021; Fosser et al., 2015; Sugimoto 
& Takahashi, 2016).

To overcome the limitations of GCMs and RCMs, high resolution convection-permitting regional climate 
model (CPRCM) has been utilized, which directly simulates the convective processes. Many CPRCM studies 
were conducted over Europe, North America, and East Asia (e.g., Belusic et  al.,  2020; Kendon et  al.,  2017; 
Li et al., 2020; Lucas-Picher et al., 2021; Murata, Sasaki, Kawase, & Nosaka, 2017; Prein et al., 2015; Qing 
& Wang,  2021). They showed the overall improved simulation skills for hourly precipitation characteristics 
compared to corresponding RCMs. Several studies also used CPRCM for future projections (Ban et al., 2015; 
Fosser et al., 2020; Helsen et al., 2020; Murata, Sasaki, Kawase, & Nosaka, 2017; Pichelli et al., 2021; Prein 
et al., 2017; Purr et al., 2021; Rasmussen et al., 2020). Results indicate large inter-model differences in future 
changes in the EP, depending on the regions and/or boundary conditions implemented (Fosser et al., 2020; Helsen 
et al., 2020; Murata, Sasaki, Kawase, Nosaka, et al., 2017; Pichelli et al., 2021; Prein et al., 2017). However, the 
role of convection in the future changes in EP-T scaling remains unexplored as most of CPRCM studies simply 
assumed that intense rainfall will dominate at warmer temperatures. Purr et  al.  (2021) is the only study that 
compared high and low CAPE conditions and found the enhanced role of convection in the scaling over Germany. 
East Asian CPRCM studies focused on assessing EP evaluations and projections (Li et al., 2020; Murata, Sasaki, 
Kawase, & Nosaka, 2017; Murata, Sasaki, Kawase, Nosaka, et al., 2017; Qing & Wang, 2021) and the EP-T scal-
ing and associated mechanisms have not been analyzed even for the current climate. For South Korea, an obser-
vational study revealed that convection plays an important role in inducing super C-C scaling in hourly extreme 
rainfall (Park & Min, 2017), but there has been no CPRCM experiment to confirm the observational evidence and 
further assess future changes in the EP-T scaling.

In this study, CPRCM simulations are conducted over South Korea for current and future conditions. Using 
current simulations, CPRCM performance at simulating hourly EP and its scaling with temperature is evaluated 
in comparison with observations and low resolution RCM runs. CPRCM-simulated future changes in hourly 
extreme rainfall are assessed, focusing on warming-induced changes in scaling patterns and the associated occur-
rence of unprecedented wet events. For both present and future simulations, the role of convection is explored by 
considering convective and non-convective events selected based on CAPE thresholds. Further, results from two 
different GCM boundary conditions are compared to assess related uncertainties.

2.  Models and Methods
2.1.  Observations

Daily mean surface temperature, relative humidity, pressure, and hourly precipitation were obtained from the 
Korea Meteorological Administration (KMA) for 2001–2005 (the period of CPRCM current simulations, see 
below). April to October is considered to focus on warm season rainfall following Park and Min (2017). Some 
stations were excluded prior to analysis: Yangpyeoung and Icheon which are located too close from neighbor-
ing stations, and Baengnyeongdo, Ulleungdo, and four stations in Jeju Island, which lie outside of the analysis 
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domain. As a result, 65 stations were used (Figure S1 in Supporting Information S1), which have full records 
during the analysis period (7 stations have less than 0.04% missing values in relative humidity only). Since 
the selected stations have similar temperature ranges (Figure S2 in Supporting Information S1), all data from 
65 stations were aggregated into a pooled set for the scaling calculation as done in Park and Min (2017). We 
have calculated the CAPE and CIN (convective inhibition) values using vertical profiles of temperature and 
water vapor mixing ratio from the European Center for Medium-Range Weather Forecasts (ECMWF) reanalysis 
version 5 (ERA5; Hersbach et al., 2020), which has around 30 km resolution.

2.2.  Model Simulations

The Consortium for Small-scale Modeling (COSMO) model in CLimate Mode (COSMO-CLM, hereinaf-
ter CCLM) was used, which is a non-hydrostatic climate model designed to perform climate simulations from 
meso-β to meso-γ scale (Rockel et al., 2008; Steger & Bucchignani, 2020). Many studies used CCLM for RCM 
experiments (e.g., Dobler & Ahrens,  2010; Huang et  al.,  2015; Li et  al.,  2016; Sørland et  al.,  2021; Wang 
et al., 2013) and CPRCM experiments (e.g., Ban et al., 2014, 2015; Brisson et al., 2016; Fosser et al., 2015; 
Helsen et al., 2020; Purr et al., 2021; Raffa et al., 2021). Here, we used CCLM to perform both RCM (25 km 
resolution) and CPRCM (2.5 km) experiments. The associated model configurations are summarized in Table 
S1 in Supporting Information S1. The most important difference between RCM and CPRCM experiments is 
whether to use convective parameterization or not although the horizontal resolution difference can affect the 
precipitation-temperature scaling (e.g., Qiu & Im, 2021).

We carried out historical (2001–2005) and future (2091–2095) CPRCM simulations over South Korea (Figure 
S1 in Supporting Information S1). A double-nesting strategy was applied based on two boundary GCM forcings 
from MPI-ESM-LR (r1i1p1, referred to as MPI) and UKESM1-0-LL (r15i1p1f2, referred to as UKE). Two 
GCMs (single member from each GCM as indicated) are selected in accord with the CORDEX East Asia Phase 
II experiments (cf. Juzbašić et al., 2022). First, we dynamically downscaled coarse resolution GCM outputs (at 
∼200 and ∼250 km resolutions for MPI and UKE, respectively) into 25 km resolution for the CORDEX-East 
Asia Phase II domain using RCM configuration. The RCM outputs were then downscaled into 2.5 km resolution 
for South Korea domain using CPRCM configuration. For future projections, high emission scenarios of RCP8.5 
and SSP5-8.5 were considered for MPI and UKE, respectively. UKE exhibits stronger warming in the late 21st 
century than MPI, in line with its higher climate sensitivity (Meehl et al., 2020), to which stronger forcing in 
RCP8.5 than SSP5-8.5 might have contributed in part (O’Neill et al., 2016). We analyzed outputs from 65 grid 
boxes of CCLM where observation stations are located.

2.3.  Extreme Precipitation Scaling

Dew point temperature (Td) is used to explore relations between hourly EP intensity and surface temperature, 
which helps to avoid negative scaling at higher temperature due to the reduced moisture availability (Kendon 
et al., 2019; Lenderink et al., 2017; Purr et al., 2021; Roderick et al., 2020). To estimate the slope of EP-Td scal-
ing, we use an equal-temperature distance bin method (Lenderink et al., 2011). First, hourly wet events (precip-
itation ≥0.1 mm/hr) are selected from the pooled data and then grouped according to daily mean Td values in a 
1°C interval. Extreme hourly precipitation is then defined as 99th percentile of hourly precipitation in each Td 
bin of a 2°C width. Finally, a bootstrapping method is used to estimate 90% confidence intervals of percentile 
values using half of the original sample following previous studies (Berg et al., 2013; Lenderink et al., 2017; 
Park & Min, 2017; Prein et al., 2017). Note that different Td ranges are applied between observations and model 
simulations according to corresponding hourly precipitation sample distributions (Figure S2 in Supporting Infor-
mation S1). At least 80% out of the total grids are required to have more than 50 wet samples for each Td bin.

2.4.  Precipitation Type Classification

The convective and non-convective types of precipitation are classified based on CAPE values following the 
method of Purr et al. (2021). CAPE represents the static instability that determines the severity of rising motion 
of air-parcel, that is, convection. Since the temporal evolution of CAPE and CIN is not necessarily in accord with 
the timing of extreme rain events (Loriaux et al., 2016; Maranan et al., 2019; Suhas & Zhang, 2015), we used the 
daily maximum CAPE values to represent the maximum atmospheric instability conditional to the daily mean 

 19448007, 2022, 22, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
099727 by Pusan N

ational U
niversity, W

iley O
nline L

ibrary on [21/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geophysical Research Letters

LEE ET AL.

10.1029/2022GL099727

4 of 11

Td bins. Note that the sign of CIN is reversed here to indicate the inhibition 
energy threshold for a parcel to reach the level of free convection (Maranan 
et  al.,  2019; Suhas & Zhang,  2015). We used 200  J/kg as a threshold for 
dividing wet samples into convective (≥200 J/kg) or non-convective (<200 J/
kg) precipitation events. When using different thresholds like 300 and 400 J/
kg, main results remain unaffected (not shown). We obtained EP intensity 
and rainfall type fraction for high CAPE cases (H-CAPE) and compared 
the results with those for low CAPE (L-CAPE). Note that EP intensity for 
H-CAPE and L-CAPE was recomputed using corresponding subsamples to 
obtain the individual scaling for convective and non-convective precipitation 
types. CAPE and CIN were calculated from the nearest grid point of each 
station, and results remain unchanged when using linearly interpolated values 
(not shown).

3.  Results
3.1.  Historical Simulations

Performances of CPRCM simulations for EP scaling are evaluated in view 
of observations and RCMs (Figure  1). Observations show that hourly EP 
(99th percentile) ranges from 10.5 to 30.5 mm/hr. The observed EP-Td scal-
ing slopes show near C-C relation in lower Tds (7.1%/°C estimated from 8°C 
to 18°C) but become steeper in higher Tds (9.4%/°C estimated from 13°C 
to 23°C). This is largely consistent with the finding of Park and  Min (2017) 
who used 26 stations and long-term datasets. CPRCM simulations repro-
duce the observed precipitation intensity range well in both GCM bound-
ary conditions (CPRCM_MPI: 7.1–37.0  mm/hr and CPRCM_UKE: 
11.1–36.5  mm/hr) while RCM simulations underestimate hourly extreme 
intensities with maxima less than 20  mm/hr. The EP-Td scaling ratio in 
observations (measured as a linear regression slope for a given Td range) is 
about 8.3%/°C, which is reasonably captured by CPRCMs (CPRCM_MPI: 
10.1%/°C and CPRCM_UKE: 8.2%/C). In contrast, RCMs exhibit underes-
timation with much weaker slopes than the C-C rate (RCM_MPI: 5.2%/°C 
and RCM_UKE: 3.1%/°C). The underestimated EP-Td scaling in RCM is due 
to weaker EP intensities in high Td ranges. Scaling rate differences between 
CPRCM and RCM become larger as Td increases, clearly indicating the 
improved performances of CPRCM at simulating hourly rainfall extremes in 
warmer conditions.

To examine the role of convection in hourly EP intensity, wet events are clas-
sified into convective or non-convective types based on CAPE values (see 

Section 2.4). Figure 2 compares distributions of EP intensities estimated for convective type (H-CAPE) versus 
non-convective type (L-CAPE) cases together with a fraction of convective type events to the total EP events. 
Observations show that H-CAPE cases have larger EP intensities than L-CAPE cases throughout Td ranges 
(Figure 2a). The observed fraction of convective type gradually increases as Td increases (Figure 2d), from less 
than 0.2 at 8°C, 0.5 around 16°C, to near 1 above 20°C, generally consistent with the previous finding based on 
cloud type observations (Park & Min, 2017). Accordingly, the total precipitation scaling curve follows L-CAPE 
results at lower Tds and shifts onto H-CAPE results at higher Tds (Figure 1), resulting in a super C-C scaling, in 
line with the previous studies (Berg et al., 2013; Park & Min, 2017; Purr et al., 2021).

CPRCM simulations reproduce the greater EP intensities in H-CAPE and the dominance of convective type 
in higher Td ranges, with good agreement between two GCM boundary forcings (Figures 2b, 2c, 2e and 2f). 
In contrast, RCM simulations underestimate hourly EP intensity at higher Tds, more strongly in H-CAPE 
(Figures 2b and 2c). This explains RCMs' overall underestimation of EP intensity (Figure 1). Although some 
differences between RCM and OBS remain noticeable in 10°C–16°C ranges, RCMs can capture the observed 
increase in convective fraction as warming (Figures 2e and 2f). This suggests that high CAPE values in RCMs 

Figure 1.  Extreme precipitation (EP) intensity (99th percentile of hourly 
precipitation) distributions for daily mean surface dew point temperature 
(Td) in CCLM simulations forced by (a) MPI-ESM-LR (MPI) and (b) 
UKESM1-0-LL (UKE) boundary conditions. For each, convection-permitting 
regional climate model (CCLM2.5, red) and RCM (CCLM25, blue) results 
are compared with those from observations (OBS, black). Dotted gray 
and black lines represent Clausius-Clapeyron (C-C) and 2×C-C scaling 
rates, respectively. Shaded ranges indicate 90% uncertainty diagnosed by 
bootstrapping methods. Note that the ordinate is scaled logarithmically.
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simulated with convective parametrization may be insufficient to derive strong convection-related hourly EP. In 
case of non-convective type (Figures 2b and 2c, dashed lines), EP intensities in RCM simulations show smaller 
differences from the CPRCM results, which indicate comparable performances of RCMs to CPRCMs in terms of 
large-scale precipitation extremes.

Causes of the scaling differences between CPRCMs and RCMs are further examined by comparing distributions 
of vertical motion, low-level moisture, and CIN under Td ranges (Figure S3 in Supporting Information S1). It 
is clearly seen that RCMs simulate weaker upward motions than CPRCMs even when they have comparable 
strengths of CAPE and specific humidity at 850 hPa. Low-level specific humidity increases as Td following the 
C-C rate until 18°C, but the increasing rate becomes weaker than moisture availability in higher Tds. This would 
decrease relative humidity, leading to higher levels of condensation (LCL) and free convection (LFC). This in 

Figure 2.  Extreme precipitation (EP) intensity distributions for dew point temperature (Td) from (a) observations, (b, c) 
CCLM simulations (CPRCM: CCLM2.5 and RCM: CCLM25) forced by MPI and UKE, respectively, computed using 
convective (H-CAPE, solid) and non-convective (L-CAPE, dashed) events. A logarithmical scale is applied to the ordinate. 
(d–f) observed and simulated distribution of the fraction of H-CAPE events to all extreme precipitation (EP) events for Td. To 
exclude uncertain EP with small number of high convection available potential energy (H-CAPE) or low convection available 
potential energy (L-CAPE) events, we only present the EP intensity in (a–c) having number of H-CAPE or L-CAPE events 
larger than three for each Td, which is equivalent to about 5% fraction of all EP events (gray dashed lines in (e) and (f).
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turn increases the amount of negative buoyancy energy CIN (Chen et al., 2020), suppressing upward motion and 
thereby helping to generate strong convection. Smaller CIN values in RCMs suggest that these dynamic processes 
are not simulated realistically. These results are in accord with Prein et al. (2021) who found differences in verti-
cal motions between RCMs (plume-like rising column of air) and CPRCMs (thermal-like rising bubbles of air).

3.2.  Future Projections

The impacts of future global warming on the EP-Td scaling are investigated using CPRCMs, which can capture 
the observed scaling rate reasonably as assessed above. When compared with historical simulations, CPRCM 
projections are characterized by extended Td ranges into warmer conditions (Figures 3a and 3b). CPRCM_MPI 
shows an extension from 23°C to 26°C by 3°C while CPRCM_UKE has a larger extension of 5°C from 24°C to 
29°C, indicating the important influences of GCM boundary conditions on local Td distributions. As Td ranges 
are extended, EP intensity increases in the future. When comparing scaling slopes in H-CAPE and L-CAPE with 
the total case (Figures 3c and 3d), it can be seen that the total EP intensities tend to follow L-CAPE lines in cold 
Tds below 16°C and then make transitions to H-CAPE lines in warmer Tds above 18°C, as the convective fraction 
becomes larger than the non-convective fraction. The proportion of convective events remains dominant (>0.9) 
for the extended warm Tds above 21°C, indicating the critical role of convection in determining future hourly EP 
intensities. Atmospheric instability (CAPE), negative buoyant energy (CIN), thermodynamic (specific humidity), 
and dynamic (vertical motion) factors also show gradual increases in the extended Td bins, stretching out corre-
sponding historical results (Figure S4 in Supporting Information S1).

Future slopes in EP-Td scaling exhibit some dependency on GCM boundary conditions such that the slope of 
CPRCM_MPI becomes weaker (about 6.5%/°C) whereas the scaling remains similar in CPRCM_UKE (10.6%/°C, 
Figures 3a and 3b). Different changes in the EP-Td scaling between two GCM boundary conditions can be linked 
to different change patterns in the convective fraction in the two models (Figures 3e and 3f). Compared to the 
historical values, CPRCM_MPI shows an increase in convective fraction (>0.5) in cold Tds from 13 to 17°C and 
a decrease in warm Tds above 17°C (Figure 3e). This contrasting pattern seems to contribute to the weakened 
EP-Td slope of H-CAPE in the future relative to the historical one (Figure 3c). On the contrary, CPRCM_UKE 

Figure 3.  Distribution of (a, b) extreme precipitation (EP) intensity, (c, d) EP intensity in high convection available potential energy (H-CAPE) and low convection 
available potential energy (L-CAPE) events, and (e, f) fraction of H-CAPE to total EP events for dew point temperature from CPRCM (CCLM2.5) future simulations 
(FUT) forced by MPI (upper) and UKE (lower) boundary conditions. Results from corresponding historical simulations are shown together for comparison.
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projects little changes in convective fraction-Td relationships except for an increase of convective fraction in 
cold Tds from 12 to 15°C (Figure 3f), which likely shapes future EP intensities in H-CAPE (Figure 3d). Results 
from L-CAPE cases display little change in CPRCM_MPI and an overall weakening of non-convective EP in 
CPRCM_UKE, not greatly affecting the total changes (dashed lines in Figures 3c and 3d).

The extension of temperature ranges into warmer levels implies warm season expansion (cf. Park et al., 2022), 
which would bring more frequent occurrences of EP events. In this respect, future changes in EP event frequency 
distribution are investigated for each month (April to October) focusing on the extended Td ranges (Figure 4). 
Different colors represent Td bins for the future extended Td ranges and the numbers in parentheses indicate 
corresponding EP thresholds for CPRCM_MPI and CPRCM_UKE models, respectively (Figures 3a and 3b). 
Although Td ranges are different between the two CPRCMs due to the different climate sensitivities of GCMs 
as discussed above, the projected change patterns in EP frequencies are consistent, showing overall increases 
across summer months. This demonstrates the increased occurrence of unprecedented hourly EP events in high 
emission scenarios. Both CPRCMs project that severe EP events (darker red colors in Figure 4) will increase 
more in late summer (August–September) than early summer (June–July). CPRCM_UKE predicts more frequent 
extreme events than CPRCM_MPI in accord with the greater extension of EP-Td scaling into warmer conditions 
(Figure 3). This shift of short-term heavy rain events into later summer is consistent with the delayed retreat of 
summer monsoon in East Asia (Ha et al., 2020; Kitoh et al., 2013). This projected change in EP seasonal timing 
provides an important implication for the impacts and adaptations in terms of the changing character of hydro-
logical extreme events.

4.  Conclusions
This study analyzed the hourly extreme rainfall scaling with temperature over South Korea using CPRCM histor-
ical and future simulations. The role of convection is examined by dividing precipitation types associated with 
extreme rainfall events into convective and non-convective ones based on the CAPE. CPRCM simulations are 
forced by two GCM boundary conditions that have different warming rates. CPRCM simulations are found to 
capture the observed super C-C relation between EP and Td. This EP-Td relation cannot be reproduced by RCMs 
that exhibit weaker CIN and thereby underestimate upward motion due to the use of convective parameterizations, 
confirming CPRCM's better skills at simulating short-term EP. The important role of convection in super C-C 
scaling is identified by comparing the scaling patterns from convective rainfall with those from non-convective 
type. As a fraction of convective extreme events increases rapidly with temperature, convective scaling is found 
to dominate the total scaling.

This dominance of convective precipitation in shaping the EP-Td relation holds in the late 21st century under high 
greenhouse gas emission scenarios. Under global warming, Td ranges in South Korea are shifted into warmer 

Figure 4.  Future changes in extreme precipitation (EP) event frequency for each month (April to October) in future convection-permitting regional climate model 
simulations (CCLM2.5) forced by (a) MPI and (b) UKE boundary conditions. Only EP events for the extended dew point temperature (Td) ranges are considered 
(24°C–26°C for MPI and 25°C–29°C for UKE, respectively). EP thresholds (mm/h) for each Td are provided in parentheses.
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conditions where EP can occur, extending the EP scaling accordingly. When comparing two CPRCM simula-
tions, changes in convective fraction with temperature are found to be important for shaping future patterns of the 
scaling. Further, it is revealed that the extended scaling into warmer temperatures results in increased occurrences 
of unprecedented hourly extreme rainfall events, more strongly during the late summer season. Future increase in 
short-term EP indicates the importance of global warming mitigation to avoid associated severe socioeconomic 
damages. The enhanced role of convection in the future is also found to be stronger when a GCM having a larger 
warming rate is used to drive CPRCM, indicating the importance of boundary conditions employed for CPRCM 
simulations.

Our results provide important implications for other regions. First, the role of convection in future changes in 
EP-T scaling remains uncertain even over Europe and North America. Particularly, different precipitation types 
have yet been considered, simply assuming that convective rainfall will dominate at higher temperatures. Purr 
et al. (2021) is the only study that compared the scaling between H-CAPE and L-CAPE events, and our results 
largely support their conclusions, suggesting that convection plays an enhanced role in future EP-T scaling across 
regions. Second, this is the first analysis of present and future short-term EP-T scaling using CPM simulations 
for the Asian monsoon region, including East Asia, demonstrating increases in hourly EP and associated risk 
of floods over the most populated region. In particular, projected increases in unprecedented hourly EP in late 
summer represents important changes in monsoon characteristics. Comparing two GCM boundary conditions 
also gives a useful insight into the physical mechanisms behind hydrological scaling.

It should be noted that large uncertainties can arise from inter-GCM differences as well as internal climate variabil-
ity. Changes in East Asian monsoon precipitation are uncertain due to inter-GCM differences in dynamic effects, 
that is, monsoon circulation changes, more for mean precipitation (e.g., Endo et al., 2021; Ha et al., 2020). In 
contrast, extreme summer precipitation over East Asia is projected to increase with good inter-model agreement, 
being determined by thermodynamic effects, that is, moisture increases with warming (e.g., Lee et al., 2018). 
In this respect, we identify strong EP-Td relations and show that two GCMs with different climate sensitivities 
induce different extensions of EP intensities following corresponding warming levels. Further studies based on 
multiple GCMs are needed to assess the robustness of our findings and thereby better constrain future projec-
tions of the scaling over East Asia. As a way of reducing model uncertainties, some studies utilized the ideal-
ized Pseudo Global Warming (PGW) approach (e.g., Prein et al., 2017, 2021; Qing & Wang, 2021; Rasmussen 
et al., 2020), which drives a CPRCM using reanalysis later boundary conditions perturbed by multi-GCM aver-
aged signal patterns. The PGW method is, however, limited in considering future changes in atmospheric circu-
lations (Lucas-Picher et al., 2021). Reconciled approaches to overcome those limitations are required for better 
consideration of uncertainty factors (e.g., Dai et al., 2020; Lenderink et al., 2021; Trapp et al., 2021). It should 
also be noted that our results are based on a single CPRCM, which may have systematical biases. A recent 
multi-CPRCM study suggests more intense heavy precipitation in CCLM than the Weather Research and Fore-
casting (WRF) model over Europe and the Mediterranean region (Ban et al., 2021). Therefore, to quantify uncer-
tainties in future projections of short-term EP and better identify the associated role of convection, multi-CPRCM 
simulations driven by multi-GCM boundary conditions are needed.

Data Availability Statement
CCLM simulation data supporting the results are available from Mendeley Data at https://doi.org/10.17632/
syfmhtn2m2.1. ERA5 hourly data are downloadable from Climate Data Store at https://doi.org/10.24381/cds.
adbb2d47 (single level) and http://doi.org/10.24381/cds.bd0915c6 (pressure level).
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