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Abstract
This study identifies the characteristics of summertime extreme rainfall events (ERE) according to the weather patterns in 
South Korea and compares the extreme rainfall model simulation skills depending on the use of cumulus parameterization. 
The Weather Research and Forecasting (WRF) model simulations with and without the Kain–Fritsch cumulus scheme 
(CU_ON and CU_OFF experiment, respectively) are conducted over a 3 km high-resolution domain. The ERE-occurring 
days are clustered into four representative weather patterns (northern cyclonic circulation, frontal pattern between low 
and high, southwestern extratropical cyclone, and dominant positive geopotential height patterns) in terms of the 850 hPa 
geopotential height anomaly. As the occurrence dates of observed Clusters 1 and 2 overlap with a significant portion of the 
Changma period, their rainfall is characterized by continuous low-intensity rainfall. In contrast, relatively high-intensity, 
short-duration rainfall occurs mainly in Clusters 3 and 4. The WRF experiments generally describe the clustered weather 
patterns well. For CU_ON, the spatial distribution of the daily rainfall anomaly composite in Clusters 1 and 2 is well depicted, 
but the overall rainfall intensity is underestimated. CU_ON better reproduces the Clusters 1 and 2 type rainfall characterized 
by long-duration rainfall than CU_OFF. The observed rainfall events exceeding 20 mm h−1 intensity with a short-duration 
are reproduced better in CU_OFF than in CU_ON, showing reasonable performance for sub-daily time-scale rainfall in 
Clusters 3 and 4. Hence, the CU_ON well depicts the continuous low-intensity ERE type, while CU_OFF captures the ERE 
type where high-intensity rainfall with a short duration occurs relatively frequently.

1  Introduction

Dynamical downscaling is a method to generate fine-reso-
lution climate data using a regional climate model (RCM), 
enabling more detailed and reliable climate information 
(Giorgi and Mearns 1991; Xu et al. 2019). This method can 
be a useful technique for overcoming the limitations of the 
general circulation model, which produces relatively coarse 
resolution output (Gao et al. 2008; Im et al. 2021). Thus, 
RCMs are reported to have appropriate resolving capability 
for regional weather and climate, particularly over complex 

terrain regions (Diro et al. 2012; Torma et al. 2015; Park 
et al. 2016; Karmacharya et al. 2017; Afrizal and Surus-
savadee 2018; Qiu et al. 2020). The characteristics and 
mechanisms of local-scale meteorological phenomena can 
be explored through dynamical downscaling using RCM.

Recent advances in computational systems have allowed 
regional climate simulations using a kilometer-scale RCM. 
The high-resolution model shows a more realistic and 
detailed structure of the local climate by better resolving 
the coastlines and topographic features than an RCM with 
a few tens of kilometers grid scale (Prein et al. 2015; Qiu 
et al. 2020). In particular, the deep convection process can be 
resolved explicitly without employing cumulus parameteri-
zation using RCM with a horizontal grid resolution of 4 km 
or less (Prein et al. 2015). The cumulus parameterization, 
which plays a role in representing the sub-grid scale deep 
convection process, is concerned with most of the dynami-
cal and physical processes in the model simulation. The 
RCM parameterization associated with the cloud process 
has uncertainties because of the incomplete understanding 
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and many assumptions that unexpectedly affect the model 
performance. The convection-permitting model (CPM), 
a climate model without using cumulus parameterization 
schemes, is used for several regional climate studies (Lucas-
Picher et al. 2021).

According to Prein et al. (2015), notable improvement 
has been made in simulating precipitation by employing the 
CPM instead of using error-prone cumulus parameterization 
(e.g., Hohenegger et al. 2008; Weusthoff et al. 2010; Prein 
et al. 2013; Ban et al. 2014; Zhao et al. 2021). Zhao et al. 
(2021) argued that CPM simulates the water cycle process 
over the Tibetan Plateau better than the large-scale model, 
improving the rainfall simulation. Prein et al. (2013) and 
Ban et al. (2014) argued that CPM could capture the diurnal 
cycle of summer precipitation in the Alpine region. On the 
other hand, several studies have also shown improved pre-
cipitation reproduction by employing cumulus parameteriza-
tion in the high-resolution model (Kotroni and Lagouvardos 
2004; Deng and Stauffer 2006; Wootten et al. 2016). Ishida 
et al. (2019) and Lee et al. (2011) reported that the benefits 
of activating the cumulus scheme in a high-resolution model 
depend on the dynamic forcing of a precipitation event or 
domain. Nevertheless, it is unclear whether the simulation 
ability is improved according to the use of cumulus param-
eterization in a high-resolution model.

Many studies, including the aforementioned ones, focused 
on simulating precipitation using a high-resolution climate 
model over a complex terrain region (Frei et al. 2003; Rauscher 
et al. 2010). From that perspective, South Korea is an appropri-
ate region for a high-resolution model experiment. Specifically, 
70% of the territory consists of mountain areas, and diverse 
precipitation variations appear depending on the season and 
region (Bae et al. 2008; Jung et al. 2011). Rainfall from May to 
September (MJJAS), which accounts for approximately 75% of 
the total annual precipitation, is a critical meteorological event 
in the Korean Peninsula (Jung et al. 2001; Kim et al. 2011). 
The BCM (Baiu in Japan, Changma in Korea, and Meiyu in 
China) is a complicated phenomenon in which the location and 
occurrence periods are determined by five different air masses 
(tropical North Pacific air mass, Okhotsk Sea air mass, tropical 
continental air mass over North China, tropical monsoonal air 
mass, and polar continental air mass), and significantly affects 
South Korea rainfall in MJJAS (Hong and Ahn 2015; Seo et al. 
2015; Lee et al. 2017). In addition, rainfall by typhoons and 
local heavy rainfall occur in the same period, suggesting that 
various factors can cause MJJAS precipitation in South Korea. 
Therefore, high-resolution climate modeling is essential for 
the South Korean region, where precipitation varies from the 
local to synoptic scales and has complex terrain (Park et al. 
2022a). The higher added value of RCM can be obtained in 
complex topography and coastlines by dynamical downscal-
ing the coarse climate data (Fantini et al. 2018; Ciarlo et al. 
2021). Several high-resolution model experiments have been 

performed to reproduce the MJJAS precipitation phenomenon 
in South Korea (Lee et al. 2011, 2019; Qiu et al. 2020; Seo 
and Ahn 2020; Park et al.  2022b); Lee et al. (2019) conducted 
two downscaling experiments with different horizontal resolu-
tions (5 km and 20 km) and argued that high-resolution RCM 
is a more suitable tool for extreme hydrological events. Park 
et al. (2022b) performed high-resolution modeling for rain-
fall cases in South Korea using the scale awareness cumulus 
scheme. They showed improvement in simulating convective 
cells related to heavy rainfall in the gray zone (1–10 km grid 
spacing). However, most studies conducted short-period simu-
lations or discussed only the added values obtained by increas-
ing the spatial resolution of RCM. Few studies have evaluated 
rainfall simulations using cumulus parameterization with a 
high-resolution model.

This study aims to identify the characteristics of extreme 
rainfall events (ERE) according to the weather patterns 
in South Korea and compare the model simulation skills 
depending on the use of cumulus parameterization. For this 
purpose, EREs are clustered according to the synoptic scale 
weather pattern, and the ERE simulation performance is 
evaluated for each cluster. Daily and hourly rainfall data are 
analyzed for the May to September period (MJJAS), dur-
ing which the mean monthly rainfall amount of each month 
exceeds 100 mm. The paper is organized as follows: model 
configuration and observation data are described in Sect. 2. 
The definition of ERE and k-means clustering method to 
divide weather patterns is also included in Sect. 2. Section 3 
gives the results of evaluating ERE simulations regarding 
the daily and hourly time scale and analyzing atmospheric 
factors related to ERE for each cluster. Section 4 provides a 
summary and conclusions.

2 � Data and methods

2.1 � Model configuration

The Weather Research and Forecasting (WRF) version 
4.0 (Skamarock et al. 2019) is used as the regional climate 
model in this study for conducting dynamical downscal-
ing over South Korea. The European Centre for Medium-
Range Weather Forecasts (ECMWF) Reanalysis v5 (ERA 
5) reanalysis data provided by ECMWF is used as a lateral 
boundary condition with a spatial resolution of 31 km and a 
temporal resolution of 6 h (Hersbach et al. 2020). A two-way 
nesting technique is applied to downscale the 31 km data 
to a few kilometers. Domain 1 covers the Northeast Asia 
region centered in South Korea (36.5°N, 127.8°E) with a 
9 km horizontal resolution. (Fig. 1a). Domain 2 focuses on 
South Korea with a 3 km horizontal resolution (Fig. 1b).

The physical schemes used in both Domains 1 and 2 are 
the Goddard microphysics scheme (Tao et al. 1989, 2016), 
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the Community Atmosphere Model (CAM) longwave and 
shortwave radiation scheme (Collins et al. 2002), the Noah 
land surface model scheme (Chen and Dudhia 2001), and the 
Yonsei University Scheme (YSU) planetary boundary layer 
scheme (Hong et al. 2006) (Table 1). Two experiments with 
different cumulus parametrization settings are conducted to 
evaluate the high-resolution WRF simulations according to 
the cumulus parametrization usage. The experiment using the 
Kain–Fritsch cumulus scheme (Kain 2004; KF) in Domains 
1 and 2 is denoted as CU_ON, and the experiment using the 
KF scheme only in Domain 1 and turning off the cumulus 
scheme in Domain 2 is denoted as CU_OFF. The KF scheme 
is the mass flux type scheme that uses a trigger function con-
sidering the thermodynamic status and a background verti-
cal motion. One-dimensional entrainment-detrainment plume 
mode is used in the KF scheme. The configuration of the 
CU_ON and CU_OFF experiments is the same except for the 
use of the cumulus scheme, and the implementation period 
covers the first day of 2005 to the last day of 2013.

A sensitivity test is conducted from June to August 2005 to 
determine the optimal WRF model physical scheme configu-
ration. Eight combinations of microphysics schemes (WRF 
Single–moment 3–class (Hong et al. 2004), Goddard scheme 
(Tao et  al. 1989)) and cumulus schemes (Kain–Fritsch 
scheme (Kain 2004), Betts–Miller–Janjic scheme (Betts and 
Miller 1986; Janjić 1994), without cumulus scheme (OFF)), 
which closely contribute to the rainfall simulation, are con-
structed (Table S1). The domain and physical parameteriza-
tions are the same as in Table 1 except for microphysics and 
cumulus schemes. As a result, the Case 6 experiment, which 
uses the Goddard scheme for microphysics and Kain–Fritsch 
scheme with and without the cumulus in Domain 1 and 2, 
respectively, shows the best performance because the mag-
nitude of the root mean square error is the lowest (2.10), and 
the pattern correlation coefficient is the second highest (0.56) 
(Figure S1, Table S2). The Case 6 experiment is denoted as 
CU_OFF, representing the CPM experiment, and the Case 2 
experiment is denoted as CU_ON.

Fig. 1   a Topography (unit: m) 
of WRF configuration domain. 
d01: Domain 1 with 9 km grid 
spacing and d02: Domain 2 with 
3 km grid spacing. b Topogra-
phy (unit: m) of domain 2. The 
pink dots denote the location of 
the ASOS stations

Table 1   WRF model 
configuration

EXP CU_ON CU_OFF

Resolution (nlat × nlon) Domain 1: 9 km (340 × 320)
Domain 2: 3 km (168 × 150)

Vertical levels 33 eta levels
Reference position Lon: 127.8°/lat: 36.5° (Lambert conformal)
Microphysics Goddard
Long/short wave radiation CAM
Land surface Noah
PBL YSU
Cumulus Domain 1: Kain–Fritsch

Domain 2: Kain–Fritsch
Domain 1: Kain–Fritsch

Domain 2:-
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2.2 � Verification data

The Automated Synoptic Observing System (ASOS) in situ 
rainfall data provided by the Korea Meteorological Admin-
istration (KMA) are used. The Domain 2 rainfall data simu-
lated by WRF are interpolated bilinearly into 67 ASOS sta-
tions to evaluate its performance (Fig. 1b). The Korea Local 
Analysis and Prediction System (KLAPS) reanalysis data 
provided by KMA are used to check the mesoscale pattern 
related to South Korean rainfall. The KLAPS reanalysis data 
cover the Korean Peninsula with a 5 km horizontal resolu-
tion, which is available from 2005 to 2013. The data include 
regular observation data comprised of ASOS, radar, satellite, 
and civil aircraft data, and the upper-air data observed dur-
ing the special observation period (NIMS 2014).

2.3 � Definition of extreme rainfall event

An extreme rainfall event (ERE) is defined with reference 
to the Expert Team on Climate Change Detection and Indi-
ces (ETCCDI; http://​etccdi.​pacif​iccli​mate.​org) and Zhao 
et al. (2017). First, the 90th percentile daily precipitation 
in the 2005–2013 summertime (MJJAS) is calculated for 
each ASOS station. The case is defined as the day when 
more than four stations record precipitation that is greater 
than the 90th percentile daily precipitation. According to 
Zhao et al. (2017), an extreme precipitation event is defined 
as the day when the number of grid points that record the 
above rainfall threshold exceeds 5% of the total number 
of grid points. Therefore, four stations are set as a thresh-
old, which is more than 5% of the 67 ASOS stations. The 
days under the influence of typhoons are excluded, and 
the ERE is selected separately for CU_ON, CU_OFF, and 
ASOS data. The typhoon days are when the typhoon that 
influences South Korea is located above 25°N and below 
140°E in MJJAS.

2.4 � Classification of weather patterns

The clustering method is utilized to divide the weather 
patterns around South Korea that influence the ERE 
occurrence. Many climate studies have analyzed the tem-
perature and precipitation using the clustering method 
(Fragoso and Tildes Gomes 2008; Zhao et  al. 2017; 
Bae et al. 2019; Jo et al. 2019; Nguyen-Le and Yamada 
2019; Abadi et al. 2020; Kim et al. 2021). Kim et al. 
(2021) described three clustered large-scale atmospheric 
circulation patterns related to the extreme temperature 
in South Korea using a self-organizing map (SOM). 
Abadi et al. (2020) performed climate regionalization in 
Bolivia by clustering precipitation and temperature sepa-
rately using the k-means approach, and the consensus 

clustering method was then applied. Two types of clus-
tering approaches exist in climate research: time clus-
tering and space clustering. In this study, k-means clus-
tering is conducted over time using the 850 hPa daily 
geopotential height anomaly data (MacQueen 1967; 
Chattopadhyay et al. 2020). Non-hierarchical k-means 
clustering is one of the unsupervised learning algorithms 
that groups data into k clusters with the nearest to the 
centroid by calculating the distance between the k cen-
troid and individual data. K-means clustering uses the 
850 hPa daily geopotential height anomaly of ERA5 rea-
nalysis data for observation and the Domain 1 data for 
model experiments. The Domain 1 data are used for clus-
tering because the two-way nesting technique allows an 
interaction between the inner and outer domains in the 
WRF model (Liu et al. 2012; Wang et al. 2012). Before 
clustering, an empirical orthogonal function (EOF) is 
performed on the geopotential height anomaly data to 
extract the major components of the weather pattern 
(Chattopadhyay et al. 2020). The first four modes that 
explain 83% of the variance for observation (81% for 
CU_ON and CU_OFF) are kept and applied to k-means 
clustering. The Euclidean distance, the most widely used 
method, is employed to calculate the distance between 
the centroid and individual data.

The optimal number of clusters is determined through 
the clustering validity indices, the sum of squared error 
(SSE), and the mean silhouette coefficient (Rousseeuw 
1987; Syakur et al. 2018). The SSE is defined using the 
following equation:

where K is the total number of clusters; c
i
 is the centroid 

of the i cluster; d(c
i
, x) is the distance between c

i
 and each 

data in the i cluster. Generally, SSE decreases rapidly as K 
increases, and the inflection point where the decrement rate 
of SSE becomes much lower denotes the optimal number of 
clusters. The silhouette coefficient indicates a similarity to 
its cluster compared to other clusters. The silhouette coef-
ficient is defined as follows:

where i denotes the data point belonging to a certain clus-
ter; a(i) denotes the average of the distances between i and 
the data within the same cluster; b(i) denotes the average 
of distances between i and data in the nearest cluster in 
which i does not belong. Silhouette coefficient exists in a 
range of − 1 to 1. Silhouette coefficient closer to 1 means 
more appropriate clustering. For the SSE calculated in 

(1)��� =

K∑

i=1

∑

x∈Xi

d2(ci, x)

(2)S(i) =
b(i) − a(i)

���(a(i), �(i))

http://etccdi.pacificclimate.org
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this study, the inflection point is shown when the number 
of clusters (K) is four or five (Figure S2). Although the 
silhouette coefficient is largest when K = 2, K = 4 with the 
second largest silhouette coefficient is judged as the opti-
mal number of clusters when considering SSE. The clus-
tering domain is 25–50°N, 115–140°E, and the results do 
not change significantly when the region becomes broader 
or narrower.

2.5 � Integrated vapor transport

In this study, integrated vapor transport (IVT) describes 
moisture transport over South Korea.

where g denotes the gravitational acceleration; u and v 
denote zonal and meridional wind (m s−1), respectively; 
q denotes the specific humidity (kg kg−1); p denotes the 
pressure; i and j denote zonal and meridional unit vector, 
respectively.

2.6 � Statistical assessment methods

The bias, mean absolute error (MAE), root mean square 
error (RMSE), and pattern correlation coefficients (PCC) 
are calculated to evaluate the performance of WRF model 
experiments quantitatively. The definition of the calcula-
tion formula is as follows:

where N denotes the number of ASOS stations; M
i
 and O

i
 

denote the data of the model and observation for each sta-
tion, respectively. M and O denote the mean of the model 
and observation averaged over all stations, respectively.

(3)��� =

(

−
1

g ∫
300hPa

1000hPa

uq dp

)

i +

(

−
1

g ∫
300hPa

1000hPa

vqdp

)

j

(4)���� =
1

N

N∑

i=1

(Mi − Oi)

(5)��� =
1

N

N∑

i=1

|
|Mi − Oi

|
|

(6)���� =

√√√
√ 1

N

N∑

i=1

(Mi − Oi)
2

(7)��� =

∑N

i=1
(Mi −M)(Oi − O)

�
∑N

i=1
(Mi −M)

2
�

∑N

i=1
(Oi − O)

2

3 � Results

3.1 � Evaluation of extreme rainfall event (ERE) 
simulation under different weather patterns

The identified EREs in observation, CU_ON and CU_OFF 
during the period (2005–2013) are 379, 370, and 355 days, 
respectively, indicating that WRF experiments provide a 
reasonable simulation of the number of ERE days. Fig-
ure 2 presents the mean ERE precipitation of the observa-
tion (ASOS) and two model experiments. Relatively high 
precipitation is distributed in the western and northern 
regions of South Korea for the observation. The overall 
precipitation around the central region is overestimated 
in CU_ON (Fig. 2b, d), and the station-averaged bias is 
1.93. In contrast, CU_OFF shows negative precipitation 
biases in the northwest and south coast region (Fig. 2c, 
e), showing a − 1.20 station-averaged bias. In the central 
region, CU_OFF simulates a similar amount to the obser-
vation compared to CU_ON, although a weak wet bias is 
shown. In addition, CU_OFF represents a lower magnitude 
of bias, mean absolute error (MAE), and root mean square 
error (RMSE) than CU_ON for the total stations (e.g., the 
RMSE of CU_ON and CU_OFF is 3.56 and 3.32, respec-
tively), representing a reasonable simulation (Table 2). 
CU_ON shows a higher pattern correlation coefficient 
(PCC) than CU_OFF (i.e., CU_ON: 0.72, CU_OFF: 0.54).

Clustering is conducted using ERA5 reanalysis data on 
the ERE occurrence days to analyze the ERE according to 
the weather patterns around South Korea. Figure 3 presents a 
composite of 850 hPa daily anomalies of geopotential height 
(GPT) and wind for each cluster. Both CU_ON (Fig. 3e–h) 
and CU_OFF (Fig. 3i–l) simulate similar patterns to the 
observation for all clusters, and the same results are shown 
in Fig. 4, which represents a composite of daily sea level 
pressure anomaly, 500 hPa GPT, and 200 hPa zonal wind.

The Cluster 1 pattern represents a negative anomaly of 
850 hPa GPT and the sea level pressure north of the Korean 
Peninsula (Fig. 3a, e, i). The 500 hPa trough also appears in 
that region, suggesting that South Korea is affected by the 
negative GPT anomaly in the mid-to-lower level. In Cluster 
1, ERE appears to occur as the cold air moves southward by 
cyclonic circulation and meets with relatively warm air in 
South Korea, resulting in atmospheric instability. Relatively 
cold air from the north passes through the Yellow Sea under 
the influence of cyclonic circulation, resulting in a westerly 
wind in South Korea. The WRF model can capture the loca-
tion of the negative 850 hPa GPT anomaly core and shows 
the magnitude of westerly wind over South Korea, similar 
to the observations.

The Cluster 2 pattern is characterized by a confronta-
tion between negative anomaly over northeastern China 
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and positive anomaly over the western North Pacific, form-
ing a frontal boundary over South Korea (Fig. 3b, f, j). 
The GPT gradient is the largest over South Korea, and the 
strong southwesterly wind develops along the front. For 
the 500 hPa field, the 5880 gpm line is located at 32°N, 
suggesting an expansion of the western North Pacific 
subtropical high toward South Korea (Fig. 4b, f, j). This 
weather pattern is featured by the collision of two differ-
ent air masses generating the rainfall band in South Korea 
during the East Asia summer monsoon period (Seo et al. 
2015; Lee et al. 2017). A warm and humid southwesterly 
wind that blows into South Korea contributes to the devel-
opment of ERE. In addition to Cluster 1, the fraction of 
observed Cluster 2 dates that overlap with the Changma 
period is higher than the other clusters (Cluster 1: 43.52%, 
Cluster 2: 36.26%, Cluster 3: 36.11%, Cluster 4: 30.53%). 
A comparison of the WRF model results with the observa-
tion shows that the two model experiments weakly simu-
late the meridional GPT gradient at 850 hPa. In addition, 

the center of the positive GPT anomaly in Japan is rela-
tively biased to the southwest in the WRF experiments.

In Cluster 3, a distinct cyclonic anomaly appears in the 
southwestern region of South Korea, with counterclockwise 
flow occurring over the entire South Korea (Fig. 3c, g, k). 
South Korea, which is affected by negative sea level pressure 
anomaly, is located south of the upper-level jet entrance. 
Furthermore, a 500 hPa trough appears west of South Korea, 
indicating a baroclinic instability pattern (Fig. 4c, g, k). The 
development of an extratropical cyclone associated with 
baroclinic instability appears to cause ERE in Cluster 3. The 
model experiments can capture most of the characteristics in 
the Cluster 3 pattern, like the position of the jet stream. On 
the other hand, the simulated intensity of the extratropical 
cyclone is stronger than observed.

Lastly, the Cluster 4 pattern is described as a dominant 
positive GPT anomaly, unlike other clusters, which mostly 
show a negative anomaly (Fig. 3d, h, l). A relatively weak 
positive anomaly compared to the surrounding area pen-
etrates the western region of South Korea, resulting in the 
southerly wind in South Korea. The baroclinic instability is 
also confirmed in Cluster 4 because South Korea is located 
east of the 500 hPa trough and south of the upper-level jet 
entrance (Fig. 4d, h, l). The EREs in Cluster 4 are consid-
ered localized heavy rainfall caused by diverse local fac-
tors (e.g., local instability, terrain effect) (Miyasaka et al. 
2020; Park et al. 2021b). CU_ON and CU_OFF simulate the 

Fig. 2   Spatial distribution of the ERE precipitation mean (unit: mm day−1) at the ASOS stations derived from a observation (ASOS), b CU_ON, 
and c CU_OFF and model biases for d CU_ON and e CU_OFF. The right upper number denotes the number of ERE days for each data

Table 2   Bias, RMSE, 
MAE, and PCC of the ERE 
precipitation mean derived from 
CU_ON and CU_OFF

CU_ON CU_OFF

Bias 1.93  − 1.20
MAE 2.89 2.72
RMSE 3.56 3.32
PCC 0.72 0.54
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positive GPT anomaly core stronger than the observations. A 
stronger 850 hPa southerly wind appears over South Korea 
because the gradient of the 850 hPa GPT in WRF results is 
greater than the observed gradient.

Figure 5 shows the occurrence frequency of ERE in the 
15-day bin period for each cluster. Cluster 1 has the highest 
frequency in the first (1st–15th) and second (16th–31st) half 
of July (Fig. 5a). CU_ON simulates the frequency of Cluster 
1 well by appearing the highest in July with a similar fre-
quency in the first and second half of July. CU_OFF shows 
only one strong peak in the second half of July, revealing a 
slightly different pattern from the observation, but it follows 
the observed variability well after August. Two frequency 
peaks appear in early July and early August for Clusters 
2 and 3 of observation, which coincide with the summer 

monsoon period in South Korea (Fig. 5b, c). The WRF 
experiments show opposite results for Clusters 2 and 3. For 
Cluster 2, CU_ON can capture the timing of two peaks. 
Despite overestimating the occurrence frequency in the first 
half of July, it follows the observed variation in the overall 
period. CU_OFF represents the first peak but cannot simu-
late the second peak in the first half of August. For Cluster 3, 
both CU_ON and CU_OFF provide a good simulation of the 
first peak observed in early July. By contrast, CU_ON shows 
different variability from the observation after July, whereas 
CU_OFF depicts the second peak, albeit later than the 
observation. Cluster 4 shows a relatively higher occurrence 
frequency in late August than other clusters in observation 
(Fig. 5d). Therefore, Cluster 4 appears to occur mainly in 
late summer when the western North Pacific subtropical high 

Fig. 3   Composite of the geopotential height daily anomaly (unit: m, 
shading) and wind daily anomaly (unit: m s−1, vector) at 850 hPa for 
each cluster derived from a–d observation (ERA5), e–h CU_ON, and 

i–l CU_OFF. The upper left text denotes the number of occurrence 
days, and the text in parentheses denotes occurrence frequency
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develops, supporting the results above regarding the weather 
pattern. CU_ON and CU_OFF simulate two peaks in the 
same period as the observation, but CU_OFF shows better 
performance because the frequency is closer to observation 
than CU_ON.

Figure 6 presents the daily anomaly precipitation com-
posite of the observation and WRF simulation results to 
evaluate the performance of the WRF rainfall simulation for 
each cluster. In the observation case, positive anomalies are 
shown in all stations with a different rainfall anomaly pattern 
for each cluster. For Cluster 1, more than 10 mm day−1 of 
rainfall is observed in more than half of the stations around 
the southwestern region in South Korea (Fig. 6a). For Clus-
ters 2 and 3, significant rainfall is shown in a relatively nar-
row area compared to Cluster 1 (Fig. 6b–c). Cluster 4 has 
no distinct spatial pattern characteristics and shows lower 

rainfall than the other clusters (Fig. 6d), showing 11.2, 11.1, 
9.7, and 9.3 mm day−1 station-averaged ASOS rainfall for 
Clusters 1, 2, 3, and 4, respectively. The amount of rain-
fall appears to be offset by averaging because the EREs in 
Cluster 4 occur locally. CU_ON can capture the major pre-
cipitation region of Clusters 1, 2, and 3, showing pattern 
correlation coefficients of 0.61, 0.64, and 0.57, respectively 
(Fig. 6e–h, Table 3). On the other hand, CU_ON tends to 
underestimate the Cluster 2 precipitation in the southern 
coastal region, which is also shown in CU_OFF. The rea-
son can be found in the synoptic field. The center of the 
positive GPT anomaly, which is biased to the southwest in 
WRF simulation, leads to the orientation of the front more 
zonally than the observation (Fig. 3f, j). Therefore, the 
warm and humid wind blows toward the midwestern region 
rather than the southern region of South Korea, resulting 

Fig. 4   Same as Fig. 3, but for the sea level pressure daily anomaly (unit: hPa, shading), 500 hPa geopotential height (unit: m, black solid thick 
line), and wind speed at 200 hPa (unit: m s−1, solid green line)
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in dry biases over the southern coastal region. In Cluster 4, 
CU_OFF shows good performance regarding a quantitative 
evaluation, while CU_ON tends to overestimate the rainfall, 
showing 0.81 mm day−1 mean bias. CU_OFF represents the 
amount of rainfall core in Cluster 1, similar to the observa-
tion. In contrast, it underestimates the overall rainfall of the 
other clusters. For Cluster 3, CU_OFF has a limitation in 
describing the spatial pattern of observed Cluster 3 by over-
estimating the southwest precipitation.

ERE is also analyzed using the hourly precipitation data 
to evaluate the characteristics of ERE according to the 
weather pattern in detail (Figs. 7, 8). Figure 7 shows a scatter 
plot of the rainfall duration, intensity, and amount. The rain-
fall duration is defined by the consecutive hours of rainfall 
above 0.1 mm h−1 in ERE until below 0.1 mm h−1 rainfall 
occurs for two consecutive hours. The rainfall amount is 
defined by the accumulated rainfall for the duration, and 
the rainfall intensity is the rainfall amount divided by the 
duration. Figure 7 denotes the rainfall intensity, duration, 
and amount as the radius, angle, and dot color, respectively.

For the observations, the overall rainfall intensity in Clus-
ter 1 is distributed primarily below 15 mm h−1, which is 
weaker than the other clusters, and more than 200 mm cases 
are rarely seen (Fig. 7a). In Cluster 2, the rainfall intensity 
is distributed evenly over the entire duration, indicating that 
cases above 10 mm h−1 of rainfall lasting for more than 8 h 
are more common than with other clusters (Fig. 7b). Rainfall 
events with long durations and large amounts are commonly 
seen in Cluster 2 because Cluster 2 is the representative 

pattern of the summer monsoon period. In Clusters 3 and 4, 
high-intensity rainfall events are distributed prominently in 
the range of durations less than 6 h (Fig. 7c, d). The rainfall 
cases with more than 20 mm h−1 intensity lasting less than 
6 h, and the cases with above 250 mm lasting for more than 
21 h appear in Cluster 3, showing that the high-intensity 
with a short-duration type and continuous precipitation 
with a large amount type coexist. Cluster 4 has the high-
est number of rainfall cases, with a high intensity lasting 
less than 6 h compared to the other clusters. Overall, the 
Cluster 1 and 2 types of rainfall are characterized by con-
tinuous low-intensity rainfall. By contrast, relatively high-
intensity, short-duration rainfall mainly occurs in Clusters 
3 and 4. The same results can be found through the profile 
of apparent heat source (Q1) and apparent moisture sink 
(Q2) area-averaged over South Korea (Figure S3). Accord-
ing to previous studies, frontal precipitation can occur if the 
maximum of Q1 and Q2 profiles are at the same height, and 
deep convective precipitation can occur if the maxima are 
at different heights (Lee et al. 2008; Geetha and Balachan-
dran 2016). For observation, the peak of Q1 and Q2 appears 
at similar heights in Clusters 1 and 2, whereas the height 
of the Q2 maximum appears lower than Q1 in Clusters 3 
and 4 (Figure S3a-d). The WRF experiments show similar 
results to the observations for each cluster, confirming that 
the EREs of Clusters 1 and 2 and those of Clusters 3 and 4 
show different rainfall types.

The WRF experiments show different performances 
for each cluster. Most of the rainfall cases in CU_ON are 

Fig. 5   Occurrence frequency (unit: %) of the ERE in the 15-day bin from May to September for each cluster
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distributed below a 15 mm h−1 intensity (Fig. 7e–h). Despite 
underestimating the rainfall intensity in CU_ON, the wet 
bias of the mean ERE precipitation appears because CU_ON 
overestimates the occurrence frequency of hourly precipita-
tion (Figure S4). Regarding the distribution of occurrence 
frequency of more than 0.1 mm h−1 rainfall, CU_ON shows a 
frequency of more than 30% at most stations for all clusters. 
Otherwise, CU_OFF shows an occurrence frequency similar 
to the observation. RCM with an activating KF cumulus 
scheme tends to simulate low-intensity rainfall over a wide 
area frequently, and most of the simulated rainfall cases 
are characterized by continuous low-intensity precipitation 

(Pennelly et al. 2014; Mayor and Mesquita 2015; Konduru 
and Takahashi 2020). Therefore, rainfall with low intensity 
and long duration appears mainly in most clusters of CU_
ON, even though rainfall with over 20 mm h−1 and a 3–6 h 
duration also appears occasionally in Cluster 2. CU_ON 
represents a similar distribution to observed Clusters 1 and 
2, considering rainfall duration, intensity, and amount. On 
the other hand, it simulates rainfall intensity as relatively 
weak in Clusters 3 and 4, where intense short-term rainfall 
occurs in observation, which can be related to the drizzle 
problem of CU_ON. If precipitation continues and clouds 
are formed continuously, deep convection and heavy rainfall 

Fig. 6   Composite of the precipitation daily anomaly (unit: mm day−1) at ASOS station for each cluster derived from a–d observation (ASOS), 
e–h CU_ON, and i–l CU_OFF

Table 3   Bias, MAE, RMSE, 
and PCC of the mean 
precipitation for each cluster 
derived from CU_ON and 
CU_OFF

CU_ON CU_OFF

Bias MAE RMSE PCC Bias MAE RMSE PCC

Cluster 1 1.73 2.49 3.32 0.61 0.94 2.39 2.96 0.47
Cluster 2  − 0.41 4.22 5.00 0.64  − 0.35 5.48 6.27 0.39
Cluster 3 0.78 2.40 3.03 0.57  − 1.08 3.39 4.03 0.11
Cluster 4 0.81 2.08 2.60 0.53  − 0.74 1.78 2.28 0.58
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Fig. 7   Scatter plot of the ERE rainfall intensity (unit: mm h−1, radius) and duration (unit: hours, angle) for each cluster derived from a–d obser-
vation (ASOS), e–h CU_ON, and i–l CU_OFF. The color of the dots denotes the ERE rainfall amount (unit: mm)

Fig. 8   a–d) Composite of the hourly rainfall time series for 3  days (− 1 to + 1  day of ERE) and e–h occurrence frequency of the maximum 
hourly rainfall in 6 h bin for each cluster
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are inhibited by not allowing the increase in temperature and 
humidity (Fosser et al. 2015). This problem can be solved 
to some extent using the CPM. The CPM performs well, 
particularly in extreme precipitation and hourly time-scale 
rainfall (Prein et al. 2013; Ban et al. 2014; Fosser et al. 2015; 
Meredith et al. 2015). CPM, which explicitly simulates con-
vection, shows improvements for short-term high-intensity 
rainfall compared to the RCM using the cumulus scheme 
because deep convection plays a vital role in mid-latitude 
extreme precipitation. Clusters 3 and 4 of CU_OFF show 
high-intensity EREs with less than 6 h duration, showing 
better performance than CU_ON (Fig. 7k, l). For Cluster 3, 
CU_OFF shows similar rainfall intensity to observations for 
3–6 h duration, despite underestimating the rainfall intensity 
for less than 3 h duration. The numerous rainfall cases with 
more than 15 mm h−1 intensity are distributed in the range of 
the short duration for Cluster 4, indicating the capability to 
capture high-intensity rainfall with a short duration. In Clus-
ters 1 and 2, CU_OFF overestimates the rainfall intensity 
with less than 9 h duration, resulting in a different distribu-
tion from the observation.

Figure 8 shows the diurnal rainfall variations and occur-
rence frequency of the maximum hourly precipitation for 
each cluster. For the observation of Clusters 1 and 3, rainfall 
peak in the diurnal variation appears late at night (00–06 
local standard time (LST)) and in the afternoon (12–18 
LST) (Fig. 8a, c). The maximum rainfall occurs mainly 
late at night (00–06 LST) and in the morning (06–12 LST) 
for Clusters 1 and 3, respectively (Fig. 8e, g). Clusters 2 
and 4 have no diurnal variation features on the ERE day 
(Fig. 8b, d). The frequency of maximum precipitation for 
Cluster 2 appears to be more than 25% in all periods after 
06 LST, whereas a relatively high frequency appears in the 
daytime for Cluster 4. Considering the diurnal variation and 
frequency of maximum precipitation, CU_ON (CU_OFF) 
performs well for Clusters 1 and 2 (3 and 4). CU_ON can 
capture the observed peaks in the diurnal variations and the 
peak time of the frequency of maximum precipitation in 
Cluster 1, despite overestimating the rainfall. A high fre-
quency during the daytime affects the second rainfall peak 
in the diurnal cycle because relatively low-intensity rainfall 
is frequently simulated in CU_ON. Thus, the diurnal cycle 
of CU_ON is similar to the observations, even though the 
frequency at 12–18 LST is higher than observed.

For the frequency of maximum rainfall in Cluster 2, CU_
ON shows a similar result to the observation for the entire 
time. In contrast to the observation, the highest frequency 
is shown late at night in CU_OFF. In Cluster 3, CU_OFF 
follows the observed diurnal variation in which two peaks 
appear with similar rainfall. In addition, CU_OFF well simu-
lates the observed frequency distribution of maximum rain-
fall in Cluster 3 and 4 by presenting closer to the observation 
than CU_ON.

3.2 � Mesoscale features linked to ERE type

Precipitation is formed by a large circulation field and 
interaction between other meteorological factors (Park 
et al. 2021a; Zhao et al. 2022). Therefore, variables signifi-
cantly affecting rainfall are analyzed for each cluster using 
the KLAPS reanalysis data and model data. Figure 9 shows 
the daily anomaly moisture transport composite over South 
Korea. Figure 9 presents the daily anomaly IVT as a vector 
and the magnitude of daily anomaly IVT as shading. For the 
observation of Clusters 1 and 2, the overall magnitude of the 
IVT anomaly in South Korea is above 120 kg m−1 s−1, show-
ing a larger IVT magnitude than the other clusters (Fig. 9a, 
b). Warm and humid air from the low latitude region moves 
into South Korea through the westerly and southwesterly 
wind in Clusters 1 and 2, inducing ERE (Song and Sohn 
2015). For CU_ON, the magnitude of IVT simulated in 
Cluster 1 is similar to the observation (Fig. 9e). CU_ON 
captures the observed IVT core in the western region near 
36°N and simulates the direction of IVT vectors in Cluster 
2 well. The CU_OFF overestimates (underestimates) the 
IVT magnitude of Cluster 1 (Cluster 2). In the observed 
Clusters 3 and 4, the magnitude of IVT anomaly is lower 
than 100 kg m−1 s−1, showing opposite results to Clusters 1 
and 2 (Fig. 9c, d). Hence, no significant relationship appears 
between IVT and rainfall in Cluster 3 and 4 because most 
of the IVT vectors over South Korea are not statistically 
significant.

Figure 10 presents a latitude-height cross-section of the 
equivalent potential temperature (EPT) daily anomaly for the 
126–129°E land area averaged where South Korea is located. 
The observed EPT distribution shows different patterns for 
each cluster (Fig. 10a–d). More than 5 K EPT appears in 
the low level of South Korea for observed Clusters 1 and 2, 
which is relatively larger than Clusters 3 and 4 (Fig. 10a, b). 
This is related to the large inflow of IVT from the warm low 
latitude region to South Korea (Fig. 9). In Cluster 3, a large 
EPT gradient with a poleward-tilted structure is observed in 
South Korea (Fig. 10c). This feature indicates a baroclinicity 
structure, which aligns with Figs. 3 and 4. CU_ON shows 
good performance simulating a distribution of more than 
5 K in South Korea, similar to the observation for Clusters 
1 and 2 (Fig. 10e, f). In Cluster 2, CU_ON represents the 
observed pattern well in that the positive anomaly extends 
to the low level of the 42°N region, even though it underes-
timates the EPT in the high latitude region by one degree. 
On the other hand, CU_OFF overestimates the EPT gradient 
in South Korea, showing relatively low skill compared to 
CU_ON in Cluster 1 (Fig. 10i). Nevertheless, it can describe 
the observed poleward tilted structure of Cluster 3, showing 
a negative anomaly extending to 36°N (Fig. 10k). Further-
more, CU_OFF shows a similar spatial pattern to the obser-
vations of Cluster 4 by simulating approximately 4 K EPT 
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in the mid-lower level over South Korea, whereas CU_ON 
overestimates it (Fig. 10h, l). Consequently, the good per-
formance for simulating rainfall-related variables accord-
ing to the two WRF experiments seems to contribute to the 
advantage in their ERE precipitation simulation.

4 � Discussion

The WRF experiments results show that the CU_ON and 
CU_OFF experiments have different advantages in simulat-
ing ERE rainfall, but the reasons for this are slightly ambigu-
ous. One possibility is that the trigger function of the KF 
scheme appears to interfere with the reproduction of high-
intensity rainfall. The Fritsch–Chappell trigger function 

used in the KF scheme has a drawback: it tends to simulate 
widespread light rainfall in marginally unstable environ-
ments (Warner and Hsu 2000; Yu and Lee 2011; Mayor and 
Mesquita 2015). Fosser et al. (2015) argued that a lower 
lifting condensation level (LCL) and level of free convec-
tion (LFC) can lead to easier cloud formation, generating 
drizzle. Therefore, additional analysis is conducted for the 
Cluster 4 rainfall, which has distinct sub-daily character-
istics and shows different performance between CU_ON 
and CU_OFF. Figure 11 presents the diurnal variation of 
LCL and LFC (Fig. 11a) and the Hovmöller diagram of the 
p-velocity (ω) in CU_ON and CU_OFF (Fig. 11b, c) for 
Cluster 4. CU_ON generally shows a lower LCL and LFC 
than CU_OFF in Cluster 4, indicating more favorable condi-
tions for cloud formation. For the distribution of ω according 

Fig. 9   Composite of IVT daily anomaly (unit: kg m−1 s−1, vector) and 
magnitude of IVT daily anomaly (shading) for each cluster derived 
from a–d observation (KLAPS), e–h CU_ON, and i–l CU_OFF. 
Shadings are shown only for the statistically significant values at the 

95% confidence level. Black vectors denote that the zonal and meridi-
onal wind anomalies are statistically significant at the 95% confidence 
level
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to time, CU_ON shows continuous rising motion with values 
below − 0.5 pa s−1 since 09 LST (Fig. 11b). These results are 
consistent with previous results in that continuous rainfall 
mainly occurs in CU_ON. This is because the continuous 

cloud formation suppresses the deep convection in Cluster 4 
of CU_ON, resulting in a relatively weak continuous precipi-
tation occurrence instead of short-duration, high-intensity 
rainfall. On the other hand, CU_OFF shows low ω values 

Fig. 10   Composite of latitude–height cross section of equivalent 
potential temperature daily anomaly (unit: K) for each cluster derived 
from a–d observation (KLAPS), e–h CU_ON, and i–l CU_OFF. 

Black dots denote the statistically significant values at the 95% con-
fidence level. Green line denotes the region where South Korea is 
located

Fig. 11   a Diurnal variation of lower lifted condensation level (LCL) and level of free convection (LFC), and the Hovmöller diagram of p-veloc-
ity (unit: Pa s−1) derived form b CU_ON and c CU_OFF for Cluster 4
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occasionally, indicating an environment where the precipita-
tion patterns in observed Cluster 4 appear. Therefore, these 
environmental simulation differences, including IVT and 
EPT, are responsible for the different rainfall simulation 
performances of the WRF models. In other clusters, there 
may be differences in simulation performance because of 
environmental characteristics specific to each precipitation 
feature. Therefore, further in-depth analysis of the convec-
tion process and surrounding synoptic environment for each 
cluster will be needed.

5 � Summary and conclusion

The characteristics of simulated EREs in South Korea by 
the summer weather patterns are compared according to 
the use of cumulus parameterization for the WRF model. 
Two experiments (CU_ON and CU_OFF) are conducted 
depending on whether the Kain–Fritsch cumulus scheme 
is activated for a 3 km resolution mesh domain. Dynamical 
downscaling with the ERA5 reanalysis data as boundary 
condition is conducted for 2005–2013.

The ERE is analyzed according to the weather pattern, 
and the ERE simulation performance of the WRF model is 
evaluated using the clustering method. The four clusters of 
850 hPa geopotential height daily anomaly pattern, which is 
linked to ERE, are identified, and the WRF experiments cap-
ture the observed patterns well. In Cluster 1, the EREs occur 
as the cold air moves southward by cyclonic circulation and 
meets with relatively warm air in South Korea, developing 
atmospheric instability. The ERE of Cluster 2 is caused by 
the formation of a front when two different air masses meet 
over South Korea during the summer monsoon period. Clus-
ter 3 ERE occurs due to the extratropical cyclone associated 
with baroclinic instability. The ERE in Cluster 4 appears to 
be caused by local instability factors.

The spatial and temporal characteristics of the EREs 
are analyzed to evaluate the rainfall simulation in various 
aspects for each cluster. Considering the overall results, 
CU_ON depicts the rainfall type of Clusters 1 and 2 well, 
which is featured by continuous low-intensity rainfall. By 
contrast, CU_OFF can capture the rainfall type of Clusters 
3 and 4 where more than 20 mm h−1 intensity rainfall with 
less than 6 h duration occurs relatively frequently. CU_ON 
shows a relatively high pattern correlation coefficient of 
ERE and similar rainfall intensity distributions of long-
duration ERE cases to the observation for Clusters 1 and 
2. CU_ON frequently simulates low-intensity rainfall over 
a wide area, simulating the ERE of Clusters 1 and 2 better 
than CU_OFF. CU_OFF shows good performance for the 
hourly time-scale rainfall of Clusters 3 and 4 compared to 
CU_ON. CU_OFF can capture the observed features that 
high-intensity EREs with less than 6 h duration occur more 

frequently in Clusters 3 and 4 than the other clusters because 
of its ability to simulate the deep convection explicitly. In 
the diurnal cycle of Cluster 3, the timing of two peaks and 
variation are relatively well simulated in CU_OFF compared 
to CU_ON. Furthermore, the composite of IVT and EPT, 
which are closely related to rainfall, are analyzed for each 
cluster. Relatively high IVT and EPT daily anomalies are 
distributed over South Korea for Clusters 1 and 2, while 
no statistically significant IVT appears in Clusters 3 and 4. 
CU_ON (CU_OFF) simulates a similar IVT and EPT pattern 
to the observations for Clusters 1 and 2 (3 and 4), indicating 
that the rainfall simulation performance is closely related to 
the synoptic pattern.

This study focused on analyzing the precipitation charac-
teristics according to the weather patterns and the WRF per-
formance to simulate them depending on cumulus parame-
terization. The characteristics of each type of ERE described 
in this study concur with Song and Sohn (2015), where the 
heavy rainfall over East Asia is classified as warm type or 
cold type. In addition to identifying the ERE precipitation 
features according to the weather patterns, it is meaningful 
to found out that the high-resolution WRF performance var-
ies according to the ERE type depending on the use of the 
cumulus scheme. CU_OFF would be a more suitable option 
after a bias correction for the precipitation amount if the 
model is to be used for real-time forecasting. Because the 
CU_ON model tends to simulate relatively weak precipita-
tion continuously that is almost identical across all clusters, 
it is difficult to distinguish the characteristics of precipitation 
according to the weather pattern. On the other hand, CU_
OFF clearly simulates the unique features of precipitation in 
each cluster despite underestimating the precipitation. Nev-
ertheless, the model used in the comparative experiments 
is WRF, and the results according to whether only the KF 
cumulus scheme is applied to the model are compared. The 
climate model outputs are sensitive to the physical process 
parameterization and the type of RCM (Giorgi and Shields 
1999; Frei et al. 2003). Therefore, more study is needed to 
determine how the cumulus scheme will improve ERE in 
the high-resolution climate model simulation by employing 
other cumulus schemes with different RCMs and a multi-
model ensemble approach.
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