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Mesoscale convective systems (MCSs) embedded in quasi-stationary fronts are major drivers of extreme pre-
cipitation over South Korea, yet simulating their organization and rainfall structure remains challenging. This
study investigates how cloud microphysics and gray-zone convective parameterization modulate MCS and non-
MCS precipitation and the phase and amplitude of precipitation in an extreme event that recently occurred in
South Korea. Using an optimized WRF-based Convection-Permitting Model (CPM) at 3 km grid spacing, we
conduct eight sensitivity experiments combining two microphysics schemes (single-moment WSM6 and double-
moment Thompson), each with and without the scale-aware convection schemes, plus additional experiments
that modify key parameters controlling upper-tropospheric ice content. While all simulations reasonably
reproduce the general pattern of extreme precipitation, they also exhibit systematic differences in peak location,
intensity, and spatial extent of precipitation, along with contrasting MCS properties. The default WSM6 produces
narrow, intense MCS precipitation cores and strong overturning that extends outside tracked MCS clouds. In
contrast, ice-enhanced WSM6 and Thompson yield larger, more top-heavy systems with broader cold anvils and
rainfall areas that better match observations. The impact of activating scale-aware convection schemes appears
to be inconsistent across microphysics schemes, indicating a strong dependency on the accompanying micro-
physics configuration. These results demonstrate that, within the context of this extreme event, the choice of
microphysics scheme and upper-level ice representation can regulate MCS organization, rainfall distribution, and
vertical mass transport.

1. Introduction

Mesoscale Convective Systems (MCSs) are organized complexes of
convective storms extending hundreds of kilometers and lasting several
hours to more than a day (Houze, 2004, 2018). MCSs play a critical role
in the global hydrological cycle, as they are responsible for more than
half of total rainfall and frequently cause severe flood disasters in many
regions (Feng et al., 2019; Hiraga et al., 2025). In South Korea, MCSs
become particularly important during the summer monsoon season
when they interact with quasi-stationary frontal boundaries, causing
them to move slowly or even remain stationary (Kim and Lee, 2006;

Jeong et al., 2016; Kim et al., 2025). This quasi-stationary behavior
allows for self-reinforcing interactions in which new convective cells
develop at the rear (back-building convection) while existing cells
continue to move (training effect), resulting in intense and prolonged
rainfall over localized areas (Schumacher and Johnson, 2005). There-
fore, understanding the characteristics of MCSs is crucial for elucidating
the physical mechanisms behind extreme precipitation. While the
important role of MCSs in the vertical transport processes that influence
the phase and amplitude of extreme precipitation is well documented
(Chen et al., 2022), effectively simulating MCSs using numerical models
remains challenging due to their complex nature. Addressing this issue

* Corresponding author. Division of Environmental Science and Engineering, Pohang University of Science and Technology, Pohang, South Korea.
** Corresponding author. Department of Civil and Environmental Engineering, The Hong Kong University of Science and Technology, Hong Kong, China.

E-mail addresses: skmin@postech.ac.kr (S.-K. Min), ceim@ust.hk (E.-S. Im).

https://doi.org/10.1016/j.wace.2026.100969

Received 7 February 2026; Received in revised form 26 August 2026; Accepted 23 October 2026

Available online 26 October 2026

2212-0947/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


https://orcid.org/0009-0009-3449-5877
https://orcid.org/0009-0009-3449-5877
https://orcid.org/0000-0001-9844-7836
https://orcid.org/0000-0001-9844-7836
https://orcid.org/0000-0002-5329-7851
https://orcid.org/0000-0002-5329-7851
https://orcid.org/0000-0002-6749-010X
https://orcid.org/0000-0002-6749-010X
https://orcid.org/0000-0002-8953-7538
https://orcid.org/0000-0002-8953-7538
mailto:skmin@postech.ac.kr
mailto:ceim@ust.hk
www.sciencedirect.com/science/journal/22120947
https://www.elsevier.com/locate/wace
https://doi.org/10.1016/j.wace.2026.100969
https://doi.org/10.1016/j.wace.2026.100969
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

D. Song et al.

requires a realistic representation of the multiscale interactions between
convective dynamics and cloud microphysics (Fan et al., 2017). In this
context, various attempts have been made to enhance the modeling of
these atmospheric processes, leveraging recent advancements in
computational capacity and a greater availability of observational data.

In Regional Climate Models (RCMs) with typical horizontal resolu-
tions (10-50 km), convective processes have been parameterized within
a grid (Prein et al., 2015). In this approach, sub-grid-scale convection is
represented through empirical relationships based on bulk parameters
of the surrounding atmospheric conditions. Furthermore, MCSs are
neither explicitly resolved nor sufficiently parameterized. Therefore, the
selection of a particular parameterization scheme can substantially in-
fluence the simulation, leading to significant uncertainty in model out-
puts (Randall et al., 2003; Hohenegger et al., 2008). Numerous studies
have identified that such parameterized convection often un-
derestimates the frequency and intensity of extreme precipitation
events, resulting in systematic negative biases, particularly in
short-duration extremes (Molinari and Dudek, 1992; Lenderink and van
Meijgaard, 2008; Li et al.,, 2012). In response to these challenges,
scale-aware convection parameterizations such as the Korea Institute of
Atmospheric Prediction Systems’ Simplified Arakawa-Schubert (KSAS)
(Kwon and Hong, 2017), Grell-Freitas (Grell and Freitas, 2014) and the
Multi-scale Kain-Fritsch (Zheng et al., 2016) schemes have been devel-
oped to dynamically adjust convective representations as a function of
grid resolution. Moreover, great advancements in computational ca-
pacity in recent years have enabled the use of Convection-Permitting
Models (CPMs) at finer grid spacing (<4 km), which explicitly resolve
convective processes (Kendon et al., 2017; Fosser et al., 2020). CPMs
have demonstrated considerable improvements in simulating extreme
precipitation and mesoscale convective features. For instance, Fosser
et al. (2024) reported that CPMs can substantially reduce the contri-
bution of parameterization-related model uncertainties by more than
50%.

At convection-permitting resolutions where convection parameteri-
zation becomes unnecessary, which partially reduces the uncertainty
associated with parameter settings, the direct impact of microphysics
that determines the physical properties and vertical distribution of at-
mospheric hydrometeors grows significantly in modeling precipitation
processes (White et al., 2017). Different microphysics schemes,
including single-moment schemes (e.g., WSM6) that predict only hy-
drometeor mass and double-moment schemes (e.g., Thompson, Morri-
son) that predict both mass and number concentrations, produce
fundamentally different representations of microphysical processes and
their interactions with convective dynamics (Thompson et al., 2008;
Morrison et al., 2009). Recent sensitivity studies have demonstrated that
the choice of microphysics scheme significantly affects the characteris-
tics of simulated MCSs and resulting precipitation (Wu et al., 2013;
Huang et al., 2020). On the other hand, Feng et al. (2018) demonstrated
that, despite producing similar precipitation patterns such as precipi-
tation amount and diurnal cycle, Thompson and Morrison microphysics
schemes produced markedly different MCS structural properties. In
addition to scheme choice, key parameters within a microphysics
scheme that define the properties of hydrometeors have direct control
on simulated rainfall and convection structures. Because these param-
eters are usually diagnosed or prescribed as fixed values, their influence
can vary across regions and precipitation phases (Lim, 2020; Kim et al.,
2024). In particular, several studies have shown that the prescribed ice
properties in microphysics schemes strongly modulate anvil ice water
content and the microphysical structures of MCS clouds, including their
horizontal extent and stratiform organization (Van Weverberg et al.,
2013; Feng et al., 2018). These findings highlight not only that micro-
physics schemes strongly affect the cloud-precipitation structures of
MCSs, but also that their impacts depend on how convective parame-
terizations feed moisture and hydrometeors into the convective regions,
reflecting the close thermodynamic and microphysical coupling be-
tween cumulus and microphysics schemes in the model.
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On the other hand, at 3-km gray-zone resolution, where convective
drafts are only partially resolved by grid-scale dynamics, the coupling
between cloud microphysics and scale-aware convection parameteriza-
tions becomes highly complex and non-linear. In this gray-zone regime,
convection and microphysics schemes do not operate in isolation.
Rather, they strongly interact through the exchange of resolved mois-
ture, hydrometeors, and thermodynamic tendencies (Liu et al., 2018;
Jeworrek and West, 2019). Convection schemes directly modulate the
vertical profiles of sub-grid convective drying, heating, and the
detrainment of cloud condensate into the resolved scales (Kwon and
Hong, 2017). In turn, microphysics schemes govern the phase
changes, conversions, and fall speeds of these hydrometeors, where
diabatic heating and evaporative cooling alter the grid-scale vertical
motion and moist static energy, thereby feeding back into the sub-grid
convective triggering and mass flux (Jeworrek and West, 2019; Mishra
et al., 2024). Consequently, jointly altering convection and micro-
physics configurations produces strongly non-linear responses in pre-
cipitation, hydrometeor partitioning, and cloud fields that cannot be
explained simply by the sum of their individual effects (Qian et al., 2015;
Liu et al., 2018). However, while previous studies have largely examined
how microphysics and convection schemes separately influence pre-
cipitation sensitivity and convective organization, there remains a crit-
ical need to investigate their coupling effects and explicitly link them to
the detailed structural organization and dynamics of MCSs that produce
extreme rainfall.

Therefore, this study aims to fill this gap by explicitly investigating
how the joint modulation of microphysics and scale-aware convection
parameterizations shapes the structural organization of MCSs embedded
in an extreme precipitation event over South Korea during August 8-11,
2022. This event, characterized by quasi-stationary MCSs that produced
over 600 mm of rainfall in localized regions (KMA, 2023; Park et al.,
2024), serves as an excellent testbed for modeling studies to examine
the complex interplay between convective dynamics and cloud micro-
physical processes. To address this, we utilize a Weather Research and
Forecasting (WRF)-based CPM with a 3 km grid spacing. This configu-
ration has been optimized for simulating extreme precipitation in South
Korea by tuning the domain size, spectral nudging technique, and
physics settings (Kwon et al., 2025). Building on this, we conduct a se-
ries of sensitivity experiments configured with multiple combinations of
convection representation and microphysics parameterizations. While
Kwon et al. (2025) employed the WSM6 microphysics scheme, one of the
most popular single-moment schemes (Hong and Lim, 2006), this study
also includes the Thompson scheme (Thompson et al., 2008) as a
double-moment option, which has shown significant performance in
simulating MCSs in a previous study (Chen et al., 2021). Along with this,
additional experiments with parameter adjustments in WSM6 and
Thompson are conducted (see section 2.1). Furthermore, we conduct the
experiments while turning on scale-aware convection schemes, KSAS
and MSKF, which are reportedly effective in simulating precipitation in
Korea and other regions (Kwon and Hong, 2017). This approach can
enhance the experiment design, leading to more robust conclusions.
Given that a 3 km resolution is still considered as the 'gray zone' (Prein
et al., 2015), where convective processes are not fully resolved nor
reliably parameterized, it remains an open question how incorporating
scale-aware  convection schemes with single-moment and
double-moment microphysics schemes can influence the interactions
between convective and cloud microphysical processes within our
experimental framework. Indeed, some studies have demonstrated that
retaining convection parameterizations at gray-zone resolutions re-
mains beneficial for the representation of precipitation cores and in-
tensity (Deng and Stauffer, 2006; Kwon and Hong, 2017; Stergiou et al.,
2025). The analysis focuses on the characteristics of MCSs identified
through a process-oriented cloud classification and tracking algorithm.
Isentropic analysis is also employed to diagnose vertical mass transport
characteristics, which may differ between MCS and non-MCS convec-
tion. Comparative assessments of varying capabilities derived from
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different convection and microphysics settings allow for a deeper un-
derstanding of their impacts on MCS behavior and the performance in
simulating precipitation. These findings could provide valuable insight
into the key processes governing extreme precipitation simulations and
establish useful benchmarks enhancing the performance of CPMs at
gray-zone resolutions.

2. Method and data
2.1. Model configuration and experimental design

The Weather Research and Forecasting (WRF) model version 4.4
(Skamarock et al., 2019), a state-of-the-art regional climate and weather
model, is employed in this study. The overall model configuration,
including domain, resolution, and most physical parameterizations,
follows a recent optimization study for extreme precipitation over South
Korea (Kwon et al., 2025). The model domain is centered over South
Korea and covers most of East Asia and the western North Pacific
(Fig. 1). The simulations use a single domain with 3 km horizontal grid
spacing and 50 vertical levels extending from the surface to approxi-
mately 50 hPa. Following Kwon et al. (2025), large-scale Spectral
Nudging (SN) is applied to realistically represent the synoptic environ-
ment while allowing mesoscale systems to develop freely. SN is applied
to the zonal and meridional wind components above the planetary
boundary layer. The nudging coefficient is set to 0.0003 s~* and is
applied only to waves with wavelengths longer than approximately 1,
000 km. To capture the extreme precipitation event and the embedded
MCSs, the WRF model is initialized at 00:00 UTC 1 August 2022 and
integrated continuously through 16 August 2022, covering the devel-
opment and evolution of this event. Initial and lateral boundary condi-
tions are obtained from the ERAS5 reanalysis (Hersbach et al., 2020) at
6-hourly intervals, provided by the European Centre for Medium-Range
Weather Forecasts (ECMWF).

In Kwon et al. (2025), the WSM6 microphysics scheme along with a
convection-permitting configuration was used. Here, the treatment of
microphysics and convection is further diversified to examine the
sensitivity of MCS characteristics to the model configurations. Two
widely used microphysics schemes are employed: WSM6
(single-moment) and Thompson (double-moment). Each scheme is first
run as a Convection-Permitting Model (CPM) without any scale-aware
cumulus parameterization and then combined with scale-aware
cumulus schemes, using either the KIAPS Scale-Aware Simplified
Arakawa-Schubert (KSAS) or the Multi-Scale Kain-Fritsch (MSKF)
scheme. This yields six primary experiments: WSM6_CPM, WSM6_KSAS,
WSM6_MSKF, THOM_CPM, THOM_KSAS, and THOM_MSKF (Table 1).
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Table 1
Summary of the eight sensitivity experiments designed for this study.
Simulation ID  Microphysics Description Convection
scheme treatment
WSM6_CPM WSM6 Default version of WSM6 Off
WSM6_KSAS WSM6 Default version of WSM6 On (KSAS)
WSM6_MSKF WSM6 Default version of WSM6 On (MSKF)
WSM6_CPMa WSM6 Same as WSM6_CPM, but Off
(adjusted) accretion of ice by snow and
ice fall speed are both reduced
THOM_CPM Thompson Default version of Thompson Off
THOM_KSAS Thompson Default version of Thompson On (KSAS)
THOM_MSKF Thompson Default version of Thompson On (MSKF)
THOM_CPMa  Thompson Same as THOM_CPM, but the Off
(adjusted) minimum size for the

autoconversion of cloud ice to
snow is doubled

In addition, previous studies have shown that the default version of
WSM6 tends to remove cloud ice too efficiently through rapid conver-
sion to other hydrometeor species and fast fall speeds, which leads to an
underestimation of anvil extent and upper-level ice content (Van
Weverberg et al., 2013; Grasso et al., 2014). Based on these findings,
in WSM6_CPMa, the accretion of ice by snow and the fallout speed of ice
are both reduced by multiplying 0.5 to enhance the retention of
upper-tropospheric ice. To achieve a similar effect in THOM_CPMa, we
adjust the threshold diameter for the autoconversion of ice to snow.
Studies have shown that such autoconversion size thresholds constrain
and strongly affect upper-tropospheric ice and snow partitioning (Bao
et al.,, 2019; Ko et al.,, 2022). Therefore, in THOM_CPMa, this
threshold is doubled to allow a larger fraction of ice to remain in the
upper troposphere.

By adjusting one or two parameters that control upper-level ice
content, the vertical profiles of hydrometeors change, and the sensitivity
of these changes depends on the microphysics scheme (Fig. 2). In WSM6,
WSM6_CPMa shows a notable increase in the ice mixing ratio near
200 hPa compared with WSM6_CPM (Fig. 2j), whereas in Thompson the
increase of ice from THOM_CPM to THOM_CPMa is much smaller
(Fig. 2k), accompanied by a significant reduction in snow and an in-
crease in cloud water. This indicates that a single-moment scheme,
which diagnoses only mixing ratios, responds more directly to param-
eter adjustment than a double-moment scheme, which predicts both
mass and number concentrations and involves more intricate in-
teractions among different hydrometeor species.
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Fig. 1. Simulation and tracking domains. The colored area indicates the WRF simulation domain, and the black dashed box denotes the MCS tracking domain.
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Fig. 2. Vertical profiles of hydrometeors simulated in different sensitivity experiments compared to the ERAS5 reanalysis. For each hydrometeor, temporal
and spatial averages are calculated from 8 to 10 August 2022 over the precipitation peak region spanning 35.5 °N to 38.5 °N and 125 °E to 130 °E. In each row, the
rightmost panel represents the difference between CPMa and CPM for each microphysics scheme.

2.2. Case description

During 8-11 August 2022, South Korea experienced an extreme
precipitation event driven by a quasi-stationary front that persisted for
several days over the region. This event produced the highest cumula-
tive rainfall record in recent years, with peak daily rainfall exceeding
400 mm in some regions and, causing widespread flood damage across
the peninsula.

The synoptic-scale environment during this event highlights the
meteorological conditions that favor the formation of MCSs and extreme
rainfall (Fig. 3). Fig. 3a shows a narrow band of low cloud-top temper-
atures extending from eastern China into Korea, indicating that deep
convection with organized cloud structures existed, which is a typical
feature of mature mesoscale convective systems. These cold cloud tops
reflect the strong updrafts and large vertical extent of the convective
columns. Fig. 3b shows the large-scale thermodynamic and dynamic
environment. The high equivalent potential temperature at 500 hPa
aligned with the cloud band and a strong Vertically Integrated Moisture
Transport (VIMT) exceeding 250 kg m ™' s~ toward the peninsula
created warm and moist conditions that were favorable for sustaining
the MCSs.

2.3. MCS tracking algorithm

A process-oriented cloud classification and tracking algorithm is
applied to identify and track convective systems in both observations
and model simulations. We use PyFLEXTRKR (Feng et al., 2021, 2023),
an object-based and flexible tracking framework that has been widely
used to analyze the life cycle and structure of convective systems across
different regions and datasets (Chen et al., 2023; Zhang et al., 2024;
Tupsoundare et al., 2025). Tracking is performed over an 11-day period
from 3 to 14 August 2022 to capture the full evolution of the 8-10 August
extreme rainfall event.

The tracking workflow consists of three main steps. Cold Cloud
Systems (CCSs) are first identified from hourly Brightness Temperature
(Tp) fields, then linked in time to form continuous CCS tracks, and MCSs
are finally determined as a subset of CCS tracks that meet additional
cloud- and precipitation-based thresholds. A track is classified as an MCS
if it (1) has a minimum cloud-shield area of 20,000 kmz, (2) contains at
least one Precipitation Feature (PF) whose major axis exceeds 100 km,
and (3) meets lifetime-dependent thresholds in duration (longer than
2 h), PF area, mean rain rate, rain-rate skewness, and heavy-rain fraction
(>10 mm h™!). The detailed algorithm and threshold criteria are
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Fig. 3. Synoptic patterns at 03:00 UTC on 8 August 2022. (a) Cloud top temperature product is retrieved from the GEO-KOMPSAT-2A geostationary satellite's
Advanced Meteorological Imager (AMI). (b) Equivalent potential temperature at 500 hPa (shading), geopotential height at 850 hPa (black contours), and VIMT

(vectors) are taken from the ERAS reanalysis dataset. Only VIMT values exceeding 250 kg m™" s

~1 571 are plotted.
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described in Feng et al. (2023). In our study, the minimum cloud-shield
area and duration were reduced from 40,000 to 20,000 km? and from 4
to 2 h, respectively. Because this event was driven by compact, narrow
linear MCSs, these adjustments prevent the omission of the intense,
localized systems that produced the extreme rainfall (Kim et al., 2025;
Mun et al., 2025). Furthermore, such threshold tuning is highly rec-
ommended within the PyFLEXTRKR framework to properly capture the
dominant convective modes of specific regions and cases (Feng et al.,
2023).

2.4. Isentropic analysis

To examine how different convective systems redistribute mass in
the vertical, an isentropic analysis is conducted following the framework
by Pauluis and Mrowiec (2013) and Chen et al. (2018, 2022), 2022. In
this approach, vertical mass fluxes are grouped according to the
Equivalent Potential Temperature (EPT) of air parcels, so that atmo-
spheric overturning is described in terms of height and EPT. Following
Chen et al. (2022), the isentropic mass flux is decomposed into upward
and downward motions using a two-stream approximation. This sepa-
rates the upward transport of warm, moist air from the downward
transport of cooler, drier air. These transports are computed separately
for the convective and stratiform subregions of both MCS and non-MCS
areas (using a 5 mm h~! threshold; Tokay and Short, 1996) to evaluate

Weather and Climate Extremes 54 (2026) 100969

how microphysics and convection treatments modify vertical mass
circulation.

2.5. Evaluation metric for precipitation

The Fractions Skill Score (FSS) is employed to validate the model's
performance in capturing precipitation. FSS compares the fraction of
grid points exceeding a specified threshold within a surrounding spatial
window between observations and simulations. In this study, a 9 km * 9
km neighborhood window (corresponding to 3 * 3 model grid points) is
applied. FSS ranges from 0 (no skill) to 1 (perfect spatial agreement).

2.6. Observational data

In this study, the model's precipitation performance relative to ob-
servations is evaluated using the 500m high-resolution gridded precip-
itation dataset provided by the Korea Meteorological Administration
(KMA 500m) and the Integrated Multi-satellitE Retrievals for GPM
(IMERG) (Huffman et al., 2024). Both datasets are interpolated to the
model resolution for a consistent comparison. The KMA 500m is pro-
duced based on station rain-gauge observations that are statistically
downscaled into a very fine grid, providing detailed spatial information
over land, and IMERG is a satellite-based global precipitation dataset
developed as part of the Global Precipitation Measurement (GPM)

(c) THOM_CPM

(a) KMA 500m

———

(b) WSM6_CPM

a——
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Fig. 4. Spatial distribution of precipitation accumulated from 8 to 10 August 2022 for each simulation. (a), (d) are observed precipitation from the KMA 500m
and IMERG datasets, respectively. (b), (c), (e), (f), (g), (h), (i), and (j) are results from WRF simulations with different scheme settings. In each panel, the black
contour is the outline of the area where KMA 500m precipitation exceeds 300 mm, r value in the lower-right corner indicates the spatial correlation with KMA 500m,
and the ratio value is the fraction of model grids with precipitation exceeding 300 mm within the black outlined (observed) area.
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mission led by NASA. Additionally, the ERA5 reanalysis is used to see the
large-scale environmental patterns associated with the event.

For MCS tracking, two global satellite datasets are used. First, the
cloud-top structure is characterized using infrared T}, from the NASA
global merged geostationary product. Second, the precipitation data
from IMERG are used together with T}, datasets to evaluate the simulated
rainfall structure.

3. Result
3.1. Validation of simulated precipitation patterns

During 8-11 August 2022, all eight simulations reproduce the similar
evolution (Fig. S1) and 3-day accumulated rainfall pattern to KMA
500m, but noticeable differences remain in the location and intensity of
the core. Experiments using WSM6 (Fig. 4b, 4e, 4i) capture the main
peak crossing the northern part of South Korea, whereas simulations
using Thompson (Fig. 4c, 4f, 4h, 4j) and WSM6_MSKF (Fig. 4g) have a
secondary peak farther south, which relatively lowers their spatial cor-
relation (r values) with KMA 500m than WSM6. To quantify peak
reproduction, we define a fraction ratio as the proportion of grid points
within the observed peak area (3-day rainfall > 300 mm) that also
exceed 300 mm in each simulation. For WSM6, this ratio is lowest in
WSM6_CPM and peaks in WSM6_CPMa, reflecting an improved east-
west elongation of the rainband. Conversely, the ratio for Thompson
gradually decreases from THOM_CPM to THOM_MSKF. These results
indicate that microphysics choice primarily governs the number and
placement of rainfall cores, whereas the convective parameterization
mainly modulates the areal extent of extreme precipitation around
them. Another notable difference arises from the core intensities be-
tween the two observational datasets (Fig. 4a and d). IMERG tends to
underestimate precipitation magnitude over the core region, consistent
with its known limitations capturing regional extreme rainfall (Da Silva
et al., 2021; Zhu et al., 2022; Li et al., 2022). Despite this quantitative
bias, the general spatial pattern of the accumulated rainfall in IMERG is
broadly consistent with KMA 500m in a qualitative sense.

Over the 3-day period, the phase and magnitude of the rainfall band
and related synoptic patterns vary markedly from case to case, as
illustrated by two contrasting times in Fig. 5a and Fig. S4. Around 14:30
UTC on 8 August, a narrow but very intense rainband (hereafter referred
to as the narrow case) produces a high local peak and modest total
rainfall (Fig. 5b), whereas at 17:30 UTC on 9 August a broader, less
intense convective system (hereafter referred to as the broad case) has
lower peak intensity but much greater coverage and total accumulation
(Fig. 51). In these hourly snapshots, IMERG not only underestimates
rainfall intensity but also places the precipitation core slightly farther
south than KMA 500m (Fig. S5e and 50), highlighting qualitative and
quantitative discrepancies in hourly timescale that are less apparent in
the 3-day accumulated fields. For the narrow case (Fig. 5b-k), KMA
500m shows that the mean precipitation intensity within the core area
exceeds 29.5 mm h~!, with the local maximum reaching up to
91.6 mm hL. Both WSM6_CPM and THOM_CPM reproduce this local-
ized, intense rainband with comparable phase and magnitude, out-
performing other configurations with the highest FSS values. In contrast,
WSM6_KSAS, WSM6_MSKF, WSM6_CPMa, and THOM_MSKF generate
an extended core farther south, whereas THOM_KSAS and THOM_CPMa
displace the main core location and produce weaker rainfall within the
observed core region.

These model differences are also evident in another hourly snapshot
when the rainfall band has much broader coverage, as in the broad case
at 17:30 UTC on 9 August. At this time, the rainfall band shifts slightly
southward compared to the narrow case and extends meridionally over a
much larger area, with a broader but weaker main core (Fig. 51-u). In
this broad case, CPMa and scale-aware cumulus schemes outperform the
default CPM across both microphysics options (Fig. 5q and 5t).
Conversely, the performance of the CPM configuration degrades notably
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in both schemes, as it produces a phase mismatch by placing the core
outside the observed peak area or underestimates intensity, resulting in
lower FSS values (Fig. 5m and 5n). In WSMS6, activating the scale-aware
cumulus schemes shifts the core toward the observed location with an
expanded rain area, while WSM6_CPMa simulates a rain cell whose
structure and intensity align closely with KMA 500m, reaching
8.5 mm h~!. Similarly for Thompson, both scale-aware runs and ice-
tuned run capture the broad core structure better than THOM_CPM.
Although all simulations underestimate the observed intensity, these
results suggest that the original CPM configuration better captures
narrow, highly concentrated rainfall, while CPMa performs better for
broader rainfall systems.

Consistent with the two contrasting hourly cases (Fig. 5), the FSS
analysis across the top five sampled time-steps reveals a similar sys-
tematic dependence on rainfall regime, demonstrating that model skill
varies substantially depending on whether the rainband is narrow and
intense or broad and extensive. When evaluating the top five intense
rainbands using rainfall intensity as the metric (Fig. 6a), the two default
CPM configurations (THOM_CPM and WSM6_CPM) yield markedly
higher FSS values than the other experiments, indicating that CPM runs
generally demonstrate superior skill when localized rainfall is intense.
Applying a lower threshold yields consistent results (Fig. S2). Notably,
consistent with the higher skill of MSKF relative to KSAS seen in Fig. 5Sh
and i, the two configurations using KSAS (WSM6_KSAS and THOM K-
SAS) produce the lowest FSS values among all simulations.

In contrast, for broad rainbands (using total precipitation as a proxy
for spatial extent; Fig. 6b), WSM6_CPMa substantially outperforms all
other configurations. Unlike in WSM6, where WSM6_CPMa shows a
marked improvement over other runs, THOM_CPMa yields only mar-
ginal differences compared with THOM_CPM, exhibiting nearly iden-
tical performance. Furthermore, compared to the variations observed
across the WSM6 experiments, the four Thompson configurations,
especially between THOM_CPM and THOM_CPMa, display much smaller
differences among themselves, indicating limited sensitivity to both
parameter tuning and convection parameterization. This tendency in-
dicates that the microphysical parameter tuning has a much weaker
impact on Thompson than WSM6. Physically, this difference stems from
their representation of particle size distributions. The single-moment
WSMB6 scheme uses fixed intercept parameters for hydrometeors, mak-
ing precipitation processes highly sensitive to direct tuning of ice-phase
parameters (e.g., fall speed or size distribution constants). In contrast,
the double-moment Thompson scheme independently predicts both the
mixing ratio and number concentration of species like ice and rain. This
likely allows the Thompson scheme to create a buffering effect where
internal microphysical processes compensate for the manual parameter
modifications, resulting in lower sensitivity to the tuning. Overall, this
precipitation evaluation demonstrates that the choice of microphysics
scheme exerts a greater impact than the convection treatment. Addi-
tionally, because the impact of activating the cumulus scheme is
inconsistent across microphysics schemes, and the Thompson scheme
shows limited sensitivity, the subsequent MCS analysis excludes the
THOM _KSAS, THOM_MSKF, and THOM_CPMa configurations to focus
on the experiments that demonstrate meaningful sensitivity in precipi-
tation patterns.

3.2. MCS properties and sensitivity to microphysics adjustment

Although the rainfall-based evaluation clearly reveals differences in
model skill and sensitivity to microphysical tuning, it does not elucidate
the underlying physical mechanisms leading to the sensitivity. There-
fore, we further analyze MCS properties using an object-based tracking
framework and isentropic analysis. Despite IMERG's underestimation of
rainfall intensity and phase discrepancies at hourly timescales compared
to KMA 500m, it remains essential for MCS tracking analysis for several
reasons. First, IMERG provides continuous temporal coverage over both
land and ocean where gauge observations are not available. Second,
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Fig. 5. Time series of precipitation intensity and total grid precipitation from the KMA 500 m, along with the spatial distribution of hourly precipitation
at each peak for the simulations and observations. (a) Precipitation intensity (total precipitation) is calculated as the average (sum) of hourly precipitation over
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combining IMERG with satellite-derived cloud-top brightness tempera-
ture (Tp) from the NASA merged geostationary product is a standard and
well-tested approach in many previous studies. Thus, despite these
limitations relative to station-based KMA 500m, its combination with
geostationary Tp data provides a necessary observational basis for
identifying, classifying, and tracking MCS clouds, and is well suited for
the process-oriented evaluation performed in this study.

As shown in Fig. 5, the rainfall patterns during 8-10 August exhibit
substantial case-to-case variability, with peak intensity and spatial
coverage changing markedly. To examine how these contrasting rainfall
structures are expressed in cloud-top and MCS properties, the tracking
analysis first focuses on two distinctive examples: the narrow and broad
cases. Fig. 7 illustrates how the choice of microphysics and its adjust-
ment on the representation of cloud ice affect the cloud-top structures,
precipitation, and MCSs in these two cases.

In the narrow case, the satellite observation shows an extensive re-
gion of cold cloud tops with most of the rainfall directly beneath it
(Fig. 7bl, 7b2), whereas all simulations produce smaller, more frag-
mented cold cores. In this case, WSM6_CPM generates substantial pre-
cipitation outside the area of deep convection (Fig. 7cl, 7c2). In
WSM6_CPMa, spatial agreement of precipitation with IMERG improves
(Fig. 7f1, 7f2), with a single dominant precipitation feature, extending
from the peninsula into the East Sea. Activating scale-aware cumulus
schemes broadens both the convective cloud and rainfall band, and the
main convective core becomes colder compared to CPM (Fig. 7d1, 7d2,
7el, 7e2). THOM_CPM produces the widest cloud extent among the
experiments, which is consistent with its own tendency to generate
larger snow mixing ratio and anvil cloud shield.

In the broad case, where several small convective cores merge into a
large cloud system (Fig. 7b3, 7b4), WSM6_CPM, WSM6_KSAS, and
WSM6_MSKF do not reproduce the observed cold core within the
tracked MCS region and locate the tracked MCS farther north compared
to IMERG. However, WSM6_CPMa simulates a wider rain area whose
structure and position follow the IMERG. This contrast reflects that the
adjusted accretion of ice by snow and ice fall speed produces cold cloud
shields that expand with the broader rain area, yielding larger MCSs that
better match IMERG. Small stratiform regions are a known bias of the
default WSM6 configuration, and previous studies have linked this
behavior to its representation of ice and fast fall speeds, which enhanced
convective precipitation while reducing stratiform areal coverage (Wu
et al., 2013; Falk et al., 2019). The two snapshots therefore highlight
that within WSM6, internal hydrometeor parameters that control
upper-level ice and cloud extent show a stronger influence on repre-
senting MCSs than the choice between convection-permitting and
parameterized settings. The original WSM6 with CPM configuration

favors small, strongly developed cold clouds with substantial rainfall
outside of the identified MCS, while WSM6_CPMa produces cold-cloud
shields that expand with the broader rain area, yielding larger MCSs
that better match the IMERG.

To place these two snapshots in a more comprehensive context, we
next analyze the bulk structural and rainfall properties of all tracked
MCSs. Fig. 8 summarizes the impact of the microphysics configurations
on these bulk properties. In all simulations, MCS clouds are smaller than
those identified from satellite observations, and the larger bias exists in
WSM6_CPM, WSM6_KSAS, and WSM6_MSKF (Fig. 8a), indicating that
activating scale-aware cumulus parameterizations in the convective
gray-zone has only a marginal impact on MCS size (see also Fig. S3).
MCSs in those simulations also have systematically warmer mean Ty
(Fig. 8c) and higher mean rain rates (Fig. 8e) than in WSM6_CPMa and
THOM_CPV, consistent with the small cold clouds and localized strong
rainfall as seen in Fig. 7. These results show that the default WSM6
configurations favor very small, intensely precipitating cores while
limiting the surrounding anvil area, thus simulating relatively warm and
confined cloud shields. In contrast, the adjusted WSM6_CPMa and the
Thompson scheme generate larger, more coherent MCS cores and more
horizontally extensive cold anvils. For WSM6_CPMa, this enlargement of
MCS area is accompanied by a notable decrease in core mean rain rate,
indicating a transition toward broader, less concentrated convective
structures that better match the observed MCS structure.

Besides the rainfall and cloud characteristics, we also examined the
simulated underlying atmospheric overturning associated with MCSs
using isentropic analysis (Fig. 9). Compared to the total mass transport
in non-MCS regions (Fig. 9a2-9e2), MCSs exhibit much stronger vertical
overturning (Fig. 9al-9el) and stronger downward mass transport
below the melting level (~5.5 km), indicating stronger stratiform pre-
cipitation within MCS clouds. The vertical structure of MCS overturning
differs among the experiments. WSM6_CPM, WSM6 _KSAS and
WSM6_MSKEF have a primary peak near 10 km and an additional lower-
level peak around 5 km. However, WSM6_CPMa and THOM_CPM show a
single dominant peak at the upper levels, which clearly shows a ‘top-
heavy’ MCS structure (Chen et al., 2022). The additional lower-level
core in WSM6_CPM, WSM6_KSAS, and WSM6_MSKF is consistent with
their stronger localized convective cores and may reflect stronger
convective contributions despite less extensive MCS cold anvils. Another
notable difference appears outside the MCSs. Among the simulations,
WSM6_CPM produces the strongest vertical overturning in non-MCS
regions, suggesting that convective activity and precipitation features
extend beyond the MCS boundaries. This behavior is consistent with
Fig. 7, where WSM6_CPM produces additional precipitation cores
outside the main cold cloud shield, implying that part of the extreme
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rainfall is associated with convective elements not captured within the 4. Discussion

tracked MCS area. This pattern also supports the tendency of WSM6 to

underestimate cloud area, so that a substantial portion of deep con- This study provides a process-oriented evaluation of how micro-
vection is classified as non-MCS rather than MCS convection. physics configuration and convection treatment shape mesoscale

convective systems and unprecedented extreme rainfall during the



D. Song et al.

Weather and Climate Extremes 54 (2026) 100969

(a) MCS Area

(b) MCS Core Area

2 . 8 <
I-'l'i_‘ - 6 - -
o - =
- -
Rl . J
z ' *
2
o 2
[a}
T O 1
2 4 6 8 10 12 14 16 18 20 2 3 4 5 6
MCS Area [x10% km?] MCS Core Area [x10* km?]
(c) MCS Mean Tb (d) MCS Core Mean Th
0.06 4
0.15 4
>
.‘é 0.04 4 0.10 -
[ o=
o .
0.02 1 0.05 - =
0.00 1 ; . . e : | 000 : x: . :
210 220 230 240 250 260 210 215 220 225 230
MCS Mean Tb [K] MCS Core Mean Tb [K]
(e) MCS Mean Precipitation (f) MCS Core Mean Precipitation
i 0.15 P
0.10 1
0.05 A )
aii G TOOSS— | 0001 g ee—
2 4 6 8 10 12 14 0 4 8 12 16 20 24 28
MCS Mean Precipitation [mm/hr] MCS Core Mean Precipitation [mm/hr]
- |IMERG — WSM6_CPM WSM6_KSAS — WSM6_MSKF — WSM6_CPMa = THOM_CPM

Fig. 8. Kernel Density Estimations (KDEs) of tracked MCS characteristics from each simulation, shown together with IMERG. Each panel shows the
probability density of a specific MCS property, and the dashed line indicates the mean value for each simulation and IMERG.

August 2022 event over South Korea. Using WRF simulations at 3 km
resolution with multiple combinations of single- and double-moment
microphysics, optional scale-aware convection, and hydrometeor
parameter adjustments, we diagnose the impacts of these model con-
figurations on the spatial pattern and intensity of rainfall, major MCS
properties, and associated vertical mass circulation through object-
based tracking and isentropic analysis.

Across all experiments, the horizontally elongated band of accumu-
lated extreme precipitation is generally well reproduced, but the loca-
tion and magnitude of hourly precipitation vary markedly among the
simulations, leading to pronounced differences in the organization of
MCSs. The default WSM6 configuration favors very small, intensely
precipitating cores with warm, confined anvils, substantial rainfall and
strong overturning that extends outside of the tracked MCSs. In contrast,
the ice-enhanced WSM6 and the Thompson scheme generate larger MCS
cores, more horizontally extensive cold anvils, cooler cloud tops, and
lower mean rain rates, yielding vertical mass-flux profiles that more
closely resemble top-heavier MCSs seen in previous studies (Yuan and
Houze, 2010; Feng et al., 2018). In WSM6, stronger conversion from
ice to other hydrometeor species and fast fallout of ice confine
upper-level condensate, maintaining warmer, smaller anvils and sup-
porting intense, localized cores and strong overturning outside the
tracked MCSs, whereas the enhanced ice retention and double-moment
configuration redistribute condensate into broader anvils and induce a
top-heavy overturning profile. Consistent with this behavior, Wu et al.
(2013) showed that a three-ice scheme enhances convective areal
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coverage, precipitation intensity, and updraft and downdraft strengths
while reducing stratiform coverage and rainfall. Additionally, Morrison
et al. (2009) demonstrated that single-moment microphysics can pro-
duce negligible trailing stratiform precipitation compared with a
double-moment scheme. Feng et al. (2018) further reported that
differing hydrometeor representations across schemes lead to systematic
changes in MCS upper-level cloud shields, precipitation areas, convec-
tive feature dimensions, and the convective-stratiform partitioning.
Taken together, these results suggest that, for this specific case, micro-
physics scheme choice and hydrometeor representation can be influen-
tial when assessing MCS behavior, and can substantially modify
simulated MCS size, rainfall distribution, and the overturning patterns
between MCS and non-MCS regions.

On top of these microphysics-driven differences, two scale-aware
convection schemes were also tested, but their influence is more
modest and not consistent across microphysics schemes. In WSMB6,
activating the cumulus schemes moderately modulates the precipitation
intensity and bulk skill metrics, whereas in the Thompson scheme, it
produces negligible differences. From the perspective of MCS charac-
teristics, WSM6 shows relatively small differences between CPM, KSAS,
and MSKF compared with the larger changes introduced by CPMa,
whereas in the Thompson scheme CPM and CPMa remain similar. These
results indicate that, for this specific case, while microphysics and hy-
drometeor representation appear to exert a dominant control on simu-
lated MCS structure and overturning, the influence of the scale-aware
cumulus scheme is secondary and strongly dependent on the
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Fig. 9. Isentropic distributions of vertical mass transports for MCS and non-MCS sub-regimes. Rows (a)-(e) correspond to different simulation settings. Within
each row, panel 1 shows the total mass transport associated with MCSs, whereas panels 2-4 represent the total, convective, and stratiform phases for non-MCS
regimes, respectively. Solid black lines denote the horizontal-mean profiles of EPT for each phase. In the non-MCS total panel, dashed lines indicate the corre-

sponding EPT profiles for the MCS total.

accompanying microphysics configuration.

These microphysics- and convection-driven differences and their
coupling effect are particularly important in the East Asia summer
monsoon environment over the Korean Peninsula, where quasi-
stationary monsoon rainbands are maintained by strong moisture
transport from the western North Pacific and are further modulated by
complex terrain (Xu et al., 2020; Park et al., 2021). In such a moist
frontal environment, the structure and evolution of the rainbands
depend not only on the large-scale moisture supply but also on the
vertical distribution of diabatic heating associated with embedded
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convection and stratiform clouds. Such heating and the associated ver-
tical motion can modify the intensity and morphology of the fronts,
thereby influencing the location and evolution of heavy rainfall in this
region (Hu et al., 2021). Microphysical control of upper-level ice is
therefore particularly important because it regulates the condensation
and advection from convective cores and stratiform anvils. Greater
retention of slowly falling ice and snow favors broader, colder cloud
shields and more continuous MCS structures, whereas rapid conversion
to fast-falling ice species promotes smaller, more fragmented systems
(Han et al., 2019; Madhulatha et al., 2023; Mun et al., 2026).
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Additionally, convective treatment strongly affects the timing of
convective initiation, the placement and propagation of rainfall cores (Li
et al., 2023), and their coupling can further alter the vertical parti-
tioning of latent heating and mass flux, which can shift the system be-
tween more concentrated, core-dominated convection and more
top-heavy, stratiform-rich structures (Mishra et al., 2024). Therefore,
model representations of microphysics and convection govern how
incoming monsoon moisture is processed, fundamentally shaping the
spatial distribution, organization, and intensity of the resulting
rainband.

During the August 2022 event, a narrow band of high equivalent
potential temperature at mid-levels and strong vertically integrated
moisture transport from the ocean toward Korea sustained deep con-
vection along the frontal zone (Kim et al., 2025). In such a setting,
configurations that confine upper-level ice and produce small, intense
cores with limited stratiform area concentrate very heavy rainfall into
limited areas. On the other hand, schemes that enhance anvil extent and
top-heavy overturning spread condensate and rainfall over broader
rainbands. Previous East Asian MCS studies have highlighted
quasi-linear, front-parallel rainbands embedded in monsoon fronts and
the important contribution of mid-to upper-level ice advection to sea-
sonal monsoon rainfall (Luo et al., 2014; Zhao et al., 2020). Our results
extend these regional findings by explicitly demonstrating how specific
choices of microphysics and scale-aware convection can, within such a
monsoon frontal environment, either reinforce a narrow, highly
concentrated rainband or promote a more spatially extensive,
stratiform-rich structure over the Korean Peninsula.

Despite these insights, several limitations remain. First, our analysis
is based on a single extreme event over South Korea, so the conclusions
should be interpreted as case-specific rather than fully general, and they
may not directly apply to other types of precipitating systems or synoptic
regimes. Second, the evaluation relies partly on IMERG, which tends to
underestimate extreme intensities even though its combination with
geostationary Tb is essential for MCS tracking over both land and ocean.
Third, although we consider two widely used microphysics schemes and
two scale-aware convection schemes, this still represents a limited
subset of available parameterizations, and other scheme choices or
tuning strategies could exhibit different sensitivities. Future work
extending this process-oriented framework to multi-event ensembles, a
broader range of convection-microphysics combinations, and richer
observational datasets will be necessary to assess the robustness and
generalizability of the mechanisms identified here.
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