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Abstract In this study, the effect of a scale-aware convective parameterization scheme (CPS) on

the simulation of heavy precipitation in the gray-zone was investigated using the Weather Research and
Forecasting (WRF) model. We performed WRF simulations with the Kain—Fritsch (KF) scheme (non-scale-
aware), Multiscale Kain—Fritsch (MSKF) scheme (scale-aware), and explicit convection (i.e., no CPS). The
MSKEF scheme uses a scale-aware parameter that modulates the convective available potential energy (CAPE)
timescale and entrainment process in the KF scheme as a function of the horizontal grid spacing. The results
of this study show that WRF simulations using explicitly resolved convection lead to overestimations and
erroneous precipitation locations in the gray-zone because the convection and atmospheric instability cannot
be appropriately triggered and reduced. The CPS without scale-awareness in the gray-zone exaggerates the
convection and distorts synoptic fields, leading to the erroneous simulation of heavy precipitation at high
resolution. The MSKF scheme with scale-awareness improves the simulation of convective cells-related heavy
rainfall by removing the atmospheric instability in the gray-zone, reducing the role of the CPS, and increasing
the role of the microphysics parameterization scheme (MPS) with decreasing grid spacing. In addition, the
results of sensitivity experiments show that reducing the CAPE timescale leads to the faster development of
convective cells, whereas decreasing the entrainment leads to precipitation overestimation. The modulated
parameters in the scale-aware MSKF scheme play a crucial role in balancing the effects of the CPS and MPS in
the gray-zone.

Plain Language Summary Based on the increase in computational resources, numerical weather
prediction models are operating in the “gray-zone” for horizontal grid spacing in the range of 1-10 km in
which both cumulus parameterizations and explicitly resolved deep convection are problematic. In this study,
the effect of the scale-aware convective parameterization scheme (CPS) on the simulation of convective cell-
related heavy precipitation across the gray-zone was investigated using the Weather Research and Forecasting
(WRF) model. The scale-aware CPS uses a scale-aware parameter, which modulates the convective process as a
function of the horizontal grid spacing. We found that simulating convection processes in the gray-zone without
the CPS is inadequate. Furthermore, the CPS without scale-awareness generates an erroneous precipitation
simulation due to the exaggeration of convection and distortion of synoptic fields. In contrast, the scale-aware
CPS improves the simulation of convection cell-related heavy rainfall in the gray-zone by reducing the role

of the CPS and increasing that of explicitly resolved precipitation with the decrease in the grid spacing. Our
results indicate that using a scale-aware CPS and managing convective processes are crucial in controlling the
CPS and microphysics parameterization scheme (MPS) in the gray-zone.

1. Introduction

More than half of the annual precipitation in Korea is concentrated in the summer (Ho & Kang, 1988; Park
et al., 2008). Heavy rainfall during the summer monsoon is one of the most prominent characteristics of precip-
itation in Korea, which causes considerable socioeconomic damage (Kang et al., 1992; Lee et al., 2017; Seo
et al., 2011). Based on the Korean Ministry of the Interior and Safety, the average number of annual deaths and
the total property damage caused by heavy rainfall between 2009 and 2018 were 11.5 people and $125 million,
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respectively (MOIS, 2019). The rainfall characteristics in Korea have been altered due to climate change. Ha
et al. (2005) and Kwon et al. (2007) showed that the East Asian summer monsoon has changed since the early
mid-1990s and several other studies have shown that the annual rainfall in Korea has increased since then. The
frequency and intensity of precipitation have significantly increased since the 1990s (Choi et al., 2013; Kim
et al., 2008; Kim & Suh, 2008; Mun et al., 2019). Choi et al. (2008) showed that the precipitation, especially in
July and August, significantly increased. Lee, Kim, and Heo (2011) indicated that the total annual rainfall notably
increased between 2001 and 2010 compared to the total annual rainfall between 1970 and 2000. Ho et al. (2003)
showed that the precipitation intensity in early August was significantly enhanced due to the spatial difference
in mid-level geopotential height over the whole of Asia as a result of global warming. Various precipitation
systems generate heavy rainfall over the Korean Peninsula (e.g., band-type and cluster; Cho & Lee, 2006; Shin
& Lee, 2005; Sun & Lee, 2002). Mesoscale convective systems (MCSs) are major heavy rainfall systems that are
present over the Korean Peninsula during the summer monsoon period. Approximately 47% of the heavy rainfall
events between 2000 and 2006 were associated with MCSs (Lee & Kim, 2007). However, more reliable and accu-
rate predictions as well an improved understanding of the formation and development of these mechanisms based
on observation data and numerical models are necessary to reduce the damage caused by heavy rainfall in Korea.

In numerical models in many previous studies, a coarse horizontal grid spacing was utilized relative to the actual
horizontal scale of cumulus convection due to computing resource limitations. At coarser resolutions (e.g., grid
spacing >10 km), the convective parameterization scheme (CPS) has been implemented to represent the effect of
subgrid-scale convection on large-scale fields based on the calculation of the potential amount of subgrid-scale
cloud formation and the physics of precipitation processes associated with grid-scale variables. By implementing
the CPS, subgrid-scale convection is possible, even if the air parcel at the grid point is not saturated. Therefore,
the CPS reduces the precipitation delay or removes local instabilities and represents the interaction between the
clouds and surrounding environment (Bechtold et al., 2014; Freitas et al., 2018; Han et al., 2011). The results of
numerous studies showed that, among other factors (e.g., domain setup, model grid size, and convective environ-
ment), numerical simulations are sensitive to the chosen parameterization scheme (Wang & Seaman, 1997; Yang
et al., 2000). Jankov et al. (2007) and Lowrey and Yang (2008) indicated that different parameterization schemes
(e.g., CPS and microphysics parameterization scheme, MPS) yield different simulation results; specifically, the
CPS has a significant effect on the precipitation simulation.

Due to a substantial increase in the numerical computing power and improvements to atmospheric modeling tech-
nology, numerical simulations of the atmosphere at kilometer or sub-kilometer scales are now possible (Charles
et al., 2009; Davies et al., 2005; Saito et al., 2006). Generally, the higher the resolution is, the more realistic
is the representation of the terrain or ground surface. However, it is difficult to define the range of convection
processes between the subgrid-scale, which can be parameterized using the CPS, and the grid-scale, which must
be explicitly resolved (Hong & Dudhia, 2012; Jeworrek et al., 2019; Molinari & Dudek, 1992). This range is
called the “gray-zone” (1-10 km; Hong & Dudhia, 2012). Therefore, the development of a CPS for the gray-zone
in numerical models remains problematic.

Bryan et al. (2003) showed that a grid spacing with an order of magnitude of ~100 m is necessary to adequately
simulate convective processes. However, such a resolution is not currently feasible for regular use to simulate
real-world convective events. Therefore, it is generally accepted that a CPS is not required at a grid spacing
below ~5 km (Jee & Kim, 2017; Liang et al., 2019; McMillen et al., 2015). It is assumed that the grid-scale
dynamics and microphysics at this resolution are sufficient for the simulation of the general characteristics of
deep moist convection. Molinari and Dudek (1992) and Weisman et al. (1997) showed that convection-permit-
ting models explicitly simulate convection without relying on a CPS with a horizontal grid spacing below 4 km.
Yu et al. (2010) indicated that a grid size of 3 km is sufficient to resolve the convection band and that a CPS is
unnecessary at this resolution.

However, the results of several studies showed that the simulation of convective processes with high-resolution
numerical models using explicitly resolved convection is limited (Arakawa et al., 2016; Gustafson et al., 2013).
In some cases, the use of a CPS at these resolutions can improve the results. For example, Deng et al. (2006)
showed that the precipitation simulations on a 4 km grid improved when a CPS was used. Furthermore, Lee,
Lee, and Chang (2011) showed that heavy rainfall forecasts of numerical models improved based on the acti-
vation of both the CPS and MPS at fine grid sizes (e.g., 3 km). Thus, despite improvements at high resolution,
the results are ambiguous and it remains unclear if the use of a CPS at a grid spacing below 4 km is beneficial.
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Therefore, the CPS validity in the gray-zone must be adjusted or improved (Arakawa et al., 2011; Bengtsson &
Kornich, 2016; Gerard et al., 2009; Grell & Freitas, 2014; Han & Hong, 2018; Hong & Dudhia, 2012; Park, 2014;
Prein et al., 2015; Yun et al., 2017; Zheng et al., 2016). Such improved schemes are designed to be scale-aware
such that they can represent the smooth transition between grid spacings. For this purpose, the role of the CPS
is gradually reduced to reproduce the smooth reduction of subgrid-scale precipitation with increasing resolution.
Sims et al. (2017) showed that a scale-aware parameter, which is a function of the horizontal resolution, controls
the simulation performance of mesoscale convection phenomena and the Kain—Fritsch scheme (KF) modified
by the scale-aware parameter improves the convection timing of the mesoscale convection phenomenon in the
Carolinas region. Kwon and Hong (2017) applied scale-aware parameters to the Simplified Arakawa—Schubert
scheme at a resolution of 3 km, which improved the simulation of summer monsoon-induced precipitation over
the Korean Peninsula. Jeworrek et al. (2019) included five domains with different horizontal model resolutions
(27,9, 3, 1, and 0.3 km) in their study to investigate the performances of scale-aware CPSs in the gray-zone.
They showed a significant improvement of the location, pattern, and intensity of precipitation at high resolution.

Similarly, the representation of the subgrid precipitation process plays an essential role in the simulation of
precipitation over the Korean Peninsula. The results of previous studies showed that the importance of smooth
CPS activation using scale-aware parameters increases with increasing resolution (Alapaty et al., 2012; Jeworrek
et al., 2019; Kwon & Hong, 2017; Sims et al., 2017). Various numerical studies have been conducted to under-
stand the effect of high-resolution models on the simulation of heavy rainfall events over the Korean Peninsula
(Hong & Lee, 2009; Kwon & Hong, 2017). However, there is a lack of studies of the role of scale-aware parame-
terization schemes in the gray-zone in case of heavy rainfall. Therefore, the effects of scale-aware parameters on
a gray-zone domain were investigated in this study using non-scale-aware and scale-aware CPSs. A single case
of heavy rainfall, which comprised a flash flood event in the central region of the Korean Peninsula from July 15
to 17, 2017, was analyzed. In this study, the KF (Kain, 2004) and the Multi-scale KF (MSKF) schemes (Zheng
et al., 2016) were selected for the CPSs. The MSKF scheme is a scale-aware version of the KF scheme in which
the convective available potential energy (CAPE) timescale and entrainment rate are adjusted based on the hori-
zontal grid spacing. The single case was spatially and temporally localized and thus suitable for the analysis of
the precipitation sensitivity to the applied non-scale-aware and scale-aware CPSs in the gray-zone.

Simulations of numerical models are affected by various variables in the CPS such as the CAPE timescale and
entrainment rate. The CAPE timescale plays a role in the dissipation of the deep moist convection instability and
determines the cloud lifetime (Mishra & Srinivasan, 2010). The entrainment rate changes the convective process
by determining the levels of saturation and mixing with the surrounding dry air (Khairoutdinov & Randall, 2006;
Kuang & Bretherton, 2006; Lin & Arakawa, 1997). Accordingly, sensitivity experiments were conducted to
examine the effects of the scale-aware CAPE timescale and entrainment rate on the precipitation simulated with
the MSKF scheme.

The remainder of the manuscript is organized as follows: The heavy-rainfall case and design of the numerical
experimental are described in Section 2. The results of the numerical experiments with different CPSs and sensi-
tivities to the scale-aware CAPE timescale and entrainment rate are presented in Section 3. The summary and
conclusions are provided in Section 4.

2. Case and Experimental Design
2.1. Characteristics of the Cheong-ju Rainfall Case

A significant amount of extreme precipitation was recorded in Cheong-ju, with maximum daily rainfall of
290.2 mm, and the rainfall started at 2000 UTC on July 15 (0500 LST, July 16) and the first and second peaks
occurred at 2300 UTC on July 15 and 0200 UTC on July 16, respectively (Figure 1b). The hourly rainfall rates
peaked at 2300 UTC, with 86.2 mm hr~!, and 0200 UTC, with 67.5 mm hr~!. Subsequently, the rainfall almost
stopped at 0300 UTC on 16 July 2017.

Figure 2 shows the synoptic fields at four pressure levels from the final analysis (FNL) 0.25° reanalysis data at
1800 UTC, 15 July 2017, that is, 6 hr before the maximum precipitation intensity was reached in Cheong-ju.
At 200 hPa (Figure 2a), an upper-pressure trough developed west of the Shandong Peninsula and a shallow
upper-pressure ridge was generated south of the Shandong Peninsula, which extended to South Korea. Figures 2b
and 2d show that the western North Pacific subtropical high expanded to the Korean Peninsula, forming a region
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Figure 1. (a) Map of the study area showing the 24-hr accumulated rainfall amounts (mm) observed by automated surface observation systems (ASOS, black dots) and
automatic weather stations (AWS, gray dots) in the central Korean Peninsula from 1200 UTC (2100 LST) on July 15, to 1200 UTC (2100 LST) on 16 July 2017 (The
star mark denotes the location of Seoul and Cheong-ju), and (b) Bar plot of the time series of hourly rainfall from 1200 UTC (2100 LST) on July 15 to 1200 UTC (2100
LST) on 16 July 2017.
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Figure 2. Spatial contour maps showing the synoptic fields from final analysis 0.25° reanalysis data at 1800 UTC on 15 July 2017.

with confluent flow, whereas warm and humid water vapor was transported into the central region of the Korean
Peninsula. Figure 2c shows that the equivalent potential temperature (EPT) at 850 hPa is high. A positive rela-
tive vorticity was dominant over the central region of the Korean Peninsula, whereby the southwesterly wind
enhanced the continuous moisture transport (Figure 2b). In addition, the divergence areas were consistent with
the convergent flow areas of water vapor at the lower level (i.e., the Shandong Peninsula and Korean Penin-
sula), indicating that both dynamic and thermodynamic environments induced rising motion at the mid-level (see
Figure S1 in Supporting Information S1). Environmental conditions, such as upper-level divergence, abundant
water vapor supply, and significant atmospheric instability, are conducive to the development of a convection
system. Figure 3 represents 3-hourly enhanced infrared (IR) satellite images obtained from 1600 UTC on July 15
to 0100 UTC on 16 July 2017. Two convective cells were present: a convective cell that originated off the coast
of Gyeonggi-bay (hereafter referred to as CC1) and a deep-developed convective cell south of the Shandong
Peninsula (hereafter called CC2). The CC1 generated in Gyeonggi-bay gradually developed and advanced to the
southeast (Figures 3a and 3b). The CC2 developed in the south of the Shandong Peninsula and moved into the
Yellow Sea over time. These cloud systems were the result of the rising motion and substantial low-level conver-
gent areas accompanied by heavy rainfall.

2.2. Model Configuration and Experimental Design

The Advanced Research Weather Research and Forecasting (WRF) model (Skamarock et al., 2019) Version 4.1
was used in this study. The initial and boundary conditions were obtained from the 1° X 1° data of the National
Centers for Environmental Prediction/National Centers for Atmospheric Research (NCEP/NCAR) FNL data. The
simulation was performed for 72 hr. It was initialized at 0000 UTC on 14 July 2017, to provide a spin-up time
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Figure 3. Three-hourly Enhanced IR satellite images showing cloud system development between 1600 UTC on July 15 and 0100 UTC on 16 July 2017.

of 36 hr before the occurrence of convection in the region. The model consisted of three domains with 36 km
(201 x 201), 12 km (352 x 352), and 4 km (460 X 460) horizontal grid spacings, which included the CPS gray-
zone resolution (Figure 4a). We used two-way nested domains with a Lambert conformal map projection. The
domain contained 32 vertical levels from the surface to the top of the atmosphere at 50 hPa. The model used the
WSMB6 cloud microphysics scheme (Hong & Lim, 2006), Yonsei University planetary boundary layer scheme
(Hong et al., 2006; Noh et al., 2003), Dudhia shortwave radiation scheme (Dudhia, 1989), and longwave radia-
tion scheme based on the rapid radiative transfer model (Mlawer et al., 1997). In this study, the KF and MSKF
schemes were employed for the sensitivity experiments.
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Figure 4. Map showing (a) Three nested domains with 36 km, 12 km, and 4 km grid spacings in Weather Research and Forecasting, and (b) terrain height for the finest
domain (dashed box identified as the DO3 domain in Figure 4a). Line AB in Figure 4b marks the vertical cross-section used in Figure 10.

The KF scheme is a subgrid scheme that simulates both deep and shallow convection using a mass flux approach
to calculate the CAPE-based closure assumption scheme. The MSKF scheme is a scale-aware version of the
KF scheme. Compared with the KF scheme, the MSKF scheme includes changes in the convective adjustment
timescale and improvements of entrainment formulations (Zheng et al., 2016). The MSKF scheme also incorpo-
rates a grid-aware scaling parameter into these modifications. In addition, it includes cloud fraction adjustments
(Alapaty, 2014; Alapaty et al., 2012) and an increased grid-scale velocity expressed in terms of the subgrid-scale
updraft mass flux. In this study, we analyzed the two modifications (i.e., convective adjustment timescale and
entrainment rate) affected by a grid-aware scaling parameter. The advantages of the two modifications of the
MSKEF are as follows:

Both the KF and MSKF schemes remove 90% of the CAPE within the convective timescale (Bechtold et al., 2001),
which is limited to 1800 and 3600 s in the cloud layer for shallow and deep convections, respectively. The CAPE
timescale () is proportional to the grid length DX (Fritsch & Chappell, 1980; Fritsch et al., 1976). The CAPE
timescale effectively removes the atmospheric instability at coarse grid resolution. However, a higher model grid
resolution leads to an increase in the resolved cloud area and faster saturation speed, which causes rapid CAPE
removal problems within the CAPE timescale, resulting in intense precipitation. To reduce these inadequacies,
the MSKF scheme utilizes the adjustment timescale t (s) based on Bechtold et al. (2008), which is multiplied by
the scaling parameter (p) affected by the horizontal grid-scale (Zheng et al., 2016).

The CAPE adjustment timescale can be estimated as:

H
r=——#.
Gmsdo)’ .

where H is the cloud depth (m), 5m,is the updraft mass flux of cloud base per unit density (m s7!), A, is the
potential energy of the saturated air supplied to the cloud base (m? s~2), and f3 is the scaling parameter defined as:

ﬂ=1+ln(%), )
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Table 1
List of Experiments Conducted in This Study

Experiments Description

KF_D12 KF scheme used only for the DO1 and D02 domains

KF KF scheme used for all domains

MSKF MSKEF scheme used for all domains

CTS Same as MSKF run, but for the same CAPE timescale as in KF scheme

ENT Same as MSKF run, but for the same entrainment as in KF scheme

where Bis ~2.8 at the 4-km model grid spacing in Equation 2, respectively. With the decrease in the grid spacing,
the CAPE adjustment timescale using the scale-aware parameter increases. A longer CAPE timescale allows for
the slower elimination of the convective instability.

In addition, the MSKF scheme adjusts the minimum entrainment rate using the scale-aware parameter, similar to
the timescale concept. The adjusted entrainment rate is defined as:

ap

ZicL

AM, =M,

Ap, 3)

where M, is the updraft mass flux per unit area (kg s™") at the cloud base, f is the scale-aware parameter [Equa-
tion 2], Ap is the pressure depth of a model level (Pa), and Z, ., (m) is the height of the cloud base. The parameter
a is a constant (0.03; Tokioka et al., 1988). The cloud base height replaces the arbitrarily fixed cloud radius
because entrainment is associated with the subcloud layer depth. In general, the entrainment rate can change
the convective process by determining the amount of mixing with the surrounding dry air. The increase in the
entrainment rate prevents the occurrence of deep convections, especially in dry environments, as indicated by
Lin et al. (2013). The higher horizontal resolution in Equation 3 enhances the entrainment process by increasing
the scale-aware parameter (f). With the increase in the horizontal resolution (i.e., larger scale-aware parameter),
the effects of the CPS are reduced by the enhanced entrainment, which inhibits deep convection. This adjusted
scale-aware entrainment formulation allows the mixing rate, AM,, to increase with the decreasing horizontal grid
spacing. At higher resolutions, the effects of the KF scheme are reduced, which inhibits deep convection.

The investigations conducted in the present study consist of two parts. First, three experiments were conducted
to investigate the difference between the KF and MSKF schemes and the effect of the CPS on the gray-zone
(KF_D12, KF, and MSKF runs). The KF_D12 run employed the KF scheme only in the DO1 and D02 domains
with 36 and 12 km resolutions, respectively, whereas the KF and MSKF runs used both schemes in all domains.
Subsequently, we conducted two additional experiments (CTS and ENT runs) to investigate the effects of the
scale-aware parameter in the CAPE timescale and entrainment rate on the performance of the MSKF scheme for
the simulation of the convective activity causing heavy rainfall. The CTS run was similar to the MSKF run, except
that a scale-aware parameter value of 1 was employed for the CAPE timescale (i.e., the same CAPE timescale as
in the KF scheme). The ENT run was similar to the MSKF scheme, but it employed the same entrainment rate
as that used in the KF scheme. In the gray-zone (e.g., DO3 domain), we examined the effects of the scale-aware
parameter, that is, the CAPE timescale and entrainment rate, on the performance of the MSKF scheme based on
comparing the CTS (ENT) and MSKEF runs. The experiments conducted in this study are summarized in Table 1.

3. Results
3.1. Difference Between the KF and MSKF Schemes and the Effect of the CPS on the Gray-Zone

In this section, the precipitation simulations obtained from the KF_D12, KF, and MSKF runs are compared
with the Integrated Multi-SatellitE Retrievals for Global Precipitation Measurement (IMERG, Huffman, Bolvin,
Braithwaite, et al., 2015; Huffman, Bolvin, Nelkin, et al., 2015) and FNL 0.25° reanalysis data to analyze the
rainfall and synoptic field differences among the three runs. Figure 5a shows two types of precipitation zones.
One of the precipitation zones is that caused by CC1, which originated over the Seoul metropolitan region (Gyeo-
nggi-bay) and moved in the southeastward direction. Another precipitation zone related to CC2 moved from the
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Figure 5. Spatiotemporal images showing three-hourly accumulated total precipitation (mm) in the DO3 domain between
1800 UTC on July 15 and 0300 UTC on July 16.
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L | L Shandong Peninsula to the Yellow Sea. The IMERG satellite image indi-

IIOIASE}?E 5 cates that the precipitation area related to CC1 over Gyeonggi-bay moved

southeastward, resulting in heavy rainfall in Cheong-ju. Figures 5b—5d show
the 3-hourly accumulated total (subgrid- and grid-scale) precipitation in the
D03 domain for the three runs. In the KF_D12 run (Figure 5b), CC1 was
located over the eastern part of Seoul and expanded northeastward; the model
simulated only one convective system instead of two. Furthermore, the simu-
lated precipitation associated with CC2 showed an unreasonable shift to the
Yellow Sea instead of the southern part of the Shandong Peninsula, which
caused an error; the rainfall in the ocean was overestimated. The KF run
(Figure 5c) simulated features similar to those obtained from the KF_D12
run (i.e., overestimated precipitation over the Gyeonggi-bay). However, the
precipitation core was shifted westward in the KF run compared with the
KF_DI12 run. In contrast, the MSKF run (Figure 5d) reproduced the spatial
pattern of the simulated precipitation more accurately than the KF_D12 and
KF runs. Note that CC1 and CC2 were separately simulated in the MSKF
run, similar to the IMERG. Hence, the heavy rainfall related to CC1 was
reasonably captured.

i Figure 6 shows the time series of the domain-averaged hourly precipitation
- for observed (IMERG) and simulated precipitation (i.e., the D03 domain)

Figure 6. Graph depicting time-series of hourly accumulated rainfall averaged

15
18

Time (UTC) / DD (Date)

= T ! averaged for the target region (between 36°N and 38°N and 123°E—130°E)
16 16 including the Korean Peninsula and Yellow Sea. Heavy precipitation was
00 06 observed for 18 hr (1200 UTC on July 15 to 0600 UTC on July 16), with two
peaks at 1800 UTC on July 15 and 0300 UTC on July 16. However, based
on the KF_D12 run, the two heavy precipitation peaks occurred earlier than
in the observed conditions, with the overestimated precipitation caused by

between 36 and 38°N and 123-130°E for the Integrated Multi-SatellitE the unreasonable simulation in the Yellow Sea. The simulated precipitation
Retrievals for Global Precipitation Measurement (IMERG) (gray box), KF_ of the KF run is more reasonable than that of the KF_D12 run. However, the
D12 (red line), KF (blue line), and Multiscale Kain—Fritsch (MSKF) (green precipitation in the target region was still overestimated compared with the

line) run. Simulated precipitation is calculated from the results of the 4-km

resolution domain.

IMERG. In contrast, the MSKF run more accurately simulated the heavy
precipitation amount in the target region.

To quantitatively evaluate the performance of the heavy precipitation simu-

lation (Figure 7), we calculated two standard skill scores (i.e., the treat
score, TS, and bias score, BS) for precipitation with various intensity thresholds (e.g., 0.5, 5, 10, 20, 30, 40, and
50 mm). The two scores were computed from an interpolated precipitation simulation (i.e., the DO3 domain)
against IMERG estimated from 1200 UTC on July 15 to 0600 UTC on 16 July 2017, using Equations 4 and 5
(Wilks, 2011). As the BS and TS approach 1, the accuracy of the model forecast of rainfall events increases.

_ Hits + Falsealarms
Hits + Misses

BS

, and 4)

S — Hits
Hits + False alarms + Misses’

(&)

where “Hits” indicates the precipitation events that were simultaneously detected by the interpolated WRF model
and IMERG an “Miss” (false alarm) represents the precipitation events detected by IMERG (i.e., the interpolated
WRF model) but not by the interpolated WRF model (IMERG).

The precipitation detection skills (e.g., BS and TS) decreased with the increase in the threshold between the
three runs (Figure 7). Compared with the other runs (e.g., the KF_D12 and KF runs), the TS of the precipitation
forecast was the highest in the MSKF run for all precipitation thresholds. The BS results indicate that the KF
and KF_DI12 runs simulated more “false alarms” than “misses” compared with the MSKF run. Based on the
BS of ~1, the MSKF run had a high model performance when detecting precipitation across the entire range of
precipitation intensities. However, the BS of the KF and KF_D12 runs increased more significantly than that of
the MSKF run. Notably, the BS of the KF_D12 run significantly increased with the increase in the threshold,
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Figure 7. Bar plots of the statistical indices corresponding to the KF_D12, KF, and Multiscale Kain—Fritsch (MSKF) runs with Integrated Multi-SatellitE Retrievals
for Global Precipitation Measurement based on different thresholds of 18-hourly accumulated precipitation (from 1200 UTC on July 15 to 0600 UTC on 16 July 2017).
The simulated precipitation is interpolated to the observation grid points, and model statistics are calculated for South Korea and the Yellow Sea (between 36 and 38°N

and 123-130°E). Simulated precipitation is calculated from the results of the 4-km resolution domain.
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Figure 8. Spatiotemporal images (similar to Figure 5) for three-hourly accumulated subgrid-scale precipitation (mm).

suggesting that the number of “false alarms” or falsely classified grid boxes in the low-performance KF_D12 run
is substantially larger than the number of “misses” or incorrectly classified grid boxes. The latter result means
that, for each threshold, there were more grid boxes in which the KF_D12 run overestimated or incorrectly fore-
casted precipitation compared with the observed precipitation. The KF_D12 run contained many “false alarms”
due to excessive precipitation in the Yellow Sea before entering the Korean Peninsula. In the KF and KF_D12
runs, the overall forecasting abilities of the precipitation products with respect to capturing the correct magnitude
of intense precipitation are lower than that of the MSKF run.

Figure 8 shows the distribution of subgrid-scale precipitation simulated by the CPS. The subgrid-scale precipita-
tion simulated by the KF run is similar to the KF_D12 run outside the D03 domain (i.e., in the D02 domain, not
shown). However, within the D03 domain, only the KF run simulated subgrid-scale precipitation by employing
the CPS for the domain. The KF_D12 run could not produce subgrid-scale precipitation due to the lack of the
CPS in the D03 domain. In contrast, the subgrid-scale precipitation simulated in both of the D03 domains of the
MSKEF run was smaller compared with that in the KF run because the scale-aware parameter in the MSKF scheme
decreases the role of CPS and increases the removal of atmospheric instabilities by the MPS.

To investigate the causes of the variations of the simulations among the three runs, we analyzed the synop-
tic conditions based on the reanalysis and simulations of the D03 domain (Figure 9). In the FNL (Figure 9a),
low-level jets (LLJ >13 m s~') transporting wet and warm air were located in the two regions (e.g., the Shangdong
and Korean Peninsulas) with heavy precipitation (Figure 5a). The three WRF runs reproduced wet and warm air
transport by the LLJ from inland China to the Korean Peninsula. However, the LLJ cores were inappropriately
located in inland China and the Yellow Sea in both the KF_D12 and KF runs (Figures 9b and 9c¢) and the intensity
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of the LLJ, which induced enhanced moisture transport, was overestimated. Note that LLIJs located on the Shan-
dong Peninsula in the reanalysis further shifted to the Yellow Sea in the KF_D12 run. In addition, low-pressure
systems at 700 hPa developed in the LLJ cores in the KF_D12 and KF runs, which is unrealistic. Increased
moisture transported by the enhanced LLJ led to increased convective instabilities over these regions in which
convective activities and erroneous low-level pressure developed. In contrast, the location and intensity of the
low-pressure system and LLJ were better simulated in the MSKF run than in the KF and KF_D12 runs.

The locations of the LLJ cores were consistent with those of the heavy precipitation areas of the three runs,
implying that the LLJ played a significant role in the development of heavy precipitation by transporting wet
and warm air from the subtropics. In the KF_D12 run in which the atmospheric instability was removed only
by the MPS, grid-scale convection over the Yellow Sea was triggered relatively late. This led to an exaggerated
atmospheric instability over the Yellow Sea, which was further enhanced by the distortion of synoptic fields
(i.e., enhancing the LLJ and moisture convergence), as shown in Figure 9b, Figures S2a, and S2d in Supporting
Information S1. In contrast, subgrid-scale precipitation on the Shandong Peninsula in the KF run implies that
convection developed in the appropriate location. However, the action of the CPS was excessive, which led to
the distortion of synoptic fields such as intensified LLJs and increased moisture convergence (Figures S2b and
S2e in Supporting Information S1) on the Shandong Peninsula and in the Yellow Sea. The MPS also simulated
considerable grid-scale precipitation in these regions, which is indicative of an unreasonable overestimation of
the total precipitation by the CPS and MPS. However, in the MSKF run, the subgrid-scale precipitation decreased
due to the decreasing role of the CPS compared with the KF run. The MSKF scheme appropriately triggered
subgrid-scale convection over the Shandong Peninsula and the atmospheric instability was mainly removed by
the MPS. Therefore, torrential rainfall over the Shandong Peninsula was reasonably captured in the MSKF run
and the precipitation over the Yellow Sea was not overestimated.

These results imply that a high-resolution simulation of convective activities by the MPS alone can lead to an
inappropriate overestimation of precipitation because the atmospheric instability may not be adequately reduced.
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Furthermore, the CPS without scale-awareness may lead to an erroneous simulation of heavy precipitation at high
resolution (Figure 8a and Figure S2b in Supporting Information S1) due to the exaggeration of convection and
distortion of synoptic fields (Figure 9b and Figure S2e in Supporting Information S1). Therefore, the simulation
of heavy precipitation using a high-resolution model might benefit from a scale-aware CPS.

3.2. Effects of Scale-Aware Parameters of the MSKF Scheme

In the previous section, we showed that the MSKF run improved the heavy precipitation simulation in the
Cheong-ju region compared with the KF_D12 and KF runs. To investigate the reason for the improved simulation
of heavy precipitation in the MSKF run, we conducted two additional sensitivity experiments for the scale-aware
parameter of the MSKF scheme, that is, the CTS and ENT runs.

Figure 10 shows the simulated total precipitation, subgrid-scale precipitation, and synoptic fields reproduced by
the D03 domain of the CTS and ENT runs. Figure 10a shows that the CTS run captured the heavy precipitation
zones related to CC1 and CC2, similar to the MSKF run (see top panel of Figure 5d). However, when compared
to the observed data, the simulated precipitation zone in the Yellow Sea caused by CC1 was shifted westward. In
addition, compared with the MSKF run, the simulated subgrid-scale precipitation showed a marginal increase in
the Yellow Sea (Figure 10b), suggesting that the reduced CAPE timescale of the CTS run compared with that of
the MSKEF run led to the faster removal of the atmospheric instability. The reduced CAPE timescale of the CTS
run resulted in the rapid development of convective activity in the Yellow Sea rather than on the Korean Peninsula
(Figure 10b), which unreasonably enhanced the moisture convergence and LLJ at 850 hPa (Figures 10c and 10d).
Thus, based on the CTS run, the grid-scale precipitation in the Yellow Sea occurred earlier than in the MSKF run
(Figure S3a in Supporting Information S1) and corresponding observation due to distorted synoptic conditions
(Figure S3c in Supporting Information S1). In contrast, the ENT run (Figure 10e) simulated an unrealistic merged
precipitation zone in the Yellow Sea, similar to the KF run (Figure 5c). Compared with the CTS and MSKF
runs, the ENT run overestimated subgrid-scale precipitation in the Yellow Sea because the entrainment rate was
relatively weak due to the absence of scale-aware parameters (Figure 10f). Therefore, the ENT run simulated
the enhanced convective activity and excessive subgrid-scale precipitation in the Yellow Sea based on the CPS
(Figure S3b in Supporting Information S1). Furthermore, enhanced convective activities led to the distortion of
synoptic fields such as the intensified LLJ and exaggerated moisture convergence, which caused excessive grid-
scale precipitation in the Yellow Sea (Figure 10g and 10h, Figure S3b, and S3d in Supporting Information S1).
Therefore, the MSKF run more accurately simulated heavy precipitation compared with the KF and KF_D12
runs because of the increased CAPE timescale and enhanced entrainment, which led to a better modulation
of the atmospheric instability. In other words, the subgrid-scale (grid-scale) precipitation by the CPS (MPS)
smoothly decreased (increased) in the MSKF run with the increase in the horizontal resolution in the gray-zone.
The precipitation error of the ENT run is more significant than that of the CTS run, indicating that the enhanced
entrainment rate of the MSKF scheme contributed more to the improved simulation of heavy precipitation than
the increased CAPE timescale.

To investigate the effects of scale-aware parameters on convection development, we examined the vertical
fields across the region in which the difference in the precipitation was prominent between the sensitivity runs
(Figures 11 and 12; see solid line in Figure 4b). The analysis times were 1800 and 2100 UTC on July 15, which
were appropriate to examine the effects of the scale-aware parameter. Figure 11 shows a notable difference in
the vertical distribution of the EPT compared with those of the other experiments in the Yellow Sea (123.6°E)
and Cheong-ju region (127.9°E). The CTS run simulated a high EPT at the low level in the Yellow Sea, which
increased the atmospheric instability, followed by the development of unreasonably intense convective activity
between 124.5°E—125.5°E (Figures 11a and 11d). As shown in Figures 10e and 11g, the shorter CAPE timescale
in the CTS run than in the MSKF run triggered convection earlier in the Yellow Sea rather than on the west coast
of the Korean Peninsula. The earlier development of convection in the Yellow Sea enhanced the LLJ and moisture
convergence, which explains the excessive grid-scale precipitation (Figures 12a and 12d). In addition, convection
in the inland of the Korean Peninsula was not simulated; hence, the torrential precipitation in Cheong-ju was not
accurately captured (see Figure 10a). Similarly, the ENT run also simulated a high EPT at low levels (Figures 11b
and 11e). The entrainment was weaker in the ENT run due to the absence of a scale-aware entrainment param-
eter. Because the entrainment of cooler and drier environmental air weakens deep moist convection, the weaker
entrainment in the ENT run led to precipitation overestimation in the Yellow Sea, as shown in Figure 10e. The
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Figure 10. Spatial maps of the (a and e) total precipitation (mm) and (b and f) subgird-scale precipitation (mm) between 1800 and 2100 UTC, 15 July 2017, and
850 hPa wind (m s~!, red vector) and water vapor (g kg™, shaded), and 700 hPa geopotential height (m, black lines) at (c,g) 1800 UTC and (d,h) 2100 UTC, 15 July
2017 at the DO3 domains of the CTS and ENT runs.

misplaced LLJ and water vapor convergence also contributed to overestimated precipitation in the Yellow Sea
region. Because most of the precipitation occurred in the Yellow Sea in the ENT run, the inland precipitation of
the Korean Peninsula was considerably underestimated (Figure 10e). On the other hand, the MSKF run repro-
duced strong convection and precipitation over the Cheong-ju region (127.9°E), which resulted in the reasonable
simulation of heavy precipitation by the CPS and MPS. This implies that the low-level EPT, atmospheric stabil-
ity, and hydrometeors over the Yellow Sea obtained with the MSKF run are more realistic (Figures 11c, 11f, 12c,
and 12f).
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Figure 11. Plots of the vertical cross-sections (AB in Figure 4b) of equivalent potential temperature (K, shaded) and wind (m s~!, vector) at (a—c) 1800 UTC and (d—f)
2100 UTC, 15 July 2017 in the DO3 domain. Upper, middle, and lower panels indicate the CTS, ENT, and Multiscale Kain—Fritsch runs, respectively.

4. Conclusion

In this study, the effect of a scale-aware CPS on the gray-zone in the WRF model of a heavy precipitation event
over the Korean Peninsula was investigated. We selected the KF and MSKF schemes as non-scale- and scale-
aware CPSs, respectively. The MSKF scheme uses a scale-aware parameter modifying the CAPE timescale and
entrainment process of the KF scheme as a function of the horizontal grid spacing. The multi-nesting method was
employed with three domains with 36, 12, and 4 km horizontal resolutions to consider the gray-zone resolution.

Based on our results, the KF runs (i.e., the KF_D12 and KF runs) overestimated the precipitation in the Yellow
Sea and distorted synoptic fields such as the LLJs and moisture convergence. In the KF_D12 run, only the MPS
resolved the convective activities for the domain with high resolution (i.e., 4 km) and overestimated the grid-scale
precipitation in the Yellow Sea because the atmospheric instability was inadequately reduced. The CPS without
scale-awareness (i.e., KF run) also caused erroneous precipitation simulations due to the exaggeration of convec-
tion and distortion of synoptic fields. In contrast, the precipitation and synoptic fields were realistically simulated
in the MSKF run. Our sensitivity experiments for the MSKF scale-aware parameters (i.e., the CTS and ENT
runs) showed that the shorter CAPE timescale and decreased entrainment process of the KF scheme compared
with those of the MSKF scheme led to the unreasonable, rapid development and exaggeration of the convective
activity, respectively. In addition, the simulated precipitation error of the ENT run was more significant than that
of the CTS run, suggesting that the enhanced entrainment process of the MSKF scheme contributed more to the
improved simulation of heavy precipitation than the increased CAPE timescale. Consequently, the precipitation
and synoptic fields were realistically simulated with the MSKF scheme including a scale-aware parameter based
on the decrease in the subgrid-scale convection via the CPS and the increase in the grid-scale convection by MPS
with the increase in the horizontal resolution.
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Figure 12. As in Figure 11, but for cloud hydrometeors mixing ratio (g kg~!, shaded) and rain water mixing ratio (g kg~!, contour). Cloud hydrometeors are calculated
by the summation of cloud water, ice, snow, and graupel.

More realistic grid-scale simulations are required because the horizontal resolution of numerical weather fore-
casting models has increased due to computing resource advances. The results of studies showed that scale-aware
physics schemes can improve the high-impact weather simulation of high-resolution (e.g., ~3 km) numerical
models (Hong & Dudhia, 2012; Jeworrek et al., 2019). The results of our study provide insights into the role
of the scale-aware CPS in the simulation of heavy precipitation at high resolutions (e.g., ~4 km). However, our
study has limitations. Only KF-based CPSs of the WRF model and a heavy rainfall case in the Korean Peninsula
were tested. Further studies should be carried out to investigate the application of various scale-aware CPSs (e.g.,
scale-aware Grell-Freitas; Grell & Freitas, 2014) and Simplified Arakawa—Schubert schemes for the gray-zone
(Kwon & Hong, 2017) to heavier precipitation events. In addition, sensitivity tests should be conducted with
various combinations of scale-aware CPSs and MPSs because the predictability of convective systems associ-
ated with heavy rainfall depends on these combinations. However, our results are encouraging and highlight the
potential of scale-aware convective parameterizations for improving rainfall and synoptic-scale meteorology at
various resolutions.

Data Availability Statement

The National Centers for Environmental Prediction Global Final Analysis (NCEP-FNL) data are available
online (https://rda.ucar.edu/datasets/ds083.2/ and https://rda.ucar.edu/datasets/ds083.3/). The IMERG data were
provided by the NASA Goddard Space Flight Center's IMERG and PPS teams, which develop and compute
IMERG as a contribution to the GPM mission. They are archived at the NASA GES DISC (https://disc.gsfc.nasa.
gov/datasets/GPM_3IMERGHH_V06/summary) and online (https://gpm.nasa.gov/data/directory). The WRF
model used in this study can be found in online repositories. The WRF model Version 4.1, which was devel-
oped on 13 April 2019, can be accessed online (https://github.com/wrf-model/WRF/tree/release-v4.1). The WRF
simulation data can be accessed on the GitHub repository (https://doi.org/10.5281/zenodo.6459839).
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