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Abstract

The Korean Peninsula frequently experiences localized torrential rainfall (LTR) in the summer. However, on August 8, 2022,
a peculiar LTR occurred by the continuous generation of convective clouds within a few hours, numerical weather predic-
tion model was hard to forecast such a high intensity of LTR. This study explores the possibility of uncovering potential
precursory signals using remote sensing techniques in both Geostationary Korea Multi-Purpose Satellite 2A (GK2A) and the
operational RKSG (Camp Humphreys) Weather Surveillance Radar 88 Doppler (WSR-88D). Using cloud properties from
GK2A, cloud top temperature showed a decrease and maintained low values below 220 K 1-1.5 h before the LTR events.
However, discerning the exact onset of LTR in already mature stage clouds using only GK2A variables proved challenging.
Instead, liquid water content from RKSG sharply increased before the LTR started. Our calculation of the LTR potential
from a combination of GK2A and RKSG cloud properties shows a more accurate precursory signal of LTR than from GK2A
cloud properties solely or RKSG either. This study highlights the synergistic benefits of combining geostationary satellite
and radar observations to understand and predict early precursors of LTR events.
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1 Introduction

The Korean Peninsula in East Asia frequently experiences
heavy rainfall in the summer. A significant portion of the
annual precipitation occurs during the summer season and
the frequency of heavy rainfall events has increased (Jung
et al. 2011). Recent studies have claimed an increased fre-
quency of localized torrential rainfalls (LTR) consisting 80%
of heavy rainfall events from 1992 to 2011 (Jung et al. 2011).
LTR events were observed almost annually, with substantial
accumulated rainfall, such as September 2005 (Lee and Kim
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2007), July 2009 (Jeong et al. 2016), and August 2018 (Shin
et al. 2022).

Major efforts to predict LTR events have been conducted
primarily based on numerical forecasting models (e.g., Lee
and Kim 2007; Jeong et al. 2016; Hong et al. 2018; Shin
et al. 2022). Models have been utilized to advance our under-
standing of the dynamic, thermodynamic, and microphysical
processes in clouds that cause heavy rainfall. The Korean
Integrated Model (KIM) developed by the Korea Institute of
Atmospheric Prediction Systems (KIAPS) is an optimized
numerical forecasting model for the Korean meteorological
environment (Hong et al. 2018). KIM is used as a useful
tool for simulating meteorological environments to predict
weather forecasts in Korea (Jeong et al. 2016; Lee and Baik
2016, 2018).

However, LTR events are driven by the rapid develop-
ment of convective clouds (CC) within hours or less, making
it challenging to detect CC with numerical models. Instead,
geostationary satellites provide real-time high spatiotempo-
ral resolution data, enabling rapid monitoring of meteorolog-
ical conditions (Sieglaff et al. 2011; Ivanova 2019; Miiller
et al. 2022). Cloud properties are derived from atmospheric
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radiation information observed by geostationary satellites,
allowing for an understanding of the physical characteris-
tics of CC (Ma et al. 2020). In addition, dual-polarization
radars are widely utilized to understand LTR events for its
advantages in providing detailed information about the size,
shape, composition, phase, orientation, and type of particles
within CC (e.g., Doviak and Zrnic Disn 1993; You et al.
2019). Polarimetric S-band weather radars are less affected
by attenuation and are commonly used to analyze the vertical
structure and microphysical properties of LTR events (e.g.,
Ellis and Vivekanandan 2011; Haberlie and Ashley 2019).
Although radar has these advantages, it can only observe
after precipitation begins, and has difficulties detecting
precursors of CC development. Therefore, previous stud-
ies utilized both remote sensing instruments to enhance the
accuracy of rainfall estimation and severe weather prediction
(Roebeling and Holleman 2009; Okazaki et al. 2019; Jones
et al. 2023).

On August 8, 2022, a peculiar LTR occurred in the Seoul
metropolitan area of South Korea, with a maximum hourly
rainfall of 141.5 mm hr~! measured at a weather station.
The convective available potential energy (CAPE) was high
enough (> 2,300 m?/s?) and convective inhibition (CIN) was
very low at 2 m?/s2 showing favorable conditions for CC
formation (Jung et al. 2015; Park and Park 2020). The Korea
Meteorological Administration (KMA) informed heavy rain
but did not expect such a high intensity of LTR (Kim et al.
2023b). This is because the formation of CC was expected,
but predicting its several occurrences was challenging. This
phenomenon is called a back-building type of mesoscale
convective system (MCS) and is known for its rarity (e.g.,
Bluestein and Jain 1985; Chappell 1986; Schumacher and
Johnson 2005; Hitchcock and Schumacher 2020). The quasi-
stationary characteristics of CCs due to their continuous
formation in place can cause heavy rainfall (Schumacher
and Johnson 2005; Lee and Kim 2007; Jeong et al. 2016;
Ha et al. 2011). The back-building MCS generated as the
maintenance of convective updrafts on the storm’s upstream
flank and the continuous warm and moist supply from the
southwesterly low-level jet promotes the formation of new
CC (Schumacher and Johnson 2005; Jeong et al. 2016; Schu-
macher 2017). Although rainfall intensity can be predicted
based on the size of the typhoon or the stagnation of the
monsoon front (Shin et al. 2022), predicting multiple occur-
rences of LTR becomes difficult when continuous CC is gen-
erated, as observed in this case. Therefore, unprecedented
LTR occurred.

The purpose of this study is to explore the possibility of
uncovering potential precursory signals of LTR events using
a combination of satellite and radar. Since CC develops rap-
idly within a short time before LTR, we use the two remote
sensing measurements with high spatial-temporal resolu-
tions to analyze the cloud properties that can lead to LTR
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occurrences in the development of CC. This is a preliminary
study based on a case, but may serve to improve nowcasting
for the future LTRs. Section 2 discusses the characteristics
of cloud properties that can detect CC using data from the
satellite and radar. In Sect. 3, we analyze the precursory
phenomena before LTR events by temporal scene analysis
of cloud properties and their changes. Section 4 explores
the possibility of quantifying the LTR precursory signals by
satellite and radar. Finally, the conclusions and discussions
are presented in Sect. 5.

2 Cloud Properties from Satellite and Radar
Remote Sensing Data

Geostationary satellites (Sieglaff et al. 2011; Ivanova 2019;
Ma et al. 2020; Miiller et al. 2022) and radar (You et al. 2019)
are valuable measurements to monitor the life cycle of CC that
triggers LTR. Therefore, understanding each measurement’s
characteristics, strengths, and weaknesses is crucial. Geo-
stationary satellites are advantageous for observing rapidly
developing clouds due to their ability to monitor fixed areas
with high temporal resolution. They offer the advantage of
monitoring extensive areas. Since satellites observe cloud tops
from space, identifying the composition of particles inside the
clouds is difficult. Therefore, as clouds develop vertically, the
lower-level cloud particles and precipitation near the ground
cannot be observed. On the other hand, radars have limitations
in directly observing the early stages of convective initiation
but provide more detailed information of inner clouds dur-
ing precipitation. The microphysical properties and phase
(i.e., ice, rain, or mixed-phase precipitation) of hydrometeors
can be inferred from polarimetric radar variables to conduct
hydrometeor classification, quantitative precipitation esti-
mation, and microphysics retrievals of liquid water content
(LWC), volume-weighted mean diameter (D).

We used GEOstationary KOrea Multi-Purpose SATellite
2 A (GEO-KOMPSAT-2 A, GK2A)/Advanced Meteorologi-
cal Imager (AMI), developed by the National Meteorological
Satellite Center (NMSC) of the KMA that was launched on 4
December 2018 (Choi and Ho 2015). GK2A has 16 channels
of both visible and infrared wavelengths and provides high
temporal-spatial resolution data in 2—10 min over the range
of 0.5-2 km. This high quality of data enables us to monitor
weather systems more accurately. From GK2A, cloud top
temperature (CTT), cloud effective radius (CER), cloud opti-
cal thickness (COT), and nighttime cloud optical thickness
(NCOT) are used to analyze LTR. The CTT, CER, and COT
are known for their utility in detecting precipitable clouds
(Ma et al. 2020; Kim et al. 2023a). Also, the CER and COT
exhibit positive correlations with rainfall (Ramachandran
and Kedia 2013).
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CTT is one of the cloud top products derived from the
GK2A used to determine the physical characteristics of
cloud tops. CTT is defined as the effective temperature at
the emission level of the cloud layer radiation. A lower value
of CTT implies that clouds are composed of ice particles at
higher altitudes. CTT is derived by considering cloud emis-
sivity using optical thickness and radiation correction meth-
ods are applied for optically thick clouds (Kim et al. 2019).
CTT is retrieved using the visible channel at 8.7 pm and
the infrared channel at 10.5, 11.2, 12.3, and 13.3 pm (Choi
et al. 2019; Algorithm Theoretical Basis Document (ATBD)
in Korean). CTH is calculated using temperature values for
each altitude utilizing the temperature profile of the real-time
unified model (UM) data. In addition, CTP is a unit conver-
sion of the CTT value using the hydrostatic equation. Since
CTH and CTP are derived from CTT, we used CTT as the
analysis parameter, which has low uncertainty. CTT enables
us to confirm the degree of cloud cooling intuitively.

The relationship between CTT and CER provides insights
into the microphysical processes occurring within clouds
(Rosenfeld and Lensky 1998). CER is defined as the area-
weighted mean radius of cloud droplets, which determines
the optical properties of clouds such as reflection, trans-
mission, and absorption (King et al. 1997; Rosenfeld et al.
2012; Ramachandran and Kedia 2013; Kant et al. 2019). The
CER represents the radiation characteristics of the cloud as
a whole, considering the sizes of the particles in the cloud.
CER is retrieved from bi-spectral solar reflectance using vis-
ible channels at 0.64 and 0.86 pm, and near-infrared chan-
nels at 1.6 pm (Nakajima and King 1990).

COT is a logarithmic value that represents the ratio of
attenuation caused by scattering or absorption as light pen-
etrates clouds (Platnick et al. 2016). The COT is based on
the vertical profile from the cloud base to the cloud top,
using the spectral differences of the brightness temperature
between ice and liquid particles (King et al. 1997; Iwabu-
chi et al. 2016). The visible (VIS) and Short-wave infrared
(SWIR) bands utilized for retrieval are appropriate for thick
clouds greater than 1 (Nakajima and King 1990). The CER
and COT from GK2A are calculated using near-infrared and
VIS, respectively (Yang et al. 2019; ATBD in Korean). This
method was proposed by Nakajima and King (1990) and
was also used by Advanced Baseline Imager (ABI), Moder-
ate Resolution Imaging Spectroradiometer (MODIS), and
Spinning Enhanced Visible Infra-Red Imager (SEVIRI) to
retrieve CER and COT.

However, CER and COT are available only during the
daytime because they are retrieved by visible channels.
Therefore, we added NCOT as an alternative variable during
the night, which is retrieved similarly to COT using cloud
emissivity. NCOT is derived from the infrared channel at
10.5 pm, enabling retrievals even during nighttime periods,
when visible channels are unavailable (Minnis and Heck,

2012). Since the background theory of NCOT is more suit-
able for ice-phase clouds, the reliability of NCOT is gener-
ally higher in CC where ice-phase clouds are predominantly
distributed.

The uncertainty in CER estimation from optically thick
clouds is typically within the range of 1.0-3.0 pm (King
et al. 1997). The COT retrieves ice properties with high
accuracy between 0.1 and 10. The optimal cloud retrieval
rate of CER is greater than 90% when the COT is greater
than 1. Uncertain cloud temperatures also cause inaccurate
calculation of the CER and COT (Iwabuchi et al. 2016).
The CER and COT are only available during the daytime,
specifically defined as when the solar zenith angle (SZA) is
below 80 degrees. According to Kim et al. (2021), the error
of retrieval properties from geostationary satellites increases
exponentially in areas with SZA greater than 60 degrees. As
a result, retrieval errors exist in the transition zone between
day and night. To address the uncertainty in the data, we
consider the quality flag of data, pixels with SZA above 66
degrees were excluded.

S-band dual-polarization weather surveillance radar
(WSR-88D, RKSG Camp humphreys; 37.21°N, 127.29°W)
is used to locate the rain bands and collocate with satellite
observations to identify the phase and type of hydrometeors
within the clouds (Heiss et al. 1990). The modified hydrome-
teor classification algorithm in Mahale et al. (2014), which
includes three body scattering, is applied. This algorithm
utilizes the fuzzy logic method as the operationally used
hydrometeor classification algorithm (HCA) from Park et al.
(2009). The HCA divides each range gate into the following
ten classes: a mixture of rain and hail (RH), heavy rain (HR),
light and moderate rain (RA), big drops (BD), graupel (GR),
crystals (CR), wet snow (WS), dry aggregated snow (DS),
biological scatterers (BS), and ground clutter and anoma-
lous propagation (GC/AP). Polarimetric variables such as
the radar reflectivity (Zy), differential reflectivity, correlation
coefficient, and texture parameters of the Z;; and differential
phase fields are used to classify the most dominant species
in the radar observation. It should be noted that the most
dominant species in radar observations do not necessarily
agree well with the quantity of cloud microphysical param-
eters, such as mixing ratio and/or number concentration.
For example, the HCA may denote a gate with hail, but the
microphysical parameters of hail may not exceed that of rain
within the resolution volume. Nevertheless, the classification
of hydrometeors in different phases provides insight into the
microphysical processes within the cloud.

In addition to classification, radar includes quantitative
precipitation estimation and microphysics retrievals of
precipitation events (Cao et al. 2010; Mahale et al. 2019;
Ryzhkov et al. 2022; Ho et al. 2023). The LWC and D,, are
widely used for quantitative analysis and retrievals for data
assimilation purposes (Mahale et al. 2019; Ho et al. 2023).
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As LWC is directly related to the mixing ratio, and is the 3rd
drop size distribution (DSD) moment. In addition, D, is the
ratio of the 4th and 3rd DSD moment and can be used to
infer the changes in the raindrop sizes and estimate the DSD
in the assumption of exponential DSD. Thus, the physical
parameters calculated from polarimetric variables provide
physical intuitiveness compared to the six radar variables
and are further used for later quantitative analysis. As the
exponential DSD model assumption is not valid for very
small and large drops, only locations with differential reflec-
tivity (Zpg) values within 0.2 and 4.5 dB were utilized. The
equations are as follows:

LWC = 0.00050 Z, *% Z;, =3 )

Dm =0.98 Zh 0.046 Zdr 0.91 (2)

where the Z, and Z,, denote the Z; and differential reflec-
tivity in linear domain (Zy = 10xlog,y(Z;,) and Zpg =
10xlog;((Z,,), respectively. Note that Eqs. (1) and (2) are
only valid for pure rain regimes and were derived based
on the DSD in Oklahoma (Ho et al. 2023). However, these
assumptions are expected to have limited impact on the
analysis results. The pure rain assumption is valid as no hail
was reported on the ground during this event. In fact, hail
is very rare in Seoul, with no reported hail in August from
1991 to 2020. In addition, the radar used in this study and
that used in Oklahoma is the same (i.e., WSR-88D) with
identical calibration algorithms. While it is known that the
coefficients of the power law relationships depend on the
observed DSD, the use of polarimetric variables such as
Zpg can account for some of these differences (e.g., Doviak
and Zrnic Disn 1993). Therefore, the relations in Ho et al.
(2023) are adopted for consistency with other algorithms.

The rain rate data was obtained from the Automated Syn-
optic Observing System (ASOS) data provided by KMA.
The observation point of rain rate is Seoul station (WMO
number: 47,108, Lon: 127.0°E, Lat: 37.6°E) where the high-
est rain rate was observed during the research period. The
rain rate data was calculated at 10-minute intervals to col-
locate the time resolution of GK2A.

This study focuses on not the developmental aspects of
clouds during their movement, but rather on the observa-
tion of precursors when clouds with the potential to induce
LTR approach the specified region. Therefore, the concept
of monitoring boxes was adopted to observe the changes
in values in the local area (Fig. 1). We calculated the tem-
poral variations of GK2A and RKSG cloud products using
boxes of 6 km X 6 km, 14 km X 14 km, and 28 km X 28 km
(boxg, box, 4, and box,g). Each monitoring box is composed
of pixels with a resolution of 2 km. Therefore, box,, box,,
and box,g consist of 9, 49, and 196 pixels, respectively. The
positions of the monitoring boxes are centered around the
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Fig. 1 Illustration of the monitoring boxes. The red box is 6 km X
6 km (boxg), the blue box is 14 km X 14 km (box,,), and the black
box is 28 km X 28 km (box,g). The center of the red box is where
Seoul station is located

Seoul station. We excluded clear-sky pixels to consider only
cloudy pixels. The box (the red line) is used to focus on a
small area. The box,, (the blue line) and box,g (the black
line) are used to monitor middle and large areas, respec-
tively, which follow the criteria based on Geostationary
Operational Environmental Satellite Network-12 (GOES-12)
(Sieglaff et al. 2011). The box size over 28 km did not yield
significant benefits in detecting CC occurring in local areas.

3 Precursory Phenomena before Localized
Torrential Rainfall

The cases analyzed in this study correspond to typical
LTR events characterized by precipitation durations of less
than 24 h and distinct peak rainfall durations within 3 h
(Jung et al. 2015). Seoul station recorded several peaks in
the intensity of LTR. A cumulative rainfall of 129.6 mm
was observed with a maximum rainfall rate of 80.0 mm/h.
Among them, three representative LTR periods (P1, P2, and
P3) were selected when there was no precipitation in the
previous 1 to 2 h, but the precipitation reached its peak in a
short time. Although some precipitation peaks existed dur-
ing P2, the intensity was relatively lower than the others.
Therefore, we focus more on the following LTR event.

3.1 P1(09:30-12:30)

P1 represents the earliest onset of LTR during the study
period. Figure 2 shows the time series of cloud properties
(CTT, CER, and COT) from GK2A, 3 h before the LTR starts.
Note that the radar analysis results are not shown because
radar data are not available during this time. While the spe-
cific cause of the radar malfunction is unknown, the general
radar status message indicated multiple alerts, leading to the
radar being placed in maintenance mode. The magenta x
marker represents the location of Seoul station. During P1,
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(a) GK2A CTT 09:30 (-3 h) 10:30 (— h)

(c) GK2A COT

Fig.2 Time series of cloud properties at 1-hour intervals in P1: (a)
Cloud top temperature (CTT) [K], (b) Cloud effective radius (CER)
[um], and (c¢) Cloud optical thickness (COT) [Unitless]. The Ist col-

the CTT gradually decreases as the CC approaches Seoul sta-
tion. In particular, the minimum CTT in CC shows less than
205 K, which indicates that the clouds have already developed
enough to produce sufficient precipitation. The CER and COT
in CC are distributed inhomogeneously.

Figure 3 represents the changes over time of the mini-
mum CTT, mean CER, and mean COT at Seoul station in
P1. When averaging the CTT across all cloudy pixels, the
size of cloud region including spread anvil clouds becomes
more emphasized than the developing stage of CC. Since this
study focuses on the convective core, it is more appropriate
to track changes in the minimum value of CTT. In addition,
CTT is distributed homogeneously within CC, allowing us to
detect the precursor of precipitation using the minimum value
within the box. On the other hand, CER and COT are calcu-
lated using the mean values within the box since the particles
within CC exhibit an inhomogeneous distribution. By consid-
ering the mean values, we can reliably identify the precursors
of inhomogeneous clouds, as the differences due to box size
are not significant. The red, blue, and black dashed lines rep-
resent the pixel values of boxg, box 4, and box,g, respectively.
The minimum and mean values of the pixels, excluding clear-
sky pixels, are calculated within each box, starting 3 h before
the occurrence of LTR at 10-minute intervals. The blue bars
represent the observed rain rate at Seoul station.

11:30 (-1 h) 12:30 (0 h)

umn shows 3 h before localized torrential rainfall with the 2nd col-
umn (-2 h), 3rd column (-1 h), and 4th column (0 h). The magenta
‘x” marker denotes Seoul station

The CTT decreased steeply 2 h ahead of the onset of
LTR and remained low until LTR started (Fig. 3a). All three
boxes maintained a low CTT of 210 K. The decreased CTT
varies depending on the box size. The CTT decreases by 40,
20, and 10 K for box, box,4, and box,g, respectively. The
minimum CTT of box,g decreases earlier (from 10:10 to
10:20) than the other boxes (from 10:20 to 10:30). This indi-
cates that box,q can detect the precursory phenomena earlier.
The increased values in boxq at 10:10 are attributed to the
presence of clouds that are not causing precipitation at that
specific moment but are moving through the area. The box,
is suitable for detecting CC that grows in place and triggers
LTR. However, when CC moves and generates precipitation,
the performance of LTR detection in boxg is degraded.

The CER increases from 10:20, which corresponds to
the point where the CTT starts to decrease (Fig. 3b). This
increase lasts for approximately 20 min. Afterward, CER is
maintained up to 30 pm for 2 h. The difference in CER with
respect to the box size is not significant. The COT increases
sharply, followed by a slight decrease associated with light
rainfall around 10:40 and then increases again (Fig. 3c). The
COT also increases from boxg (box,,, box,g) to more than
45 (40, 30) for 40 min from 10:20, the same time as CER.
Similar fluctuations of the values are observed regardless
of the box size.
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Fig.3 Time series plots of the (a) GK2A CTTmin P1
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3.2 P2(14:50-17:50)

P2 shows the highest rain rate among the cases (Fig. 4). Fig-
ure 4a—c present the time series of CTT, CER, and COT.
Figure 4d—e show Z;; and the HCA vertical cross-section.
The x-axis represents the longitude and the y-axis repre-
sents the distribution height of the particles. There is no CC
observed at 14:50 (-3 h) and observed at the west at —2 h
and moves eastward, getting closer to Seoul station. Convec-
tive cells with Z;; up to 50 dBZ start to appear on the western
coast with some large drops below 4 km and ice crystals to
an altitude of 15 km. From —2 h, the region below an alti-
tude of 5 km is already covered with rain and large drops in
Fig. 4e, probably due to the melting of larger hydrometeors
such as graupel and hail.

At 16:50 (-1 h), CC with high Z;; begins and moves
northwest of Seoul station. CER and COT are not large
within the center of CC, however, COT over 160 at the edges
of the CC corresponds with the region of high Z; (Fig. 4d).
As the CC extends from west to east, the continuous supply
of optically thick particles might have induced strong LTR.
In the lower levels, HCA (Fig. 4e) increases with time with
big drops near 126°E as the CC progresses eastward. From
126.5°E to 127.5°E, ice crystals and dry snow are noticed
above 16—17 km, which implies strong convection and/or
overshooting anvil.

At 17:50 (0 h), the CC is expanded with low CTT and
high COT in the vicinity of Seoul station. The strongest
radar echo is observed. Heavy rain and/or small hail, along
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with large drops are noticed around Seoul station. As strong
convection continues, ice crystals and dry snow remain up
to an altitude of 15 km, and the amount of graupel increases
near and above the melting point, which contributes to larger
drop sizes below the melting point.

Figure 5 shows the time series of cloud properties in P2.
In Fig. 5a, starting one hour before LTR at 16:50, alow CTT
of 210 K is observed and maintained. The CTT decreased
by 30 K for 20 min in box,z. The CTT in box, and box,
show a 40 K decrease, which show 10 min later than box,g.
The CER increases over 20 pm for 20 min from 16:30 and
then is maintained until LTR occurs (Fig. 5b). Rosenfeld and
Gutman (1994) mentioned that CER over 14 pm satisfies
the range of precipitable clouds. In addition, areas covered
with large COT are more likely to experience precipitation
(Chen et al. 2024). In Fig. 5c, the COT increases 40 or more
from 16:50 (-1 h) for 30 min (Fig. 5¢). In particular, COT in
the box,g increases more at 17:50 (18 — 78) than at 15:30
(22 — 62), which may generate intense LTR. The LWC is
consistently near zero, and a rapid increase just 20 min prior
to the LTR (Fig. 5d). LWC exhibits a high value of 1.5 g
m~> or more. In box,g, an increase in values is noticeable
around 17:10 (-0.5 h). Note that this rapid increase in LWC
allows for the identification of the onset and intensity of
precipitation when low CTT remains for over an hour. The
increase of D, occurred relatively slowly compared to LWC,
increasing from about 1.1 mm at 17:00 to 1.7 mm at 17:50
(Fig. 5e). Although D, consistently increased during the
period when the CTT was maintained, the rate of change
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15:50 (-2 h)

(e) RKSG HCA

16:50 (-1 h)
7

17:50 (0 h)

20

151

[
MI

N |

126°E 127°E 128°E  126°E 127°E 128°E

Fig.4 Time series of cloud properties scene at 1-hour intervals in P2:
(a) CTT, (b) CER, (c) COT, (d) Radar reflectivity (Z;;) [dBZ], and (e)
Hydrometeor classification algorithm (HCA). HCA provides a mix-
ture of rain and hail (RH), heavy rain (HR), light and moderate rain

was much smaller compared to LWC. These results imply
that only the number concentration of raindrops increases,
and the drop size remains relatively stable even in such a
historically significant LTR event with strong convection.

3.3 P3(18:20-21:20)

After the CC passed that caused LTR in P2, a new CC devel-
oped centered on Seoul station, triggering new LTR in P3
(Fig. 6). A new CC is formed at 19:50 (-1.5 h) with a very
low CTT and grows rapidly in place. The new CC located

127°E

128°E 126° E 127°E 128° E

(RA), big drops (BD), graupel (GR), crystals (CR), wet snow (WS),
dry aggregated snow (DS), biological scatterers (BS), and ground
clutter and anomalous propagation (GC/AP)

very close to Seoul station induces intense LTR. Since CER
and COT data are not available at nighttime, NCOT is used
instead. The newly formed CC at 20:20 (-1 h) shows large
NCOT. High Z;; with a band-shaped pattern implies strong
convection and heavy rainfall. Convective cells continu-
ally formed along the western coast and progressed into the
Seoul metropolitan area. In Fig. 6d, HCA vertically extended
up to an altitude of 18 km in a narrow region of clouds com-
posed of ice crystals and dry snow at 127°E, again implying
the presence of overshooting anvil due to strong updrafts.
Large drops and heavy rain are noticed in the lower levels,
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especially from 125.5°E to 126.5°E where new convection
cells continue to form and replace the preexisting cells.

Figure 7 shows the variations of cloud properties in P3.
Since the CC of P2 just moved, the CTT starts at a low state
of 210 K or less (Fig. 7a). The CTT drops below 10 K for
20 min from 19:30 and has a very low value close to 200 K
from 20:20 (-1 h). A minimum CTT of 197 K is observed
in box,g at 21:10 when the LTR occurs after 10 min. The
NCOT decreases when the CC moves in P2 but increases
again when a new CC is formed at 20:20 (Fig. 7b). The
NCOT increases differently depending on the box size.

P3 is challenging to identify the precursor signals
of LTR because convective clouds developed consecu-
tively in place, leading to a sustained low temperature in
CTT. However, LWC and D,, show the precursor signals
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distinctly (Fig. 7c—d). The LWC and D, increase from
19:30 preceding the rise in NCOT. The box values reached
the highest point at the initiation of light rainfall at 20:10.
D,, exhibits similar variability to the point where LWC
begins to increase.

4 Quantification of LTR Potential
as Precursory Signals

We quantitatively calculated the LTR potential (LTR,) in
this section based on Sect. 3. LTRlD [unitless] is defined as
the probability of heavy rain. Currently, precipitable water
may exist within the cloud due to buoyancy and may not
reach the ground (i.e., virga). We referred to Roebeling
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Fig.6 Time series of cloud properties scene at 1-hour intervals in P3: (a) CTT, (b) Nighttime cloud optical thickness (NCOT) [Unitless], (¢) Zy,

and (d) HCA

et al. (2012) that proposed an equation for retrieving the
R, using satellite cloud properties (CTT, CER, and COT).

CWP = % COT CER 3)

where condensed water path (CWP) is calculated by COT
and CER in the monitoring box. The CWP provides informa-
tion for the growth of particles inside the cloud. The LTR,
is given by

c [CWP — CWP, ] « @

LTR = —
»s T H| CWP,

where LTR,, , retrieved from GK2A cloud properties only.
The CWP is calibrated by CWP,, and «, which are offset
constants 120 g m~2 and 1.6. ¢ [mm h™! km] is a constant
value of 1. The calibrated CWP is divided by H as follows.

1 = CT Ty = CTT

min 4 4o 5
6.5 )

where H is the rain column height calculated from the dif-

ference between CTT,,,, and CTT,;, in the monitoring box.
Cloud height is divided by a wet adiabatic lapse rate of 6.5
K km™'. The constant dH is set to 0.6 km (Roebeling et al.
2012). The equation and constant are tailored to the Meteo-
sat Second Generation from a European satellite. In addition,
radar data was not utilized directly and only referenced to
optimize LTR, (Roebeling and Holleman 2009). This study
applied LWC showing a sharp increase before the onset of
LTR, to consider LTRp observed in RKSG. Finally, LTR
is given by

p, s+r

¢ [CWP —CWP,
LTR ALY

o
== 8 LWC
p.s+r H CWPO ] + (6)

Where LTR,, ,,, is the LTR|, calculated by a combination of
the satellite and radar. We scaled (Scale factor of 8) LTR, to
the rain rate at Seoul station for comparison.

The time series of LTR;, ; and LTR,, ,, are shown in
Fig. 8. We utilized the box,g information that shows
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precursory signals of LTR more rapidly than other boxes.
The blue bar denotes the measured rain rate from Seoul sta-
tion. The green line represents LTR,  in Eq. (4) calculated
solely using satellite. The LTR,, | shows the precursor sig-
nals during P1, showing a clear increase starting from 11:00.
However, LTR,, ; does not clearly show the high potential
signal at P2. Also, detecting LTR at P3 is difficult where

CER and COT cannot be utilized. Moreover, the precur-
sory signal during P3 is difficult to capture by the GK2A
because CC is regenerated almost in place. Therefore, radar
data is needed to supplement satellite and provide vertical
information of CC. The red line represents LTR,, ... RKSG
data is provided starting from 15:30 during P2. The inclu-
sion of LWC not only captured rain at P2 effectively, but

80 P1 P2 P3 — LTRp,s4+r 80
- — LTRps %
S 60 L 60
< £
g ‘o
2 40 La0 =
m —
= c
~ 20] 20 8
0_ - l - e e B O

9:I30 10:30 11;30 12:30 13:30 14:30 15:30 16:30 17:30 18:30 19:30 20:30 21:30 22:30 23:30

Local Time

Fig.8 Time series of LTR potential (LTR,) [Unitless]. The green
and red solid lines denote the LTR potential calculated using satel-
lite (LTR,, () and both satellite and radar (LTR, ,,), respectively.
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The blue bar denotes the rain rate [mm/h] measured from Seoul sta-
tion. The gray shaded areas (P1, P2, and P3) indicate 3 h prior to the
occurrence of LTR
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also detected increasing precursors from 17:00 and onwards
before the onset of LTR. Additionally, even when LTR,
persistently low in P3 due to the maintenance of low CTT
LTR, . shows how potential precursor signals increase
before LTR occurs. The precursory signals appeared before
LTR started in all cases. In P2 and P3, it is evident that
the growth of CC can be identified when combined with
radar data. Although the amount of the increase in both
LTR, s and LTR, ., the pattern of increase values before
LTR events is consistently observed.

5 Conclusions and Discussions

This study investigated the precursors of LTR events in Korea
on August 8, 2022, using remote sensing techniques. We uti-
lized cloud properties (CTT, CER, COT, and NCOT) from
remotely sensed cloud properties from GK2A, as well as
RKSG observations and their application (Zy, HCA, LWC,
and D,). In summary, P1 showed the onset of LTR as CC
moved from west to east. The CER and COT increased from
the point where CTT started to decrease and maintained stable
values. P2 represented the highest rain rate among the cases.
While the CER and COT showed fluctuations, CTT clearly
presented the precursor phenomenon of decreasing and main-
taining values. In P3, the strengths of radar become particu-
larly evident. Since the satellite observed only the upper part
of the developed clouds, which was challenging to predict the
onset of LTR when CC was overlapped. However, the LWC
from RKSG clearly increased before LTR occurred. As CCs
developed and moved eastward, heavy rain with relatively
larger raindrops and/or hail in the lower levels with increased
graupel above the melting point was observed. Due to the
maintenance of strong convection, large amounts of dry snow
and ice crystals extended up to ~ 18 km. We confirmed the
variation of cloud physics values before LTR started and cal-
culated LTR,, as the precursory signals of LTR based on sat-
ellite and radar. The LTR,, ,,, showed a better representation
of precursor signals and LTR intensity compared to LTR,, ..

Table 1 Advantages of cloud properties of satellite and radar

This study highlights that when combining the strengths
of these two remote sensing methods, we can overcome the
limitations of using either one alone. Geostationary satel-
lites provide valuable information on cloud properties and
movement from convective initiation, while radar contrib-
utes detailed insights into the internal structure of clouds
during precipitation. This dual approach enhances our ability
to monitor and forecast severe weather events, providing a
more comprehensive and reliable understanding of meteoro-
logical phenomena.

Table 1 summarizes the characteristics of cloud proper-
ties from both satellite and radar as shown in the present.
CTT is a main precursory property of CC among the GK2A
cloud properties. In the case of heavy rainfall in the Korean
Peninsula, CTT is generally observed to be below 220 K
(Park and Park 2020). LTR in this case showed the box value
of CTT drops below 220 K, with very strong CCs observed
to have CTT <200 K, and generally maintained a low tem-
perature for 1-1.5 h. These results are consistent with previ-
ous studies showing that the CTT of CC reaches its lowest
temperature when precipitation peaks, and that prolonged
low CTT leads to more intense precipitation (Chen et al.
2024). The CER, COT, and NCOT showed cloud devel-
opment before LTR but cannot be used independently for
pre-detection of LTR due to their high variation. Instead,
these variables can be utilized as supplementary variables of
CTT to predict LTR events because they increase at the time
when CTT drops. In addition, in situations where CER and
COT are not available during nighttime, NCOT can be used
as an alternative parameter. Although the range of NCOT
is smaller (0-8) compared to COT, which ranges from 0
to 160, NCOT still provides sufficient information to iden-
tify CC. The radar observations and application supported
the properties of CC during LTR. Z; explicitly showed the
movement of rain bands and the location of intense rainfall.
In addition, the vertical cross-section of HCA based on the
polarimetric radar variables along Seoul station revealed
the most dominant hydrometeors before and during LTR.
The microphysics parameters (i.e., LWC and D) provide

Parameter Advantage

CTT Precursor confirmation during sustained low temperatures

CER Supplementary variable to CTT, Detection of cloud development

COT Supplementary variable to CTT, Detection of cloud development

NCOT Alternative variables to COT, Applicable during nighttime

Zy Locate and quantify precipitation

HCA Classify multiple types and phases of hydrometers within the convective cloud to infer micro-
physical processes

LWC Physically related to mixing ratio, used to retrieve drop size distribution

D, Physically related to mixing ratio and number concentration, used to retrieve drop size distribution
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microphysical properties, such as drop size distribution of
precipitation at the cloud base.

Monitoring boxes around the target point are useful for
detecting CC. The box has the advantage of identifying
the cells that grow in place. However, the small size of
the box is insufficient to capture developing CC as they
move. Furthermore, the limited number of pixels can detect
significant variability even with minor fluctuations, causing
false detection of LTR occurrences. The box,g similar to
the box size recommended for cloud detection in Sieglaff
et al. (2011), can identify the precursors early, despite the
decrease in values being less noticeable. Although our
suggested the box size of 28 km is similar to previous
findings, further research is needed to determine the most
optimal box size for detecting CC. Considering multiple
grid information together allows for better predictions. In
practical operations for forecasting LTR, grid information
at each location can be utilized based on the satellite’s
resolution of 2 km intervals.

The LTR, (the LTR potential from satellite data) reveals
the precursor signal of LTR but hard to reflect high rainfall
intensities. Also, the insufficient data makes LTR detec-
tion during nighttime difficult. However, LTR . (the
LTR potential from both satellite and radar data) effectively
depicts both the precursor of LTR and the peak precipitation.
This is attributed to the rapid increase in LWC observed by
radar before LTR starts. The findings from this study imply
that investigating more LTR events is needed to improve
nowcasting for LTR occurrences in the future. Especially,
the research is needed to optimize the equation suggested in
this study for the Korean Peninsula to improve LTR nowcast-
ing. We presume that the present methods may be appropri-
ate for the rapidly developing or back-building formation
of CCs, not for continuous rainfall caused by typhoons or
frontal systems.

The estimation of LTR potential using a combination of
geostationary satellite and radar remote sensing data can
effectively monitor the precursors of LTR. This study sug-
gests that using both instruments can provide high-resolution
forecasts in real-time and allow for adequate preparedness.
Further studies should focus on identifying the characteris-
tics of CC more precisely before LTR starts, which will help
advance prediction for heavy rainfall.
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