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Abstract In numerical weather prediction models, the typhoon track and intensity forecast performances
are highly sensitive to physics parameterization schemes. To investigate the impact of physics parameterization
schemes on the real-time short-term forecasts, we simulated six typhoons which directly/indirectly affected the
South Korea region in recent years using the Weather Research and Forecasting (WRF) model. Three cumulus
parameterization schemes (CPSs) of Kain-Fritsch (KF), Betts-Miller-Janji¢ (BMJ), modified Tiedtke (TDK),
and two cloud microphysics parameterization schemes (MPSs) of WRF-single-moment-microphysics class 6
(WSM6), Predicted Particle Properties (P3) 1-category were selected for the sensitivity experiment. The results
showed that there was a significant difference in simulated typhoon track and intensity performances depending
on the physics schemes. On average, the typhoon forecast performances were improved when applying the KF
scheme for CPS and WSM6 scheme for MPS in our experimental setup. The BMJ-applied runs showed the
worst performances, which simulated westward shifted typhoon tracks compared to other runs. Overall, the
typhoon track and intensity spreads tended to be more sensitive to CPSs and MPSs, respectively. We conducted
additional sensitivity experiments using the BMJ scheme with modified reference and temperature profiles. The
result showed that the overactivity of the BMJ scheme at low latitudes was reasonably reduced, leading to the
improved simulation of typhoons and synoptic fields.

Plain Language Summary To improve the real-time short-term forecast performances for the
recent typhoon cases that affected South Korea, sensitivity experiments for the various physics parameterization
schemes, such as cumulus parameterization and cloud microphysics schemes, were conducted. Through
additional experiments with one of the modified schemes and a comparison of detailed inner cloud processes,
the reason for the different track and intensity forecast performances among the sensitivity experiments were
revealed.

1. Introduction

Recently, the frequency of tropical cyclones (TCs) affecting East Asia has been increasing (Chang et al., 2021;
J.-W. Choi, Cha, & Kim, 2017; Choi & Kim, 2007; Choi & Moon, 2012; Kim, 2008; Lee et al., 2019; Lee
et al., 2012; Liu et al., 2020; Park et al., 2014; Tu et al., 2009; Wu et al., 2005); moreover, intense TCs have
become stronger owing to the global warming (Cha et al., 2014; Elsner et al., 2008; Holland & Bruyere, 2014;
Knutson et al., 2010; Murakami et al., 2012, 2015; Webster et al., 2005; Wu & Zhao, 2012). In particular, a number
of TCs maintain their intensity before making landfall, allowing them to cause widespread damage and trigger
enormous economic loss. This is a serious problem for coastal populations. Mitigating TC hazards and risk in
advance, it is necessary to improve the short-term forecast performance of TCs. Since operational global models
have been upgraded in many fields (i.e., developing data assimilation/ensemble technique, increasing horizontal
resolution, and upgrading physics packages), their forecast performances have steadily improved. However, even
short-term (3 days or less) TC predictions still have track errors of hundreds of kilometers (Cangialosi, 2020;
Goerss, 2007; Landsea & Cangialosi, 2018; Munsell et al., 2015; Sakai & Yamaguchi, 2005; Tang et al., 2021;
Xu et al., 2016; Yamaguchi et al., 2017; Zhou et al., 2017) and/or inability to simulate rapid intensification
(weakening) of TCs (Cangialosi, 2020; DeMaria et al., 2021; Elsberry et al., 2007; Gopalakishnan et al., 2021;
Na et al., 2018; Trabing & Bell, 2020; Wood & Ritchie, 2015). The uncertainties in short-term typhoon track
prediction also occur in high-resolution regional operational models (Chen et al., 2019; Heming et al., 2019).
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Yamaguchi et al. (2017) showed that those large TC track errors of short-term forecasts tend to be affected by
some TC cases, which have extremely large forecast errors.

It is known that TC track is largely affected by the surrounding synoptic fields. However, they can also be affected
by TC-related circulation (i.e., the beta effect) as they have different sizes and intensities (Carr III, 1989; Carr
II & Elsberry, 1997; Fang & Zhang, 2012; Fiorino & Elsberry, 1989; Moon, Park, & Cha, 2021; Moon, Park,
Cha, et al., 2021; Park et al., 2020; Yamada et al., 2016) or suffer different life stages (i.e., developing—mature—
decaying stage) during the forecast hours (Elsberry et al., 2007; Huang et al., 2021; Li et al., 2012). Thus, there
is a need to find the causes affecting short-term TC forecast and examine the forecast performances of various
typhoon cases using numerical weather prediction (NWP) models. Several studies have revealed that TC forecast
performances with respect to track, intensity, rainfall, and inner core structure are highly sensitive to the choice of
physics parameterization scheme (Biswas et al., 2014; Braun & Tao, 2000; Fovell & Su, 2007; Lord et al., 1984;
Shepherd & Walsh, 2017; Smith & Thomsen, 2010; Sun et al., 2014; Wang, 2002; Zhu & Zhang, 2006). Among
them, the convective parameterization scheme (CPS), which is directly related to the convective process and
precipitation formation, and the cloud microphysics parameterization scheme (MPS), which describes the forma-
tion and growth of various water substance variables in the cloud, can significantly affect typhoon forecasts.

Sun et al. (2014) investigated the sensitivity of two CPSs on the simulation of typhoon Megi (2010) using the
WRF model with a 20 km horizontal resolution domain and 160 (north—south) x 180 (east—west) grid points. In
their study, owing to the stratiform precipitation of the storm and strong anvil showers from the CPS, the western
North Pacific Subtropical High (WNPSH) weakened and large-scale steering flow became anomalously northward,
leading to an unrealistic early recurvature of Megi. This mechanism made different typhoon tracks by changing
the simulated typhoon structure and its surrounding environment. Shepherd and Walsh (2017) also showed the
effect of CPS choice on the simulated tracks of three intense TCs, using the WRF model with a one-way and triply
nested (12/4/1.33 km) domain. They found that the sensitivity of the TC track to initial conditions (i.e., initialization
time and model domain size) was less than the sensitivity of TC track to changing the CPS. Biswas et al. (2014)
conducted comprehensive runs for more than 250 TCs in the Atlantic and Eastern North Pacific basins using
the HWRF model with similar configuration to their 2012 operational system (two-way interactive, triply nested
domain with 27/9/3 km horizontal grid spacing, and move along with the storm). They found that track and intensity
forecasts were highly sensitive to the choice of CPS, which had a significant influence on the resolved-scale scheme
in the innermost domain, since the outer domain provides lateral boundary conditions to the inner nested domain.

Wang (2002) conducted a series of sensitivity simulations with idealized initial conditions to evaluate the effects
of varying cloud microphysics processes on TCs using the tropical cyclone model (TCM3). The results showed
that the cloud structures, along with the peak intensity and area coverage in precipitation in the simulated TCs were
changed markedly when different cloud physics processes were included. Zhu and Zhang (2006) also examined
the effect of various cloud microphysics processes on the intensity change, precipitation, and inner-core structures
of hurricane Bonnie (1998) using the cloud-resolving fifth-generation Pennsylvania State University-National
Center for Atmospheric Research (PSU-NCAR) Mesoscale Model (Dudhia, 1993; Grell et al., 1994) with a
two-way interactive, triply nested (36/12/4 km) domain. They suggested that the model-simulated hurricane
track exhibits little sensitivity to varying cloud physical processes, except for the weakest and shallowest storms.
Differences in the cloud microphysical processes significantly affected model-simulated hurricane intensity,
inner core structure, and associated cloud and precipitation. In contrast to previous studies, Fovell and Su (2007)
found significant track sensitivity to MPSs at operational resolutions (30 and 12 km). In their study, microphysics
appeared to directly or indirectly influencing the depth, radial structure, and azimuthal asymmetry of the storm,
which could modulate storm motion. Furthermore, recent study of Park et al. (2020) examined the sensitivity of
two MPSs on rapidly intensified western North Pacific (WNP) typhoons with westerly movement in low latitudes
and poleward movement in the subtropics using a high-resolution (18/6/2 km) WRF model. They found that
simulated typhoon intensity and inner core structure were sensitive to the MPSs owing to the distinct hydro-
meteor species and their distributions with the schemes. In addition, for poleward moving typhoons, simulated
tracks were sensitive to MPSs. They examined the effect of typhoon intensity difference on simulated typhoon
size, and therefore on typhoon motion, by comparing the f- and beta-plane experiment. They emphasized that a
sophisticated MPS is necessary to improve mid-latitude typhoon forecast performance.

These previous studies have demonstrated that physical parameterization schemes in NWP models can influ-
ence the accuracy of TC forecasting. Most of them identified optimal combinations of physics parametrization
schemes for small numbers of particular TC cases in their model setting. Thus, it seems necessary to find the
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Figure 1. Terrain height (m, shading) and model domains for all the

simulations.

optimal physics parameterization schemes for each model to improve the
forecast performances of interested typhoon cases using the regional model.
We conducted a research collaborating with the Republic of Korea Air Force
(ROKAF) recently. Due to the increasing computational resources, the
ROKAF's need for the development of a high-resolution operational typhoon
forecasting model was increased. Thus, we developed a high-resolution
real-time short-term prediction system for forecasting typhoons that would
directly/indirectly affect South Korea. As this study was part of the task of
developing/improving the newly developed typhoon forecast system, the goal
of this study was to investigate the impact of varying CPS and MPS on the
real-time short-term forecasts for the recent typhoon cases that affected South
S s Korea and explain the reason for the largest error in typhoon forecast among
them. In this regard, we modified one of a scheme followed by Fonseca

\ T et al. (2015) and conducted several experiments with it. Those will be done
T ) S | through a series of high-resolution simulations using a two-way interactive,

1990 17%0 triply nested (12/4/1.33 km), and vortex following WRF model.

The rest of this paper is organized as follows. Section 2 briefly describes the
model configuration and experimental design of the sensitivity simulations.
The simulation results are presented in Section 3. Section 4 concludes the
study.

2. Model Configuration and Experimental Design

WRF model (Skamarock et al., 2019) version 4.1.2 was used for the newly developed typhoon forecast system.
We conducted real-time and retrospective runs by using the 0.5° X 0.5° forecast data of National Centers for
Environmental Prediction (NCEP) Global Forecasting System (GFS) for the initial and boundary conditions. The
model consists of three domains, including one parent domain and two movable nests with 12 km (601 x 451),
4 km (301 x 301), and 1.33 km (301 X 301) horizontal resolutions (grid points), respectively (Figure 1).

We fixed the outermost domain which covers large area enough to forecast various TCs in northern Pacific basin.
Also, we used the two-way moving nesting technique for inner two domains. Both domains automatically moved
following the typhoon center to resolve the inner core of the typhoon. The model has 35 vertical levels from the
surface to the top of the atmosphere at 50 hPa. The integration time steps of the model for domains 1, 2, and 3
were 60, 20, and 6 s, respectively. The model utilized the Yonsei University planetary boundary layer scheme
(Hong et al., 2006; Noh et al., 2003), the rapid radiative transfer model for long-wave radiation scheme (Mlawer
et al., 1997), and the Dudhia short-wave radiation scheme (Dudhia, 1989). Together, we tested three CPSs—
Kain-Fritsch (KF; Kain, 2004), Betts—Miller—Janji¢ (BMJ; Betts & Miller, 1986; Janjié, 1994), and Modified
Tiedtke (TDK; Tiedtke, 1989; Zhang et al., 2011)—and two MPSs—6 class WRF single moment microphysics
(WSM6; Hong & Lim, 2006), and Predicted Particle Properties 1-category (P3; Morrison et al., 2015). The CPSs
were only employed for convective processes in parent domain with 12 km resolution.

We selected the widely used CPSs and MPSs in real-time global or regional models in our study area. The
KF and TDK schemes are somewhat similar in terms of complexity; both are mass-flux type parameterization
schemes with updrafts, downdrafts, entrainment, and detrainment of cloud, ice, and snow. Moreover, both use
convective available potential energy removal time-scale closure. In contrast, BMJ is one of a profile adjustment
schemes that is relaxed toward pre-defined reference temperature/moisture profiles (Arakawa, 2004), without
explicit updraft, downdraft, or cloud entrainment of mass flux. The WSM6 considers three additional prognostic
hydrometeors (i.e., snow, ice, and graupel), and includes complicated processes via the phase changes among
them. The P3 scheme is based on a conceptually different approach to parameterize ice-phase microphysics.
All ice-phase hydrometeors are represented by a free frozen category, each of which can represent any type of
ice-phase particle. The particles can evolve smoothly in time and space, so that there being the removal of the
arbitrary and artificial conversion between categories (Morrison et al., 2015). All other physics schemes and
model settings were the same among the sensitivity experiments. Hereafter, we will mention each run as follows,
KF_W6 (KF with WSM6), KF_P3 (KF with P3), TDK_W6 (TDK with WSM6), TDK_P3 (TDK with P3),
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Table 1
Initial Times and Landfall/Death Date for the Simulated 6 Typhoons

TC number TC name Initial forecast time (UTC) Landfall/Death date (UTC)

1707 Noru 2017/08/03/1200, 2017/08/04 0000, 2017/08/04 1200 2017/08/07 0000
1828 Trami 2018/09/26 1200, 2018/09/27 0000, 2018/09/27 1200 2018/09/30 1200
1830 Kong-rey 2018/10/02 1200, 2018/10/03 0000, 2018/10/03 1200 2018/10/06 0000
1914 Faxai 2019/09/05 1200, 2019/09/06 0000, 2019/09/06 1200 2019/09/09 0000
1915 Lingling 2019/09/03 1200, 2019/09/04 0000, 2019/09/04 1200 2019/09/07 1200
1918 Tapha 2019/09/19 1200, 2019/09/20 0000, 2019/09/20 1200 2019/09/23 0000

BMIJ_W6 (BMJ with WSM6), BMJ_P3 (BMJ with P3), modified BMJ_W6 (modified BMJ with WSM6), and
modified BMJ_P3 (modified BMJ with P3).

The typhoons that made landfall or directly/indirectly affected the South Korean Peninsula from 2017 to 2019
were selected for our sensitivity experiment. The initial forecast times for each typhoon were set to approximately
3 days before making landfall or when approaching very close to the coastal region. Furthermore, to make general
conclusions with respect to landfalling typhoons, we repeated the same simulations but initialized +12-hr from its
forecast initial time. Thus, for each combination of CPS and MPS, a total of 18 simulations for six typhoon cases
were conducted. The numbers, names, and initial forecast times for each typhoon case are summarized in Table 1.

3. Results
3.1. Sensitivity Experiments With Multiple Physics Schemes

Differences in typhoon track and intensity forecasts among the sensitivity experiments were analyzed by calculat-
ing the forecast errors with respect to the best track data (BST) from the Joint Typhoon Warning Center JTWC).
Following Park et al. (2020), the track forecast error was defined as the great-circle distance between the center
position of a typhoon forecast and the best track position. Intensity forecast error is defined as the difference
between the intensity forecast (i.e., maximum 10-m wind speed, MWS; minimum sea-level pressure, MSLP) and
best track intensity at the forecast hour. Furthermore, to investigate the difference in speed and direction between
the typhoon forecast and best track position, we analyzed the cross-track bias and along-track bias of all sensitiv-
ity experiments. The cross-track error is defined as the component of absolute error in the direction perpendic-
ular to the best track of the typhoon. Also, along-track error is defined as the component of absolute error in the
direction of the best track of the typhoon (Chen et al., 2015). Similarly, the cross- and along-track bias (CTB and
ATB) are based on the concept of transition direction and velocity of the typhoon. Thus, positive values of CTB
indicate a simulated typhoon track that is located to the right side of the best track. And positive values of ATB
indicate a simulated typhoon that moves faster than the best track.

To identify differences in typhoon forecast performances among all sensitivity experiments, we compared the
average track and intensity errors, CTB, and ATB in 24-hr intervals (Figure 2). Generally, both the typhoon
track and intensity forecast performances are improved significantly in KF_W6, while BMJ-applied runs, such
as BMJ_W6 and BMJ_P3, show the worst track forecast performances (Figures 2a and 2b). P3-applied runs
markedly overestimated simulated typhoon intensities, especially in the intensification period (48-hr). It is note-
worthy that significantly strong negative CTBs occurred in BMJ- and P3-applied runs from the mid-to late
forecast hours (48-72 hr; Figure 2c¢). In particular, the maximum difference between the BMJ-applied runs and
the others at 72-hr was more twofold. Similar to the CTB trends, the strong negative ATBs occurred in the same
runs (Figure 2d). These results indicate that BMJ- and P3-applied runs tended to simulate westward and slowly
moving typhoons compared with the JTWC BST and other sensitivity experiments.

Figures 3 and 4 show the 3-day track and intensity forecast results for two representative typhoons with their
maximum CTB and ATB at each forecast hour (track and intensity forecast results for other typhoon cases, see
Figures S1-S4 in Supporting Information S1). Faxai (2019) has a relatively small track forecast error and track
spreads; Trami (2018) has large track forecast errors and track spreads. Here, the track spreads are represented
by the maximum CTB and ATB among all sensitivity experiments. BMJ- and P3-applied runs tended to simulate
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Figure 2. Mean forecast (a) track error (km), (b) maximum 10-m wind speed (MWS) error (m s~!), (c) cross-track bias (CTB; km), and (d) along-track bias (ATB; km)
of the 0-, 24-, 48-, 72-hr forecasts in all sensitivity experiments. Blue: Kain—Fritsch (KF); red: Modified Tiedtke (TDK); green: Betts—Miller—Janji¢ (BMJ). Vertical
shading: six class WRF single moment microphysics (WSM6); horizontal shading: Predicted Particle Properties 1-category (P3). Error bars represent the spread
between the 25th and 75th percentiles.
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Figure 3. Simulated (a) track and (b) maximum 10-m wind speed (MWS; m s~!) for all simulations and the Joint Typhoon
Warning Center JTWC) best track data (BST; black). Blue: Kain—Fritsch (KF); red: Modified Tiedtke (TDK); green: Betts—
Miller—Janji¢ (BMJ); Circle: 6 class Weather Research and Forecasting (WRF) single moment microphysics (WSM6); cross:
Predicted Particle Properties 1-category (P3). (c) Maximum track spread (km) in the along and cross directions (ATB and
CTB, respectively) among all sensitivity experiments at 6-hr intervals for typhoon Faxai (initialized at 0000 UTC 06 Sep
2019).
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Figure 4. Same as Figure 3 but for typhoon Trami (initialized at 0000 UTC 27 Sep 2018).

more westward and slowly moving typhoons (Figures 2c, 3a and 4a). Furthermore, typhoons simulated in the
P3-applied runs were the strongest, and more rapidly intensified than the WSM6-applied runs (Figures 3 and 4b).
All sensitivity experiments produced relatively small track spreads (<150 km) for typhoons Kong-rey, Lingling,
and Faxai (Figure 3c), and large track spreads (>350 km) for typhoons Noru, Trami, and Tapha (Figure 4c). The
simulated results did not change significantly when we changed typhoons' initial forecast times. In the case of
a relatively small track spread, the track spreads slightly increased just before the end of the forecast. However,
the track spreads rapidly increase from the early or mid- (after 24- or 48-hr) forecast hours in the large spread
cases, most of which are contributed by the westward-moving typhoons in BMJ-applied runs and relatively
eastward-moving typhoons in KF- and TDK-applied runs (e.g., typhoon Trami, Figure 4a). In addition, there were
relatively small track spreads between the applied MPSs. Nevertheless, slightly westward-moving typhoons were
simulated in P3-applied runs, related to the simulated intensity of typhoons as mentioned before. All typhoon
cases, even with small track spreads (e.g., Kong-rey, Lingling, and Faxai), have similar characteristics of track
forecast that the track spreads among the MPSs are much smaller than that of the CPSs. Those results indicate
that CPS can have a much greater impact on typhoon track forecast than MPS.

To explain the reasons for the different track spreads among the sensitivity experiments for two cases, we
compared their simulated large-scale environmental fields. Figures 5 and 6 show the mid-level (500 hPa) synop-
tic fields, variance/average of GPH among the CPSs, MPSs, and total GPH variance/average during the 24—48 hr
forecasts of typhoon cases Faxai and Trami in all sensitivity experiments. The representative middle-level GPH
line is defined by the 5,890 gpm contour, which depicts Zs as the approximate size of the WNPSH. Overall, the
simulated WNPSH in KF- (Figures 5a and 5b and 6a-6b) and TDK-applied runs (Figures 5c and 5d and 6¢—d)
was relatively strong and expanded southwestward compared with the BMJ-applied runs (Figures Se and 5f
and 6e-6f). It is noteworthy that when the WNPSH was relatively contracted northeastward, the track spreads
were small (e.g., typhoon Faxai; Figures 3a and 5, and Figure S5a in Supporting Information S1). In contrast,
when the WNPSH was relatively expanded further southwestward, the track spreads of simulated typhoons were
large (e.g., typhoon Trami; Figures 4a and 6, and Figure S5b in Supporting Information S1). In addition, several
regions showed large variance among CPSs mainly located below 20°N in both cases (bottom panels in Figures 5
and 6). The variance in GPH around the WNPSH was only large in the Trami case, implying the differently simu-
lated WNPSH among the CPSs. Relatively low GPH values at low latitudes in BMJ-applied runs are in agreement
with the large variance regions among the CPSs. In both typhoon cases, the GPH variance was considerably
large in the vicinity of typhoon (righthand panels in Figures 5 and 6). These results suggest that the sensitivity of
typhoon track forecast performance to the physical model settings might not be quite large when the WNPSH is
contracted and shifted northeastward. Moreover, the large track spread among the CPSs could be caused by the
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Figure 5. Simulated geopotential height (GPH; gpm, shading) and wind fields (m s~!, vector) at 500 hPa during the 2448 hr forecast for typhoon Faxai (initialized at
0000 UTC 06 Sep 2019) in the 12 km domain. Contour lines are the 5,890 GPH (gpm) line (Zs¢; gpm, contour). The rightmost column and bottom row show the GPH
variance (shading) and average (contour) of different groups of simulations. Red marks represent mean typhoon location.

expansion or contraction of the simulated WNPSH. There are large variance regions between the MPSs near the
typhoons because the choice of MPS can affect the simulated typhoon intensity and structure. Also, the variance
at higher latitudes was not notably large, implying no significant differences in the simulated mid-latitude trough
or jet stream among the sensitivity experiments. This might be related to our fixed parent domain; the WNPSH
and trough are simulated at the parent domain's interior and boundary, respectively, resulting in relatively small
and large differences for the mid-latitude trough and WNPSH among all the sensitivity experiments.

Figure 7 shows the simulated low-level (850 hPa) horizontal wind structure, distribution of 6-hr accumulated
precipitation, azimuthally averaged tangential/radial wind fields, and temperature anomaly of typhoon Trami at
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Figure 6. Same as Figure 5 but for typhoon Trami (initialized at 0000 UTC 27 Sep 2018).

1200 UTC 28 Sep 2018 in KF_W6 and KF_P3. They are analyzed here to compare the impacts of MPSs on the
horizontal and vertical structures of the typhoon forecasts during their lifetime maximum intensity period. The
results show that the strongest low-level wind field (Figure 7a), the heaviest surface precipitation (Figure 7b),
the largest storm size, the most robust secondary circulation (Figure 7c), and the strongest warm-core struc-
ture (Figure 7d), all of which are related to more destructive features of the typhoon structure, were simulated
in sensitivity experiment with P3 scheme. Those results indicate that the westward bias of typhoon tracks
(Figures 2c, 3a and 4a) in the P3-applied runs seems to be related to the beta effect, causing more extensive
and powerful TCs to move northwestward in the northern hemisphere (Park et al., 2020). Simulated typhoon
structures tend to be more symmetric from the low-to upper-levels with increasing typhoon intensity. In addition,
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Figure 7. Horizontal structure of simulated (a) wind speed (m s~!) at 850 hPa, (b) 6-hr accumulated precipitation (mm),
vertical and radial structure of azimuthal mean of (c) tangential (m s~!, shading) and radial (m s~!, contour) wind, and (d)
temperature anomaly (k) in KF_W6 (left) and KF_P3 (right) simulations in the 4 km domain at 1200 UTC 28 Sep 2018 for
typhoon Trami (initialized at 0000 UTC 27 Sep 2018). The radial wind is shown with intervals of 3 m s,
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simulated typhoon structures with the WSM6 scheme were similar to those from satellite data and similar to the
radius estimates of four quadrants of the typhoon from the JTWC BST data, which showed asymmetric structures
overall (not shown).

In succession to the previous results, the enormous microphysical latent heating is simulated in KF_P3 (not
shown). In general, microphysics processes such as liquid condensation inside the eyewall and deposition, accre-
tion, and freezing of frozen particles in the upper layer generate latent heat. And a large amount of latent heat
in the eyewall region affects the expansion of the atmospheric column, leading to a pressure drop at the surface
and finally causing strengthened typhoons and stronger amounts of precipitation. Thus, previous results indicate
the different microphysical processes included in each MPS cause significant differences in simulated typhoon
structure. As aforementioned before, the WSM6 scheme has complex microphysical processes. WSM6 allows the
existence of supercooled water, and so processes such as snow growth by riming ice crystals or forming graupel
by riming of snow are included in the scheme (Hong & Lim, 2006). Furthermore, it also considers graupel, solid-
type hydrometeors, and related microphysical processes. However, unlike the traditional MPSs, the P3 scheme
does not categorize the ice-phase hydrometeors (i.e., ice, snow, hail, graupel) according to their densities or sizes.
Instead, it prognoses ice-phase hydrometeors using a single category, which allows diverse ice-phase particles to
be present in the same grid box and time (Morrison et al., 2015). In this regard, a variety of ice-phase hydrome-
teors remains uncertain, but they could evolve ice to a state with any set of properties (i.e., snow, hail, graupel).
Thus, to further investigate their different influences on typhoon intensity or structure forecast, we compared
the distribution of horizontally and azimuthally averaged microphysical hydrometeors simulated in KF_W6 and
KF_P3 for typhoon Trami (Figure 8). The result showed that from the initial forecast time (6-hr forecast), the
enormous amount of ice and cloud water mixing ratios were distributed more widely and highly in the P3-applied
run. In addition, the result was consistent after the initial forecast time, and these differences were much more
significant when the intensity difference between the two runs was larger. It seemed that the highly distributed
cloud ice (up to 150 hPa) had a strong impact on the widespread distribution of ice mixing ratio in the P3-applied
run (Figure 8d). It is known that at temperatures between 0°C and —40°C most clouds contain a mixture of ice
crystals and supercooled water droplets. It seemed that the coexistence of cloud water and cloud ice mixing ratios
distributed from 0°C to —40°C was more significant in the P3-applied run, and they could act like supercooled
water. Thus, the formation of cloud ice might also be enhanced in the P3-applied run.

For further analysis of the cloud microphysical processes in the inner cloud, we additionally conducted 6-hr simu-
lations for typhoon Trami with 10-min output interval and analyzed the area-averaged and vertically integrated
microphysical processes in the two schemes (see Figures S7 and S8 in Supporting Information S1). The results
showed that stronger vapor condensation processes occurred in the P3 scheme, implying that a larger amount of
cloud water was produced. In addition, it is known that the deposition (gas to solid) process releases more amount
of latent heat than the accretion (liquid to solid) process. However, the graupel accretion was the most prominent
process in the WSM6 scheme, which means that the production of graupel by the accretion process was the most
important contributor to the upper layer latent heat in the WSM6 scheme (see Figures S7 and S9 in Supporting
Information S1). On the other hand, the ice deposition was the strongest processes in the P3 scheme, implying
that the production of the ice by the deposition was the most important contributor to the upper layer latent heat
in that scheme (see Figures S8 and S12 in Supporting Information S1). The underlying cause of all these results
was related basically different concepts of parameterized ice-phase microphysics. Since the ice could be instantly
converted into snow and graupel, the graupel and snow accretion processes were relatively larger than ice depo-
sition process (see Figures S9-S11 in Supporting Information S1). In contrast, the ice deposition process was
dominant in the P3 scheme. Thus, latent heat release at the upper level of the P3 scheme was strengthened more
by the deposition of ice term, leading to the development of deep convection, and again, the upward motion could
be enhanced, resulting in more amount and growth of cloud ice. In summary, why P3 scheme results in always
stronger typhoons could be associated with two reasons; more enhanced formation of ice by the abundant amount
of supercooled droplets at the higher level by strong upward motion in the P3 scheme, also, deposition of ice was
the main process of releasing the latent heat in the upper deep clouds, since there were no more microphysical
processes for the conversion of ice to snow or graupel.

To summarize the results, we calculated the track and intensity spreads of all typhoon cases at each forecast
hour (Figure 9). Here, the spreads of track and intensity were defined as the maximum difference in distance
(km) and MWS (m s~1) for each typhoon, respectively. The results clearly show that typhoon track and intensity
spreads are sensitive to the CPSs and MPSs, respectively. In other words, when the same CPS (MPS) is used, the
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Figure 8. Horizontal structure of vertically integrated microphysical hydrometeors in (a) KF_W6 and (b) KF_P3 simulations and Vertical and radial structure of the
azimuthal mean of microphysical hydrometeors in (c) KF_W6 and (d) KF_P3 in the 4 km domain at 0600 UTC 28 Sep 2018 for typhoon Trami (initialized at 0000
UTC 27 Sep 2018). Q., O, Q;» O, and Q, indicate cloud water, rain water, ice, snow, and graupel, respectively. Contour lines are at 0.01, 0.03, 0.06, 0.15, 0.5, 1.5, 3.0,
and 5.0 g kg~!. Contour lines denote the 0°C and —40°C temperature layers, respectively.

typhoon track (intensity) might not be changed significantly by choice of the MPS (CPS). The track spread tends
to increase gradually with increasing forecast lead time owing to the growth of dissimilarities in each sensitivity
experiment (Figure 9a). On the other hand, increasing or decreasing trends of average intensity spread strongly
depend on the selection of typhoon case. Since most cases reached their lifetime maximum intensity around in
the middle of the forecast lead time, intensity spread increased until 42-hr forecast time and then decreased after
the maximum lifetime intensity (Figure 9b).

Overall, the results were strongly related to model configuration. We used CPSs only for the parent domain,
since the two inner nested domains had fine resolutions, and so the different effects of simulated synoptic-scale
environmental fields with the various CPSs were shown as the track spread. The choice of MPS largely affected
the typhoon intensity and inner core structure forecasts, with the differences shown as the intensity spread. This

PARK ET AL. 11 of 20

85UB01 7 SUOWILLIOD BAIIERID 3|qeotjdde ayy Aq peusenob ake ol VO ‘8N J0 Se|nJ 10} Aiq)TaUIIUO AB|IA UO (SUOIIPUOD-PUE-SWRI/ALIY A8 |MAseIq Ul U0//SdNy) SUORIPUOD Pue SuLe | 8y} 88S *[£202/20/80] Uo Ariqiauljuo AB|im ‘AisieAlun fuoiieN nt Buo Aq 602950Arz202/620T 0T/10p/wodAe |mAiqijeul|uo'sgndnfey/sciy wouy pepeojumod ‘g ‘s202 ‘96686912



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2022JD036709

Table 2

Comparison of Two Factors Used in the BMJ and Modified BMJ Sensitivity

Experiments

(a)

Track spread (km)

100

@
o

D
o

I
o

n
o

—
O
~

-
(&)

o—- CPS o—- CPS
o MPS o MPS

n
|

©
1

[=2]
|
]
o

) *]
Intensity spread (m/s)

w

o
=}
[+]
o
o
00
o

o —HQ

0 12 24 36 48 60 72
Forecast hour (h)

12 24 36 48 60 72
Forecast hour (h)

Figure 9. Comparison of (a) track and (b) intensity spreads between the convective parameterization schemes (CPSs) and
cloud microphysics parameterization schemes (MPSs) used in this study at each forecast hour for all simulated typhoon cases
(blue: MPS, red: CPS).

elucidates why the intensity forecasts were similar for all simulated typhoon cases when the same MPS was
applied.

3.2. Sensitivity Experiments With a Modified BMJ Scheme

In this section, we additionally conduct several sensitivity experiments with a modified BMJ scheme to explain
the reason for a large track error in the BMJ-applied runs. As shown in Figures 5 and 6, there was a signifi-
cant GPH variance region among the CPSs at low latitudes, because the large differences of GPH simulated in
the BMJ-applied runs. These differences affected the strength and expansion of the simulated WNPSH in the
BMIJ-applied runs, resulting in larger differences in simulated typhoon tracks during the forecast hours. Thus, it is
important to simulate the WNPSH correctly to improve typhoon track forecast performances when the WNPSH is
expanded westward, such as in the Trami case. In this regard, we focused on finding the reason for the significant
differences in the low latitudes, especially in the BMJ-applied runs. Fonseca et al. (2015) showed that cumulus
precipitation is very sensitive to the temperature and humidity reference profiles in the BMJ scheme. They inves-
tigated the sensitivity of precipitation produced by the BMJ scheme to changes in two parameters and found that
excessive rainfall region around the tropics was significantly decreased when using the modified BMJ scheme.
This scheme outperforms the Climate Forecast System Reanalysis (CFSR) for the whole tropics and both monsoon
seasons (Fonseca et al., 2015). From their study, we hypothesized that the poorly simulated rainfall in the low
latitudes could affect the WNPSH simulation in the BMJ-applied runs. Thus, we modified the two factors related
to the temperature and humidity profile in the BMJ scheme (hereafter, Modified BMJ scheme), similar to those
in Fonseca et al. (2015) (Table 2). We increased o to make a warmer reference profile and decreased F; to make a
more moist humidity reference profile to generate a smaller amount of cumulus precipitation than the BMJ scheme.
We then conducted additional sensitivity experiments with the modified BMJ scheme for all typhoon cases.

Figure 10 compares the average track error (km) and CTB (km) between the BMJ and modified BMJ schemes
in 24-hr intervals. Generally, the modified BMJ-applied runs significantly improved the typhoon track forecast
performances, especially for the 72-hr results (Figure 10a). The strong negative CTBs and ATBs (not shown) are
also notably decreased in the modified BMJ-applied runs (Figure 10b). This means that relatively smaller west-
ward bias and faster typhoons are simulated by the modified BMJ scheme. However, the track errors and CTBs
are somewhat still large compared with the best physics combination defined in the previous section. Here, we do
not show the simulated typhoon intensity errors. As we mentioned earlier, in
our model setting, CPSs were not activated in the two inner moving domains,
which fully cover the typhoons and follow their center points over the simu-
lation hours. It caused that CPSs could not directly affect the typhoon itself,

but they could indirectly interact with the inner domain at the boundary of

BMJ Modified BMJ
the inner domain. Thus, simulated typhoon intensity performances were not
o 2 significantly changed among the CPSs even when using the Modified BMJ
! 0.85 0.6 scheme.

PARK ET AL.

12 of 20

85UB01 7 SUOWILLIOD BAIIERID 3|qeotjdde ayy Aq peusenob ake ol VO ‘8N J0 Se|nJ 10} Aiq)TaUIIUO AB|IA UO (SUOIIPUOD-PUE-SWRI/ALIY A8 |MAseIq Ul U0//SdNy) SUORIPUOD Pue SuLe | 8y} 88S *[£202/20/80] Uo Ariqiauljuo AB|im ‘AisieAlun fuoiieN nt Buo Aq 602950Arz202/620T 0T/10p/wodAe |mAiqijeul|uo'sgndnfey/sciy wouy pepeojumod ‘g ‘s202 ‘96686912



A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2022JD036709

(@)

250 80 fmmmmmmm o

200 40 |-——mmmmdmmm e SREEEEEEE EEEEEEEE

-
o
o

CTB (km)

-40

Track error (km)
=
o

(44
o

-120

Forecast hour (h) Forecast hour (h)

mBMJW6 BBMJP3 mModified BMJW6 & Modified BMJP3
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Figure 11 shows the 3-day track and intensity forecast results of typhoon Trami with modified BMJ scheme,
and their maximum track spread at each forecast hour. Typhoon tracks, westward shifted in BMJ-applied runs
(Figure 4a), are reasonably simulated in modified BMJ-applied runs (Figure 11a). Similar to the original result
(Figure 4b), simulated typhoons in the modified BMJ_P3 are stronger than in modified BMJ_W6 (Figure 11b).
Moreover, the track spread decreased by more than 100 km at the 72-hr forecast time when applying the modi-
fied BMJ scheme (Figure 11c). These results are consistent with other typhoon cases, such as Noru and Tapha,
which already had large track spreads among all sensitivity experiments. Also, the modified BMJ scheme further
reduced track spreads for Kongrey, Lingling, and Faxai with relatively small track spread (not shown).

Figure 12 shows the mid-level synoptic fields, variance/average of GPH among the CPSs, MPSs, and total GPH
variance/average during the 2448 hr forecasts of typhoon Trami in the KF-, TDK-, and modified BMJ-applied
runs. The most noticeable difference between Figures 6 and 12 is the dramatically decreased GPH variance
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Figure 11. Same as Figure 4 but with the modified BMJ sensitivity experiments.
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Figure 12. Same as Figure 6 but with the modified BMJ sensitivity experiments.

among CPSs near low latitudes and in the vicinity of typhoons when using the modified BMJ scheme (bottom
panels in Figure 12). Simultaneously, the simulated WNPSH by the modified BMJ scheme extended further
southwestward, similar to the KF- and TDK-applied runs, and greatly affected the typhoon movement than the
original results. To investigate the reason why GPH variance differs between the BMJ- and modified BMJ-applied
runs, we analyze each simulation results for the upper and lower tropospheric environments.

Figure 13 shows the simulated synoptic fields in the middle and upper troposphere (500-300 hPa; Figure 13a)
and the surface and lower troposphere (1,000-850 hPa; Figure 13b) of BMJ_W6 and modified BMJ_W6. In
the case of BMJ_W6, precipitation occurred in a wide area at low latitudes, where convection formed over
wide-range and reached the upper troposphere. Convection also existed extensively (around 110°E-120°E) only
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Figure 13. Comparison of simulated (a) mixing ratio of ice (g kg~!, shading) at 300 hPa and GPH line at 500 hPa (Zsy; gpm, contour) and (b) 24-hr accumulated
precipitation (mm, shading) and wind fields A (m s~!, vector) at 850 hPa in BMJ_W6 (left) and modified BMJ_W6 (right) during the 24-48 hr forecast for typhoon

Trami (initialized at 0000 UTC 27 Sep 2018) in the 12 km domain.

in BMJ_W6. Moreover, Zsy was contracted owing to excessive CPS-induced shallow precipitation at low lati-
tudes. In contrast, in the modified BMJ_W®6, precipitation occurred in a relatively narrow area, resulting in the
expansion of strengthened WNPSH. In addition, when compared with IMERG (Integrated Multi-satellitE Retriev-
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Figure 14. Comparison of averaged convective rainfall rate in the vicinity of
typhoons (within a 500 km radius) between the Betts—Miller—Janji¢ (BMJ)-
and modified BMIJ sensitivity experiments at 6-hr intervals for all typhoon
cases (blue: BMJ, red: modified BMI).

als for GPM) data, the modified BMJ-applied runs reasonably captured the
localized precipitation at low latitudes (not shown).

We also calculated the rate of averaged CPS-induced precipitation within
a 500 km radius for all the typhoons at each forecast time to compare the
effect of the two adjusted parameters (Figure 14). Because the BMJ scheme
is over-activated to remove atmospheric instabilities in the tropics, the impact
of reduced CPS activation was most significant at the early forecast hours. In
modified BMJ-applied runs, the precipitation ratio by the CPS decreased at
the early forecast hours, implying an enlargement of the amount of precipi-
tation by the MPS. Besides, we found that convection, which was associated
with another typhoon Kong-rey in the developing stage, was weakly simu-
lated in BMJ-applied run (left figures in Figure 13). This result showed that,
when another typhoon was located at the low-latitude region, as in the Trami
case, CPS overactivation could weaken the WNPSH as well as prevent the
typhoon from developing well. In other words, these results suggest that the
typhoons at low-latitude region might not be realistically intensified when
using the BMJ scheme with low horizontal resolution, even if the P3 scheme
is used for the MPS.

To summarize the previous results, overall forecast performances were
improved when using the modified BMJ scheme. The typhoon track forecast
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performances were significantly improved, and these results were strongly related to the expansion of strength-
ened WNPSH in the modified BMJ-applied runs. We showed that CPS working is reduced by changing the two
factors in the BMJ scheme, resulting in the reduction of convective processes that occur excessively around
typhoons at low latitudes. Additionally, we tried to change the values of the two factors a bit differently. We
applied them to three typhoon cases with the large track spread (e.g., Noru, Trami, and Tapha) to identify the
effect of changing the two parameters. As a result, we found that the best performances were shown when using
the two values in Table 2 for the modified BMJ scheme, and better performance than the BMJ-applied runs was
only simulated when excessive CPS activities at low latitudes were significantly reduced.

4. Summary and Conclusions

This study shows that typhoon track forecast performances largely depended on the applied physics combina-
tions. On average, the best combination of physics options for typhoon forecasting in our model setting was found
to be the KF scheme for CPS and WSM6 scheme for MPS. BMJ-applied runs showed the worst performances,
and simulated typhoons tended to move significantly westward compared with other runs. In addition, P3-applied
runs tended to overestimate the simulated typhoon intensities. We found that the reason why P3 scheme results
in always stronger typhoons were due to the more enhanced formation of ice by the strong upward motion and
increased latent heat release in the upper deep convection mainly by the vapor deposition process. Moreover,
the simulated typhoon track (intensity) was largely affected by the applied CPS (MPS). Furthermore, excessive
activation of CPS at low latitudes could significantly influence short-term typhoon forecasting performance by
weakening the WNPSH. The BMJ scheme tended to be modulated very sensitively and allowed extensive precip-
itation, especially at low latitudes, resulting in less MPS-induced precipitation in the same region. The main
issue with the BMJ scheme was the reference profiles, which were already determined based on mean structures
observed in the deep convection. The BMJ scheme has been reported to have good performance (Athukorala
etal., 2021; Choi & Ahn, 2017; Doutreloup et al., 2019; Evans et al., 2012; Kumar et al., 2014; Ratna et al., 2014)
and widely used within the WRF community since it requires fewer computational resources due to its simplic-
ity. However, our results show that the predetermined reference profiles could cause issues even in short-term
typhoon forecasts. Thus, we suggest that the use of the BMJ scheme needs to be considered carefully in the WNP
region or the scheme should be at least modified.

We found that some of the findings in this study were somewhat different from the previous studies due to the
model setting or selected typhoon case. For example, in the study by Sun et al. (2014), they investigated the
sensitivity of two CPSs on the simulation of typhoon Megi (2010) using the WRF model with a 20 km horizontal
resolution domain. In their study, the WNPSH weakened and caused westward typhoon track errors when the
BMIJ scheme was applied. The initial WNPSH strengths were the same in their sensitivity experiments, but the
WNPSH strength changed as the typhoon approached the WNPSH. These results seemed to be strongly related
to the simulated spiral rainband in the BMJ-applied run was much stronger and distributed up to 30°N, where the
WNPSH was separated. Thus, the contracted WNPSH due to the over-intensification of the simulated typhoon
might be the reason for the strong westward bias in their study. However, in our study, the WNPSH was relatively
contracted in BMJ-applied runs from the initial forecast time, and the simulated typhoon track was relatively
less affected by the WNPSH than KF or TDK-applied runs. In addition, in the study by Biswas et al. (2014),
they argued that simulated typhoon intensities were sensitive to the choice of the CPSs. However, when looking
at the Faxai case in our study, there was an MWS difference of about 7 m s~! among the CPSs, but in the study
by Biswas et al. (2014), the largest 72-hr forecasted average intensity spread was only about 5 m s~!. Although
there was a difference in typhoon intensity among the CPSs in this study as in Biswas et al. (2014), this study
does not emphasize much because the difference in typhoon intensity by MPSs was much more significant, and
we kept emphasizing that those results may be closely related to the test of small number of CPSs and MPSs or
our model setting.

There are a few further points worth noting, although some meaningful results were found in this study: to find
the optimal choice of CPS and MPS for forecasting the recent landfalling typhoon cases, to show the impact of
CPS and MPS on selected typhoon forecast, and to find the reason of large track forecast errors in BMJ-applied
runs by modifying the reference profiles in the BMJ scheme. Firstly, the best physics combination proposed
in this study is strongly influenced by our model settings (i.e., domain size, horizontal resolution, and physics
scheme) and selected typhoon cases. In particular, our model was designed to predict typhoons affecting Korea,
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so the results might be different when using our optimized physics setting for forecasting other typhoon cases
in different model configurations. In addition, due to the parent domain that was designed to be focused largely
on the WNPSH simulation, the mid-latitude trough was not sensitively simulated in all experiments. To address
those issues, additional sensitivity studies for various typhoon cases and mid-latitude troughs by varying the
parent domain are required. Secondly, our focus was to improve the forecast performances of selected typhoon
cases in terms of the role of physics parameterization schemes. However, only a small number of camulus param-
eterization and cloud microphysics schemes were tested in this study, so there is a need to conduct more sensi-
tivity experiments using diverse kinds of physics parametrization schemes in the future for a more sophisticated
forecast performance verification. Besides, various methods to achieve better performances in typhoon fore-
cast have been introduced by lots of studies; increasing the model horizontal resolutions (Buizza, 2010; Davis
et al., 2010), improving initial condition (Cha & Wang, 2013; Y. Choi, Cha, & Kim, 2017; Kurihara et al., 1993;
Liu & Tan, 2016), using alternative boundary condition (Moon et al., 2018), and reflecting the realistic atmos-
phere and ocean interactions by using atmospheric-ocean coupled models (Bielli et al., 2021; Kim et al., 2014;
Mogensen et al., 2017; Yesubabu et al., 2020). Therefore, other factors also should be considered and included in
future studies with optimal physics combinations to further improve the overall typhoon forecast.

Data Availability Statement

Software—The Weather Research and Forecasting (WRF) model v4.1.2 is available at https:/www2.mmm.
ucar.edu (WRF, 2008). Figures have been made with the National Center for Atmospheric Research (NCAR)
Command Language (NCL v6.5.0) post-processing tool accessible at https://www.ncl.ucar.edu (NCL, 2019).
Data—The meteorological input data to create the initial and boundary conditions for the WRF model domains
were obtained from the Global Forecast System (GFS) forecast and analysis data available at the National Centers
for Environmental Information (NCEI) online at http://ncei.noaa.gov (GFS, 2015). The WRF simulation data can
be accessed on the Zenodo repository (https://doi.org/10.5281/zenodo.7024346) (Park et al., 2022).
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