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Abstract In high-resolution numerical modeling, cloud microphysics schemes can affect the forecasting
of tropical cyclones (TCs) by controlling the phase changes of water. The simulated TC characteristics
such as motion, intensity, and structure can change depending on the number of hydrometeors used in these
schemes. In this study, we investigate the sensitivity of real-time track and intensity forecasts of TCs to
cloud microphysics schemes using the Weather Research and Forecasting (WRF) model. For the sensitivity
test, we selected WRF-single-moment-microphysics Class 3 (WSM3) and Class 6 (WSM6) schemes as
simple and sophisticated schemes, respectively. A total of 20 forecasts for 10 TCs were conducted. For TCs
moving westward in the subtropics, track forecasts were similar in the different sensitivity tests, although
the WSM6 scheme considerably reduced the TC intensity errors. However, for TCs moving to the
midlatitudes, the WSM6 scheme improved both track and intensity prediction compared to the WSM3
scheme. Particularly, track errors were prominently reduced by the WSM6 scheme, which realistically
captured westward shifted track during the rapid intensification process. This can be attributed to the
improved simulations of TC intensity, size, and associated 3 effect by WSM6 scheme. In contrast, the WSM3
scheme underestimated the above characteristics due to low latent heat release compared to the WSM6
scheme. Consequently, TC track moving northwestward was unreasonably shifted eastward. This indicates
that a sophisticated cloud microphysics scheme is necessary to improve the track and intensity forecasts
for TCs moving to the midlatitudes.

1. Introduction

Tropical cyclones (TCs) are one of the major meteorological hazards developing in the western North Pacific
(WNP). Mature TCs are characterized by low pressure in the vicinity of the center, strong winds in the eye-
wall, spiral rain bands, and torrential precipitation. In particular, landfalling TCs can trigger enormous eco-
nomic loss and damage to the coastal regions (Knabb et al., 2006). Further, several studies have indicated a
potential increase in the intensity of future TCs due to global warming, which may trigger more devastating
natural disasters (Kitoh et al., 2009; Knutson et al., 2010). Thus, highly accurate TC forecasting is urgently
required to save human resources and reduce economic losses in the future. Accordingly, several studies
have focused on TC modeling to improve the accuracy of forecast (Mohanty et al., 2010; Rao & Rao, 2003;
Srinivas et al., 2007). Despite the increasing model resolution (Miyoshi et al., 2010) and implementation
of other techniques such as bogussing of initial TC vortex (Cha & Wang, 2013; Liu & Tan, 2016;
Miguez-Macho et al., 2005), nudging large-scale fields (Cha et al., 2011; Liu & Xie, 2012; Moon et al., 2018),
and improving physical parameterization schemes (Chatterjee et al., 2008; Zhang et al., 2012), the average
position error of 24 hr TC forecast for the WNP region was about 59 km from the European Centre for
Medium-Range Weather Forecasts (ECMWF) Integrated Forecast System (IFS) in 2018 (Chen et al., 2019),
which was still a crucial concern in many coastal regions (Leroux et al., 2018).

It is challenging to represent subgrid-scale processes such as deep convection in simulation modeling
(Stensrud, 2009; Warner, 2010). Due to the limited resolution of most numerical models, they have been
implemented using various physical parameterization schemes. Hence, a higher horizontal resolution is cru-
cial to resolve the small-scale processes associated with the formation of convective systems. Several studies
have focused on high-resolution models to simulate TC structure, intensification, and movement with
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different physical processes. Chutia et al. (2019) demonstrated that the horizontal resolution of prediction
models is beneficial to simulate the TC track. The simulation of TC with 4 km horizontal resolution captured
the patterns of the observed track, which were not realistically obtained in that with 9 km horizontal
resolution.

Further, in high-resolution numerical modeling, cloud microphysics schemes can play a vital role in TC
forecasting by controlling the phase changes of water within clouds and subsequent latent heat release
(Chen et al., 2007; Nolan et al., 2009; Zou et al., 2010). Simulated TC structure can be affected by the
number of hydrometeors used in such schemes. The latent heat released in the convective clouds
depends on the microphysical processes, and it can facilitate a warm-core structure in the eye, which
is essential for the development and maintenance of the circulations of TCs (Deshpande et al., 2012).
Several earlier studies have evaluated the sensitivity of TC track and intensity forecast to cloud micro-
physics schemes. Zhu and Zhang (2006) examined the effect of various cloud microphysical processes
on the intensity, precipitation, and inner-core structure of Hurricane Bonnie (1998) with triply nested
(36/12/4 km) cloud-resolving fifth-generation Pennsylvania State University-National Center for
Atmospheric Research Mesoscale Model (PSU-NCAR MMS5). They showed that the weakest and shallow-
est storm was produced when ice microphysical processes were removed in the model. Further, they
found that in the presence of graupel, the simulated hurricane became narrower and more intensified
due to the rapid fallout of graupel in the eyewall, which helped to reduce water loading and facilitated
the growth of updrafts and latent heat release. Consequently, they showed that the variation of cloud
microphysical processes affected not only the intensity and intensity variations of the simulated TCs
but also the changes in their inner-core structure. Pattnaik and Krishnamurti (2007) conducted a cloud
microphysics sensitivity experiment with high-resolution (4 km innermost domain) MMS5 to investigate
the effect of different microphysical parameters on the intensity of Hurricane Charley in 2004. They
showed that the microphysical processes (i.e., melting and evaporation) among hydrometeors and asso-
ciated feedback mechanisms (i.e., fall speed and intercept parameter) significantly modulated the simu-
lated hurricane intensity. Further, they found that the most intense storms were primarily simulated in
the experiments where the melting of solid- and liquid-type hydrometeors and evaporation of rainwater
were eliminated in the parameterization scheme. Furthermore, they confirmed that the increase in
moist static energy facilitates the enhanced convection and its organization in the eye wall. Tao
et al. (2011) tested and compared cloud microphysics schemes with triply nested (15/5/1.7 km)
Weather Research and Forecasting (WRF) model for Hurricane Katrina in 2005 and found that the var-
iations in such schemes can significantly impact the inner core structure of the storm. More compact
eyewall structure with heavier precipitation, more symmetrical structures around the eye, and stronger
warm cores tended to be simulated in stronger storms. Chan and Chan (2016) investigated the sensitiv-
ity of TC simulation to microphysics schemes with triply nested (36/12/4 km) WRF model. They found
that the simulated TC intensity and size were enhanced when higher diabatic heating was generated in
the spiral rainbands outside the eyewall. All these studies indicated that the cloud microphysical para-
meterization schemes had a substantial impact on the intensity prediction of TC but their effect on track
forecast was not significant.

Until now, very few modeling studies have investigated the impact of cloud microphysics schemes on TC
forecasting using high-resolution (about 5 km or less) numerical models. In addition, most of these studies
did not implement real-time forecasting because they used reanalyzed or analyzed data as initial and
boundary conditions and their results were mostly confined to a few TC cases. To this end, in this study,
we investigate the sensitivity of real-time track and intensity forecasts of TCs to cloud microphysics
schemes using the WRF model. In particular, WRF-single-moment-microphysics Classes 3 and 6 (WSM3
and WSM6) schemes are selected as simple and sophisticated cloud microphysics schemes for implement-
ing warm rain processes and cold rain processes, respectively. A total of 20 forecasts for 10 TCs that
occurred from 2012 to 2018 were conducted using a high-resolution (2 km for core region) WRF model
with the moving nesting method.

Overall, the objective of this study is to understand the effect of cloud microphysics schemes on the real-time
forecast of track, intensity, and structure of TCs over the WNP region. The rest of this paper is organized as
follows. Section 2 describes the model configuration and experimental design. The simulation results are
presented in section 3. Section 4 concludes the study.
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2. Model Configuration and Experimental Design

WRF model (Skamarock et al., 2008) Version 3.7.1 was used as the regio-
nal model. The initial and boundary conditions were obtained from the
0.5° X 0.5° real-time forecast data of National Centers for
Environmental Prediction (NCEP) Global Forecasting System (GFS).
Similar to the model setup of Cha and Wang (2013), our model consisted
of three domains with 18 km (341 x 271), 6 km (331 X 331), and 2 km
(211 x 211) horizontal resolutions (grid points). We used the two-way
moving nesting technique for Domains 2 and 3 to rationally resolve the
inner core structure of TC. The domain contained 35 vertical levels from
the surface to the top of the atmosphere at 50 hPa. The model utilized
the WSM3 and WSM6 cloud microphysics schemes (Hong et al., 2004;
Hong & Lim, 2006), Yonsei University planetary boundary layer scheme

T
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Figure 1. JTWC best tracks for the all simulated TC cases at the 6 hr
intervals. The blue and red lines represent the westward and

T
120°E

T

T T (Hong et al., 2006; Noh et al., 2003), Dudhia short-wave radiation scheme

135°E 150°E 165°E (Dudhia, 1989), and long-wave radiation scheme based on rapid radiative

transfer model (Mlawer et al., 1997). Kain-Fritsch scheme (Kain, 2004)
was only employed for convective processes in domain 1 with 18 km

northwestward moving TCs, respectively. resolution.

The WSM3 and WSM6 cloud microphysics schemes were selected for the
sensitivity experiments (hereafter called WSM3 and WSM6 runs, respectively). The WSM3 scheme is a
simple-ice scheme, which considers only three variables of prognostic water substance including mixing
ratios of water vapor, cloud water/ice, and rainwater/snow. In this scheme, cloud water and rainwater,
whose mixing ratios are calculated by diagnostic equation, are assumed to exist above 0°C. Further, they
are considered as ice and snow below 0°C. This scheme is widely used in real-time global or regional models,
as it consumes less computational resources than other microphysics schemes (Liang et al., 2012; Mooney
et al., 2013). The WSM6 scheme is similar to the WSM3 scheme. However, WSM6 scheme is a more sophis-
ticated scheme than WSM3 scheme because it considers three additional prognostic hydrometeors (i.e.,
snow, ice, and graupel) and includes more complicated processes associated with the phase change among
them. WSM3 scheme only predicts the liquid phase variables, and supercooled water is not considered
because liquid phase variables cannot coexist with the solid phase variables. Further, it does not consider
the variable of solid-type water substance, that is, mixing ratio for graupel. Therefore, the characteristics
of simulated TC can be different in the two schemes.

For the sensitivity experiments, we selected 10 TC cases in the WNP region that occurred from 2012 to 2018
(Figure 1). These cases were divided into two groups according to the direction of the TC movement; five cases
included westward moving TCs in the subtropical region, and the remaining included northwestward moving
TCs from the subtropics to the midlatitudes. Further, we conducted two forecasts with different initial times for
each TC, and the initial forecast times were at least 24 hr before the TC attained lifetime maximum intensity
because we wanted to understand the effect of cloud microphysics scheme on the track and intensity during
the intensification stage of TC. Thus, a total of 20 simulations for 10 TC cases were conducted. The initial fore-
cast times, directions, and lifetime maximum intensities for all TC cases are shown in Table 1.

Similar to the study of Cha and Wang (2013), the center of outermost domain was 5° (7.5°) to the north
(northwest) from the observed TC center if the latitude of the observed TC center was north (south) of
20°N, while the centers of the two nested domains were near the observed TC center. The integration time
steps of the model for Domains 1-3 were 90, 30, and 10 s, respectively. The forecast runs were initialized at
0000 or 1200 UTC and integrated for 72 hr.

3. Results and Discussion
3.1. Track and Intensity Forecasts
The difference in TC track and intensity forecasts between the WSM3 and WSM6 runs was analyzed by cal-

culating the forecast errors with respect to the best track data from Joint Typhoon Warning Center JTWC).
Track forecast error is defined as the great circle distance between the center position of a TC forecast and
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Table 1
Initial Times, Directions, and Lifetime Maximum Intensities for the Simulated 10 TCs, Which Occurred From 2012 to 2018

TC number TC name Forecast initial time Direction Lifetime maximum intensity (time)

1217 Sanba 2012/09/12 1200 UTC Northwestward 907 hPa (2012/09/14 00 UTC)
2012/09/13 0000 UTC

1226 Bopha 2012/11/30 0000 UTC Westward 911 hPa (2012/12/03 18 UTC)
2012/11/30 1200 UTC

1331 Haiyan 2013/11/05 1200 UTC Westward 895 hPa (2013/11/07 12 UTC)
2013/11/06 0000 UTC

1408 Neoguri 2014/07/05 0000 UTC Northwestward 918 hPa (2014/07/07 00 UTC)
2014/07/06 0000 UTC

1418 Phanfone 2014/10/01 0000 UTC Northwestward 922 hPa (2014/10/04 00 UTC)
2014/10/02 0000 UTC

1422 Hagupit 2014/12/03 0000 UTC Westward 907 hPa (2014/12/04 00 UTC)
2014/12/03 1200 UTC

1504 Maysak 2015/03/29 0000 UTC Westward 911 hPa (2015/03/31 12 UTC)
2015/03/30 0000 UTC

1618 Malakas 2016/09/14 0000 UTC Northwestward 937 hPa (2016/09/16 12 UTC)
2016/09/15 0000 UTC

1621 Chaba 2016/10/01 0000 UTC Northwestward 911 hPa (2016/10/03 06 UTC)
2016/10/02 0000 UTC

1826 Mangkhut 2018/09/09 0000 UTC Westward 896 hPa (2018/09/12 06 UTC)
2018/09/10 0000 UTC

the best track position (Chen et al., 2013, 2016). Intensity forecast error is defined as the difference between
the intensity forecast (i.e., maximum 10-m wind speed and minimum sea level pressure) and best track
intensity at the forecast hour (Chen et al., 2016).

Figure 2 compares the track and intensity forecast errors of the WSM3 and WSM6 runs for each lead time
level and their average value. Generally, for all TC cases, both track and intensity forecast errors tend to
be lower in the WSM6 runs compared to those in the WSM3 runs. Further, TC intensities in the WSM3
run are prominently underestimated compared to that in the JTWC best track. It is noteworthy that the
two groups show distinct aspects of track forecasts. For westward moving TCs, the differences in the average
of track forecast errors between the two runs are smaller than those for northwestward moving TCs; differ-
ences in track forecast errors at 24, 48, and 72 hr forecast hours for westward moving TCs are 6.6, 10.3, and
13.9 km, while those for northwestward moving TCs are 15.7, 31, and 81.7 km, respectively. This implies that
the track forecasts of westward moving TCs are less sensitive to the cloud microphysics scheme. On the con-
trary, for northwestward moving TCs, the differences in the track forecast errors between the two runs are
relatively large and exhibit a significant increase with simulation hours. In contrast to the track forecast,
intensity errors as well as their differences between the two runs in westward moving TCs are larger than
that in northwestward moving TCs.

Figures 3 and 4 show the 3-day track and intensity forecast results in the sensitivity experiments for west-
ward and northwestward moving TCs, respectively. Typhoons Bopha in 2012 and Maysak in 2015 are
selected for westward moving TCs, and typhoons Malakas and Chaba in 2016 are chosen for northwestward
moving TCs. As confirmed in Figure 2, westward moving TCs have similar track patterns in the WSM3 and
WSMS6 runs (Figures 3a and 3d), while northwestward moving TCs have a relatively large track difference
(Figures 4a and 4d). For northwestward moving TCs, simulated track in the WSM6 run tends to move more
northwestward compared to that in the WSM3 run. In contrast, intensity forecasts are quite similar in west-
ward and northwestward moving TCs. In general, all simulated TCs in the WSM6 run are more rapidly
intensified compared to those in the WSM3 run. Especially, their intensity differences are most prominent
during the intensification period. It is noteworthy that the track difference between the sensitivity experi-
ments tends to increase during the intensification period in northwestward moving TCs. In the case of
Malakas, the track difference between the two runs increases after 42 hr forecast. Further, the largest differ-
ence in TC intensity between the two runs appears at the same forecast hour (i.e., 42 hr). These results for
Malakas are similar to those for Chaba and for other TC cases in northwestward moving TCs. This indicates
that the simulated TC track might be related to the intensity forecast in northwestward moving TCs. For
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Figure 2. Mean forecast errors of (a, d) track (km), (b, €) minimum sea level pressure (hPa), and (c, f) maximum wind speed (m s_l) at the 0, 24, 48, 72 hr forecast
hours and total average. The upper and lower figure show the WSM3 (blue) and WSM6 (red) runs in westward and northwestward moving TCs, respectively.
Error bars represent the spread between the maximum and minimum errors.

westward moving TCs, the intensity difference between the two runs and whether rapid intensification (RI)
is captured or not may be less relevant to the track forecast.

To investigate the relationship between the intensity forecast and track forecast, we analyzed the cross- and
along-track differences with respect to the intensity differences between the two runs. The cross-track error
is defined as the absolute error in the component perpendicular to the best track of the TC. Also, the
along-track error is defined as the component of the absolute error along the direction of the best track of
the TC. To identify the differences in track forecast skill between the two runs, we compared the cross-
and along-track differences of the WSM6 and WSM3 runs. The positive values of cross-track difference indi-
cate that the simulated TC track in the WSM6 run is located on the right side of the WSM3 run. Also, the
positive values of along-track difference indicate that the simulated TC in the WSM6 run moves faster than
the WSM3 run. Overall, the cross-track difference between the two runs tends to increase with the forecast
hour, as shown in Figure 5. For the forecast stage earlier than 12 hr, the cross-track difference between the
two runs is nearly constant in both the groups, and the intensity difference between the two runs is not sig-
nificant. Subsequently, the intensity difference and the cross-track difference between the two runs gradu-
ally increase in both the groups. However, the increasing trend of cross-track difference in northwestward
moving TCs appears much earlier and is more prominent than that in westward moving TCs. At 72 hr fore-
cast, the cross-track difference between the two runs for northwestward moving TCs is about —80 km, while
that for westward moving TCs is around +40 km. The considerable negative cross-track difference in north-
westward moving TCs implies that TC track in the WSM3 run is unreasonably shifted eastward compared to
that in the WSM6 run. In contrast, the along-track difference between the two runs for both the groups does
not vary significantly except in the late forecast stage, where it becomes slightly negative, indicating that the
WSM6 run simulates somewhat slower movements of TCs than the WSM3 run (Figure 6). This can be attrib-
uted to the fact that TCs simulated with the WSM3 scheme experience more rapid weakening (most of them
are weak enough to be considered as the tropical depression) compared to those simulated with the WSM6
scheme, especially during the late forecast stage.

These results show that the differences in simulated TC intensity between the WSM3 and WSM6 runs can be
related to the track forecast for northwestward moving TCs. Simulated TCs in the WSM6 scheme undergo
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Figure 3. Simulated TC (a, d) track, (b, e) minimum sea level pressure, and (c, f) maximum surface wind speed in the
‘WSM3 run (blue), WSM6 run (red), and best track (black) of westward moving TC Bopha (initialized at 0000 UTC 30
November 2012, left) and Maysak (initialized at 0000 UTC 30 March 2015, right).

rapid changes in intensity. In particular, TC tracks in northwestward moving TCs are relatively shifted
northwestward by the WSM6 scheme compared to that by the WSM3 scheme. This may be related to the
fact that the different (8 effect, which is also a function of TC size and intensity, causes the TCs to move
northwestward in the Northern Hemisphere (Chan et al., 2002; Chan & Gray, 1982; Fiorino &
Elsberry, 1989). To this end, we now analyze the reason for the differences in simulated TC intensities
between the two runs by comparing the simulated TC structures.

3.2. Role of the Phase Variation of Hydrometeors

As the number of hydrometeor species considered and their distributions are different in the two schemes,
the intensification process during the TC forecast can be different in the sensitivity experiments. To compare
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Figure 4. Same as Figure 3 but for the northwestward moving TC Malakas (initialized at 0000 UTC 15 October 2016,
left) and Chaba (initialized at 0000 UTC 02 October 2016, right).

the differences in the inner-core structure of simulated TC between the two runs, we analyzed the
three-dimensional structure of TC Malakas, which exhibited vertical-radial structure of the azimuthal
mean of tangential and radial wind, temperature anomaly, and diabatic heating at the lifetime peak
intensity (Figure 7) that is typical for well-developed TCs. The temperature anomaly was calculated as the
azimuthal-mean temperature difference from the horizontal mean value within the radius of 4° from the
TC center. In the WSM6 run, the intensity of simulated TC was much stronger, and the cloud top
achieved a higher level compared to that in the WSM3 run. Despite the lifetime peak intensity in both the
experiments, tangential and radial winds were prominently stronger, and simulated TC had slightly
greater height and larger size in the WSM6 run than in the WSM3 run. Further, warm core structure was
more enhanced at the upper level in the WSM6 run. The primary cause of the TC intensification is the
release of latent heat in the inner core of the TC (Emanuel, 1986; Guimond et al., 2011). Here, the
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Figure 5. Scatterplot of cross-track difference (km, blue) and maximum intensity difference (m s red) of the WSM6
run against to the WSM3 run for (a) westward and (b) northwestward moving TCs. Solid blue and red lines indicate
the mean cross-track difference and intensity difference, respectively.

atmospheric latent heat release around TC core regions was governed by the cloud microphysical processes
because cumulus parameterization scheme was not employed in Domains 2 and 3. Thus, the difference in
the intensification process between the WSM3 and WSM6 runs is related to different diabatic heat
released from cloud microphysical processes.

To clarify the effect of different cloud microphysical processes in sensitivity experiments, we analyzed the
vertical cross section of the cloud particles (i.e., cloud water and ice), precipitable particles (i.e., rain water,
snow, and graupel), and potential temperature at the lifetime peak intensity of TC Malakas. Figure 8 shows
that the overall distribution of the cloud and precipitable particles in the updraft region near the simulated
TC center and upper-level clouds are reasonably simulated in both the runs. However, the detailed features
of the upper-level hydrometeors between 100 and 400 hPa are significantly different in the two runs. As the
WSM3 scheme includes only three variables of prognostic water substance, mixing ratios for cloud water and
rainwater are considered as ice and snow, respectively, for temperature below 0°C. In contrast, the WSM6
scheme explicitly calculates three more prognostic variables (i.e., ice, snow, and graupel), which require
additional computation time. In addition, the WSM6 scheme, which is a mixed-phase scheme, allows the
existence of supercooled water. The supercooled water is involved in the process of growing of snow by rim-
ing of ice crystals and also helps forming of graupel by riming of snow. Therefore, warmer temperature at the
middle and upper levels indicate that enhanced warm core is more effectively simulated by the WSM6
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Figure 6. Same as Figure 5 but for the along-track difference.
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Figure 7. Vertical and radial structure of the azimuthal mean of (a, ) tangential wind (m s_l), (b, f) radial wind (m s_l),
(c, g) temperature anomaly (K), and (d, h) diabatic heating (K day_l) in the WSM3 run (left) at 0600 UTC 17 October
2016 (54 hr forecast) and WSM6 run (right) at 1800 UTC 16 October 2016 (42 hr forecast) in the 2 km domain for
the northwestward moving TC Malakas. The initial forecast time is 0000 UTC 15 October 2016.
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Figure 8. Vertical and radial structure of the azimuthal mean of (a, d) cloud particles, (b, e) precipitable particles, and
(c, f) potential temperature (K) in the WSM3 run (left) at the 54 hr forecast and WSM6 run (right) at the 42 hr
forecast in the 2 km domain for the northwestward moving TC Malakas. q¢, gr, gi, gs, and qg indicate cloud water, rain
water, ice, snow, and graupel, respectively. Contour lines of hydrometeors are at 0.02, 0.05, 0.08, 0.3, 1.0, 2.5, and
50g kg_l, and the contour interval of potential temperature is 3.5 K. The initial forecast time is 0000 UTC
15 October 2016.
scheme than that by the WSM3 scheme. This implies that the impact of latent heat release at the middle and
upper levels around the TC core region on the intensification process is more significant in the WSM6
scheme compared to that in the WSM3 scheme. The different latent heat release in the two schemes can
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Figure 9. Vertical cross sections of equivalent potential temperature (shading, K) and wind fields (U and W x 10
components, vector) in the WSM3 (left) and WSM6 (right) runs in the 2 km domain at 6 hr intervals. The initial
forecast time is 0000 UTC 15 October 2016 for the northwestward moving TC Malakas.
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130E 140E 150E 130E 140E 150E

Figure 10. Streamlines averaged at 300-850 hPa, TC motion vector (black vector), and steering flow vector (blue vector)
in the (a) WSM3 and (b) WSM6 runs for the westward moving TC Bopha at 1200 UTC 2 December 2012 (54 hr
forecast). Red and black lines indicate TC tracks of the best track and simulations, respectively. TC mark represents
the TC location of the best track at the forecast hour.

be attributed to more diabatic heating around the TC core region in the WSM6 scheme, which is primarily
induced by the production of graupel (Kanase & Salvekar, 2015; Mukhopadhyay et al., 2011). The more
enhanced upper-level warm core structure of the simulated TC in the WSM6 runs in Figure 7g is
associated with the dry adiabatic descent within the eye and larger amount of vertically transported heat
within the eyewall. These updrafts within the eyewall are accompanied by the latent heat release from
condensation process. We also showed it in Figure 9. Figure 9 shows the 6 hourly evolution of
intensification processes in the two runs at the lifetime peak intensity of TC Malakas. As the forecast hour
increases, simulated two TCs are intensified with increased equivalent potential temperature at the upper-
level, enhanced vertical motion; low-level inflow; upper-level outflow; and the low-level cyclonic
circulation in the two runs. However, these processes are more prominently enhanced in the WSM6 run
than that in the WSM3 run. Consistent with the studies of Mukhopadhyay et al. (2011) and Deshpande
et al. (2012), more latent heat release at the middle and upper levels enhances the vertical motions in
convective clouds, which leads to the intensification of the system by strengthening divergence at the
upper level and convergence at the lower level.

30N 30N

25N

25N

20N 20N

120E 130E 120E 130E

Figure 11. Same as Figure 10 but for the northwestward moving TC Chaba at 0000 UTC 3 October 2016 (24 hr forecast).
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3.3. Simulated TC Motion

) Here, we investigate the impact of cloud microphysics schemes on the TC
motion. Generally, TC motions are determined by the large-scale environ-
mental wind. In the tropics, an easterly wind called trade wind governs
the propagation of TCs. However, in the midlatitudes, the environmental
wind related to the western North Pacific subtropical high (WNPSH) plays
an essential role in the northwestward movement and the recurving of
TCs. In addition, the TC track can be affected by the f8 effect, which arises

—— >

\ from the variation of Coriolis parameter. We hypothesize that the f3 effect,

which is related to the TC size and intensity, impacts different TC motion
in the sensitivity experiments. Theoretically, the storm size can affect the
TC motion by influencing the extension and intensity of anvil clouds (Bu
et al., 2014). Moreover, several studies have shown that distinct intensi-
ties, structures, and azimuthally averaged winds in the outer-core region

T
126°E 127°E

T ' T of the TC induced due to different microphysics schemes can influence
the TC motion (Sun et al., 2015) by varying the {8 drift in the vicinity of

128°E 129°E 130°E

Figure 12. Motion vectors for 6 hr track forecast of g-plane (solid) and TC (Fiorino & Elsberry, 1989; Holland, 1984). Galarneau and
f-plane (dashed) experiments for the northwestward moving TC Chaba Davis (2013) also indicated that the actual TC motion does not exactly
at 0000 UTC 3 October 2016 (24 hr forecast). equal to the surrounding steering flow due to various processes occurred

Table 2

in the vicinity of the storm (i.e., the storm-scale processes, the {3 effect gen-
erated by TC circulation itself, and so on). Thus, we mainly focus on the impact of 8 effect on TC movement
in this subsection. To verify the 3 effect in each simulated TC track, we compared the steering flow in the
vicinity of TC center and the simulated motion vector for 6 hr. The steering flow is defined as the averaged
wind vectors at the 5-7° radius around the TC center (Chan & Gray, 1982; Liu & Xie, 2012) and at the vertical
layer from 850 to 300 hPa, which have the best correlation with the TC movement (Franklin et al., 1996;
Marks et al., 1992; Wu et al., 2011; Wu & Chen, 2016). Furthermore, we pay attention to the point where
the differences in simulated TC track and intensity between the two runs prominently increase.

Overall, for westward moving TCs, the direction and magnitude of the motion and steering flow vectors in
the two runs were mostly unaffected by the variation in simulated TC intensity and size during the entire
forecast period. Figure 10 shows the motion and steering flow vectors of westward moving TC Bopha near
the lifetime peak intensity (at 54 hr forecast). Although the differences in simulated TC intensity and size
between the two runs are significant here, the zonal and meridional components of the motion and steering
flow vectors are similar in the two runs. On the contrary, difference in the motion vector between the two
runs is relatively substantial for northwestward moving TCs (Figure 11). In the case of TC Chaba among
northwestward moving TCs, difference in the motion vector between the two runs is largest at 24 hr forecast
when simulated TC is rapidly enhanced (see Figures 4e and 4f). The TC motion vectors point more north-
westward than steering flow vectors, and the zonal and meridional components of the vector difference
between the motion and steering flow vectors are —4.14 and —0.86 m s~ * for the WSM3 run and —5.35
and 0.1 m s™* for the WSM6 run. This implies that simulated TC is affected by an additional force (i.e.,
the B effect) apart from the environmental steering flow wind (Li & Pu, 2008; Luo et al., 2011) to move
the TC further northwestward. Also, these results suggest that the effect of § drift on TC motion could be
relatively strong in the subtropics compared to the low latitudes, even if the magnitude of the 8 effect is rela-
tively larger for TCs moving westward in low latitudes.

Thus, to elucidate the impact of 8 effect on TC movement, we conducted
additional experiments, namely, f-plane sensitivity experiments with fixed
Coriolis parameter around TC. These experiments were conducted only

Comparison of U and V Components of the Vector Difference Between the for 6 hr after the track difference between the two runs increased (i.e.,
Motion and Steering Flow Vectors in 8- and f-Plane Sensitivity Experiments 24 hr forecast). Also, to minimize the impact of modified Coriolis para-

f plane f plane meter on the surrounding environmental fields, the Coriolis parameter

U Y U v for the region within +7° along the TC motion was fixed to the

area-averaged value. Thus, there was no meridional change in this para-

WSM3 —4.14 —0.86 —324 —0.82  meter around TC. Figure 12 shows the motion vectors acquired from f-
WSM6 —5.35 0.1 —3.95 —0.45

and f-plane sensitivity experiments, and Table 2 shows the zonal and
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meridional components of the difference between the motion vector and steering flow vector in - and
f-plane sensitivity experiments. The result shows that f-plane sensitivity experiments tend to simulate more
eastward TC tracks compared to the 3-plane experiments. Further, the differences between the f-and -plane
experiments are more prominent in the WSM6 runs as compared to that in the WSM3 runs, indicating a
greater {3 effect related to larger TC size and stronger intensity in the former. In contrast to the motion
vectors, steering flow vectors are similar in the both the experiments (not shown). This can be attributed
to the fact that the large-scale environmental flow is not significantly changed in the f-plane experiments
because the Coriolis parameter is only fixed in the vicinity of simulated TCs. In the f-plane experiments,
the zonal and meridional components of the difference between the motion vector and steering flow vector
are —3.24 and —0.82 m s~ for the WSM3 run and —3.95 and —0.45 m s~ for the WSM6 run. Therefore, the
vector difference in the f-plane experiments is larger than that in the f-plane experiments, implying that the
§ effect plays a crucial role in the northwestward movement of TC.

Based on the observational studies of Chan and Gray (1982), Holland (1984), and Carr and Elsberry (1990),
the magnitudes of the nonsteering component of TC motion such as @ drift is ranging from 1-3m s, and its
speed tends to increase with latitude and the TC intensity. The magnitude of 3-drift vectors was reasonably
simulated in the B-plane experiments, which were 0.82 m s™* for the WSM3 run and 1.5 m s™* for the WSM6
run in Figure 12.

4. Conclusions

We investigated the effect of cloud microphysics schemes on real-time forecasts of TCs over the WNP region.
Twenty sets of forecasts for TCs, which occurred from 2012 to 2018, were conducted using the WSM3 and
‘WSM6 cloud microphysics schemes. In most cases, the TC track and intensity forecast skills were improved
in the WSM6 run. Further, the simulated TC intensity was prominently underestimated in the WSM3 run
compared to that in the JTWC best track and the WSM6 run. The westward moving TCs showed similar
track patterns between the two runs despite significant intensity differences. However, in northwestward
moving TCs, simulated TCs in the WSM6 run tended to move more northwestward compared to that in
the WSM3 run, especially during the intensification period.

The difference in simulated intensity between the two schemes resulted from the distinct hydrometeor spe-
cies and their distributions in the two schemes, and different amount of diabatic heating was released from
distinct cloud microphysical processes. For both the groups, simulated TCs in the WSM6 run were much
stronger, and their cloud top reached to a higher level compared to that in the WSM3 run. Further, the tan-
gential and radial winds were prominently stronger, simulated TC height and size were larger, and a stron-
ger warm core structure was developed at the upper level in the WSM6 run. These caused a higher release of
latent heat by the more sophisticated cloud microphysical process. Furthermore, the higher amount of latent
heat release at the middle and upper levels enhanced the vertical motion and facilitated the intensification of
the system by increasing the divergence and convergence at the upper and lower level, respectively. To clar-
ify the reason for the different track forecasts in the two schemes, we examined the effect of TC intensity dif-
ference on the simulated TC size and therefore on the TC motion in terms of different § effect in the vicinity
of TC. Consequently, the differences between the f- and 8-plane sensitivity experiments are more significant
in the WSMB6 runs, because of the {3 effect, which is also function of TC size and intensity, was stronger in the
WSM6 runs than the WSM3 runs. Also, the difference in the motion vector between the two schemes was
more prominent in northwestward moving TCs than that in westward moving TCs. The small difference
between the motion and steering wind vector means that TC motions are significantly affected by the steer-
ing wind. On the contrary, large difference between the two vectors implies that TC motion might be related
to not only steering wind but also other factors. As the two groups were in different latitudinal regions, simu-
lated TCs were affected by the distinct types of surrounding large-scale steering flow. While the trade wind
governed the modulation of TC movement in the subtropical region, most of TCs moving poleward were
affected by £ effect as well as by midlatitude-related factors (e.g., WNPSH and westerly). This may be the rea-
son for the difference in simulated TC motions in the two groups.

Overall, our study demonstrates that the simulated TC intensity and track are sensitive to cloud microphy-
sics schemes in the high-resolution real-time forecast. Although the impact of cloud microphysics scheme is
different in distinct latitudinal locations, the more sophisticated scheme can improve the performance of TC
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track and intensity forecast compared to the simple scheme. This indicates that the track and intensity fore-
casts with high-resolution regional models can be improved by using the sophisticated cloud microphysics
scheme when the global model used for initial and boundary conditions simulates the track of TC moving
poleward. Further, the sensitivity study of TC forecast to cloud microphysics is required for global modeling
to improve the TC forecast skill. This study was limited to similar cloud microphysics schemes in the WRF
model (i.e., WSM family series). Therefore, to generalize the impact of cloud microphysics schemes, sensitiv-
ity tests to more schemes (e.g., double moment scheme) are required, which forms the future scope of this
work.
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