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In numerical modeling, uncertainties in the initial intensity of tropical cyclones (TCs) can lead to track errors. In
this study, we analyzed the impact of initial intensity error on the simulated TC tracks based on 1128 simulations
using the Weather Research and Forecasting (WRF) model for TCs in the western North Pacific between June and
November from 2006 to 2018. Results show that the initial TC intensities were largely underestimated compared
to observations. In TC cases with the initial intensity error below —10 m s™*, the simulated track position errors
(TPEs) were notably greater than TCs in other cases with smaller absolute initial intensity errors. To quantify the
positive impact of the improved initial TC intensity on the track simulations, we conducted additional simula-
tions with the dynamical initialization (DI) scheme to enhance the initial TC intensity. Compared to the simu-
lations without the DI scheme, the simulations with the DI scheme performed better in simulating TC tracks, with
a 20.3 % reduction in TPE at 72-h. The improvement was understood based on the potential vorticity tendency
diagnostic analysis. Results show that the TC motion in the simulations with the DI scheme was controlled by
both horizontal and vertical advections, while that without the DI scheme was dominated by horizontal
advection only, especially in the early stage of simulations when the TC intensity was considerably under-
predicted. The finding highlights the importance of improving the initial TC intensity to the TC track simula-
tions/predictions.

(Mohan et al., 2019; Park et al., 2023; Zhang and Wang, 2018), model
resolution (Gentry and Lackmann, 2010; Ma et al., 2012; Moon et al.,
2021a), air-sea interaction (Cho et al., 2022; Zhao and Chan, 2017), and
SO on.

1. Introduction

Tropical cyclones (TCs) are severe weather systems characterized by
powerful winds and heavy rainfall, often resulting in significant human

and economic damage. Thus, accurate prediction of the track and in-
tensity of TCs is essential to effectively preparing for mitigating the
damage caused by TCs. Numerical models are widely used for fore-
casting the track and intensity of TCs. The performance of numerical
modeling for TCs has been improved through advancements in modeling
techniques (such as numerical algorithms, physics parameterizations,
and model resolution), increased observational data, and computing
resources. Nevertheless, there are still factors that may lead to errors
when simulating TCs using numerical models. The errors in the TC
simulations can be caused by the physics parameterization schemes

In the numerical modeling for TCs, uncertainty in the initial condi-
tion is another factor that may contribute to errors. Numerical models
represent the state of the atmosphere by integrating the governing
equations and are sensitive to the initial condition. Even small errors in
the initial condition can lead to significant errors in the posterior sim-
ulations (Lorenz, 1963). Numerous studies have shown that the initial
condition contributes to the accuracy of the TC simulations (Miyachi
and Enomoto, 2021; Mohanty et al., 2010; Yamaguchi et al., 2012).
Furthermore, the simulated track of TC varies depending on the initial
conditions of the TC state (Cao et al., 2011; Fiorino and Elsberry, 1989;
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Wang et al., 2017). Cao et al. (2011) explored the influence of the initial
vortex structure by modifying the size and shape of the wind profile in
the initial condition. They demonstrated that the initial core size and
outer-core wind structure influenced the speed and landfall time of TCs.
Also, Wang et al. (2017) investigated the impacts of initial TC intensity
and size on the TC track for Typhoon Megi (2010) using a numerical
model. They found that the stronger initial intensity and larger size led
the typhoon to turn northward earlier. Since the simulated TC motion is
sensitive to the initial TC condition, it is crucial to include realistic in-
formation about the TC at the initial condition.

To get a realistic initial condition for a TC, data assimilation (DA)
techniques, such as Kalman filters and variational methods, were used.
With increasing the observation data, there has been much progress in
numerical modeling with TC vortex initialized using the DA technique
(Choi et al., 2017; Schwartz et al., 2013; Zhang and Pu, 2019). None-
theless, observation-based DA techniques are limited by the difficulty of
fully observing TCs in space and time. As a different approach to the
observation-based DA initialization method, there is another initializa-
tion method that uses a bogus vortex created through an empirical
function considering the radial profile of the surface pressure and wind.
Many studies have shown that TC simulations can be improved by using
the bogus vortex as the TC vortex of the initial condition or as the
observation for the DA (Kwon and Cheong, 2010; Thu and Krishnamurti,
1992; Wang et al., 2008; Xiao et al., 2009; Zhang et al., 2007). However,
the bogus vortex can be physically and dynamically inconsistent with
the numerical model. Another initialization method, dynamical initial-
ization (DI), overcomes the weakness of the bogus vortex. The DI has the
advantage of being consistent with numerical models because it en-
hances the TC vortex with an axisymmetric component created by the
model integration. The simulations using the DI scheme resulted in
better initialized TC vortex and improved TC simulations (Cha and
Wang, 2013; Liu and Tan, 2016; Liu et al., 2018). It is considered
appropriate to use the DI scheme to obtain improved and model-
consistent initial conditions for TC simulations/predictions.

The TC motion is determined by internal and external dynamical
processes. George and Gray (1976) demonstrated that there is a strong
correlation between the TC motion and its surrounding winds, especially
at 500 and 700 hPa. Chan and Gray (1982) also found that the TC mo-
tion was consistent with the flow averaged in mid-level horizontal winds
between 5 and 7° from the TC center. Furthermore, the large-scale
surrounding flow, referred to as steering flow, has been used to under-
stand the TC motion, considering the steering flow depth and the radius
of the TC (Ashcroft et al., 2021; Chan, 1985; Torn et al., 2018; Wu and
Chen, 2016). In addition, the TC motion is influenced by the vertical
structure of the vortex, wind shear, and diabatic heating (Wang and
Holland, 1996; Wang, 1998; Yamada et al., 2016). For example, Yamada
et al. (2016) investigated the role of vertical structure in the simulated
northward bias for Typhoon Fengshen in 2008. In their simulations,
weak vertical interactions caused the tilt of the vortex, and the north-
ward bias was driven by northward wind at low levels. As mentioned in
the previous studies, the TC motion is driven by a variety of dynamical
and physical processes, and those processes need to be considered
together to better understand the TC motion. The use of a potential
vorticity tendency (PVT) framework is effective in understanding the
physical mechanisms of the TC motion. The PVT framework was pro-
posed by Wu and Wang (2000) as a method to diagnose TC motion
through the asymmetric structure of the PVT. The solution of the PVT
equation can represent TC motion by taking into account steering flow,
vertical structure, and diabatic heating. Therefore, we adopted the PVT
framework to understand the TC motion of the simulated TCs in this
study.

The purpose of this study is to investigate the impact of the initial TC
intensity errors on the TC track simulations. The TC simulations were
performed for the TCs in the western North Pacific (WNP), and the
relationship between the initial TC intensity error and TC track error was
analyzed. The performance of the TC track simulations with the
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improved initial intensity was verified by evaluating the experiments
where the initial TC intensity was improved by the DI scheme. The PVT
framework was also used to analyze the changes in the physical mech-
anisms related to the TC motion with the initial intensity. The remainder
of the article is organized as follows. The methodologies and modeling
approach are described in section 2. The performance of the TC track
simulations is presented in section 3. The PVT diagnosis results are
discussed in section 4. The summary and discussion are given in section
5.

2. Methodologies and modeling approach
2.1. Model Setup and experimental design

The numerical model used in this study was the Weather Research
and Forecasting (WRF) model, version 3.7.1 (Skamarock et al., 2008)
(Supplementary Table S1). The domain of the WRF model was set as a
single domain with a grid resolution of 12 km. The single domain con-
sists of 421 grid points in the x-direction and 371 in the y-direction. The
center of the domain was set for each TC due to the computational
resource limitations. Thus, we set the center of the domain based on the
latitude in two ways: the center of the domain was positioned 10°
northwest of the typhoon center if the initial TC position was south of
20°N, the center of the domain was positioned 10° north of the TC center
for the cases in which the initial TC position was north of 20°N. There
are 35 vertical layers with 50 hPa as the pressure at the model top.
Physics options in the model were the WRF single-moment 6-class
microphysics scheme (Hong and Lim, 2006), rapid radiative transfer
model long-wave radiation scheme (Mlawer et al., 1997), Dudhia short-
wave radiation scheme (Dudhia, 1989), Kain-Fritsch cumulus parame-
terization scheme (Kain, 2004), Yonsei University planetary boundary
layer scheme (Hong et al., 2006). The TC simulations with the WRF
model were conducted for 72-h.

To investigate the impact of the improved initial TC intensity on the
TC track simulations, we additionally simulated TCs by adjusting the
initial intensity to be similar to that from Regional Specialized Meteo-
rological Centers (RSMC) best track data. In this study, we employed the
DI scheme proposed by Cha and Wang (2013). The DI scheme consists of
model integration, vortex separation, and performing cycle runs for TC
vortex spin-up and relocation. The DI scheme can enhance only the
vortex component of the TC while keeping the environmental field as
unchanged as possible. For further details, we refer to Appendix A,
which provides a detailed explanation based on Cha and Wang (2013).

The domain setting of the DI experiments in this study differs from
that of Cha and Wang (2013). In the DI scheme, high-resolution simu-
lations are required to simulate TCs realistically. The nested domain was
added to the WRF model configuration only for the cycle runs of the DI
scheme in this study. The grid of the nested domain had a horizontal
resolution of 4 km, with dimensions of 514 x 514. The model simula-
tions were conducted in the nested domain with the cumulus scheme
turned off. In addition, the enhanced vortex by the DI scheme should be
located at the initial TC position in the WRF model to exclude the effect
of the initial position error on the TC track simulations. After the cycle
run, we relocated the vortex to the initial position of the TC in the WRF
model and ran for 72-h with the single domain. Moreover, spectral
nudging (von Storch et al., 2000) was applied for 6-h from the initial
time after the final cycle run of the DI process to ensure model stabili-
zation. In this study, we compared the experiments without the use
(hereafter referred to as the CTL run) and with the use of the DI scheme
(hereafter referred to as the DI run) to investigate the effect of initial
intensity errors on the simulated track errors.

To analyze the impact of the initial TC intensity error on the per-
formance of the simulated TC tracks, all experiments were executed with
the NCEP Final (FNL) Operational Global Analysis data 1° x 1° as the
initial and lateral boundary conditions, except for the initial condition of
the DI runs where the initial TC vortex was dynamically initialized. The
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results of all experiments were validated using the RSMC best track data.
Moreover, we selected TC cases occurring in the WNP from June to
November between 2006 and 2018 and conducted a total of 1128 sim-
ulations for 182 TC cases (Supplementary Table S2). Also, we only
conducted the simulations for the periods when the TC maintained the
intensity of tropical storms (defined as 17 m s~ 1) or stronger.

2.2. Potential vorticity tendency diagnostic framework

We utilized the PVT diagnostic framework to understand the motion
of the simulated TCs. The PVT diagnostic method helps to understand
the physical mechanisms of TC motion (Wu and Wang, 2000). The
motion of TCs has the tendency to move toward the maximum of PVT
wavenumber (WN) 1. The TC motion is related to PVT WNI1, as
described in Eq. (1):

oP; 0P\ (0P
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where P represents the potential vorticity; P is the symmetric compo-
nents of potential vorticity; Cx and C, are the zonal and meridional
components of the TC motion; the right term of Eq. (1) is the wave-
number 1 component of the PVT framework.

The PVT equation was defined as follows:
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where A; is the operator to obtain the wavenumber 1 component; g is
the gravitational acceleration; p; is the surface pressure; £ and f are the
relative vorticity and the Coriolis parameter, respectively; u and v are
the zonal and meridional wind components; @ is the potential temper-
ature; ¢ is the vertical velocity in the ¢ coordinate. Furthermore, Eq. (2)
can be divided into horizontal advection (HA), vertical advection (VA),
and diabatic heating (DH): HA is — u2 V§—§; VA is — &%; DH is
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the impact of various physical processes on the PVT WN1 can be
calculated, allowing for the analysis of contributions of HA, VA, and DH
to the TC motion. The dominant component determines the tendency of
the TC motion, and thus the most influential physical processes from
PVT can be identified. Moon and Ha (2019) determined the analysis
targets, such as asymmetric flow and a vertical structure, by considering
the tendency for each component in the PVT for their TC simulations.
Hsu et al. (2021) showed that the VA and DH components of the PVT
significantly influenced the track of Typhoon Saola near the northeast of
Taiwan in 2012.

In this study, we applied the PVT diagnostic framework for the CTL
and DI runs and examined the dominant components to analyze the
processes influencing the TC motion. The maximum point of PVT WN1
was generally located within 50 km of the maximum potential vorticity
in each vertical layer (not shown). Accordingly, we specified a square
domain (100 km x 100 km) centered on the point of maximum potential
vorticity and measured Cy and C, of PVT within this domain using the
least squares method. In addition, each TC has a different vertical layer
of PVT associated with the TC motion (Chan et al., 2002; Choi et al.,
2013; Xie et al., 2022). We investigated the vertical layers of PVT, from
lower to upper levels (0.9-0.25 sigma level; 900-300 hPa), highly
correlated with the simulated TC motion for each simulation. The
optimal vertical layer was determined based on the similarity in direc-
tion of the simulated TC motion to diagnose the TC motion through the
PVT framework. A total of 105 vertical layer sets were investigated with
vertical layers at 0.05 interval between 0.9 and 0.25 sigma level.
Furthermore, the dominant component among the PVT WNI1
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components was selected based on the magnitude and direction of the
motion vectors in each component, considering the TC motion vector of
PVT. The TC motion vector of the simulation was calculated as the dif-
ference between the current position and the position 12-h later.

3. Results and discussions
3.1. The performance of the TC track simulation

We evaluated the uncertainty in the initial condition of the TCs based
on the TC intensity. The TC intensity was defined as the maximum
surface wind speed (MWS) near the center of the TCs. In this study, we
compared the MWS from the initial conditions in FNL for the 1128
simulations to that of the RSMC best track (Fig. 1). In most cases, the
MWS of the FNL initial condition was underestimated compared to that
of the RSMC best track. The averaged difference in the MWS between the
FNL initial condition and the RSMC best track was —6.1 m s~ 1. More-
over, the range of the MWS differences increased with an increasing in
MWS in the RSMC best track. This implied that for the cases selected in
this study, most initial conditions were in a state of weak TC intensity
compared to the observations. In particular, the real stronger TCs were
underrepresented in the initial condition as weaker TCs. This underes-
timation in TC intensity is a general characteristic of other global models
(Hodges and Klingaman, 2019; Majumdar et al., 2023).

The performance of the WRF model in simulating TC tracks was
analyzed by calculating the track position error (TPE) from the RSMC
best track. TPE was defined as the great circle distance between the
center of the best track data and the center of the simulated TC. TPE was
calculated using the Haversine formula (Neumann and Pelissier, 1981;
Powell and Aberson, 2001):

TPE = 111.11cos ™ [sing,sing, -+ cosp,cosp,cos(Ao — As) | 3)

where 4; and ¢, are the longitude and latitude of the simulated TC po-
sition and 1o and ¢, are the longitude and latitude of the TC position
from the best track, respectively. Fig. 2 shows the TPE of the simulated
72-h TC tracks at 6-h intervals for 1128 simulations. The median of TPEs
at 24-h, 48-h, and 72-h are approximately 66.7 km, 110 km, and 172 km,
respectively. The TPEs of those simulations increased linearly with the
forecast lead time. In addition, at 72-h, the TPE was up to 1290.4 km.
With the increasing TPE trend, the spread of TPE dramatically increased
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Fig. 1. Scatter plots of TC maximum near-surface wind speed in FNL and
RSMC. The red line indicates y = x. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 2. Box plots of TPEs for the 1128 TC simulations. The box indicates the
25th and 75th percentiles of the error distribution, and the line in the box in-
dicates the median. The top and bottom lines connected to the box indicate the
maximum and minimum values, respectively.

as the forecast lead time increased. The tendency of this TPE in nu-
merical models for TCs is expected as shown in other studies (Chen et al.,
2021; Lui et al., 2021; Moon et al., 2021b). The initial TC intensity errors
and TPEs shown in Figs. 1 and 2 are reasonable. To understand the
relationship between the initial TC intensity error and the TPE, it is
necessary to perform a detailed analysis based on the initial TC intensity.

To analyze the effect of initial intensity errors on the track simula-
tions, all simulations were classified into nine categories according to
the initial MWS errors: C1 (<—30 m s™1), C2 (=30 to —25 m 5™ %), C3
(-25t0 —20 ms™1), C4(—20 to —15m s~ '), C5(—15to —10m s~ 1), C6
(-10to -5ms 1), C7(-5to0ms 1), C8(0to 5ms 1), CI(>5ms ).
The number of simulation cases for C1 to C9 was 26, 38, 54, 57, 89, 223,
344, 239, and 58, respectively. We evaluated the averaged TPE for each
category by the forecast lead time with the averaged TPE of all simu-
lations. Fig. 3 shows the averaged TPEs at 24-h (red), 48-h (blue), and
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Fig. 3. Averaged TPEs for each category (solid line) and averaged TPEs for
TPE,. (dash line) in each forecast lead time. The red, blue, and green lines
indicate TPEs for 24-h, 48-h, and 72-h, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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72-h (green) lead-time forecasts according to the initial MWS error for
each category. In the analysis of averaged TPEs based on the forecast
lead time, the largest TPEs were 106 km for C1 at 24-h, 184 km for C2 at
48-h, and 276 km for C1 at 72-h, respectively. C1 to C5 had larger
averaged TPEs than that of all simulations, while no category from C6 to
C9 had averaged TPEs that exceeded the averaged TPE of all simulations
for each forecast lead time. Based on the averaged TPE of all simulations,
the difference in averaged TPEs between the larger TPE groups (C1 to
C5) and smaller TPE groups (C6 to C9) increased with the forecast lead
time. This indicates that the more the underestimation of the initial TC
intensity, the larger the TPE. In addition, the cases with initial MWS
errors below —10 m s ! exhibited a rapid increase in TPE with
increasing forecast lead time compared to the other cases. Consequently,
the underestimated initial TC intensity contributed to the worse per-
formance of the TC track simulations. Since the TC tracks are simulated
differently depending on the TC intensity (Cao et al., 2011; Fiorino and
Elsberry, 1989; Wang et al., 2017), the initial condition with under-
estimated TC intensity may lead to different simulated TC tracks from
the observations.

The impact of the initial TC intensity errors on the TC track simu-
lations was analyzed in detail by improving the initial TC intensity. The
initial TC intensity was improved by applying the DI scheme described
in section 2, which has the advantages such as increasing the TC in-
tensity without changing the surrounding environment and the consis-
tency of the model dynamics and physics (Cha and Wang, 2013). The
cases selected for applying the DI scheme were based on the initial TC
intensity error and the TPE. As shown in Fig. 3, the cases with the initial
MWS error below —10 m s~ performed poorly in the TC track simula-
tions, with the averaged TPEs of more than 230.87 km, which is the
averaged TPE for all simulations at 72-h. Therefore, for C1 to C5, the DI
scheme was applied to the cases where the TPE at 72-h exceeded 230.87
km. We also excluded the cases where the terrain was located within the
TC radius estimated by the DI scheme. Because the TC structure can be
distorted by topographic effects when the vortex relocation of the DI
scheme is performed (Hsiao et al., 2010). Consequently, we compared
the CTL runs and the DI runs for 51 cases (Supplementary Table S3).

The initial intensity of the 51 selected cases was successfully
improved through the application of the DI scheme. The averaged MWS
error for DI runs was —3.35 m s}, which is smaller than the averaged
MWS error of —21.47 m s~ for CTL runs (Table 1). The initial intensities
of the DI runs were very similar to observations compared to the initial
intensities of the CTL runs. The application of the DI scheme resulted in
an enhanced initial TC intensity closer to the RSMC best track. In
addition, since the DI scheme only changes the environment within the
TC radius, we were able to focus on the effects of TC intensity changes.
To support the intensification of only TC scales, we took Typhoon
Shanshan at 0000 UTC 13 September 2006 as an example to compare
the intensity of each cycle run with the TC state (Fig. 4). The MWS of the
RSMC best track at 0000 UTC 13 September 2006 was 42.5 m s ..
However, the MWS in FNL as the initial condition of WRF was 11.82 m
s~1, which was significantly weaker than that in the RSMC best track
(Fig. 4g). To obtain the MWS similar to the RSMC best track, we con-
ducted 15 cycle runs using the DI scheme. As the number of cycle runs
increased, the MWS of the initial condition increased toward that close
to the MWS of the RSMC best track. After the final cycle run, the MWS
became 44.71 m s~!, which was much stronger compared to the FNL.
This indicates that the MWS of the initial condition was successfully

Table 1

TC intensity errors averaged at the initial time for the
51 simulations. Intensity error is calculated for the
maximum near-surface wind speed.

Expt. MWS error (m s’l)
CTL —21.47
DI —3.35
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Fig. 4. Near-surface wind speed (m sY for Typhoon SHANSHAN at 0000 UTC 13 Sept. 2006 in domain 1 (left) and domain 2 (right) from cycle 1 (a, b), cycle 9 (c,

d), cycle 15 (e, f) and FNL (g).

strengthened through the DI scheme for Typhoon Shanshan. Moreover,
it is notable that there was little change in the environment around the
TC as it intensified. When comparing domain 1 (Figs. 4a, c, e) and
domain 2 (Figs. 4b, d, f) of each cycle run, the surface wind increased in
the vicinity of the TC located at 20.3°N and 129.8°E. However, there was
little or no change in wind speed outside a distance of about 690 km
from the center of the TC. The results of the DI application indicated that

the DI scheme was appropriate for analyzing the impact of enhanced
initial TC intensity on the TC track simulation without changing the
environmental field.

Fig. 5 shows the averaged TPEs of the CTL and DI runs for the TC
track simulation over 72-h. The averaged TPEs at the initial time were
42.3 km for the CTL runs and 44.1 km for the DI runs, respectively.
Because the vortex enhanced by the DI scheme was relocated to the
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Fig. 5. Averaged TPEs for the 51 simulations of the CTL runs, and the DI runs.

initial position of TCs in the CTL runs, the CTL and DI runs had similar
averaged TPE at the initial time. Compared to the RSMC best track, the
DI run had a smaller initial MWS error than the CTL run, as shown in
Table 1. This means that the CTL and DI runs had a similar TC position in
the initial conditions, but the DI runs started from a TC state with an
intensity similar to that of the observations compared to the CTL runs.
Comparing the performance of the TC track simulations, the averaged
TPEs of DI runs were smaller than CTL runs at all forecast lead times
after the initial time. The TPEs of the DI runs were slightly smaller than
those of the CTL runs in the early stages of the simulations. After 30-h,
the TPE of the CTL runs increased rapidly compared to that of the DI
runs, with the TPEs at 72-h being 409.7 km for the CTL runs and 326.4
km for the DI runs, respectively. There was a 20.3 % improvement in the
TC track simulations at 72-h with the DI scheme. The performance of the
TC track simulations was improved when the initial TC intensity was
made similar to the RSMC best track. To simulate TC tracks accurately,
the initial condition with accurate initial TC intensity is required. It was
verified through simulations applying the DI scheme that initial TC in-
tensity error affects the TC track simulation. In addition, the application
of the DI scheme resulted in dynamic and thermodynamic changes
within the TC, such as horizontal wind intensification, deeper TC cir-
culation, and distinct eyewall structure. These changes by the DI scheme
can lead to changes in the mechanism of the TC motion. In the next
section, we analyzed the changes to the TC motion as the initial TC in-
tensity was enhanced.

3.2. Potential vorticity tendency diagnosis results

The DI runs, where the initial TC intensity was enhanced by applying
the DI scheme, performed better than the CTL runs in simulating the TC
track, as shown in Fig. 5. We further analyzed the simulated TC track
results from the CTL and DI runs for changes in the TC motion due to the
improvement of the initial TC intensity. To analyze the impact of the
initial condition on TC motion, we employed the PVT framework (Wu
and Wang, 2000), which is a good diagnostic tool for analyzing TC
motion in terms of its dynamic and thermodynamic impacts on TC
motion. In this study, the TC motion of CTL and DI runs were diagnosed
using the PVT framework. The diagnostics of the simulated TC motion
with the PVT framework were conducted for the earlier part of the
simulations to focus on the impact of the initial condition on TC motion.
We analyzed the simulated TC motion for 12-h from 6 to 18-h of the
simulations because spectral nudging was used for the model stabiliza-
tion from the initial time to 6-h after the final cycle run of the DI process.
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In addition, for the PVT diagnosis, each TC case had different vertical
layers directly related to the simulated TC motion, as mentioned in
section 2.2. Therefore, we optimized the vertical layers to be used within
the PVT diagnosis based on the direction of the simulated TC motion for
each simulation case. To evaluate the performance of the TC motion
diagnosis using the PVT framework, the diagnosed TC motion vectors
(TCpyt) were compared with the simulated TC motion vectors (TCy;) for
the early 12-h of the simulation. Table 2 shows the averaged difference
between TCpyr and TCy from 6-h to 18-h for CTL and DI runs.
Comparing TCpyt and TCy in terms of magnitude, the averaged differ-
ences were — 2.7 m s~ for the CTL runs and — 1.2 m s~* for the DI runs.
The averaged difference in direction was about 5.3° and 3.6° for CTL and
DI runs, respectively. In the PVT diagnosis, the magnitude of TCpyt was
underestimated compared to the TCy; in both CTL and DI runs. However,
the direction of TCpy was relatively similar to that of TCy;. Considering
the direction, the simulated TC motion can be reasonably diagnosed
through the PVT framework.

The advantage of using the PVT framework to diagnose TC motion is
that it can identify the dynamic and thermodynamic processes affecting
TC motion within the TC scale. The PVT equation can be divided into
three components, HA, VA, and DH, according to the order of the hor-
izontal flow, vortex structure, and diabatic heating, as mentioned in
section 2.2. The impact of the three components on TC motion can be
confirmed by calculating the motion vectors for each component and
considering their direction and magnitude when compared to TCpyt. To
further explain the impact of HA, VA, and DH on TC motion, we applied
the PVT diagnosis for Typhoon Yagi as an example to compare the TC
motion of CTL and DI run (Fig. 6). This is one of the examples where the
initial TC intensity was successfully improved by the DI scheme, and the
performance of the TC track simulation was improved compared with
the CTL run (Supplementary Fig. S1). For the TC motion from 6-h to 18-
h, both the CTL run and DI run simulated Typhoon Yagi moving west-
ward. Comparing TCpyt to TCy for the CTL run, the direction of the
TCpyr integrated from sigma level 0.82 to 0.69 (near 840 to 710 hPa)
was similar to that of TCy; (Fig. 6a). Splitting TCpy into HA, VA, and DH,
the motion vectors of each component were different in terms of
magnitude and direction. The magnitude of HA is much larger than
those of the other two components. Moreover, the direction of HA was
westward, which is similar to the direction of TCpyt, while the directions
of VA and DH were northeastward and northwestward. For the DI run,
the TCpyr integrated from sigma levels 0.74 to 0.45 (near 760 to 480
hPa) was closest to TCy; for the direction of the motion vector (Fig. 6b).
Analyzing HA, VA, and DH for the DI run, HA and VA were similar in
magnitude with a westward direction. However, the magnitude of the
DH was negligible compared to HA and VA. Consequently, HA had a
greater influence than the other components on the simulated westward
motion of the TC in the CTL run. In contrast, the TC in the DI run moved
westward mainly by the impact of HA as well as VA. In other words, the
dominant components determining the motion of the TC in the CTL and
DI run were different, even though the TCs moved in the same direction.
This is because of the different contributions by VA, which is closely
related to the strength of the simulated TC eyewall and thus the TC
intensity.

To identify which PVT components are dominant in determining the
simulated TC motion, we compared the motion vectors of the PVT
components to TCpyr. The impact of each component was quantified
using the inner product to simultaneously consider the direction and

Table 2
The averaged difference in TCpyt from TCy from 6-h to 18-h for 51 CTL and DI
runs, separately.

Expt. Difference (TCpyt — TCy)

Direction (°) Magnitude (m sH

CTL run 5.3 -2.7
DI run 3.6 —-1.2
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Fig. 6. PVT diagnosis of (a) the CTL run and (b) the DI run during 06 to 18-h forecast lead times for Typhoon Yagi with the initial forecast time at 0000 UTC 19
September 2006. The black arrow indicates TCy. The other arrows represent the variations of the contributions of TCpyt (gray) by HA (red), VA (blue), and DH
(green), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

magnitude based on TCpyr. The magnitudes of the PVT components’
impacts are described in Eq. (4):

N o Ty
N = @
‘TCPVT‘
where My is the magnitude of each PVT component’s impact on TCpyr;
N is each PVT component. My of the PVT component that affects the TC
PVT in the same (opposite) direction is positive (negative). Additionally,
the absolute value of My increases as the impact on TCpy increases.
Fig. 7 shows the magnitude of each PVT component impact for the 51
cases of the CTL and DI runs from 6 to 18-h. Comparing each PVT
component for the CTL runs, the median of My was 0.85, which was
larger than the other components (Fig. 7a). On the other hand, the
median of Mys and Mpy were close to zero compared to Mya. These
results indicated that HA was the most dominant PVT component for the
simulated TC motion in the CTL runs. In the early part of the simulation,
HA aligned in a direction that was the same as the direction of the
simulated TC motion. Compared to HA, the impacts of VA and DH on the
simulated TC motion were small, with VA having more impact in the
opposite direction of the TC motion. Analyzing the magnitude of each
component in TCpyt for the DI runs, the median of My and My were
1.29 and 1.39, respectively, which had a similar impact on TCpyt. In
contrast to the CTL runs, Mya was mostly positive and had a wider

distribution than My, with a larger magnitude of impact on TCpyr. This
means that HA and VA had a positive influence on the direction of the
simulated TC motion in the DI runs. Furthermore, VA can have a slightly
greater influence on TC motion than HA. DH had a negligible impact on
TCpyt in magnitude and direction compared to HA and VA. In summary,
HA was the critical component in the CTL runs for the direction of the TC
motion, while HA and VA were the dominant components in the DI runs.

The PVT diagnosis confirmed that the difference between the CTL
and DI runs was the contribution of VA to the TC motion. The impact of
VA on the TC motion was determined by the vertical structure of the TC.
To compare the CTL and DI runs for the vertical structure of the TC, the
vertical-radial structure of the azimuthal mean vertical velocity,
tangential wind, radial wind, and temperature anomaly from 6 to 18-h
relative to the TC center are shown in Fig. 8. The temperature anom-
aly was the temperature difference calculated from the horizontal mean
within a 5° radius of the TC center. For the structure of the simulated
TCs, the vertical motion of the DI runs was stronger than that of the CTL
runs. Furthermore, the tangential and radial winds were significantly
stronger in the DI runs than in the CTL runs. When analyzing the radius
of 34 knots (~17 m s’l) winds (R34) as the outer size of the TC, the
average R34 values for the CTL runs and the DI runs were 299.9 km and
356.4 km, respectively. The simulated TC in the DI runs had a higher
height and larger size than in the CTL runs. With this flow around the TC
center, the warm core structure was strengthened in the DI runs
compared to the CTL runs. For simulations from 6 to 18-h, the structure
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Fig. 7. Boxplots of the magnitude for each PVT component impact on TCpyr at 6-18 h for (a) CTL runs and (b) DI runs.
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of the simulated TC was well developed with the DI scheme compared to
that in the CTL runs. Consequently, in the DI runs, there was a stronger
updraft around the TC center compared to the CTL runs. Additionally,
the radial inflow at the lower levels and the outflow at the upper levels
were larger in the DI runs than in the CTL runs. With these primary and
secondary circulations, the strong warm cores were exhibited in the DI
runs, while the warm cores in the CTL runs were quite weak. The
enhanced TC circulations through the DI scheme could lead to the
intensification of vertical advection, with a larger contribution of VA to
TC motion.

To further analyze the intensification of vertical advection through
the DI scheme, the distribution of potential vorticity and the wind field
around the TC center were analyzed. Fig. 9 shows the vertical cross-
sections through the TC center in the direction parallel to the vertical
advection of the PVT diagnosis for the CTL and DI runs. In the CTL runs,
the value of potential vorticity was small and widely distributed within a
200 km radius from the TC center (Fig. 9a). However, the DI run had the
largest value of potential vorticity at about 750 hPa at the TC center,
with higher potential vorticity distributed than that in the CTL runs. In
addition, the stronger vertical motion was identified near the TC center
compared to the CTL runs similar to Fig. 8b (Fig. 9b). With this distri-
bution feature of potential vorticity, the gradient of potential vorticity in
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the CTL runs was small, and the variation of potential vorticity in the
vertical direction was minimal (Fig. 9c). In the DI runs, the gradient of
the potential vorticity was larger than that in the CTL runs, and stronger
vertical motion was also identified in areas with large values of vertical
potential vorticity gradient (Fig. 9d). Analyzing the number of
maximum potential vorticity points used in the PVT diagnosis, the
numbers were similar for vertical layers and radii from the TC center for
the CTL runs (Fig. 9e). On the other hand, the numbers for the DI runs
were higher at about 800 hPa compared to the other vertical layers
(Fig. 9f). In addition, the numbers were concentrated within 100 km of
the TC center. The PVT diagnoses in the DI runs were performed in re-
gions with larger gradients of potential vorticity or stronger vertical
motion compared to those in the CTL runs. Therefore, the impact of
vertical advection was considerably greater in the DI runs than in the
CTL runs.

4. Summary and discussion

We investigated the impact of the initial TC intensity errors on the TC
track simulations over the WNP. We selected TC cases with tropical
storm intensity or stronger that occurred in the WNP between June and
November from 2006 to 2018. In most cases, the initial TC intensity was
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underestimated compared to the RSMC best track by a mean bias of
—6.1 m s~ !. With the initial conditions containing underestimated TC
intensity, the averaged TPEs of the TC simulations ranged from 66.7 km
at 24-h to 172 km at 72-h. To investigate the impact of the initial TC
intensity error on the performance of the TC track simulations, we
classified the TC simulation results into nine categories based on the
initial TC intensity errors. The results showed that the cases with the
initial MWS errors below —10 m s~! had higher averaged TPEs than the
averaged TPE for all simulations at each forecast lead time. On the other
hand, the cases with the initial MWS error above —10 m s~ ! (smaller
errors) had better TC track simulation performance than the prior cases.
The more the initial intensity was underestimated, the worse the TC
track simulation performance was. We further performed additional TC
simulations to improve the underestimated initial TC intensity by
applying the DI scheme. Compared to the CTL runs, the DI runs were
similar in TC intensity to the RSMC best track, although the TCs of CTL
runs and DI runs were located in similar positions at the initial time.
Analyzing the simulated TC track, the performance of the TC track
simulations of the DI runs was better than that of the CTL runs, with an
improvement of approximately 20.3 % for TPE at 72-h.

The PVT framework was applied to understand the influence of the
initial TC intensity on TC motion. To focus on the impact of the initial TC
intensity, we analyzed the TC motion at the early stages of the simula-
tions. It was possible to diagnose the simulated TC motion similarly
through the PVT framework for both CTL runs and DI runs. Based on the
diagnosed TC motion, the dominant components for the TC motion
among HA, VA, and DH in the PVT equation were investigated. The
dominant components were identified by their magnitude and direction
compared to the motion vector calculated by the PVT framework. In the
CTL runs, HA aligned in a direction similar to the direction of the
diagnosed TC motion vector, while VA contributed to the direction
opposite to the diagnosed TC motion vector. Consequently, HA was the
dominant term in the CTL runs, with VA and DH having smaller con-
tributions to the simulated TC motion. Analyzing the vectors of the
diagnosed TC motion in the DI runs, both HA and VA aligned in the
direction of TC motion in most cases. In particular, the impact of VA on
the TC motion in the DI runs could be much more significant than that in
the CTL runs. To analyze the differences in VA representing the impact
of the TC structure, we compared the azimuthal mean vertical velocity,
tangential wind, radial wind, and temperature anomaly for the CTL and
DI runs. Compared to that of the CTL run, the TC structure of the DI run
was well developed through the DI scheme. In the DI runs, a stronger
updraft was around the simulated TC center than in the CTL runs. In
addition, the simulated TCs in the DI runs had a higher height and larger
size compared to the TCs in the CTL runs. With these features, there was
stronger convergence in the lower layers and divergence in the upper
layers for the simulated TCs in the DI runs. Furthermore, a large vertical
gradient of potential vorticity and strong vertical motion was found
around the TC center in the DI runs. These were conditions that led to a
much greater impact of vertical advection in PVT diagnosis to TC motion
in the DI run than in the CTL runs. The well vertically developed TC
circulation, which could strongly influence VA, was identified in the DI
runs in comparison to that in the CTL run.

Appendix A. Dynamical initialization
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In this study, we found that the initial TC intensity error affects the
performance of the TC track simulations. We showed that the
improvement in the initial intensity led to improved performance in
simulating TC tracks. In addition, the impact of the vertical structure
with the horizontal asymmetric flow was meaningful in the TC motion.
In addition to the influences of horizontal and vertical advections on TC
motion, diabatic heating can also play some role in TC motion (Choi
et al., 2013; Hsu et al., 2021). A balanced analysis of HA, VA, and DH is
required to understand TC motion fully when analyzing the TC motion
through the PVT framework. Also, the PVT framework provides insight
into the inherent motion of the TC itself. However, it is essential to
recognize that the motion of a TC is influenced not only by its dynamics
but also by interactions with its surrounding environment (Liu and Xie,
2012; Song et al., 2013; Wang et al., 2019; Lander, 1996). The DI scheme
contributed to improvement in TC track simulation for 60-72 h. How-
ever, the PVT and TC structures were similar between the CTL runs and
the DI runs (Supplementary Fig. S2 and S3). Explaining the improve-
ments in TC dynamics during the later stages of the simulation remains
challenging. Considering both the TC and surrounding environmental
factors concurrently is crucial for a comprehensive understanding of TC
motion. Note that the HA in PVT diagnostics includes both internal and
external influences of the flow field. In addition, although the contri-
bution of diabatic heating to the diagnosed TC motion in the simulations
discussed in this study is relatively weak, it should be further examined
as indicated by previous studies (e.g., see a review by Elsberry et al.,
2013). Itis also clear that TCs are significantly influenced by interannual
and seasonal variability. As a further study, it would be valuable to
analyze the impact of initial intensity error on simulated TC track over
time periods such as a season or of the El Nino-Southern Oscillation
(ENSO).
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The dynamical initialization (DI) scheme of Cha and Wang (2013) consists of four steps: (1) model integration, (2) vortex separation, (3) per-
forming cycle runs for the tropical cyclone (TC) vortex spin-up, and (4) relocation. First, a 6-h model integration was conducted from the initial time
to—6 h, which corresponds to 6-h before the initial time to. The DI scheme aims to enhance only the vortex field of TC while preserving the envi-
ronmental factors as much as possible. To enhance the vortex field of the TC, the filtering technique proposed by Kurihara et al. (1993) was used to
separate the ty simulate field and the ty—6 h initial field into the vortex and environmental fields. The TC vortex field was defined as

Fy=F—Fg

10
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where Fy was the vortex field, F was the total field, and Fr was the environmental field. Furthermore, the vortex field was divided into axisymmetric
and asymmetric vortex fields with the following cylindrical filter as

FV:P(§+P(‘Z/X

where F{ was the asymmetric component and F* was the axisymmetric vortex defined as
1
F0) = 5 § Fo(r. 00

The axisymmetric vortex of the ty simulated field was weighted according to the TC radius, as described by Cha and Wang (2013), and then
combined with the ty—6 h initial field. The updated ty_6 h initial field was used to perform a 6-h model integration. The updated ty—6 h initial field
was defined as

FN(X7y7Z7 to _6) :FE(X,_}',Lto—6)+F$(X,y,z7t0 —6)+wF§X(x7y7z7 to _6)+(1 _w)stNil(xvyvlto)

where FV(x,y, z,to — 6) was the total field in the Nth cycle run at to—6 h, Fg(x,y, 2, to — 6) was the environmental field at to—6 h, F¥(x,y, 2, to — 6) was
the asymmetric vortex at to—6 h, FiX(x,y, 2, to — 6) was the axisymmetric vortex as ty—6 h, and F",X'N -1 (x,Y,2,tp) was the axisymmetric vortex in the N —
1 th cycle run at to.

This process was repeated until the absolute difference between the TC intensity in the best track and the simulated intensity was less than 10 % of
the best track TC intensity. At least two cycle runs were performed. Additionally, spectral nudging (von Storch et al., 2000) was applied during all
cycle runs to minimize deviations from the large-scale environmental field:

Q
o = FQ+a(Q—- Q)

where Q is the model prognostic variable, F is the model operator, a is a nudging coefficient, Q% and Q% are the large-scale components of the global
analysis and WRF model simulation, respectively. The nudging coefficient was set to 0.0003 s~ corresponding to an e-folding damping time of 55.6
min. The spectral nudging was applied to the large-scale component of the wind field above the planetary boundary layer, with wavelengths larger
than 1000 km.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.atmosres.2024.107865.
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