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ABSTRACT

This study proposes empirical relations for the ratio of the radius of maximum pressure
gradient to the radius of maximum wind speed for the empirical typhoon model (ETM)
based on the results of analysis of multiple typhoons obtained from the meteorological
model. One proposed relation was parameterized based on the attenuation rate from the
peak time to landfall time. The other was parameterized based on the distance from where the
typhoon reached its peak intensity to the coastline. These relationships are useful for practical
applications. In addition, the typhoon pressure shape parameter B was calculated from the
constructed equations and the relational equation proposed by Holland. The improvement in
accuracy, as compared with conventional ETM (B = 1, and B estimated by the gradient-wind
equilibrium assumption), was determined for three cases of typhoons making landfall in Japan
in recent years. As a result, it was confirmed that the proposed equations for parameter B are
the most accurate amongst the three estimation methods. Accordingly, the improvement in
the accuracy of the ETM using the estimation equations was validated. When using the ETM in
the future, high accuracy can be realized by utilizing the estimation equations used in this
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1. Introduction

Accurate estimation of atmospheric pressure drops and
strong winds associated with tropical cyclones (TCs)
leads to improved accuracy of severe TC-related coastal
disaster estimation. In recent years, numerical modeling
using regional climate models or atmosphere-ocean
coupled models that can simulate typhoons, related
waves, and storm surges has been increasingly used
due to the expansion of computing power (Mori et al.
2014). For example, Mori et al. (2014) conducted numer-
ical experiments for typhoon Haiyan in 2013 to investi-
gate the characteristics of local storm surge
amplification in the Leyte Gulf and Tacloban areas.
This study used two types of meteorological models
with 1-km resolution: the Weather Research and
Forecasting model (Skamarock et al. 2008; the Cloud
Resolving Storm Simulator, Tuboki and Sakakibara
2002) and the storm surge model. Accordingly, Haiyan
and its related severe storm surges were simulated with
high accuracy. In addition, they reported that the seiche
of the Leyte Gulf enhanced the storm surge, and the
storm surge in the Leyte Gulf could potentially be
amplified by a particular typhoon track.

The use of atmosphere-ocean coupled models for
typhoon-induced storm surges is becoming promi-
nent. However, hazard maps, countermeasures, and
many typhoon disaster assessments for storm surges

are widely at the policy level in the parameterized
empirical typhoon model (ETM) and storm surge
model in Japan (Ministry of Land, Infrastructure,
Transport and Tourism, Japan 2020). Empirical meth-
ods for estimating typhoon meteorological fields
have been proposed in many studies (Schloemer
1954; Myers 1954; Holland 1980; Fujii and Mitsuta
1986; Chavas, Lin, and Emanuel 2015; Wang et al.
2015). Fujii and Mitsuta (1986) and Chavas, Lin, and
Emanuel (2015) estimated the wind speed distribu-
tion. Holland (1980) and Wang et al. (2015) pro-
posed estimation methods for pressure and wind
speed distributions. The methods proposed by
Schloemer (1954) and Holland (1980) are widely
used because of the small number of input variables
and the simplicity of the equations. Although var-
ious other ETMs have been proposed by many
researchers (Jelesnianski, Chen, and Shaffer 1992;
Willoughby, Darling, and Rahn 2006), this study tar-
gets the ETM proposed by Schloemer (1954) and
used by Holland (1980) and Fujii and Mitsuta
(1986). The ETM is widely used as a general method
in coastal engineering in Japan. Therefore, this study
focuses on the practical use by policymakers and
port managers in Japan. In addition, owing to the
low computation cost and ease of handling, the ETM
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(Holland 1980; Fujii and Mitsuta 1986) has been
widely employed for estimating meteorological
fields using simplified typhoon information (e.g.
minimum central pressure) for storm surges.
Therefore, engineers and policymakers are likely to
adopt ETM. The following equations express the ETM
for pressure (Myers 1954) and wind speed distribu-
tion (Fujii and Mitsuta 1986).

P(r) = P. + APexp <— )%) (1)

f \2 APB
o --(3)+ V (3) +oeee(-) @

where P(r) [hPa] is the pressure at a point r km from the
typhoon center, P, [hPa] is the central pressure of the
typhoon, and AP [hPa] is the pressure depression from
the atmospheric environmental pressure (here, we use
1013hPa — P,), x is expressed as the ratio between the
distance r [km] and the radius of maximum wind speed
Rw [km] (x = r/Ry,). In the wind speed equation, V(r) [m/
s] is the wind speed, p, [g/m’] is the atmospheric den-
sity, and f [rad/s] is the Coriolis parameter
(2 x 7.29 x 107 x sing), and ¢ [rad] is the latitude.
Equation (1) expresses the barometric pressure distribu-
tion, and Equation (2) expresses the wind speed distri-
bution as a function of AP, r, and R,,. Both equations are
based on the study conducted by Schloemer (1954). The
coefficient B appears in both atmospheric pressure and
wind speed distributions as a scaling parameter, and
B =1 is empirically proposed by Myers (1954) and Fujii
and Mitsuta (1986). Furthermore, it is necessary to con-
sider the effect of typhoon movement and friction on
the wind speed in Equation (2). Blaton’s equation is
widely used to evaluate the effects of typhoon
movement.

T v 8

re r V(r)ot
where t indicates time, r; is the radius of curvature of
the streamline at t, and ¢ indicates the particle travel-
ing direction. This equation indicates that stronger
winds blow on the right side of the direction of
typhoon movement. The wind speed considering the
effect of movement can be obtained from Equations
(2) and (3), respectively. In addition, considering the
ground surface friction, the surface wind speed was
estimated by multiplying the wind speed reduction
coefficient C(x) according to the super gradient wind

method proposed by Fujii and Mitsuta (1986).
k=1
C(x) = C(00) + [Cx) — C(0)] (%)

K
X exp{(1 -3 [1 — (xl,,? lk, (4)
where x = r/Rw, X, is the value of x that maximizes

C(x), k is the parameter corresponding to the shape of
the typhoon, and C(o0) is C(x) at infinity from the

typhoon. Here, x, is set to 0.5, k is set to 2.5, C(c0) is
set to 2/3, and C(x,) is set to 1.2 empirically. These
values are the same as those reported in previous
studies (Matoba, Murakami, and Shibaki 2006;
Yamaguchi et al. 2012). The current ETM calculates
atmospheric pressure using Equation (1), and the
wind speed by Equations (2) to (4). This ETM is widely
used for the assumption of storm surge inundation in
Japan (Kawasaki et al. 2016; Shibutani et al. 2017).
However, the setting of B = 1 is still adopted.

A well-known problem in ETMs is a large error in
pressure and wind speed estimated in an approaching
typhoon relative to actual observations (Murakami,
Yasuda, and Yoshino 2007). This could be attributed to
the fixed-parameter B generally adopted for all typhoons.
The relational equation is as follows (Holland 1980):

R, [ B 1
R_W‘LBM)] )

where R, [km] is the distance from the center of the
typhoon to the point with the maximum pressure gra-
dient. R,, [km] indicates the distance from the typhoon
center to the point with the maximum wind speed.
Equation (5), as shown in Equatons (1) and (2), are also
based on the equation proposed by Schloemer (1954)
that is a relation proposed by Holland (1980) using
a scaling parameter. Equation (5) shows that parameter
Bis related to R, and R,,. These factors are not constant
and need to be changed according to the structure of
the typhoon (Holland 1980; Hubbert et al. 1991).
Holland (1980) constructed the equation for B as follows:

B = p,eV?_ /AP 6)

max

Here, e is the base of natural logarithms. This equation
assumes the gradient-wind equilibrium and considers
the surface friction and moving speed of the TC.
Therefore, it is inferred that the distribution is not suitable
at the time of landfall. Figure 1 shows an example of the
cross-sectional atmospheric pressure distribution for dif-
ferent values of B. The horizontal axis represents the
distance from the center, and the vertical axis represents
the atmospheric pressure. A large difference can be
observed in the pressure distribution depending on the
setting of B. In the case of a small B value (< 1.0), the
pressure gradient until the typhoon approaches becomes
gradual, and near the center of the typhoon, the pressure
gradient becomes steep. In the case of a large B value (>
1.0), the opposite tendency is observed.

Equation (5) shows that if the ratio of R, and R,, (radius
ratio; R,/R,) can be estimated, it is possible to calculate
parameter B backward. However, it is generally difficult to
use R,/R. because the values of R, and R, are not
obtained. Estimates of R, are available from satellites
and equations for some of the best tracks. However, R,,
is not included in the best track of the JMA best track. In
addition, no estimation was disclosed for R, In addition,
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Figure 1. The example of pressure distribution within a radius of 500 km from the center of the typhoon. Each line color uses
a different B value. The black line is B =1, the red one is B = 1.5, the green one is B = 2.0, the blue one is B = 3.0, the light blue one

is B = 0.8, and the pink one is B = 0.5.

a few studies have investigated the relationship between
TC characteristics. For example, Vickery and Wadhera
(2008) analyzed TCs in the Atlantic and found that B has
a strong negative correlation with R,,. Additionally, B has
a positive correlation with the TC intensity. However, they
also reported that the estimation equation for B changes
depending on the target area. Therefore, it is necessary to
have an appropriate relation of B based on the typhoon
characteristics.

The study proposes a simplified estimation equa-
tion for R,/R,,. Furthermore, we confirm whether the
accuracy of the ETM can be improved by calculating
parameter B backward using the proposed estima-
tion equation. Additionally, the estimation equation
aims to make it practically available to port man-
agers based on the use of only the parameter that
can be easily obtained even before the approach of
typhoons. We conducted hindcast experiments on
a large number of typhoons that had landfall in
Japan between 2000 and 2017. By analyzing the
R, and R,, of the simulated typhoons in this data-
base, an estimation equation for B is proposed.

This remainder of the paper is structured as fol-
lows: Section 2 presents the computational method
used in this study; Section 3 presents the results of
the analysis of 49 typhoons, in which we check the
distribution of R,/R, and discuss the related
typhoon parameters. Section 4 presents the estima-
tion equations based on the discussion results in
Section 3. In addition, validation was performed
based on the recent typhoon cases (Jebi, Faxai,
and Hagibis); Section 5 concludes this study and
discusses future work.

2. Computational method

In a previous study conducted by the authors (Toyoda,
Yoshino, and Kobayashi 2018), hindcast experiments
and accuracy validation were conducted on 49
typhoons — the target of this study. These 49 typhoon
landfall cases in the Pacific coast of Japan correspond
to the period 2000-2017. In this study, we analyze the
R, and R, of 49 typhoons using the hindcast simulation
results. The atmospheric model is based on the
Pennsylvania (PSU)/National Center for Atmospheric
Research (NCAR) mesoscale model (MM5; Dudhia
1993) that is a three-dimensional, non-hydrostatic,
fully compressible, cloud-resolving atmospheric
model used to capture mesoscale and local-scale
meteorological phenomena. The automatic movable
nesting technique is introduced to MM5 to reproduce
the inner-core structure near the center of a powerful
typhoon, from the genesis to decaying stages. In addi-
tion, several physical parameterizations are incorpo-
rated into the original MM5. In particular, the ocean
mixed layer (Shade and Emanuel 1999; Emanuel et al.
2004), dissipative heating (Bister et al. 1998; Zhang and
Altshuler 1999), and sea-spray processes (Fairall,
Kepert, and Holland 1994; Wang, Kepert, and Holland
2001) have been implemented to express the practical
typhoon intensity and structural characteristics
accurately.

According to the validation of the wind speed of
typhoons at the time of landfall in Japan, compared
with the JMA best track, the bias error was 1.73 m/s,
the RMSE was 4.74 m/s, and the correlation coefficient
was 0.85; thus, the typhoon intensity at the landfall
times could be reproduced by the model with high
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accuracy. Detailed information on typhoon validation
was provided in a previous study (Toyoda, Yoshino,
and Kobayashi 2018). From the results of the hindcast
experiments, R, is the distance from the center of the
typhoon to the point where the pressure gradient is
maximum, and R,, is the distance from the center of
the typhoon to the position of the maximum wind
speed. These were extracted from the output results
every 15 min with a horizontal resolution of 3 km.
However, the values obtained by averaging these
values over 1 h were defined as R, and R,, because
the time fluctuations were extremely large. The two
radii were analyzed at the peak times and landfall
times. The results obtained by Toyoda, Yoshino, and
Kobayashi (2018) are included in both the present
climate and future climate experiments. However, the
results of the present climate experiments are only
used in this study. The estimation equation proposed
in this study was constructed using the data on
typhoon landfall in Japan. Hence, this result can be
applied to typhoons at the time of landfall in Japan's
main Islands only.

3. Results of analysis for 49 typhoon cases
3.1. Variability of R, and R,,

Before discussing R, and R, the relationship between
R,/Rw and B are confirmed. Figure 2 shows the rela-
tionship of R,/Rw in Eq. (5) with the change in B. The
horizontal axis shows parameter B, and the vertical axis
shows R, /R, The red line in the figure shows the point
where R,/Ry = 0.5 and B = 1.0, and this setting is
used in the current ETM. As R,/R,, approaches 1.0,

B increases rapidly. The ratio of R, /R, is sensitive to B
in the range of 0.5 to 2. Therefore, small changes in B
significantly impact the ratio of R, /Ry. It is necessary to
set the optimal B instead of fixing B = 1.0 based on the
observed or modeled TCs.

Many typhoons follow the processes of genesis (for-
mation), intensification, maturity, and decay stages
(including extratropical transition and dissipation).
The maximum wind speed and R,, are generally follow-
ing the conservation law of angular momentum, and
R, tends to become smaller during the mature stage
and larger during the decay stage. Furthermore, the
pressure distribution also changes significantly
between the mature and decay stages. Therefore, it is
inferred that R,/R,, changes with the typhoon lifetime.
In this section, the R,/R,, of the typhoon at the peak
and at the time of landfall are analyzed in detail. In
addition, many typhoons change to extratropical
cyclones with disintegrating structures. Hence, the
relationship between R,/R,, for extratropical cyclone
cases is also analyzed. This analysis aims to clarify the
relationship between changes in R,/R,, and the life of
a typhoon.

This section discusses the characteristics of R,/R,, for
the simulated 49 typhoon landfall cases in Japan from
2000 to 2017, as shown in Figure 3. We focused on the
peak times and landfall times of 49 typhoons. In addi-
tion, the same analysis was conducted on 20 extratro-
pical cyclones (ECs) that occurred in 2020 to compare
with the 49 typhoons. The NCEP FNL data (1 deg x 1
deg) were used to analyze the structure of the EC. In
this study, extratropical cyclones corresponding to the
following three conditions were defined as the target
EC. 1) Extratropical cyclones do not originate from

z08¢t 1
[
"9
<
rza-().ﬁ - 1
5 0.5 -
=
g 047 B=10is 1
Ke) used normally
<
& 02+F 1
Rp _ 1
—=[B/(B+1)]5
Ry,
0 1 L L 1
0 1 2 4 6 8 10

Scaling parameter B

Figure 2. Relationship between Scaling parameter B and Ratio between R, and R,,. The red arrow indicates the B = 1 sets used in

normal empirical typhoon models.
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typhoons. This analysis focuses on cases that have
been generated and developed exclusively as extra-
tropical cyclones. 2) Extratropical cyclones developed
to less than 980 hPa are selected as targets. 3) There
are no other disturbances (typhoons or extratropical
cyclones less than 980 hPa) around the target.
Extratropical cyclones satisfying these conditions are
detected in the same area (120°-180° E, 10°-70° N),
similar to the typhoon case. According to the fre-
quency distribution, many typhoon cases show R,/R,,
= 0.9 at the peak time of the typhoon (blue bars in
Figure 3). This result shows that R, and R,, are almost
the same at the peak time of typhoons (red bars in
Figure 3). The number of cases tends to be large
between 0.4 and less than 0.6 at the time of landfall
(red). Approximately half of the typhoon landfall cases
featured ~Rp/Rw = 0.5. Hence, the fixed value of R,/R,,
(0.5) in the ETM is not an irrelevant setting.
Furthermore, it cannot be ignored because each class
of 0.6-1.0 has the ratio of approximately 10%.
However, the R,/R,, of the typhoon at the time of
landfall varies significantly from case to case. In order
to eliminate data bias, the 20 ECs are extracted with
different values of minimum pressure, season, and
location of occurrence. Consequently, the results vary.
However, the largest class has 0.1-0.2 frequency dis-
tribution, and 75% of the total is included in the classes
less than 0.6. Therefore, R,/R,, is smaller in ECs than in
typhoons. Focusing on the shape of the frequency
distribution, the peak of the frequency of R/R,, at the
peak time of the typhoon is located on the far right. In
addition, the peaks of the frequency distribution move
to the left in the order of the landfall times of typhoons

and ECs. Therefore, it is inferred that the value of R,/R,,
becomes smaller than the typhoon peak times, landfall
times to transitioning to EC. A TC undergoing extra-
tropical transition (ET) is denoted here as ET-TC. The
widely used constant relation of the R,/R,, by the ETM
is not satisfied in the simulated TCs and can be chan-
ged from offshore to the coast due to the developing
process of TC and topographical effects on TCs. The
relationship between typhoon attenuation and radius
requires further study.

The frequency distributions show a tendency for R,
/R,, to decrease in the order of peak intensity of
typhoons, landfalls, and ECs. During landfall, R,/R,, is
smaller than that of the peak because the typhoon
structure is closer to that of an EC. Here, we examine
whether the typhoon tended to become an ET-TC.
Whether the structure of target typhoons at the time
of landfall is changing from a tropical cyclone to an ET-
TC, is determined by the method proposed by Hart
(2003).

I=h (ZéoohPa — Zooohpal righe — Z600hPa — ZQOOhPaI/eft)

(7)

Here, h is 1 in the northern hemisphere and -1 in the
southern hemisphere. | indicates an index of the struc-
ture of a typhoon, and Z [m] indicates the geopotential
height on the isobaric surface. The right side of
Equation (7) indicates the difference between the
right and left averages of the layer thickness in the
600-900 hPa range. The range is within 500 km of the
typhoon center relative to the direction of the distur-
bance movement. Hart (2003) also proposed equations



6 M. TOYODA ET AL.

to determine whether warm or cold-core structures are
an indicator of the completion of the EC structure.
However, we do not use them because we intend to
determine whether the transition to ET-TC has begun.
The asymmetry of the thermal structure of a typhoon
can be investigated using Equation (7). We use this
equation to determine whether a typhoon has begun
to transition into an ET-TC. According to Evans and
Hart (2003), the initiation of the change from
a typhoon to ET-TC is defined at / = 10. Note that
a value / = 10 or more indicates the initiation of transi-
tion to an ET-TC, not its completion. The analysis
results of | for 49 typhoons at the time of landfall are
33 cases (67% of the total) with over I = 10. In two-
thirds of the cases, the symmetric structures that char-
acterize typhoons begin to disintegrate. Hence, it is
inferred that the target typhoons in this study were
under the influence of conditions that facilitated the
transition to ET-TC at the time of landfall in Japan. The
average intensity at landfall of the 33 cases with / > 10
is 967.3 hPa, and that of the 16 cases with / <10 is 959.4
hPa. There is a significant difference (one-sided t-test,
significance level of 5%) between these averages.
Therefore, typhoons with higher intensity at landfall
are more likely to maintain their typhoon structures.
Furthermore, the left-right asymmetry can also be seen
in the typhoons with / < 10. These results indicate that
most of the target typhoons in this study were in
a state of ET-TC, that is, in a transitory state from
a typhoon to EC, at the time of landfall in Japan.

In addition to evaluating the typhoon structure
index I, vertical wind shear was confirmed. Vertical
wind shear is one of the most important indicators
for evaluating the maintenance of typhoon structures.
The average vertical shear (200-850 hPa) around the
typhoon was investigated, as shown in Figure 4.

0.7 .

Following Ueno and Kunii (2009) method, the vertical
wind shear was calculated within 300 km of the
typhoon center. Here, vertical wind shear is defined
as the vector difference between the average 200-hPa,
and 850-hPa winds (i.e. 200 hPa minus 850 hPa).
According to previous studies (Klein, Harr, and
Elsberry 2000; Davis, Jones, and Riemer 2008), it is
reported that the threshold of vertical wind shear of
approximately 10.0 m/s is a criterion for whether
a typhoon can maintain a tropical cyclone structure.
Approximately 90% of the cases demonstrated less
than 10 m/s at the peak time of typhoons in the dis-
tribution of 49 typhoons (Figure 4). Cases with vertical
wind shear of 5-10 m/s are the most common, fol-
lowed by those with less than 5 m/s. Therefore, the
winds around the typhoon were uniformly distributed,
suggesting that the environment was conducive to
maintaining the typhoon structure. Moreover, 67.4%
were more than 10 m/s at the time of landfall.
Approximately half of the cases have a vertical wind
shear of 10-15 m/s, and approximately 17% have
a wind shear of more than 15 m/s. In addition, vertical
wind shear increased from peak time in almost all
cases (44 out of 49 cases), including cases correspond-
ing to less than 10 m/s. In approximately 78% of the
cases (26 out of 33 cases) with | > 10, the vertical wind
shear was also greater than 10 m/s. Therefore, these
results indicate that it is an environment that is con-
ducive to the transition from a typhoon to ET-TC at the
time of landfall in Japan.

According to the analysis results of typhoon struc-
ture index | and vertical wind shear, typhoons are
influenced by conditions that facilitate the transition
to ET-TC. In addition, the value of R,/R,, is expected to
fluctuate significantly under these conditions. Note

0.6
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Figure 4. The distribution of vertical wind shear in 49 typhoons. The color of the bars follows .Figure 2



that this analysis focuses on the time of landfall.
Therefore, when and where a TC transitions into an ET-
TC are not discussed here.

3.2. Relationship between typhoon attenuation
and R, /R,

The frequency distribution in the previous section shows
that R,/R,, tends to decrease below 1 as the typhoon
attenuates and approaches an ET-TC. Therefore, there
could be a negative correlation between the relative
weakening rate (hereafter, W, [%]) of the typhoon
intensity after the peak time and R,/R,,. Additionally, the
intensity of the longer-traveled typhoon tends to decay
from its peak. Hence, there could also be a negative
correlation between the distance from the point where
the typhoon reaches peak intensity to landfall (hereafter,
D, [km]) and R,/R,. Note that this D, is a straight-line
distance between two points, not the distance along the
track of the typhoon. Although the distance along the
typhoon trajectory can be used from operational fore-
casts, the uncertainty is exceedingly large for forecasts
with long lead times. In addition, there is no information
provided by the JMA for more than 120 h lead times.
Therefore, in this study, we used the straight-line distance
for simplicity. It is inferred that the more attenuated the
typhoon (the longer the typhoon movement distance),
the smaller the R,/R,. The W,y of typhoon intensity is
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where P, [hPa] is the central pressure at the peak times,
and P, [hPa] is the central pressure at landfall times.
Figures 5 and 6 show a scatter plot of W4 and
Ro/Rw, and Dy and R,/R,, respectively. These fig-
ures indicate the R,/R, values for typhoons at
landfall. Cases with a W4 of approximately zero
exhibit a large variation. Moreover, R,/R,, tends to
decrease as W, increases. The correlation coeffi-
cient between R,/R, and the W,y is —0.55, and it
can be said that the more attenuated typhoon
cases tend to have smaller R,/R,. This can be
attributed to typhoon attenuation and the disinte-
gration of the typhoon structure. As confirmed in
Section 3.1, changes to the extratropical cyclone
are considered to have started at the time of land-
fall in many typhoon cases. In the case of extra-
tropical cyclones, the value of R,/R, tends to be
smaller than that of typhoons. Therefore, R,/R,,
tends to be smaller for more attenuated typhoons.
Furthermore, there was also a negative correlation
(=0.47) between the D, and R,/R,. Here, the cor-
relation coefficient between W4 and D, is 0.66.
A typhoon with a long distance to the landfall
from the position of the peak intensity tends to
be more attenuated. Therefore, the same relation-
ship can be obtained for D, and R,/R,. Although
individual variations are large, R,/R, tends to be
smaller for typhoons that travel longer distances
beyond the peak intensity. Both analyses indicate

calculated  from  the  following  equation: : k .
a decreasing R,/R,, relation, from the maximum
P, — P, developed condition to the decay process.
Wiate = =% %100 (8)
Pep
2 l . :
® Each TC case
% y =-0.6743tanh(0.2884x)+1
Variance of Rp IR,
‘zﬁ 1.5 | ® &8 X Avcragcot‘Rp;’Rw every 2% | |
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= &
<
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S [ ]
g | '\'\X ‘
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Figure 5. The relationship between weaken rate of typhoon from peak to landfall and the R, R,,. The blue dots mean each typhoon
case (TC case). The red solid line means regression curve, error bar means variance of R, R,, and the average value of R,R,, for

every 2% (x mark) are indicated.
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Figure 6. The relationship between the moving distance of typhoon from peak to landfall and the R, R,,. The blue dots mean each
typhoon case (TC case). The red solid line means regression curve, error bar means variance of R, R,, and the average value of R,,

R, for every 500 km (x mark) are indicated.

4. Empirical relations of two radius based on
recent typhoon cases

4.1. Estimation of R,R,,

It is expected that the optimization of parameter B as
a function of R,/R,, can improve the accuracy of the
ETM. In the previous section, the relation of R,/R,, was
analyzed, and R,/R, was found to be related to the
Wiae and Dp. To evaluate the R,/R, of a typhoon
expected to landfall in the future, the predicted Wiq¢e
and D, are required. In this study, we propose an
empirical relation that uses the typhoon forecast
values (typhoon intensity and typhoon track) provided
by the Japan Meteorological Agency (JMA) to predict
Wiare and Dy. Two different empirical relations are
proposed to estimate R,/R,, as a function of W or Dy:

Ry/Ry = —0.6743 x tanh(0.2884 x Wiu) + 1.0, (9)

R,/Rw = — tanh(0.4639 x Dp/10% +0.11) + 1.11
(10)

Here, these equations are used as a robust estimation
method that reduces the weight of outliers by the least-
squares method because R,/R,, varies significantly.
Additionally, tanh is determined here as the functional
form considering the shape of the scatter plot, and
there is no typhoon case wherein R,/R,, is 0. The coeffi-
cients and intercept are calculated under the condition
that Ry/R,, is 1 when W4 or Dy is 0. In Figures 5 and 6,
the red lines indicate the regression lines of Equations
(9) and (10), the blue points indicate each typhoon case,
X-marks show the average value of R,/R,,, and the error
bars indicate the variance of R,/R,. The root-mean-

square error (RMSE) in Equation (9) is 0.29, and the
coefficient of determination is 0.57. However, the
RMSE in Equation (10) is 0.32, and the coefficient of
determination is 0.51. It is expected that the accuracy of
the ETM can be improved by estimating the R,/R,, using
these estimation equations and determining parameter
B. JMA provides the typhoon position, intensity, a radius
of wind speed of 25 m/s or more, and a radius of wind
speed of 15 m/s or more. R, is not shown in the JMA
best track, although the estimated values are available
in other best tracks such as IBTrACS. However, large
variations were observed depending on the estimation
method employed. The most significant advantage of
this study is that a realistic B value can be estimated
using easily available parameters, such as the amount
of attenuation from the peak intensity and the distance
from the peak intensity position. The proposed two
equations can be operated using the input values of
the typhoon intensity forecast and typhoon track fore-
cast, respectively.

4.2. Validation of empirical TC radius estimation

The new parameter B is obtained from Equations (5),
(9), and (10). In this section, the new parameter B is
used to validate the improvement in the ETM. The
effect of improvement using the new parameter
B was validated based on three typhoon cases that
severely damaged Japan in recent years (Figure 7).
The typhoon cases used for validation were Toyoda,
Yoshino, and Kobayashi (2018), Typhoon Faxai (2019),
and Typhoon Hagibis (2019) that were not used in the
evaluation of the above statistical equations. In



addition, each validation was conducted based on
time series at three sites ((a) Kansai International
Airport, (b) Chiba, and (c) Yokohama) where significant
pressure drop and strong wind speed were observed
for each typhoon (Figure 7; black line). The simulations
were conducted using the information of the time
when the typhoon was the closest in each case.
Simultaneously, the estimation results using the con-
ventional ETM (B = 1, B calculated using Equation (6))
are also shown for comparison (Figure 7; red and yel-
low lines). The best track of the JMA and the estimated
value of R, by satellite observation of NOAA (https://
rammb-data.cira.colostate.edu/tc_realtime/) are used
for the values of typhoon position, typhoon intensity,
and R, required for calculation by the ETM.

As shown in Figure 7, the accuracies were
improved in some cases. The blue dashed line is
the result obtained using Equation (9), and the
green dashed line is the result obtained using
Equation (10). At the Kansai International Airport
at the time of the Jebi attack (Figure 7(a)), the
parameter B is estimated as 1.12 using Equation
(6), 0.850 using Equation (9), and 0.755 using
Equation (10). This accurately represents the pres-
sure until the typhoon approaches. The average
estimation error of air pressure is approximately
7.0 hPa and 8.4 hPa in the setting of B = 1 and
B = 1.12, respectively. However, each average error
of the ETM with the new parameter B is 4.9 hPa and
3.5 hPa, respectively. Furthermore, even if the new
parameter B is used, the time lag of the wind speed
cannot be improved. The waveform is considerably

(a) Jebi (b)

Kansai airport

B
Wind speed [m/s]

ay
ey
.
ey

Faxai (C}
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different from the observed value. The shape of the
typhoon Jebi had already collapsed into an ellipse
when Jebi reached Kansai International Airport.
Therefore, the wind speed of Jebi cannot be
expressed by the ETM. This problem shows the
limitation of the ETM that assumes that the typhoon
structure is approximated to be axisymmetric.
Therefore, it is necessary to operate a dynamic
model, such as a mesoscale meteorological model,
to solve this problem.

In the case of Faxai (Figure 7(b)), the parameter B is
estimated as 0.984 using Equation (6), 2.84 using
Equation (9), and 1.61 using Equation (10). There is
no significant improvement (0.24 hPa) in the pressure
time series. However, the accuracy is improved signifi-
cantly in the time series of the wind speed. Two peaks
that are not expressed by the conventional model
(B=1 and B = 0.984) can be expressed, and it can be
said that the effect of parameter B is large. The average
estimation error of wind speed is approximately 4.8 m/
s and 4.9 m/s in the setting of B = 1 and B = 0.984,
respectively. However, the average errors in the ETM
with the new parameter B are —2.1 m/s and 3.5 m/s,
respectively. B needs to be set larger than 1 because
Faxai made landfall immediately after reaching its peak
intensity.

Finally, in the case of Hagibis (Figure 7(c)), the para-
meter B is estimated as 0.665 using Equation (6), 0.863
using Equation (9), and 0.711 using Equation (10). The
accuracy of the air pressure and wind speed are
improved. In particular, the peak of the wind speed is
improved significantly. The B estimated using Equation

Hagibis

Chiba i Yakohama

Wind speed [m

Figure 7. Time series of pressure and wind speed for selected typhoon events. Panels (a)-(c) show the pressure and the panels (d)-
(f) show wind speeds. The panels (a) and (d) are results of the Kansai International Airport the case of typhoon Jebi. (b) and (e) are
results of the observation site at the Chiba the case of typhoon Faxai. (c) and (f) are results of the observation site at the Yokohama
the case of typhoon Hagibis (black solid line indicates observation by JMA. The red dashed line with x marks indicates the
estimation with B = 1. The yellow dashed line with diamonds indicates the estimation with the parameter B using the estimation
Equation (6). The blue dashed line with square indicates the estimation with the new parameter B using the estimation Equation
(9). The green dashed line with circles indicates the estimation with the new parameter B using the estimation Equation (10).
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(9) tends to be larger than that estimated using
Equation (10). A larger B indicates that the typhoon is
closer to its peak intensity, and thus, the pressure
gradient is sharper. The three typhoon cases have
different intensities and tracks. The B estimated using
Equation (6) tends to be more accurate than the
method that fixes B = 1. Furthermore the B estimated
using Equations (9) and (10) are more accurate than
that estimated using Equation (6), considering the
changes in pressure and wind speed when the
typhoons approach. The accuracy of typhoon intensity
is improved by employing the novel method that
determines parameter B using the constructed estima-
tion Equations (9) or (10) and Equation (5) proposed by
Holland. However, it should be noted that the statisti-
cal equations developed in this study are only applic-
able to typhoon landfalls exclusively on the Japanese
Islands.

5. Conclusion

The ETM is widely used in the field of storm surge
disaster prevention in practical use. In this study, we
propose estimation equations to regulate parameter
B to a suitable value for improving the accuracy of the
ETM. The estimation equations for the typhoon model
were constructed using the results of analysis of many
typhoons. Parameter B is the ratio of the radius of the
maximum pressure gradient (R,) to the radius of the
maximum wind speed (R,,). Presently parameter B = 1
is the setting that is widely used. By analyzing the
results of studies carried out on many typhoons it is
seen that parameter B tends to fluctuate significantly
depending on the typhoon. There is a significant varia-
tion in the ratio R,/R,, at the time of landfall of the
typhoon. Therefore, we constructed two types of equa-
tions for the convenient estimation of R,/R,, with the
aim of calculating parameter B backwards. In one
equation, R,/R,, can be calculated using the attenua-
tion rate of the typhoon from the time of its peak to
landfall. The other method uses the distance from the
position where the typhoon reaches its peak intensity
to the coastline. Parameter B was calculated from the
estimated R,/R,, and the effect on accuracy was com-
pared with the results of the conventional ETM (B =1,
and B estimated by the gradient-wind equilibrium
assumption). Three cases of typhoons that made land-
fall in Japan in recent years were selected for compar-
ison. The value of B estimated using the gradient-wind
equilibrium assumption tended to be more accurate
than the method with a fixed value of B = 1.
Furthermore, the value of parameter B calculated
with our estimation equations were more accurate
than that estimated by the gradient-wind equilibrium
assumption in all three cases, and the improvement in
the accuracy of the ETM by using our estimation equa-
tions for B was validated. The setting of B =1 has been

empirically used in the ETM for storm surge disaster
prevention and storm surge forecasting in Japan. It is
expected that, in the future, the accuracy can be
improved by using the value of B calculated backwards
using the proposed estimation equations. In the future,
we intend to propose a method for estimating the
radius of maximum wind speed. This is required as
input data for the empirical model; however, it cannot
be directly determined by observation. The accuracy of
the empirical model will be further improved if the
change in this value, with time, can be estimated
with high accuracy.
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