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ABSTRACT

Variations in the high-frequency oscillations of tropical cyclones (TCs) over the western North Pacific (WNP) are studied
in numerical model simulations. Power spectrum analysis of maximum wind speeds at 10 m (MWS ) from an ensemble of
15 simulated TCs shows that oscillations are significant for all TCs. The magnitudes of oscillations in MWS( are similar in
the WNP and South China Sea (SCS); however, the mean of the averaged significant periods in the SCS (1.93 h) is shorter than
that in the open water of the WNP (2.83 h). The shorter period in the SCS is examined through an ensemble of simulations,
and a case simulation as well as a sensitivity experiment in which the continent is replaced by ocean for Typhoon Hagupit
(2008). The analysis of the convergence efficiency within the boundary layer suggests that the shorter periods in the SCS are
possibly due to the stronger terrain effect, which intensifies convergence through greater friction. The enhanced convergence
strengthens the disturbance of the gradient and thermal wind balances, and then contributes to the shorter oscillation periods
in the SCS.
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1. Introduction

Tropical cyclones (TCs) are one of the most destructive
natural disasters to affect coastal regions (Emanuel, 2005;
Peng et al., 2014) and pose great scientific challenges to me-
teorologists. TCs are complex systems and their intensities
are affected by a variety of physical processes. Many studies
have focused on the TC updraft and updraft-produced eye-
wall; i.e., conditional instability of the second kind (Char-
ney and Eliassen, 1964), vortical hot towers (Hendricks et
al.,, 2004; Montgomery et al., 2006), and secondary rain-
bands (e.g., Montgomery and Kallenbach, 1997; Reasor et
al., 2000). Because the eyewall is essential for TC evolu-
tion, studies have been conducted on small-scale processes
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within the eyewall, such as the eyewall replacement cycle
(Shapiro and Willoughby, 1982; Willoughby et al., 1982;
Chen, 1987) and wave activities. The latter aspect gener-
ally covers the stationary wavenumber-one convective pat-
tern (Reasor et al., 2009), vortex Rossby waves (Zhong et
al., 2009; Menelaou and Yau, 2014), inertia gravity waves
(Kurihara, 1976; Willoughby, 1976; Schecter, 2008; Ki
and Chun, 2011), fine-scale spiral rainbands (Gall et al.,
1998) associated with Kelvin—Helmbholtz instability (Romine
and Wilhelmson, 2006), inertial-buoyancy waves (Li et al.,
2010), and semi-diurnal convection (Kossin, 2002). How-
ever, the cited studies were largely confined to the hori-
zontal structures of waves. The short-term temporal evolu-
tion and vertical propagation of waves have not been fully
investigated.

Chen et al. (2015) used both observational data and mod-
eling results to identify high-frequency oscillations having a
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period of approximately 2 h in the vertical structure of sec-
ondary circulations within the eyewall of analyzed TCs in the
South China Sea (SCS). These oscillations occur within the
vertical motion, convergence and dry air density around the
eyewall, and induce oscillation of the TC intensity through
the oscillation of convection. The present study further inves-
tigates variations of the high-frequency oscillations of TCs
over the western North Pacific (WNP) via numerical model
simulations (owing to a lack of observations). Here, the dif-
ference in TCs in the SCS and WNP excluding the SCS (here-
after referred to as the open WNP) are analyzed because some
physical characteristics differ between these two regions dur-
ing TC intensification, owing to the distribution of land (as
detailed by Chen et al., 2014).

The rest of the paper is organized as follows: Section 2
gives a general description of the model. Section 3 presents
a power spectrum analysis of an ensemble of 15 simulated
TCs, and determines the variation in the high-frequency os-
cillation between the open WNP and SCS. Section 4 presents
the physical features that are further demonstrated in a case
simulation of Typhoon Hagupit (2008). Section 5 draws con-
clusions from the results of the study and presents a discus-
sion.

2. General description of the model settings

The simulations in this study are performed using the
Weather Research and Forecasting (WRF) model (Ska-
marock et al., 2008). In our simulations, the model has
28 unevenly spaced vertical levels and greater resolution in
the planetary boundary layer. The top level of the model
is set to a pressure of 50 hPa. The model physics cho-
sen are the Kain—Fritsch cumulus parameterization scheme
(Kain and Fritsch, 1990, 1993; Kain, 2004), WSM6 mi-
crophysics scheme (Hong et al., 2004), YSU PBL scheme
(Hong and Lim, 2006), five-layer thermal diffusion land
surface model (Skamarock et al., 2008), longwave radia-
tion scheme of the Rapid Radiative Transfer Model (Mlawer
et al.,, 1997), and Dudhia shortwave radiation scheme
(Dudhia, 1989).

Dynamic downscaling is applied to simulate small-scale
and mesoscale features of the TCs. First, one-way nesting is
used for the coarser-resolution model covering an outer do-
main, taking initial and boundary conditions from the six-
hourly NCEP Final Analysis (FNL) data. This involves hor-
izontally and vertically interpolating the analysis fields on
1° x 1° horizontal cells and having mandatory pressure lev-
els of the WRF model cells. Next, two-way nesting is used
to link the outer-domain model with an inner-domain model
with finer horizontal resolution. For this application, the sea
surface temperature, fixed in time but spatially varying dur-
ing model integration, is also obtained from NCEP FNL data.
According to the relationship between the period and discrete
scale given by Torrence and Compo (1998), a period of two
hours corresponds to a spatial scale of about 10 km. A reso-
lution of 3—4 km is hence used in the simulation to study the
high-frequency oscillations.
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3. Analysis of an ensemble of simulated TCs

3.1. Description of the ensemble of simulations

Table 1 lists the 15 TCs simulated using the WRF model.
These cyclones occurred during 2008-2014 in the WNP, and
seven were active in the SCS. For these simulations, the two-
way interactive WRF model includes two components cover-
ing two fixed domains with Lambert projections for the open
WNP and SCS (Fig. 1). Domain 1, the outer mesh, has a hor-
izontal resolution of 12 km and is designed to simulate the
synoptic-scale environment in which the TCs evolved. Do-
main 2 has a horizontal resolution of 4 km and is designed
to simulate TC mesoscale structure. The simulations are ini-
tialized when each TC reaches tropical storm intensity. Each
simulation spans 192 h.

The simulated TC tracks and intensities, defined by the
minimum sea-level pressure (MSLP) and the maximum wind
speed at 10 m (MWS), are compared with observational
data. The observed TC tracks are obtained from the best-
track observation dataset compiled by the Shanghai Typhoon

Table 1. List of TCs, start times of the experiments, and analysis
durations for the ensemble of simulations.

TC Starting time Duration for analysis
Man-Yi (2007) 0000 UTC 9 Jul. 1800 UTC 10 Jul.-0000
UTC 15 Jul.
Fung-Wong (2008) 0600 UTC 25 Jul. 1200 UTC 26 Jul.-0600
UTC 29 Jul.
Parma (2009) 0060 UTC 29 Sep. 0600 UTC 30 Sep.—0600
UTC 3 Oct.
Chaba (2010) 1800 UTC 24 Oct. 1200 UTC 26 Oct.—0000
UTC 29 Oct.
Roke (2011) 0600 UTC 13 Sep. 1200 UTC 13 Sep.-0600
UTC 17 Sep.
Saola (2012) 0000 UTC 28 Jul. 0000 UTC 30 Jul.—1200
UTC 02 Aug.
Soulik (2013) 0000 UTC 8 Jul. 0600 UTC 8 Jul.-0000
UTC 13 Jul.
Nuri (2014) 0000 UTC 31 Oct. 0600 UTC 31 Oct.—0000
UTC 6 Nov.
Neoguri (2008) 0600 UTC 15 Apr. 1200 UTC 16 Apr.—0600
(SCS) UTC 18 Apr.
Hagupit (2008) 1200 UTC 19 Sep. 0000 UTC 21 Sep.—0000
(SCS) UTC 25 Sep.
Chan-Hom (2009) 1200 UTC 3 May. 0600 UTC 5 May-1200
(SCS) UTC 8 May.
Chanthu (2010) 1200 UTC 19 Jul. 1800 UTC 20 Jul.-1200
(SCS) UTC 22 Jul.
Vicente (2012) 1200 UTC 21 Jul. 1800 UTC 21 Jul.—-1200
(SCS) UTC 24 Jul.
Son-Tinh (2012) 1200 UTC 23 Dec. 1800 UTC 25 Dec.—1200
(SCS) UTC 28 Dec.
Rammasun (2014) 1200 UTC 16 Jul. 1200 UTC 16 Jul.-0000
(SCS) UTC 19 Jul.
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Fig. 1. Domains of the WRF model for the ensemble of TC sim-

ulations of (a) the open WNP and (b) the SCS.

Institute (STI) of the China Meteorological Administration
(CMA) (Ying et al., 2014). Figure 2 shows good agreement
between observed and simulated TC tracks in Domain 2 in
terms of the discrepancy in the TC center locations being less
than 150 km on average.

Table 2 lists the maximum MWS;, of the observed and
simulated TCs. The simulated intensities are comparable
to the observed intensities; however, the simulated intensi-
ties of TCs in the open WNP and SCS are similar because
the simulated intensities are a little weaker and stronger in
the open WNP and SCS, respectively. Table 3 lists correla-
tions between TC intensities obtained from simulations and
the best-track data. The trends of the simulated TC intensi-
ties are similar to those of observations, because all corre-
lations are significant at the 95% confidence level according
to the #-test, except in the case of the MWS( of Typhoon
Chan-Hom (2009). It is thus concluded that the simulated
and observed TC intensities agree well because the magni-
tude and trends of TC intensities are comparable to obser-
vations. Because the high-frequency oscillations are more
significant in TCs with higher intensity, the following analy-
sis is applied to model outputs during the period (also listed
in Table 1) when the simulated TC intensity is stronger than
severe tropical storm intensity (i.e., an MWS;( exceeding
245ms™.
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Fig. 2. Tracks of TCs at 6-h intervals from the ensemble of
simulations (dashed lines with open circles) and best-track data
(solid lines with filled circles) for TCs in (a) the open WNP and
(b) the SCS. The best-track data are from CMA-STI. Here, ex-
cept in the cases of Man-yi (2007), Chanthu (2010), Hagupit
(2008), and Chan-Hom (2009), which respectively started at
1800 UTC 9 July, 1800 UTC 19 July, 1800 UTC 19 Septem-
ber, and 0000 UTC 5 May, all tracks begin at the start times of
the experiments listed in Table 1.

3.2. General features of the difference between the open
WNP and SCS

According to our previous study (Chen et al., 2015), high-
frequency oscillations are significant in both variables (i.e.,
density, horizontal velocities and vertical velocities) averaged
over the eyewall region and the MWS . Thus, considering
that the MWS ¢ is widely used to represent the intensity of a
TC, the MWS is used for the analysis in the present study.
Following Gilman et al. (1963) and Stott et al. (2002), power
spectrum analysis is performed for the simulated MWSjg,
with a temporal interval of 15 min. Prior to this analysis,
each MWS( time series is high-pass filtered by subtract-
ing its running average over a 6-h window. Figure 3 shows
the resulting power spectrum density and the noise spectrum
computed following Stott et al. (2002). Areas with spectrum
density higher than the noise spectrum can be regarded as
significant during the corresponding periods. Figure 4 shows
the averaged significant periods and their variation ranges
according to the results presented in Fig. 3. Here, only the
smallest significant period is considered because double pe-
riods are also significant for some TCs [i.e., Neoguri (2008)
and Hagupit (2008) shown in Fig. 3]. For all simulated TCs,
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Table 2. Maximum MWS( from the ensemble of simulations of
TCs in (a) the open WNP and (b) the SCS.

(a) Open WNP
Observed MWS Simulated MWS
TC (ms~h (ms~h
Man-Yi (2007) 55.00 45.85
Fung-Wong (2008) 45.00 41.99
Parma (2009) 55.00 42.81
Chaba (2010) 50.00 49.69
Roke (2011) 52.00 51.26
Saola (2012) 40.00 50.73
Soulik (2013) 55.00 60.28
Nuri (2014) 68.00 52.66
Mean 52.50 4941
(b) SCS
Observed MWS Simulated MWS ¢
TC (ms~ 1 (ms™h
Neoguri (2008) 40.00 44.61
Hagupit (2008) 50.00 50.62
Chan-Hom (2009) 35.00 43.78
Chanthu (2010) 35.00 38.13
Vicente (2012) 45.00 43.57
Son-Tinh (2012) 45.00 45.74
Rammasun (2014) 60.00 57.22
Mean 44.29 46.24

Table 3. Correlations of MSLP and MWS | between TCs from the
ensemble of simulations and best-track data. The best-track data are
from CMA-STI. Values with “*” indicate correlation at the >95%
confidence level, based on the ¢-test.

TC MSLP MWSio
Man-Yi (2007) 0.59* 0.67*
Fung-Wong (2008) 0.80* 0.80*
Parma (2009) 0.79%* 0.85*
Chaba (2010) 0.89* 0.88%*
Roke (2011) 0.86* 0.86*
Saola (2012) 0.97* 0.86*
Soulik (2013) 0.96* 0.83*
Nuri (2014) 0.96* 0.87*
Neoguri (2008) (SCS) 0.89* 0.88%*
Hagupit (2008) (SCS) 0.60* 0.51%
Chan-Hom (2009) (SCS) 0.38 0.50*
Chanthu (2010) (SCS) 0.87* 0.83*
Vicente (2012) (SCS) 0.80* 0.90*
Son-Tinh (2012) (SCS) 0.93* 0.96*
Rammasun (2014) (SCS) 0.76* 0.79*
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significant high-frequency oscillations are identified, with av-
eraged periods of 2.33-4.15 h in the open WNP and 1.12—
3.20 h in the SCS. The means of the averaged periods of TCs
in the open WNP and the SCS are 2.83 and 1.93 h, respec-
tively. Additionally, the variation range of the oscillation pe-
riods of TCs in the open WNP is longer than that in the SCS,
with the mean of variation ranges being 1.25 h in the open
WNP and 0.66 ho in the SCS.

The Butterworth bandpass filter method is applied to
the MWSjo of each simulated TC to analyze the magni-
tude of high-frequency oscillations. The time series of high-
frequency oscillation is obtained by filtering the variation
range of the significant periods in Fig. 4. The deviation and
maximum amplitude (listed in Table 4) of the filtered time se-
ries are used to describe the magnitudes of high-frequency os-
cillations. The deviations and maximum magnitude are simi-
lar in the open WNP and SCS, although the significant period
in the open WNP is longer than that in the SCS.

3.3. Factors of variations of periods in the two oceans

It can be concluded from the work of Chen et al. (2015)
that high-frequency oscillations are significant within TC
secondary circulations that interact with the TC intensity.
The variation in the significant oscillation periods in the open

Table 4. Standard deviation and maximum amplitude from the en-
semble of simulations of TCs in (a) the open WNP and (b) the SCS.

(a) Open WNP
Deviation Max. amplitude
(msh) (ms™)
Man-Yi (2007) 0.40 1.04
Fung-Wong (2008) 0.22 0.45
Parma (2009) 0.51 1.12
Chaba (2010) 0.39 1.10
Roke (2011) 0.53 1.52
Saola (2012) 0.39 1.19
Soulik (2013) 0.50 1.48
Nuri (2014) 0.43 1.36
Mean 0.42 1.17
(b) SCS
Standard deviation Max. amplitude
(ms~h (ms™h)
Neoguri (2008) 0.27 0.63
Hagupit (2008) 0.27 0.69
Chan-Hom (2009) 0.61 1.91
Chanthu (2010) 0.32 0.72
Vicente (2012) 0.48 1.47
Son-Tinh (2012) 0.39 1.04
Rammasun (2014) 0.44 1.11
Mean 0.40 1.08
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Fig. 4. Averaged significant period (gray bars) and variation
ranges (black lines) of TCs in (a) the open WNP and (b) the
SCS, from the results of the power spectrum analysis shown in
Fig. 3. (c) Mean of the averaged significant periods and varia-
tion ranges of TCs in the open WNP and the SCS.

WNP and SCS is thus probably due to the disturbance of the
TC intensity or secondary circulation that is enhanced by the
TCs themselves or the environment. Factors for the distur-
bance of TC intensity are the strengthening of TCs them-
selves and environmental atmospheric dynamical features;
meanwhile, the factor for the disturbance of TC secondary
circulation is convergence within the boundary layer because
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all upward transport signals within the secondary circula-
tion are generated by oscillations of the inward radial winds
within the boundary layer.

Strengthening of TCs themselves, however, is not the
reason for the longer oscillation periods over the open WNP,
because simulated intensities of TCs in the open WNP and
SCS are similar. Meanwhile, environmental atmospheric dy-
namical features including the low-level vorticity, high-level
divergence, and vertical wind shear, are analyzed. Table 5
lists the mean values of these variables averaged over an
annular area with a radius of 300-600 km from the center,
defined as the location of the MSLP, of the simulated TCs
during the periods when the TC intensity is higher than severe
tropical storm intensity. The design of this ring area is based
on estimations of the steering flow of TCs made in previous
studies (i.e., Chan and Gray, 1982; Peng et al., 2015), where
an area with a range larger than 1000 km, within which the
region affected by TC features is removed, was used to repre-
sent the large-scale features of TCs. The ring area used here
covers a range of 1200 km and is thus able to describe the
large-scale features around the TC. Furthermore, an area with
radius of 300 km is suitable for describing a TC structure, as

Table 5. Environmental low-level vorticity [unit: m s~! per longi-
tude (latitude)], high-level divergence [unit: m s~! per longitude
(latitude)], and vertical wind shear (unit: m s~!) from the ensemble
of simulations of TCs in (a) the open WNP and (b) the SCS.

(a) Open WNP

850-hPa 250-hPa Vertical

vorticity divergence wind shear
Man-Yi (2007) 1.25%x1075  2.92x107° 10.64
Fung-Wong (2008) 2.57x107%  6.63x1077 9.03
Parma (2009) 6.44%x107° —457%x107°  11.59
Chaba (2010) 3.88x1070  3.96x107° 7.93
Roke (2011) 2.18x107°  2.13x107° 9.04
Saola (2012) 272%x107°  1.70x107° 15.07
Soulik (2013) 9.12x107% -3.50x107%  8.84
Nuri (2014) 9.67x107% -1.86x107°  9.72
Mean 145%x10™  1.81x1077 10.23

(b) SCS

850-hPa 250-hPa Vertical

vorticity divergence wind shear
Neoguri (2008), SCS  —9.64x1070 -2.69x107¢  8.57
Hagupit (2008), SCS 458%107° -170x107°  9.05
Chan-Hom (2009), SCS  3.99x107¢  2.67x107° 11.43
Chanthu (2010), SCS 271%x107° 1.88x107° 6.66
Vicente (2012), SCS 871x107° 2.63x107° 12.03
Son-Tinh (2012), SCS ~ 1.84x107° 2.03x107° 7.92
Rammasun (2014), SCS  9.50x 10  1.06x107¢ 11.90
Mean 3.10x107°  8.39x107° 9.65
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concluded from previous studies (i.e., Emanuel, 1986; Wang (a) WNP
et al., 2008). This ring area with radius of 300 km to the TC -0.5 -
center is generally affected by TC features of the simulated 04 -
TCs in this study (figures not shown). Although the mean '
values of all TCs in the open WNP and SCS are different, o -0.3 1
the differences in the low-level vorticity and high-level di- -0.2 A
vergence are not significant in these two areas. Additionally, 0.1 1
differences in vertical wind shears in the open WNP and SCS
are not significant. Thus, environmental dynamical factors 0
also do not explain the longer significant periods in the open %QQ(\\ q,@%\ WQO’\ WQ\QN %Q\\\ WQ\“) WQ“’\ %Q\b‘\
WNP. PRI POV AN
As detailed by Chen et al. (2015), all upward transport @@9’ Qf Q‘Iéo R g°° <
signals within the secondary circulation are generated by os- Q’Q
cillations of the inward radial winds (convergence) within the
boundary layer. Thus, another potential factor of the longer  (p) SCS
periods in the open WNP is the weaker terrain effects over
the open water, because terrain friction intensifies conver- -0.5 1
gence and thus enhances the disturbance when the conver- -04 A
gence and rotation are imbalanced, compared with their re- 03 A
lationships in mechanisms of TC development and mainte- 5
nance [i.e., the thermal wind balance in wind-induced sur- -0.2 1
face heat exchange (Emanuel, 1986)]. Instead of using the -0.1 A
mean divergence within the boundary layer, which is affected 0
by the overall wind speeds, the ratio of radial winds (R;) is & & ©® OO »
applied to estimate the efficiency of convergence. R; can be RO R R O
calculated as v 0@0 %@Q” & &.\\@ \@“\0 &x&\ &
- R AV O M A
R = Vi, 1) &S S
where V is the speed of radial winds and |V is the absolute  (¢) Mean
value of the overall wind speed (V) from which the speed of
TC motion has been removed, i, is an unit vector directed -0.4 1
away from the TC center. Figure 5 is a sketch of the estima- -0.35 A T
tion of V. V, is the component of V directed toward/away 03 - 1l
from the TC center, with a positive value indicating out- 0.5 - T
ward movement on the basis of the definition of divergence. o 1
V. is the tangential wind, which is perpendicular to V, where < -0.2 A
-0.15 -
-0.1 -
-0.05 -
0

Fig. 5. Sketch of the estimation of radial wind (V) (with posi-
tive velocities being outward). Here, V is the overall wind speed
from which the speed of TC motion has been removed, and V;
is the tangential wind (with positive velocities being anticlock-
wise).

WNP SCS

Fig. 6. As in Fig. 4 but for the ratio of radial winds (R;) averaged
within the PBL of TC eyewall region.

a positive value indicates anticlockwise motion on the basis
of the definition of vorticity. The mean and variation of R;
averaged within the PBL of TC eyewall region are shown in
Fig. 6. The eyewall region here is defined as the ring area
with radius of 200 km to the TC center, and covers the up-
drafts of all simulated TCs (figures not shown). The mean
R; of TCs varies between —0.29 and —0.18 in the open WNP
and between —0.35 and —0.29 in the SCS. The efficiency of
convergence in the open WNP, with an averaged mean R, of
—0.24, is much less than that in the SCS, with an averaged
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mean R, of —0.33. The lesser terrain effect thus contributes
weaker convergence and there are longer significant periods
for TCs in the open WNP. Note that Chan-Hom is a special
case in the SCS because it was active in a relatively open area
and was hardly affected by land features (Fig. 2). The ab-
solute value of R, for Chan-Hom is smaller than values for
other TCs in the SCS, and the significant period and variation
range of Chan-Hom are longer. Although the terrain effect
enhances the convergence efficiency, it is worth noting that
the terrain does not weaken the intensities of TCs in the SCS,
which are similar to the intensities of TCs in the open WNP,
because the cores of TCs are generally far from land before
the TCs land (Fig. 2b).

The physical mechanism of the longer variation range in
the open WNP is worth discussing, because the longer vari-
ation range means the oscillations vary with different spatial
scale structure, suggesting that the process may also be af-
fected by a variety of physical factors, such as the air—sea
interaction, TC size, and inner structure of the TC. There is
thus a need for more detailed investigation.

4. Case study of Typhoon Hagupit (2008)

To verify the effect of terrain on the period of high-
frequency oscillations, we execute another sensitivity exper-
iment called NoTer for simulation of Hagupit (2008) con-
structed in Chen et al. (2015) (hereafter referred to as the
CTL simulation). The CTL simulation is an excellent exam-
ple selected from multiple tests with different settings of the
domain design, physical scheme, and initial vortex, through
the validation with observations. For this application, the
WRF model, physical schemes, and initial and boundary con-
ditions are the same as those of the ensemble of simulation as
previously described, although the settings of the model do-
mains in CTL are different. The CTL simulation includes
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three fixed, two-way interactive domains with Mercator pro-
jections. The outer (Domain 1), intermediate (Domain 2),
and inner (Domain 3) meshes have horizontal resolutions of
27, 9 and 3 km, designed to simulate the synoptic-scale en-
vironment for the storm to evolve, the mesoscale structure,
and the inner-core structure of Hagupit (2008), respectively.
More detailed information about the CTL simulation can be
found in Chen et al. (2015). In contrast to the CTL simula-
tion, the continents in Domain 2 and 3 are replaced by ocean
in NoTer (Fig. 7).

Power spectrum analysis is performed for the MWS,
with a temporal interval of 15 min, of the simulated Hagupit
(2008). Figure 8 shows the results of the power spectrum
analysis of the MWS g in Domain 3 for the CTL and NoTer
simulations. Figure 9 shows the averaged periods and the
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Fig. 7. Domains of the WRF model for the high-quality simula-
tion of Typhoon Hagupit (2008), and the area in which land is
replaced by ocean (blank in Domains 2 and 3) in NoTer.
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variation ranges according to the results presented in Fig. 8.
The averaged significant periods of high-frequency oscilla-
tions vary: 1.28 h for CTL and 1.60 h for NoTer. Addition-
ally, the variation range of the period in NoTer is longer than
that in CTL. This suggests that weaker terrain effects result
in a longer oscillation period and variation range. The longer
oscillation period is not due to the strengths of TCs them-
selves because the TC intensity in the NoTer simulation is a
little weaker than that in the CTL simulation (Fig. 10).

The secondary circulations of TCs in the two experiments

2 .
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5
[= W
11 1 1
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Fig. 9. Averaged significant periods (gray bars) and varia-
tion ranges (black lines) of TCs in CTL and NoTer, from
the results of the power spectrum analysis shown in Fig. 8.
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Fig. 10. MWSy during 21-36 integration hours of CTL
(black line) and NoTer (gray line).

are analyzed (Fig. 11). It is found that secondary circulation
at a low level in the TC in the NoTer simulation is weaker
than that in the CTL simulation, with weaker radial winds
in the boundary layer (abnormal outward winds with pos-
itive speeds in Fig. 11c) and vertical velocities in the low
layer. Additionally, R, within the boundary layer of the eye-
wall region in the NoTer simulation is approximately 10%
less than that in the CTL simulation (Fig. 11d), while the gra-
dient wind speed and thermal wind speed within the upper

(b) Sec. circulation, NoTer
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Fig. 11. Mean of secondary circulation during the whole simulation period for Domain 3 in (a) CTL and (b) NoTer,
and (c) the difference between CTL and NoTer. (d) Mean of R; in the two experiments averaged over the same period.
For (a—c), shading shows the radial winds (positive for outwards; units: m s~1) and contours show the vertical velocity

(positive for upwards; units: m s™1).
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level of the boundary layer are only approximately 4% more
and 3% less than those in the CTL (Fig. 12). The eyewall
region in this case study is defined as the ring area with ra-
dius of 120 km to the TC center, on the basis of the structure
of the updraft shown in Fig. 11. The eyewall region of this
simulated TC is smaller than that of the ensemble simula-
tions, because the TC is well-developed by initializing with
the bogussing scheme. The results regarding the R;, gradi-
ent wind, and thermal wind, show that the lesser terrain in
NoTer weakens the convergence within the boundary layer,
and then weakens the disturbance of the gradient and thermal
wind balances, thus possibly generating a longer significant
period of high-frequency oscillations. Note that the factor of
the smaller-scale features of the eyewall evolution requires
further detailed study because the features of secondary cir-
culation, including the updraft, are similar but different in
some details (i.e., Fig. 12) in the two experiments.

5. Conclusions

The present study analyzes the variations in high-
frequency oscillations in the eyewalls of TCs using an en-
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Fig. 12. Mean of (a) the gradient wind speed and (b) the ther-
mal wind speed averaged within the upper level of the bound-
ary layer of the TC eyewall region in the two experiments av-
eraged over the same period.
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semble of 15 simulated TCs over the WNP (including the
SCS) and a simulation case study of Typhoon Hagupit (2008).
Power spectrum analysis of the MWSgs of TCs shows that
high-frequency oscillations are significant in all simulated
TCs, with the oscillation periods and the variation range be-
ing shorter in the SCS than in the open WNP. The means of
the average periods of TCs in the open WNP and SCS are
2.83 and 1.93 h, respectively, and the variation range of the
oscillation periods of TCs in the open WNP is approximately
twice that of TCs in the SCS. Additionally, the magnitudes of
the oscillations are similar in the two areas.

Factors of the variation in the significant oscillation pe-
riods in the open WNP and SCS are analyzed. The factors
include the strengths of TCs themselves, environmental at-
mospheric dynamical features, and convergence within the
boundary layer. Results show that the longer oscillation pe-
riods in the open WNP are not generated by the strengths
of TCs themselves. The environmental atmospheric dynam-
ical features that affect the development of TCs are also not
the cause of the disturbance of longer significant periods for
TCs in the open WNP, because the differences in environ-
mental low-level vorticity, high-level divergence, and verti-
cal wind shear of TCs, are not significant between the open
WNP and SCS. Meanwhile, analysis of the convergence ef-
ficiency within the boundary layer suggests that the shorter
periods in the SCS are possibly due to the stronger terrain ef-
fect, which intensifies convergence through greater friction.
This is further demonstrated by the case simulation of Ty-
phoon Hagupit (2008) and a sensitivity experiment, in which
the continent is replaced by ocean. Results show that the en-
hanced convergence possibly strengthens the disturbance of
the gradient and thermal wind balances, which is favorable
for the shorter oscillation periods.

Because the condition of the underlying surface is a factor
of the period of the high-frequency oscillations, and all up-
ward signals are generated by the oscillations of radial winds
with the boundary layer (detailed by Chen et al., 2015), fur-
ther study is required to determine the small-scale features
within the boundary layer and their interactions with the un-
derlying surface.
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