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Abstract: Tropical cyclones (TCs) are complex sources of atmospheric gravity waves (GWs). In this
study, the Weather Research and Forecasting Model was used to model TC Soudelor (2015) and the
induced elliptical structures of GWs in the upper troposphere (UT) and lower stratosphere (LS) prior
to its landfall over Taiwan. Conventional, spectral and wavelet analyses exhibit dominant GWs with
horizontal and vertical wavelengths, and periods of 16–700 km, 1.5–5 km, and 1–20 h, respectively.
The wave number one (WN1) wind asymmetry generated mesoscale inertia GWs with dominant
horizontal wavelengths of 100–300 km, vertical wavelengths of 1.5–2.5 km (3.5 km) and westward
(eastward) propagation at the rear of the TC in the UT (LS). It was also revealed to be an active source
of GWs. The two warm anomalies of the TC core induced two quasi-diurnal GWs and an intermediate
GW mode with a 10-h period. The time evolution of dominant periods could be indicative of changes
in TC dynamics. The FormoSat-3/COSMIC (Formosa Satellite Mission-3/Constellation Observing
System for Meteorology, Ionosphere, and Climate) dataset confirmed the presence of GWs with
dominant vertical wavelengths of about 3.5 km in the UT and LS.

Keywords: gravity wave; tropical cyclone; Weather Research and Forecasting (WRF) model;
FormoSat-3/COSMIC

1. Introduction

Atmospheric chemistry and climate are very sensitive to the variability of the tropical lower
stratosphere (LS) [1]. In particular, tropical wave forcing significantly affects this key region [2].
Small-scale gravity waves (GWs) are ubiquitous multi-scale atmospheric waves in the tropical
troposphere, which remain hard to fully observe and represent in models. Indeed, climate modeling
has revealed that GWs could account for 59% of the 2% per decade increase of annual mean
tropical upwelling in the LS and reduce cold-pole bias in the Southern Hemisphere [3,4]. Both
parameterized and resolved GW simulations with Global Climate Models (GCM) supported the
vertical coupling in the atmosphere–ionosphere system [5], with increasing dominance of GWs at
higher altitudes and significant impacts on the large-scale flow [6]. Recently, Reference [7] reported
that orographic and nonorographic GWs contributed evenly to GW forcing in the stratosphere. Thus,
many operational numerical weather prediction (NWP) models now extend into the stratosphere
and forecast seasonal time scales, requiring the implementation of accurate computationally optimal
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GW drag parameterizations [8]. Reference [9] proposed some key modifications and a stochastic
approach to producing a quasi-biennial oscillation (QBO) with realistic amplitude and a period in
a high-altitude NWP model. However, the ability to quantify GWs is subject to open debate in the
tropical atmosphere [6,10].

Among GW sources, tropical cyclones (TCs) are well-organized mesoscale convective systems that
produce a wide variety of intermittent nonorographic GWs in the tropics. However, both observations
and modeling partially captured GW characteristics depending respectively on the observational
instruments [11–15] and the model setup [16–19]. Reference [20] derived dominant low-frequency GWs
with short vertical wavelengths of 1–3 km, horizontal wavelengths of 80–400 km and periods of 4.6–13
h in the upper troposphere (UT) and LS from radiosonde and FormoSat-3/COSMIC (Formosa Satellite
Mission-3/Constellation Observing System for Meteorology, Ionosphere, and Climate) radio occultation
(RO) datasets, while mesoscale modelling with a vertical resolution of about 500 m highlighted a wide
spectrum of resolved GWs with horizontal wavelengths of 20–2000 km, short vertical wavelengths
of 1.5–4 km and periods of 20 min–2 days and up to 25 km height in the LS. The accuracy of the first
measurements of the vertical atmospheric profiles, of the refractivity, temperature, and pressure from
FormoSat-3/COSMIC, was demonstrated by Reference [21]. Using FormoSat-3/COSMIC temperature
profiles, both deep convections and GW activity were shown to affect the variations of the tropopause
parameters in the tropics [22].

Significant progress has been made in the forecasting of TCs in the last decades, including
track, intensity, and structure [23]. Nevertheless, forecasting intensity changes in the TCs remains a
challenging issue strongly dependent on our understanding of multiscale dynamical processes, such
as wave processes. Improving TC intensity forecasting is one of the highest priorities, especially prior
to and during landfall because of fast coastal population growth. In particular, some observation and
numerical studies supported that TC-induced GWs in the UT and LS could be indicative of TC intensity.
Reference [24] correlated the maximum surface wind speeds of TCs Dina (2002) and Faxai (2001)
with GW energy density. A 10-season climatology confirmed the link between increasing GW energy
density and TC activity [25]. Recently, atmospheric infrared sounder (AIRS) observation indicated
a correlation between the activity of stratospheric GWs with horizontal and vertical wavelengths
of about 90–100 km and 10–15 km, respectively, and TC intensity change [26]. At lower altitudes,
Reference [27] reported a correlation between TC intensity and the wave amplitudes of high-frequency
GWs (periods < 1 h) with radial wavelengths of 2–10 km.

Previously, Reference [28] described GWs in the eye of TC Andrew (1992) as a typical feature during
the development of TCs. Pronounced GW fluctuations, with a period of 3 h, were identified in the eye
and the eyewall during the deepening stage of the simulated asymmetric inner core. Reference [29]
revealed oscillations, with periods of about 2 h, in wind speed and pressure surface around the eye
and eyewall, more significant at the side with higher wind speeds in asymmetric TCs. Indeed, the
TC vortex was rarely symmetric during its lifecycle due to asymmetric instability resulting from
interactions between the TC and its environment, especially during intensity changes. Asymmetries
near the eyewall were mostly dominated by the wave number one (WN1) component [30]. The WN1
asymmetry, in the dynamic and thermodynamic field, is mainly caused by the environmental vertical
wind shear among, for example, land–sea contrast during landfall, topography blocking, β-effect,
sea-surface temperature, and interactions with upper-level troughs [31]. During the intensification of
TC Ivan (2008), prior to landfall over Madagascar, Reference [20] diagnosed a WN1 asymmetry with
evidence of a quasi-inertia stratospheric GW with horizontal and vertical wavelengths of 300–600 km
and 2–3 km respectively and a mean period of 13 h. The TC-induced GW was found to propagate
eastward at a speed of about 13 m/s and upward in the westward stratospheric background wind.

Finally, previous numerical modelling indicates that the coarse vertical resolution of simulated
GWs does not ensure the coupling between vertical and horizontal scales. This coupling is crucial
to the spectral characteristics of short-scale GWs with vertical wavelengths <5 km, which are mostly
derived from measurements of high-vertical resolution sounding. Therefore, in this study, a realistic
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mature TC with high-vertical resolution was simulated to investigate the elliptically polarized GWs in
the troposphere and LS when the Category 3 TC Soudelor (2015) approached Taiwan, starting early on
5 August and going until late on 7 August, prior to landfall. The description of the model and methods
of analysis are described in Section 2. Section 3 provides an overview of TC Soudelor and validates the
simulation. The analysis of the simulated TC-induced GWs prior to the landfall of TC Soudelor and
the observations are reported in Section 4. Conclusions are drawn in Section 5.

2. Description of the Model and Methods of Analysis

The Advanced Research Weather Research and Forecasting model (WRF-ARW) version 3.7.1 [32]
was used to simulate TC Soudelor’s (2015) approach to Taiwan between 5 August 00:00 UTC and
8 August 00:00 UTC. The control run (CTL) was based on a triple two-way interactive nested grid
of 27 km (domain D1), 9 km (domain D2) and 3 km (domain D3), with respective time steps of 90 s,
30 s and 10 s, and grid points of 100 × 60, 174 × 135 and 498 × 381 (Figure 1a). A terrain elevation
with 30 s resolution was included in the simulation (Figure 1b). Prior to landfall, the time and spatial
evolution of the sea’s surface temperature (SST) and the ocean’s heat content (OHC) data varied little
(not shown), so that the SST field was fixed at 00:00 UTC on 5 August for the experiment. In particular,
warmer waters of about 30 ◦C were displayed at longitudes between 124◦ E and 128◦ E on the right
side of the TC track during its intensification late on 6 August. The WRF-ARW model also used a
terrain-following hydrostatic pressure vertical eta coordinate. The vertical height up to 27 km was
divided into 130 levels, tightly packed and increased linearly in the boundary layer and constant
at higher altitudes (Figure 1c). The vertical step varied between 30 m and 230 m at heights below
3 km, and about 240 m up to 27 km heights. A 5-km Rayleigh damping layer above 27 km height was
used to prevent spurious reflections of GWs at the model’s top. The initial field and lateral boundary
conditions were derived from the National Centers for Environmental Prediction Final’s (NCEP FNL)
6-hourly analyses with a horizontal resolution of 1◦ and 26 sigma levels from the surface to 10 hPa.
The physical processes resulted from the cumulus parameterization scheme of Kain-Fritsch [33], the
Yonsei-University planetary boundary layer (YSU PBL) described in Reference [34], the microphysical
scheme of Thompson [35], the Rapid Radiative Transfer Model longwave radiation scheme [36], and
the Dudhia scheme for shortwave radiation [37]. The YSU PBL scheme is commonly used in research
and operational models for TC prediction [38]. The skill of the microphysical scheme of Thompson
is evaluated via the forecasts of TC track and intensity in References [39,40]. Explicitly resolving the
convection with sufficiently high spatial and time resolutions is required to improve TC intensity and
structure [41]. Thus, increased vertical resolution and reduced time-step size have been shown to
significantly improve the structure of the inner core, but have little impact on the TC track [41]. The
PBL and cumulus convection processes are highly sensitive to vertical resolution. Therefore, increasing
vertical resolution in the lower layer could effectively strengthen the TC [42,43]. Reference [44] reported
no significant changes in maximum intensity when the horizontal grid spacing was decreased from 5
to 1 km and suggested a horizontal grid spacing of 3 km to resolve the rainbands. In the present study,
wavelike structures with vertical wavelengths ranging between 500 m and 7 km were characterized
with numerical and observational datasets. Vertical profiles of the dynamic parameters, such as the
wind and temperature, were resampled at a resolution of 100 m, using a cubic spline interpolation,
and then analyzed with different methods to derive the spectral characteristics of the GWs. First, the
vertical profiles of the perturbations were retrieved using a fourth-order low-pass Butterworth filter
with a 7 km cutoff. The wave energy densities were computed from the mean squared perturbations of
potential temperature and horizontal wind to measure GW activity [45,46] as follows:
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where θ and θ’ are the mean and perturbations of the potential temperature, respectively; u’, v’ and w’
are the perturbations of the zonal, meridional, and vertical wind, respectively; g is the acceleration of
gravity; N is the Brunt-Väisäla frequency; and Et, Ep, Ek, Eu, Ev and Ew are the total, potential, kinetic,
zonal, meridional and vertical energy densities, respectively. The overbar corresponds to the average
height. The use of the potential temperature in Equation (1) enabled us to remove, fairly-well, the
potential temperature perturbations near the tropopause.
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Figure 1. (a) Best track of Typhoon Soudelor (black) from 5 August 00:00 UTC to 8 August 18:00 UTC 
in 6 h intervals, and the WRF (Weather Research and Forecasting) TC track (gray) from CTL from 5 
August 00:00 UTC to 8 August 00:00 UTC in 1 h intervals. Dotted rectangles visualize parent and 
nested domains D1, D2 and D3 of the simulation. Shaded contours (every 500 m derived from 2 arc 
min gridded global relief data Etopo2) and the colorbar (m) display the Central Mountain Range 
heights. (b) Initial SST field (°C) on 5 August 00:00 UTC and terrain elevation (m) with 30 s resolution 
used for CTL. (c) Vertical distribution of 130 eta levels (circle) and corresponding vertical step height 
(plus) up to 27 km in the lower stratosphere (LS). 

Then, hodographs of the horizontal wind perturbations were drawn as a function of altitude to 
identify elliptically polarized structures of low-frequency GWs in the troposphere and LS. The 
intrinsic frequency ω resulted from the axis ratio of the ellipse using the variance method of analysis, 
as described in Reference [24]. The one-dimensional fast Fourier transform (FFT) was used to 

Figure 1. (a) Best track of Typhoon Soudelor (black) from 5 August 00:00 UTC to 8 August 18:00 UTC
in 6 h intervals, and the WRF (Weather Research and Forecasting) TC track (gray) from CTL from 5
August 00:00 UTC to 8 August 00:00 UTC in 1 h intervals. Dotted rectangles visualize parent and
nested domains D1, D2 and D3 of the simulation. Shaded contours (every 500 m derived from 2 arc min
gridded global relief data Etopo2) and the colorbar (m) display the Central Mountain Range heights.
(b) Initial SST field (◦C) on 5 August 00:00 UTC and terrain elevation (m) with 30 s resolution used for
CTL. (c) Vertical distribution of 130 eta levels (circle) and corresponding vertical step height (plus) up
to 27 km in the lower stratosphere (LS).

Then, hodographs of the horizontal wind perturbations were drawn as a function of altitude
to identify elliptically polarized structures of low-frequency GWs in the troposphere and LS. The
intrinsic frequencyω resulted from the axis ratio of the ellipse using the variance method of analysis, as
described in Reference [24]. The one-dimensional fast Fourier transform (FFT) was used to characterize
the vertical wavelength λv of the vertical profiles of the wind perturbations. The horizontal wavelength
λh was estimated from the simplified dispersion relation of the GW linear theory described by the
Equation (8.4.19) in Reference [47]:

λh =

(
N2
−ω2

ω2 − f 2

) 1
2

λv with f < ω < N (2)
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where f is the inertial frequency.
The continuous wavelet transform (CWT) with the complex Morlet wavelet was used to analyze

the time evolution of GW periods in the LS when TC Soudelor was approaching Taiwan. To focus
on dominant GWs, spectral lines were derived from the CWT maxima. The method is detailed in
Reference [48].

The combined conventional method (CCM) was based on two techniques commonly used to
extract spectral characteristics of GW dominant modes from high-resolution radiosonde data: the
SPARC (Stratosphere-troposphere processes and their role in climate) and the Stokes parameter
methods [24]. Vertical profiles of temperature and wind were broken into parts to improve the
extraction of perturbations and to avoid the detrending problem near the tropopause arising from
strong changes in the temperature gradients.

In particular, a fraction of upward energy (Fup) > 50% (<50%) indicated that GWs with upward
(downward) energy propagation were dominant. The degree of polarization (d) measured the ratio of
completely polarized power to total power [45,49]. Thus, a value of 0% (100%) indicated a random or
irregular (monochromatic) wave. A mean value >40% suggested a significant degree of polarization.
Reference [50] reported the skill of the CCM to retrieve the spectral characteristics of a mesoscale GW
from observation and simulation. Uncertainties in the horizontal wavelength, axis ratio, period and the
direction of the horizontal wave propagation were lower than 20%, 10%, 10% and 15%, respectively.

In our study, they were applied on simulated vertical profiles of horizontal wind and temperature
perturbations. The temperature was derived from the WRF prognostic variable of the potential
temperature using the script built into NCAR Command Language (NCL) software.

3. Overview of TC Soudelor and Model Validation

3.1. Tropical Cyclone Soudelor (2015)

Tropical cyclone Soudelor was the most powerful TC in the 2015 Pacific typhoon season. It was
formed near Pohnpei (6.8◦ N, 158.2◦ E) in the north–central tropical Pacific on 29 July 2015. Soudelor
was classified as a Category 1 TC (Vmax < 33 m/s) on the Saffir-Simpson hurricane wind scale on 31
July 2015. It underwent rapid intensification on 2 August 2015 and made landfall on Saipan (15.2◦

N, 147.5◦ E) in the Northern Mariana Islands on 3 August. The intensity increased to Category 5
(Vmax > 70 m/s) at 15:00 UTC on Monday, 3 August. The 10 min (1 min) maximum sustained winds
and minimum central pressure peaked at about 60 m/s (80 m/s) and 910 hPa, respectively (Figure 2a).
Soudelor underwent an eyewall replacement cycle (ERC) with steady weakening from 4 August
until its re-intensification above warmer waters with SST and OHC values > 30 ◦C and 75 kJ/cm2,
respectively (refer to the Regional and Mesoscale Meteorology Branch products), at longitudes between
124◦ E and 126◦ E when it was approaching Taiwan late on 6 August. At 03:00 UTC on Friday, 7 August,
the intense TC reached 1 min maximum sustained winds of about 50 m/s with wind gusts around 67
m/s when moving west–north–west at a speed of 5.1 m/s toward Taiwan (24◦ N, 121.6◦ E). A second
ERC was undergone during the re-intensification stage from 6 August before the Category 3 TC (Vmax

< 50 m/s) landfall over Xiulin, Hualien in Taiwan at 20:40 UTC (04:40 LST on 8 August). Indeed, the
World Wide Lightning Location Network Tropical Cyclone (WWLLN-TC) observations supported the
occurrence of an ERC with peaks of lightning strokes within 100 km (1000 km) of the TC center on 3
August (6 August). After crossing the Taiwan Strait from Taixi, Yunlin in Taiwan, the Category 1 TC
made a new landfall over Mainland China around 14:10 UTC on 8 August and quickly downgraded
inland from 9 August. It totally dissipated near Jeju Island (33.5◦ N, 126.5◦ E) on 13 August.
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Figure 2. (a) Time evolution of minimum central pressure (black) and 1 min sustained wind (red)
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observations. (b) Estimated total rainfall from 4 August 06:00 UTC to 9 August 18:00 UTC, derived
from Global Precipitation Measurement (produced by H. F. Pierce from SSAI/NASA/JAXA).

The Central Mountain Range (CMR), with an average elevation of about 2000 m, modified the TC
track [51–53] causing a slight northward deflection prior to landfall and a fairly substantial southward
deflection from 8 August 00:00 UTC above the CMR. It also caused a north-west deflection after 06:00
UTC (Figure 1a). About 31% of the landfall typhoon pathways over Taiwan from 1981 to 2015 were
similar to the one of TC Soudelor [54].

Heavy rains were unleashed from late on 6 August until early on 8 August, when the TC was
above the Taiwan Strait (Figure 2b). A rainfall asymmetry was observed on the right side of the TC
over warmer waters on 7 August. Radar observation visualized the time evolution of the surface
TC structure, such as the breakdown of the inner core (Figure 3), as a response to the landfall over
the island and the formation of a mesoscale secondary low center on the lee side of the southern
CMR at about 23:10 UTC. The circular central core became elongated near the eastern Taiwanese coast
accompanied by extremely heavy rain funneling into the far north of Taiwan. Meteorological stations
reported light rain < 2.5 mm/h at Hualien (24◦ N, 121.6◦ E) at 12:00 UTC on 7 August and violent rain
of 53.5 mm/h at 22:00 UTC on 7 August. When the mesoscale’s low center was formed, precipitation
decreased quickly in Northern Taiwan to increase in the southern part (see Figure 4 in reference [55]).
Large maximum 24 h rainfall of 1042 mm was observed from 7 July 12:00 UTC to 8 July 12:00 UTC
over Northern Taiwan during TC Soudelor.

Atmosphere 2019, 10, x FOR PEER REVIEW 6 of 25 

 

on 8 August and quickly downgraded inland from 9 August. It totally dissipated near Jeju Island 
(33.5° N, 126.5° E) on 13 August. 

 
 

(a) (b) 

Figure 2. (a) Time evolution of minimum central pressure (black) and 1 min sustained wind (red) of 
TC Soudelor from 30 July 2015 00:00 UTC to 9 August 2015 12:00 UTC, derived from best track 
observations. (b) Estimated total rainfall from 4 August 06:00 UTC to 9 August 18:00 UTC, derived 
from Global Precipitation Measurement (produced by H. F. Pierce from SSAI/NASA/JAXA). 

The Central Mountain Range (CMR), with an average elevation of about 2000 m, modified the 
TC track [51–53] causing a slight northward deflection prior to landfall and a fairly substantial 
southward deflection from 8 August 00:00 UTC above the CMR. It also caused a north-west 
deflection after 06:00 UTC (Figure 1a). About 31% of the landfall typhoon pathways over Taiwan 
from 1981 to 2015 were similar to the one of TC Soudelor [54]. 

Heavy rains were unleashed from late on 6 August until early on 8 August, when the TC was 
above the Taiwan Strait (Figure 2b). A rainfall asymmetry was observed on the right side of the TC 
over warmer waters on 7 August. Radar observation visualized the time evolution of the surface TC 
structure, such as the breakdown of the inner core (Figure 3), as a response to the landfall over the 
island and the formation of a mesoscale secondary low center on the lee side of the southern CMR at 
about 23:10 UTC. The circular central core became elongated near the eastern Taiwanese coast 
accompanied by extremely heavy rain funneling into the far north of Taiwan. Meteorological 
stations reported light rain <2.5 mm/h at Hualien (24° N, 121.6° E) at 12:00 UTC on 7 August and 
violent rain of 53.5 mm/h at 22:00 UTC on 7 August. When the mesoscale’s low center was formed, 
precipitation decreased quickly in Northern Taiwan to increase in the southern part (see Figure 4 in 
reference [55]). Large maximum 24 h rainfall of 1042 mm was observed from 7 July 12:00 UTC to 8 
July 12:00 UTC over Northern Taiwan during TC Soudelor. 

  
(a) (b) 

Figure 3. Cont.



Atmosphere 2019, 10, 260 7 of 25

Atmosphere 2019, 10, x FOR PEER REVIEW 7 of 25 

 

  
(c) (d) 

Figure 3. Radar reflectivity (dBZ) derived from the Central Weather Bureau (CWB) Doppler radar 
network on 7 August at (a) 12:00 UTC, (b) 18:00 UTC, (c) 20:40 UTC and (d) 23:10 UTC, during 
landfall. 

  
1 

(a) (b) 

 
(c) 

Figure 4. (a) Brightness temperature on 7 August 13:00 UTC (from the U.S. Naval Research 
Laboratory database). (b) WRF simulated wind speed (m/s) at height of 4 km with horizontal wind 
vectors (black) on 7 August 12:00 UTC. The white dotted line crosses the TC center at latitude of 23° 
N. (c) Isosurfaces of wind speed of 60 m/s (yellow) and 75 m/s (red) on 7 August 12:00 UTC using 
Weather 3D software. 

3.2. Model Validation 

The track of simulated TC Soudelor, derived from minimum sea level pressure in the inner core 
from D1 and D2 outputs respectively before and after 5 August 10:00 UTC, was compared with the 
observed track (hereafter called best track). The tracks mostly agreed from 5 August 12:00 UTC until 
7 August 18:00 UTC with less than a three-hour delay before landfall when the TC was located at a 
distance <150 km of the eastern coast of Taiwan (Figure 1a). The slight northward deflection was 
well simulated after 12:00 UTC on 7 August prior to landfall. As a response to the topographic 
blocking, a southward deflection was then observed in the simulation from 8 August 00:00 UTC, but 
earlier than the observation and off the eastern coast of Taiwan. The simulation also showed realistic 
TC displacement speed and intensity until 18:00 UTC in comparison with observations (Figure 2a). 

Figure 3. Radar reflectivity (dBZ) derived from the Central Weather Bureau (CWB) Doppler radar
network on 7 August at (a) 12:00 UTC, (b) 18:00 UTC, (c) 20:40 UTC and (d) 23:10 UTC, during landfall.

Atmosphere 2019, 10, x FOR PEER REVIEW 7 of 25 

 

  
(c) (d) 

Figure 3. Radar reflectivity (dBZ) derived from the Central Weather Bureau (CWB) Doppler radar 
network on 7 August at (a) 12:00 UTC, (b) 18:00 UTC, (c) 20:40 UTC and (d) 23:10 UTC, during 
landfall. 

  
1 

(a) (b) 

 
(c) 

Figure 4. (a) Brightness temperature on 7 August 13:00 UTC (from the U.S. Naval Research 
Laboratory database). (b) WRF simulated wind speed (m/s) at height of 4 km with horizontal wind 
vectors (black) on 7 August 12:00 UTC. The white dotted line crosses the TC center at latitude of 23° 
N. (c) Isosurfaces of wind speed of 60 m/s (yellow) and 75 m/s (red) on 7 August 12:00 UTC using 
Weather 3D software. 

3.2. Model Validation 

The track of simulated TC Soudelor, derived from minimum sea level pressure in the inner core 
from D1 and D2 outputs respectively before and after 5 August 10:00 UTC, was compared with the 
observed track (hereafter called best track). The tracks mostly agreed from 5 August 12:00 UTC until 
7 August 18:00 UTC with less than a three-hour delay before landfall when the TC was located at a 
distance <150 km of the eastern coast of Taiwan (Figure 1a). The slight northward deflection was 
well simulated after 12:00 UTC on 7 August prior to landfall. As a response to the topographic 
blocking, a southward deflection was then observed in the simulation from 8 August 00:00 UTC, but 
earlier than the observation and off the eastern coast of Taiwan. The simulation also showed realistic 
TC displacement speed and intensity until 18:00 UTC in comparison with observations (Figure 2a). 
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3.2. Model Validation

The track of simulated TC Soudelor, derived from minimum sea level pressure in the inner core
from D1 and D2 outputs respectively before and after 5 August 10:00 UTC, was compared with the
observed track (hereafter called best track). The tracks mostly agreed from 5 August 12:00 UTC until
7 August 18:00 UTC with less than a three-hour delay before landfall when the TC was located at a
distance <150 km of the eastern coast of Taiwan (Figure 1a). The slight northward deflection was well
simulated after 12:00 UTC on 7 August prior to landfall. As a response to the topographic blocking, a
southward deflection was then observed in the simulation from 8 August 00:00 UTC, but earlier than the
observation and off the eastern coast of Taiwan. The simulation also showed realistic TC displacement
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speed and intensity until 18:00 UTC in comparison with observations (Figure 2a). On 7 August 12:00
UTC, when the outer spiral rainbands began to interact with the orography (Figure 3a), observations
indicated a minimum pressure of 942 mb (±3 mb) and a maximum wind of 51.5 m/s (±4 m/s), in
comparison with the respective simulated values of 940 hPa and 53.5 m/s for the domain D1, 943 hPa
and 53.7 m/s for the domain D2, and 942 mb and 54 m/s for the domain D3. The interaction increased
quickly a few hours later, in the afternoon, causing a decrease in the TC intensity. Indeed, an increase
in the simulated maximum wind from 49.7 m/s to 57.9 m/s occurred from 6 August 00:00 UTC to 7
August 06:00 UTC and it was followed by a decrease in maximum wind to 53.3 m/s at 18:00 UTC. A
mean value of about 53.2 m/s was estimated from 6 August 00:00 UTC to 7 August 18:00 UTC. In
addition, the TC timing was fairly good, with errors <3 h (distance errors <55 km) ahead of time from
7 August 06:00 UTC. Indeed, timing and distance errors remained a challenging task prior to landfall
especially beyond the 48-h integration period [56–58].

Satellite images clearly captured the TC asymmetry and the ERC from 5 August to 7 August.
Figure 4a shows evidence of the asymmetry in brightness and temperature on 7 August 13:00 UTC,
mostly located at the right rear side of the TC inner core. It was accompanied by a WN1 asymmetry in
the simulated wind speed field of the TC inner core at the height of 4 km at 12:00 UTC on 7 August
(Figure 4b). Wind speeds >60 m/s were located on the right side of the vortex above warmer waters
(Figure 1b). The isosurfaces of the wind speeds of 60 m/s and 75 m/s provided a full view of both
the horizontal and vertical distributions of the wind asymmetry (Figure 4c). High values of wind
speed, >75 m/s, at heights <4 km in the TC eyewall, highlighted the asymmetry on 7 August 12:00
UTC. The simulated cumulative rainfall from 6 August 00:00 UTC to 8 August 00:00 UTC revealed high
values from late on 6 August during the re-intensification with maximum values early on 7 August
over the ocean (Figure 5a). The rainfall asymmetry was more pronounced on the right side of the TC
from 7 August 12:00 UTC. Similar patterns and consistent rainfall intensity were derived from the
Global Precipitation Measurement (GPM) over the ocean (Figure 2b). However, the GPM observation
revealed a larger footprint of total rainfall as well as intense rainfalls close to the eye late on 6 August
and midday on 7 August. Indeed, the GPM product reconstructed the precipitation with nearly 62%
accuracy, with an overestimation that gradually decreased away from the TC center [59]. Compared
with the observed 24 h rainfall (Figure 4 in Reference [55]) from 7 August 12:00 UTC to 8 August 12:00
UTC, the spatial rainfall distribution was well simulated above the CMR (Figure 5b).
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outputs. The solid black (red) line displays the best (WRF) track. (b) A close up, from Image a),
of Taiwan.

Figure 6 shows the vertical cross sections of tangential and radial wind speed, equivalent potential
temperature and temperature anomalies with respect to a TC-unperturbed environment, on 7 August
12:00 UTC passing through the TC center at latitude 23◦ N (Figure 4b). This provided insight into a
realistic structure of a mature TC as previously described in References [28,60]. Figure 6a visualizes the
primary TC circulation with increasing radius of maximum winds (RMW) with height in agreement
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with the eyewall slopes radially outward height. The isocontours of 60 m/s bordered the intense wind
core from the ground to about a height of 5 km (3 km) on the eastern (western) side and highlighted
the wind asymmetry with height, especially above 3 km. Large wind speeds, >80 m/s, were mostly
located on the eastern side at about 1 km above the surface. The freezing levels of the TC-unperturbed
environment and those above the TC eye agreed with climatological monthly values over Taiwan
during the TC season [61] and those in the TC inner core [60], respectively. The simulation also
indicated that both the freezing level and the tropopause height were affected by the topography.
Tangential wind speed of 40 m/s can be visualized up to about a 14 km height below the tropopause at
about longitude 124.5◦ E. The cross section of radial wind showed the asymmetric low-level inflows in
the PBL and upper-level outflows below the tropopause (Figure 6b). At 12:00 UTC, the topography
affected the low-level inflow and upper tropospheric outflow ahead of the TC. Near the eyewall region,
equivalent potential temperature θe (Figure 6c) depicted the divergent, slantwise, moist isentrope
slope, the strong gradient in the eyewall and at the top of the marine PBL, the high values in the TC
eye in the PBL, the descent of dry air into the TC eye and along the outer side of the eyewall, and the
warm and dry central core at about a 5 km height [28,60,62]. The vertical cross section of temperature
anomalies, beyond the longitude 123.2◦ east of the TC eye, revealed the presence of a double warm
core with maxima of +9 K and +7 K at heights of about 4–5 km and 14 km, respectively (Figure 6d).
The second warm core had a similar amplitude, but located about 1.5 km higher at 00:00 UTC. The
observation of the two warm anomalies in the troposphere within a radius of 75–100 km was consistent
with previous studies on relatively intense TCs [63,64]. Reference [65] described the formation of an
upper-level warm core from the subsidence of stratospheric air into the eye, which coincided with the
onset of the rapid intensification of TC Wilma (2005). Reference [66] argued that the location of warm
cores is dependent on the vertical profiles of static stability and mean descent. The double warm core
of intense simulated TCs, is usually accompanied by a thin upper-level inflow layer in the LS above the
typical upper outflow layer (Figure 6b), which can advect potentially warm air from the LS (Figure 6d)
toward the inner core region [64]. Reference [67] concluded that such interactions of intense TCs with
the LS are responsible for the presence of the upper-level warm anomaly and possible episodes of TC
intensification. At present, the dynamics of a double warm core and its relationship with TC intensity
as well as intensity change still need to be explored [65,66]. Radar reflectivity isocontours of 20 dBZ
and 40 dBZ also show the footprint of the TC asymmetry in rainfall, as well as intense rainfall in the
inner core at heights below the freezing level and a rapid decrease in reflectivity across the freezing
level indicative of intense melting (not shown). The asymmetry increased as the interaction between
the orography and the TC outer core became stronger, in the time before landfall.

FormoSat-3/COSMIC RO data are useful for observations of TC events above the ocean as well
as the validation of numerical simulations [20,68–71]. Vertical profiles of temperature are accurate at
<1 K from 5 to 25 km and spatial resolution varyies from 100 m at the surface up to 1.4 km at 40 km
heights (1 km at the altitude of tropopause). Figure 7a visualizes the geographic distribution of 13
available FormoSat-3/COSMIC RO profiles during the passage of TC Soudelor at latitudes of 20◦–28◦

N and longitudes of 119◦–130◦ E on 6 and 7 August 2015. The TC eye was located at the lower right
corner of the domain at 00:00 UTC on August 6. In particular, four soundings probed the inner and
outer TC core when TC Soudelor was at a distance <400 km off the coast of Taiwan at about 08:30 UTC
on 7 August 2015. Potential temperatures with 100 m vertical resolution were computed from the
«wetPrf» FormoSat-3/COSMIC RO profiles of temperature and pressure, and the vertical background
was derived using a fourth-order low-pass Butterworth filter with a 7 km vertical wavelength cutoff.
The mean WRF profiles of potential temperature within 1◦ × 1◦ area were compared with the collocated
FormoSat-3/COSMIC RO profile. Absolute differences in mean potential temperatures were <±4 K in
the troposphere at heights <16 km. The amount of water vapor was partly responsible for the large
differences in temperature in the lower and middle troposphere. Concerning the LS, large absolute
deviations above 22 km height were presumably caused by the top lateral boundary conditions imposed
by the NCEP FNL 6-hourly analyses. Indeed, the gradient of NCEP FNL potential temperature was
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slightly smaller than the WRF one above 19 km height. However, the mean potential temperatures
were satisfactorily in agreement at heights <25 km with a small relative bias <3%. In this study, the
mean profile of FormoSat-3/COSMIC RO potential temperature (Figure 7b) was used to compute
the Brunt-Väisäla frequency N in Equation (1). The mean observational values were 1.23 × 10−2 s−1,
0.8 × 10−2 s−1 and 2.43 × 10−2 s−1 at heights of 3–10 km, 8–15 km and 18–25 km, respectively.
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Figure 6. Longitude-height cross sections of simulated (a) tangential wind speed (m/s) and isocontours
(white) every 10 m/s, (b) radial wind speed (m/s) and isocontours (white) of ±15 and 20 m/s, (c)
equivalent potential temperature θe (K) and isocontours (white) every 6 K at the latitude 23◦ N on 7
August 12:00 UTC. (d) Radial-height cross section of temperature anomalies (color shaded, K) and
isocontours (white) every 2 K east of the TC center. Isocontours of potential temperature every 10 K
are superimposed (magenta). Horizontal dash-dotted and dashed lines denote the distribution of the
freezing level (0 ◦C isotherm) and the thermal tropopause. Thick vertical dashed lines locate the radius
of maximum wind. The orography of Taiwan is shaded grey.

Finally, the model reasonably reproduces the dynamical structure of a realistic mature TC as well
as its global environment at heights up to 25 km at latitudes of 20◦–28◦ N and longitudes of 119◦–130◦

E on 6 and 7 August prior to landfall. The effects of the topography on the TC structure were weak on
7 August 12:00 UTC when the TC was at a distance <200 km from the eastern coast of Taiwan. Thus,
taking into account the description of the dynamic and thermodynamic structures of TC Soudelor
at 12:00 UTC on 7 August, GWs with vertical wavelengths <7 km were examined at three different
vertical layers: the middle of the TC (3–10 km), the upper part of the TC (8–15 km) in the troposphere
and LS (18–25 km).
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August 2015 (triangle and plus sign, respectively) superimposed on horizontal cross section of WRF 
simulated wind speed (m/s) at a 4 km height on 7 August 0830 UTC. Labels (black) indicate the time 
in UTC of soundings. Black dots visualize TC Soudelor’s best track at 06:00 and 12:00 UTC. (b) Mean 
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Figure 7. (a) Distribution of FormoSat-3/COSMIC (Formosa Satellite Mission-3/Constellation Observing
System for Meteorology, Ionosphere, and Climate) RO (radio occultation) data on 6 and 7 August
2015 (triangle and plus sign, respectively) superimposed on horizontal cross section of WRF simulated
wind speed (m/s) at a 4 km height on 7 August 0830 UTC. Labels (black) indicate the time in UTC of
soundings. Black dots visualize TC Soudelor’s best track at 06:00 and 12:00 UTC. (b) Mean profiles of
potential temperature and standard deviation (multiplied by 10) at geographical location of COSMIC
RO soundings derived from COSMIC RO and WRF data (left), corresponding absolute differences and
standard deviation in mean potential temperature (middle), and relative bias (right).

4. Results

The analyses of ECMWF (European Centre for Medium-Range Weather Forecasts) revealed a
strong TC on 7 August 2015 prior to landfall over Taiwan. Indeed, Figure 7a in Reference [71] shows
a compact TC structure with an elliptical shaped eye at a 4 km height on 7 August 12:00 UTC. The
WN1 asymmetry was reproduced on the right side of the TC but with intense wind, smaller size
and closer to the TC center in comparison with Figure 4b. In contrast, the size of the structure,
circular shaped eye and WN1 wind asymmetry were reasonably captured by NCEP GFS (National
Centers for Environmental Prediction Global Forecast System) analyses but with less intense wind
speeds (not shown). Unlike NCEP GFS analyses, the isosurfaces of vertical velocity derived from the
ECMWF analyses showed evidence of quasi-circularly stratospheric GWs with horizontal wavelengths
between 100 km and 200 km in the UT and LS propagating upward in the stratosphere (Figure 7 in
Reference [71]). Considering the observations mentioned above, NCEP GFS analyses were used to
initialize a WRF-ARW model for the simulation of TC Soudelor and the generation of stratospheric
TC-induced GWs as observed in the ECMWF operational analyses.

Indeed, the simulation revealed the presence of TC-induced wavelike patterns on horizontal cross
sections of simulated vertical velocity in the troposphere and LS on 7 August 12:00 UTC (Figure 8). It
showed evidence of a mesoscale wavelike structure with a dominant horizontal wavelength of about
140 km in Region A at the rear of TC Soudelor at 20 km height in the LS (Figure 8a) and fine-scale
structures with horizontal wavelength of about 20 km in Regions B and C at a 12 km height in the
UT (Figure 8b). The latter ones were located above intense convection in the spiral rainbands. In
addition, the filtered field of vertical velocity in the Region D of the domain D1 (Figure 8c) also depicted
a mesoscale semi-circular GW structure in the LS with a horizontal wavelength of about 200 km.
Indeed, the application of the FFT on the simulated vertical velocity perturbations at the latitude 23◦ N
supported the presence of dominant wavelike structures with horizontal wavelengths of 150–250 km
at 20 km height in the LS. Structures with long horizontal wavelengths of 400–600 km are also found as
observed in references [20,72].
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Figure 8. Horizontal cross sections of simulated vertical velocity (m/s) in the domain D3 with horizontal
resolution of 3 km at (a) 20 km height and (b) 12 km height on 7 August 12:00 UTC. Same as Figure 8a,
but in the domain D1 with horizontal resolution of 27 km (c) at 25 km height. Regions A, B, C and D
highlight wavelike structures of GWs.

Figure 9a,c,e display the horizontal distributions of mean wave energy density at 12:00 UTC on
7 August, for vertical layers of 3–10 km, 8–15 km and 18–25 km, respectively. The value of Ew was
small in comparison with those computed with horizontal wind perturbations and, consequently, it
was neglected in the calculation of the total kinetic energy density. At heights of 3–10 km, GW energy
density was observed to be mainly imbedded within the eyewall and spiral rain bands (Figure 9a).
The longitudinal cross-section at latitude 23◦ N revealed the dominance of Ek in Et and an asymmetry
at longitudes between 124◦ E and 128◦ E at the rear of the TC with peaks of intensity in the eyewall
(Figure 9b). The asymmetry was strengthened by the orography at 12:00 UTC. The asymmetry in Ek
and Ep was clearly visualized in the UT (Figure 9c,d) and LS (Figure 9e,f). In addition, the activity of
energy density spread outward along the eyewall and Ep became large and dominant in the UT. In
particular, a significant activity of Ep was observed above the CMR. A comparison between Figure 9c,e
revealed different distributions of wave energy density. The maximum wave energy density was
mostly localized at a longitude of about 124.5◦ E and 23.5◦ N in the LS above the location of the RMW
in the UT (Figure 9e,f, respectively). The values of the mean total energy density Et over the domain
D2 were estimated at about 4.4 J kg−1, 13.36 J kg−1 and 10.3 J kg−1 at heights of 3–10 km, 8–15 km and
18–25 km, respectively. When the domain was divided into four sub-regions from the TC eye (23◦ N,
123.2◦ E), the values of Et were 6.4 J kg−1, 10.2 J kg−1, 10.6 J kg−1 and 5.3 J kg−1 for the upper left, upper
right, lower right and lower left regions (hereafter called Regions 1, 2, 3 and 4, respectively) in the LS.
Thus, larger values were observed at the rear of the TC (Regions 2 and 3) in the LS as well as in the UT.
Figure 10 shows an example of vertical profiles of horizontal wind and temperature and perturbations
in Region C. The sharp inversion of temperature near the tropopause biased somewhat the extraction
of temperature perturbations at this altitude. Nevertheless, the superposition of raw and mean profiles
showed evidence of wavelike structures with a vertical wavelength of about 1.5–2.5 km (3.5 km) below
(above) 10 km height (Figure 10a). In particular, large amplitudes of horizontal wind perturbations
(>2 m/s) were observed in the UT and LS. In addition, temperature and zonal wind perturbations are
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in quadrature in the UT and LS, whereas temperature and meridional wind perturbations were out of
phase (Figure 10b). Thus, the phase relationships between perturbations were in agreement with the
linear theory of GW polarization, which sketched elliptically polarized structures on the hodograph
of horizontal wind perturbations [24]. Indeed, the hodographic analysis confirmed the presence of
elliptical structures of GWs at 12:00 UTC on 7 August. Significant amplitudes of horizontal wind
perturbation were retrieved from 100 m interpolated vertical profiles of perturbations in Regions A, B,
C and D (Figure 11). The variation of the axis ratio, vertical length of the ellipses and direction of the
major axis indicated GWs of different natures. The axis ratios and perimeters of the two ellipses on
Figure 11c,d indicated the presence of similar GWs with a vertical wavelength of about 2.6 km, but
propagating southwestward and southeastward in Regions B and C, respectively, which was consistent
with the direction of the wavelike patterns observed in Figure 8b. Figure 11e,d revealed some GWs
with a vertical wavelength of about 2 km, which propagated northeastward and eastward at the
upper border and within Region D, respectively. Such results supported the presence of the mesoscale
semi-circular GWs propagating dominantly eastward at the rear of the TC. For these last cases, cyclonic
rotation (anticyclonic) of the ellipse with height at altitudes <15 km (>15 km) indicated downward
(upward) propagation of wave energy density in the troposphere (LS) and suggested the presence of a
GW source located near the tropopause. Elliptically polarized structures of GWs were also observed
ahead of TC Soudelor in the UT and LS above Taiwan when the TC was approaching the island as
far as a distance of 1100 km from 6 August at 00:00 UTC (not shown). In comparison, Reference [12]
reported TC-induced GWs on high-resolution radiosonde profiles in the UT and LS above Tromelin
Island (16.1◦ S, 54.3◦ E) when TC Hudah (2000) at a distance less than 2000 km east. Besides, simulated
profiles of horizontal wind perturbations revealed the presence of quasi-inertial GWs in the TC eye
with large amplitudes of perturbations (Figure 12a,c) where the two warm anomalies were located at
about 5 km and 15 km heights (Figure 6d). The inertial period was estimated at about 30.7 h at the
latitude of the TC eye. Figure 12a indicates that the hodograph is cyclonic (anticyclonic) below (above)
5 km height. Similar observations were reported below and above 15 km height (Figure 12b,c). The
two elliptically polarized GWs had the same intrinsic periods of about 20 h (ω/f ≈ 1.5). The vertical and
horizontal wavelengths were estimated at about 1.4 km (2.6 km) and 254 km (328 km), respectively, in
the lower troposphere (UT). A destructive interference between upward and downward inertio-GWs
might explain the presence of an intermediate GW with an intrinsic period of about 10 h (ω/f ≈ 2.8),
and horizontal and vertical wavelengths of about 150 km and 1.9 km respectively, located at heights of
6.5–10.5 km between the two anomalies. Reference [28] previously proposed a conceptual model of the
TC inner core including GWs above the warmer core interacting with the weak subsidence in the eye
and stronger descent at the inner edge of the eyewall. The FFT was applied on the vertical profiles of
zonal and meridional wind perturbations at latitude of 23◦ N and longitudes between 119◦ E and 133◦

E to compute the energy distribution as a function of vertical wavelength for height layers of 3–10 km,
8–15 km and 18–25 km (Figure 13a). The energy density was normalized by the maximum value
produced by zonal wind perturbations at heights of 8–15 km. Wave perturbations were dominant in the
zonal wind, especially in the UT. The mean vertical wavelength peaked in both zonal and meridional
wind perturbations at about 4 km in the UT and LS. It was shorter in the lower troposphere (2–4 km).
The vertical profiles of intrinsic frequenciesω derived from the method of variance and were calculated
at 3–25 km heights and latitude 23◦ N. Figure 13b visualizes the mean longitude–height distribution
of the normalized intrinsic frequencies ω/f at longitudes between 119◦ E and 129◦ E. The analysis
captured low-frequency GWs with normalized intrinsic frequencies up to 6 (period of 5 h) with a mean
value of 2.5–3.5 (periods of 8–13 h). Large normalized intrinsic frequencies were mostly localized at the
rear of the TC. They were mostly present from the bottom up to heights of 10–11 km and also below
the tropopause where the TC outflows are located. Finally, the observations identified the tangential
wind asymmetry below the tropopause as possible locations of GW sources. Figure 13c indicates that
the mean value of normalized intrinsic frequencies decreased from 4.6 (T = 7 h) in the lowest level at 2
km height to 2.8 (T = 12 h) at about 12 km height and ranged between 2.4 and 3 (T = 10–13 h) in the
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UT and LS. The occurrence distributions of periods, normalized by the maximum value at heights of
3–25 km, highlighted weighted mean values ranging between 12.5 h and 14.5 h for the three height
layers with a mean value of 13.4 h for the layer of 3–25 km (Figure 13d). Structures with short periods
<5 h were dominant at heights <10 km. In comparison, the observations of TC Ivan (2008) revealed
dominant low-frequency GWs with periods of 4 h and 6–8 h in the UT and longer periods of 13 h in the
LS and the simulation produced GWs with periods of 4–12 h during TC intensification in the UT and
LS. Considering the respective dominant parameters λv and ω/f of 2–5 km and 2.5–3.7 (periods of 9–13
h) at 5–25 km heights. Equation (2) provided dominant horizontal wavelengths of 116–708 km in the
troposphere and LS.Atmosphere 2019, 10, x FOR PEER REVIEW 14 of 25 
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Figure 10. (a) Vertical profiles of zonal (solid red) and meridional wind (solid green), and 
temperature (solid blue) at location (22° N, 124.3° E) in region C. Mean vertical profiles (dash-dotted) 
are retrieved using a fourth-order Butterworth low-pass filter with a 7 km wavelength cutoff. (b) 
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Figure 9. Mean kinetic energy distribution Ek (J kg−1) from horizontal wind perturbations (grey
shading) at heights of (a) 3–10 km, (c) 8–15 km and (e) 18–25 km on 7 August 12:00 UTC. Contours of
mean energy density (J kg−1) derived from potential temperature (Ep, red), zonal wind (Eu, green) and
meridional (Ev, blue) perturbations are superimposed. Longitudinal cross-sections of mean energy
density distributions: (b) 3–10 km, (d) 8–15 km and (f) 18–25 km at latitude 23◦ N.
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Figure 10. (a) Vertical profiles of zonal (solid red) and meridional wind (solid green), and temperature
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Figure 12. (a), (b) and (c) similar as Figure 11 but in the TC eye (23◦ N, 123.2◦ E).
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Figure 13. (a) Normalized-spectral energy distribution of vertical wavelengths at heights of 3–10
km (solid), 8–15 km (plus) and 18–25 km (dash-dot) in zonal (black) and meridional (red) wind
perturbations at latitude 23◦ N. (b) Longitude–altitude distribution of normalized intrinsic frequencies
ω/f with contours of tangential wind (blue solid) and tropopause height (dashed) at latitude 23◦ N. (c)
Normalized intrinsic frequencies ω/f (solid) and standard deviation (dashed) as a function of altitude at
latitude 23◦ N. (d) Normalized distributions of occurrence of periods at heights of 3–10 km, 8–15 km,
18–25 km and 3–25 km at latitude 23◦ N.

The CWT was applied on a 6 min time series of normalized dynamical parameters (zonal,
meridional and vertical wind) above two sites located at the same latitude (124◦ E, 24.3◦ N) and
(131.2◦ E, 24.3◦ N), respectively, ahead and at the rear of the TC in the LS (20 km height) during the
passage of TC Soudelor in the domain D3 during the 24 h period from 6 August 18:00 UTC to 7 August
18:00 UTC. The vertical wind perturbations were extracted by removing the constant trend from the
time series. Then, the spectral lines, with values >20% of the maximum value, were derived from
the CWT maxima to highlight the time evolution of dominant periods. In particular, they showed
evidence of a dominant wavelike structure with periods of 9–14 h in the perturbations above the two
sites (Figure 14). The analyses also depicted wavelike structures with periods of 3–7 h. In particular,
transient high-frequency modes with period < 1 h are clearly observed ahead of the TC in vertical wind
perturbations on 7 August from 04:00 UTC during the intensification phase (Figure 14b). Reference [73]
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suggested that momentum flux for GWs with frequencies of 0.3–2 h produced by TC Saomai (2006)
might have significantly affected the TC development. Figure 14a,b,d also visualizes a discontinuity at
about 10:00 UTC–12:00 UTC in the time evolution of mode of 6 h period when TC Soudelor started to
interact with the island and the TC intensity decreased.
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Figure 14. Time evolution of dominant periods (right) derived from the CWT spectral lines of
normalized wind perturbations (left) located ahead of the TC (124◦ E, 24.3◦ N) at 20 km height for (a)
zonal wind and (b) vertical wind. Part (c) and (d) are the same as Figure 14a,b but at the rear of the TC
(131.2◦ E, 24.3◦ N). Time starts from 6 August 18:00 UTC and ends on 7 August 18:00 UTC.

The CCM was applied to the simulated vertical profiles of wind and temperature perturbations in
different regions of the domain D1 to characterize the elliptical structures of dominant GWs (Table 1).
A regular spatial sampling at every 0.5◦ × 0.5◦ provided 196 vertical profiles in the domain 0 (20◦–26◦

N; 120◦–172◦ E) centered on the location of the TC eye (23◦ N, 123.2◦ E) at 12:00 UTC on 7 August.
The fraction of upward energy Fup, the degree of polarization d and the direction of the horizontal
wave propagation Phi indicated mixed upward and downward GWs with short vertical and horizontal
wavelengths of 1.6 km and 31 km, respectively, and a period of about 2 h propagated westward in the
UT. In opposition, GWs were more polarized in the LS with dominant upward wave energy. They
had longer vertical and horizontal wavelengths of 3.5 km and 250 km, respectively, and a period of
about 6 h with eastward propagation. Then, characteristics of GWs were examined in the four equal
sub-regions of the domain 0 from the TC eye (23◦ N, 123.2◦ E): 1(upper left), 2 (upper right), 3 (lower
right) and 4 (lower left). Structures of GWs with westward propagation were more polarized on the
right side of the TC above Regions 1 and 2 in the UT. In contrast, GWs mostly propagated eastward
above Region 3 in the UT. Modes with short vertical wavelengths of about 1.5 km were present in
front of the TC in the UT and LS in Region 1. Periods of GWs varied between 4.8 h and 7.4 h and the
direction of horizontal wave propagation was north-eastward and south-eastward in the right side
(Regions 1 and 2) and left side (Regions 3 and 4), respectively, in the LS. The degree of polarization and
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fraction of upward wave energy were both significant above Regions 2 and 3 at the rear of the TC.
Vertical and horizontal wavelengths of 1.4–2 km (3.5 km) and 80–110 km (220–340 km) were globally
retrieved in the UT (LS) above the four sub-regions. In Region A at heights of 8–15 km, south-eastward
propagating GWs with short vertical wavelengths of 24 km were captured above the spiral rainbands.
Modes with horizontal wavelengths of about 100–150 km were dominant in the troposphere and LS.
The eastward phase propagation (ch = λh ω /2 π) was estimated at about 12 m/s in the LS. A significant
fraction of upward wave energy and the degree of polarization were reported in the LS, especially at
the rear of the TC. Quite similar results were produced with increased sampling in Region A. Indeed,
Table 1 indicates that results vary little in the LS when 143 vertical profiles are used in comparison
with those derived from 30 samples. Periods varied between 1.2 h and 6.7 h in the troposphere and
LS. Closer to the TC eye, characteristics of GWs in Region C were in agreement with those in the
Region A, except at heights of 3–10 km where GWs with a long horizontal wavelength and period of
310 km and 11 h were detected. The south-eastward propagation of short-scale waves in the UT was
consistent with the observation on Figure 11d. In addition, GWs were highly polarized in the UT and
LS, and both large values of Fup and d were calculated in the LS. In summary, GWs with vertical and
horizontal wavelengths of 1.4–3.5 km and 24–150 km, respectively, periods of 1.2–6.7 h and westward
horizontal propagation were globally observed in the troposphere whereas GWs with longer vertical
and horizontal wavelengths of 3.5 km and 140–380 km, respectively, periods of 3.1–8.4 h propagated
eastward in the LS. In particular, quasi-monochromatic GWs with upward wave energy and eastward
direction of horizontal propagation were identified at the rear of the TC in the LS. The 6 h period mode
was dominant in the UT and LS. Mesoscale GWs with a vertical wavelength of 3.5 km and longer
wavelengths and periods of 420–640 km and 10–14 h, respectively, were also detected in the troposphere
and LS. Vertical wavelengths of GWs were derived from observations using five COSMIC RO profiles
of temperature early on 7 August from 07:51 UTC to 09:57 UTC. Figure 7a located the soundings
and the simulated TC Soudelor at 08:30 UTC. The heights and temperatures of the tropopause were
consistent with the location of COSMIC RO soundings near the TC eye, i.e., the lowest temperatures
and highest altitudes were obtained by COSMIC RO soundings at 08:14 UTC, 09:57 UTC and 08:06
UTC (Figure 15a). Far from the right side of the TC at 07:51 UTC, colder temperatures at heights
of 3-9 km and a lower tropopause were observed. In addition, the temperatures at the tropopause
were significantly perturbed at the rear right side of the TC core at 08:06 UTC (Figure 15a). Globally,
signatures of quasi-monochromatic wavelike patterns were evident on temperature profiles in the
LS. A fourth-order low-pass Butterworth filter with a cutoff of 7 km was applied to the temperature
profiles to retrieve the perturbations in the troposphere (2–15 km) and stratosphere (18–30 km). Large
amplitudes of temperature perturbations >1◦ K were mainly observed at heights of 6–11 km and 18–26
km with dominant vertical wavelengths of 1–3 km and 2.5–4 km, respectively (Figure 15b). The FFT
was applied to temperature perturbations to highlight vertical wavelengths of dominant GW modes.
In the troposphere, GWs with short vertical wavelengths of 1.5–2.5 km were observed near TC inner
core, more significant in front of the TC at 08:14 UTC with a vertical wavelength of about 1.5–2 km
(Figure 15c). A dominant mode, with a vertical wavelength of about 3.5 km, was observed on profiles
at latitudes between 22◦ N and 25◦ N. In contrast, the FFT of the perturbation profile at 07:51 UTC
revealed two peaks at 2.5 km and about 5 km far north-east of the TC. As the vertical resolution of
COSMIC RO temperature profiles varied between 1 km at the tropopause and 1.4 km at 40 km height,
only GWs with vertical wavelengths >2.5 km could be properly analyzed at heights of 18–30 km.
Figure 15d reveals dominant modes with vertical wavelengths of 3–5 km in the LS with a peak at the
vertical wavelength of 3.5 km.
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Table 1. Characteristics of dominant GWs using combined conventional methods (CCM) on simulated
vertical profiles of horizontal wind and temperature on 7 August 12:00 UTC. Values are derived from
peaks of wave parameter distributions. Region: location of vertical profiles; heights: altitude range;
number: number of extracted profiles; λv and λh: vertical and horizontal wavelengths; T: intrinsic
period; Phi: direction of horizontal wave propagation (clockwise from north), Fup: fraction of upward
energy; d: degree of polarization. Region 0 (20◦–26◦ N; 120◦–172◦ E) is divided into four sub-regions
from the TC eye (23◦ N, 123.2◦ E): 1 (upper left), 2 (upper right), 3 (lower right) and 4 (lower left).

Region Heights (km) Number λv (km) λh (km) T (h) Phi (◦) Fup (%) d (%)

0
8–15 196 1.6 31 1.7 272 49 10

18–25 3.5 250 5.8 86 57 40

1

8–15

56 1.4 110 6.7 261 39 49
2 42 1.8 110 5.8 285 42 46
3 49 1.8 79 3.9 64 54 30
4 49 1.5 95 5.3 264 54 32

1

18–25

56 3.5 (1.4) 340 (140) 7.4 62 60 38
2 42 3.5 220 4.8 68 62 72
3 49 3.5 230 6.5 105 62 70
4 49 3.5 290 5.3 109 53 16

A

3–10
30

1.8 130 6.7 177 59 41
8–15 1.6 24 1.2 142 51 25

18–25 3.5 140 3.1 92 58 78
18–25 143 3.5 120 2.6 92 57 81

C
3–10

54
2.4 310 11 220 62 36

8–15 1.8 53 2.5 154 45 62
18–25 3.5 150 3.5 106 60 89
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and LS at 18–30 km (right). Part (c) and (d) correspond to spectral density as a function of vertical
wavelength respectively. For all figures, refer to colors in the legend of Figure 5a for the date and
location of the RO profiles and also Figure 7a for the spatial distribution.
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5. Summary and Conclusions

A triple-nested model with horizontal resolutions of 27 km, 9 km and 3 km and vertical resolutions
≤250 m up to 27 km height enabled us to simulate a realistic dynamical structure of the mature TC
Soudelor (2015) when it was approaching the Taiwanese eastern coast from early on 5 August to late
on 7 August 2015. In particular, the TC track and its environment were simulated fairly, along with the
intensity change from 6 August 00:00 UTC to 7 August 12:00 UTC. Prior to landfall over Taiwan, the
TC structure was characterized by a WN1 wind asymmetry at the right rear of TC Soudelor and two
warm temperature anomalies in the inner core during its passage over northern warmer water. The
analysis methods focused on TC-induced GWs with vertical wavelengths <7 km. In the region of wind
asymmetry, large values of kinetic GW energy density were located in the eyewall in the lower and
middle troposphere at 12:00 UTC on 7 August while potential GW energy density was found significant
in the UT and LS. With high-vertical resolution, the simulation provided the coupling between vertical
and horizontal scales of GWs. Thus, the spectral characteristics of dominant GWs produced by TC
Soudelor were examined in the UT and LS on 7 August 12:00 UTC. Indeed, elliptical structures of GWs
of different natures were identified in the troposphere and LS during the evolution of TC Soudelor
with dominant vertical wavelengths of about 1.5–2.5 km in the troposphere and 3.5 km in the LS,
respectively. The 6 h period mode was dominant in the UT and LS. A mesoscale GW with a dominant
horizontal wavelength ranging between 100 km and 300 km was identified at the rear of the TC in the
UT and LS. High-frequency GWs were dominantly located in source regions, i.e., inside and above the
wind asymmetry of the TC eyewall and below the tropopause above the TC core. Globally, the analysis
revealed a large spectrum of GWs with horizontal wavelengths, vertical wavelengths, and periods with
ranges of 16–900 km, 1.5–5 km, and 1–20 h, respectively. The mean period of inertia-GWs was about
8–13 h in the troposphere and LS. Dominant GWs propagated westward in the UT and eastward in the
westward background stratospheric wind. In the TC eye, two quasi-diurnal GWs with short vertical
wavelengths of 1.5–2.5 km and horizontal wavelengths of 250–350 km were produced at the location
of the two warm anomalies in the TC inner core on 7 August 12:00 UTC. The two waves generated
intermediate GWs with a semi-diurnal period and a horizontal wavelength of about 150 km in the
middle troposphere. The analysis of the time series of wind perturbations highlighted dominant modes
with periods of about 6–7 h and 9–14 h in the LS during the evolution of TC Soudelor and transient
high-frequency modes with periods <1 h ahead of the TC in vertical wind during the intensification
phase. This study revealed that the time evolution of the different modes might contain information
about changes in the TC dynamics. The analysis of COSMIC RO observations also highlighted a
broad GW spectrum of vertical wavelengths between 2 and 5 km in the troposphere and LS as well as
dominant vertical wavelengths of about 3.5 km in the UT and LS.

Previous results have reported similar GW characteristics during stages of TCs. Significant
mesoscale TC-induced GWs with horizontal wavelengths of 100–600 km propagating eastward were
identified in the LS independently of the background stratospheric wind [17,20,74–76]. Indeed, several
studies have exhibited low-frequency dominant modes with periods of 2–15 h [72,74–76] and vertical
wavelengths of 2–4 km [75,77,78]. In particular, the MU radar observation of TC 8719 (1987) revealed
prominent GWs with vertical wavelengths of 2–4 km and periods of 5 h below the layer of temperature
inversion at 9 km height and 15 h above 13 km height [79]. The mean period of inertia-GWs was
about 11–13 h in the troposphere and LS. With similar observation [78], two quasi-monochromatic
mesoscale GWs with periods of about 6–9 h and varying horizontal and vertical wavelengths of
300 km (600 km) and 3 km (6 km) were captured before (after) the passage of TC Kelly (1987). In
addition, earlier overflights of a tropical cyclone during the Stratosphere-Troposphere Exchange Project
(STEP) identified two mesoscales GW structures, propagating upward and eastward, with horizontal
wavelengths of about 110 km and 250 km and periods of 6 h over the cloud shield in the UT and
LS [74]. The mechanism of convective ‘mountains’ was revealed to be in agreement with the generation
of such GWs. Reference [76] derived eastward propagating mesoscale GWs with horizontal and
vertical wavelengths of 100–700 km and 3–7 km, respectively, from the simulation of TC Ewiniar (2006).
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The dominant vertical wavelength and period were about 3 km and 6 h, respectively, during the mature
stage of the TC. Previously, Reference [72] simulated GWs with horizontal wavelengths of 300–600 km,
periods of 6–11 h, and vertical wavelengths of 3–11 km produced by TC Rusa (2002). In addition, the
simulated TC Matsa (2005) also supported the generation of eastward propagating GW modes with
periods of 12–18 h but with longer horizontal wavelength of about 1000 km in the LS [18] as observed
during TC Hudah in 2000 [12]. High-frequency GWs, with periods <2 h, horizontal wavelengths of
15–300 km and vertical wavelengths of 2.5–8 km, were also found in observation and simulation [16,18].
More recently, the WACCM (Whole Atmosphere Community Climate Model) model showed that
resolved TC-induced GWs can penetrate into the upper atmosphere [80]. Modes with short (<300 km),
medium (300–600 km), and long (>600 km) wavelengths might contribute more than 40%, 30%, and
15% of the total zonal momentum fluxes, respectively. To conclude, our study supports the notion that
TCs are complex sources of multi-scale GWs in the troposphere and LS. A realistic description of the
TC with high vertical resolution is now needed to properly characterize TC-induced GWs as well as
sources and GW effects during the TC evolution. In particular, the WN1 wind asymmetry was found
to be strongly associated with the production of mesoscale GWs in the LS [20] as well as the presence
of GWs in the TC core [28,75]. Finally, our results supported that TC-induced GWs could be indicative
of changes in TC dynamics [26].

Today, high-resolution observational data are needed to explore TC cores at fine scales and to
validate recent realistic high-resolution TC modelling. In this framework, FormoSat-3/COSMIC RO
data may be an alternative means to cross-check the characteristics of GWs in the future studies
as demonstrated in the current investigation. The follow-up mission of FormoSat-3/COSMIC, or
FormoSat-7/COSMIC-2, is expected to be launched in 2019. Thus more COSMIC RO observations
will be available to improve our knowledge of the TC inner core. In perspective, GW sources and
momentum fluxes will be investigated.

Supplementary Materials: A 3D animation of the simulation from 6 August 18:00 UTC to 7 August 18:00 UTC
2015, produced by the Weather 3D software developed by Meteo-France, is available at https://www.youtube.com/
watch?v=1aEDfNNqqWc.
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