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Abstract. Tropical cyclones are prominent sources of atmospheric gravity waves due to their intense and organized deep
convection, yet the sensitivity of cyclone-induced gravity waves to model physics choices remains poorly constrained. Here,
we examine how different physical parameterizations in the Weather Research and Forecasting (WRF) model influence the
generation and characteristics of stratospheric gravity waves during the well-observed case of Typhoon Soudelor (2015). A

5 suite of high-resolution simulations of the tropical cyclone employing multiple microphysics, planetary boundary layer, and
cumulus parameterizations is analyzed. Gravity wave diagnostics are derived from vertical velocity variability and a localized
S-transform spectral analysis. Although the simulations produce similar tropical cyclone tracks and intensities, they generate
markedly different gravity wave responses. Differences in microphysics and boundary layer schemes lead to systematic vari-
ations in gravity wave amplitudes and spectral characteristics, while the inclusion of a cumulus parameterization consistently

10 weakens deep convection and gravity wave amplitudes. These differences occur despite comparable background wind and sta-
bility conditions, demonstrating that gravity wave sensitivity is largely controlled by differences in diabatic forcing among the
simulations. Our results highlight the critical role of model physics in shaping gravity wave generation and stratospheric wave

characteristics and demonstrate the importance of carefully evaluating diabatic forcing in mesoscale modeling studies.

1 Introduction

15 Tropical cyclones (TCs), referred to as typhoons in the western North Pacific, are among the most destructive natural hazards,
characterized by intense winds and heavy precipitation (Emanuel, 2005; Peduzzi et al., 2012; Knutson et al., 2020). Forming
over warm tropical and subtropical oceans, these low-pressure systems can develop into powerful storms that cause severe
damage to human society and natural environments. The associated strong winds and extreme rainfall damage infrastructure,
disrupt transportation, induce flooding in populated areas, and are a primary trigger of landslides in mountainous regions (Wu

20 and Kuo, 1999; Huang and Wang, 2015).
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In addition to their societal impacts, TCs play an important role in atmospheric dynamics. As highly organized deep con-
vective systems, they are efficient sources of atmospheric gravity waves. Strong updrafts and downdrafts, together with intense
latent heat release within the storm core, act as primary forcing mechanisms for gravity wave generation (Alexander et al.,
1995; Lane et al., 2001; Beres et al., 2002; Kim et al., 2007; Kim and Chun, 2010). These gravity waves propagate upward
from the troposphere into the stratosphere and mesosphere, transporting energy and momentum, modulating temperature vari-
ability, and influencing the circulation and distribution of atmospheric constituents. Through this process, TCs provide an
important pathway for vertical coupling between the lower and upper atmosphere.

Accurate numerical simulation of TCs remains a major challenge due to the complex interactions among atmospheric dy-
namics, physical parameterizations, and microphysical processes (Krishnamurti et al., 2010; Islam and Takagi, 2020; Shirai
et al., 2022). Additional difficulties arise from uncertainties in initial conditions and data assimilation, as well as from compu-
tational constraints that limit spatial resolution and ensemble size, as often found in general Earth system and high-resolution
numerical weather prediction studies (Satoh et al., 2019; Gettelman et al., 2022). These limitations also directly affect the
fidelity of TC simulations. Despite substantial progress over recent decades (DeMaria et al., 2014; Emanuel and Zhang, 2016;
Chen et al., 2019), operational forecast errors remain non-negligible. For example, an analysis of National Hurricane Center
forecasts in the Atlantic basin from 1990 to 2019 reported a mean track error of approximately 50 km at a 24-hour lead time,
even in the most recent decade, reflecting persistent limitations in predictability and model performance (Cangialosi et al.,
2020). High-resolution modeling and improved representations of physical processes are therefore essential for advancing TC
prediction and understanding TC-related phenomena.

Because of their multiscale structure and strong diabatic forcing, TCs place particularly stringent demands on model physics.
Simulated TC intensity, structure, and evolution are known to be sensitive to choices of microphysics, cumulus parameteri-
zation, and planetary boundary layer (PBL) schemes, as well as to numerical methods and initial conditions (Yang and Lin,
2005; Davis et al., 2008; Nolan et al., 2009; Gentry and Lackmann, 2010; Chu et al., 2011; Tao et al., 2011; Shirai et al., 2022).
While many studies have examined how these choices affect TC track and intensity, less attention has been paid to their impacts
on the simulated gravity waves generated by TCs and their subsequent propagation into the stratosphere. This represents an
important gap, as gravity wave characteristics depend strongly on the vertical distribution, temporal variability, and intensity
of latent heating, all of which are directly controlled by model physics.

In this study, we investigate how different physics parameterizations in a regional atmospheric model influence both TC sim-
ulations and the resulting stratospheric gravity wave response. For the simulations, we employ the Weather Research and Fore-
casting (WRF) model (Skamarock and Klemp, 2008), developed by the National Center for Atmospheric Research (NCAR)
and the National Oceanic and Atmospheric Administration (NOAA). The WRF Advanced Research Weather (WRF-ARW)
core is widely used for high-resolution TC simulations due to its ability to resolve atmospheric dynamics at fine temporal and
spatial scales. Previous studies have demonstrated its skill in simulating TC intensity, structure, and evolution (Choudhury and
Das, 2017; Cangialosi et al., 2020; Shirai et al., 2022), as well as TC-induced gravity waves (Wu et al., 2022, 2025).

We focus on Typhoon Soudelor (2015), an intense and well-observed tropical cyclone in the western North Pacific, which

provides a well-suited case for examining TC-induced gravity wave generation. Soudelor was observed from 29 July to 12
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August 2015 and reached Category 5 intensity at 1800 UTC on 3 August, with maximum wind speeds of up to 59.16 ms ™1
(JMA, 2016; Fakour et al., 2016). The storm made landfall in Taiwan on 8 August, causing widespread flooding, landslides,
power outages affecting approximately 4.5 million households, and substantial agricultural losses. Soudelor is regarded as the
most intense typhoon of the 2015 typhoon season (Wang et al., 2023) and thus represents a well-suited case for studying the
interaction between the storm’s extreme convection and gravity wave generation.

The primary objective of this study is to assess the sensitivity of the simulated TC and its associated stratospheric gravity
waves to different model physics choices. By investigating one well-studied storm in detail, we are able to study more combi-
nations of physics options and benefit from the context provided by previous studies, with particular emphasis on microphysics,
planetary boundary layer schemes, and cumulus parameterization. While different physics configurations may produce similar
TC tracks and intensities within observational uncertainty, we hypothesize that they lead to systematically different latent heat-
ing structures, which in turn strongly affect the amplitude, vertical propagation, and spectral characteristics of stratospheric
gravity waves. Using a well-observed tropical cyclone as a controlled test case, this study is designed as a process-oriented
investigation aimed at isolating the physical mechanisms governing gravity wave generation and vertical coupling.

This paper is organized as follows. Section 2 describes the numerical model configuration, physics parameterizations, and
observational datasets used for the assessment. Section 3 presents the simulated TC characteristics and gravity wave responses
under different physics configurations. The implications of these findings are discussed in Section 4, and the main conclusions

are summarized in Section 5.

2 Data and methods
2.1 Tropical cyclone track and intensity data

Best-track data of Typhoon Soudelor from the International Best Track Archive for Climate Stewardship (IBTrACS; Knapp
etal. (2010)) are used to evaluate the simulation results. The IBTrACS dataset provides three-hourly estimates of storm position,
maximum sustained wind speed (MSW), and minimum sea-level pressure (MSLP), which are compared with the simulated
typhoon track and intensity. In the simulations, the typhoon center is identified using a simple algorithm that locates the grid
point with the minimum sea-level pressure within the model domain. This approach enables a consistent comparison of storm

paths and intensity evolution between observations and model outputs.
2.2 Satellite observations of clouds and gravity waves

Observations of clouds and stratospheric gravity waves associated with Typhoon Soudelor were obtained from the Atmospheric
Infrared Sounder (AIRS) aboard NASA’s Aqua satellite (Aumann et al., 2003; Chahine et al., 2006). Aqua is a sun-synchronous
polar-orbiting satellite at an altitude of 705 km, with equatorial crossing times of 13:30 and 01:30 local time (LT) at the

ascending and descending nodes, respectively. AIRS is a hyperspectral infrared sounder that provides 2,378 channels spanning
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wavelengths from 3.74 to 15.40 ym, with a horizontal footprint of approximately 13.5 km at nadir and near-global coverage
twice daily.

Following Hoffmann et al. (2013, 2014), the presence of stratospheric gravity waves was identified through analysis of
brightness temperature perturbations averaged over 42 AIRS channels within the 4.3 ym CO4 absorption band, with weight-
ing functions peaking between 30 and 40 km altitude. These channels, which target the carbon dioxide v3 fundamental band,
exhibit strong sensitivity to stratospheric temperature while being insensitive to tropospheric clouds and water vapor. Due to
the nadir sounding geometry, AIRS observations are particularly sensitive to gravity waves with long vertical wavelengths
(A; > 15km) and short horizontal wavelengths (30km < A, < 1,000km). AIRS measurements in atmospheric window re-
gions facilitate simultaneous observations of clouds, allowing identification of potential convective sources of gravity wave
events. The presence of high cloud tops, indicative of convective activity, is identified using an 8.1 ym atmospheric window
channel, in which low brightness temperatures correspond to cold cloud tops.

For cloud observations with improved temporal coverage compared to AIRS, outgoing longwave radiation (OLR) data were
obtained from the Stretched Visible and Infrared Spin Scan Radiometer (S-VISSR) installed on the FengYun-2G satellite
(Xian et al., 2021). The FengYun-2G satellite, operated by the National Satellite Meteorological Center (NSMC) of the China
Meteorological Administration (CMA), is a geostationary satellite with a sub-satellite point located at 104.5°E over the equator.
The satellite was launched on 31 December 2014 and has provided continuous data since 3 June 2015. The OLR product is
retrieved from the 10.3 ym to 11.3 pym infrared window channel (IR1) and is available as a Level-2 product with three-hourly
temporal resolution and a horizontal resolution of 10 km. For consistency with cloud-top temperature diagnostics, we converted

the radiance-based OLR measurements to equivalent brightness temperatures using the inverse Planck function.
2.3 WRF model and simulation setup

The Advanced Research WRF core (WRF-ARW), version 4.4.1, was used to simulate Typhoon Soudelor from 00:00 UTC on 6
August 2015 to 00:00 UTC on 9 August 2015, yielding a total simulation period of 72 hours. Model output is saved at 15-minute
intervals for most variables, with higher-frequency output (6-minute intervals) for wind and temperature fields. The initial and
lateral boundary conditions are derived from the European Centre for Medium-Range Weather Forecasts (ECMWF) ERAS
reanalysis dataset, which provides global atmospheric fields at hourly temporal resolution (Hersbach et al., 2020). Land-use
and soil information are taken from the default WRF static input datasets, which are primarily based on MODIS observations.

The model domains use a Lambert conformal map projection, with the outer domain, referred to as Domain 01, centered at
(25.0°N, 140.0°E). A moving nested domain, referred to as Domain 02, is employed to follow the evolution of the typhoon,
guided by the storm track obtained from the IBTrACS database. The horizontal grid spacings are 15km and 3 km for the
outer and inner domain, respectively, with corresponding domain sizes of 500 x 400 and 300 x 300 grid points. The domain
configuration is illustrated in Fig. 1. The vertical grid in both domains consists of 119 levels, extending to a model top at 10 Pa
(approximately 63 km). To reduce artificial wave reflection at the upper boundary, the model includes a damping layer in the
upper 5 km of the vertical grid, following the approach of Kruse et al. (2022). Data within this damping layer are excluded

from subsequent analysis, resulting in an effective model top near 58 km.
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Figure 1. WRF model domain configuration showing the fixed outer domain (Domain 01) and the nested inner domain (Domain 02) overlaid
on topography. Domain 01 provides the large-scale boundary forcing, while Domain 02 is implemented as a moving nest that follows the
tropical cyclone center based on the IBTrACS best-track data. Grey circles indicate the IBTrACS storm track plotted at 6-hour intervals, with
circle size proportional to the normalized tropical cyclone intensity relative to the first simulation hour. Boxes (a)—(d) show the locations of

Domain 02 at +0, +24, +48, and +72 hours of simulation time, respectively.

The WRF model represents five primary physical processes: microphysics (MP), cumulus parameterization (CU), planetary
boundary layer (PBL), radiation, and surface processes. These physics modules and parameterizations interact through model
state variables and surface fluxes. The microphysics scheme represents water vapor, cloud, and precipitation processes, updat-
ing the corresponding state variables at each time step. More advanced microphysics schemes additionally represent ice-phase
and mixed-phase processes, allowing for the formation of graupel or hail; such schemes are recommended for simulations with
horizontal resolutions of 10 km or finer. The cumulus parameterization represents subgrid-scale convective and shallow cloud
processes by parameterizing vertical fluxes associated with unresolved updrafts and downdrafts, and it also provides convective
precipitation. Cumulus schemes are usually applied in simulations with grid spacings coarser than 10 km. Accordingly, in this
study, the cumulus parameterization is applied only in the Domain 01, while it is disabled in the nested Domain 02.

The PBL schemes account for vertical turbulent mixing and determine subgrid-scale flux profiles throughout the atmospheric
column. Surface processes include surface layer schemes and land surface models. Surface layer schemes compute friction ve-
locities using similarity theory and determine exchange coefficients for surface heat, moisture, and momentum fluxes, and
are compatible only with specific PBL options. Land surface models calculate the exchange of energy and moisture between

the lowest atmospheric layer and the land surface, accounting for interactions with vegetation, the subsurface (e.g., simplified
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groundwater processes), and, where applicable, urban areas. Radiation schemes compute atmospheric heating rates and radia-
tive fluxes by representing absorption, reflection, and scattering processes. Further details are provided in the WRF technical
documentation by Skamarock et al. (2019).

The following physics parameterizations are selected to conduct a sensitivity analysis using different model configurations
for the WRF simulation of TC Soudelor. Two microphysics schemes (WSM6 and Goddard) are considered, together with five
planetary boundary layer (PBL) schemes (YSU, MYJ, GFS, ACM2, and BoulLac). These schemes represent commonly used
single-moment (WSM6) and more complex mixed-phase (Goddard) formulations in tropical cyclone modeling and span a rep-
resentative range of microphysical complexity. In addition, simulations are performed with and without the Grell-3 cumulus
parameterization. The selection of these two microphysics schemes, five PBL schemes, and the optional cumulus parameter-
ization follows the study of Lu et al. (2023). Both the WSM6 and Goddard microphysics schemes are compatible with the
Grell-3 cumulus scheme. To examine the impact of cumulus parameterization, the Grell-3 scheme is applied only in Physics

Set 3 and is implemented exclusively in Domain 01. The complete set of fifteen physics combinations is listed in Table 1.
2.4 Model diagnostics

To evaluate the sensitivity of the simulated tropical cyclone and the associated stratospheric gravity waves to different physics
configurations, a set of diagnostics is applied to the WRF simulations. These diagnostics are grouped into three categories: (i)
tropical cyclone metrics, (ii) convection and latent heating proxies, and (iii) gravity wave characteristics. Post-processing of
WREF output to obtain those diagnostics was performed using the wr f-python software package (Sizemore et al., 2022) as

well as standard scientific Python packages.
2.4.1 Tropical cyclone metrics

The simulated tropical cyclone track and intensity are evaluated against IBTrACS observations. The storm center in the model
output is identified as the grid point with the minimum sea-level pressure. Track error is computed as the horizontal distance
between the simulated and observed storm centers at corresponding times. Storm intensity is characterized by both minimum
sea-level pressure (MSLP) and maximum sustained wind speed (MSW). These standard metrics are used to assess whether
different physics configurations produce comparable large-scale TC evolution within observational uncertainty, providing a

baseline for interpreting differences in convection and gravity wave characteristics.
2.4.2 Convection and latent heating diagnostics

Convective activity in the simulations is characterized using relevant proxies for deep convection and latent heat release. Outgo-
ing longwave radiation (OLR) is used as an indicator of cloud top height and convective intensity, enabling direct comparison
with satellite observations. In addition, the latent heating rate (LHR) is used as a physically based proxy for diabatic heating

associated with moist convection. The LHR is calculated from the temporal tendencies of hydrometeor mixing ratios produced
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Table 1. Physics configurations used in the WRF sensitivity experiments, grouped into three sets. Each case combines a microphysics scheme,

a planetary boundary layer (PBL) scheme, and an optional cumulus parameterization.

Index  Microphysics PBL Cumulus

Physics Set 1

1 WSM6 YSU -

2 WSM6 MYJ -

3 WSM6 GFS -

4 WSM6 ACM2 -

5 WSM6 BoulLac -
Physics Set 2

6 Goddard YSU -

7 Goddard MYJ -

8 Goddard GFS -

9 Goddard ACM2 -

10 Goddard BoulLac -
Physics Set 3

11 WSM6 YSU Grell-3

12 WSM6 MYJ Grell-3

13 WSM6 GFS Grell-3

14 WSM6 ACM2 Grell-3

15 WSM6 BouLac Grell-3

by the microphysics schemes, combined with the corresponding latent heats of phase changes. It is defined as

1 Ag. +Ag, Ag; Ags +Ag,
R ke ) [, 29124 )
c, ( At THAT At

where q., ¢r, ¢, ¢s, and g4 denote the mixing ratios of cloud water, rain water, ice, snow, and graupel, respectively. The latent

heats of vaporization, fusion, and sublimation are L,, = 2.5x 106 Jkg ™!, Ly = 3.34x10° Jkg !, and Ly = 2.834x 10 J kg~ *,

LHR =

)]

and Cp, = 1,004.0J kgf1 K~ is the specific heat capacity at constant pressure. The time interval At = 900s corresponds to the
15-minute model output frequency. The spatial distribution and vertical structure of LHR are analyzed to diagnose differences

in convective structure and diabatic forcing among the different physics configurations.
2.4.3 Gravity wave diagnostics

Gravity wave characteristics are diagnosed from the simulated vertical velocity field in the stratosphere and lower mesosphere.

In this altitude range, vertical motions are largely dominated by gravity waves rather than by balanced or convective flows,
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making vertical velocity a particularly sensitive and direct indicator of gravity wave activity. Our analysis therefore focuses on
gravity wave amplitudes and spectral characteristics derived from the vertical velocity field, enabling consistent comparison
across different model physics configurations.

To characterize the spatially varying spectral properties of the simulated gravity wave fields, we perform a localized spectral
analysis using the S-transform. The S-transform is a time—frequency (or space—wavenumber) analysis technique that combines
elements of the short-time Fourier transform and wavelet analysis, providing localized information on gravity wave amplitude,
phase, and dominant horizontal and vertical wavenumbers. The method is particularly well suited for analyzing gravity waves
generated by localized and transient sources such as tropical cyclones, where wave properties can vary substantially in space
and time. S-transform methods have been successfully applied to both satellite observations and model simulations of gravity
waves in the stratosphere (Hindley et al., 2016; Wright et al., 2017; Hindley et al., 2019). In this study, the S-transform is
applied to the simulated gravity waves in the vertical velocity fields to quantify differences in wave amplitude and spectral
characteristics among the different physics configurations. The S-transform analysis is applied only to Domain 02, which
resolves convection explicitly at 3 km grid spacing.

To facilitate statistical comparison across the fifteen simulations, kernel density estimation (KDE) is applied to selected
gravity wave diagnostics derived from the S-transform analysis. The KDE provides a smooth estimate of the probability density

function of a variable = and is defined as:

fh(x):nl}lZKci;x)’ )
=1

where n is the sample size, h is the bandwidth, and K is the kernel function. A Gaussian kernel is used for smoothing:

1 1
K(u)= Eexp (—2u2> . 3)

The bandwidth h was selected empirically to provide a suitable balance between smoothing and preserving meaningful struc-
ture in the distributions, reducing spurious oscillations while retaining the main features of the gravity wave parameter distri-
butions. Normalized cumulative KDEs (Lu et al., 2023) are employed to compare the distributions of gravity wave properties

across the different physics configurations in a consistent manner.
3 Results

3.1 Observed gravity waves and cloud structure during Typhoon Soudelor

To provide observational context and motivate the subsequent modeling analysis, AIRS/Aqua satellite observations are used
to illustrate the presence of stratospheric gravity waves associated with Typhoon Soudelor. AIRS was selected because it
has proven effective in detecting and characterizing TC-induced gravity waves in previous studies, owing to its relatively high

horizontal resolution and sensitivity to small temperature perturbations in the middle and upper stratosphere. During Soudelor’s
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Figure 2. AIRS/Aqua observations of Typhoon Soudelor on 4 August 2015, approximately 01:30 LT, and 7 August 2015, approximately
13:30 LT. Panels (a, c) show cloud top brightness temperatures at 8.1 pzm, while panels (b, d) show brightness temperature perturbations at
4.3 pm, highlighting semi-circular stratospheric gravity waves located upstream of the convective sources under easterly background winds.

The black curve denotes the storm track from IBTrACS, and black circles indicate 3-hourly time intervals.

lifetime, the AIRS observations reveal pronounced and coherent stratospheric gravity wave activity, making this storm a well-
suited case for further investigation. The presence of strong, well-organized wave patterns provides clear motivation for targeted
WREF simulations aimed at examining how gravity wave generation and structure relate to the storm’s convective features under
different physics configurations.

Figure 2 presents AIRS observations of stratospheric gravity waves and associated cloud structures during two satellite
overpasses of TC Soudelor on 4 August 2015 at approximately 01:30 LT (nighttime) and 7 August 2015 at approximately
13:30 LT (daytime). Panels (b) and (d) show brightness temperature perturbations in the 4.3 ym COz band, in which gravity
waves appear as alternating warm and cold bands forming distinct semi-circular patterns radiating outward from the storm.
These wave signatures are predominantly located upstream of the main convective regions, consistent with easterly background

winds that favor upstream wave propagation with relatively long vertical and short horizontal wavelengths. These are wave
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characteristics to which AIRS, as a nadir-viewing instrument, is particularly sensitive. Panels (a) and (c) display coincident
cloud top brightness temperatures at 8.1 pm, illustrating the spatial extent and organization of deep convective clouds within the
typhoon. Together, these observations allow a direct comparison between the stratospheric gravity wave field and the underlying
convective structure, illustrating the close coupling between tropical cyclone convection and gravity wave generation.

While the WRF simulations are designed to realistically capture the large-scale evolution of Typhoon Soudelor and its
convective structure, reproducing the exact spatial phase and fine-scale patterns of individual gravity wave packets observed by
AIRS is not expected in general. Gravity wave generation by tropical cyclones is inherently sensitive to the detailed temporal
and spatial variability of convective sources, as well as to the evolving background wind and stability profiles. As a result,
the modeling analysis focuses on robust statistical and structural characteristics of the gravity wave field, such as amplitude,

vertical propagation, and spectral properties, rather than one-to-one replication of individual observed wave patterns.
3.2 Simulated tropical cyclone track and intensity

We first evaluate the simulated tropical cyclone track and intensity to assess the realism of the WRF simulations of Typhoon
Soudelor before examining the associated gravity wave response. The simulations are compared with IBTrACS best-track
data. Figure 3a shows the simulated TC tracks for all physics configurations, performed without (Physics Sets 1 and 2) and
with (Physics Set 3) cumulus parameterization. During the early and mature oceanic phase of the storm, all simulated tracks
closely follow the IBTrACS best track. Across all physics configurations, the simulated track errors remain within 100 km for
approximately the first 45 h of the simulation (Fig. 3b), indicating good agreement with the best-track data during this period.

After approximately 45 h, larger deviations from the IBTrACS best track develop in all simulations. This timing coincides
with the approach of Typhoon Soudelor toward Taiwan and the onset of land interaction. While the observed storm makes
landfall in central Taiwan, all simulated storms exhibit a systematic displacement and instead drift toward northern Taiwan.
This behavior is consistent across physics configurations and indicates a common model bias during the landfall phase rather
than sensitivity to individual physics parameterizations, likely reflecting the influence of the large-scale environmental flow
imposed by the initial and lateral boundary conditions. Given this limitation, we primarily focus our analysis on the first 45 h
of the simulations, although relative differences between physics configurations beyond this time may still retain physical
meaning despite increasing deviations from the best-track data.

Despite the similarity of the simulated tracks, subtle systematic differences among physics configurations are apparent.
Simulations that include the cumulus parameterization (Physics Set 3) reveal a wider spread of track positions across different
PBL schemes, but slightly smaller mean track errors compared to simulations without cumulus parameterization (Physics
Sets 1 and 2), with the exception of configurations using the ACM2 PBL scheme. As shown in Table 2, simulations using the
Goddard microphysics scheme yield the largest average track error among the configurations. Relative to Goddard, WSM6 and
WSM6-Grell-3 reduce the average error by 6.4% and 22.3%, respectively. Overall, the WSM6-YSU-Grell-3 configuration
produces the smallest mean track error within the first 45 h of the simulation, while Goddard—BouLac produces the largest

€1ror.

10



https://doi.org/10.5194/egusphere-2026-1469
Preprint. Discussion started: 23 April 2026
(© Author(s) 2026. CC BY 4.0 License.

280N )

\
26°N
24aN L
22°N
20°N

18°Nj|-

120 E 122 E 124 E 126 E 128 E 130 E

1000 T T T T

980

960

940

920

Minimum Sea-Level Pressure (hPa)

Intensification Peak Weakening

900

Simulation hours

+00 +12 +24 +36  +48

+60

+72

400

Track error (km)

100

Maximum Sustained Wind Speed (m/s)

300

200

EGUsphere\

+12 +24 +36 +48 +60 +72

70

30

WSM6-YSU Goddard-ACM2
WSM6-MY) Goddard-Boulac
WSM6-GFS == WSM6-YSU-Grell-3
WSM6-ACM2 == WSM6-MYJ-Grell-3
WSM6-BoulLac — = WSM6-GFS-Grell-3
—— Goddard-YSU WSM6-ACM2-Grell-3
Goddard-MY] WSM6-BouLac-Grell-3

Goddard-GFS

+12 +24 +36 +48 +60 +72
Simulation hours

Figure 3. Simulated tropical cyclone tracks for Typhoon Soudelor compared with the IBTrACS best-track data: (a) simulated and IBTrACS

best-track TC positions, (b) distance between the simulated and best-track TC centers, (c) minimum sea-level pressure (MSLP), and (d)

maximum sustained wind speed (MSW). The legend in (d) identifies the different WRF simulations and physics configurations.

The simulated TC tracks in this study are broadly consistent with previous modeling studies of Typhoon Soudelor. For

example, Li and Huang (2019) reported a systematic northward bias in simulated tracks using the Hurricane Weather Research

and Forecasting (HWRF) model with NCEP GDAS as initial and boundary conditions, in which storms were displaced toward

northern Taiwan rather than central Taiwan, consistent with the northward displacement found in our simulations. However,
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Chane Ming et al. (2019) found a slightly southward landfall bias using WRF-ARW, although their study provides less detail
on the subsequent track evolution.

Figures 3c,d compare the simulated TC intensity with IBTrACS best-track data in terms of minimum sea-level pressure
(MSLP) and maximum sustained wind speed (MSW). Simulations using the Goddard microphysics scheme generally produce
stronger storms than those using WSM6, while the WSM6-GFS configuration yields the weakest simulated intensity. Except
for the WSM6-GFS case, most simulations overestimate TC intensity relative to the best-track data. Simulations using Goddard
microphysics also tend to weaken the storm earlier than those using WSM6. However, most physics configurations fail to
reproduce the rapid weakening observed after 54 h. This deviation coincides with the period when the simulated TC tracks
begin to diverge from the best-track estimate, following the onset of land interaction and the northward displacement of the
simulated storms. The delayed weakening in the simulations is therefore expected, as the simulated storms do not experience

land interaction comparable to that in the observed case.
3.3 Cloud and convective structure from simulated and observed OLR

To further evaluate the simulated storm structure during the pre-landfall period, simulated outgoing longwave radiation (OLR)
from the WRF model is compared with satellite-derived OLR from the FengYun-2G satellite. This comparison allows us to
assess how different physics configurations represent cloud structure and convective activity, which are closely linked to latent
heat release. Figures 4-6 show simulated OLR fields at 03:00 UTC on 7 August 2015 (+27 h of simulation time) for Physics
Sets 1-3, respectively, alongside the corresponding FengYun-2G observations.

Simulations using WSM6 microphysics with the Grell-3 cumulus parameterization (Physics Set 3; Fig. 6) produce more
extensive low-level cloud cover than the other physics configurations and than indicated by the satellite observations. These
simulations also fail to capture the additional tropical disturbance located between 140°E and 150°E, which is clearly visible
in the satellite observations. In contrast, simulations using the Goddard microphysics scheme (Physics Set 2; Fig. 5) generate
less widespread cloud cover than the WSM6—Grell-3 configuration but exhibit stronger convective signatures associated with
both Typhoon Soudelor and the nearby tropical disturbance than the WSM6 configurations without cumulus parameterization
(Physics Set 1; Fig. 4). Compared with Physics Sets 1 and 3, the Goddard microphysics simulations more clearly reproduce
localized regions of deep convection, consistent with the lower OLR values found in the satellite observations and indicative

of stronger localized convective heating that can act as a source of gravity waves.

Table 2. Mean track errors (km) of Typhoon Soudelor during the first 45 h of the simulations for different microphysics and planetary

boundary layer (PBL) scheme combinations. The set mean denotes the average across the five PBL schemes.

Microphysics  YSU MYJ GFS ACM2 BoulLac Set mean

WSM6 50.5 517 439 52.0 51.3 49.9
Goddard 539 500 535 56.1 52.8 533
WSM6-Grell-3  38.0 41.8 39.7 47.2 40.5 41.4
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Figure 4. Simulated outgoing longwave radiation (OLR), shown as brightness temperature, at +27 h of simulation time (03:00 UTC on

7 August 2015) for Physics Set 1 (WSM6 microphysics), compared with FengYun-2G satellite observations.

To further quantify differences in cloud-top characteristics among the physics configurations, kernel density estimates
(KDEs) of OLR brightness temperatures are computed for Domain 01 over the range 190-260 K (Fig. 7). At brightness
temperatures below 220 K, corresponding to the coldest cloud tops and most relevant for diagnosing intense deep convec-
tion, the simulated OLR distributions separate into three distinct groups reflecting differences in microphysics and the use of
cumulus parameterization. Such cold cloud tops are typically associated with strong localized diabatic heating and therefore
indicate potential sources of gravity wave generation. Simulations using the Goddard microphysics scheme (Physics Set 2)
exhibit the strongest and most frequent deep convective signatures and show the best agreement with satellite observations,
followed by WSM6 simulations without cumulus parameterization (Physics Set 1). In contrast, simulations using the Grell-3
cumulus scheme (Physics Set 3) tend to produce more widespread cloud cover but underestimate the occurrence of the coldest
cloud tops associated with intense deep convection. At brightness temperatures above 250 K, simulations with all physics
configurations overestimate cloud occurrence relative to the satellite observations, indicating an excessive representation of
warmer, low-level clouds in the simulations. In addition, simulations using the Goddard microphysics scheme show a slight
underestimation of cloud occurrence in the intermediate OLR range between approximately 225 and 245 K.

The differences in simulated OLR and cloud-top brightness temperature distributions indicate systematic variations in con-
vective organization and cloud depth among the physics configurations. Because latent heat release associated with moist

convection is the primary forcing mechanism for tropical cyclone—generated gravity waves, these differences are expected to
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Figure 7. Kernel density estimates (KDEs) of OLR brightness temperatures across Domain 01 at +27 h of simulation time for all physics
configurations (15 cases), shown over the range 190-260 K. The two grey zones shows the temperature between 220 and 225 and the one

between 250 and 255.

translate into distinct spatial and vertical structures of latent heating. We therefore next examine the simulated latent heating

rates to directly assess how model physics choices modify the vertical and spatial characteristics of diabatic heating.
3.4 Sensitivity of latent heating structure to model physics

Large latent heat release in tropical cyclones is primarily associated with deep moist convection. As air rises within convective
updrafts, it cools and water vapor condenses, releasing substantial amounts of latent heat through phase changes. This diabatic
heating typically occurs throughout the mid to upper troposphere, where it helps sustain convective updrafts and organize the
storm’s convective structure. The thermal forcing associated with latent heat release is also one of the primary mechanisms
for gravity wave generation. In particular, the vertical structure and intensity of the heating strongly influence the dominant
vertical wavelength, horizontal phase speed, and the resulting gravity wave momentum flux spectrum (Alexander et al., 1995;
Lane et al., 2001; Beres et al., 2002; Richter et al., 2010; Alexander et al., 2021). It is therefore informative to compare both
the magnitude and vertical distribution of latent heat release across different physics parameterization schemes. Differences
in latent heating among the schemes can help explain variations in the gravity wave amplitudes and spectral characteristics

simulated under different model configurations.
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Figure 8. Mean vertical profiles of strong latent heating rates (LHR) at (a) +27 h and (b) +36 h of simulation time, computed from grid points
exceeding the 95th percentile of the vertically averaged LHR. The profiles demonstrate differences in heating magnitude and peak altitude

among the physics configurations.

In this study, the latent heating rate (LHR) is used as a proxy for latent heat release. The LHR is calculated from the
temporal tendencies of hydrometeor mixing ratios produced by the microphysics scheme, combined with the corresponding
latent heats of phase changes for cloud water, rain, ice, snow, and graupel. The analysis focuses on regions of strong latent
heating associated with deep convection. Specifically, we first compute the vertically averaged LHR within the mid- to upper
troposphere (from 5 km to 15 km altitude). We then identify grid points where the vertically averaged LHR exceeds the 95th
percentile of the domain-wide LHR distribution. The mean vertical profile of strong latent heating is obtained by horizontally
averaging positive LHR values at these grid points. This approach isolates the most intense and dynamically relevant heating
regions, which are expected to play a key role in gravity wave generation. The results are qualitatively similar when using a
90th percentile threshold.

The mean vertical profiles of strong latent heating rates (LHR) at two selected stages of the simulation are shown in Fig. 8. To
facilitate comparison, we focus on two representative time steps: +27 h, corresponding to the intensification phase of Typhoon
Soudelor, and +36 h, representing the period of peak storm intensity. The latent heating rates are generally larger during the

intensification phase of the tropical cyclone, reaching localized values of up to 6 x 1072 Ks~!, and smaller during the period of
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peak storm intensity (around 4x 1072 Ks~! to 5x 1073 Ks~1). This behavior is consistent with more intermittent and localized
convective activity and stronger localized diabatic forcing during intensification, whereas heating becomes more spatially
distributed and temporally smoother at peak intensity. Parameterization schemes employing the Goddard microphysics scheme
tend to produce maximum LHR values at higher altitudes (around 10 km) compared with WSM6 (around 7 km), suggesting
that gravity wave source regions may be located at greater heights in simulations using the Goddard scheme. Because the
vertical location of diabatic heating strongly influences the vertical wavelength and propagation characteristics of gravity
waves, these differences in heating altitude may contribute to differences in the simulated gravity wave spectra. In contrast,
schemes that include the cumulus parameterization (Grell-3) yield smaller LHR magnitudes and lower peak heating values
during the selected periods.

Figure 9 compares the mean vertical depth of the peak LHR profiles for the different parameterization schemes. The LHR
depth is determined for each vertical profile identified by the 95th-percentile criterion described above. For each profile, the
altitude of the maximum LHR is first identified. Starting from this peak level, the profile depth is then determined by searching
upward and downward independently until the first level at which LHR falls below 20 % of the peak value is encountered
in each direction. The vertical distance between these two bounding levels defines the heating-layer depth. The mean LHR
depth is subsequently obtained by averaging these depths across all selected profiles, thereby isolating the vertically coherent
and dynamically significant heating layers associated with deep convection. Latent heating is generally deeper under WSM6
microphysics (exceeding 10 km) than under Goddard microphysics (typically below 10 km). This distinction persists at both
+27 h and +36 h and suggests that gravity waves generated in simulations using the Goddard scheme may preferentially
exhibit shorter vertical wavelengths. Although the inclusion of the cumulus parameterization reduces the magnitude of LHR, it
produces similar vertical heating depths compared with simulations using the same microphysics and planetary boundary layer
schemes.

The differences in the magnitude and vertical extent of latent heating across the physics configurations imply substantial
variations in the forcing of gravity waves by Typhoon Soudelor. Because gravity wave amplitude and vertical wavelength are
strongly controlled by the depth and intensity of diabatic heating, these differences are expected to produce distinct gravity
wave responses in the stratosphere. We now examine how the simulated stratospheric gravity wave fields vary among the

different physics configurations in terms of their amplitude and spectral characteristics.
3.5 Stratospheric gravity wave variability diagnosed from vertical velocity

Gravity wave activity in the simulations is diagnosed using the variability of vertical velocity, quantified by the standard
deviation of the vertical wind component (w). In the stratosphere, gravity waves are a primary contributor to vertical velocity
variability, and the standard deviation of w therefore provides a useful proxy for gravity wave amplitude that is independent
of wave phase. This metric is used throughout this subsection to compare gravity wave activity across the different physics
configurations.

Figure 10 shows the domain-averaged standard deviation of vertical velocity at two stratospheric levels, approximately 21 km

(lower stratosphere) and 39 km (upper stratosphere), within Domain 02 for all simulations. A period of enhanced gravity wave
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Figure 9. Mean vertical depth of strong latent heating rates (LHR) for the different physics configurations at (a) +27 h and (b) +36 h of
simulation time. The heating depth is defined as the vertical extent around the LHR maximum where LHR remains above 20 % of its peak
value for profiles exceeding the 95th percentile criterion. Gray bars indicate the mean depth averaged across each group of five physics

schemes.

activity is evident near +27 h, corresponding to the intensification phase of Typhoon Soudelor and consistent with the stronger
and more localized latent heating discussed in the previous subsection, whereas +36 h represents the period of peak storm
intensity. At 39 km, the standard deviation of vertical velocity across the simulations ranges from approximately 0.8 ms~—! to

1

1.9ms~! near +27 h and from about 0.6 ms~! to 1.6 ms~! near +36 h. At 21 km, the corresponding variability is smaller,

ranging from roughly 0.18 ms~! to 0.43ms~! at +27 h and from 0.18 ms~! to 0.37ms™! at +36 h.
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Figure 10. Time series of the domain-averaged standard deviation of vertical velocity w at (a) 21 km (lower stratosphere) and (b) 39 km
(upper stratosphere) within Domain 02 for all physics configurations. The standard deviation of w serves as a proxy for stratospheric gravity
wave activity. The gray bars at 27 h and 36 h denote the selected intensification phase and peak-intensity periods used for subsequent gravity

wave analyses. Black dots indicate tropical cyclone intensity from IBTrACS, expressed as maximum sustained wind (MSW; right y-axis).

The larger range of vertical velocity values at 39 km reflects the amplification of gravity wave amplitudes with decreasing
air density in the upper stratosphere. Although substantial temporal variability is present among the simulations, gravity wave
activity is generally stronger during the TC intensification stage and relatively weaker at peak intensity. Differences between

360 physics configurations are also apparent. Simulations grouped by planetary boundary layer (PBL) scheme indicate that the
MY1J scheme produces larger vertical velocity variability, particularly during the first peak period when combined with the

Goddard microphysics scheme. More broadly, simulations employing the Goddard microphysics scheme exhibit stronger ver-
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Figure 11. Spatial distribution of vertical velocity w at 21 km (lower stratosphere) in Domain 02 at +27 h for all physics configurations.

Alternating regions of upward and downward motion indicate stratospheric gravity wave bands. The colorbar range is limited to 3 ms ™"

to allow better comparison among the simulations. Each panel includes text labels indicating the domain-averaged standard deviation of w

as well as the minimum and maximum values within the domain.

tical velocity variability than those using WSM6, indicating enhanced stratospheric gravity wave activity and larger gravity
wave amplitudes.

Although IBTrACS observations indicate that Typhoon Soudelor reaches its peak intensity at approximately +30 to +36 h,
the simulated gravity wave activity peaks earlier, during the period of rapid TC intensification. This timing is consistent with
previous observational and modeling studies (Hoffmann et al., 2018; Wright, 2019; Wu et al., 2022, 2025), which show that
TC intensification is statistically accompanied by increased stratospheric gravity wave activity, whereas TC weakening is as-
sociated with reduced wave activity. This relationship arises from stronger and deeper convective bursts during intensification,
which enhance latent heat release and act as efficient sources of high-frequency gravity waves that propagate rapidly into the
stratosphere. Consequently, stratospheric gravity wave activity may peak prior to the maximum surface intensity, reflecting the

evolution of convective forcing rather than the storm’s mature dynamical state.
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Figure 12. Same as Fig. 11, but for 39 km (upper stratosphere). The colorbar range is limited to £15ms™".

To further illustrate differences in the simulated gravity wave fields among physics configurations, Figs. 11 and 12 show
the spatial distribution of vertical velocity at +27 h at two stratospheric levels, 21 km and 39 km, respectively. At 39 km,
vertical velocity amplitudes are generally larger than at 21 km, consistent with the amplification of gravity wave amplitudes
with decreasing air density in the upper stratosphere. Simulations using the Goddard microphysics scheme produce noticeably
larger gravity wave amplitudes than those using WSM6, indicating stronger wave generation and a stronger stratospheric
gravity wave response. This larger gravity wave activity is consistent with the earlier findings that the Goddard scheme produces
the strongest deep convection and associated latent heating rates, which are key sources of gravity wave excitation. Among the
WSM6 configurations, simulations without the Grell-3 cumulus parameterization exhibit stronger gravity wave activity than
those employing Grell-3, suggesting that explicitly resolved convection in Domain 02 more effectively drives wave generation
than parameterized convection. In contrast, differences among PBL schemes primarily modulate the horizontal structure and
spatial distribution of the wave field rather than its magnitude, reflecting their secondary role in controlling wave generation at
these altitudes.

To assess whether differences in simulated gravity wave activity are related to variations in background propagation condi-

tions, we examined the mean horizontal wind speed and temperature profiles in the stratosphere within Domain 02 during the
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Figure 13. Mean vertical profiles of horizontal wind speed (a,b) and temperature (c,d) in Domain 02 from all WRF simulations compared
with the ERAS reanalysis (black line). Panels (a,c) correspond to +27 h and panels (b,d) to +36 h. Profiles are averaged over Domain 02 and

interpolated to ERAS vertical levels to facilitate direct comparison.

TC intensification (+27 h) and peak-intensity (+36 h) stages (Fig. 13). In the stratosphere, the simulated wind profiles exhibit
some variability among physics configurations but are mostly consistent with the ERAS reanalysis, indicating that the large-
scale flow controlling gravity wave propagation is similarly represented across the simulations. The deviations of the simulated
390 wind speeds from ERAS are generally small, typically remaining within approximately +£5ms ™!, while the differences among
the simulations themselves are even smaller. The temperature profiles show very good agreement with ERAS at both stages,
which is expected given that ERAS provides the initial and lateral boundary conditions for the WRF simulations. Temperature

differences between the simulations and ERAS are likewise small, generally within about £3K, and the simulations show
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an even closer agreement with each other. The relatively small differences in stratospheric wind and stability conditions sug-
gest that variations in the background propagation environment are not the primary driver of the inter-simulation differences in
gravity wave activity. Instead, these differences are mostly attributable to variations in diabatic heating structure and convective

forcing.
3.6 Sensitivity of gravity wave spectra to model physics

To quantify how physics parameterizations affect gravity wave characteristics, we analyze gravity wave amplitudes and wave-
lengths derived from an S-transform analysis of the vertical velocity field. To focus on dynamically relevant waves and suppress

noise from weak perturbations, only gravity wave components with amplitudes exceeding 0.3 ms™!

are retained in the spec-
tral analysis. This threshold is motivated by the amplitude distribution (Fig. A1), which separates a large population of weak,
incoherent perturbations from a smaller number of intense and spatially coherent gravity wave events. Applying this threshold
therefore isolates the dominant wave packets that contribute most strongly to vertical momentum and energy transport.

Because the S-transform is applied to finite spatial domains, the estimated wave amplitude can depend to some extent on the
wavelength and on the number of observable wave cycles within a wave packet. In particular, waves with vertical wavelengths
approaching the depth of the analysis domain may exhibit reduced estimated amplitudes, which could increase the likelihood
that such waves fall below the applied amplitude threshold (Hindley et al., 2019). This effect is expected to be small for the
dominant wavelength range identified in our simulations but should nevertheless be considered when interpreting the statistics
of the detected wave population.

The statistics of the gravity wave spectral parameters are summarized in Fig. 14, which shows boxplots of gravity wave
amplitude, horizontal wavelength, and vertical wavelength at 20 km and 40 km altitude during the TC intensification period
(+27 h), when gravity wave activity reaches its maximum in the simulations compared with the later peak-intensity stage. The
median horizontal wavelength is largest for WSM6-Grell-3 and smallest for the Goddard microphysics scheme, suggesting
that differences in convective organization and latent heating structure among the physics configurations influence the dominant
horizontal scales of the generated gravity waves. While WSM6-Grell-3 combined with YSU produces the least variability in
horizontal wavelength, the Goddard—-ACM2 combination yields the least variability in vertical wavelength.

The Goddard—GFS configuration yields the largest median gravity wave amplitude of 0.48 ms™' at 20 km during the TC
intensification stage (+27 h), which is about 33 % larger than the minimum value of 0.36 ms~! produced by WSM6-GFS.
Regarding horizontal scales, WSM6—ACM2 produces the largest median horizontal wavelength of 45.5 km, approximately
36 % larger than the smallest value of 33.5 km produced by Goddard-MY]J. For vertical scales at +27 h, WSM6-GFS yields
the largest median vertical wavelength of 7.1km, about 55 % larger than the minimum value of 4.7 km produced by God-
dard-MYJ. At the 20 km level, the ACM2 PBL scheme produces the largest spread of horizontal wavelengths (71.8 km),
whereas the GFS PBL scheme yields the narrowest spread (55.6 km).

In addition to differences in median values, the physics configurations also produce notable differences in the spread of
gravity wave parameters. Our results indicate that Goddard—GFS exhibits the greatest range of gravity wave amplitudes (de-

fined by the 5th and 95th percentiles), between 0.2 ms~! and 1.6 ms~!, whereas WSM6-MY]J produces the smallest range,
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Figure 14. Distribution of gravity wave parameters during the TC intensification period (+27 h) at 20 km (a—c) and 40 km (d—f) altitude.
Parameters include gravity wave amplitude (left column), horizontal wavelength (middle column), and vertical wavelength (right column), de-
rived from S-transform analysis of the vertical velocity field. Each boxplot summarizes results from all physics configurations (microphysics,
PBL, and cumulus schemes). The horizontal grey lines indicate the median across all cases. Boxes and whiskers denote the 25th—75th and
5th-95th percentiles, respectively. The dark and light grey shaded bands indicate the interquartile (25th—75th) and full (5th-95th) ranges

across all simulations.

between 0.2ms~! and 0.7 ms~!. For horizontal wavelengths, Goddard—GFS also shows the largest range, spanning 24.0 km
to 107.0 km, while WSM6-YSU-Grell-3 yields the smallest range, between 3.9 km and 18.7 km. For vertical wavelengths,
WSM6-GFS-Grell-3 exhibits the largest range, between 2.9 km and 14.9 km, whereas Goddard—ACM2 produces the smallest
range, between 3.4 km and 10.7 km. These results demonstrate that physics parameterizations influence not only the amplitude

of TC-generated gravity waves but also their dominant horizontal and vertical scales.

4 Discussion
4.1 Context and limitations of intercomparison studies

Direct comparisons among tropical cyclone simulation studies are inherently challenging, as results depend on storm-specific
characteristics, model resolution, domain configuration, initial and boundary conditions, and other factors such as the specific

versions and implementations of physics parameterizations. Even when using the same numerical model, differences in hori-
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zontal resolution, nesting strategy, and simulation period can lead to substantial variability in simulated tropical cyclone (TC)
structure and evolution. As summarized by Shirai et al. (2022), no single combination of microphysics and planetary boundary
layer (PBL) schemes consistently outperforms others across different TC cases and modeling setups.

Our results are consistent with this broader finding. Although some physics configurations perform better for certain metrics,
such as track error, TC intensity, or cloud structure, no single configuration dominates across all diagnostics. This reinforces
the notion that TC simulations remain strongly case-dependent and that physics parameterizations should be selected based on
the scientific question being addressed, rather than assuming a universally optimal configuration. In particular, the sensitivity
of latent heating structure and gravity wave characteristics to model physics highlighted in this study illustrates how different
parameterizations can influence the representation of small-scale dynamical processes in TC simulations.

This study focuses on a single, well-observed and well-studied tropical cyclone case to enable a detailed and internally
consistent investigation of the links between model physics, convective heating, and gravity wave generation. Each physics
configuration requires high-resolution, multi-day simulations with an extended vertical domain and high-frequency model
output, followed by computationally intensive post-processing and localized spectral analysis. Extending this approach to
multiple storms would require substantially greater computational resources and could limit the depth of physical interpretation
achievable for each case.

By focusing on Typhoon Soudelor, which exhibits strong, well-organized convection and pronounced gravity wave signa-
tures in satellite observations, we are able to systematically isolate the effects of microphysics, boundary layer, and cumulus
parameterizations under controlled conditions. Although this single-case approach limits the generality of the quantitative re-
sults to some extent, it enables a more rigorous investigation of the physical mechanisms governing the generation of gravity
waves in the stratosphere, allowing differences in wave characteristics to be attributed primarily to variations in diabatic forcing

rather than to environmental variability.
4.2 Tropical cyclone structure and convection compared with previous studies

The simulated tracks of Typhoon Soudelor show close agreement with the IBTrACS best-track estimates during the early and
mature stages of the storm, with track errors below 100 km prior to landfall. A systematic northward track bias after landfall
is present in all simulations, consistent with earlier studies of Soudelor using the HWRF framework (Li and Huang, 2019).
In contrast, Chane Ming et al. (2019) reported a slightly southward landfall bias, although their study does not document the
storm track in the hours following landfall. This suggests that the post-landfall track deviation is likely related to large-scale
environmental conditions and land-interaction effects, rather than to specific physics parameterizations.

Sensitivity to microphysics and PBL schemes is evident in simulated TC intensity and cloud structure. Consistent with ear-
lier work (Yang and Lin, 2005; Choudhury and Das, 2017; Shirai et al., 2022), the choice of microphysics strongly influences
convective strength and the depth of latent heating, while PBL schemes exert a primary control on storm structure and track
evolution. In our simulations, the Goddard microphysics scheme tends to produce stronger and deeper convection than WSM6,
in better agreement with satellite-derived cloud properties, but often at the cost of overestimating storm intensity. The inclusion

of cumulus parameterization weakens resolved convection, as also reported by Yang and Lin (2005), and reduces deep convec-
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tive heating, consistent with previous findings that cumulus schemes can suppress explicit convection at convection-permitting
resolutions.

Improved agreement with observed TC intensity or track evolution does not necessarily imply a more realistic representation
of convective structure or diabatic heating. This distinction is particularly important when evaluating model performance
beyond traditional TC metrics, especially when the scientific focus extends beyond surface impacts to upper-atmospheric

processes such as the generation and propagation of stratospheric gravity waves.
4.3 Implications for gravity wave generation and vertical coupling

One key result of this study is that simulations producing broadly similar TC tracks and intensity evolution can nevertheless
generate significantly different stratospheric gravity wave responses. These differences are closely linked to variations in the
magnitude and vertical distribution of latent heating, which are widely recognized as the primary forcing mechanism for gravity
waves generated by deep convection (Beres et al., 2002; Alexander et al., 2021), including organized convective systems such
as tropical cyclones (e.g., Kim et al., 2007, 2009). Because tropical cyclones consist of intense, vertically deep convection,
differences in the vertical structure and altitude of diabatic heating can substantially influence the characteristics of the resulting
stratospheric gravity wave field.

Across the fifteen simulations, configurations with deeper and higher-altitude heating are associated with systematically
larger vertical velocity variability in the stratosphere, indicating more efficient wave forcing. This behavior is consistent with
linear gravity wave theory, which shows that the vertical extent and altitude of diabatic heating strongly influence the amplitude
and spectral characteristics of the resulting wave field. In particular, the vertical structure of the heating determines the vertical
wavenumber of the excited waves, which can lead to larger variability in vertical wavelengths. Consistent with this theoretical
expectation, our spectral analysis reveals larger variability in the vertical wavelengths of the simulated gravity waves, while
horizontal wavelengths show comparatively weaker sensitivity to changes in physics configurations. These results indicate
that model physics primarily control gravity wave activity by modifying the vertical structure and intermittency of diabatic
heating, which in turn influences the efficiency and spectrum of wave generation. These differences may also imply substantial
variations in gravity-wave momentum flux and the associated mean-flow forcing.

Microphysics schemes strongly influence the altitude of peak latent heating, with the Goddard microphysics scheme shifting
the heating maximum to higher levels than WSM6. This vertical displacement of the forcing leads to systematic differences in
gravity wave spectral characteristics, as revealed by diagnostics based on vertical velocity variability and S-transform spectral
analysis. PBL schemes further modulate gravity wave characteristics by influencing convective organization and the spatial
and temporal variability of diabatic heating, while cumulus parameterization consistently reduces the amplitudes of resolved
gravity waves in the stratosphere. Together, these results highlight the strong sensitivity of stratospheric gravity wave activity
to the representation of convection and diabatic heating in numerical weather prediction models.

Background wind and stability conditions are broadly similar across physics configurations, indicating that the observed
differences in gravity wave spectra arise primarily from variations in convective forcing rather than from differences in wave

propagation conditions. This demonstrates the strong sensitivity of gravity wave generation to the vertical structure of diabatic
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heating and emphasizes the need for careful evaluation of convective parameterizations when using mesoscale models to study

atmospheric gravity wave processes in the stratosphere.
4.4 Broader implications and outlook

These findings have important implications for studies of atmospheric vertical coupling. Gravity waves generated by tropical
cyclones contribute to momentum transport and circulation changes in the stratosphere and mesosphere, yet their representation
in numerical models depends strongly on the representation of physical processes in the troposphere, particularly convection
and diabatic heating. Our results suggest that even when TC simulations are considered successful by conventional metrics,
their gravity wave impacts may differ substantially depending on the choice of model physics parameterizations.

Future work should therefore prioritize coordinated evaluation of TC simulations against both tropospheric and upper-
atmospheric observations, including direct gravity wave diagnostics. Ensemble-based modeling approaches and targeted ob-
servations could help constrain uncertainties in convective heating and improve confidence in modeled gravity wave forcing.
Ultimately, improving the representation of gravity wave sources in tropical cyclones will enhance our understanding of their

role in atmospheric vertical coupling and climate variability.

5 Conclusions

In this study, we examined how different physics parameterizations in the WRF model affect the simulation of Typhoon
Soudelor (2015) and the associated generation of stratospheric gravity waves. A suite of simulations employing multiple
microphysics, planetary boundary layer, and cumulus parameterizations was evaluated against IBTrACS best-track estimates
and satellite observations, with gravity wave diagnostics derived from the vertical velocity field. The simulated tropical cyclone
tracks and intensities show good agreement with observations during the early and mature stages of the storm, with differences
among physics configurations remaining within observational uncertainty prior to landfall.

Despite this similarity in large-scale tropical cyclone evolution, substantial sensitivity is evident in the simulated convective
structure, latent heating, and gravity wave response. Variations in microphysics and boundary layer schemes lead to systematic
differences in the magnitude and vertical distribution of latent heating, which in turn strongly influence gravity wave ampli-
tudes and spectral characteristics in the stratosphere. The inclusion of cumulus parameterization in the outer model domain
consistently weakens resolved convection and reduces gravity wave amplitudes.

The Goddard—GFS configuration yields the largest median gravity wave amplitude at the 20 km level during the TC intensifi-
cation stage, about 33 % larger than the minimum produced by WSM6-GFS. Regarding horizontal scales, WSM6-ACM?2 pro-
duces the largest median horizontal wavelength, approximately 36 % larger than the smallest value produced by Goddard-M Y.
WSMO6-GFS yields a median vertical wavelength about 55 % larger than the minimum produced by Goddard-MYJ. The ACM2
PBL scheme produces the largest range of horizontal wavelengths (71.8 km), while the GFS PBL scheme yields the narrowest
range (55.6 km).
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These differences arise despite comparable background wind and stability conditions, indicating that the simulated gravity
wave response is primarily driven by differences in diabatic forcing rather than variations in wave propagation conditions. Our
results demonstrate that, for the case of Typhoon Soudelor, tropical cyclone simulations that appear similar according to con-
ventional metrics can nevertheless produce significantly different gravity wave responses, underscoring the strong sensitivity
of wave generation to model physics parameterizations.

While this study is limited to a single, well-observed storm, it provides a detailed process-oriented assessment of how
physical parameterizations influence convective heating and gravity wave generation. The analysis framework presented here
offers a foundation for future multi-case studies aimed at assessing the generality of these sensitivities across a broader range

of tropical cyclone environments.

Code and data availability. The Weather Research and Forecasting (WRF) model is publicly available from the National Center for Atmo-
spheric Research (NCAR) at https://www2.mmm.ucar.edu/wrf/users/. The scripts used to generate the WRF namelists and preprocessing
inputs for this study are available from the GitHub repository at https://github.com/hydrogencl/WRF_TOOLS. The International Best Track
Archive for Climate Stewardship (IBTrACS) tropical cyclone data (Knapp et al., 2010) are available at the NOAA National Centers for
Environmental Information at https://www.ncei.noaa.gov/products/international-best-track-archive. The FY-2G outgoing longwave radia-
tion (OLR) data are available from the National Satellite Meteorological Center (NSMC) at http://satellite.nsmc.org.cn (NSMC, 2025). The
AIRS gravity wave data sets (Hoffmann, 2021) are available at https://datapub.fz-juelich.de/slcs/airs/gravity_waves. ERAS reanalysis data
(Hersbach et al., 2020), used for initial and boundary conditions, are produced by the European Centre for Medium-Range Weather Forecasts

and can be accessed through the Copernicus Climate Data Store at https://cds.climate.copernicus.eu.

Appendix A: Sensitivity of gravity wave detection to amplitude threshold

A sensitivity analysis was conducted to evaluate how the choice of amplitude threshold affects the spatial coverage of detected
gravity wave signals at 20 km altitude. The coverage is defined as the fraction of grid points within the analysis domain where
the gravity wave amplitude exceeds a specified threshold derived from the S-transform wave spectra. Table A1 summarizes
the ranges of coverage across all physics configurations for several amplitude thresholds during the intensification (+27 h) and
peak (+36 h) stages of the storm. As expected, lower thresholds yield substantially larger spatial coverage, whereas higher
thresholds progressively isolate the most intense gravity wave events.

For a threshold of 0.3 ms™!, the spatial coverage ranges from 12.7% to 50.2% during the intensification stage (+27 h) and
from 9.4% to 44.7% during the peak stage (+36 h). This threshold provides a suitable balance between retaining dynamically
relevant gravity wave signals and excluding weak perturbations that are likely associated with background variability or noise.
Figure Al illustrates the spatial distribution of gravity wave amplitudes after applying the 0.3 ms™! threshold at +36 h. The
remaining signals are primarily concentrated near the inner core and along the outer periphery of the tropical cyclone, consistent

with regions of strong convective forcing and associated gravity wave generation.
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Table A1. Ranges of spatial coverage of gravity wave signals exceeding different amplitude thresholds at 20 km altitude during the intensi-

fication (+27 h) and peak (+36 h) stages of the storm.

Threshold (m s™1) +27h +36h
0.1 64.6%-97.6%  57.6%-96.7%
0.2 27.5%-76.8%  22.7%-70.1%
0.3 12.7%-50.2%  9.4%—44.7%
0.4 6.2%-33.6%  4.09%-30.9%
0.5 3.4%-23.9%  1.6%-21.8%
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Figure A1l. Spatial distribution of gravity wave amplitudes derived from the S-transform analysis at 20 km altitude at +36 h after applying
an amplitude threshold of 0.3 ms™'. Only wave components exceeding this threshold are shown, highlighting regions of strongest gravity

wave activity near the tropical cyclone.
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