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Abstract14

A numerical simulation for Typhoon Faxai (1915), which made landfall with15

the central pressure of 960 hPa in the Kanto region of Japan was conducted16

using a non-hydrostatic numerical model with a 1 km grid spacing. Faxai17

sustained a symmetric structure until the landfall and caused severe dam-18

age due to strong winds. The simulation successfully simulated the realistic19

track and intensity of Faxai for 48 h around landfall. The simulated inten-20

sity was strong until the time of landfall and the spatial size of the vortex21

was small. The structure of the simulated Faxai, identified as having an22

axisymmetric flow field and eyewall, was similar to that of a well-developed23

tropical cyclone (TC) in the tropics. Around the TC center, the surface la-24

tent heat flux was over 300 W m−2 until landfall, and the vertical wind shear25

was less than 9 m s−1 between the 1.5 and 12.0 km altitudes, which is rel-26

atively weak at midlatitudes. The maximum potential intensity (MPI) was27

calculated using environmental parameters around the simulated TC. The28

simulated and best track TC intensities exceeded the MPI for approximately29

12 h before landfall, that is, the TC was in a superintense state. The super-30

intensity was mainly caused by the presence of supergradient wind, which31

in turn resulted from the strong intensity and axisymmetric structure of the32

typhoon. The simulated TC satisfies the assumptions for the formulation33

of MPI during the quasi-steady state except for the gradient wind balance,34
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implying that the structure of TC is similar to that of a developed TC in35

the tropics. The present analyses suggest that the strong intensity of Faxai36

results from favorable environmental conditions and vortex structure.37
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1. Introduction39

The energy source of tropical cyclones (TCs) is the underlying ocean,40

and hence, TCs tend to intensify when they pass over regions with warm41

sea-surface temperature (SST). The latent energy provided by the ocean42

is converted into kinetic energy to drive the TC through condensation in43

the inner core. The spatial distribution of condensation heating and vortex44

structure are important to determine the rate of change in TC intensity:45

diabatic heating located inside the radius of maximum wind (RMW), with46

more axisymmetric components and with higher amplitude, favors TC in-47

tensification (Shapiro and Willoughby 1982; Schubert and Hack 1982; Nolan48

et al. 2007; Rogers et al. 2013; Shimada et al. 2017).49

Emanuel (1986), and successive studies developed a theory for steady50

TCs by assuming an axisymmetric structure, thermal-wind balance, and51

neutrality for moist slantwise convection. The theory enables one to obtain52

an upper bound intensity that a TC can potentially achieve in a given53

environment, which is referred to as maximum potential intensity (MPI). It54

has been shown that MPI can capture the upper bound of the intensity of55

real TCs (DeMaria and Kaplan 1994; Emanuel 2000; Miyamoto et al. 2017).56

The theory has been further extended by Emanuel and Rotunno (2011) to57
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represent the steady-state structure of TCs as well as the TC intensity58

by assuming an equilibrium of vertical mixing by Kelvin-Helmholtz (K-H)59

instability in the upper troposphere.60

TCs seldom intensify or maintain their intensity when structural and61

environmental conditions are not favorable. The theories introduced above62

assume that the TC vortex has a vertically upright structure. While vertical63

wind shear of horizontal winds (VWS) is typically weak or moderate in64

the tropics1, most TCs are substantially influenced by strong VWS when65

they enter midlatitudes where the atmosphere is baroclinic because of the66

steep temperature gradient in the meridional direction. The VWS generally67

reduces TC intensity because it tilts the vortex structure, directly transports68

dry air into the TC core, and also transports dry air into the boundary layer,69

which is the primary source of air for the eyewall (Jones 1995; DeMaria70

1996; Jones 2000; Frank and Ritchie 2001; Tang and Emanuel 2010; Riemer71

et al. 2010). Another major reason why TCs weaken at midlatitudes is the72

low SST. Since the amount of energy provided by the ocean decreases over73

the low SST region, TCs tend not to develop at midlatitudes compared with74

the tropics. Except for TCs that re-intensify as an extratropical cyclone,75

most TCs weaken as they move to midlatitudes.76

1It should be noted that even in the tropics, the environment is often unfavorable for

TC development.
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In 2019, Typhoon Faxai made landfall in the Kanto region, which in-77

cludes Tokyo city, and caused severe damage to the Boso peninsula, located78

on the eastern side of central Tokyo. Faxai moved northward into Tokyo79

Bay and made landfall at Chiba Prefecture on September 9 2019 (cf. Fig.80

1), during which many buildings, including houses in the Boso peninsula,81

were damaged, resulting in a month-long shut down of electricity in the82

peninsula. The intensity of Faxai at landfall, with a central pressure of 96083

hPa, was the strongest out of the typhoons that have made landfall around84

the Kanto region since 1991. Furthermore, the structure of the clouds at the85

center of Faxai was relatively axisymmetric even when Faxai made landfall86

(cf. Fig. 1). It is scientifically crucial to explore the physical reason behind87

the sustenance of strong intensity by the typhoon at midlatitudes.88

This study aims to examine crucial factors leading to Faxai maintaining89

its strong intensity up to landfall focusing on the vortex structure. For this90

purpose, we conducted a numerical simulation of Faxai using a full-physics91

nonhydrostatic atmosphere model. The remainder of this paper is organized92

as follows. The experimental setting and methodology for the analyses are93

described in Section 2. The results of the simulation focusing on changes in94

intensity and structure before landfall are shown in Section 3 and discussed95

in Section 4. This study is summarized in Section 5.96
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2. Experimental settings and methodology of analysis97

2.1 Experimental settings98

We conducted a numerical simulation for Faxai using a non-hydrostatic99

model developed by the Japan Meteorological Agency (Saito et al. 2006,100

NHM). The simulation period was from September 8 00UTC to September101

10 00UTC, 2019, covering the period during which the typhoon approached102

the coast and made landfall. The computational domain covered 960 ×103

1260 km, with a grid spacing of 1 km. The top of the numerical domain104

was at a height of approximately 27 km and there were 55 vertical levels.105

The integration time was 48 h. The time step was 3 s for the NHM.106

The Japan Meteorological Agency (JMA) mesoscale objective analysis107

with a horizontal resolution of 5 km was used for creating atmospheric initial108

and lateral boundary conditions. We used SST data from the Microwave109

Optimally Interpolated SST (OISST hereafter) daily product, obtained from110

the Remote Sensing Systems website (http://www.remss.com/). OISST is111

the daily merged satellite data set that includes three satellite SST data sets112

measured by the WindSat, the Advanced Microwave Scanning Radiometers113

2 (AMSR2) and the Global Precipitation Measurement (GPM) Microwave114

Imager (GMI). The nonhydrostatic atmosphere model includes microphysics115

expressed in an explicit three-ice bulk microphysics scheme (Ikawa and Saito116
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1991; Lin et al. 1983). Exchange coefficients for air-sea momentum and117

enthalpy transfers over the sea were based on bulk formulae (Kondo 1975).118

The sub-grid scale turbulence, and shortwave and longwave radiation were119

parameterized by a turbulent closure model (Klemp and Wilhelmson 1978;120

Deardorff 1980), and a radiation scheme (Sugi et al. 1990), respectively.121

See Wada (2020) for details of the experimental setup.122

2.2 Analysis123

The track and intensity of the simulated TC were compared with the124

best track data to validate the simulation. The best track data for Faxai125

were obtained from the Regional Specialized Meteorological Center Tokyo.126

To compare the simulated TC structure, observed data for radar reflectivity127

at September 8 18 UTC was used.128

The center of the simulated TC was detected as a centroid using sea-129

level pressure (Braun 2002), which is a useful method to accurately detect130

the TC center, especially in datasets with high spatial resolution, by avoid-131

ing detection of local pressure minima (caused by small-scale convection)132

instead of the vortex center (Nguyen et al. 2014). The TC intensity was133

defined as the maximum tangential velocity averaged in the azimuthal di-134

rection at a 1.5-km altitude. Accordingly, the RMW was defined as the135

radius at which the maximum velocity was observed at a 1.5-km altitude.136
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The VWS was calculated as:137

∆v2,1 =
√

(u2 − u1)2 + (v2 − v1)2 (1)

where ∆v2,1 is the absolute value of the velocity difference at two levels, and138

u and v are the zonal and meridional velocities, respectively. Then, VWS139

was obtained by taking a spatial average between the 200- and 500-km140

radius.141

The structural change of the simulated TC was examined by introducing142

a parameter, axisymmetry, defined in Miyamoto and Takemi (2013),143

γϕ(r, z, t) =
ϕ̄2(r, z, t)

ϕ̄2(r, z, t) +
∫ 2π

0
ϕ′2(r, λ, z, t)dλ/2π

(2)

where r, λ, z, t are the radius, azimuth, height, and time, respectively, ϕ is a144

quantity, the bar indicates the azimuthal average, and the prime indicates145

the deviation. As defined, γϕ takes 0–1 values and γϕ = 1 when ϕ is totally146

axisymmetric; ϕ′ = 0.147

8



3. Results148

3.1 Overview of the simulated TC149

Figure 1 shows the best track of Faxai and that of the simulated TC.150

Faxai moved northwestward over the Kuroshio Current, approached the151

Kanto region, and made a landfall at Chiba prefecture on September 9.152

Before the landfall, the track of the simulated TC was similar to the best153

track. The SST was higher than or equal to 301 K along the tracks of both154

best-track and simulated TCs, except near the coast.155

Figure 2a shows the time series of the TC intensity vm and sea-level156

pressure at the grid point of pressure centroid pm. The simulated TC in-157

tensified to t = 12 h and sustained a peak intensity of approximately 50158

m s−1 for approximately 6 h before the intensity gradually decreased. The159

intensity of the simulated TC was weaker than the best track in the first160

several hours of simulation, which would be because the simulation was ini-161

tiated from when the intensity of Faxai was strong and in the quasi–steady162

state, while the cloud structure was not represented at the initial time of163

simulation.164

Figure 2b shows the time series of the RMW and the radius at which the165

azimuthally averaged tangential velocity was 15 m s−1 outside the RMW,166

r15. The RMW decreased from 40 to 20 km in the first 10 h of simulation167
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and was approximately constant for 10 h, before increasing to 40 km after168

t = 20 h. r15 was approximately 200 km at the start and then gradually169

decreased with time.170 Fig. 1

Fig. 2Figure 3 depicts the horizontal cross section of total hydrometeor qt,171

vertically averaged between z = 1.5 and 12 km and horizontal wind at z =172

1.5 km, at six selected times (t = 6, 12, 18, 24, 30, and 36 h). At t = 6173

h, there was a ring-shaped cloud surrounding the eye around a radius of 20174

km. We can regard the ring-shape cloud as an eyewall. The eyewall was175

particularly prominent from t = 12 to 30 h before becoming unclear, which176

is consistent with the radar image as shown in Fig. 1. Another notable177

feature was the spiral rainband extending from r ≈ 70 km from north of the178

center to r ≈ 180 km southwest of the center at t = 6 h, which propagated179

cyclonically thereafter. There were a number of convective cells associated180

with the rainband from t = 12 to 24 h. Since the time of landfall of the181

simulated TC was t = 25 h, the convection outside the core especially in182

the northern side appeared to be largely affected by orography during this183

period. The shape of the rainband seemed to be a ring rather than a spiral184

one, which had a peak of qt around r = 60 km at t = 18 h. The eyewall185

appeared to be expanded to a large radius from t = 24 to 30 h.186 Fig. 3

Figure 4 depicts the radius–height cross section of azimuthally averaged187

qt, tangential velocity v, and radial velocity u at the six selected times.188
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A strong peak of qt was present around the RMW at all times, and the189

magnitude was large, especially at t = 12, 18, and 30 h. At t = 12 and190

18 h, there was another peak of qt outside the RMW: the peak was located191

around r = 40 km at t = 12 h and r = 60 km at t = 18 h, which was192

consistent with the ring-shape cloud outside the RMW, as shown in Fig.193

3. The secondary peak of qt appeared to merge with the eyewall located194

around the RMW at t = 24 h. The peak of qt decayed at t = 36 h when195

the simulated TC weakened (cf. Fig. 2b).196

The peak of v was located around the 1 km altitude and decayed in the197

vertical and radial directions at all times shown in the figure. After the198

merging of the inner and outer peaks of qt at t = 24 h, the RMW increased.199

The inflow and outflow were strong immediately above the ocean surface200

and in the layer between z = 12 and 14 km, respectively. The spatial201

distribution of tangential and radial velocity was consistent with previous202

studies focusing on TCs in the tropics (e.g., Chavas et al. 2015).203 Fig. 4

Figure 5a displays the radius–time cross section of v at z = 1.5 km, and204

vertically averaged w and qt from z = 1.0 to 10.0 km, all of which were205

averaged azimuthally. v at the outer radii did not significantly change in206

time before t = 24 h, whereas v decayed at all radii afterward. It should be207

noted that since the simulated TC moved out of the numerical domain at208

t = 45 h, data for the last several hours are not meaningful.209
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Figure 5b displays the radius-time cross section of u averaged from z =210

10.0 to 13.0 km, and qt averaged from 1.0 to 10.0 km, both of which were211

averaged azimuthally. u in the upper layer was mostly positive and large212

until t = 30 h. Specifically, there were a few events in which u was large,213

with the peak of u located outside the large qt region. A large u region214

radially covered hundreds of kilometers.215

w was large around the RMW (Fig. 5c). The radius of the maximum216

w was initially small, but gradually increased. qt was large where w was217

large. Both w and qt decreased after t = 24 h, which was consistent with218

the TC intensity (cf. Fig. 2b). The temporal variation of u appeared to be219

associated with those of w and qt.220 Fig. 5

Figure 6a shows the time series of the VWS calculated by (1) using levels221

of 1.5 and 12 km as typically done by previous studies (Chen and Zhang222

2013; Miyamoto and Nolan 2018). The VWS was initially 9.0 m s−1, reduced223

to 7.3 m s−1 at t = 4 h, increased to 10 m s−1 at t = 20 h that is 5 hours224

before the landfall, and then sustained this value afterward. Compared225

with the time series of TC intensity (cf. Fig. 2a), the period in which the226

simulated TC obtained the strong intensity corresponds to that for VWS227

less than 9 m s−1. The VWS was less than 10 m s−1 until the landfall, which228

is not large compared with typical values at midlatitudes. We conducted229

an analysis to calculate the VWS between 200 and 850 hPa around TCs230
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approaching the midlatitudes in the north-western Pacific using the best-231

track data and reanalysis data (JRA-55, Kobayashi et al. 2015; Harada232

et al. 2016). The mean VWS around the TCs in the north-western Pacific233

when they are located at latitudes higher than 30 deg was 16.6 m s−1.234

The time series of surface heat fluxes averaged around the TC center are235

shown in Fig. 6b. Because the TC intensity is sensitive to the energy flux236

at the ocean surface within a few to several times the RMW (Xu and Wang237

2010; Miyamoto and Takemi 2010), the sensible and latent heat fluxes are238

averaged inside the 100 km radius. Both the latent heat and sensible heat239

fluxes were large until t = 18 h and then rapidly decreased, whereas they240

increased after t = 38 h. From t = 21 to 39 h, when the simulated TC was241

close to or passed over the land, the sensible heat flux was negative, which242

indicates that the surface temperature was lower than the temperature at243

the level of the lowest atmosphere. The rapid decrease in the heat fluxes244

at t = 21 h appears to be because the simulated TC approaches to the245

land and partially because the SST decreased near the coast (cf. Fig. 1).246

Despite the decrease in the heat fluxes, the TC maintained the intensity247

for several hours, with the maximum wind speed only gradually decreasing248

(cf. Fig. 2a). Since the momentum flux is expected to increase due to the249

landfall, the enthalpy flux needs to be even larger than over the ocean in250

order to sustain strong winds, from an energy–balance perspective (Emanuel251
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1986). The maintenance of TC intensity after the landfall would result252

from physical processes that accelerate the tangential velocity in the TC253

core (Kitabatake and Tanaka 2009; Tsujino and Tsuboki 2020). On the254

other hand, the minimum sea–level pressure rapidly increased after t = 20255

h, which appears to be due to the rapid decrease in the surface heat fluxes.256

The increase in the heat fluxes after t = 38 h was because the simulated257

TC moves back over the warm ocean.258

Figure 6c shows the time series of the symmetry defined in (2) for the259

vertical component of relative vorticity ζ and qt, averaged radially from r =260

0 to rm and vertically from z = 1.5 to 10 km. The symmetry for ζ increased261

until t = 9 h, and decreased from t = 18 to 25 h. The decrease in the262

symmetry for ζ appears to be due to the effects of land. The symmetry263

for qt increased until t = 6 h, exhibited large fluctuations until t = 16 h,264

and decreased after the landfall. This indicates that the TC structure was265

relatively axisymmetric from t = 7 to 20 h, as implied by the horizontal266

sections. The decrease in symmetry after t = 20 h might be due to the267

landfall, which changes the TC structure.268 Fig. 6

3.2 Maximum potential intensity269

It is shown in the present analysis that environmental conditions for the270

simulated TC are favorable. Hence, it is suggested that MPI is large in the271
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environment of Faxai, which would also be a reason for the strong intensity272

of Faxai. The formula for MPI developed by Emanuel is given below (Bryan273

and Rotunno 2009; Miyamoto et al. 2017):274

v2PI =α
Ck

Cd

(Tst − To) (s
∗
s − sst) . (3)

where α = Ts/To, Ck, and Cd are the exchange coefficients for enthalpy275

and momentum at the ocean surface, T is the temperature, s is the moist276

entropy, and the asterisk represents the saturated value. The subscripts s,277

o, and st represent the ocean surface, outflow region, and surface layer, re-278

spectively. We calculated MPI using environmental parameters at the initial279

state, i.e., before the environment was altered by the TC. Strictly speaking,280

the environment was affected by the TC at the initial time of simulation.281

But if the time at which MPI is evaluated is further before the initial time,282

the environment would be different from that when the TC approached283

land. Hence, MPI was calculated at the initial time of simulation based284

on the methodology by Bister and Emanuel (2002), of which code is avail-285

able online (http://texmex.mit.edu/pub/emanuel/TCMAX/). The ratio of286

surface exchange coefficients, Ck/Cd, which is one of the most important287

but unknown parameters, was fixed at 0.9 as that is the default value in288

the code and in the range of laboratory and field observations (Donelan289

et al. 2004; Bell et al. 2012; Takagaki et al. 2012). It should be noted that290
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the values of the ratio are still under discussion especially under high wind291

conditions.292

Figure 7 depicts the horizontal distribution of MPI at the initial time293

of simulation (t = t0) at 00UTC, September 8. Overall, MPI correlated294

with SST (cf. Fig. 1): MPI was large in low latitudes and decreased with295

increasing latitude. The observed and simulated TCs passed over areas with296

high MPI (> 40 m s−1) and moved into low MPI regions. After the landfall,297

the MPI was generally weak along the tracks.298 Fig. 7

Figure 8 shows MPI around the TC center at each time, as well as the299

time series of intensities of the simulated TC and the best track. MPI was300

evaluated at the initial time of simulation (t = t0), when the environment301

was not strongly affected by the TC, and the values of MPI at the grid302

point of the TC center every one hour, which are denoted in Fig. 7, were303

plotted. When t = 4 h, MPI was approximately 64.3 m s−1, which was304

approximately 25 m s−1 greater than the intensity of the simulated TC at305

this time. However, MPI decreased with time afterward and after t = 10306

h, the intensity of the simulated TC exceeded the MPI. This state lasted307

for more than 12 h until the simulated TC made landfall. MPI was smaller308

than the simulated intensity until the simulated TC moved back over the309

warm ocean after t = 40 h. Thus, it is indicated that the simulated TC310

was in a superintense state, in which the TC intensity was greater than the311
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MPI (Persing & Montgomery, 2003) before landfall. Meanwhile, it should312

be noted that the MPI steadily decreases with time before the landfall,313

indicating that the environment changes along the track. Also note that314

the MPI was calculated from the quantities at the initial time of simulation,315

i.e., t = 0 h and interpolated spatially to get the value at the TC center.316

Since the initial field would possibly be affected by the presence of Faxai317

in the global analysis with typhoon bogusing, the MPI values for the first318

few hours would not represent the environmental potential. TCs respond319

to the changing environment on a certain time scale (not instantaneously),320

which might play a role in causing the difference between the simulated TC321

intensity and MPI.322

It has been reported that MPI calculated by (3) may underestimate323

TC intensity under some circumstances (Persing & Montgomery, 2003).324

Bryan and Rotunno (2009) analytically showed that the underestimation325

is mainly due to the assumption of gradient wind balance. By removing326

this assumption, they successfully derived the following formula for the327

maximum TC intensity that captures the upper-bound intensity of TC,328

whose intensity exceeds the MPI (3).329

v+2
PI =v2PI + β, (4)

where330
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β =αrmηmwm, (5)

where η = ∂zu− ∂rw is the azimuthal vorticity, and the subscript m repre-331

sents the value at the RMW and the height of the maximum tangential wind332

that is azimuthally averaged (HMW). Thus, by allowing agradient winds,333

the MPI equation (3) is modified. The modified equation includes the term334

β that was determined by the TC internal structure. Particularly, when the335

tangential velocity was higher than the gradient wind speed (supergradient336

wind), β tended to be large and v+PI > vPI.337

Figure 8a shows that v+PI was greater than vPI and close to the maximum338

intensity of estimated and simulated TCs. Thus, the upper-bound intensity339

was well captured by v+PI by considering supergradient winds in the core340

region. This indicates that the tangential velocity around the RMW and341

HMW of the simulated TC was faster than that satisfying the gradient342

wind balance, which enabled the TC to achieve an intensity greater than343

the MPI.344

Figure 8b shows the times series of the ratio of vm to the maximum345

velocity satisfying the gradient wind balance, vgm. The ratio exceeded 1.0346

from t = 15 to 20 h, indicating that the tangential velocity is greater than347

that satisfying the gradient wind balance, i.e., supergradient, in this period.348

It also implies that vm and v+PI exceeding vPI would be due to the presence349
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of supergradient winds in the core region.350 Fig. 8

The MPIs calculated from the initial fields of numerical simulation seem351

to be weaker than those obtained by previous studies. By comparing with352

MPI calculated from Jordan (1958)’s tropical mean sounding, at the same353

SST, MPIs calculated from the initial field are in general weaker than that354

from Jordan’s sounding (figure not shown). Thus, the sounding at the initial355

time is not favorable for TCs to obtain strong intensity compared with that356

in the tropics. The relatively weak MPI at a given SST would be because357

the quantities in the initial data are affected by the presence of the TC358

itself.359

3.3 Structure during the quasi-steady period360

The simulated TC had a strong intensity and axisymmetric structure361

with a warm core, even though it was located at midlatitudes. Additionally,362

the TC intensity exceeded the MPI, the theory of which was developed for363

idealized atmospheric conditions in the tropics and does not include the364

effects of VWS or baroclinicity, which tend to weaken the TC intensity and365

are often strong at midlatitudes. As a result, it is expected that in general366

TCs may not reach MPI at midlatitudes. Hence, we examined the reason367

why the simulated TC was strong with an intensity greater than MPI.368

TCs appear to reach the MPI when the factors that play a negative role369
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in determining TC intensity are small and when assumptions to derive the370

MPI formula are satisfied. Hence, the result implies that the structure of371

the simulated TC when the intensity was comparable to or greater than372

the MPI (cf. Fig. 8) satisfied the assumptions. The basic assumptions373

of the theory are axisymmetric structure, thermal wind balance in the free374

atmosphere, and neutrality of moist slantwise convection. Figure 9a displays375

the radius-height cross sections of azimuthally averaged u, v, and qt during376

the quasi-steady state that is defined from t = 8 to 18 h. As seen in the377

snapshots (Fig. 4), the maximum v was located around r = 20 km and378

z = 1 km. Strong inflow and outflow were present near the surface and the379

tropopause, respectively. qt was large along the RMW, especially below z =380

6 km. Furthermore, the RMW line was approximately collocated with the381

M surface that passed the RMW at z = 1.5 km, which is denoted as Mm.382

Figure 9b displays radius-height cross sections of azimuthally averaged383

M and s∗ during the quasi-steady state. s∗ was large near the surface, inside384

the RMW, and in the upper troposphere. M increased with radius at all385

altitudes. The radii of the M surfaces didn’t vertically change greatly in the386

lower to middle free atmosphere, while the surfaces became horizontal in387

the upper layer. The M surfaces were almost congruent with the s∗ surfaces388

around the RMW.389 Fig. 9

Emanuel and Rotunno (2011, hereafter ER11) developed a theory for the390
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radial structure of angular momentum (tangential wind) by adding a closure391

for the vertical gradient of saturated moist entropy s∗ in the outflow to the392

original theory. They assumed that the K-H instability always occurs along393

M surfaces in the outflow layer in the upper troposphere, which results in394

the vertical gradients of quantities keeping constant values through mixing.395

The K-H instability occurs when the Richardson number, Ri, is less than the396

critical value. ER11 set the critical value to 1.0 in the outflow layer. Here,397

Ri is defined as the ratio of squared Brunt-Väiälä frequency N2 = (g/θ)∂zθ398

to the squared VWS:399

Ri =
(g/θ) ∂zθ

|∂zv|2
, (6)

where θ is the potential temperature, and v is the vector of horizontal400

velocity. This results in a relationship between the vertical gradients of M401

and s∗ and radial distribution of M , which is Eq. (31) of ER11.402

∂To

∂M
≈ −Ric

r2t

(
dM

ds∗

)
, (7)

where rt is a radius at which the tangential velocity is 0 along a M surface.403

The assumption of self-stratification yields the approximate form of the404

radial distribution of M at the top of boundary layer as (Eq. (36) of ER11)405
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(
M

Mm

)2−E

=
2 (r/rm)

2

2− E + E (r/rm)
2 , (8)

where Mm is the absolute angular momentum at the RMW and E = Ck/Cd.406

Because M ≡ rv + fr/2, the radial distribution of v is determined by407

equation (8).408

Tao et al. (2019) verified the assumptions for the theory based on nu-409

merical simulations with different settings. Whereas it was shown that the410

assumptions work well in the simulated TCs, more verifications, especially411

based on real TCs, are desired. To examine the assumption for moist slant-412

wise neutrality in the simulated TC, Fig. 10a depicts azimuthally averaged413

s∗, T , and Ri on the Mm surface at each time. Before t = 21 h, s∗ was large,414

especially in the lower and upper layers, while it was small after t = 21 h.415

Nevertheless, the variation of s∗ was small along the Mm surface during the416

quasi-steady state from t = 8 to 18 h. Figure 10b shows the relationship417

between M and s∗ at z = 1.5 km and from 30 to 50 km, corresponding418

approximately to the range from 2×RMW to 3×RMW and to the lowest419

level of the free atmosphere. s∗ decreased with M , which is consistent with420

Tao et al. (2019).421 Fig. 10

Figure 11 shows the radial profile of v at z = 1.5 km in the numerical sim-422

ulation and analytical solutions (8) with three different parameters Ck/Cd,423

0.5, 1.0, and 1.5. Overall, the analytical solution captured the spatial dis-424
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tribution of tangential velocity simulated in a numerical model inside the425

50-km radius: the velocity increased with radius inside the RMW and then426

gradually decreased with radius outside. The maximum v did not depend427

on Ck/Cd as indicated by (8). However, the analytically obtained solutions428

for v by ER11 were significantly less than the velocity of the simulated TC,429

particularly outside the 50 km radius.430 Fig. 11

To explore the reason for the large deviation of the analytically obtained431

profile of tangential velocity from the simulated one, radius-height cross-432

sections for Ri and M are depicted in Fig. 12a. Ri is smaller than 1.0 above433

z = 14 km inside the Mm surface. Along the Mm surface, Ri was less than434

1.0 in the outflow region around the radius of 150 km for a few hours (cf.435

Fig. 10a), whereas the area was small. Ri along the Mm surface in the436

temporally averaged radius–height cross section is greater than 1.0. Figure437

12b depicts radius-height cross sections for vertical shear of radial wind438

dzu, and vertical shear of tangential wind dzv. dzu was positive and large439

above the inflow layer (z > 1.0 km) and below the strong outflow region440

(z < 13.0 km). On the other hand, dzu was negative near the surface and441

in the upper layer (z > 13.0 km). dzv was negative except near the surface442

and was large, especially along and inside the RMW. Figure 12c displays443

radius-height cross sections for N2 and θ. θ was large in the upper layer,444

while the vertical gradient of θ was large, especially inside the RMW. N2
445
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was small in the upper layer. This indicates that the small Ri in Fig. 12a446

results from both small N2 and large vertical shear of radial and tangential447

velocities. Nevertheless, the area where Ri is less than the critical value448

was small (Fig. 12a), implying that the parameterized turbulent mixing is449

small. Note that the parameterization for turbulence mixing does not utilize450

a critical Richardson number. Hence, the self-stratification assumption in451

the upper layer appears to be one of the causes of the large deviation of the452

simulated radial profile of tangential velocity from the theoretical profile of453

ER11.454 Fig. 12

4. Discussion455

The analyses for the simulated Faxai indicate that the TC sustained a456

relatively strong intensity just before landfall. The strong intensity appears457

to be most likely due to favorable environmental conditions: relatively low458

VWS for midlatitudes and large surface flux for latent heat. Because the459

intensity of the simulated TC weakens immediately after the surface heat460

flux decreases around the TC center and the VWS increases, it is suggested461

that the simulated TC is intensified mainly by the large heat flux under an462

environment with low VWS. The reduction in surface heat flux is associated463

with the landfall of the simulated TC and also with the low SST near the464

coast (cf. Fig. 1). Hence, the favorable condition for TC development465
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appears to last until the TC center reaches the coastal region.466

The favorable environmental conditions would result in the simulated467

TC having a structure of typical developed TCs in the tropics: well-defined468

eye, eyewall, axisymmetric vortex structure, strong secondary circulation469

including strong surface inflow, vertical motion around the RMW, and out-470

flow in the upper layer, and rainbands. The present analyses suggest that471

the strong intensity was due to favorable environmental conditions and well-472

developed TC structure.473

The maximum intensity of the simulated TC is greater than that de-474

termined by the environment for about 12 h before landfall. The modified475

MPI, which considers supergradient winds, better captures the maximum476

intensity. This implies that the strong intensity of the simulated TC is477

due to the inner core structure as well as the environmental condition. By478

analyzing TCs simulated in a global non-hydrostatic model, Miyamoto et479

al. (2014) showed that tangential velocity tended to be supergradient when480

the TC intensity was strong, RMW was large, and the flow structure was481

axisymmetric. Hence, the supergradient winds of the simulated TC would482

result from the strong TC intensity and axisymmetric structure.483

It should be noted that, although Miyamoto et al. (2014) showed that484

TCs with large RMW tended to result in supergradient winds, the RMW485
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of the simulated TC was relatively small2. In contrast, a small RMW is486

favorable for producing an intense TC for the following reasons: TCs with487

small RMW likely cause weak ocean mixing and less SST cooling (Lin et al.488

2009; Price 2009; Miyamoto et al. 2017; Wada and Chan 2021), tend to be489

axisymmetric, have large inertial stability that results in high efficiency of490

kinetic energy production from condensation, and require less water vapor491

to produce condensation for all azimuths at a given radius. In fact, the sim-492

ulated TC had strong intensity and axisymmetric diabatic heating around493

the RMW, whereas the ocean cooling processes were not considered in the494

simulation. Thus, a small RMW would help produce a strong intensity in495

this case.496

The simulated TC during the quasi-steady state satisfies key assump-497

tions for Emanuel’s MPI theory, which has been developed for tropical con-498

ditions, whereas the TC is located at midlatitudes. The analyses of the499

simulated TC suggest that the structure of Faxai was favorable for the de-500

velopment of TC until just before landfall. It should be noted that the501

analytically derived radial distribution of tangential velocity does not cap-502

ture the simulated distribution. A possible cause of the difference is that503

Ri is less than 1.0 only in a small area (cf. Fig. 12a). According to ER11,504

2The dynamics of how the simulated TC with the small RMW achieved the super-

gradient wind is beyond the scope of the paper.
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the condition, Ri < 1.0, is satisfied along many M surfaces in the outflow505

layer. However, the region in which Ri < 1.0 in the simulated TC is small.506

The large Ri in the upper troposphere has been also observed in the sim-507

ulated Hurricane Patricia (2015) as shown by Tao et al. (2019). They508

pointed out possible reasons for the cause of difference from the analytical509

solution, which are associated with (1) radially constant Ck/Cd, (2) sim-510

plified boundary–layer processes, (3) three dimensional processes that are511

neglected by the theory, and (4) the neglected radial component of the ver-512

tical wind shear. In fact, Ck/Cd in the simulated TC varies in the radial513

direction during the quasi–steady state (Fig. 13), which has been assumed514

to be constant in the theoretical calculation. On the other hand, Tao et515

al. (2019) also showed in their idealized simulations that the Ri is small in516

the upper layer in accordance to the theory, whereas the deviation of radial517

profile of tangential velocity in their idealized simulation from the theoret-518

ically obtained one is not negligible especially in the outer region. Further519

investigations are required to determine the cause of difference and to ob-520

tain analytical solutions that provide radial profiles of tangential velocity521

close to observed or modeled TCs.522 Fig. 13
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5. Conclusions523

We conducted a numerical simulation for Faxai using a nonhydrostatic524

model with a grid spacing of 1 km. The simulated TC intensified to the525

maximum intensity of ∼ 50 m s−1 over several hours, which is approximately526

the same as the observed maximum intensity of Faxai, although the level at527

which the intensity is evaluated was 1.5 km which is different from that for528

the best–track intensity. The maximum intensity was sustained until the529

simulated TC approaches the coastal region and decreased thereafter. The530

reason why the TC developed to a strong intensity was examined by ana-531

lyzing both environmental factors and the internal vortex structure. The532

environmental conditions were favorable for TC development: the VWS was533

small compared with typical values in midlatitudes, and the area-averaged534

surface heat flux around the TC center was large. Furthermore, the sim-535

ulated TC had a well-developed structure typical of that observed in the536

tropics, especially during the quasi-steady state.537

Both the simulated and observed TC intensities exceeded the MPI cal-538

culated by the initial field of simulation, implying that Faxai was in a su-539

perintense state for several hours before landfall. The intensity was better540

captured by the analytically obtained intensity considering the supergradi-541

ent wind. This indicates that the superintensity was attained by the strong542

intensity and axisymmetric structure.543
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By examining the assumptions for the MPI theory, it is revealed that544

the assumptions were valid during the quasi-steady state of the simulated545

TC. Hence, the intensity of the simulated TC would be close to or even546

stronger than that of MPI. This suggests that the strong intensity of Faxai547

also resulted from its structure, which is similar to that of the developed548

TC in the tropics. In particular, the surface latent heat flux was large up to549

6 hours before the landfall, which was due to high SST. On the other hand,550

the radial profile of tangential velocity of the simulated TC deviated largely551

from the analytically obtained profiles. The present analysis suggests that552

it is due to large Ri in the upper troposphere in the simulated TC, which553

implies that the theoretical assumption of self-stratification resulting from554

turbulent mixing is not satisfied in this simulation. Nevertheless, since555

there are several possible reasons to cause the difference, more case studies556

are necessary to verify the theory for the radial distributions of angular557

momentum.558
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Fig. 1. (Top) Best track of Faxai (gray line with circle), the track of the
simulated TC (yellow line), and spatial distribution of SST (K), which
was fixed during the simulation period (shaded). The numbers near
the simulated track represent the time of simulation (day and hour)
in UTC initiated from September 8 00UTC. The red circle indicates
the time of landfall of the simulated TC. The panel covers most of the
domain for the numerical simulation. (Bottom) Horizontal distribution
of observed radar reflectivity (dBZ) for Faxai at September 8 18UTC.
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Fig. 2. (a) Time series of best track intensity of Faxai (dark blue line
with circle), maximum azimuthally averaged tangential velocity at z =
1.5 km vm of the simulated TC (black line), and minimum surface
pressure (gray line). Note that the best track data is an estimate
of the maximum surface wind speed. (b) Time series of RMW (black
line) and the outer radius at which the azimuthally averaged tangential
velocity is 15 m s−1, r15 (gray line) of the simulated TC. The radii were
evaluated at the 1.5 km altitude. The vertical thin dashed line in both
panels indicate the time of landfall of the simulated TC.42



Fig. 3. Horizontal cross section of the vertically averaged mixing ratio of
total hydrometeor qt (g kg−1, shaded) and the horizontal wind at z =
1.5 km (vectors) at six selected times (t = 6, 12, 18, 24, 30, and 36 h).
qt is averaged from z = 1.5 to 12 km.
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Fig. 4. Radius-height cross-section of qt (g kg−1, shaded), v (black contour),
and u (gray contour) at six selected times (t = 6, 12, 18, 24, 30, and 36
h). The quantities were azimuthally averaged. The contour interval for
v is 10 m s−1, while that for u is 5 m s−1. Negative values for velocities
are indicated by dashed lines.
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Fig. 5. Radius-time cross section of qt (g kg−1, contour) and velocity
(shaded): (a) tangential velocity v (m s−1), (b) radial velocity u (m
s−1), and (c) vertical velocity w (m s−1). The contour interval for qt is
0.5 g kg−1. The quantities were azimuthally averaged. v was evaluated
at 1.5 km. w and qt were vertically averaged from z = 1.0 to 10.0 km,
and u was averaged from z = 10.0 to 13.0 km. The thick black line
indicates the RMW at z = 1.5 km.
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Fig. 6. (a) Time series of VWS defined as (1) and calculated between z =
1.5 and 12 km. (b) Time series of fluxes for latent heat (black line) and
sensible heat (gray line) averaged inside the 100-km radius from the
TC center. (c) Time series of symmetry defined as (2) for the vertical
vorticity ζ (black line) and qt (gray line) that were averaged from the
center to the RMW and from z = 1.5 to 10 km.
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Fig. 7. Horizontal distribution of MPI calculated by (3) at 00UTC, Septem-
ber 8, when the simulation was initialized. The unit is m s−1. The
yellow and gray lines represent the track of the simulated TC and best
track.
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,

Fig. 8. (a) Time series of intensity of the simulated TC (black line) and best
track (dark blue line). MPI vPI (3) is shown by the red dashed line.
The modified MPI v+PI (4) is denoted by the solid red line. The MPIs
were evaluated at the center of the simulated TC. (b) Time series of the
ratio of vm to maximum velocity satisfying the gradient wind balance,
vgm.
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Fig. 9. Radius-height cross section of (a) v (black contour), u (gray contour),
and qt (g kg−1, shaded), (b) M (gray contour) and s∗ (J K−1 kg−1,
shaded) during the quasi―steady state. The thick gray line shows the
RMW at each altitude and the thick blue line represents a constant M
line passing through the RMW at z = 1.5 km. The contour intervals
for v, u, and M are 10 m s−1, 5 m s−1, and 1×106 m2 s−1. Negative
values for u are indicated by dashed lines.
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Fig. 10. (Top) Azimuthally averaged saturation entropy s∗ (J K−1 kg−1,
shaded), T (black contour), and Ri = 1.0 (thick blue contour) on the
surface of Mm. The contour intervals for T are 10 K. The horizontal
axis represents the vertical grid number above z = 1.5 km. (Bottom)
Scatter plot of M and s∗ in the region from 30 to 50 km at z = 1.5 km,
which are temporally averaged during the quasi-steady period.
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Fig. 11. Radial profiles of tangential velocity at z = 1.5 km averaged az-
imuthally and temporally during the quasi-steady period (black line)
and analytical solutions of ER11 theory (8) with three different val-
ues of Ck/Cd (gray lines). The gray solid, dashed, and dotted lines
represent the solutions with Ck/Cd = 0.5, 1.0, and 1.5, respectively.
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Fig. 12. (a) Radius-height cross-section of Ri as defined by (6) (shaded) and
M (contour), (b) vertical shear of radial velocity (×10−3 s−1, shaded)
and tangential velocity (contour), and (c) θ (K, contour) and N2 (s−2,
shaded). The contour intervals for M , dzv, and θ are 1×106 m2 s−1,
1× 10−3 s−1, and 10 K. They are calculated by the quantities averaged
azimuthally and temporally during the quasi-steady period.

52



0 50 100 150 200
r
 
(km)

 

0

0.3

0.6

0.9

1.2

1.5

C
k
/C

d 
(-

)

Fig. 13. Radial profile of Ck/Cd for the simulated TC, which is averaged in
the azimuthal direction and in time from t = 8 to 18 h. Only values
over the ocean were used to take an average.
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