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Abstract14

Torrential rain in Typhoon Hagibis caused a devastating disaster in Japan15

in October 2019. The precipitation was concentrated in the northern half of16

Hagibis during extratropical transition (ET). To elucidate the mechanisms17

of this asymmetric precipitation, synoptic- and meso-scale processes were18

analyzed mainly using the Japan Meteorological Agency Non-Hydrostatic19

Model. The present study demonstrates that the asymmetric processes20

were different depending on the ET stages. When Hagibis was close to the21

baroclinic zone at middle latitudes around 12 October (the frontal stage),22

heavy precipitation in the northeastern part of Hagibis was attributed to23

warm frontogenesis and a quasi-geostrophic ascent, as reported in many24

previous studies. In contrast, when Hagibis was moderately distant from25

the baroclinic zone around 11 October (the prefrontal stage), heavy pre-26

cipitation in the northern part occurred in slantwise northward ascending27

motion in the outer region. This slantwise motion developed in a region28

with strong westerly vertical shear, which was enhanced between Hagibis29

and a westerly jet stream. Based on the analyses of potential vorticity30

and absolute angular momentum, this region was characterized by reduced31

moist symmetric stability in the lower and middle troposphere accompanied32

by inertial instability in the upper troposphere and conditional instability33

in the lower troposphere. These results provide additional insights into the34
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time evolution of asymmetric processes during ET in the absence of a dis-35

tinct upper-tropospheric trough, particularly the slantwise motion in the36

prefrontal stage.37
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1. Introduction40

In October 2019, torrential rain in Typhoon Hagibis caused more than41

100 fatalities mainly in the eastern part of Honshu, Japan’s largest island.42

It was one of the nation’s most devastating typhoon disasters in recent43

decades. Takemi and Unuma (2020) attributed the large amount of pre-44

cipitation to high humidity and moist absolute unstable layers (MAUL).45

Kawase et al. (2021) demonstrated that the atmospheric and oceanic warm-46

ing trends for 40 years enhanced the precipitation. From the perspective47

of disaster prevention, it is also important to understand where in the cy-48

clone the large amount of precipitation was concentrated. When Hagibis49

approached Japan, most of the precipitation was concentrated in its north-50

ern half (Fig. 1b, c). This remarkably asymmetric structure commenced to51

develop a few days before Hagibis became an extratropical cyclone to the52

east of Honshu at 0300 UTC 13 October.53 Fig. 1

Extratropical transition (ET) is the process, typically a few tens of hours54

long (Evans and Hart 2003; Kitabatake 2011), in which a tropical cyclone55

(TC) transforms into an extratropical cyclone in a baroclinic environment56

at middle latitudes (Jones et al. 2003; Evans et al. 2017). As ET is a57
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gradual process, its conceptual model considers the onset and completion of58

ET (Evans and Hart 2003; Jones et al. 2003); the completion approximately59

corresponds to the time when an operational forecast center declares that60

a TC has changed into an extratropical cyclone. Between the onset and61

completion of ET, a TC generally starts to take on an asymmetric structure62

(Klein et al. 2000; Evans and Hart 2003; Jones et al. 2003). Therefore, the63

asymmetric precipitation in Hagibis around Japan appears to have been64

associated with ET processes.65

In-situ and remote sensing observations have documented asymmetric66

patterns of cloud and precipitation of TCs during ET (Kitabatake 2008;67

Quinting et al. 2014; Katsumata et al. 2016). Klein et al. (2000) proposed68

a conceptual model of TC structures during ET, including warm frontoge-69

nesis, a cloud band, a cirrus edge, and a dry slot, which are partly similar70

to the structures of ordinary extratropical cyclones. A delta rain shield is71

a delta-shaped precipitation system from 200 to 500 km north of a cyclone72

center, which is unique to a TC approaching the baroclinic zone (Shimazu73

1998). As ET proceeds, the distribution of heavy precipitation tends to74

be concentrated to the left of the track of a TC (Jones et al. 2003; Atal-75

lah et al. 2007; Deng and Ritchie 2018). Atallah et al. (2007) attributed76

this distribution to an influence of midlatitude upper-tropospheric troughs77

northwest of TCs during ET. Upper-tropospheric troughs often force an78
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ascent on their east sides promoting formation of asymmetric structures of79

TCs during ET (Kitabatake 2002; Kitabatake et al. 2007; Galarneau et al.80

2013; Yanase et al. 2020). However, an upper-tropospheric trough was in-81

distinct northwest of Hagibis as shown later, indicating that other processes82

were responsible for concentrating the heavy rainfall.83

Frontal dynamics is an important process for a TC during ET, which84

tends to form a strong warm front and a weak cold front (Harr and Elsberry85

2000; Klein et al. 2000; Kitabatake 2008). Frontal dynamics may also vary86

from one case to another; Hagibis had a warm front on its northeast side87

(Iizuka et al. 2021), whereas Hurricane Sandy (2012), a high-impact ET case88

in the North Atlantic, had a warm front on its northwest side (Galarneau89

et al. 2013). In addition, as precipitation systems in Hagibis were observed90

in different locations depending on time (Fig. 1b, c), the relationship be-91

tween precipitation and frontal dynamics may change at different ET stages.92

A tilt of a vortex due to vertical shear also causes asymmetry of verti-93

cal motion through several processes (Jones 1995; Ueno 2007; Riemer et al.94

2010); a vortex tilt forces an ascent with adiabatic cooling on the downs-95

hear side of the vortex due to thermal wind adjustment (Fig. 4b in Jones96

1995); the resultant temperature anomaly associated with the vortex tilt97

modifies isentropic surface on which cyclonic circulation is accompanied by98

vertical motion (Fig. 4c in Jones 1995); a lower part of the tilted vor-99
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tex forces an ascent due to the Ekman pumping process (Riemer et al.100

2010). These processes generally accentuates precipitation on the downs-101

hear to downshear-left side (Ueno 2007; Kwon and Frank 2008). Because102

the vortex-tilt mechanism is associated with a strong vortex in a TC core103

(several tens ∼ 200 km), asymmetric ascending motion and precipitation104

also occur around the core region (Ueno 2007, 2008; Riemer et al. 2010),105

which are much smaller than the asymmetric structures caused by baroclinic106

process (Yanase and Niino 2019).107

A westerly jet stream north of a TC enhances northward outflow in the108

upper troposphere. From the perspective of the zonal momentum equation,109

Saito (2019) analyzed the relationship between the northward ageostrophic110

flow and the acceleration of zonal wind for a flow from a TC to a jet stream.111

From the perspective of the inertial stability of horizontal flow, idealized112

experiments demonstrated that the northward outflow from a TC was en-113

hanced due to weak inertial stability on the anticyclonic shear side (i.e.114

south side) of a westerly jet stream (Rappin et al. 2011; Komaromi and115

Doyle 2018). Ito and Ichikawa (2021) confirmed this enhancement for the116

case of Hagibis in their numerical simulation. Recently, Dai et al. (2019)117

demonstrated that a jet stream affected not only upper-tropospheric outflow118

but also deep convection throughout the troposphere.119

The purpose of this paper is to describe the asymmetric structures of120
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Hagibis during ET based on observations and analysis datasets, and to121

elucidate their mechanisms based on numerical simulations. We first exam-122

ined frontal dynamics which have played important roles in many previous123

ET cases. As we found characteristics that were not explained by frontal124

dynamics alone, we also explored other candidates for asymmetric mecha-125

nisms. Section 2 of this paper describes the dataset used for the analysis126

and the design of the numerical simulations. Section 3 presents characteris-127

tics of Hagibis based on observations and reanalysis. Section 4 analyzes the128

structures and dynamics of Hagibis based on numerical simulations. Sec-129

tion 5 discusses the possible mechanisms of asymmetric precipitation, and130

Section 6 summarizes the main conclusion.131

2. Methodology132

2.1 Observations and analysis datasets133

The best track product by the Japan Meteorological Agency (JMA) was134

used for the locations and minimum sea level pressure of Hagibis (Japan135

Meteorological Agency 2020). Surface weather charts were also provided by136

the JMA.137

Synoptic conditions around Hagibis were examined using the JRA-55138

reanalysis data (Kobayashi et al. 2015) with a horizontal grid spacing of139
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1.25◦. The reanalysis is produced based on a global atmospheric model140

with a TL319 spectral horizontal resolution and 60 vertical levels, and on141

the four-dimensional variational data assimilation (4D-Var) of the JMA.142

The Radar/Raingauge-Analyzed Precipitation is a 1-km-grid dataset143

based on ground-based precipitation and radar observations in Japan (Ishizaki144

and Matsuyama 2018). High-frequency microwave (∼90 GHz) satellite im-145

agery provided by the Naval Research Laboratory (2019), which indicates146

scattering by large precipitation particles, especially by snowflakes, was used147

for presenting the time evolution of asymmetric precipitation systems in148

Hagibis, as shown in Fig. 1.149

The Atmospheric Motion Vector (AMV) dataset is a horizontal wind150

product that is derived from Himawari-8 geostationary satellite observa-151

tions by tracking the patterns of clouds and water vapor (Shimoji 2017).152

We utilized four infrared band observations (6.2, 6.9, 7.3 and 10.4 µm wave-153

length) at 2.5-min intervals. We extracted horizontal winds at upper levels154

that were estimated from the observed radiance and the atmospheric vari-155

ables of the JMA global atmospheric model with a TL959 spectral horizontal156

resolution.157
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2.2 Numerical model and experimental design158

To analyze the asymmetric dynamics of Hagibis, we conducted numerical159

simulations using the JMA Nonhydrostatic Model (JMA-NHM; Saito et al.160

2006). The cloud processes were simulated by a two-moment bulk-type161

microphysics scheme that calculated mixing ratios for cloud water, cloud162

ice, rain, snow, and graupel as well as number concentrations for cloud ice,163

snow, and graupel (Lin et al. 1983; Murakami 1990), whereas no cumulus pa-164

rameterization was used. The planetary boundary layer was parameterized165

by the level-2.5 closure of the Mellor-Yamada-Nakanishi-Niino turbulence166

scheme (Nakanishi and Niino 2004) with the surface-layer scheme proposed167

by Beljaars (1995). The model also calculated long-wave and short-wave168

radiation processes and ground temperature as described in Japan Meteo-169

rological Agency (2013).170

The horizontal grid spacing was 2 km for a domain of 4000 km× 4000 km171

centered at 35◦N, 140◦E based on the Lambert conformal conical projection172

(Fig. 2a). The vertical grid spacing for 48 layers with the model top at173

21801 m above sea level (ASL) increased linearly from 40 m at the lowest174

level to 868 m at the highest level.175 Fig. 2

The initial and boundary conditions were obtained by interpolating the176

global analysis data provided by the JMA (Japan Meteorological Agency177

2019). The 6-hourly atmospheric analysis was produced based on a global178
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spectral model with a TL959 spectral horizontal resolution (roughly equiv-179

alent to 0.1875◦) and 100 vertical levels together with the 4D-Var, whereas180

the daily sea surface temperature (SST) analysis was the Merged satellite181

and in situ data Global Daily SST (MGDSST) dataset (Kurihara et al.182

2006) with a horizontal grid spacing of 0.25◦.183

The simulation with the full physics and the real topography is referred184

to as the control experiment (CTL). As the orography around Japan (Fig.185

2a) may affect vertical motion and precipitation of TCs (Murata 2009;186

Lentink et al. 2018), we also conducted a sensitivity experiment in which187

Honshu, Hokkaido, Shikoku, Kyushu and other neighboring small islands188

were replaced by the ocean surface with no orography (contours in Fig. 3b,189

c). The SST was linearly interpolated in the zonal direction between the190

eastern and western coasts of the islands. This experiment is referred to as191

NIS. Time integration was conducted at time steps of 10 s for 72 h starting192

at 1200 UTC 10 October.193 Fig. 3

2.3 Analyses of atmospheric dynamics194

A center of the cyclone was defined by the location of minimum sea195

level pressure. Environmental vertical shear was defined by the difference196

in horizontal wind between 1450 and 12130 m ASL (∼850 and ∼200 hPa,197

respectively) averaged between 200 and 800 km radius from the cyclone198
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center.199

In the following analyses, we mainly analyzed a 10-km-grid dataset that200

was created by averaging 5 × 5 grids of the original 2-km-grid dataset,201

because the 2-km-grid dataset was too noisy to analyze the asymmetric202

structures of Hagibis. In addition, if not otherwise specified, the 10-km-203

grid dataset was further smoothed using a 100-km binomial filter, which204

calculates a weighted mean with 11-point binomial coefficients in the hori-205

zontal directions.206

A scalar frontogenesis analysis assesses the cause of the temporal change207

in the magnitude of horizontal gradient of θ (Keyser et al. 1988; Schultz208

and Doswell 1999), where θ is usually potential temperature or equivalent209

potential temperature (EPT). The scalar frontogenesis is determined by210

three terms in the following equation (Schultz and Doswell 1999):211

d

dt
|∇hθ| =

1

2
|∇hθ|E cos 2β− 1

2
|∇hθ|(∇h ·Vh)−

∂θ

∂z

(
∇hw · ∇hθ

|∇hθ|

)
, (1)

where∇h is the horizontal gradient operator, E is the resultant deformation212

defined as213

E =


(
∂u

∂x
− ∂v

∂y

)2

+

(
∂v

∂x
+

∂u

∂y

)2


1/2

, (2)

β is the local angle between an isoline of θ and the dilatation axis, Vh214

is the horizontal wind vector, and w is the vertical wind. On the right-215

hand side of Eq. (1), the first term indicates a deformation effect, which216
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causes frontogenesis (frontolysis) if the angle between the isoline of θ and217

the dilatation axis of the horizontal wind is smaller (greater) than 45◦.218

The second term indicates a divergence effect, which causes frontogenesis219

(frontolysis) if the horizontal flow converges (diverges) in the horizontal220

gradient of θ; note that convergence and divergence of horizontal flow in221

the lower troposphere correspond to ascending and descending motion aloft,222

respectively, because of the conservation of mass. The third term indicates223

a tilting effect, which causes frontogenesis (frontolysis) if warm air descends224

(ascends) and cold air ascends (descends); in other words, frontogenesis225

(frontolysis) occurs in a thermally indirect (direct) circulation.226

To examine a secondary circulation linked to vertical motion, we de-227

composed the horizontal winds (referred to as total winds) into divergent228

and non-divergent winds instead of radial and azimuthal winds because the229

atmospheric flow was not axisymmetric. The non-divergent winds was ex-230

pressed as the derivatives of a stream function, whereas the divergent wind231

was the difference between the total winds and the non-divergent winds; the232

stream function was obtained from the total wind by applying a relaxation233

method to Poisson’s equation.234

We also decomposed the total winds into geostrophic and ageostrophic235

winds, and into gradient and non-gradient winds, based on the locally de-236
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termined balanced equation,237

V 2
b

rb
+ fVb =

1

ρ

∂p

∂n
, (3)

where Vb is the balanced wind speed parallel to the isobar, rb is the radius of238

curvature of the isobar, f is the Coriolis parameter, ρ is the density, p is the239

pressure, and n is the unit vector perpendicular to the isobar. Geostrophic240

winds were obtained by neglecting the first term on the left-hand side, and241

ageostrophic winds were the difference between the total and geostrophic242

winds. The radius of curvature rb was locally determined from the shape of243

the isobars as in Endlich (1961), although we neglected the time derivative244

terms. Given rb, the gradient wind was obtained by the quadratic formula of245

Eq. (3); for a strong anticyclonic flow, the gradient wind was indeterminate246

due to complex roots of the quadratic formula (Knox and Ohmann 2006).247

The data were smoothed by a 2000-km binomial filter.248

Potential vorticity (PV) diagnoses symmetric stability. Moist PV (Pm)249

is defined as250

Pm =
ζa · ∇θ∗e

ρ
, (4)

where ζa is the absolute vorticity vector,∇ is the three-dimensional gradient251

operator, θ∗e is the saturation EPT (SEPT), and ρ is the density. Dry PV252

(Pd) is defined as253

Pd =
ζa · ∇θd

ρ
, (5)
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where θd is potential temperature.254

3. Observations and reanalysis255

The locations and minimum sea level pressure of Hagibis in the best track256

product are shown in Fig. 2. After Hagibis became a tropical storm (winds257

≥ 34 kt) at 15.1◦N, 157.4◦E at 1800 UTC 5 October 2019 (not shown), it258

rapidly intensified to its maximum intensity of 915 hPa from 1200 UTC 7259

October to 0600 UTC 10 October. During the mature stage, Hagibis had260

a clear eye at its center and a relatively axisymmetric pattern (Fig. 1a).261

After 0600 UTC 10 October, Hagibis started to decay (Fig. 2b) during its262

northward motion, and finally became an extratropical cyclone at 0300 UTC263

13 October. During this period, Hagibis developed an asymmetric structure264

with most of its precipitation systems concentrated in its northern half (Fig.265

1b, c); from 11 to 13 October, the dominant area of precipitation system266

shifted from the northern part to the northeastern part.267

Figure 3a shows precipitation accumulated between 1200 UTC 10 Octo-268

ber and 1200 UTC 13 October; this period corresponds to the integration269

time of the simulation and includes the time when Hagibis caused heavy270

rainfall in Honshu. The precipitation was also asymmetric, concentrated to271

the left of the track of Hagibis. Whereas part of this asymmetry appears272

to arise from the orography in Honshu (Fig. 2a), it was also observed over273
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the ocean. A sensitivity experiment in Section 4 examines to what extent274

this asymmetry was caused by orography. The left-of-track precipitation275

pattern was consistent with previous studies of ET or recurving TCs (Jones276

et al. 2003; Atallah et al. 2007; Deng and Ritchie 2018).277

Synoptic conditions may provide some clues about the asymmetric dy-278

namics of Hagibis. Figure 4a–c shows JMA’s surface weather charts. At279

1200 UTC 11 October, a front accompanied by a preceding low pressure280

system was located around 40◦N, far north of the center of Hagibis (Fig.281

4a). At 1200 UTC 12 October, the front was located northeast of Hag-282

ibis (Fig. 4b), when precipitation shifted to the northeastern part (Fig.283

1c). This front finally became a warm front accompanying the extratropi-284

cal cyclone transitioned from Hagibis (ex-Hagibis) at 1200 UTC 13 October285

(Fig. 4c). The Q vector analysis indicates a quasi-geostrophic ascent in the286

northeastern part (Supplement 1). Thus, the relationship between the pre-287

cipitation, the front, and the quasi-geostrophic ascent in the northeastern288

part of Hagibis and ex-Hagibis after 12 October resembled the characteris-289

tics of ordinary extratropical cyclones.290 Fig. 4

Figure 4d–f shows PV and horizontal wind speed on the 340 K isentropic291

surface, which corresponded to 200–300 hPa in the middle latitudes in Octo-292

ber 2019. On 11 and 12 October, there was no distinct upper-tropospheric293

trough around Hagibis (Fig. 4d-e). Thus, the precipitation concentrated294

15



in the northern half during this period was not fully explained by quasi-295

geostrophic forcing of upper-tropospheric troughs. From 11 to 12 October,296

the westerly jet stream was enhanced northeast of Hagibis presumably ow-297

ing to the interaction between the TC and a jet stream (Keller et al. 2019).298

On 13 October, Hagibis approached the jet stream and the steep gradient299

of PV in the upper troposphere (Fig. 4f).300

4. Numerical simulations301

In this section we first validate the track, intensity and precipitation302

of Hagibis in the simulation, and then we examine the influence of frontal303

dynamics and other processes on the asymmetric structure.304

4.1 Time evolution of asymmetric precipitation305

The track of Hagibis in the CTL experiment was in good agreement with306

that recorded in the best track analysis between 1200 UTC 10 October and307

1200 UTC 13 October (Fig. 2a); during the poleward motion in this period,308

Hagibis recurved from northwestward to northeastward in the latter half of309

11 October, made landfall on Honshu on 12 October, then moved north-310

eastward over the Pacific Ocean. Hagibis was weakening during this period311

as recorded in both CTL and the best track analysis (Fig. 2b), although312

CTL overestimated the intensity of Hagibis at an earlier integration. This313
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overestimation may have originated in the SST obtained from the MGDSST314

dataset, which tends to underestimate ocean cooling induced by TCs (Kunii315

et al. 2017).316

To examine the time evolution of asymmetric precipitation, we show317

the horizontal distribution of the total condensed water path (TCWP; the318

sum of cloud water, cloud ice, rain, snow, and graupel integrated vertically319

through the model domain) in Fig. 5, and the azimuth-time Hovmöller320

diagram of the TCWP averaged over a 500-km radius from the cyclone321

center in Fig. 6. After the initial spin up of several hours, the dominant322

TCWP occurred to the north of Hagibis on 11 October (Figs. 5a, b and323

6). At 1200 UTC 11 October, the TCWP formed a delta shape bounded324

on the northwest side by an arc-like band, which is in good agreement with325

the microwave satellite observation (Fig. 1b). This distribution resembled326

the delta rain shield analyzed in Shimazu (1998).327 Fig. 5

Fig. 6On 12 October (Fig. 5c, d), the dominant TCWP region gradually328

shifted from the northern part to the northeastern part. This shift was also329

consistent with the microwave observation (Fig. 1c) and is clearly identified330

in the Hovmöller diagram (Fig. 6). Environmental vertical shear is a basic331

parameter responsible for asymmetric dynamics including baroclinic and332

vortex-tilt mechanisms (Jones 1995). The azimuth of the dominant TCWP333

was on the left side (downstream in the cyclonic circulation) of the verti-334
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cal shear vector (circles and crosses in Fig. 6). The azimuthal difference335

between the TCWP peak and the vertical shear vector was larger on 11336

October than on 12 October, implying that the mechanisms of asymmetry337

were different between those two days.338

For more quantitative validation, total precipitation accumulated from339

1200 UTC 10 October to 1200 UTC 13 October in CTL and the corre-340

sponding radar/rain gauge–analyzed precipitation are compared in Fig. 3a,341

b. The model reproduced the concentration of precipitation to the left of342

the track as well as the orographic enhancement in Honshu.343

To examine the influence of orography, we compared the CTL and NIS344

experiments. The track of Hagibis in NIS was nearly the same as in CTL345

(Fig. 3b, c). The decay rate was slower in NIS than in CTL after 1200 UTC346

12 October (Fig. 2b), because the ocean surface was more favorable for347

maintaining the intensity of Hagibis than the land surface. The asymmetric348

pattern of TCWP in NIS resembled that in CTL throughout the integration349

time (Fig. S4 in Supplement 3). The distribution of total precipitation was350

smoother in NIS than in CTL (Fig. 3b, c), indicating that the orographic351

effect enhanced local precipitation mainly in Honshu. However, the total352

precipitation was still largest to the left of the track even in the absence of353

the orographic effect. Therefore, the remainder of this study focuses on the354

atmospheric dynamics responsible for the asymmetric precipitation.355
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4.2 Frontal dynamics356

Time evolution of fronts is an important process of ET. Figure 7 shows357

the horizontal distribution of EPT at 530 m ASL and the magnitude of the358

horizontal gradient of EPT as a proxy for fronts. On 11 October (Fig. 7a, b),359

the baroclinic zone at middle latitudes was located around 35◦N∼45◦N, and360

was modulated by a preceding low pressure system, which was consistent361

with the front analyzed in the weather chart (Fig. 4a). Whereas Hagibis362

was far south of this baroclinic zone it had a local front to the northwest363

(the label “LF” in Fig. 7b) between the area of high EPT around the364

cyclone center to the southeast and the area of low EPT to the northwest.365

This low EPT was confined to a limited area that was separated from the366

low EPT at higher-latitudes particularly at 0000 UTC 11 October (Fig.367

7a). Furthermore, a sensitivity experiment in Supplement 4 demonstrated368

that asymmetric precipitation formed even in the absence of the local front.369

Therefore, we have concluded that the local front was not essential for the370

heavy precipitation concentrated in the northern part of Hagibis.371

On 12 October (Fig. 7c, d), the local front merged with the baro-372

clinic zone around Japan. The merged front developed mainly northeast of373

Hagibis (the label “WF” in Fig. 7d) and finally became a warm front of374

ex-Hagibis after the ET completion on 13 October (Fig. 7f), as shown in375

the weather charts (Fig. 4b, c). The merged front northeast of Hagibis is376
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hereafter referred to as a warm front irrespective of the ET completion.377

We analyzed the dynamics of the warm front for 1200 UTC 12 October378

in detail. Because the orographic effect disturbed frontal dynamics, we ana-379

lyzed the result of the NIS experiment for clarity, in which Hagibis developed380

the warm front as in CTL (Fig. S5 in Supplement 3). Figure 8 shows atmo-381

spheric variables associated with frontal dynamics around Hagibis. The 1-h382

precipitation was particularly large along the warm front (Fig. 8a). The383

updrafts in the warm front were organized more tightly than those in a spi-384

ral rain band east and southeast of the cyclone center (Fig. 8b). Another385

precipitation maximum immediately northeast (downshear) of the cyclone386

center was associated with the decaying asymmetric eyewall (see also Fig.387

5). Note that the 1-h precipitation associated with individual convective388

clouds is elongated in the azimuthal direction, reflecting the cloud motion389

during an hour.390 Fig. 7

Fig. 8A scalar frontogenesis analysis given in Eq. (1), the most intense fron-391

togenesis in the warm front was attributed to the deformation effect (Fig.392

8d), where the dilatation axes of horizontal flow were parallel to the isolines393

of EPT (Fig. 8c). The warm front was also enhanced by the divergence394

effect (Fig. 8e), whereas it was weakened by the tilting effect due to the395

direct circulation across the front. These characteristics were also identified396

in the frontogenesis analysis for potential temperature (not shown). Sec-397
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tion 5 discusses why the deformation effect was large in the northeastern398

quadrant of Hagibis.399

In summary, frontal dynamics was indistinct on 11 October, whereas400

it was responsible for the precipitation concentrated in the northeastern401

part on 12 October; hereafter, we refer to the former and the latter as the402

prefrontal and frontal stages respectively.403

4.3 Asymmetric structures in the prefrontal stage404

In the prefrontal stage, the dominant precipitation occurred in the north-405

ern part of Hagibis (Figs. 5 and 6), and frontal dynamics was not essential.406

Therefore, we analyzed the structures at 1200 UTC 11 October in CTL in407

more detail.408

Figures 9 and 10 present horizontal and vertical structures of Hagibis,409

respectively (the meridional ranges are different between the two figures).410

Ascending motion with diabatic heating to the north of Hagibis was appar-411

ently more intense than that to the south (Figs. 9a, b, and 10a). Although412

it appears to be partly attributed to cyclonic advection of high EPT from413

low latitudes to the north of Hagibis (see also Fig. 7b), convective available414

potential energy (CAPE) in this area was not large compared to low lati-415

tudes (Fig. 9c), indicating that the ascending motion was not explained by416

conditional instability alone. Taking a closer look, the ascending motion was417
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intense in two different regions: an inner region including an eyewall within418

1◦ north of the cyclone center and an outer region between 2◦ and 5◦. The419

ascent in the inner region occurred near the edge of a strong vortex (Figs.420

9b, 10b) along with a downshear tilt of the vortex (Fig. S2 in Supplement421

2), which is consistent with characteristics of the vortex-tilt mechanism in422

theoretical, numerical, and observational studies (Jones 1995; Ueno 2007;423

Foerster et al. 2014). On the other hand, the ascent in the outer region424

was not associated with a strong vortex of a corresponding horizontal scale,425

implying dynamics different from the vortex-tilt mechanism. Hereafter, we426

focus on the ascending motion in the outer region which caused the wide427

area of TCWP (Fig. 5b).428 Fig. 9

Fig. 10The ascending motion in the outer region had a slantwise distribution429

that expanded northward or outward with height (Fig. 10a). Such a slant-430

wise distribution was also observed by the dual-frequency precipitation431

radar on the Global Precipitation Measurement (GPM) core observatory432

satellite at 0939 UTC 11 October (Japan Aerospace Exploration Agency433

2020). The meridional component of the divergent wind confirms slant-434

wise motion where the ascending motion flowed northward or outward (Fig.435

10c). Below this ascending motion, descending motion flowed southward or436

inward between 3◦ and 5◦ north of the cyclone center which was promoted437

by evaporative cooling (see also Supplement 4). The distribution of the as-438
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cent and descent was nearly parallel to the isoline of EPT (Fig. 10c). These439

characteristics provide a clue about the dynamics in the outer region.440

We further examined the three-dimensional structure of the slantwise441

motion by trajectory analyses which started at 1200 UTC 11 October.442

The trajectory analysis was conducted by applying the fourth-order Runge-443

Kutta method to the wind field in the 2-km-grid dataset at 1-min intervals.444

Figure 11a presents backward trajectories that started at 10 km ASL north445

of the cyclone center and ended below 2 km ASL, indicating ascending446

motion. Figure 12 shows the relationship between the azimuthal location,447

radial velocity, and vertical velocity for the same trajectories. Most of the448

trajectories moved cyclonically on the east side of Hagibis at low levels, then449

ascended steadily between the northeast and northwest of Hagibis (Figs. 11a450

and 12b), although some trajectories ascended rapidly (≥ 1 m s−1) due to451

convection. On the north side of Hagibis, the trajectories also moved out-452

ward from the cyclone center (Figs. 11a and 12a). A scatter plot diagram453

of the radial and vertical velocities indicates that most of the ascending454

motion was associated with the outward motion (Fig. 12c). Figure 11b455

presents forward trajectories that started at 1 km ASL around the cyclone456

center and ended above 10 km ASL, also indicating ascending motion. The457

trajectories moved cyclonically in the lower troposphere and dominantly458

ascended in the northern half of the cyclone, consistent with the backward459
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trajectories in Fig. 11a, and then moved further northward in the upper460

troposphere.461 Fig. 11

Fig. 12To examine the synoptic conditions around the northward outflow, Fig.462

13b shows the horizontal winds at upper troposphere. The outflow from463

Hagibis moved dominantly northward to a westerly jet stream at higher lat-464

itudes, in good agreement with the AMV derived from the Himawari-8 ob-465

servations (Fig. 13a). The decomposition into geostrophic and ageostrophic466

winds indicates that the northward outflow was associated with the ageostrophic467

wind (Fig. 13c, d). Whereas the geostrophic wind provided a good approxi-468

mation of the jet stream, it overestimated the cyclonic wind around Hagibis469

because the centrifugal force in a curved flow was neglected (compare Fig.470

13b and 13c). As a result, the ageostrophic wind around Hagibis shows a471

strong anticyclonic flow. The decomposition into gradient and non-gradient472

winds allowed us to incorporate the effect of the centrifugal force. Because473

the gradient wind provided a good approximation of the cyclonic flow (not474

shown), the non-gradient wind was small near the cyclone center (Fig. 13e).475

This decomposition also confirms that the northward outflow was associated476

with the unbalanced (non-gradient) wind. Thus, the northward divergent477

wind in Figs. 10c and 13f was part of the unbalanced flow between Hagibis478

and the jet stream.479 Fig. 13
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4.4 Stability of the motion in the prefrontal stage480

In the prefrontal stage, as shown in the previous section, the precipita-481

tion concentrated to the north of Hagibis was associated with the slantwise482

ascending motion between Hagibis and the westerly jet stream. Figure 14483

shows meridional-vertical section through the cyclone center for CTL at484

1200 UTC 11 October. The zonal wind around Hagibis appears to be a485

merger of the winds associated with the cyclone and a westerly jet stream486

to the north (Fig. 14a). In particular, the vertical shear of the zonal wind487

was stronger on the north side of Hagibis than on the south side. To un-488

derstand a link between the slantwise motion and the vertical shear, we489

assessed symmetric stability (Holton 2004; Schultz and Schumacher 1999).490 Fig. 14

Moist symmetric stability can be diagnosed by moist PV (Pm) in Eq.491

(4). Negative Pm denotes moist symmetric instability. The special case492

of moist symmetric instability is conditional instability, which is indicated493

by a negative vertical gradient of SEPT (Schultz and Schumacher 1999).494

Figure 14b depicts moist symmetric instability, weak symmetric stability,495

and conditional instability in different colors. The north side of Hagibis was496

characterized by not only conditional instability but also moist symmetric497

instability and weak symmetric stability, particularly around 2◦–4◦ north498

of the cyclone center. Conditional instability around 1◦∼3◦ north of the499

cyclone center was associated with moderate CAPE (Fig. 9c) and MAUL500
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analyzed in Takemi and Unuma (2020). Schultz and Schumacher (1999)501

noted that the coexistence of conditional instability and moist symmetric502

instability is often observed. As moist symmetric stability was obscured503

or canceled by conditional stability, Fig. 14c presents the contribution of504

horizontal vorticity and horizontal gradient of SEPT to Pm in Eq. (4), which505

is dependent on vertical shear but independent of conditional stability. This506

analysis confirms that the strong vertical shear robustly reduced Pm on the507

north side of the cyclone center.508

Finally, adiabatic dynamics of the unsaturated atmosphere in the up-509

per troposphere was diagnosed by dry PV (Pd) in Eq. (5). Regions with510

negative Pd values, which indicate dry symmetric instability, were present511

4◦ or further north of the cyclone center in the upper troposphere (Fig.512

14d), where northward flow was intense (Fig. 10c). Moreover, this region513

was characterized by negative absolute vorticity (Fig. 10b) indicating iner-514

tial instability, which was also reported by Ito and Ichikawa (2021). Note515

that symmetric instability includes inertial instability as a special case (e.g.,516

Holton 2004).517

In summary, the slantwise motion in the lower and middle troposphere518

occurred in an environment with reduced moist symmetric stability due to519

strong westerly vertical shear between Hagibis and the westerly jet stream.520

The reduced moist symmetric stability was also confirmed by absolute an-521
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gular momentum analysis in Appendix A. The characteristics indicate in522

the meridional section was robustly observed in the azimuthally averaged523

fields in the northern and southern quadrants (Fig. S3 in Supplement 2).524

5. Discussion525

In this section we discuss the asymmetric processes of Hagibis in the526

frontal and prefrontal stages on the basis of previous studies including the527

conceptual model of TC structures during ET (Klein et al. 2000; Areas 1–5528

in their Fig. 5) and dynamic theories.529

5.1 Asymmetric dynamics in the frontal stage530

In the frontal stage, when Hagibis approached the baroclinic zone at531

middle latitudes around 12 October, precipitation became dominant in the532

northeastern part of Hagibis (Figs. 5d and 6), near the warm front (Fig. 7d)533

and near the convergence of the Q vector (Fig. S1b in Supplement 1). The534

warm front developed mainly through the deformation effect (Fig. 8) after535

the local front merged with the baroclinic zone. Note that frontogenesis is536

also dynamically linked to the Q vector in the particular case of adiabatic537

and quasi-geostrophic horizontal flow (Keyser et al. 1988; Kitabatake 2002)538

These characteristics were in good agreement with the ascent in Area 4 in539

Klein’s conceptual model, where a warm conveyor belt ascends over sloped540
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isentropic surfaces associated with a warm front.541

Previous studies have reported that warm frontogenesis is dominant over542

cold frontogenesis for ET cases (Klein et al. 2000; Kitabatake 2008; Quinting543

et al. 2014) including Hagibis (Iizuka et al. 2021). Our frontogenesis analysis544

demonstrated that the warm front was enhanced by the deformation effect545

northeast of Hagibis, where the dilatation axes were nearly parallel to the546

isolines of EPT. The importance of the deformation effect was also consis-547

tent with Kitabatake (2008). Divergence and tilting effects played positive548

and negative roles, respectively, in the warm frontogenesis. These two ef-549

fects are linked to vertical motion, causing some feedback processes between550

a front and ascending motion; in particular, the tilting term provides neg-551

ative feedback if the vertical motion is a thermally direct circulation across552

the front in a stable atmosphere.553

The warm frontogenesis northeast of Hagibis was different from that554

northwest of Hurricane Sandy (2012) analyzed by Galarneau et al. (2013).555

If a deep upper-tropospheric trough exists northwest of a TC as in Sandy,556

the juxtaposition of a cold core of the upper-tropospheric trough and a557

warm core of the TC tends to enhance temperature gradient northwest of558

the TC (Atallah et al. 2007). If a deep upper-tropospheric trough is absent559

as in Hagibis, on the other hand, the warm frontogenesis northeast of a560

TC may be explained by an interaction between a cyclonic vortex and a561
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baroclinic environment (Keyser et al. 1988) for a simplified ET situation562

(see Appendix B).563

5.2 Asymmetric dynamics in the prefrontal stage564

In the prefrontal stage, when Hagibis was moderately distant from the565

baroclinic zone around 11 October, precipitation was mainly concentrated566

in the northern part of Hagibis (Figs. 5b and 6). The ascending motion was567

not explained by quasi-geostrophic ascent (Supplement 1) or by frontal dy-568

namics (Section 4.2 and Supplement 4). The vortex-tilt mechanism (Jones569

1995; Ueno 2007) explains the ascent in the inner region, but not in the570

outer region (Figs. 9, 10, S2).571

The structures in the outer region was in good agreement with the char-572

acteristics of a TC under the influence of a westerly jet stream to the north573

(Rappin et al. 2011; Komaromi and Doyle 2018). In the upper troposphere,574

a northward unbalanced outflow was enhanced from the TC to the jet stream575

(Fig. 13), which was associated with negative absolute vorticity implying576

inertial instability (Fig. 10b). Furthermore, the three dimensional struc-577

tures resembled the conceptual model of enhanced outer rainband under578

the influence of a westerly jet stream proposed by Dai et al. (2019; their579

Fig. 15), which compared TCs in idealized experiments with and without580

a jet stream; the jet stream enhanced deep slantwise convection outside581
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an eyewall with outward ascending motion and inward descending motion582

along the isentropic surface (compare our Fig. 10 with their Figs. 5 and583

6); trajectories indicate that this slantwise ascending motion was an im-584

portant contributor to the outflow in the upper troposphere (compare our585

Fig. 11b with their Fig. 7). The structures also resembled the ascent in586

Area 5 in Klein’s conceptual model in that air parcels ascend over a tilted587

isentropic surface in a cloud band northwest of a TC, and turn their path588

from cyclonic motion in the lower troposphere to outward motion in the589

upper troposphere. Note that this slantwise ascent associated with outward590

motion appears to be different from that associated with cyclonic motion591

on a tilted isentropic surface due to an asymmetric TC structure in the592

vortex-tilt mechanism (e.g., Fig. 4c in Jones 1995; trajectory analysis in593

Ueno 2008), or due to a baroclinic zone in the warm-advection mechanism594

(e.g., Fig. 4a in Jones 1995).595

Given a deep northward ascending motion in the outer region, we ex-596

panded the TC-jet interaction mechanism from inertial stability for hor-597

izontal motion in the upper troposphere to symmetric stability for three598

dimensional motion throughout the troposphere (Fig. 15). When there is a599

jet stream with westerly vertical shear (the blue circled dots) to the north600

of a TC, it enhances the westerly vertical shear associated with the TC (the601

red circled crosses). The meridional temperature gradient is also enhanced602
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to the north of the TC because of thermal wind balance. The enhanced603

vertical shear and meridional temperature gradient reduce symmetric sta-604

bility, promoting slantwise motion. On the other hand, the easterly vertical605

shear on the south side of the TC (the red circled dots) is distant from the606

jet stream and opposes the westerly vertical shear of the jet stream, which607

is not favorable for slantwise motion.608 Fig. 15

Because moist symmetric stability is a combination of inertial stability609

and conditional stability, the reduced moist symmetric stability north of610

Hagibis is considered to have been linked to inertial instability in the upper611

troposphere (Ito and Ichikawa 2021) and conditional instability or MAUL612

in the lower troposphere (Takemi and Unuma 2020). It is important to un-613

derstand the contribution of these processes and interaction between them614

in future study.615

6. Summary616

Typhoon Hagibis was accompanied by heavy precipitation concentrated617

in its northern half when it caused a devastating disaster in Honshu in618

October 2019. A sensitivity experiment confirmed that the orographic ef-619

fect was not essential for the asymmetric precipitation, although it locally620

enhanced precipitation near the mountains. Therefore, we explored atmo-621

spheric dynamics responsible for the asymmetric precipitation during the622
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ET. In the absence of a distinct upper-tropospheric trough, the baroclinic623

zone at middle latitudes north of Hagibis played different roles depending624

on the distance from Hagibis.625

When Hagibis was close to the baroclinic zone around 12 October (the626

frontal stage), precipitation was concentrated in the northeastern part due627

to warm frontogenesis and a quasi-geostrophic ascent. Whereas these dy-628

namics were similar to those of ordinary extratropical cyclones, a warm629

frontogenesis was dominant over a cold frontogenesis in Hagibis, which was630

consistent with previous studies of ET. In contrast to an ET case with a631

frontogenesis due to a juxtaposition of a warm-core TC and a cold-core632

upper-tropospheric trough (Atallah et al. 2007; Galarneau et al. 2013), a633

warm frontogenesis in Hagibis appeared to result from the deformation ef-634

fect due to an interaction between a TC and a relatively uniform baroclinic635

zone to the north (Keyser et al. 1988).636

When Hagibis was moderately distant from the baroclinic zone around637

11 October (the prefrontal stage), on the other hand, precipitation was con-638

centrated in the northern part, which was not explained by warm fronto-639

genesis or a quasi-geostrophic ascent. In the outer region, the precipitation640

was associated with the slantwise vertical motion, consisting of northward641

(outward) ascending motion with condensational heating and southward642

(inward) descending motion beneath it with evaporative cooling. This slant-643
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wise motion developed within the strong westerly vertical shear that was644

enhanced between Hagibis and the westerly jet stream. Our analyses of the645

PV and absolute angular momentum indicated that the slantwise motion646

in the lower and middle troposphere occurred in an environment with re-647

duced moist symmetric stability accompanied by inertial instability in the648

upper troposphere and conditional instability in the lower troposphere. As649

only a few studies have analyzed the symmetric stability in TCs during ET650

(Colle 2003; Kitabatake 2008; Powell and Bell 2019), our study provides ad-651

ditional insights particularly in the context of the influence of the westerly652

jet stream.653

We have demonstrated that several mechanisms can work during ET.654

Individual mechanisms should be carefully examined based on their scales,655

structures, and dynamics, because different mechanisms may result in par-656

tially similar characteristics such as the slantwise motion on the tilted isen-657

tropic surface, downshear-left precipitation, and left-of-track precipitation.658

Also note that there was no distinct boundary between the prefrontal and659

frontal stages (Figs. 5, 6, 7); it appears that multiple processes affected the660

asymmetric structures of Hagibis simultaneously, changing their contribu-661

tions gradually. Because ET events in the real atmosphere including Hagibis662

are more or less affected by tempo-spatially varying environments and var-663

ious processes, the proposed dynamics should be assessed more precisely664
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based on idealized experiments.665

Data Availability Statement666

The JMA best track product is available at https://www.jma.go.jp/667

jma/jma-eng/jma-center/rsmc-hp-pub-eg/besttrack.html. The JRA-668

55 reanalysis is available at https://jra.kishou.go.jp/JRA-55/index_669

en.html. The observations, analysis, and a numerical model of JMA are670

made available under a contact with JMA, because these are basically col-671

lected and developed for the operational purpose. The 10-km-grid dataset672

for the CTL experiment is available in J-STAGE Data. https://doi.org/10.34474/data.jmsj.xxxxxxx.673

The other output data from the numerical simulations have been archived674

and are available upon request to the corresponding author.675

Supplements676

Supplement 1 presents the Q vector analysis using the JRA-55 reanal-677

ysis. Supplement 2 presents additional analyses for the CTL experiment.678

Supplement 3 presents additional analyses for the NIS experiment. Supple-679

ment 4 presents the results of additional sensitivity experiment, NEV, in680

which evaporation of precipitating water was suppressed.681
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Appendix692

A. Absolute angular momentum analysis693

Absolute angular momentum (AAM) diagnoses symmetric instability.694

The AAM about the cyclone center (Mc) is defined as695

Mc = rcvc +
1

2
fcr

2
c , (A.1)

where rc is the radius from the cyclone center, vc is the azimuthal wind, and696

fc is the Coriolis parameter at the cyclone center. In addition, the AAM697
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about the axis of Earth’s rotation (Me) is defined as698

Me = a cosϕ(aωe cosϕ+ u), (A.2)

where a is Earth’s radius, ϕ is latitude, ωe is the angular speed of Earth’s ro-699

tation, and u is the zonal wind. Although balanced winds are preferable for700

analyzing AAM, a geostrophic wind does not provide a good approximation701

around a TC, and a gradient wind is indeterminate for a strong anticyclonic702

flow as shown in Fig. 13e. As an alternative, we utilized the non-divergent703

wind, because the balanced winds at least exclude the divergent component.704

The surface of AAM is compared with the surface of SEPT and potential705

temperature to diagnose moist and dry symmetric instability, respectively,706

(Schultz and Schumacher 1999). If the AAM surface becomes more (less)707

horizontal owing to strong (weak) vertical shear, symmetric stability de-708

creases (increases). In particular, an AAM surface that is parallel to the709

SEPT surface denotes moist symmetric neutrality, which is assumed in the710

axisymmetric dynamics of a TC in Emanuel (1986). Furthermore, an AAM711

surface that is more horizontal than the SEPT surface denotes moist sym-712

metric instability (Black et al. 1994; Schultz and Schumacher 1999).713

If we consider the cylindrical coordinates around the cyclone center,714

Fig. 14a can be regarded as the radial-vertical distribution of the azimuthal715

wind, where Mc in Eq. (A.1) is conserved. Figure 16a shows the meridional-716

vertical distribution ofMc and SEPT; unsaturated areas are masked because717
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moist symmetric stability is only applicable to saturated conditions. The718

isolines of Mc on the north side of Hagibis were more horizontal than those719

on the south side because of the strong vertical shear. In particular, around720

2◦–4◦ north of the cyclone center in the lower and middle troposphere, the721

isolines ofMc were nearly parallel to or more horizontal than those of SEPT,722

implying moist symmetric neutrality or instability. These results indicate723

that the north side of Hagibis was more favorable for slantwise ascending724

motion than the south side.725 Fig. 16

Because the assumption that the flow perpendicular to the meridional-726

vertical plane in Fig. 14a was axisymmetric about the cyclone center may727

not provide a good approximation of the horizontal flow distant from Hag-728

ibis, we also examined the moist symmetric stability based on the assump-729

tion that the flow was uniform in the zonal direction, where Me in Eq. (A.2)730

is conserved. The meridional-vertical distribution of Me and SEPT (Fig.731

16b) shows that on the north side of Hagibis, the isolines of Me again were732

nearly parallel to or more horizontal than those of SEPT. Thus, under both733

assumptions, axisymmetry about the cyclone center and axisymmetry about734

Earth’s axis (zonal symmetry), the north side of Hagibis was accompanied735

by reduced moist symmetric stability compared to the south side.736

We discuss what atmospheric variables determine the slopes of Mc and737
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Me. Because the AAM (M) surface satisfies738

δM =
∂M

∂y
δy +

∂M

∂z
δz = 0, (A.3)

the slope of the AAM surface is given by739

(
δz

δy

)
M

= −
(
∂M

∂y

)/(
∂M

∂z

)
(A.4)

(e.g. Holton 2004). For Mc to the north of the cyclone on the meridional740

plane, y corresponds to the radius rc from the cyclone center. Thus, the741

partial derivatives of Eq. (A.1) with respect to rc and z determine the slope742

of Mc,743 (
δz

δy

)
Mc

= −
(
∂vc
∂z

)−1 (
fc +

∂vc
∂rc

+
vc
rc

)
. (A.5)

For Me on the meridional plane, y corresponds to aϕ, and u corresponds to744

−vc along the half line running northward from the cyclone center. Thus,745

the partial derivatives of Eq. (A.2) with respect to aϕ and z determine the746

slope of Me,747

(
δz

δy

)
Me

= −
(
∂vc
∂z

)−1 (
fc +

∂vc
∂rc

− vc
a
tanϕ

)
, (A.6)

where fc approximates the Coriolis parameter (2ωe sinϕ). Note that the748

second parenthetical terms on the right-hand sides of Eqs. (A.5) and (A.6)749

are identical to absolute vorticity, which is positive in the Northern Hemi-750

sphere except in regions of inertial instability. Given ∂vc
∂z

is negative on the751
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north side of the cyclone owing to westerly vertical shear, the isolines slope752

northward with height (Fig. 16a, b).753

Subtracting Eq. (A.6) from Eq. (A.5), the difference in slope between754

Mc and Me is755

(
δz

δy

)
Mc

−
(
δz

δy

)
Me

= −
(
∂vc
∂z

)−1 (
1

rc
+

tanϕ

a

)
vc. (A.7)

The first parenthetical term on the right-hand side is negative given the756

westerly vertical shear between Hagibis and the westerly jet stream (Fig.757

14a), and the second term is positive in the Northern Hemisphere. Thus,758

this equation indicates that the direction of azimuthal flow determines which759

AAM surface is more horizontal between Mc and Me. Near the cyclone760

center, positive vc resulted in
(
δz
δy

)
Mc

being larger than
(
δz
δy

)
Me

; i.e., the761

isolines of Me were more horizontal than those of Mc, which was consistent762

with the distribution of AAM in Fig. 16a, b. In other words, symmetric763

stability is greater with Mc, so it is more conservative to evaluate instability764

with Mc. Near the westerly jet stream, on the other hand, negative vc765

indicates that the isolines of Mc were more horizontal than those of Me.766

Although this analysis is only applicable to the meridional-vertical plane767

through the cyclone center, it is useful for understanding the difference in768

the assumptions behind the use of symmetric stability.769
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B. Warm frontogenesis in a simplified ET situation770

The frontogenesis analysis in section 4.2 indicated that the deformation771

effect was important for the enhancement of a warm front in Hagibis. This772

enhancement can occur even in a simplified ET situation. Figure 17 illus-773

trates the deformation effect owing to an axisymmetric vortex as presented774

by Keyser et al. (1988; their Figs. 8–9) except that the vortex is located775

on the south side of a zonally uniform baroclinic zone as in usual ET cases.776

Outside the radius of maximum wind of the Rankine vortex (the black cir-777

cle), the azimuthal wind decreases in inverse proportion to the radius (black778

arrows), and the magnitude of the dilatation axes (gray line segments) is779

large. The dilatation axes make angles of 45◦ with the radial direction of780

the vortex. As a result, the angles between the dilatation axes and the781

isolines of θ are less than 45◦ in the northeastern and southwestern quad-782

rants, causing frontogenesis (green shading). In the other quadrants, the783

angles are greater than 45◦, causing frontolysis (purple shading). Because784

the baroclinic zone is located to the north of the vortex, the deformation785

process is more intense on the north side of the vortex than on the south786

side. Thus, the frontogenesis is most intense northeast of the vortex.787 Fig. 17
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9 Horizontal distribution at 1200 UTC 11 October in the CTL1048

experiment. (a) Plan view of vertical wind exceeding 0.51049

m s−1 in the 2-km-grid dataset at 1944 m (red), 5058 m1050

(transparent green), and 10228 m ASL (transparent blue).1051

(b) Meridional distribution through the cyclone center for1052

the vertical wind (m s−1; labels at the bottom) at 1944 m1053

(red), 5058 m (green), and 10228 m ASL (blue) and density-1054
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by a 100-km binomial filter. (c) Plan view of CAPE (m2 s−2)1057
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10 Meridional-vertical section through the cyclone center at 12001064

UTC 11 October in the CTL experiment. (a) Vertical wind1065

(m s−1; colors); the black contours represent diabatic heat-1066
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1067

(dashed contours). (b) Absolute vorticity (10−5 s−1; colors)1068
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11 Trajectories computed for 12 h that started at 1200 UTC1073

11 October and ended at 0000 UTC 11 October and 00001074

UTC 12 October for backward and forward analyses, re-1075

spectively, in the CTL experiment. (a) Backward trajecto-1076

ries that started at 10 km ASL north of the cyclone center1077

and ended below 2 km ASL. (b) Forward trajectories that1078

started at 1 km ASL around the cyclone center and ended1079

above 10 km ASL. The colors of the trajectories indicate their1080
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and end points, respectively; the black dots denote the start1082
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12 Locations and velocities relative to the cyclone motion of the1089

backward trajectory parcels in Fig. 11a. (a) Azimuthal loca-1090

tions and radial velocities (m s−1). (b) Azimuthal locations1091

and vertical velocities (m s−1). (c) Radial velocities and ver-1092

tical velocities sampled every 10 min. . . . . . . . . . . . . 691093

13 Horizontal wind vectors and speed (m s−1; colors) in the1094

upper troposphere at 1200 UTC 11 October. (a) Atmo-1095

spheric motion vector between 200 and 300 hPa derived from1096

Himawari-8 satellite observations. (b) Total wind, (c) geostrophic1097

wind, (d) ageostrophic wind, (e) non-gradient wind (indeter-1098

minate where shaded gray), and (f) divergent wind at 102281099

m ASL in the CTL experiment. The crosses denote the cy-1100

clone centers. . . . . . . . . . . . . . . . . . . . . . . . . . . 701101
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14 Meridional-vertical section through the cyclone center in the1102

CTL experiment at 1200 UTC 11 October 2019. (a) SEPT1103

(K; colors) and zonal component of the non-divergent wind1104

(contour interval 10 m s−1); (b) moist symmetric instabil-1105

ity (Pm < 0 PVU; dark magenta), weak moist symmetric1106

stability (0 < Pm < 0.2 PVU; light magenta), conditional1107

instability (blue), and SEPT (contour interval 5 K). (c) Con-1108

tribution of horizontal vorticity to Pm (PVU; colors), and1109

SEPT (contour interval 5 K). (d) dry symmetric instability1110

(Pd < 0 PVU; dark magenta shading), weak dry symmetric1111

stability (0 < Pd < 0.2 PVU; light magenta shading), and1112

potential temperature (contours every 5 K). Unsaturated ar-1113

eas (relative humidity < 90 %) are masked in yellow in (b)1114

and (c), and nearly saturated areas (relative humidity > 901115

%) are masked in cyan in (d). The horizontal axis denotes1116

the latitude relative to the cyclone center. . . . . . . . . . . 711117

15 Schematic profile illustrating the possible atmospheric mo-1118

tions (green arrows) associated with a combination of a TC1119

(red marks) and a westerly jet stream (blue marks) in a1120

meridional-vertical section. The circled dots and circled crosses1121

denote westerly and easterly winds, respectively; larger marks1122

indicate stronger wind. H, anticyclonic horizontal shear; L,1123

cyclonic shear; W, warm anomaly relative to the horizon-1124

tal mean; C, cold anomaly; “inertial,” atmospheric motion1125

enhanced by reduced inertial stability; “symmetric” atmo-1126

spheric motion enhanced by reduced symmetric stability. . . 721127

16 Meridional-vertical section through the cyclone center in the1128

CTL experiment at 1200 UTC 11 October 2019. (a) AAM1129

about the cyclone center (contour interval 2 × 106 m2 s−1)1130

and SEPT (K; colors); (b) AAM about Earth’s axis of ro-1131

tation (contour interval 0.2 × 108 m2 s−1) and SEPT (K;1132

colors); Unsaturated areas (relative humidity < 90 %) are1133

masked in black hatching. The horizontal axis denotes the1134

latitude relative to the cyclone center. . . . . . . . . . . . . 731135
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17 Schematic illustration showing a plan view of frontogenesis1136

(green) and frontolysis (purple) caused by a Rankine vortex1137

south of a baroclinic zone. The black vectors are horizontal1138

wind associated with the vortex, and the gray line segments1139

are dilatation axes. The black circle denotes the radius of1140

maximum wind of the vortex. The dotted lines are isolines of1141

θ (potential temperature or EPT), indicating that the merid-1142

ional gradient of θ is steeper north of the vortex. . . . . . . 741143
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(a) 0409 UTC 09 Oct (b) 0804 UTC 11 Oct (c) 1645 UTC 12 Oct

Fig. 1. High-frequency microwave (89–91 GHz) satellite imagery (color
shading) for Typhoon Hagibis in 2019. (a) 0409 UTC 09 October,
(b) 0804 UTC 11 October, and (c) 1645 UTC 12 October. The gray
shadings are visible or infrared satellite imagery at the time close to the
microwave imagery. Satellite imagery courtesy of the Naval Research
Laboratory (2019).
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Fig. 2. Life cycles of Hagibis in the CTL (black) and NIS (blue) experiments
along with the best track analysis (gray). (a) Tracks with 6-hourly
locations (circles; large circles for 0000 UTC) where the digits denote
11, 12, and 13 October 2019. The track for NIS is underneath that for
CTL, because the two tracks are similar to each other. Colors represent
SST (◦C) in ocean areas and ground elevation (m) in land areas in the
CTL experiment. (b) Time evolution of minimum sea level pressure of
Hagibis
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(a) Radar/Raingauge (b) CTL (c) NIS

Fig. 3. Total precipitation (mm) accumulated from 1200 UTC 10 October
to 1200 UTC 13 October 2019 and tracks of Hagibis: (a) radar/rain
gauge-analyzed precipitation (with best track analysis), (b) CTL, and
(c) NIS. The black circles indicate the location of Hagibis at 0000 UTC
11 October and 12 October. Contours in (b) and (c) indicate the ground
elevation in the respective experiments; contour interval 500 m.
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(a) Surface (1200 UTC 11 Oct) (b) Surface (1200 UTC 12 Oct) (c) Surface (1200 UTC 13 Oct)

(d) PV at 340 K (e) PV at 340 K (f) PV at 340 K

Fig. 4. Synoptic conditions around Hagibis at (a)(d) 1200 UTC 11 October,
(b)(e) 1200 UTC 12 October, and (c)(f) 1200 UTC 13 October. (a)–(c)
JMA surface weather charts. (d)–(f) Potential vorticity (PVU; colors)
and horizontal wind speed exceeding 40 m s−1 (contour interval 5 m
s−1) at 340 K isentropic surface along with 26.5◦C SST (green curves)
based on the JRA-55 reanalysis; the symbols indicate the location of
Hagibis on 11 and 12 October (crosses) and ex-Hagibis on 13 October
(triangle) in the best track analysis.
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(a) 0000 UTC 11 Oct (b) 1200 UTC 11 Oct (c) 0000 UTC 12 Oct

(d) 1200 UTC 12 Oct (e) 0000 UTC 13 Oct (f) 0600 UTC 13 Oct

Fig. 5. Total condensed water path (kg m−2; colors) represented in the 2-
km-grid dataset in the CTL experiment for (a) 0000 UTC 11 October,
(b) 1200 UTC 11 October, (c) 0000 UTC 12 October, (d) 1200 UTC
12 October, (e) 0000 UTC 13 October, and (f) 0600 UTC 13 October.
The contours represent sea level pressure at intervals of 20 hPa. The
crosses denote the cyclone centers.
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Fig. 6. Azimuth-time Hovmöller diagram of TCWP (kg m−2; colors) aver-
aged over 500 km radius from the cyclone center for the CTL exper-
iment. The symbols denote the direction and magnitude of environ-
mental vertical shear (circles, 0–10 m s−1; small crosses, 10–20 m s−1;
large crosses, > 20 m s−1).
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(a) 0000 UTC 11 Oct (b) 1200 UTC 11 Oct (c) 0000 UTC 12 Oct

(d) 1200 UTC 12 Oct (e) 0000 UTC 13 Oct (f) 0600 UTC 13 Oct

Fig. 7. Equivalent potential temperature (K; colors) at 530 m ASL and
the magnitude of its horizontal gradient of EPT (contour interval 1 K
(10 km)−1) in the CTL experiment for (a) 0000 UTC 11 October, (b)
1200 UTC 11 October, (c) 0000 UTC 12 October, (d) 1200 UTC 12
October, (e) 0000 UTC 13 October, and (f) 0600 UTC 13 October.
The white contours represent sea level pressure at intervals of 20 hPa.
The labels “LF” in (b) and “WF” in (d) denote the local front and the
warm front, respectively. The crosses denote the cyclone centers.
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(a) Precipitation (b) Vertical wind (c) Dilatation

(d) Deformation (e) Divergence (f) Tilting

Fig. 8. Frontal dynamics at 1200 UTC 12 October in the NIS experiment.
(a) Hourly precipitation (mm); and (b) vertical wind at 530 m ASL (m
s−1) in the 2-km-grid dataset; the black contours represent the mag-
nitude of horizontal gradient of EPT at 530 m ASL (contour interval
1 K (10 km)−1). (c) Dilatation axes (black line segments) and (d–f)
frontogenesis (black contours every 2 × 10−8 K m−1 s−1) and frontol-
ysis (dashed contours every -2 × 10−8 K m−1 s−1 with gray shading)
due to (d) deformation, (e) divergence, and (f) tilting effects at 530 m
ASL; colors represent EPT (K) and the white contours represent sea
level pressure at intervals of 20 hPa. The crosses denote the cyclone
centers.
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(a) Vertical wind (b) (c) CAPE

Fig. 9. Horizontal distribution at 1200 UTC 11 October in the CTL ex-
periment. (a) Plan view of vertical wind exceeding 0.5 m s−1 in the
2-km-grid dataset at 1944 m (red), 5058 m (transparent green), and
10228 m ASL (transparent blue). (b) Meridional distribution through
the cyclone center for the vertical wind (m s−1; labels at the bottom)
at 1944 m (red), 5058 m (green), and 10228 m ASL (blue) and density-
weighted vertical average of relative vorticity between 1450 and 12130
m ASL (10−4 s−1; black; labels at the top) smoothed by a 100-km bi-
nomial filter. (c) Plan view of CAPE (m2 s−2) and horizontal wind
vectors at 20 m ASL. The black and white contours in (a) and (c),
respectively, represent sea level pressure at intervals of 20 hPa. The
center of the cyclone is at the center of the panel; the crosses denote
the center in (a) and (c), and the labels on the vertical axis in (b)
denotes the latitude relative to the cyclone center.
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(a) Vertical wind (b) Absolute vorticity

(c) Meridional comp. of divergent wind (d) EPT

Fig. 10. Meridional-vertical section through the cyclone center at 1200 UTC
11 October in the CTL experiment. (a) Vertical wind (m s−1; colors);
the black contours represent diabatic heating of 2 and 5 K h−1 (solid
contours) and -5 and -2 K h−1 (dashed contours). (b) Absolute vorticity
(10−5 s−1; colors) (c) Meridional component of divergent wind (m s−1;
colors). (d) EPT (K; colors). In (b)–(d), the black contours represent
updraft of 0.2, 0.5, and 1.0 m s−1. The horizontal axis denotes the
latitude relative to the cyclone center.
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(a) Ascending motion (backward)

(b) Ascending motion (forward)

Fig. 11. Trajectories computed for 12 h that started at 1200 UTC 11 Octo-
ber and ended at 0000 UTC 11 October and 0000 UTC 12 October for
backward and forward analyses, respectively, in the CTL experiment.
(a) Backward trajectories that started at 10 km ASL north of the cy-
clone center and ended below 2 km ASL. (b) Forward trajectories that
started at 1 km ASL around the cyclone center and ended above 10 km
ASL. The colors of the trajectories indicate their height (m). The black
and white open circles denote the start and end points, respectively;
the black dots denote the start points of the trajectories that did not
satisfy the criteria for the vertical motion. The horizontal and verti-
cal axes are distances (km) from the cyclone center in the coordinate
system relative to the cyclone motion. The gray shading represents
TCWP (refer to Fig. 5b) and the contours represent sea level pressure
at 1200 UTC 11 October at intervals of 20 hPa.
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Fig. 12. Locations and velocities relative to the cyclone motion of the back-
ward trajectory parcels in Fig. 11a. (a) Azimuthal locations and radial
velocities (m s−1). (b) Azimuthal locations and vertical velocities (m
s−1). (c) Radial velocities and vertical velocities sampled every 10 min.
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(a) Atmospheric Motion Vector (b) Total wind (c) Geostrophic wind

(d) Ageostrophic wind (e) Non-gradient wind (f) Divergent wind

Fig. 13. Horizontal wind vectors and speed (m s−1; colors) in the upper
troposphere at 1200 UTC 11 October. (a) Atmospheric motion vector
between 200 and 300 hPa derived from Himawari-8 satellite observa-
tions. (b) Total wind, (c) geostrophic wind, (d) ageostrophic wind, (e)
non-gradient wind (indeterminate where shaded gray), and (f) diver-
gent wind at 10228 m ASL in the CTL experiment. The crosses denote
the cyclone centers.
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(a) SEPT and zonal wind (b) Moist symmetric stability

(c) Contribution of horizontal vorticity to Pm (d) Dry symmetric statbility

Fig. 14. Meridional-vertical section through the cyclone center in the CTL
experiment at 1200 UTC 11 October 2019. (a) SEPT (K; colors) and
zonal component of the non-divergent wind (contour interval 10 m s−1);
(b) moist symmetric instability (Pm < 0 PVU; dark magenta), weak
moist symmetric stability (0 < Pm < 0.2 PVU; light magenta), condi-
tional instability (blue), and SEPT (contour interval 5 K). (c) Contri-
bution of horizontal vorticity to Pm (PVU; colors), and SEPT (contour
interval 5 K). (d) dry symmetric instability (Pd < 0 PVU; dark ma-
genta shading), weak dry symmetric stability (0 < Pd < 0.2 PVU; light
magenta shading), and potential temperature (contours every 5 K).
Unsaturated areas (relative humidity < 90 %) are masked in yellow in
(b) and (c), and nearly saturated areas (relative humidity > 90 %) are
masked in cyan in (d). The horizontal axis denotes the latitude relative
to the cyclone center.
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Fig. 15. Schematic profile illustrating the possible atmospheric motions
(green arrows) associated with a combination of a TC (red marks)
and a westerly jet stream (blue marks) in a meridional-vertical sec-
tion. The circled dots and circled crosses denote westerly and easterly
winds, respectively; larger marks indicate stronger wind. H, anticy-
clonic horizontal shear; L, cyclonic shear; W, warm anomaly relative
to the horizontal mean; C, cold anomaly; “inertial,” atmospheric mo-
tion enhanced by reduced inertial stability; “symmetric” atmospheric
motion enhanced by reduced symmetric stability.
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(a) AAM about the cyclone center (b) AAM about the earth’s axis of rotation

Fig. 16. Meridional-vertical section through the cyclone center in the CTL
experiment at 1200 UTC 11 October 2019. (a) AAM about the cyclone
center (contour interval 2 × 106 m2 s−1) and SEPT (K; colors); (b)
AAM about Earth’s axis of rotation (contour interval 0.2 × 108 m2

s−1) and SEPT (K; colors); Unsaturated areas (relative humidity <
90 %) are masked in black hatching. The horizontal axis denotes the
latitude relative to the cyclone center.
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Fig. 17. Schematic illustration showing a plan view of frontogenesis (green)
and frontolysis (purple) caused by a Rankine vortex south of a baro-
clinic zone. The black vectors are horizontal wind associated with the
vortex, and the gray line segments are dilatation axes. The black circle
denotes the radius of maximum wind of the vortex. The dotted lines
are isolines of θ (potential temperature or EPT), indicating that the
meridional gradient of θ is steeper north of the vortex.
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