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ABSTRACT

The inner-core dynamics of Supertyphoon Haiyan (2013) undergoing rapid intensification (RI) are studied

with a 2-km-resolution cloud-resolving model simulation. The potential vorticity (PV) field in the simulated

storm reveals an elliptical and polygonal-shaped eyewall at the low and middle levels during RI onset. The PV

budget analysis confirms the importance of PV mixing at this stage, that is, the asymmetric transport of dia-

batically generated PV to the storm center from the eyewall and the ejection of PVfilaments outside the eyewall.

We employ a piecewise PV inversion (PPVI) and an omega equation to interpret the model results in balanced

dynamics. The omega equation diagnosis suggests eye dynamical warming is associated with the PVmixing. The

PPVI indicates that PVmixing accounts for about 50%of the central pressure fall duringRI onset. The decrease

of central pressure enhances the boundary layer (BL) inflow. The BL inflow leads to contraction of the

radius of the maximum tangential wind (RMW) and the formation of a symmetric convective PV tower

inside the RMW. The eye in the later stage of the RI is warmed by the subsidence associated with the

convective PV towers. The results suggest that the pressure change associated with PV mixing, the in-

crease of the symmetric BL radial inflow, and the development of a symmetric convective PV tower are

the essential collaborating dynamics for RI. An experiment with 500-m resolution shows that the con-

vergence of BL inflow can lead to an updraft magnitude of 20 m s21 and to a convective PV tower with a

peak value of 200 PVU (1 PVU 5 1026 K kg21 m2 s21).

1. Introduction

Although the forecast skill for tropical cyclone (TC)

tracks has steadily improved during the past decades,

intensity forecasts have made much slower progress and

remain a highly challenging problem (DeMaria et al.

2007, 2014; Rogers et al. 2013a). Significant intensity

errors tend to occur for TCs that undergo rapid inten-

sification (RI; Ito 2016), which is usually defined as a

process where the maximum wind speed Vmax increases

at the 95th percentile of all TC intensity changes over

water (Kaplan and DeMaria 2003), or Vmax increases

greater than 19.5m s21 in 24 h in the western North

Pacific (WNP; Hendricks et al. 2010).

There are many factors across a wide range of scales

that affect the RI process. Kaplan and DeMaria (2003)

identified synoptic conditions conducive toRI, including

weak vertical wind shear, an upper-level trough, stron-

ger upper-level easterlies, a cold-core low, high relative

humidity at low levels, and warm sea surface tempera-

tures (SSTs). Hendricks et al. (2010), however, suggest

no significant difference between the intensifying group

and the RI group a wide variety of environmental con-

ditions (such as deep-layer shear, humidity, low-level

vorticity and convergence, and upper-level divergence)

for TCs in the WNP and in the Atlantic during 2003–08

according to the 24-h intensity changes inVmax. Namely,

their results indicate that in the presence of a favorable

environment for the TCs to intensify, there is no further

distinction in synoptic conditions on whether a RI will

occur or not. Harnos and Nesbitt (2016) and Tao and

Jiang (2015) have suggested that the RI group of TCs

also have a higher degree of axisymmetry in precipita-

tion before and during RI. Moreover, airborne Doppler
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radar observations indicate that intensifying TCs have a

semicomplete eyewall structure with more convection

inside the radius of maximumwinds (RMW) than that of

the nonintensifying storms (Rogers et al. 2013b, 2016;

Zawislak et al. 2016). Thus, factors such as the degree of

symmetry and the deep convection in the inertially sta-

ble region inside of the RMW may be relevant for in-

ternal dynamics of RI (e.g., Schubert and Hack 1982;

Smith and Montgomery 2016).

Since RI is more likely to occur in an intense TC (Shu

et al. 2012), it is possible that nonlinear interaction

across scales is essential in the RI process. The RI in-

ternal dynamics may be viewed with perspectives of the

balanced–unbalanced and the symmetric–asymmetric

dynamics. Within the framework of an axisymmetric

and balanced vortex, Schubert and Hack (1982) studied

the Eliassen transverse circulation equation with eye-

wall heating and indicated that both the vortex structure

and the location of diabatic heating play crucial roles in

the intensification of TCs. Vigh and Schubert (2009)

found that the warm core in TCsmay rapidly develop if a

portion of the deep convection occurs inside the RMW.

Schubert et al. (1999) studied the axisymmetrization of

potential vorticity (PV) by mixing of PV into the eye

from the eyewall PV ring. Kossin and Schubert (2001)

andHendricks et al. (2009) showed that PVmixing leads

to a decrease in the minimum sea level pressure similar

to that in RI. The pressure reduction may be due to the

balanced response of the asymmetric dynamics of PV

mixing. The balanced response may also produce a

lower-level inversion of temperature (referred to as

dynamical eye warming) in the storm center associated

with the PV bridge profile (Hendricks and Schubert

2010; Yau et al. 2004).

A decrease in central pressure and increase in the

horizontal pressure gradient will generally lead to an

increase the boundary layer (BL) radial inflow. Smith

et al. (2009) suggested that the unbalanced BL inflow is

generally stronger than that of the balanced symmetric

Eliassen response. The large unbalanced inflow in the

BL may exert a substantial control on the contraction of

the RMW, the location of the eyewall updraft and or-

ganization of deep convection (Montgomery and Smith

2017; Kuo et al. 2019, hereinafter referred to as K19).

Williams et al. (2013) reported shock-like structures in

radial inflow with 20ms21 updrafts near the top of the

BL in Hurricane Hugo (1989). Hausman et al. (2006)

performed a full-physics axisymmetric two-dimensional

simulation with a grid spacing of 500m under an ideal-

ized condition. They found a narrow leaning convec-

tive tower in which the value of PV can reach several

hundred potential vorticity units (PVU; 1 PVU 5
1026Kkg21m2 s21) in the eyewall during the mature

stage of the simulation. The high-PV values in the tower

can be due to the collocation of the strong eyewall

convection with large vorticity field. A convective PV

tower with hundreds of PVU has been recently reported

from an observational study of Hurricane Patricia (2015)

during its RI period (Martinez et al. 2019).

Supertyphoon Haiyan (2013), historically the most

intense TC in the WNP, experienced a period of RI in

which the maximum wind speed increased by 31m s21

in 24 h. K19 simulated the RI of Haiyan with a 2-km-

horizontal-resolution cloud-resolving model, and analyzed

its dynamic efficiency factor (DEF), which measures the

local efficiency of convective heating in generating ki-

netic energy of an axisymmetric vortex. In the presence

of strong subsidence and baroclinicity near the eyewall,

DEF is large. The simulated TC during the RI period

becomes more axisymmetric, and the deep convection

becomes collocated with the large DEF area near the

eyewall. K19 also highlight the importance of the PV

mixing and axisymmetrization dynamics (e.g., Schubert

et al. 1999), the strong BL updraft that resulted from a

shock-like structure in the BL radial flow, and the pro-

duction of a high-PV convective tower near the eyewall

in the RI processes.

The PV includes information on wind and mass fields,

and evolution of the PV is in part related to the devel-

opment of the balanced wind and mass fields (e.g.,

Hausman et al. 2006). The partition of wind and mass

contribution to the PV field, however, is quite different

according to the storm strength. Stronger storms are

with smaller Rossby radii of deformation and larger

Rossby heights (Schubert and McNoldy 2010), which

means the stronger storms favor mass (pressure) re-

sponse in a more vertically elongated structure. The

vertical elongated pressure response is with a larger

horizontal pressure gradient force, which may be es-

sential to the enhancement of BL inflow. We can un-

derstand better the RI dynamics from the perspectives

of the balanced–unbalanced and symmetric–asymmetric

dynamics in the full-physics cloud-resolving model sim-

ulation by the piecewise PV inversion (PPVI) diagnosis.

This paper is a follow-upwork to the previous study by

K19 of the Supertyphoon Haiyan RI. We employ the

PPVI calculations, omega equation diagnoses, and PV

and potential temperature budget analyses to quantita-

tively study the PV dynamics in Haiyan. Through the

PPVI and omega equation diagnosis, we demonstrate

that the PV mixing induced dynamical eye warming and

central pressure decrease, and the increase in pressure

gradient force contributes to the enhancement of unbal-

ancedBL radial inflow and the formation of the symmetric

convective PV tower in the RI processes. Section 2 de-

scribes the model data and analysis methods. The central
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pressure decrease associated with the PV mixing and

dynamical eye warming are presented in section 3.

Section 4 examines the contraction of the RMW, the

convective PV tower, and theBL radial inflow.Concluding

remarks are given in section 5.

2. Data and methodology

a. Data

Our data are from the numerical simulation of the RI

in Supertyphoon Haiyan (2013), which was performed

by K19 with the nonhydrostatic Cloud-Resolving Storm

Simulator (CReSS; Tsuboki and Sakakibara 2002). The

simulation has a 2-km horizontal resolution and 76

layers in vertical. The smallest grid spacing in the ver-

tical is 50m. Model results are output every 5min. We

also study the sensitivity of the model resolution to the

peak PV values in the model convective PV tower. We

also perform simulations of 1 km and 500-m horizontal

resolutions in the present study. Due to limitations in

computer resources, the high-resolution experiments

are performed only for the period from 1800 UTC

7 November to 0000 UTC 8 November. The high-

resolution simulations are performed with a domain

size of 1024km 3 1024km. The initial and boundary

conditions of the high-resolution experiments are based

on the 2-km simulation of K19.

Typhoon Haiyan (2013) formed on 2 November 2013

in the WNP and developed in a favorable environment.

It underwent RI (the intensity increased by as much as

31ms21 in 24 h) on 5 November. The storm reached

‘‘supertyphoon’’ category (67ms21) based on the Joint

TyphoonWarning Center (JTWC) best track data. Note

that the simulation realistically captured the RI event in

Haiyan except for an approximate 2-day delay in the onset

time (0000 UTC 7 November 2013 in the simulation). The

simulated inner-core structure exhibited qualitatively simi-

lar structure to the observed typhoon by comparison with

microwave satellite images (K19).

b. Estimation of inner-core pressure decrease with
the PV mixing

Hendricks and Schubert (2010) suggested possibility

of decrease in the central pressure due to dynamical

adjustment associated with asymmetric PV mixing,

which can lead to the storm intensification. Evolution

of the storm PV due to the PV mixing is estimated by a

PV budget. For axisymmetric PV (P), the budget

equation in cylindrical coordinates (r, l, z), as given in

Tsujino et al. (2017), is

›P

›t
5AXADV1ASADV1DIAQ1FRIC, (1)

where

AXADV[2u
›P

›r
2w

›P

›z
,

ASADV[2u0 ›P
0

›r
2 y0

›P0

r›l
2w0 ›P

0

›z
,

DIAQ[2=Q �va

r
0

,

FRIC[2=u � =3F

r
0

.

The overbar and prime denote the azimuthal average

and deviation from the average, respectively. AXADV

and ASADV indicate the advection of PV associated

with the axisymmetric and asymmetric flows, respec-

tively. The ASADV corresponds to the redistribution of

P due to the PV-mixing processes. DIAQ and FRIC

mean PV generation due to diabatic heatingQ including

microphysics, turbulence, and numerical diffusion pro-

cesses and momentum sources F including turbulence,

surface friction, and numerical diffusion processes.1

Meaning of symbols is described in Table 1. ThenQ and

F are directly calculated from the model output. The PV

is defined as

TABLE 1. List of symbols in section 2 and the appendix.

Symbol Description

u, y, w Radial (r), tangential (l), and vertical (z) wind

components, respectively

t Time

va Absolute vorticity vector

u Potential temperature

r0 Horizontally averaged air density

$ Three-dimensional gradient vector

$h Horizontal gradient vector

ẑ 5 [12 (p/p00)
Rd /Cp ](Cpu00/g); pseudoheight

f Coriolis parameter

p Pressure

p00 Reference pressure

u00 Reference potential temperature

Cp, Cy Specific heat capacities at fixed pressure and volume

Rd Gas constant for dry air

g Gravitational acceleration

r̂ 5 r00(p/p00)
Cy /Cp ; pseudodensity

r00 Reference density

h Absolute vertical vorticity

ẑa Top of ẑ (Cpu00/g)

m Ratio of Cy/Rd

U, V x and y components of Vc 1 Vx

1 The term F does not include any asymmetric eddies resolved in

the model.
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P[
v

a
� =u
r
0

. (2)

Note that tendency terms of the right-hand side

(RHS) of Eq. (1) are calculated by the model output

every 5min, and averaged over the multiple time steps

during a certain period. Actual change of P on the left-

hand side of Eq. (1) is calculated by the difference ofP at

the first and last times during the period of consideration

from the calculation of the RHS terms. Thus, the budget

results indicate PV change during the analysis period

(not instantaneous tendency of PV).

To show the central pressure through the adjustment

process associated with the PV mixing in the realistic

typhoon simulation, PPVI techniques are useful for the

purpose of quantification (e.g., Davis and Emanuel 1991;

Wang and Zhang 2003). It is based on the invertibility

principal of PV on pressure surfaces (e.g., Haynes and

McIntyre 1990; Schubert et al. 2001). Under a basic state

of PV, inversion equations for dynamic and thermody-

namic fields that respond to the PV anomalies are solved.

When the PV change due to the PVmixing is provided as

the PV anomalies, the inverted results indicate dynamic

and thermodynamic fields (including pressure decrease)

that respond to the PV mixing under the balanced state.

We follow the PV inversion in Wang and Zhang

(2003) and PPVI in Kieu and Zhang (2010) in the pres-

ent study. The inversion is based on the three-dimensional

equations in horizontally Cartesian (x, y) and vertically

pseudoheight (ẑ) coordinates (as defined in Table 1), and

boundary conditions. The vertical coordinate of all model

variables is converted from z to ẑ through the hydrostatic

relationship. The basic states of geopotential height f,

streamfunction c, and PV q are given under the axisym-

metric, hydrostatic, and gradient wind balance at the RI

onset time. PV anomalies qj and their total q0 are given by

PV tendencies in the PV budget for 6h after the RI onset

(0000–0600UTC 7November 2013), which is summarized

in Table 2. Thus, the results of the PPVI indicate response

to the PV anomalies during RI under the balanced states

at the RI onset. The inverted geopotential-height field

corresponds to pressure change for the PV anomalies.

The PV inversion and PPVI equations are calculated

on the three-dimensional space. The diagnosed geo-

potential height and streamfunction are axisymmetric

according to Eq. (1) and Table 2. Note that the q under

the balanced assumption would be different from the

azimuthally averaged P based on the model output. The

difference (P2 q) is due to the unbalanced processes.

We wish to understand the balanced–unbalanced dy-

namics in the azimuthally averaged sense.

c. Estimation of dynamical eye warming with the
asymmetric PV mixing

On the basis of an adiabatic, three-dimensional model

simulation, Hendricks and Schubert (2010) proposed

that prescribed PV hollow towers can cause eye warm-

ing (referred to as dynamical eye warming) due to the

transition from a ring structure to a monopole structure

via low-level PV mixing. The dynamical eye warming

process is in contrast to the convective eye warming due

to subsidence on the inner edge of the eyewall convection

(e.g., Vigh and Schubert 2009; Ohno and Satoh 2015).

TABLE 2. Definition of the basic states and PV anomalies in the PV inversion and PPVI of section 2b. All variables have axisymmetric

structure. Meanings of symbols are listed in Table 1.

Variable Definition

f Azimuthal average of the model output at the RI onset

c 1) From gradient wind (yg) balance at the RI onset fyg(r, ẑ)5 (fr/2) 211
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
11 4(f 2r)21(›f/›r)

q� �
g and radial integral of

axisymmetric form in the streamfunction [›ryg/r›r5 (›/r›r)(r›c/›r)]:c(r, ẑ)5c(r1, ẑ)1

8>><
>>:

2

ðr1
r

yg(r
0, ẑ)dr0, r# r1ðr

r1

yg(r
0, ẑ) dr0, r. r1

2) From geostrophic and hydrostatic balances at r1 5400 km (far from the storm center): c(r1, ẑ)5 f21[f(r1, ẑ)2f(r1, 0)]

q Axisymmetric, hydrostatic, and nondivergent assumptiona of PV at the RI onset:

q5
u00
r̂g

�
(f 1=2

hc)
›2f

›ẑ2
2

›2c

›x›ẑ

›2f

›x›ẑ
2

›2c

›y›ẑ

›2f

›y›ẑ

�
q0 Actual change of P [Eq. (1)] based on the PV budget for 6 h (dt) after the RI onset (0000–0600 UTC 7 Nov 2013):

q0 [ (›P/›t)dt

qj Each term of the PV budget [Eq. (1)] for 6 h after the RI onset (0000–0600 UTC 7 Nov 2013):

q0 5 (AXADV1ASADV1DIAQ1FRIC)dt5�
4

j51

qj

a For consistencywith the PV budget analysis, the present definition does not consider effect of water vapor and condensates introduced in

Wang and Zhang (2003).
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Although the present full-physics model includes

both of dynamical and convective contributions,

we have attempted to examine the quantitative

contribution of the dynamical warming in the storm

intensification.

According to Ohno and Satoh (2015), the eye warm-

ing in the simulation can be estimated by the potential

temperature (u) budget in the cylindrical coordinates:

›u

›t
5AXADVPT1ASADVPT1Q , (3)

where

AXADVPT[2u
›u

›r
2w

›u

›z
,

ASADVPT[2u0 ›u
0

›r
2 y0

›u0

r›l
2w0 ›u

0

›z
.

AXADVPT and ASADVPT indicate the advection of

u associated with axisymmetric and asymmetric flows,

respectively. ASADVPT corresponds to warming as-

sociated with the PV mixing. As in the PV budget, we

conduct the u budget based on the model output.

However, the u budget is difficult to diagnose purely

dynamical eye warming because ASADVPT would

include both of dynamical and convective eye warm-

ing. We will use the omega equation to estimate dy-

namically induced flows VD, and the ASADVPT

contributed by VD is dynamically induced warming in

the full-physics model.

The omega equation describes vertical motions that

respond to any dynamical forcing such as vorticity

and thermal advection and convective forcing such as

condensation heating. The forcing terms are linearly

composed in the omega equation. Thus, VD can be

diagnosed by the omega equation without any con-

vective forcing. Diagnosis of omega equation can be

used to quantitatively separate contribution of the

dynamically and convectively induced flows to the eye

warming.

In the present study, the omega equations proposed by

Wang and Zhang (2003) are used. The equations to solve

unknown variables of vertical velocity (v[Dẑ/Dt), ve-

locity potential x, and tendency of streamfunction ›c/›t

are composed as

=2
h

›c

›t
52(V

c
1V

x
) � =

h
h2v

›h

›ẑ
2h=

h
�V

x
1

›v

›y

›U

›ẑ
2
›v

›x

›V

›ẑ
1=

h
3F , (4)

=2
h

�
›2f

›ẑ2
v

�
1 fh

›

›ẑ

�
(ẑ

a
2 ẑ)2m ›

›ẑ
[(ẑ

a
2 ẑ)mv]

�
2 f

›

›ẑ

�
›v

›x

›2c

›x›ẑ
1

›v

›y

›2c

›y›ẑ

�
2 f

›

›ẑ

�
›v

›x

›2x

›y›ẑ
2

›v

›y

›2x

›x›ẑ

�

2

�
f
›h

›ẑ

m

ẑ
a
2 ẑ

1 f
›2h

›ẑ2

�
v5 f

›

›ẑ
[(V

c
1V

x
) � =

h
h]2=2

h

�
(V

c
1V

x
) � =

h

›f

›ẑ

�
2 2

›2

›t›ẑ

�
›2c

›x2
›2c

›y2
2 2

›2c

›x›y

›2c

›x›y

�

2
›f

›y

›3c

›t›y›ẑ
1

g

u
00

=2
hQ2 f

›

›ẑ
(=

h
3F)2

›

›t›ẑ
(=

h
� F) , (5)

=2
hx52(ẑ

a
2 ẑ)2m ›

›ẑ
[(ẑ

a
2 ẑ)mv] . (6)

ThenVc (5 k3 =hc) andVx (5 =hx) are rotational and

divergent components of horizontal wind, respectively.

The diagnosed Vc 1 Vx and v corresponds to VD.

Meaning of other symbols is summarized in Table 1.

Boundary conditions of v at the bottom and top are

given by rigid lid (v 5 0).

To solve variables of v, x, and ›c/›t in Eqs. (4)–(6)

under no heating and forcing (i.e., setting Q 5 0 and

F 5 0), information on c and f are required, and they

are provided by the PV inversion technique as described

in section 2b. However, the PV inversion in the omega

equations is conducted every 5min, and the diagnosed

VD are used in the u budget calculation. The basic states

c,f, and q and total PV anomaly q0 are described in

Table 3. After getting perturbations c0 and f0 for q0, the
variables of v, x, and ›c/›t are solved with c5c1c0

and f5f1f0. Note that the q0 has an asymmetric

structure as defined in Table 3. Therefore, the diagnosed

VD has an asymmetric structure. In comparison of

ASADVPT with flows between the model output and

the diagnosis, ASADVPT with the diagnosis on the ẑ co-

ordinate is converted to the z coordinate. The omega-based
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ASADVPT provides the information on dynamical eye

warming.

3. Potential vorticity diagnosis

a. Overview of the Haiyan (2013) simulation in the
CReSS model

Figure 1 shows the evolution of the storm central

pressure, axisymmetric parameter of PV (Miyamoto

and Takemi 2013; K19), and warm-core parameter that

is defined as the temperature difference between the

storm center and the azimuthal average at a radius of

400 km, in the simulation. Although the RI-onset time

was based on the increasing rate of surface wind speed in

K19, the evolution of the central pressure was also

tracking the intensification. On the basis of the differ-

ent changing rate of central pressure, four different

periods are defined as ST-I (1400 UTC 6 November–

0000 UTC 7 November 2013), ST-II (0000–1200 UTC

7 November), ST-III (1200–1800 UTC 7 November

2013), and ST-IV (1800 UTC 7 November–0000 UTC

8 November 2013) in the present study (Fig. 1a). The

RI end was 0000 UTC 8 November 2013 (K19). The

central pressure reflects the amplitude and vertical

structure of the warm core via the hydrostatic balance

(e.g., Chen and Zhang 2013). Evolution of the warm

core is essential for the intensification processes.

The central pressure gradually decreased during ST-I

while the PV field acquired a nearly axisymmetric

structure (Fig. 1a). The axisymmetric parameter main-

tained itself after this period with a gradual increase.

The height of the warm-air region gradually descended,

with slight enhancement of the 3–6-km heights (Fig. 1b).

After the RI onset, the decreasing rate of the central

pressure became large, which coincided with an en-

hancement of peak warm core values from 4 to 6K.

In ST-III, the central pressure quickly deepened from

955 to 920 hPa in 6h and the storm center experienced

significant warming at heights between 1 and 7km. The

warm core peak values increased from 6 to 10K. In the

FIG. 1. (a) Time series of the simulated central pressure (blue) and

the PV axisymmetric parameter (black) by Miyamoto and Takemi

(2013), (b) time-height cross section of temperature anomaly at the

storm center (colors; K), and (c) time series of the central pressure

decreases by model output (blue dashed line), hydrostatic balance

(blue solid line), and contribution of the lowerwarm core (black line)

and upper warm core (red line) from the start of ST-I (1400 UTC 6

Nov 2013) in the simulation. The temperature anomaly is defined as

temperature difference between the storm center and azimuthal

average at a radius of 400 km from the storm center. The RI-onset

timewas defined by increasing rate of surfacewind speed inK19. The

contributionof the lower (below a height of 11 km) and upper (above

the height of 11 km) cores is estimated by a similar method to Zhang

and Chen (2012) as described in the appendix.

TABLE 3. Definition of the basic states and PV anomaly in the

PV inversion of section 2c. All variables are defined at multiple

time steps of the model output every 5min. The right column de-

notes if the variable has axisymmetric (Y) or asymmetric (N)

structure.

Variable Definition AX

f Azimuthal average of the model

output at the multiple time steps

Y

c As in Table 2, except defining at the

multiple time steps

Y

q As in Table 2, except defining at the

multiple time steps

Y

q0 Difference of PV between the model-

based P in Eq. (2) and q under axi-

symmetric balance at the multiple

time steps (q0 [P2 q)

N
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1–5-km heights, the warming was the largest during the

RI period. In the later stage of ST-IV, the pressure

deepening and warming became more gradual than that

in ST-III, except for the height above 8 km. The peak

height of the low-level warm anomaly is different from

many previous studies in that the warm anomalies in

these studies are with a higher altitude (e.g., Halverson

et al. 2006; Zhang and Chen 2012; Chen and Zhang

2013; Vigh and Schubert 2009; Ohno and Satoh 2015).2

Recently, an aircraft observation captured local peak of

warm anomaly at a 3-km height in the eye of Typhoon

Lan (2017) during the mature stage using dropsonde

(Fig. 4a in Yamada et al. 2018). Such a low-level warm

anomaly was also found in hurricanes [e.g., Fig. 10

in Hendricks and Schubert (2010) or in Willoughby

(1998)]. Our simulation is in general agreement with

Yamada et al. (2018) andHendricks and Schubert (2010).

The simulated storm had another peak of the warm

anomaly in a layer of 11–16-km heights in the ST-III and

ST-IV stages, which is referred to as double warm cores

(e.g., Kieu et al. 2016). The central pressure decrease

due to the upper-core warming was smaller than that of

the lower core in ST-I and ST-II3 (Fig. 1c), which was

estimated by a similar method to Zhang and Chen

(2012) in the appendix. Therefore, we focus on the PV

mixing and associated formation of the lower core

around the RI onset (ST-I and ST-II).

b. PV fields

The simulated storm achieved the PV-axisymmetry

value of 0.5 by 1800 UTC 6 November 2013 (Fig. 1a).

Thus, we consider the storm to be essentially axi-

symmetric at that time. In ST-I, axisymmetric PV is

concentrated in 5–8-km heights at the center, which

corresponds to a monopole structure of PV (Fig. 2a). The

monopole PV also had high static stability, consistent

with concentration of isentropic surfaces. The warm

core is located above the region of concentrated PV

(Fig. 1b). On the other hand, the peak of PV in 1–4-km

heights located at a 20-km radius, corresponds to a

ringlike structure of PV. The structure at low levels

suggests possibility of PV mixing due to an instability.

Thus, the horizontal PV field also possessed significant

polygonal structure at the 315-K potential temperature

level at 2.5-km height (Fig. 2e).

Six hours later, the axisymmetric PV at low levels had

increased near the storm center (Fig. 2b). This increase

of high PV in the center was due to PV inward advection

to the center (Fig. 2f). The midlevel monopole PV

structure at the center (Fig. 2a) in ST-I had almost dis-

appeared, and another peak developed in 20–30-km

radii at the same height (Fig. 2b). Coinciding with the

low-level monopole PV, isentropic surfaces were con-

centrated in 2–4-km heights near the center. The warm

core was also located above the concentrated isentro-

pic surfaces (Fig. 1b). In addition to the PV inward ad-

vection at low level, the horizontal PV field had a

convective-coupled ring shape with relatively high-PV

values over 20 PVU (Fig. 2f). The ring-shaped high PV

field resembles to the convective PV tower in the axi-

symmetric model of Hausman et al. (2006).

After the RI onset, the axisymmetric PV field had a

taller structure than that at the RI onset around radii of

20–40 km (Fig. 2c). This structure is similar to hollow PV

towers in Hausman et al. (2006), except for relatively

smaller PV values. Moreover, the PV increased near the

center in the vertical layers from the surface to 2 km and

from 3 to 6km (Fig. 2c). The isentropic PVmap (Fig. 2g)

indicated the convective PV towers with more high-PV

value (.50 PVU), and the high PV in the eyewall was

actively transported into the storm center.

Eventually, the PV field became an almost monopole

structure with peak values around 70 PVU in lower

troposphere centered at the 315-K level (Figs. 2d,h). On

the other hand, the axisymmetric PV had a significant

convective PV tower in middle and upper troposphere

(Fig. 2d). The structure is similar to the PV bridge in

Yau et al. (2004). The time variation of the PV fields

indicates that the storm experienced active PV mixing

associated with a significant ringlike structure that was

dynamically unstable during ST-I and ST-II. Thus, a PV

budget analysis on the axisymmetric view of Eq. (1) can

clarify the influence of the PV mixing on the intensifi-

cation around the RI onset (ST-I and ST-II).

c. PV budget

In ST-I, active PV mixing occurred around the 315-K

level. The PV in the center is relatively smaller than that

outside the center, and the outside PV has elliptical or

2 Following a reviewer’s comment, we examine the definition of

the model reference temperature. The reference temperature

profile, as the azimuthally averaged temperature at a radius of

400 km from the center, is in general agreement with sounding

profiles at nearby stations. The observed soundings and model

reference temperature profile are provided in the online supple-

mental material (see ‘‘Supplemental Material 1’’).
3 The upper-core contribution to the central pressure decrease

was insignificant in ST-III and ST-IV (Fig. 1c) because the depth of

the upper core is much shallower than that in the lower core. The

amplitude of the temperature anomaly in the upper core, however,

is not much different from that in the lower core. The inflow-layer

feature is in general agreement with a previous study (Kieu et al.

2016). Kieu et al. (2016) suggested that the inflow layer can be

attributed to the atmosphere–cloud radiation process. Our simu-

lation, however, did not use any atmosphere–cloud radiation

schemes. The model upper-warm-core structure is in the online

supplemental material (see ‘‘Supplemental Material 2’’).
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FIG. 2. (left) Radius–height cross sections of azimuthally averaged PV (colors; PVU)

and potential temperature (contours; K), and (right) horizontal distributions of PV

(colors; PVU) and diabatic heating (thin contours 10K h21; thick contours: 100K h21)

on the 315-K isentropic surface at (a),(e) 1800 UTC 6 Nov, (b),(f) 0000 UTC 7 Nov,

(c),(g) 0600 UTC 7 Nov, and (d),(h) 1800 UTC 7 Nov 2013.
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polygonal shapes (Fig. 3). High-PV towers were asso-

ciated with diabatic heating in the eyewall updraft,

suggesting PV generation due to the diabatic heating

(Figs. 3b–d). Eventually, the PV towers concentrate to

the storm center at the RI onset (Fig. 3d).

Figure 4 shows results of the PV budget from

1800 UTC 6 November to 0000 UTC 7 November 2013,

corresponding to Fig. 3. The storm had a positive PV

region with above 10 PVU around a radius of 30 km

below an 8-km height. The actual change (i.e., ›P/›t)

shows a positive tendency in the same radius, and a part

of the positive tendency goes along with the positive PV

(Fig. 4a). Another positive PV tendency appears in the

layer from 2 to 4 km in the eye, consistent with the PV

evolution in Figs. 2a and 2b. In addition, the storm

exhibited a negative PV tendency near the center in 4–

8-km height range. The structure of the actual change is

similar to that in the sum of the RHS in Eq. (1), as shown

in Fig. 4b. The difference between PV budget and actual

change is smaller than 4 PVU in the 6-h period. Most

of the difference occurred within the BL at radii of

20–40 km and above the BL outside the 30-km radius

(Fig. 4c), which is mostly along the eyewall updraft

(Fig. 4j). The discrepancies within 4 PVU indicates

the budget results can reasonably diagnose the actual

change of PV in the eye region. In addition, FRIC did

not significantly influence the PV tendency (Fig. 4g).

The two regions of the positive ›P/›t and one negative

region were mainly caused by advection due to asym-

metric flows (ASADV) below 8 km (Fig. 4e). The

positive ›P/›t above 8 km in the 20–40-km radii was

dominated by the PV generation due to diabatic heat-

ing (DIAQ) in the eyewall (Fig. 4f). The axisymmetric

advection of PV (AXADV) did not significantly influ-

ence the positive ›P/›t (Fig. 4d). In the two regions of

the positive ›P/›t, the positive ASADV corresponds to

FIG. 3. Horizontal distribution of PV (colors; PVU) and diabatic heating (thin contours: 10 K h21; thick contours:

100K h21) on the 315-K isentropic surface (near a height of 2 km) at (a) 1800 UTC 6 Nov, (b) 2000 UTC 6 Nov,

(c) 2200 UTC 6 Nov, and (d) 0000 UTC 7 Nov 2013 (at the RI onset).
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FIG. 4. Radius–height cross section of (a) actual change (›P/›t),

(b) sum of the right-hand side of Eq. (1), (c) difference (color; PVU

for 6 h) between (a) and (b), (d) PV advection due to axisymmetric

flow, (e) PV advection due to asymmetric flow, (f) PV generation

due to diabatic heating, (g) PV generation due to momentum

sources, (h) axisymmetric components in (f), (i) axisymmetric

vertical advection in the PV budget analysis during 1800 UTC 6

Nov to 0000 UTC 7 Nov 2013 (color contours; PVU for 6 h), and

(j) temporally averaged diabatic heating (colors; K for 6 h) and

vertical velocity (blue contours; m s21) from 1800 UTC 6 Nov to

0000 UTC 7 Nov 2013. Color contours in the PV budget panels

signify temporal variation of PV over 6 h. Black contour denotes P

(PVU) averaged over 6 h.
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spatial redistribution of PV due to PVmixing. Note that

the PV mixing was dynamically and convectively in-

duced in the present model with full physics, unlike the

context in previous barotropic or isentropic models

without convective forcing (e.g., Hendricks et al. 2009;

Hendricks and Schubert 2010). The positive ASADV in

the eye below the height of 4 km suggests similar mixing

from barotropic instability.

A local positive peak of DIAQ is exhibited at 40-km

radius and at 9-km height (Fig. 4f). The DIAQ term

has a positive peak beneath a peak height of diabatic

heating from Eq. (1), and the axisymmetric component

(AXDIAQ) of DIAQ is largely cancelled with vertical

advection of PV due to axisymmetric flows (AXADVZ).

The positive peak of DIAQ and AXDIAQ in the storm

(Figs. 4d,h) was located beneath a local peak of the dia-

batic heating at a 12-km height around a 40-km radius

(Fig. 4j). However, the positive AXDIAQ was cancelled

with negative ASADV (Fig. 4e). The AXDIAQ in the

storm had another positive peak around the 5-km height

and at 40-km radius (Fig. 4h) in corresponding to the

diabatic heating peak at the 7-km height in the eyewall

(Fig. 4j). The AXDIAQ was overcome by asymmetric

component of DIAQ, as shown in negative region of the

DIAQ distribution (Fig. 4f). The storm did not have large

cancellation between the axisymmetric components in

the PV generation and advection.

In ST-II, active PV mixing was suggested around the

340-K level. Horizontal distribution of the PV is still

associated with individual convection at the RI onset

(Fig. 5a), but it is close to an elliptical or polygonal shape

with hollow PV towers during 6 h. As in ST-I, high PV in

the towers were associated with diabatic heating in the

eyewall (Figs. 5b–d). Moreover, the high PV in the

eyewall was entrained to the center.

Figure 6 shows the budget results from 0000 to

0600 UTC 7 November 2013, corresponding to Fig. 5.

The storm had a PV peak with 20 PVU around a radius

FIG. 5. As in Fig. 3, but at the 340-K isentropic surface (near a height of 6 km) at (a) 0000, (b) 0200, (c) 0400, and

(d) 0600 UTC 7 Nov 2013 (after the RI onset).
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FIG. 6. As in Fig. 4, but for 0000–0600 UTC 7 November

2013 (after RI onset).
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of 30 km. This peak associated with the eyewall corre-

sponds to the hollow PV tower in the axisymmetric view.

The ›P/›t shows the positive tendency along the PV

tower (Fig. 6a). Another positive tendency appears in

the vertical layer from 4 to 7 km within a radius of

20 km. The positive region along the tower is continu-

ously linked to the other positive region in the eye.

General feature of accuracy in the PV budget is similar

to that in ST-I (Fig. 4c). The budget results can rea-

sonably reproduce ›P/›t within 4 PVU for 6 h in the eye

(Figs. 6a–c). FRIC did not largely influence the PV

tendency (Fig. 6g).

The positive ›P/›t along the PV tower in the eyewall

is mainly caused by DIAQ below a height of 9 km

and AXADV above that height (Figs. 6d,f) with not-

ing overlap between the PV tower. The DIAQ and

AXADV are mainly dominated by AXDIAQ and

AXADVZ, respectively, and largely cancelled with

each other along the PV tower (Figs. 6h–j). Thus, the

positive value of ›P/›t is much less than the positive

values in the DIAQ and AXADV. Moreover, the

large positive values along the eyewall were cancelled

with negative ASADV except in the vertical layer

from 4 to 5 km (Fig. 6e). On the other hand, ASADV

had a positive region in the inner side of the negative

peak along the PV tower. The positive region was

below 9 km, and expanded to the center in a layer from

4 to 7 km. The expanded positive ASADV almost

completely accounts for the positive ›P/›t near the

center (Figs. 6a,e). The unique pattern of ASADV,

which has a positive contribution in the inside edge

and in the eye and a negative contribution in the re-

gion of the convective PV tower, provides the picture

of how eddy processes extract excess PV from the

convective PV tower and deposit it in the inside

regions.

d. Pressure deepening due to PV mixing

The PVbudget revealed that the PVmixing (ASADV)

mainly contributed to the PV tendency near the storm

center around the RI onset. Using a PPVI technique, we

show that the PV mixing can also influence the central

pressure reduction. During 0000–0600 UTC 7 November

2013 (i.e., after theRI onset), the simulated storm showed

actual reduction of axisymmetric geopotential height

within a radius of 50km below 14km, and had the max-

imum decrease (,280m) at the storm center at low

levels (Fig. 7a). The actual reduction of the geopotential

height had large vertical gradients in layers of 5–8km and

12–14km near the center. These are consistent with the

lower and upper peaks of warm anomaly (Fig. 1b) as

expected in the hydrostatic balance of ›f/›ẑ5 g(u/u00).

In addition, large radial gradient of the geopotential

height decrease is exhibited around radii of 20–40km at

the low levels.

Coinciding with the actual PV change during the same

period, decrease in the geopotential height is diagnosed

with the PPVI technique on the axisymmetric gradient-

wind balanced state, which does not include any tran-

sient processes (Fig. 7b). The diagnosed decrease was

dominated in the inner core below 14 km, and the

maximum decrease (,250m) was at the storm center at

low levels. The radial gradient of the geopotential-

height decrease around the 20–40-km radii at the low

levels is more moderate than that of the actual change.

As mentioned in section 2b, difference of the axisym-

metric PV field between the model output and balance

state (P2 q) is not included in the total PV anomaly q0.
Thus, the difference of the decrease in the geopotential

height between Figs. 7a and 7b can be caused by the

imbalance and transient processes, which accounts for

FIG. 7. Spatial distributions of geopotential height (contours; m)

falls and PV tendencies (colors; PVU) during 0000–0600 UTC 7

Nov 2013 corresponding to (a) actual geopotential height falls and

(b) diagnosed geopotential height falls associated with the actual

PV tendency shown in (a). (c) The geopotential height falls asso-

ciated with the PV tendency due to the PVmixing (i.e., ASADV in

the PV budget).
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the decrease in the geopotential height of about 35% at

the center.

We quantitatively examine the decrease in geopotential

height due to the ASADV. The diagnosis shows a clear

decrease in the geopotential height in the inner core below

12km (Fig. 7c). Similar to Fig. 7b, the maximum decrease

(,240m) was at the storm center at low levels, which

accounts for the decrease in the geopotential height of

about 50% at the center. Moreover, the decrease in the

geopotential height had large peaks in layers of 4–6 and

9–12 km. It suggests large warming associated with

the ASADV. On the other hand, the ASADV in-

cludes dynamically and convectively induced asym-

metric flows as mentioned in section 2c. To show the

dynamical eye warming associated with the PV mixing,

we separate the asymmetric flows between dynamical

and convective components in the next section.

There were several PV mixing episodes occurred in

low and midlevels of the free atmosphere before and

after theRI onset in the simulation (Figs. 4 and 6).When

the storm is weak, the Rossby radius of deformation is

large and theRossby height is small. The PVmixingmay

not induce significant pressure decrease (less mass re-

sponse in the geostrophic adjustment). Moreover, the

pattern of pressure decrease in the weaker storm is

elongated horizontally with a smaller horizontal pres-

sure gradient. When the storm reached to a sufficient

strength, the deformation radius becomes small and the

Rossby height becomes deep (Kieu and Zhang 2010).

This will lead to a more significant pressure decrease

with a larger horizontal gradient. The large horizontal

pressure gradient from the PVmixing can be essential to

the enhancement of BL inflow.

e. Dynamically induced eye warming

The PV mixing limited to low levels also causes a PV

bridge structure (Fig. 2b), which is composed of a

monopole PV above the BL in the eye and a hollow PV

tower in the eyewall (e.g., Yau et al. 2004). It suggests

dynamical eye warming. Figure 8 shows results of the

u budget based on three-dimensional flows by the model

output and omega equation diagnosis. In ST-I the storm

had clear warming in 3–6-km layer, and cooling in 7–

9-km layer near the center (Fig. 8a). This pattern cor-

responds to a descending of the midlevel warm core

(Fig. 1b). The warming was located above the increasing

region of PV near the storm center (Fig. 4a). Another

warming above a 12-km height corresponding to the

upper warm core was mainly caused by the axisym-

metric adiabatic warming (Fig. 8e). In ST-II, the storm

had clear warming in 1–2.5-km layer and above 6 km

near the center (Fig. 8b). The warming was located

above the PV increasing regions (Fig. 6a).

The warming in the lower to middle troposphere in

both periods can largely be interpreted by asymmetric

advection of u (ASADVPT) corresponding to the PV

mixing (Figs. 8a,b,i,j). ASADVPT diagnosed by the

omega equations had warming in similar levels near the

center as the model-based ASADVPT (Figs. 8m,n). In

ST-II, the warming layers in 5–7 and 8–11km near the

center mostly corresponds to the layers with large ver-

tical gradient of the decrease in the geopotential height

associated with the PV mixing, particularly (Fig. 7c).

Thus, the eye warming was dynamically induced by the

PV mixing around the RI onset. Note that the warming

values due to the mixing are always stronger than the

actual warming. The warming is partly cancelled out by

adiabatically axisymmetric cooling (Figs. 8e,f).

A local warming band of themodel-basedASADVPT

appears in the middle troposphere (almost correspond-

ing to melting layer) outside the eye in all stages

(Figs. 8i–l). We consider that the warming can be asso-

ciatedwith vertical motions at the convective scale in the

eyewall and rainbands. The air mass associated with the

convective-scale compensating subsidence (w0 , 0) in

the eyewall and rainbands updrafts mostly keeps u0

above the melting layer. Once the airmass descends to

the melting layer, melting of ice particles contained in

the airmass decreases the airmass u0, which leads to

›u0/›z. 0 in the melting layer of the subsidence region.

Consequently, ASADVPT has positive value there. It is

consistent that the outsidewarming did not appear in the

dynamically induced ASADVPT (Figs. 8m,n).

In contrast to the early stages of RI (ST-I and ST-II),

there was large warming (.6K for 6 h) in almost all

levels within the eye during the later stages of RI

(Figs. 8c,d). The warming corresponds to a rapid am-

plification of the lower warm core in RI (Fig. 1b). Then

the model-based ASADVPT was no longer domi-

nate within the eye (Figs. 8k,l). Alternatively, the eye

warming can be interpreted as significant axisymmetric

subsidence in the eye (Figs. 8g,h). The significant sub-

sidence drives strong baroclinicity and dynamical effi-

ciency in the inner edge of the eyewall (K19). Therefore,

the results indicate that the eye dynamical warming was

dominate in the early periods of the storm RI (including

before the RI onset). Consequently, the PV mixing can

deepen the central pressure around the RI onset. Note

that iteration procedures in the PV inversion (required

in the omega equations) could not find convergent so-

lutions because of relatively strong nonlinearity in the

diagnosed equations during the later stages of RI. This

limitation has been already pointed out by Wang and

Zhang (2003). The strong nonlinearity is mainly caused

by large asymmetric flows associated with locally active

convection in the eyewall. It indicates continuous PV
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FIG. 8. Radius–height cross sections of (a)–(d) actual change of u, (e)–(h) axisymmetric advection of u, (i)–(l) asymmetric advection of u

due to the model output, and (m)–(n) asymmetric advection of u due to the flows derived by the omega-equation diagnosis in Eqs. (4)–(6)

without the diabatic heating and momentum forcing (colors; K) for 6 h during (a),(e),(i),(m) 1800 UTC 6 Nov–0000 UTC 7 Nov,

(b),(f),(j),(n) 0000–0600 UTC 7 Nov, (c),(g),(k) 1200–1800 UTC 7 Nov, and (d),(h),(l) 1800 UTC 7 Nov–0000 UTC 8 Nov 2013. Contours

denote azimuthally and temporally averaged PV (PVU) for each 6 h. In the later stages of ST-III and ST-IV, iteration procedures in the

PPVI (required in the omega equations) could not find convergent solutions because of relatively strong nonlinearity in the diagnosed

equations.

JUNE 2020 T SU J I NO AND KUO 2081

D
ow

nloaded from
 http://journals.am

etsoc.org/doi/pdf/10.1175/JAS-D
-19-0219.1 by N

ATIO
N

AL TAIW
AN

 U
N

IV (C
O

N
SO

R
TIA M

EM
BER

) user on 15 June 2020



mixing associated with the asymmetric flows in the

eyewall in the later stage as mentioned in comparison

with observations.

4. BL inflow and eye core convection

a. BL inflow and convective PV towers

The PV budget and PPVI clarified that the pressure

falling at the storm center was associated with radial

redistribution of PV by the PVmixing at the RI onset. In

axisymmetric views, the simulated storm had notable

increases in the maxima of inflow and tangential wind,

associated with gradual deepening of the central pres-

sure around the RI onset (Fig. 9a). Thus, the pressure

deepening was closely linked to the increase of axi-

symmetric inflow. For asymmetric views, characteristics

of significantly strong convection are indicated by the

98th-percentile value w98 of cumulative distribution of

updraft within a radius of 100 km in the simulated storm

(Fig. 9b). The 98th-percentile values in the tangential

and vertical velocities are calculated after vertical av-

erage of each variable from the surface to a 1-km height

(corresponding to the BL). Then sampling points of

7845 are exactly defined at model grid points included

within the 100-km radius. Coinciding with the increase

of the 98th-percentile value y98 of the tangential wind

within the BL in the RI period, the w98 (;0.6m s21)

before the RI onset gradually increased up to 1m s21 by

the end of the RI period. This value is much weaker than

observations (e.g., Rogers et al. 2013b) due to relatively

coarse horizontal resolution in the present simulation.

We examine the sensitivity of the model grid spacing to

amplitudes of the updraft and PV in section 4b.

Themean radiusR(w98) of grid points with the top 2%

of the cumulative distribution of updrafts is located in

the outer side of the mean radiusR(y98) of grids with the

top 2% of the cumulative distribution of tangential wind

before the RI onset. During the RI period, R(w98) was

smaller than R(y98), except from 0100 to 0600 UTC

7 November 2013 (Fig. 9c). This indicates that strong

convection was located inside the RMW, consistent

with Rogers et al. (2013b). The inside location of the

strong convection can induce eyewall contraction

through inward advection of the absolute angular

momentum (K19).

We consider the vertical PV flux (i.e., the product of

vertical velocity and PV) as a parameter for tracking the

collocation of strong updraft with high PV. The PV flux

maximum indicates the convective PV tower. Before the

RI onset, grids with the top 2% of the cumulative dis-

tribution of the PV flux (PVF98) are broadly located

along the RMW (Fig. 10a). Most grid points correspond

to grids with strong updrafts (Fig. 10i). PVF98 grid points

are mostly located within the RMW at the RI onset

(Fig. 10j). During the RI period, radial spread of the

PVF98 points gradually became narrow and within the

RMW (Figs. 10a–d). Coinciding with increase of BL

inflow, the PVF98 points concentrated to radii with steep

›u/›r in an axisymmetric manner (Figs. 10e–h). This

indicates that the PVF98 points can be linked to strong

updrafts associated with shock-like structures in the BL

inflow as proposed by Williams et al. (2013). Locations

of the PVF98 correspond to locations with the steep

change of the radial inflow even in the horizontal

(asymmetric) view (Figs. 10i–l). In particular, although

some strong updrafts (.1.4m s21) were present outside

the RMW, these are points not included in the PVF98

(Figs. 10k,l). The points are not located near the steep

FIG. 9. Time series of (a) azimuthal averages of tangential ve-

locity (black) and inflow (red), (b) the 98th-percentile values of

tangential velocity (black) and vertical motion (green), and

(c) averaged radii over grid points with a value greater than the

98th-percentile value for tangential velocity (black) and vertical

motion (green). In all panels, the blue lines indicate the simulated

central pressure. The 98th percentiles are estimated by the vertical

averages from the surface to a height of 1 km, which is for sampling

7845 grid points.
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FIG. 10. (left),(center) Radius–height cross sections of the azimuthally averaged tangential wind (shaded; m s21) and radial

inflow (dashed contours; m s21) and (right) horizontal distributions of vertical motion (colors; m s21) at a height of 1 km and

radial inflow (dashed contours; m s21) at a height of 50m at (top to bottom) 1800 UTC 6 Nov, 0000 UTC 7 Nov, 1200 UTC 7

Nov, and 0000 UTC 8 Nov 2013. The center panels zoom in on BL in the left panels. Red dots indicate radii of grids with the

top 2% of the cumulative distribution of the vertical PV flux. Green dots denote horizontal projection of the red dots at the

1-km height. Black dashed line denotes the RMW. Blue circle in the right panels indicates the RMW at the 1-km height.
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›u/›r region. Finally, we note that the difference in the

degree of spread of the PVF98 points in Figs. 10a–10d

indicates the asymmetries of the convective PV tower.

Near the mature stage, the narrowness of the composite

PVF98 suggests the symmetry of the convective PV

tower (Figs. 10d,l).

b. Sensitivity of PV values to model resolution

The maximum of PV around the inner core was up to

100 PVU in the 2-km simulation of the CReSS model.

Martinez et al. (2019) analyzed high-PV towers asso-

ciated with about 250 PVU in the mature stage of

Hurricane Patricia (2015). The relatively low PVs in

the present study might be due to coarse horizontal

resolution in our simulation. Sensitivity of the model

resolution to the PV values is examined by the same

configuration of the CReSS model, except for differ-

ent horizontal resolutions of 1 km and 500m. The tests

have smaller model domain (not shown) and a later

initial time of 1800 UTC 7 November 2013 than

the original 2-km simulation to conserve computer

resources.

The PV maximum in the 1-km simulation is 150

PVU in the eyewall (Fig. 11b), and the maximum in

the 500-m simulation is locally 200 PVU (Fig. 11c),

which is in general agreement with the observation of

Martinez et al. (2019). We highlight the high-PV

values in our three-dimensional high-resolution sim-

ulation. According to our PV budget, high PV in the

convective PV towers is supplied by eyewall convec-

tion. Thus, the large PV values can be linked to up-

drafts on the BL top. Our model deep convection

initiated from the BL inside the RMW, with its vorticity

amplified mainly by vortex-tube stretching and tilting

processes, is in general agreement with the rotating con-

vective paradigm (Montgomery and Smith 2017).

Updrafts at a 1.6-km height exhibited maxima of

10ms21 in the 1-km simulation, and 20m s21 in the 500-

m simulation (Figs. 11e,f). Strong updrafts reaching

about 20ms21 were seen in the BL even at a height of

434m (Fig. 12c). The maxima in the 500-m simulation

almost reached updraft magnitudes near the shock-like

region similar to the aircraft observation in Hurricane

Hugo (1989) as reported by Williams et al. (2013). For

example, the radial wind had a change of 20m s21 in a

span of 2 km around a radius of 20 km in the 500-m

simulation. The steep change of the radial wind cannot

be represented in the 2- and 1-km simulations due to

relatively coarse resolution (Figs. 12a,b). Strong up-

drafts in these simulations were strongly connecting with

high PV towers (Figs. 11g–i). In an asymmetric view,

values of the updraft and PV also increased as themodel

resolution increased, and the strongest updraft in low

levels of the 500-m simulation had the high PV value of

about 200 PVU around the 20-km radius (Figs. 12d–f).

c. Comparison with observations on the (R, u) space

Recently, Martinez et al. (2019) conducted detailed

analyses of PV in Hurricane Patricia (2015) using high-

resolution aircraft observations on the angularmomentum

related potential radius (R) and isentropic (u) coordinates.

The use of R allows detail examination of the physical

fields near the inner-core region (e.g., Hack and Schubert

1986). Martinez et al. (2019) found that 1) a PVmaximum

around the eyewall located radially inward of heating

maximum in the eyewall, and 2) the PV maximum was

along a certain R surface during the RI and mature stages

even in presence of significant RMW contraction.

Figure 13 shows the PV and diabatic heating distri-

bution projected on an R–u map at different times from

the present simulation. In the early period of RI, the PV

peak corresponding to the hollow tower was located

around R 5 200–280 km (Fig. 13b). The radial location

of the PV peak is slightly different from location of the

heating peak (R ; 300 km) around the eyewall. This

feature was also exhibited before theRI onset (Fig. 13a).

Moreover, constant PV surfaces intersect with constant

heating surfaces around the eyewall. In particular, con-

stant surfaces of the heating are almost normal to the

constant PV surfaces in layers from 320 to 330K and

from 340 to 350K (Fig. 13b). According to Martinez

et al. (2019), the intersections in the lower and upper

layers indicate source and sink of PV due to the diabatic

heating, respectively. The location of the PV maximum

was almost same in the later period of RI, and always

inward of the eyewall heating (Figs. 13c,d). The char-

acteristics are in general agreement with the observation

by Martinez et al. (2019). Martinez et al. (2019) further

suggested that the feature of the inward location of the

convective PV tower can be induced by eddy torques

according to a PV-tendency equation on an R–u map.

The eddy torques are composed of surface friction, tur-

bulent mixing, and asymmetric PV advection (i.e., the

ASADVandFRIC terms in our PVbudget). On the basis

of our budget analysis in ST-II, the FRIC term is negative

on the outer edge of the PV peak and positive in the inner

side of the peak (Fig. 6g). Moreover, the ASADV term

has briefly the same pattern but a much larger contribu-

tion than that of the FRIC term (Fig. 6e). Thus, our

budget analysis indicates that the slightly different loca-

tion of the convective PV tower is induced by eddy tor-

ques including the PVmixing, supporting their argument.

The PV budget analysis indicates the patterns of

positive in the inner side of the PV peak and negative on

the outer edge of the PV even in ST-III and ST-IV (not

shown). Thus, our results indicate that the hollow tower
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supplies high PV to the storm center via PV mixing

during the RI and mature stages, in general agreement

with the observation of Martinez et al. (2019).

5. Summary and concluding remarks

We have studied the RI dynamics with a 2-km-

resolution full-physics cloud-resolving model simulation

of Supertyphoon Haiyan (2013). The simulated storm

underwent two periods of significant central pressure falls

between 1800 UTC 6 November–1200 UTC 7 November

(the initial stage of the RI) and 1200 UTC 7 November–

0000 UTC 8 November 2013 (the later stage of the RI).

To better understand the RI process, we have performed

PV and potential temperature (u) budgets, PPVI, and

omega-equation diagnosis.

FIG. 11. Horizontal distributions of (a)–(c) PV on 340-K isentropic surface and (d)–(f) vertical velocity at 1.6-km height, and (g)–(i)

radius–height cross section of azimuthally averaged PV (colors; PVU) and updraft (contours; m s21) at 0000 UTC 8 Nov 2013. Simulation

resolutions are (left) 2km, (center) 1 km, and (right) 500m.
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At the initial stage of the RI, the storm PV had an

elliptical or polygonal eyewall structure and turned

into a monopole near the storm center. The PV field

increased around the 3-km height for the 6-h period

before the RI onset and around 5km for the 6-h period

after the RI onset. The increases were mainly contrib-

uted by the asymmetric PV advection corresponding to

the PV mixing, consistent with Kossin and Schubert

(2001). Our PPVI calculations indicate that the balanced

response to the PV increase in the eye led to the

FIG. 12. Radial profiles of tangential wind (black), radial wind (dashed blue), and vertical motion (red) along the

path with the maximum vertical velocity at a height of 434m during ST-IV in (a) 2-km, (b) 1-km, and (c) 500-m

simulations. Tangential and radial winds are measured as the ground-relative wind speed. (d)–(f) Radius–height

cross sections of PV (colors; PVU), inflow (black dashed contours; m s21), and updraft (white solid contours; m s21)

along the azimuthal angles in (a)–(c).
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decrease in the inner-core pressure, which accounts for

60%–70% of the actual central pressure decrease. In

particular, the PVmixing accounts for about 50% of the

central pressure falls at this stage. The omega equation

and u budget diagnoses further show that the mid- and

low-level eye around the RI onset is mostly warmed by

the dynamically induced subsidence associated with the

PV mixing. Our results suggest the importance of the

asymmetric dynamics of PV mixing and the balanced

response to the PV change in inner-core pressure de-

crease in the initial stage of the RI.

Coincident with the decreasing central pressure due to

the PVmixing, increase in BL inflow leads to an increase

of the tangential wind and a contraction of the RMW

through enhancement of inward advection of angular

momentum. The increase in the inflow can be closely

linked to a nonlinear effect through the u(›u/›r) term

and a BL shock-like structure with strong eyewall up-

draft inside the RMW in the later stage of RI. In par-

ticular, an updraft magnitude of 20ms21 is simulated

with the 500-m model resolution. Our simulation also

indicates that the strongest 2% updraft is axisymmetric

in the core region. The increase of PV field in the eye-

wall approximately 6 h after RI onset may be related to

the BL flow. The increase of the PV field is due to the

formation of the symmetric convective PV tower

(Martinez et al. 2019). The convective PV tower is

caused by vertical advection of the PV due to a strong

updraft and PV generation by the convective diabatic

heating in the eyewall. The eye is warmed by the strong

subsidence associated with the symmetric convective PV

towers in the later stage of RI.

Our interpretations of the convective PV tower may

be supported by the observations of Hurricanes Hugo

(1989) and Patricia (2015). Williams et al. (2013) re-

ported that the aircraft observation in the Hugo’s inner

core exhibited a strong BL inflow (;20m s21) and up-

drafts (;20ms21 at the BL and ;10m s21 at 2682m)

coupled with large vorticities (;1022 s21). This indicates

the possible existence of the convective PV tower inside

the RMW. The vorticity at 2682-m height is broader in

size than the region of the convective PV tower. If

the Hugo observation is axisymmetric, it is in general

agreement with the Hurricane Patricia radar observa-

tion (Fig. 10b of Martinez et al. 2019), that the strong

updraft and diabatic heating region is located outside

the high-PV region with some overlapping. The over-

lapping region is the region of convective PV tower. Our

simulation at the mature stage of RI is in general

agreement with the observation of Hurricane Patricia

FIG. 13. Radius–height cross section of the PV (colors; PVU) and diabatic heating (contours; K h21) at

(a) 2100 UTC 6 Nov (ST-I), (b) 0600 UTC 7 Nov (ST-II), (c) 1500 UTC 7 Nov (ST-III), and (d) 2100 UTC 7 Nov

2013 (ST-IV). Note that the abscissa is potential radius (km), as defined in Hack and Schubert (1986), and the

ordinate is potential temperature (K).
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(Martinez et al. 2019) in that the diabatic heating is lo-

cated outside the high-PV region with some overlapping.

Our simulation is in contrast to the symmetric model of

Hausman et al. (2006) in that the diabatic heating in their

model is mostly phase locked with the high-PV region

without the radial separation. Our 500-m-resolution sim-

ulation produced a convective PV tower of 200 PVU,

which is in general agreement with the observation of 250

PVU in Hurricane Patricia (Martinez et al. 2019). We

focus on the sensitivity of themodel resolution to values of

PV and updraft in the present paper. The sensitivity of the

cloud microphysics to the RI is a future research subject.

There were several PV mixing episodes occurred in low

and midlevels before and after the RI onset in the simu-

lation (Figs. 4 and 6). In the early stage of storm devel-

opment, the Rossby radius of deformation in the storm is

large and the Rossby height is small. The PV mixing may

not induce significant pressure decrease (less mass re-

sponse in the geostrophic adjustment). The pattern of

pressure decrease is elongated horizontally with a smaller

horizontal pressure gradient. When the storm reached a

sufficient strength, the deformation radius becomes small

and the Rossby height becomes deep (Kieu and Zhang

2010). The PV mixing then favors pressure decrease re-

sponse. Moreover, the pattern of pressure decrease is

elongated vertically with a larger horizontal pressure gra-

dient. The large horizontal pressure gradient can enhance

the BL radial inflow. The enhanced BL flow contributes to

the formation of symmetric convective PV tower inside the

RMW. The eye is warmed by the subsidence associated

with the convective PV towers. The convective PV tower

may also lead to another episode of PV mixing. All these

dynamics are nonlinearly acting together to serve as in-

dispensable building blocks of RI in the strong storms.Our

results may help to explain the observation of Shu et al.

(2012) that the RI often occurred in the strong storms.

In closing, we summarize nonlinearly collaborating

dynamics in the simulated RI processes with the sche-

matic shown in Fig. 14. Coincident with convective

activation, a convective PV tower formed in the inner-

core region of the storm around the RI onset (the blue

contour). High PV in the hollow tower is transported to

the storm center through PVmixing (bold blue vectors).

The enhanced PV, dynamical warming in the storm

center, and its associated balanced response account

for a half of a central pressure decrease. Associated with

the central pressure decrease, axisymmetric BL inflow

increases (bold gray vector within a region enclosed by

green lines). The enhanced low-level inflow is linked to

an increase of eyewall updraft (upward bold gray vector

FIG. 14. A schematic illustration of the nonlinear feedback around the RI period, based on

the model simulation and analysis in K19 and the present study. Thick gray arrows denote

axisymmetric flows. The green line corresponds to the BL inflow region. The black dashed line

indicates the approximate position of the RMW. The solid and dashed red elliptical regions

show the regions of latent heat release and adiabatic warming, respectively. The black solid line

denotes an outline of the eyewall cloud. See text for additional details.
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within eyewall cloud shaped by black curves). Associated

with increases in the eyewall updraft and latent heating (a

region bounded by the bold red ellipse), compensating

subsidence results in adiabatic warming at the inner edge

of the eyewall in the later stage of RI (Figs. 8g,h, and a

region bounded by the dashed red ellipse in Fig. 14). The

warming induces baroclinicity in the eyewall and in-

creases the dynamic efficiency factor (DEF; K19) and

make the kinetic energy generation by convective heating

more efficient during RI. Increase of the Rossby height

also favors development of the convective PV tower.
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APPENDIX

Estimation of the Central Pressure Decrease through
Hydrostatic Balance

We estimate contribution of each warm anomaly in

the simulated double warm cores to the central pressure

decrease based on hydrostatic balance (e.g., Zhang and

Chen 2012). The hydrostatic balance represents a rela-

tionship between the surface pressure ps and column-

averaged air mass:

p
s
5p

t
1 g

ðzt
0

r dz , (A1)

where r and pt denote air density and the pressure at the

model top (z5 zt), respectively. Evolution of ps from the

start of the ST-I period (1400 UTC 6 November 2013),

denoted as dps, can be expressed as follows:

dp
s
5 p

t
(t)2p

t
(t5 0)1 g

ðzt
0

[r(z, t)2 r(z, t5 0)] dz|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
WCC

.

(A2)

Then the label as WCC indicates the contribution of the

warm core to the pressure decrease, and is decomposed

as follows:

WCC5LCC1UCC, (A3)

where

LCC5 g

ðzm
0

[r(z, t)2 r(z, t5 0)] dz,

UCC5 g

ðzt
zm

[r(z, t)2 r(z, t5 0)] dz.

LCC and UCC indicate contributions of warm anomaly

in the lower and upper cores to the central pressure

decrease, respectively, and zm is set at 11 km.
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