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ABSTRACT

The secondary eyewall formation (SEF) in an idealized simulation of a tropical cyclone (TC) is examined

from the perspective of both the balanced and unbalanced dynamics and through the tangential wind (Vt)

budget analysis. It is found that the expansion of the azimuthal-mean Vt above the boundary layer occurs

prior to the development of radial moisture convergence in the boundary layer. The Vt expansion results

primarily from the inward angular momentum transport by the mid- to lower-tropospheric inflow induced by

both convective and stratiform heating in the spiral rainbands. In response to the Vt broadening is the de-

velopment of radial inflow convergence and the supergradient flow near the top of the inflow boundary layer.

Results from the Vt budget analysis show that the combined effect of the mean advection and the surface

friction is to spin downVt in the boundary layer, while the eddy processes (eddy radial and vertical advection)

contribute positively to the spinup of Vt in the SEF region in the boundary layer. Therefore, eddies play an

important role in the spinup of Vt in the boundary layer during SEF. The balanced Sawyer–Eliassen solution

can well capture the secondary circulation in the full-physics model simulation. The radial inflow diagnosed

from the Sawyer–Eliassen equation is shown to spin up Vt and maintain the vortex above the boundary layer.

However, the axisymmetric balanced dynamics cannot explain the spinup of Vt in the boundary layer, which

results mainly from the eddy processes.

1. Introduction

The secondary (concentric) eyewall, identified as the

presence of a secondary convective ring with its associ-

ated secondary tangential wind maximum, is one of the

important features in intense tropical cyclones (TCs).

This phenomenon has been well documented based on

passive satellite microwave and radar imagery (e.g.,

Hawkins and Helveston 2008; Kossin and Sitkowski

2009; Kuo et al. 2009; Hence and Houze 2012). Hawkins

and Helveston (2008) analyzed a 10-yr multisensor

dataset (1997–2006) and showed that 80% of the west-

ern Pacific, 70% of the Atlantic, 50% of the eastern

Pacific, and 40% of the Southern Hemisphere intense

storms (.120 knots; 1 kt 5 0.51ms21) experienced at

least one concentric eyewall during their lifetime. Based

on flight observations in the North Atlantic, the behav-

ior of concentric eyewalls and their associated intensity

change have been extensively investigated (Willoughby

et al. 1982; Houze et al. 2006, 2007; Hence and Houze

2012; Bell et al. 2012). The storm usually weakens during

the formation and intensification phases of a concentric

eyewall, and four possible mechanisms associated with

the demise of the inner eyewall are discussed by Rozoff

et al. (2008). Once the outer eyewall replaces the inner

one, the storm often reintensifies.

Based on high-resolution numerical models, a number

of studies have focused on the secondary eyewall for-

mation (SEF) and the subsequent eyewall replacement

cycle (ERC). A couple of mechanisms were proposed

in earlier studies, such as the topographic forcing

(Hawkins 1983), the inertial instability in the outflow layer

(Willoughby 1979), and the finite-amplitude wind-induced
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surface heat exchange (WISHE) instability triggered by

external forcing in the upper troposphere (Nong and

Emanuel 2003). Terwey and Montgomery (2008) pointed

out that the above processes cannot be considered as es-

sential for SEF, although they could affect the storm

structure and intensity. Instead, they proposed that the

process of beta-skirt axisymmetrization (BSA), in which

the secondary wind maximum is generated through the

anisotropic upscale cascade of convectively generated

vorticity anomalies in the beta-skirt region.

There is no consensus so far as to what the leading

dynamical mechanism responsible for SEF is. Re-

cently, studies have been focused more on the internal

dynamics that potentially govern SEF, such as the

stagnation radius of the vortex Rossby wave (VRW)

energy dispersion (Montgomery and Kallenbach 1997;

Martinez et al. 2010, 2011; Menelaou et al. 2013; Qiu

et al. 2010; Wang et al. 2013; Sun et al. 2013), the dy-

namical response of a balanced vortex to latent heat-

ing outside the eyewall (Wang 2009; Moon and Nolan

2010; Fang and Zhang 2012; Rozoff et al. 2012; Sun

et al. 2013; Abarca and Montgomery 2014; Zhu and

Zhu 2014), and the unbalanced dynamics within the

boundary layer (Huang et al. 2012; Abarca and

Montgomery 2013, 2014; Kepert 2013; Kepert and

Nolan 2014; Montgomery et al. 2014; Qiu and Tan

2013; Sun et al. 2013; Wang et al. 2013).

Similar to quite a number of previous studies, this

work defines the balanced dynamics as the component

that can be recovered by the solution of the azimuthal-

mean Sawyer–Eliassen equation. The residual from the

balanced component is defined as the unbalanced dy-

namics. Note that this definition is slightly different from

some other studies since we define the basic vortex as

the azimuthal mean of the full-physics Weather Re-

search and Forecasting (WRF) Model simulation, and

the vortex might not be exactly in hydrostatic and gra-

dient balance, in particular in the frictional boundary

layer. This deviates from the definition recently dis-

cussed in Bui et al. (2009) and Abarca and Montgomery

(2014). Abarca and Montgomery (2014) referred to the

unbalanced flow as the axisymmetric part of the flow

that does not satisfy the thermal wind balance. Never-

theless, our definition is consistent with many other

studies (Montgomery et al. 2006; Fudeyasu and Wang

2011; Sun et al. 2013; Zhu and Zhu 2014).

Shapiro and Willoughby (1982) showed that a sec-

ondary circulation and spinup of the tangential wind

could be induced by a point source of heat in a balanced

TC-like vortex. Wang (2009) indicated that enhanced

latent heating in outer rainbands would favor SEF in

intense TCs. Similar results were also found in several

other studies (Hill and Lackmann 2009; Judt and Chen

2010). Moon and Nolan (2010) hypothesized that if the

imposed heating lasts long enough in rainbands outside

the primary eyewall, the induced locally accelerated

tangential wind can wrap around the entire vortex and

cause SEF. Fang and Zhang (2012) found that the beta

shear could lead to the formation of an extensive strat-

iform region outside of the primary eyewall; convection

on the inner edge of the stratiform region becomes ax-

isymmetrized and causes the TC to evolve into a sec-

ondary eyewall-like structure because of the weakening

of the beta shear.

From the perspective of balanced dynamics, the

transverse secondary circulation and the associated low-

level convergence are induced by the radial gradient of

diabatic heating. Rozoff et al. (2012) followed the work

of Shapiro and Willoughby (1982) and showed that the

sustained azimuthal-mean latent heating along with

enhanced inertial stability outside the primary eyewall

can lead to SEF. Zhu and Zhu (2014) proposed that

heating in rainbands plays an important role in gov-

erning the formation and the development of the sec-

ondary tangential wind maximum. They also suggested

that the secondary eyewall could not form unless the

rainband convection reaches a certain strength relative

to the eyewall convection.

Huang et al. (2012) proposed a new pathway of SEF

based on a model–observation-consistent and high-

spatial- and temporal-resolution dataset derived from

Wu et al. (2012), who used the ensemble Kalman filter

(EnKF) to assimilate The Observing System Research

and Predictability Experiment (THORPEX) Pacific

Asian Regional Campaign (T-PARC) data. The un-

balanced response within and just above the boundary

layer to the expanding swirling wind was shown as an

important mechanism for concentrating and sustaining

deep convection in a narrow supergradient wind zone in

the outer-core region of the TC, and thus for SEF.

Furthermore, Abarca and Montgomery (2013) demon-

strated that the boundary layer unbalanced dynamics

alone can generate a secondary wind maximum outside

the primary eyewall in an axisymmetric nonlinear slab

boundary layer model, providing further supporting

evidence for the dynamical pathway shown in Huang

et al. (2012). Furthermore,Wang et al. (2013) conducted

an idealized simulation and also found a strong positive

net radial force (namely, the unbalanced component in

the radial momentum equation) in the boundary layer

during SEF, supporting the idea that the unbalanced

boundary layer dynamics play a crucial role in SEF.

Recently, Kepert (2013) and Kepert and Nolan (2014)

found that weak local enhancement of the radial vorticity

gradient outside of the primary radius of maximum wind

(RMW) can generate a significant frictional updraft, even
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if there is no broadening of the tangential wind above the

boundary layer. They proposed a positive feedback be-

tween the local enhancement of the radial vorticity gra-

dient, the frictional updraft, and convection. Kepert

(2013) also hypothesized that the boundary layer con-

tributes to rather than initiates the secondary eyewall

formation. Recent studies have examined both the bal-

anced response to diabatic heating and the unbalanced

dynamics within the boundary layer during SEF in TCs.

Using the Doppler radar data collected from the sec-

ondary eyewall of Hurricane Rita (2005), Didlake and

Houze (2011) found that both the mean and perturbation

motions strengthen the secondary wind maximum, but

they have different roles. Based on multiplatform ob-

servations, Bell et al. (2012) found that the spinup of

tangential wind in Hurricane Rita (2005) occurred not

only within but also above the boundary layer. They

suggested that both the balanced and unbalanced dy-

namics play important roles in the SEF ofHurricane Rita

(2005) but did not evaluate their respective contributions.

Sun et al. (2013) found that the development and the

subsequent inwardmovement of outer rainbands and the

unbalanced boundary layer dynamics all contributed to

the SEF in a simulation of Typhoon Sinlaku (2008). Qiu

and Tan (2013) showed that the inward movement of

outer rainbands could induce strong asymmetric inflow in

the boundary layer, thus enhancing supergradient winds

and convergence through the asymmetric process, while

axisymmetrization of the bands leads to SEF in the end.

The relative importance of the balanced and un-

balanced dynamics to SEF is still unknown. Different

from the findings of Rozoff et al. (2012) and Zhu and

Zhu (2014), with the aid of the Sawyer–Eliassen equa-

tion, Abarca and Montgomery (2014) examined the

departure from the axisymmetric balanced dynamics

during SEF and found that the balanced dynamics could

not capture the tangential wind spinup in the lower

troposphere as exhibited in the full-physics model sim-

ulation. The issue regarding the importance of balanced

dynamics versus unbalanced dynamics in SEF remains

to be examined, since different TC cases were analyzed

and different model settings were used in the numerical

simulations above.

The present study aims to clarify the relative impor-

tance of the balanced and unbalanced dynamics in

spinning up the secondary tangential wind maximum in

the SEF region based on an idealized high-resolution,

full-physics simulation of a TC using the WRF Model.

The simulated SEF is diagnosed in detail based on the

azimuthal-mean tangential wind budget and the

Sawyer–Eliassen equation. Section 2 briefly describes

the configuration of the WRF Model. The SEF and the

axisymmetric evolution of the simulatedTCare discussed

in section 3. Section 4 presents analyses of the unbalanced

dynamics within and above the boundary layer. In section

5, the forcing sources for the balanced Sawyer–Eliassen

equation and its solution are analyzed by focusing on the

balanced tangential wind budget. Conclusions are drawn

in the last section.

2. Numerical model and experimental design

The idealized numerical experiment is conducted us-

ing the WRF Model, version 3.5.1, which is a mesoscale

model designed for both full-physics real-case and ide-

alized simulations. The model domain is quadruply

nested with grid spacings of 45-, 15-, 5-, and 1.67-km for

the four meshes, with 200 3 200, 250 3 250, 268 3 268,

and 388 3 388 grid points, respectively. There are 36

vertical levels extending from the ocean surface with an

unperturbed surface pressure of 1010hPa up to the

model top of 50 hPa in the mass vertical coordinates. To

reduce the artificial wave reflection near the lateral

boundaries, the outermost domain (9000 km3 9000km)

is set to be large enough to prevent gravity wave re-

flection from the lateral boundaries. The innermost

domain is about 647 km3 647km, large enough to cover

both the vortex inner core and outer rainbands. The

three inner nested meshes are located at the center of

their parent domains, and the vortex-following tech-

nique is activated to allow for long-term integrations.

The model is initiated with an axisymmetric cyclonic

vortex formulated byWang and Li (1992) and placed on

an f plane of 208N. There is no background atmospheric

flow, and the ocean is homogeneous, with a fixed sea

surface temperature (SST) of 298C. The initial temper-

ature and moisture profiles of the unperturbed envi-

ronmental atmosphere are constructed based on the

western Pacific clear-sky environment given by Gray

et al. (1975). The maximum tangential wind is set to be

20ms21 at a radius of 120 km, and the tangential wind is

diminished to zero at the radius of 600 km. Themass and

the thermodynamic fields are obtained by adjusting the

vortex to gradient wind and hydrostatic balances.

In this simulation, the WRF single-moment 6-class mi-

crophysics scheme (WSM6;Hong andLim2006) is applied

to all meshes. The Yonsei University (YSU) planetary

boundary layer scheme (Hong et al. 2006) is used to pa-

rameterize turbulent vertical mixing. The Kain–Fritsch

cumulus parameterization scheme (Kain and Fritsch 1993)

is used on the two outer meshes, but not on the inner two

meshes, in which strong and deep convection is considered

to be resolved explicitly. The radiation is calculated using

the Dudhia scheme for shortwave (Dudhia 1989) and the

Rapid Radiative Transfer Model (RRTM) for longwave

(Mlawer et al. 1997).
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The model is integrated forward for 192h, with the

model output at 1-h intervals. The first 48 h is considered

as the spinup period, in which the structure of the vortex

evolves to one that is similar to a real TC. Detailed re-

sults of structure evolution of the TC after the spinup

period are presented in the following sections.

3. An overview of the simulated SEF

Figure 1 shows the sequence of the simulated re-

flectivity at 3-km height before and during the onset of

the SEF at 3-h intervals. At 109h (Fig. 1d), the vortex

exhibits a clear eye with a radius of 30km, which is sur-

rounded by an eyewall with enhanced convective activity.

Isolated convective cells (regarded as part of the outer

spiral rainbands), which are sporadically distributed

outside the 120-km radius, develop actively in accordance

with the generation of the convective available potential

energy (CAPE; Fig. 2b) and rotate cyclonically around

the vortex center in the form of outer spiral rainbands.

This is consistent with the findings of Li andWang (2012),

who showed that the detached inner rainbands can act

as a trigger for vigorous deep convection and can be re-

organized into outer spiral rainbands if the ambient

CAPE is large. The enhanced CAPE begins at 96h and

only lasts until 120h. In response to this enhanced CAPE,

the rainbands expand not only in the radial direction

(width), but also in the azimuthal direction (length) in the

simulation. At 112h, a primary spiral rainband is located

at around 167-km radius with a width of 120km and

covers three (northeast, northwest, and southwest)

quadrants (Fig. 1e). The outer rainbands become elon-

gated in the azimuthal direction gradually, and eventually

an individual annular eyewall structure forms at a radius

of approximately 80km at 120h, which is defined as the

time of the SEF in the following sections. Afterward, the

ERC occurs as the secondary eyewall continues to in-

tensify and contract while the primary eyewall weakens

and eventually vanishes at 162h, after which the sec-

ondary eyewall becomes the primary eyewall (Fig. 2a).

The evolution of spiral rainbands prior to SEF strongly

suggests that both diabatic heating and asymmetric

eddies in spiral rainbands play critical roles in SEF. This

will be further diagnosed in sections 4 and 5 below.

Figure 2 shows the time–radius Hovmöller diagrams

(from 48 to 192 h) of the azimuthal-mean storm struc-

ture. Outside the primary eyewall, diffuse radar re-

flectivity (at 3 km) (Fig. 2a) begins to develop from a

radius of about 50 km after 48 h of simulation and con-

tinues to propagate radially outward, indicating the

gradual development of the inner rainbands. With pro-

gressive enhancement of the radial inflow (Fig. 4) col-

located with the region where the tangential wind field is

broadened radially outward (Fig. 2c), the first less-

significant SEF with a weak moat occurs at around

84h. The first SEF and the subsequent ERC are com-

pleted in about 12 h, but the associated secondary wind

maximum is hard to identify since the first secondary

eyewall forms so close to the primary eyewall (Fig. 2c).

A possible explanation is that the expansion/

intensification/strengthening of the tangential wind is

not significant enough as compared to the second SEF

(the one beginning at 120 h). To be clear, two SEF

events occurred during this long-term simulation, but

the focus of this study is on the second SEF, which is

more pronounced.

Along with the inward movement of the first sec-

ondary eyewall, which merges with the primary eyewall

at around 100 h, moderate convection associated with

inner rainbands develops progressively and propagates

outward from around 90 to 140 km in radius (Fig. 2a)

after 96 h. The outer rainbands, which are located far-

ther outward (150–200 km), begin to develop at 110h

and then contracts inward over the next 10 h. The SEF

occurs when a distinct secondary peak in tangential wind

and vertical velocity (larger than 0.5m s21) appears at

120 h. The secondary eyewall contracts inward with time

after its formation. The inner eyewall eventually disap-

pears at about 162h and is replaced by the outer eyewall.

The second ERC lasts for almost 42 h in the simulation,

which is longer than the typical time from both obser-

vation and other modeling studies.

Figure 2b shows the time evolution of the azimuthal-

mean vertical motion at 3-km height and CAPE. Co-

incident with the azimuthal-mean radar reflectivity

(Fig. 2a), a distinct secondary peak in vertical velocity

(larger than 0.5m s21) appears at the radial band be-

tween 90 and 125 km from the vortex center at 120 h,

indicating the formation of the secondary eyewall. In

agreement with the findings in Rogers et al. (2012) and

Qiu and Tan (2013), the development and enhancement

of convection in outer rainbands is manifested by ver-

tical motion larger than 0.5m s21. Prior to the SEF (96–

120 h), the region outside the primary eyewall is ther-

modynamically favorable for the sustained convective

activity, with CAPE being generally larger than

1200 J kg21.When the secondary peak in vertical motion

occurs, CAPE outside the primary eyewall begins to

decrease, as it is largely consumed by convection in the

new secondary eyewall. After the SEF, the upward

motion of the secondary eyewall is enhanced, while that

in the primary eyewall weakens and eventually is re-

placed by the secondary eyewall after about 42 h of the

coexistence of the two eyewalls.

Figure 2c shows the azimuthal-mean tangential wind

at 1.5-km height. Initially, after the 48-h spinup, the
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RMW is located at approximately 40-km radius with a

maximum wind speed over 40ms21. The 40m s21 con-

tour extends from the 100-km radius at 72 h to the nearly

250-km radius at 120h, exhibiting a steady increase in

vortex size. A similar increase in the size of the inner

core was found in the simulated Typhoon Megi (2010)

by Wang and Wang (2013). At 120 h, a local secondary

peak in the azimuthal-mean tangential wind emerges,

indicating the SEF. The tangential wind of the primary

eyewall weakens as the secondary tangential wind

maximum emerges and contracts inward (Fig. 2c).While

an expanded range of the tangential wind is suggested to

be a precursor of SEF from previous studies (Huang

et al. 2012; Rozoff et al. 2012; Abarca and Montgomery

FIG. 1. Plan view of the model-derived radar reflectivity (shaded; dBZ) at 3-km height from 100 to 124 h with a 3-h interval. The five

concentric circles in each panel indicate the radii of 50, 100, 150, 200, and 250 km from the storm center.Model time is noted at the top right

of each panel.
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2013), it is still not clear whether this factor is indeed the

precursor of SEF or rather the consequence of it. In this

study, we follow the convention in defining the time of

first appearance of the secondary maximum in the

azimuthal-mean tangential wind as the time of the SEF.

The secondarymaximum in the azimuthal-mean upward

motion (larger than 0.5ms21) shows up at the same time.

Figure 3 illustrates radial–height cross sections of the

azimuthal-mean tangential wind and vertical velocity

between 110 and 126h of simulation at 2-h intervals. At

110 h, when the storm is characterized by a mature TC

with a single eyewall, the maximum tangential wind

surpasses 80ms21 near the top of the inflow boundary

layer at a radius of approximately 40 km. The strongest

vertical velocity in the primary eyewall tilts radially

outward from the 40-km radius at the 0.2-km height to

the 65-km radius at the 15-km height, located slightly

inside of the tangential wind maximum at each level.

The tangential wind expands in both radius and height

during the evolution of the vortex, as we can see from

the 40ms21 tangential wind contour (Figs. 3a–f).

Meanwhile, convective cells outside the primary eyewall

become more active and more organized in the region

of the SEF, as we can see from the area with vertical

velocity above 0.5m s21 in the lower troposphere during

112–116 h. At 120 h, the vertical motion shows a ring-

shaped structure and extends vertically throughout

the troposphere, indicating the beginning of the SEF.

Concurrently, the range of the tangential wind continues

to grow, and a secondary tangential wind maximum

becomes more discernible between 83- and 125-km radii

by 120h. After 120h, the secondarymaximum in vertical

velocity strengthens, and the corresponding ring-shaped

upward motion also intensifies significantly, while ver-

tical velocity in the primary eyewall weakens gradually.

4. Dynamical processes within and above the
boundary layer

Figure 4 shows the radius–height cross sections of the

azimuthal-mean radial wind, vertical velocity, and

horizontal divergence at 2-h intervals from 110 to 120 h.

This period is regarded as a critical period prior to the

SEF. The primary eyewall features the strongest inflow

(228m s 21) confined below the 1.5-km height and the

enhanced upward motion from the lower to upper

troposphere, collocated with the strongest convergence

in the lower troposphere (Fig. 4a). As mentioned in

section 3, tangential winds expand outward prior to

the SEF. Here we can see that the boundary layer in-

flow in the outer region strengthens correspondingly

(Figs. 4a–d). A secondary peak in the boundary layer

inflow (220ms21) first appears between 120- and 140-km

radii at 116 h (Fig. 4d). Furthermore, convergence

(divergence) in (above) the boundary layer outside

the primary eyewall strengthens with time (Figs. 4a–f).

FIG. 2. Time–radiusHovmöller diagrams of the azimuthal-mean (a) radar reflectivity (shaded; dBZ) at 3 km, (b) CAPE (shaded; J kg21)

and vertical velocity (contour; m s21) at 1 km with a 0.5m s 21 interval, and (c) tangential wind (m s21) at 1.5 km with a 4m s 21 interval.

The black line highlights the SEF time, and the black arrow indicates the outward movement of the inner rainbands.
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Vertical velocity exceeding 0.5m s21 appears farther

outward in the SEF region and becomes organized in a

radial band by 116h (Fig. 4d). At 118 h (Fig. 4e), the

secondary maximum in the boundary layer inflow

(220m s21) shifts radially inward to the SEF region,

collocated with the strengthened upward motion

and enhanced low-level convergence. Strong conver-

gence in the SEF region is associated with the rapid

strengthening of the boundary layer inflow farther

outward and the sudden deceleration near the inner

edge of the SEF region. The enhanced upward motion

is largely tied to the strong convergence rooted in the

boundary layer. As the boundary layer convergence

strengthens, the upward motion develops quickly with

significantly reduced outward tilt, showing an eyewall-

like structure by 120h (Fig. 4f). This demonstrates that

the boundary layer dynamics play a critical role in

strengthening deep convection in previously existing

outer rainbands and thus the SEF.

It is interesting to compare the overall evolution of the

radial inflow in the SEF region (between 83- and 116-km

radii) and that in the region immediately outside of the

region (between 116- and 150-km radii). Figure 5 shows

the azimuthal-mean radial wind averaged in the above

two regions from 100 to 121h at 3-h intervals (Figs. 5a,b).

The strength of the boundary layer inflow in the SEF

region does not change much during the 21-h period

(only slightly intensifies when the secondary peak in the

boundary layer inflow begins to shift radially inward

after the SEF). In sharp contrast, the boundary layer

inflow strengthens significantly and increases by 5m s21

immediately outside the SEF region (between 116- and

150-km radii) from 110 to 120h (Fig. 5b). Meanwhile,

the outflow immediately above the boundary layer

strengthens significantly and is increased by about

7m s21 in the SEF region. The development of the

strong shallow outflow above the top of the boundary

layer is primarily due to the supergradient wind (to be

FIG. 3. Radius–height cross sections of the azimuthal-mean vertical motion (shaded; m s21) and tangential wind (contours; m s21) from

110 to 126 h at 2-h intervals. Contours are plotted every 10m s21, except for the radius larger than 67 km and height lower than 5 kmwhere

the interval is 2m s21. The blue contour indicates the 40m s21 tangential wind.

OCTOBER 2016 WANG ET AL . 3917



shown below) associated with the large deceleration of

the strong boundary layer inflow near the inner edge of

the SEF region, a process very similar to that in a single

eyewall storm, as demonstrated by Smith and Vogl

(2008) and Smith et al. (2009). This dynamical mecha-

nism was applied by Huang et al. (2012) to illustrate the

gradual strengthening of the radial inflow and the

follow-up inflow convergence in the SEF region.

To measure the degree to which the winds deviate

from the gradient wind balance, the agradient force

(AF) averaged over and outside the SEF region is ex-

amined (Figs. 5c,d). As inmany previous studies, the AF

is defined as the residual term of the gradient wind

balance, which is obtained as the sum of the azimuthally

averaged radial pressure gradient force, the Coriolis and

centrifugal forces in the radial momentum equation

(Huang et al. 2012; Abarca and Montgomery 2013; Qiu

and Tan 2013; Sun et al. 2013). A positive (negative) AF

implies that the air parcels accelerate outward (inward)

where the flow is supergradient (subgradient). The SEF

region (Fig. 5c) exhibits a state of relatively weak posi-

tive AF (12m s21 h21) above the boundary layer from

100 to 110 h. The positive AF above the boundary layer

intensifies significantly with time and reaches the mag-

nitude of 36ms21 h21 at 120 h, indicating that the wind

there is supergradient and accelerating outward. A

question arises as to how the boundary layer inflow can

persist in the presence of an outward-directed AF. The

strongest enhancement of the boundary layer inflow is in

the outer region (Fig. 5b), with almost no enhancement

of radial inflow in the SEF region. The AF above the

boundary layer in the SEF region is directed outward,

and the inflow originating from the outer region tends to

decelerate, with a portion of inflow turning upward and

outward of the boundary layer. The rest of the boundary

layer inflow is still directed inward to the primary eye-

wall region but does not accelerate with time.

Meanwhile, negative (positive) AF (Fig. 5d) within

(above) the boundary layer also intensifies with time in

the outer region (between 116- and 150-km radii), but

at a much smaller rate (Fig. 5d) than in the SEF region,

which is consistent with the fact that the inflow (outflow)

below (above) the top of the boundary layer is

strengthened only slightly (Fig. 5b). Similar evolutions

of the radial wind and the AF in Fig. 5 strongly suggest

that the strengthening of inflow, convergence in the

boundary layer, and outflow immediately above are

primarily attributed to the extent to which the un-

balanced process in the boundary layer is suddenly en-

hanced since the boundary layer is always unbalanced.

In our simulated storm, the timing of the preformation

stage (110–119 h) depends largely on when the un-

balanced flow in the boundary layer is enhanced. Once

the boundary layer inflow is substantially strengthened

FIG. 4. Radius–height cross sections of the azimuthally averaged divergence (shaded; 1025 s21), and radial wind (dashed contours; m s 21);

contour intervals for radial inflow are 2m s21. Additionally,60.5 and61m s21 contours are shown to indicate the weak radial flow region

and the vertical velocity (black contours are plotted at every 1m s21 in the primary eyewall region; solid magenta contours are plotted at

every 0.5m s21 outside the primary eyewall region) from 110 to 126 h at 2-h intervals.
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and decelerated, the boundary layer convergence is es-

tablished for the upward transport of moist air, which

further triggers/enhances convection in the preexisting

outer rainbands in the SEF region. Diabatic heating

released in the rainbands can also enhance the boundary

layer inflow and the moist convergence, enhancing

convection in the rainband again and forming a positive

feedback mechanism that will be discussed in section 5.

Later on, with the emergence of deep convective activity

and the resultant acceleration of tangential wind due to

the convergence of angular momentum in the SEF re-

gion, the rainband becomes more and more axisym-

metric, and eventually the secondary eyewall forms as a

result of this positive feedback.

To gain insights into the relevant processes that are

responsible for the broadening of tangential winds dis-

cussed above, we conduct a budget for the azimuthal-

mean tangential wind tendency. The budget equation

can be presented as

›y

›t
52u z

abs
2w

›y

›z
2 u0z0abs 2w0›y

0

›z
1F

fric
, (1)

where u, y, and w are the radial, tangential, and vertical

components of the wind, respectively; zabs is the vertical

component of the absolute vorticity; and Ffric is the

tangential component of friction and vertical mixing,

which is directly derived from the WRF Model simula-

tion. The small term due to horizontal diffusion is

omitted here since it is generally one to two orders

smaller than the leading terms in (1). The overbar in-

dicates the azimuthal mean, while the prime denotes

deviation from the azimuthal mean. The term on the

left-hand side of (1) is the azimuthal-mean tangential

wind tendency. The five terms on the right-hand side

(rhs) are the azimuthal-mean tangential wind tendencies

contributed by the radial flux of the azimuthal-mean

absolute vorticity by the azimuthal-mean radial wind

(mean radial advection), vertical advection of

azimuthal-mean tangential wind by the azimuthal-mean

vertical motion (mean vertical advection), eddy radial

advection, eddy vertical advection, and friction, re-

spectively (Fudeyasu and Wang 2011; Abarca and

Montgomery 2014).

Figures 6a and 6b show the radial–vertical cross sec-

tions of the actual change of the azimuthal-mean tan-

gential wind and the corresponding change from the

azimuthal-mean tangential wind budget as the sum of all

terms on the rhs in (1) (diagnosed tangential wind ten-

dency) during the preformation period from 110 to 119 h

of simulation using the model output at 6-min intervals.

This period is critical to the SEF, as wementioned above

FIG. 5. Area-averaged (a),(b) radial velocity (m s21) and (c),(d) agradient force per unit mass (m s21 h21) over

(a),(c) the secondary eyewall (83–116 km) and (b),(d) the outer region (116–150 km) from 100 to 121 h at 3-h

intervals.
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(Fig. 3). By the end of this period, features of the sec-

ondary eyewall become clear, and the typical concentric

eyewall structure appears. From Figs. 6a and 6b, we find

that although large differences exist in the inner-core

region within a radius of 60 km, the simulated and di-

agnosed tangential wind tendencies in the azimuthal-

mean tangential wind are qualitatively consistent in

most of the SEF region outside the 60-km radius.

Therefore, the tangential wind budget can be used to

examine processes that are responsible for the broad-

ening of tangential wind and the formation of the sec-

ondary tangential wind maximum in the simulation.

The mean radial advection term (Fig. 6c) contributes

to the spinup of tangential wind in the boundary layer,

FIG. 6. Radius–height cross sections of the (a) simulated tangential tendency averaged from 110 to 119 h; (b) diagnosed tangential

tendency (the sum of all the terms in the tangential wind tendency equation); and tendency of azimuthal-mean tangential wind that is

contributed by the following: (c) mean radial advection, (d) mean vertical advection, (e) mean friction term, (f) the sum of themean radial

and vertical advection terms, (g) eddy radial advection term, (h) eddy vertical advection,(i) the sum of the mean eddy radial and vertical

advection terms, and ( j) the sum of the mean advection terms and the friction term. Tangential wind tendency is presented in m s21 h21.
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while the vertical advection term (Fig. 6d) shows a

negative contribution. The sum of the two mean ad-

vection terms (Fig. 6f) is positive in the boundary layer,

indicating that the mean radial advection dominates the

vertical advection in broadening the boundary layer

tangential wind in the simulation. Surface friction

(Fig. 6e) is the major term causing the spindown of

tangential wind in the boundary layer (Fig. 6h). The

mean advection term is balanced to first order by fric-

tion, consistent with the findings by Kepert (2013).

Above the boundary layer, large positive contributions

of themean vertical advection term (Fig. 6d) are evident

in both the primary eyewall and SEF regions where

updrafts and diabatic heating occur. These positive

contributions are overwhelmed by the negative contri-

bution by the horizontal advection (Fig. 6c), mainly a

result of the outflow associated with the supergradient

wind, as shown in Fig. 5. However, immediately outside

the SEF region, the mean radial advection provides a

moderate positive tendency that is distinct throughout

the mid- to lower troposphere (Fig. 6c). The combined

effect of these two mean advection terms acts to spin up

the tangential wind both in the SEF region and imme-

diately outside in the mid- to lower troposphere above

the boundary layer (Fig. 6f). In the SEF and the outer

regions, the eddy radial advection term (Fig. 6g) is

positive not only within but also around the top of the

boundary layer (from about the 0.2- to 1.8-km heights).

The eddy radial advection term is negative above the

1.8-km height within the SEF region. The positive eddy

vertical advection term is quite small and is only present

below the 0.8-km height in the SEF and the outer re-

gions. Another positive region is present above the 2-km

height within the SEF region. Negative eddy vertical

advection terms are located within the SEF region and

between the two positive regions. The combined effect

of eddy terms (Fig. 6i) contributes negatively to the

spinup of tangential wind in the boundary layer of the

primary eyewall but contributes positively above

the boundary layer. Outside the primary eyewall, the

sum of the radial and vertical advection terms due to

eddies contributes to spin up tangential wind in the

boundary layer, while it contributes to spin down the

tangential wind above the boundary layer.

Comparing Figs. 6i and 6j with Fig. 6b, we find that the

broadening of tangential wind above the boundary layer

prior to the development of radial moisture convergence

in the boundary layer and the SEF results mainly from

the azimuthal-mean advection of tangential wind.

Namely, the inflow in the mid- to lower troposphere in

response to both the convective and stratiform pre-

cipitation in outer spiral rainbands transports angular

momentum inward to spin up tangential winds from the

region outside the SEF region. In response to the

broadening of the tangential wind in the mid- to lower

troposphere is the development of supergradient flow

and radial convergence in the boundary layer. This leads

to outflow immediately above the boundary layer and

forced upwardmotion, thus causing strong convection in

the SEF region. In the boundary layer, the enhanced

radial inflow and convergence spin up tangential wind

after the establishment of strong convection in the outer

rainbands. However, this spinup is largely offset by

surface friction, as shown in Fig. 6j, where the sum of the

azimuthal-mean advection and friction contribute neg-

atively to the spinup of tangential wind in the SEF re-

gion and farther outward in the boundary layer. This

suggests a process for the spinup of the secondary eye-

wall different from the aforementioned mechanism by

Smith et al. (2009) for the spinup of the primary eyewall

during the intensification of a TC. We found, however,

that during the SEF period, eddies generally play a

positive role in the spinup of tangential wind in the

boundary layer in the SEF region. In sharp contrast,

eddies are unfavorable for the broadening of tangential

wind in the mid- to lower troposphere, implying that the

formation of the secondary azimuthal-mean tangential

wind maximum in the boundary layer and the SEF are

partly a result of the eddy angular momentum transport

and the axisymmetrization of eddies.

Figure 7 shows the vertical velocity with both the

wavenumber-0 and wavenumber-1 structures removed

to better examine the evolution of convective-scale

perturbations prior to, during, and after the SEF. At

100 h, the convective-scale perturbations (Fig. 7a) are

mostly organized in the azimuthal direction of the pri-

mary eyewall, inner spiral rainbands (this region later

becomes the moat region when SEF occurs), and the tail

of inner spiral rainbands (in the southern portion of the

later SEF region), showing strong asymmetric structure

of the spiral rainbands. The convective-scale perturba-

tions are concentrated over the SEF region with time, an

indication of enhanced convective activity as seen in the

radar reflectivity field (Figs. 1, 2a). As the spiral rain-

bands evolve, intense convective cells are organized in

the azimuthal direction with nearly no convective-scale

perturbations in the moat region at 120 h (Fig. 7e), in-

dicating the formation of the secondary eyewall. The

convective-scale perturbations within the SEF region

are enhanced, while those in the primary eyewall region

start weakening as the process of ERC begins.

From the plan view of the vorticity perturbation field

shown in Fig. 8, the distribution of the vorticity couplets

is similar to those shown in Didlake and Houze (2011).

The positive and negative vorticity perturbations appear

in the primary eyewall and the inner spiral rainband
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region (future moat region), while limited amounts of

vorticity couplets are found in the later SEF region

(Figs. 8a–c). The high wavenumber vorticity couplets

are gradually concentrated in the SEF region with time

after 110 h. This is associated with the development of

the convective cells in the outer spiral rainband region

(seen in Figs. 1 and 7). At 120 h, very few positive and

negative vorticity perturbations are found in the moat

region. The lack of vorticity couplets in the moat region

is most likely due to the lack of convection. The ax-

isymmetrization of the vorticity perturbation from the

outer spiral rainband region is essential for the forma-

tion of the secondary eyewall.

To see the asymmetric characteristics of the secondary

wind maximum, the vortex is divided into four quad-

rants. In agreement with the findings of Didlake and

Houze (2011), the secondary tangential wind maximum

first appears in the quadrants in which the most

convective-scale perturbations are embedded (Figs. 9b,c).

As the convective cells in the SEF region are being ax-

isymmetrized, both the outer core of the vortex and the

tangential wind in the SEF region are strengthened,

and a secondary tangential wind maximum appears,

leading to the formation of the secondary eyewall.

5. Diagnostics of the balanced contribution

The Sawyer–Eliassen (SE) equation (Eliassen 1951)

is a useful tool for investigating the vortex secondary

circulation forced by the prescribed heating or mo-

mentum forcing or both. The equation has been applied

to understand various aspects of TCs (Shapiro and

Willoughby 1982; Persing et al. 2002; Montgomery et al.

2006; Bui et al. 2009; Fudeyasu and Wang 2011; Fang

and Zhang 2012;Wang 2012; Galarneau et al. 2013), and

several studies have also used it to investigate the un-

derlying mechanism that causes the spinup of the sec-

ondary circulation related to the SEF (Rozoff et al. 2012;

Sun et al. 2013; Abarca and Montgomery 2014; Zhu and

Zhu 2014). This section aims to illustrate the extent to

which the secondary circulation and the spinup of tan-

gential wind in the SEF region can be explained by the

balanced dynamics using the solver of the SE equation

introduced in Bui et al. (2009).

FIG. 7. Plan view of vertical velocity perturbations (shaded; m s21), which are defined as wavenumber 2 and higher, at 3-km height.
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All quantities used to solve the SE equation are di-

rectly derived from theWRFModel simulation at 6-min

intervals, converted into the cylindrical coordinates, and

azimuthally averaged. The SE equation is solved with a

radial grid spacing of 1.67 km (same as in the simula-

tion), while the vertical resolution is uniform with a grid

spacing of 0.2kmextending from the surface to the 18-km

height. The lateral and top/bottom boundary conditions

are the same as those used in Bui et al. (2009) and

Fudeyasu and Wang (2011) (with the streamfunction

being set to be zero at the axis, bottom, and the top of the

computational domain, while the radial gradient of the

streamfunction is zero at the lateral boundary). In this

study, the radial domain extends to 250 km. We also

tried the lateral boundary up to 320 km, but no signifi-

cant difference in the diagnosed flow field was found

(not shown).

Note that there are two regions in which the ellipticity

condition of the SE equation is not satisfied in the sim-

ulation: one is near the lower boundary, where the ver-

tical shear is quite large, and the other is in the outflow

layer, where the inertial stability is negative in some grid

points. To ensure the ellipticity for a numerically con-

verged solution, we simply set the absolute vorticity to

be 1026 s21 at points where the absolute vorticity is less

than zero. If there is any point where the ellipticity is still

unsatisfied, the vertical wind shear is reduced, as done in

Bui et al. (2009). In addition, our azimuthal-mean tan-

gential wind of the basic TC vortex deviates from the

thermal wind balance in the boundary layer. This con-

tributes to the enhanced boundary layer inflow as well

(by less than 10%–15% in the surface layer; not shown),

in particular in the surface layer, where the inertial

stability is much smaller than that implied from the

gradient wind.

a. Forcing terms from the WRF Model output

Diabatic heating andmomentum forcing derived from

the simulation averaged over 110–119 h by using the

WRF output at 6-min intervals, namely, the pre-

formation period as we identified, are shown in Fig. 10.

Strong diabatic heating (Fig. 10a) occurs in the primary

eyewall region (at around the 40-km radius) and extends

vertically throughout the troposphere with the maximum

FIG. 8. Plan view of vertical vorticity perturbations (shaded; 1024 s21) which are defined as wavenumber 2 and higher, at 3-km height.
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between the 4- and 10-km heights. Cooling can be

identified in the mid- to upper troposphere in the moat

region. Diabatic heating in the outer-core region, as-

sociated with outer rainbands, tilts largely outward and

is less pronounced than that in the primary eyewall.

The maximum heating rate over this region is about

20Kh21 and is located at about the 6-km height. Far-

ther outward, diabatic heating decreases with radius

and is maximized in the middle troposphere in the SEF

region, while cooling (heating) is shown in the lower

(upper) troposphere immediately outside the SEF

region. This heating distribution implies the mixed

convective–stratiform nature of precipitation in the

outer spiral rainbands (Wang 2009; Li andWang 2012).

The momentum forcing (Fig. 10b) consists of the

azimuthal-mean frictional and vertical turbulent mixing

and the azimuthal-mean eddy terms in the azimuthal-

mean tangential wind tendency equation [see (1)]. The

sink of the tangential wind is largely attributed to the

frictional effect and is mainly within the boundary layer,

with a maximum value of around 250ms21 h21 in the

vicinity of the primary eyewall. Unlike the bimodal

FIG. 9. Tangential wind (contour; m s21, with 5m s21 interval) and vertical velocity (shaded; m s21) averaged in four

quadrants [(a) q1 (northeast), (b) q2 (northwest), (c) q3 (southwest), and (d) q4 (southeast)] at 115 h.

FIG. 10. Radius–height cross sections of the 110–119-h (a) averaged heating (K h21) and (b) momentum sources

(m s21 h21) derived from the WRF Model and prescribed to the Sawyer–Eliassen equation as source terms.
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structure in diabatic heating in the radial direction, the

momentum forcing over the SEF region does not show

any significant increase/decrease in this time period. Note

that the positive momentum forcing inside the eyewall

just above the inflow boundary layer is related to the eddy

momentum forcing, as we can see from Fig. 6i.

b. The secondary circulation diagnosed from the SE
equation

Figure 11 compares the secondary circulation aver-

aged over 110–119 h from the WRF Model simulation

with 6-min output and that diagnosed from the SE

equation. The mean balanced secondary circulation

compares very well with the mean secondary circula-

tion from the WRF simulation both in the pattern and

the magnitude, especially in the mid- to lower tropo-

sphere. The SE-equation-diagnosed radial inflow in the

boundary layer is somewhat weaker inside the RMW

and the inner part of the SEF region than that in the

WRF simulation (Fig. 12) while being stronger by

about 2m s21 in the region outside the SEF region. This

difference in the outer region is remarkably close to the

acceleration outside the SEF region shown in Fig. 5b.

In the region outside of the 167-km radius, the depth of

the inflow layer is underestimated in the SE solution as

compared to the WRF simulation. In the SEF region,

the discrepancies between the SE-equation-diagnosed

inflow and the WRF simulated inflow in the boundary

layer are generally small and less than 10%. The out-

flow immediately above the boundary layer inflow both

in the primary eyewall and in the SEF region in the

WRF simulation is well captured by the SE equation,

which suggests that these features can be reproduced

by the balanced dynamics with the prescribed mo-

mentum forcing (Fig. 10b). However, the SE solution

overestimates not only the inflow in the boundary layer

in the outer region, but also the outflow in the middle

troposphere (Figs. 11b and 12). Nevertheless, the dif-

ference in radial winds between the balanced response

and the WRF simulation is relatively small in the SEF

region within a radius of 125 km above the boundary

layer. Note that the underestimation of boundary layer

inflow just inside the RMWand on the inner edge of the

SEF region reflects underestimation of the inflow’s

FIG. 11. Radius–height diagrams of (a) WRF-simulated azimuthal-mean radial wind (shaded and contoured

according to the color bar; m s21), (c) vertical velocity (shaded according to the color bar; contoured every 0.5m s21).

(b),(d) As in (a) and (c), but for the radial wind and vertical velocity diagnosed from the Sawyer–Eliassen equation.
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inward penetration across the eyewall and rainbands in

the balanced response. This underestimation is similar

to the difference between linear and nonlinear

boundary layer models, as noted by Kepert (2013).

The pattern of the SE-equation-diagnosed vertical

motion (Fig. 11d) is quite similar to that in the WRF

simulation (Fig. 11c). There are two regions of well-

organized vertical upwardmotion: one is associated with

the deep primary eyewall ascent, and the other is pri-

marily originating near the top of the boundary layer in

the SEF region and extends outward with height to the

radius of about 180 km. The latter is closely related to

the activity of spiral rainbands prior to the SEF. The

rainband ascent in the SEF region from the SE equation

is slightly weaker than that in the WRF simulation,

although the balanced boundary layer radial inflow

is slightly stronger there compared with the WRF

simulation.

From the above comparison, we can conclude that

the balanced SE solution can well capture the sec-

ondary circulation in the full-physics WRF Model

simulation, except for some relatively large discrep-

ancies in the outer region and in the boundary layer.

Although the SE-equation-diagnosed boundary layer

inflow in the outer region is about 2m s21 stronger

than that in the WRF simulation, the boundary layer

inflow over the inner core within a radius of 125 km

(the SEF region included) is well captured by the

balanced dynamics, with differences generally less

than 10%. The boundary layer is, to a good approxi-

mation, slaved to the parent vortex, as indicated by

Kepert and Nolan (2014). The vertical motion from

the balanced solution compares well with the WRF

simulation, especially in the mid- to lower tropo-

sphere. The above results strongly suggest that the

balanced framework provides a useful tool for

investigating the response of the secondary circulation

to diabatic heating and momentum forcing in the SEF

process. We note, however, that our results are in-

consistent with the results of Abarca andMontgomery

(2014), who found that the balanced dynamics sub-

stantially underestimated the secondary circulation in

their full-physics model simulation. To clarify the

reason why the two studies show such different

results, a comparison of the code used to solve the SE

equation needs to be done using the same forcing

fields, which is beyond the scope of this paper.

c. Balanced contributions to the tangential wind
budget in the SEF region

The balanced contribution to the tangential wind

budget in the SEF can be diagnosed by replacing the

azimuthal-mean radial wind and vertical velocity in (1)

by those diagnosed from the balanced SE equationwhile

keeping other terms directly derived from the WRF

simulation. Since the SE equation only solves the

azimuthal-mean secondary circulation, we ignore the

eddy terms in (2). The tangential wind budget equation

then becomes

›y

›t
52u z

abs
2w

›y

›z
1F

fric
. (2)

Meanings of the above symbols remain the same as

used in (1). Figure 13a (Fig. 13b) shows the contribu-

tion from the mean radial advection term (the mean

vertical advection term) to the tangential wind ten-

dency as calculated by using (2). The mean radial

advection term acts to accelerate tangential wind in

the boundary layer but decelerate tangential wind in

the outflow region immediately above the boundary

layer inflow. Similar to the WRF simulation, a rela-

tively strong mean radial advection is observed in the

SEF region (Fig. 13a) in the budget using the balanced

flow (cf. Figs. 6c, 13a). A relatively large difference

can be found in the middle troposphere in the outer

region, where the stronger outflow in the SE solution

leads to a larger negative tangential wind tendency

than that in the WRF result (Fig. 6c). However, the

vertical advection of tangential wind (Fig. 13b) from

the balanced calculation is very similar to that from

the WRF simulation (Fig. 6d), both in pattern and in

magnitude.

The sum of the twomean advection terms from the SE

solution is shown in Fig. 13c. The overall pattern is very

similar to the budget from the WRF output (Fig. 6f)

except for some difference in the outer region, where

both inflow and outflow are overestimated in the bal-

anced response (Fig. 12). In the boundary layer, the

tangential wind tendency due to the mean advection

FIG. 12. The difference of the radial velocity betweenWRF and the

Sawyer–Eliassen equation (shaded and contoured; m s 21).
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terms in the SEF region is slightly underestimated

(Fig. 13c), consistent with the slightly underestimated

boundary layer inflow there (Fig. 12). After the fric-

tional term is included (which is derived from the WRF

output as shown in Fig. 6e), the overall pattern of the

resultant tangential wind tendency from the SE solution

(Fig. 13d) is still similar to that diagnosed from the

WRF output (Fig. 6h) except that some differences are

visible in the outer-region middle troposphere and in

the primary eyewall region. Outside the primary eye-

wall, the tangential wind tendency is predominantly

negative in the boundary layer, and is positive imme-

diately above the boundary layer, consistent with the

WRF budget analysis (Fig. 6h). Note that the negative

tangential wind tendency in the boundary layer in the

SE solution is slightly larger than that in the WRF

budget in the SEF region, a result of the underestimated

boundary layer inflow in the SE solution. Nevertheless,

both the WRF Model simulation and the SE solution

show a spindown of tangential winds in the boundary

layer by the azimuthal-mean processes. Therefore, the

overall spinup in the numerical simulation and in the

tangential wind budget from the WRF Model shown in

Figs. 6a and 6b results mainly from the eddy angular

momentum transport (Fig. 6i).

Our results demonstrate that the balanced dynamics

can capture most of the full-physics WRF Model simu-

lation in terms of the secondary circulation and the

tangential wind budget. The result is consistent with the

findings of Stern et al. (2015) andHeng andWang (2016)

that the balanced framework could generally reproduce

the secondary circulation in response to heating and

momentum forcings even though the former used a

different linearized equation system. Our result, how-

ever, is in sharp contrast to the results of Bui et al. (2009)

and Abarca and Montgomery (2014), who showed that

the balanced dynamics largely underestimated the sec-

ondary circulation and the spin-up of tangential wind

in the primary eyewall region or the SEF region.

Furthermore, a new finding in our study is the key role

played by the eddy processes associated with preexisting

spiral rainbands in spinning up tangential wind in the

boundary layer, which is thus also critical to the SEF.

This eddy–mean flow interaction is accomplished via the

FIG. 13. Radial–height diagrams of (a) mean radial advection term, (b) vertical advection term, (c) the sum of the

mean radial and vertical advection terms, and (d) tangential wind tendency from the Sawyer–Eliassen equation.

Tendency is shaded according to the color bar (m s21 h21).
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axisymmetrization of eddies, which accelerate the

azimuthal-mean tangential wind in the boundary layer.

6. Conclusions

To better understand SEF, both balanced and un-

balanced contributions to SEF have been discussed in

recent years. In this study, the intrinsic internal dy-

namics responsible for SEF are examined based on an

idealized numerical simulation using the three-

dimensional full-physics WRF Model.

Our results show that active spiral rainbands with both

convective and stratiform natures are maintained and

enhanced under favorable thermodynamic conditions

with large CAPE over 1200Jkg21 between 60- and 250-km

radii prior to the SEF. Heating in spiral rainbands

is responsible for the tangential wind broadening in

the mid- to lower troposphere prior to the SEF and the

secondary tangential wind maximum near the top of the

boundary layer emerges in the area where the secondary

eyewall forms (between 83- and 116-km radii) as a result

of the axisymmetrization of eddies in rainbands.

Analysis of the evolution of the radial inflow and the

agradient force in response to the broadening of tan-

gential wind above the boundary layer indicates that the

strengthening of the boundary layer inflow is primarily

attributed to the extent to which the unbalanced process

in the boundary layer is enhanced. Once the boundary

layer inflow is strengthened, the convergence and the

upward motion are enhanced, thus supporting/enhancing

convection in the preexisting spiral rainbands. Dia-

batic heating released in spiral rainbands can in turn

enhance the inflow in the boundary layer. This forms a

positive feedback process, which can lead to the

strengthening of convection in the spiral rainband and

eventually the SEF. This process is in agreement with

some previous studies (Huang et al. 2012; Abarca and

Montgomery 2013, 2014; Wang et al. 2013; Qiu and Tan

2013) that highlighted the importance of the unbalanced

process in causing the enhancement of the boundary

layer inflow and the spinup of tangential wind in the

boundary layer prior to the SEF.

Results from the azimuthal-mean tangential wind

budget during the pre-SEF stage demonstrate that the

spinup of tangential wind in the SEF region and even

farther outward results mainly from the mean radial

advection and the eddy angular momentum transport in

the boundary layer. The mean radial advection, in turn,

is caused by the mid- to lower-tropospheric inflow in

response to diabatic heating associated with the preex-

isting spiral rainbands and not by frictional processes.

The eddy angular momentum transport results from

eddy–mean flow interaction and the axisymmetrization

of eddies in the spiral rainbands. Our results show that

the role of the asymmetric process in spiral rainbands

cannot be ignored in this particular idealized simulation

of the SEF, although the axisymmetric dynamics be-

comes dominant after the SEF.

The extent to which the balanced dynamics contribute

to the SEF is diagnosed based on the SE equation with

heating and momentum forcings from the full-physics

WRF Model simulation. The results show that the SE

solution can well capture the secondary circulation ex-

cept for some discrepancies in the diagnosed radial flow

in the region outside the SEF both in and above the

boundary layer. Overall, the radial inflow diagnosed

from the SE equation is within 10% of the full-physics

WRF Model simulation in the inner core and the SEF

region. The tangential wind tendency associated with

the secondary circulation diagnosed from the SE solu-

tion is in good agreement with the budget directly de-

rived from theWRFModel output. However, the spinup

of tangential winds in the boundary layer in the SEF

region could not be explained by the axisymmetric

processes (mean advection and friction terms) but is

considerably contributed by the eddy angular momen-

tum transport associated with spiral rainbands. This

finding indicates that the axisymmetric processes alone

could not explain the spinup of tangential wind in the

boundary layer, while the asymmetric eddy process ap-

pears also to be important to the SEF in this simulation.

In summary, this study demonstrates that the broad-

ening of tangential wind above the boundary layer, an

important precursor to SEF as shown in previous stud-

ies, is associated with the inward angular momentum

transport by the radial inflow in response to diabatic

heating in the preexisting spiral rainbands. The un-

balanced response to the broadening of tangential wind

above is the strengthening of the boundary layer inflow.

Although the mean advection associated with the en-

hanced inflow generally increases the tangential wind, it

is offset largely by surface friction outside the RMW.

As a result, the axisymmetric processes contribute neg-

atively to the spinup of tangential wind in the boundary

layer and thus the formation of the second tangential

wind maximum in the SEF region. It is shown that, in

addition to diabatic heating, asymmetric eddies in spiral

rainbands play an important dynamical role in the

spinup of tangential wind in the boundary layer through

the eddy–mean flow interaction and axisymmetrization.

In addition, it is exhibited that the balanced dynamics

can account for over 90% of the secondary circulation in

the inner core and in the SEF region, although consid-

erable deviations appear in the outer region. Finally it

should be pointed out that, although the idealized sim-

ulation can well reproduce the concentric eyewall cycle
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similar in many ways (except for the long duration time)

to that in observations, the simulated radial location of

the SEF could be sensitive to the initial vortex structure

and size, the selected model parameterization schemes,

and the environmental conditions. Further studies are

needed to include those factors and to look into the key

processes determining the timing and radial location of

the SEF.
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