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ABSTRACT

In Part I of this study, the association between the secondary eyewall formation (SEF) and the broadening
of the outer swirling wind in Typhoon Sinlaku (2008) was documented. The findings from Part I help lay the
groundwork for the application of a newly proposed intensification paradigm to SEF. Part II presents a new
model for SEF that utilizes this new paradigm and its axisymmetric view of the dynamics.

The findings point to a sequence of structure changes that occur in the vortex’s outer-core region, culminating
in SEF. The sequence begins with a broadening of the tangential winds, followed by an increase of the corre-
sponding boundary layer (BL) inflow and an enhancement of convergence in the BL where the secondary
eyewall forms. The narrow region of strong BL convergence is associated with the generation of supergradient
winds in and just above the BL that acts to rapidly decelerate inflow there. The progressive strengthening of BL
inflow and the generation of an effective adverse radial force therein leads to an eruption of air from the BL to
support convection outside the primary eyewall in a favorable thermodynamic/kinematic environment.

The results suggest that the unbalanced response in the BL serves as an important mechanism for initiating
and sustaining a ring of deep convection in a narrow supergradient wind zone outside the primary eyewall.
This progressive BL control on SEF suggests that the BL scheme and its coupling to the interior flow need to be
adequately represented in numerical models to improve the prediction of SEF timing and preferred location.
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1. Introduction

Despite decades of observations and scientific research,
the key mechanisms responsible for secondary eyewall
formation (SEF) in hurricanes and typhoons are still not
well understood. Because SEF is often associated with
temporary weakening of the storm’s intensity and con-
comitant increase in the extent of damaging gale-force
winds, it remains an important forecast priority for pop-
ulated coastal communities and seagoing vessels over
the open ocean. SEF is known to be relatively common
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for intense western Pacific typhoons (surface maximum
winds exceeding 120 knots (kt; 61.7 m s~ '), or intensity
attaining category 4 or 5 on the Saffir—-Simpson scale:
Hawkins and Helveston 2008; Kuo et al. 2009). For this
region it seems logical to hypothesize that SEF is an
intrinsic part of an intense typhoon’s life cycle provided
that environmental conditions remain favorable (e.g.,
Willoughby et al. 1984; Terwey and Montgomery 2008;
Wang 2009). Special initiating mechanisms associated
with the synoptic-scale flow, such as upper-level cyclonic
potential vorticity anomalies and their corresponding eddy-
angular momentum fluxes in the upper troposphere (e.g.,
Nong and Emanuel 2003), would thus seem unnecessary.
One of the outcomes of the study herein is a new paradigm
for SEF that does not require stimuli external to the
hurricane vortex.
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In Wu et al. (2012, hereafter Part I), the structure and
evolution of Typhoon Sinlaku (2008) was simulated with
an ensemble of numerical simulations using the Weather
Research and Forecasting (WRF) model. Sinlaku occurred
during the two collaborative experiments called Tropical
Cyclone Structure 2008 (TCS08; Elsberry and Harr 2008)
and The Observing System Research and Predictability
Experiment (THORPEX)-Pacific Asian Regional Cam-
paign (T-PARGC; Elsberry and Harr 2008; Chou et al. 2011;
Weissmann et al. 2011). On account of the combined air-
craft resources available from the two experiments, Sinlaku
was intensively observed by multiple research aircraft
during its intensification period from a tropical storm to
a major typhoon, and finally in transition to an extra-
tropical cyclone. This special dataset for Sinlaku was well
constructed based on a new vortex initialization scheme
(a WRF-based ensemble Kalman filter; Wu et al. 2010),
the extensive data collected during the joint experiments,
and a model with sophisticated physical processes.

In Part I, the modeling and data assimilation system was
used to document the evolution of Sinlaku during the time
period when the secondary eyewall formed. In this com-
panion study, we examine further the dynamics of the
simulated SEF and propose a new dynamical framework
for understanding and predicting the SEF phenomenon.
Before describing the approach of this study, it is necessary
to review some contemporary work that has improved our
understanding of the dynamics and thermodynamics of
tropical cyclone intensification.

Recent works have identified the inherent three-
dimensional nature of the intensification process and
stressed also the important collective effects of the rotating
deep convective structures that drive the spinup process
(Nguyen et al. 2008; Smith et al. 2009; Montgomery et al.
2009; Bui et al. 2009). From the standpoint of the mean-
field dynamics, which is associated with azimuthally av-
eraging the three-dimensional state variables around the
system circulation center, the rotating deep convective
structures have been implicated in two mechanisms for
spinning up the mean vortex:

1) The first mechanism is associated with the radial
convergence of absolute angular momentum M above
the boundary layer in conjunction with its material
conservation." The convergence of M is produced by

! The azimuthally averaged absolute angular momentum M =
7o + fr?/2 is the sum of the planetary angular momentum taken
about the storm’s rotation axis and the relative angular momentum
of the storm’s tangential circulation in reference to the surface of the
earth. Here, r denotes radius from the system center, f denotes the
Coriolis parameter, and v denotes the azimuthally averaged tan-
gential velocity field defined relative to the system center.
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the negative radial gradient of a diabatic heating rate
on the system scale in association with the rotating con-
vective structures in the presence of surface moisture
fluxes from the underlying ocean.? This mechanism
has been proposed by many authors (e.g., Willoughby
1979; Schubert and Hack 1982). It explains why the
vortex expands in size and may be interpreted in terms
of axisymmetric balance dynamics (e.g., Bui et al. 2009),
wherein the azimuthal mean force balances in the
radial and vertical directions are well approximated
by gradient wind and hydrostatic balance, respectively.

2) The second mechanism is associated with radial con-
vergence of M within the boundary layer and becomes
important in the inner-core region of the storm.
Although M is not materially conserved in the bound-
ary layer, large tangential wind speeds can still be
achieved if the radial inflow is sufficiently large to
bring the air parcels to small radii with minimal loss of
M. Although the boundary layer flow is coupled to the
interior flow via the radial pressure gradient at the
boundary layer top, this spinup pathway is ultimately
tied to the dynamics of the boundary layer where the
flow is not in gradient wind balance over a substantial
radial span.

Given the widely documented association between
SEF and increases in storm size as measured, for exam-
ple, by the radius of gale-force (35 kt or 18 m s~ ') winds,
a question naturally arises as to whether these two spinup
mechanisms might be important also during SEF. The
study of Smith et al. (2009) showed that during tropical
cyclone intensification there is 1) a broadening of the
outer tangential wind field above and within the bound-
ary layer and 2) an amplification of radial inflow in the
boundary layer in response to an increased radial pres-
sure gradient near its top associated with the broadening
tangential wind field in the outer region of the vortex, as
well as 3) the generation of persistent supergradient
tangential winds in the inner-core boundary layer where
the radial wind becomes sufficiently strong.

Recent observational studies of Hurricane Rita (2005)
showed strong support for the second spinup mechanism.
Didlake and Houze (2011) found an apparent super-
gradient tangential circulation at 500-m altitude within
Rita’s secondary eyewall based on dropsonde data col-
lected during the Hurricane Rainband and Intensity
Change Experiment (RAINEX). In complimentary work
derived from dropwindsonde analyses, Bell et al. (2011,
manuscript submitted to J. Atmos. Sci.) documented the

2 The heating rate refers to the material derivative of the mean
potential temperature df/dt, where df/d: denotes the material
derivate following the azimuthally averaged mean flow.
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presence of maximum tangential velocity at 600-m alti-
tude, deep within the boundary layer of the hurricane.
Bell et al. found also that the alternating regions of
convergence (i.e., the primary and secondary eyewalls)
and divergence (i.e., the eye and moat) obtained from
dropsondes at 150-m height agree well with the radial
distribution of the ascending motion analyzed from
the Electra Doppler Radar (ELDORA) data. Taken
together, the findings in Didlake and Houze (2011) and
Bell et al. suggest the occurrence of the second spinup
mechanism described by Smith et al. (2009) for not only
the primary eyewall but also the secondary eyewall.
However, an assessment of each aforementioned spinup
sequence proposed in Smith et al. (2009) during the early
phase of SEF is still needed because of the temporal
limitation of observational data.

It is possible that the foregoing spinup sequence may
play an important and hitherto unrecognized role in the
dynamics of SEF. In particular, when supergradient
winds occur in the boundary layer, the associated agra-
dient force (AF; defined in section 7) in the radial mo-
mentum equation is directed outwards and the inflow
tends to decelerate rapidly, with a portion of the inflow
turning to upflow out of the boundary layer that can then
form deep convection in a convectively and kinemati-
cally favorable environment.

The envisaged SEF pathway departs from previously
proposed pathways in that it is based primarily on the
axisymmetric spinup dynamics of the vortex and is one
of a progressive boundary layer control in the outer re-
gion of the vortex (cf. Terwey and Montgomery 2008).
The pathway shares a strong similarity with the modified
model of the hurricane inner-core region recently pro-
posed by Smith et al. (2008), with a notable distinction
being that these dynamical processes are invoked here to
explain the formation of the secondary eyewall outside of
the primary eyewall.

In this paper we use the suite of numerical simulations
of Typhoon Sinlaku described in Part I to investigate this
newly proposed SEF pathway. The diagnoses will reveal
three developments: 1) a broadening of the tangential
winds above the boundary layer, 2) an intensification
of radial inflow in the boundary layer over the region of
broadening tangential wind, and 3) the development of
persistently increasing supergradient winds within and
just above the boundary layer over the region of in-
creasing boundary layer inflow. These processes will be
shown to occur precisely in the region where the sec-
ondary eyewall forms.

An outline of the remaining paper is as follows. The
model and dataset are reviewed briefly in sections 2
and 3, respectively. In section 4 we provide a definition
of the boundary layer depth used in this paper. Section 5

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 69

presents some kinematic precursors to the simulated
SEF in terms of the azimuthally averaged tangential
and radial velocity and M. The evolution of the bound-
ary layer radial flow and convergence are discussed
in section 6. A dynamical interpretation of the simu-
lated SEF is then provided in section 7. The relation-
ship of the present findings with the previous works as
well as a recap of the main findings is discussed in
section 8.

2. Model description

As described in Part I, the Advanced Research WRF
(ARW) model (version 2.2.1) was employed to perform
update cycle ensemble simulations. The horizontal grid
spacing is 45 km (81 X 76 grid points), 15 km (88 X 100
grid points), and 5 km (82 X 82 grid points) for the first
(D1), second (D2), and third (D3 or D3’) domains, respec-
tively. The third domain is a moveable and two-way in-
teractive nest, which is centered at the vortex center to
ensure that the TC inner-core region is resolved by the
finest grid spacing. The model is run with 35 vertical levels
in the terrain-following sigma coordinate. The National
Center for Environment Prediction (NCEP) final analysis
(FNL; 1° X 1°) and the optimally interpolated (micro-
wave) sea surface temperature (OISST) are utilized for
the initial and boundary conditions.

The parameterization schemes chosen are the same as
those in the simulation of Fung-wong in Wu et al. (2010).
In particular, the WRF Single Moment (WSM) six-class
graupel microphysics scheme (Hong et al. 2004; Hong and
Lim 2006) is used. Other parameterization schemes em-
ployed are the Rapid Radiative Transfer Model (RRTM)
scheme (Mlawer et al. 1997), the simple shortwave scheme
(Dudhia 1989), and the Yonsei University (YSU) scheme
for the atmospheric boundary layer (Hong et al. 2006).
Cumulus convection is parameterized with the Grell-
Devenyi scheme (Grell and Devenyi 2002) only in D1
and D2.

3. Overview of the simulated storm

Typhoon Sinlaku (2008) is a case during TCS08 and
T-PARC (Elsberry and Harr 2008) with abundant aircraft
observations taken that can be used to address many
basic questions about the physics of tropical cyclones
and our ability to forecast these severe weather events.
The double eyewall structure was portrayed clearly by the
two wind maxima in a C-130 mission between 1207 and
1331 UTC 11 September and by satellite imagery from
0445 to 2132 UTC 11 September (see Fig. 2 in Part I).
Subsequently, C-130 data and satellite images showed
the dissipation of the original primary eyewall and the
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appearance of a new one. These observations documented
clearly a concentric eyewall cycle in Sinlaku.

In Part I of the study, available data on Sinlaku were
integrated and assimilated into the model to produce a
high-spatial/temporal-resolution and model/observation-
consistent dataset for Sinlaku. The data were shown in
Table 1 and Fig. 2 of Part I, which include 623 conventional
radiosondes from Global Communication Telesystems
(GTS), 159 dropwindsondes, and Stepped Frequency Mi-
crowave Radiometer (SFMR) data from nine T-PARC
flight missions [i.e., Dropwindsonde Observations for Ty-
phoon Surveillance near the Taiwan Region (DOTSTAR;
Wu et al. 2005, 2007)/ASTRA, Deutsches Zentrum fiir
Luft- und Raumfahrt (DLR)/Falcon, and Naval Research
Laboratory (NRL)/P-3; see Elsberry and Harr 2008]. The
cycling assimilation run was carried out from 1700 UTC
8 September to 0300 UTC 13 September, while the
finest domain (a vortex-following nest) was activated
at 0300 UTC9 September. This dataset is composed of 28
ensemble members with a model output interval of 30 min.

In terms of the azimuthally averaged tangential wind
at the lowest model level, the concentric eyewall cycle in
the control experiment (CTL) showed that the second-
ary eyewall forms around 0700 UTC 11 September and
eyewall replacement is completed at about 1800 UTC
11 September. The concentric eyewall structure and its
evolution are evident also in other fields, including ver-
tical velocity, radial winds, total column rainfall, relative
vertical vorticity, and potential vorticity. Part I docu-
ments these latter aspects in greater detail. Since all 28
members of the ensemble suite have been verified to
undergo SEF by the same process described in the up-
coming sections, it suffices to focus this study on one rep-
resentative member in greater detail using the simulated
data in domain 3 (5-km horizontal grid spacing).

4. Boundary layer definition

As the vortex strengthens, the boundary layer inflow
becomes stronger than the balanced inflow induced di-
rectly by the sum of the radial and vertical derivatives of
diabatic heating and vertical derivative of the momen-
tum sink associated with surface friction (Bui et al. 2009,
their Figs. 5a,b and 6a,b). These considerations naturally
motivate a dynamical definition of the boundary layer.
The broadening of the outer tangential wind is attributed
to the high M drawn inwards by the weak but persistent
inflow above the boundary layer. Therefore, one is nat-
urally led to define the boundary layer depth as the height
at which the mean radial inflow diminishes to a small
fraction (e.g., 10%) of the maximum inflow (Zhang et al.
2011). The boundary layer height defined accordingly is
approximately 1 km in the outer region before and during
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SEF. In all subsequent analyses, the top of the dynamical
boundary layer will therefore be taken as 1 km.

5. Precursors to SEF

The intensification of the inner-core azimuthally av-
eraged tangential wind v demonstrates a key dynamical
signature of the spinup process prior to 1800 UTC
10 September (Figs. 1la—c; cf. Figs. 5a,b in Part I). For rea-
sons discussed in the introduction, the amplification of
the maximum tangential wind occurs in association with
strong inflow in the boundary layer and the corresponding
radial advection of M therein that outweighs the frictional
loss of M to the underlying sea. After this time, the max-
imum v near the surface remains roughly constant near
45 m s~ ! (Figs. 1d-g) and reflects the fact that the core of
the storm has attained a mature intensity.

With increasing time, the vortex wind field expands in
size in the mid- to lower troposphere. For example, be-
tween 1200 and 2100 UTC 10 September (Figs. 1a—d) the
25 m s~ ! tangential wind velocity contour at 4-km height
moves radially outward from 140 to 170 km. In the outer
core of the hurricane and above the boundary layer, a
weak but persistent inflow (with values between 0 and
2 m s~ ') extends vertically to about 4-5-km height and
M surfaces are advected inwards (Figs. 2a,b). Since M is
approximately materially conserved in this region (e.g.,
Smith et al. 2009; see their appendix), a gradual spinup
of the outer-core tangential wind field occurs above the
boundary layer (Figs. 1a,b).

A coherent broadening of the outer tangential wind
is found also within the boundary layer from 1500 UTC
10 September to 0600 UTC 11 September (1 h prior to
SEF) (Figs. 1b-g). The increasing tangential wind within
the boundary layer in the outer region (75 < r < 150 km)
is much more evident than above the boundary layer.
This increase in tangential wind occurs because M is
advected significantly inwards by the strong boundary
layer inflow as discussed in the introduction (Fig. 2).

After the spinup of the primary eyewall and expansion
of the outer-core tangential wind field, the simulated
Sinlaku undergoes a concentric eyewall cycle at 0700 UTC
11 September (Fig. 1h; see Part I for the definition of a
secondary eyewall and other details). As documented in
Part I, the eyewall replacement cycle is completed at
1800 UTC 11 September. The secondary eyewall is in-
dicated by the strong and persistent v maximum located
near 100-km radius and within the dynamical boundary
layer as defined in section 4. For the subsequent dis-
cussion, the SEF region is defined as the radial interval
75 <r <125 km, where the secondary eyewall forms in
terms of the lower-troposphere tangential wind (Fig. 1h)
and persistent upward motion (see Fig. 6j in Part I).
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FIG. 1. Radius-height cross sections of the azimuthally averaged tangential winds (m s '), witha 5 m s~ ' interval.
Analyses from (a) 1200 UTC 10 Sep to (h) 0900 UTC 11 Sep are displayed with a 3-h interval. As defined in Part I,

the secondary eyewall forms at 0700 UTC 11 Sep.

6. Boundary layer evolution

To investigate the role of the boundary layer in the
process of SEF, we first summarize in Fig. 3 the evolution
of the azimuthally averaged radial flow u. Before 0300 UTC
11 September, one can find that a relatively weak inflow
layer above the boundary layer extends to 5 km or a higher

altitude outside the 150-km radius. However, a relatively
weak inflow layer is found also at 2100 UTC 10 September
near an altitude of 2.5 km. As discussed in the introduc-
tion, this deep and persistent inflow is able to progressively
spin up the tangential wind field above the boundary layer.
This process in association with the inward movement of
the M surfaces in this region can be readily seen in Fig. 2.
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FIG. 2. Radius-height cross sections of the azimuthally averaged
absolute angular momentum M surfaces (10° m? s™'; green con-
tours); solid black curves highlight M surfaces of 1, 3, and 5 X
10° m? s~!. Green arrow indicates where the 5 X 10° m* s~! con-
tour intersects the 1-km level (the top of the boundary layer), while
the orange arrow indicates where the 1 X 10° m?> s~! contour in-
tersects the top of boundary layer. Figures denoting radial velocity
are superposed, with blue denoting inflow (negative values), red
denoting outflow (positive values), and gray denoting the zero
contour. Contour intervals for inflow and outflow are 2 and 1 m s},
respectively. Additionally, 0.5 and —1 m s~ ! contours are shown

to indicate the weak radial flow region.
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Within the boundary layer, the inflow strengthens
throughout the interval 100 < r < 200 km between 1200
and 1800 UTC 10 September (Figs. 3a—c). The boundary
layer inflow in this same radial region then maintains its
strength until approximately 0300 UTC 11 September
(Figs. 3d-f). A secondary maximum in the boundary layer
inflow is evident inside the radial interval 100 < r <
175 km between 1800 and 2100 UTC 10 September (Figs.
3c,d). This inflow maximum diminishes during the fol-
lowing 6 h (Figs. 3e,f; 0000 and 0300 UTC 11 September).
Nevertheless, one can always find that the boundary layer
inflow decreases with decreasing radius inside the radial
interval 75 < r < 150 km from 1800 UTC 10 September
to 0300 UTC 11 September (Figs. 3c—f). In addition,
during this same period, a spatially distinct but weak
secondary outflow jet emerges atop the boundary layer
at 0000 UTC 11 September near a 75-km radius (Fig. 3e).

Now, at 0600 UTC 11 September (Fig. 3g), the second-
ary inflow maximum in the boundary layer becomes more
prominent between 100- and 175-km radius, along with
an intensified outflow maximum above this inflow layer.
This secondary outflow maximum is stronger than that
associated with the primary eyewall, while the second-
ary inflow maximum in the boundary layer is still weaker
than that in the primary eyewall. These inflow and outflow
maxima in the SEF region emerge before the establish-
ment of the secondary maximum in the mean tangential
wind. During the subsequent concentric eyewall cycle
(Fig. 3h), the inflow into the primary eyewall diminishes
with time, while both the boundary layer inflow and
outflow above it intensify rapidly in the SEF region.

To determine whether the increasing inflow in the outer-
core boundary layer causes a reversal from divergence (or
weak convergence) to strong and persistent convergence,
we turn next to examining the azimuthal mean of the
horizontal divergence [§ = (9ru/dr)/r = du/dr + ulr] within
the boundary layer. To reduce the gravity and inertial
wave signals, § at a certain time ¢ is averaged between ¢ —
1.5 h and ¢ + 1.5 h (3-h average), with a 30-min output
interval (Fig. 4). Before 1200 UTC 10 September (not
shown), weak convergence waxes and wanes with no reg-
ularity in the outer region. After 1200 UTC 10 September,
boundary layer convergence over the interval 75 < r <
125 km (i.e., the SEF region) is amplified and concentrates
into a sustained maximum (Figs. 4a—g). At 2100 UTC 10
September, the local convergence maximum strengthens
throughout the boundary layer (Fig. 4d). Although this
convergence maximum weakens somewhat during the
subsequent hours, the maximum persists within and just
above the boundary layer (Figs. 4e,f). Meanwhile, the
boundary layer convergence outside the SEF region (150
< r < 180 km) comes and goes during the whole period
shown in Fig. 4 with no apparent regularity.
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The stronger and persistent boundary layer con-
vergence within the SEF region (between 2100 UTC
10 September and 0300 UTC 11 September) implies
that inflowing rings of air will be forcibly lifted out of the
boundary layer to initiate and sustain deep convection in
regions of convective instability. At the time when the sec-
ondary inflow maximum becomes prominent (Fig. 3g), the
coherent convergence within the SEF region intensifies
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1). Blue denotes inflow (negative values), red denotes outflow
(positive values), and gray denotes the zero contour. Contour intervals for inflow and outflow are 2 and 1 m s~
! contours are shown to indicate the weak radial flow region.
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rapidly leading up to SEF (Fig. 4g). This boom of bound-
ary layer convergence is largely attributed to the in-
creasing radial gradient of inflow dz/dr over the interval
75 <r <125 km since the local decelerating inflow tends
to weaken the convergence by u/r. Given favorable local
conditions, this forced ascent induced by the boundary
layer dynamics (Fig. 4h) acts to sustain an approximate
ring of deep convection within the SEF region.
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7. Dynamical interpretation

The horizontal broadening and intensification of bound-
ary layer inflow over the outer region is a striking feature
of the Sinlaku simulation. The intensification of boundary
layer inflow is highlighted in the vertical profile of the az-
imuthally, temporally, and area-averaged radial velocity

within and outside the SEF region (Figs. 5a,b). As
demonstrated in Figs. 2 and 3, the picture of the mean
radial flow again depicts a weak but deep inflow ex-
tending to about 4-km height in the region outside
the SEF region before 2100 UTC 10 September. From
this figure, we see also that the boundary layer inflow
strengthens progressively over both radial regions
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green line represents 1 h prior to SEF, while the light green line represents 2 h after SEF. For all panels, the ordinate

denotes height z (km).

between 2100 UTC 10 September and 1200 UTC 11
September, a period spanning the interval before and after
SEF. At 1500 UTC 10 September, the inflow strength in
these two regions is approximately the same. However,
between 1500 UTC 10 September and 0900 UTC 11
September (2 h after SEF) the inflow increases by
roughly 2 and 4 m s~ ! within and outside the SEF re-
gion, respectively.

The physical significance of a strengthening boundary
layer inflow has been discussed elsewhere by Smith et al.
(2008, 2009) and Smith and Montgomery (2010). The im-
plication of a strong inflow outside the primary eyewall as it
relates to the SEF process is as follows: Although M is not
materially conserved in the boundary layer, a sufficiently
strong inflow over the outer region can converge M in-
wards faster than it is lost to the sea surface by friction.
The net result can be a local enhancement of the tan-
gential wind relative to the gradient values in the vortex
interior and the generation of supergradient winds out-
side of the primary eyewall region. As discussed in the

introduction, when the boundary layer tangential winds
become supergradient, all forces in the radial momentum
equation are directed outwards and the boundary layer
flow is rapidly decelerated. A rapidly decelerating bound-
ary layer inflow implies a strong horizontal convergence
(Figs. 3g and 4g) and an eruption of moist air out of the
boundary layer.

To investigate the posited association among the
enhanced of the outer-core swirling circulation and
the upward motion within and just above the bound-
ary layer, we now calculate and plot the agradient
wind defined by the departure of the tangential wind
relative to the gradient wind. The gradient wind bal-
ance relationship and the corresponding agradient
wind are

=2
10p
Lo+ fu = 1
r 17 por’ M
=, @
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FIG. 6. As in Fig. 5, but for the (a),(b) divergence (107> s !) and (c),(d) vertical velocity (10> m s~ 1.

where v, denotes the azimuthal-mean gradient wind, r is
the radius from the vortex center, fis the Coriolis param-
eter, p is density, and p is the azimuthal-mean pressure.
Positive values of the agradient wind Vpo correspond to
supergradient winds and negative values correspond to
subgradient winds. Vertical profiles of the agradient wind
averaged spatially and temporally within and outside the
SEF region are plotted in Figs. 5c,d. The strength of
subgradient winds outside of the SEF region increases
monotonically with time below z = 0.5 km (Fig. 5d), while
the strength of the subgradient winds within the SEF
region remains approximately constant (Fig. 5¢). From
2100 UTC 10 September to 0900 UTC 11 September,
the supergradient wind near the top and above the
boundary layer (0.5 < z < 2.5 km) increases noticeably
with time within the SEF region (Fig. 5c). Meanwhile,
outside the SEF region, the degree of supergradient winds
is much smaller and the change in strength of the super-
gradient wind appears insignificant (Fig. 5d).
Corresponding to the changes in the supergradient
winds in the outer-core region, Fig. 6 shows a coherent
evolution of the convergence within the boundary la-
yer and the associated ascending motion just above the

boundary layer. Both convergence within the boundary
layer and the associated ascending motion consistently
increase with time within the SEF region (Figs. 6a,c), but
not so outside the SEF region (Figs. 6b,d). In all, a se-
quence of coherent dynamic processes is well demon-
strated, with posited association among the spinup of
the outer-core swirling circulation, the enhanced ra-
dial inflow, the occurrence of supergradient wind, and
the upward motion within and just above the boundary
layer.

A complementary way to quantify the unbalanced com-
ponent of the boundary layer dynamics is to compute the
agradient force (per unit mass) defined as the sum of the
azimuthally averaged radial pressure gradient force, the
Coriolis and centrifugal forces:

——1—+ﬁ+%. (3)

Figures 7a and 7b indicate that the AF in the layer
below 0.5 km is radially inward, consistent with the shallow
layer of subgradient winds. In contrast, the radially out-
ward AF occupies the levels between 0.5 and 2 km. Within
the SEF region the outward AF strengthens with time
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as early as 1 day prior to SEF (Fig. 7a). Meanwhile, the
outward AF exterior to the SEF region remains essen-
tially the same (Fig. 7b). These properties agree well
with the spatial distribution and evolution of agradient
wind.

A remaining issue in the proposed model of SEF con-
cerns the coupling between the boundary layer and the
interior flow above the boundary layer. To complete the
linkage between the expanding tangential wind field and
the increased boundary layer convergence underneath,
one needs to establish that the radial pressure gradient
increases with time in the region surrounding the SEF.
As discussed in Smith and Montgomery (2010, and refer-
ences cited therein), the boundary layer inflow is driven to
a good approximation by the radial pressure gradient at the
top of the boundary layer. In order for the boundary layer
inflow to continue to increase over a finite radial span,
it is necessary that the radial pressure gradient associ-
ated with the bulk swirling flow increases with time over
a substantial radial span surrounding the SEF region.
Figures 7c and 7d show the evolution of the radial pres-
sure gradient force over the SEF region and outside the
SEF region. In both regions and at all heights shown, the
pressure gradient force monotonically increases with time

before and after SEF. The linkage between the ex-
panding wind field and increased boundary layer inflow is
therefore confirmed.

8. Conclusions and future directions

In Part I a comprehensive analysis of the simulated
SEF for Typhoon Sinlaku (2008) was given, including
planar views, Hovmoller diagrams, and vertical cross sec-
tions of the azimuthally averaged quantities, such as tan-
gential wind, radial wind, vertical velocity, total column
rain rate, relative vorticity, and potential vorticity. The
consistency of the simulated vortex evolution amid the
28-member ensemble of the control experiment was dem-
onstrated in Part I. In particular, all members were found
to exhibit the same SEF pathway. Here, we have under-
taken an analysis of one representative simulation from
the 28 members and have sought to obtain a deeper
understanding of the underlying dynamics of secondary
eyewall formation using some recently developed in-
sights on the axisymmetric dynamics of tropical cy-
clone intensification.

The findings herein point to a sequence of structural
changes that occur in the outer-core region of a mature
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tropical cyclone, which culminates in the formation of
a secondary eyewall. The first is the broadening of the
tangential wind field corresponding to the inward advec-
tion of absolute angular momentum above the boundary
layer. The second is the increased boundary layer inflow
underneath the zone of broadened tangential winds. The
third is the transition outside the primary eyewall from
sporadic and/or weak convergence in the lower tropo-
sphere to a well-defined convergence zone concentrated
within and just above the boundary layer. This narrow
region of convergence is associated with the development
of supergradient winds, a rapidly decelerating inflow, and
an eruption of air out of the boundary layer to support
deep convection in a favorable thermodynamic and ki-
nematic environment. The occurrence of these secondary
eyewall precursors is confined initially to the layers within
or just above the boundary layer.

The proposed mechanism is attractive on physical
grounds because of its simplicity and consistency with
the three-dimensional numerical simulations presented.
In accordance with the two spinup mechanisms discussed
in the introduction, the broadening of the tangential wind
field (spinup mechanism 1) and the associated coupling
to the boundary layer via the radial pressure gradient force
at the top of the boundary layer (spinup mechanism 2) set
the scene for a progressive boundary layer control pathway
to SEF. Based on the evidence presented, the unbalanced
boundary layer response to an expanding swirling wind
field appears to be an important mechanism for concen-
trating and sustaining deep convection in a narrow super-
gradient wind zone in the outer-core vortex region.

The results presented herein suggest that simple diag-
nostics involving the agradient force within and just above
the boundary layer can be devised to anticipate (possibly
up to 1 day in advance) the formation of secondary eyewall
in observed storms using flight-level data and numerical
model output. The results suggest also that the boundary
layer and its coupling to the interior flow is an important
process that needs to be adequately represented in nu-
merical models to improve the understanding of SEF, as
well as the accuracy of SEF forecasts, including its tim-
ing and preferred region.

The axisymmetric view of SEF presented herein high-
lights the important role of frictional convergence and
the related boundary layer dynamics associated with an
expanding swirling wind field in providing a sustained
and concentrated forcing mechanism for deep convection
outside the primary eyewall. A natural question arises
as to whether the asymmetric processes associated with
the dynamics of vortex Rossby waves (Montgomery and
Kallenbach 1997), their attending eddy vorticity, and
heat fluxes, as well as their coupling with the boundary
layer and convection, play a critical role in this process.
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The evidence presented here suggests that the pre-
liminary answer is no. However, it must be recalled that
once the vortex Rossby waves are coupled to the
boundary layer and convection, they can directly con-
tribute to the azimuthally averaged latent heating rate
that can, in turn, enhance or regulate the expansion of
the tangential wind field via the first spinup mechanism
(Bui et al. 2009; Fudeyasu and Wang 2011; Abarca
Fuente 2011). A more detailed examination of this link
for three-dimensional hurricanes and typhoons, and in
the case of Sinlaku in particular, is a topic worthy of
further study and will be presented in due course.
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