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Abstract In observations, tropical cyclones with cyclonically rotating elliptical eyewalls are often
characterized by wave number 2 (WN2) deep convection located at the edge of the major axis. A simple
modeling framework is used to understand this phenomenon, where a nondivergent barotropic model
(NBM) is employed to represent the elliptical vortex in the free atmosphere, and an asymmetric slab
boundary layer (SBL) model is used to simulate the frictional boundary layer (BL) underneath the free
atmosphere. The interaction is one way in that the overlying cyclonic flow drives the BL, but the BL pumping
does not feed back to the overlying flow. The nonlinear-balanced pressure field from the NBM drives the
winds in the SBL model, which then causes BL convergence and pumping near the eyewall. The strong
updrafts at the edge of the major axis for the elliptic vortex in the BL are induced by the larger convergent
radial wind from the asymmetric distribution of the pressure fields of the free atmosphere with noncircular
vortex. The large radial inflow maintains the supergradient wind at the edge of the elliptical vortex. The
results emphasize the cyclonic rotation of the WN2 feature of strong updrafts at the top of the BL from the
local shock-like BL radial wind structure. Similar radial profiles and strong BL top updrafts occur at the edges
of higher-order polygonal eyewalls with the magnitude of the peak updraft decreasing as the wave number
structure of the vortex increases.

1. Introduction

The organization and structure of a tropical cyclone (TC) is mainly controlled by the convective process.
Ooyama [1969], using a symmetric vortex, suggested that the boundary layer (BL) convergence can contri-
bute to the organization of convection in the inner core of a TC. Powell [1982] studied the isotach distribution
in the BL of Hurricane Frederic (1979) and proposed a relationship between the BL wind, the convection, and
the motion of the hurricane. The BL tangential winds were in general strong on the right-front quadrant of
the TC. Shapiro [1983] used a slab boundary layer (SBL) model of constant depth to study the wave number
1 (WN1) asymmetric convection under a translating hurricane. Large convergence often occurred in the right-
front quadrant of the storm motion in cases with large translation speed. In the convergent region, the tan-
gential wind in the BL is supergradient within r< rmax and is subgradient in r> rmax, where rmax is the radius
of maximum wind (RMW). The modeling results were in general agreement with the observational study of
Powell [1982].

Williams et al. [2013] used an axisymmetric SBL model to interpret aircraft observations from Hurricane Hugo
(1989). Their results indicate that in Category 3 hurricanes (tangential wind is approximately 55m s�1), the BL
inflow decreases from approximately 22m s�1 to zero over a radial distance of a few kilometers (i.e., a shock-
like structure). They demonstrated that the nonlinear advection of the radial momentum produces shock-like
structures for the radial wind within the TC BL. This radial convergence can lead to updrafts exceeding
22m s�1 at a height of 1000m, which is important to initiate convection in TCs. In addition, the shock-like
structure in the BL has a strong impact on the tangential wind and vorticity. On the inner side of the shock,
the tangential wind tendency is essentially zero, while on the outer side of the shock the tangential wind ten-
dency is largely due to the strong radial inflow there. The result then is the development of a U-shaped tan-
gential wind profile and large vorticity in a thin radial region. Abarca et al. [2015] suggested that shock-like
structures are not found in the azimuthally averaged vortex BL. It is possible, however, that the shock-like
structure may occur locally in the BL and not in the azimuthally averaged structure. Since the dynamical
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mechanism for shock formation is the nonlinear advection term in the momentum equation, shocks may also
occur locally (without the assumption of axisymmetry or the choice of a particular coordinate system).

Using a nonlinear, nondivergent barotropic model (NBM), Kuo et al. [1999] suggested that the vortex Rossby
wave (VRW) dynamics [Montgomery and Kallenbach, 1997] causes the elliptical eye to rotate anticyclonically
relative to the mean flow. This causes the elliptical eye to move more slowly relative to the mean flow.
Following the pioneering work of Kelvin [Thomson, 1880], Kuo et al. [1999] proposed that the cyclonic rotation
of asymmetric perturbations in polygonal eyewalls as the VRW follows with c= Vmax (1� 1/m), where c is the
wave phase speed, Vmax is the vortex maximumwind, andm is the azimuthal wave number. Results using the
NBM for the cyclonic rotation of elliptical vortex by Kuo et al. [1999] are in general agreement with the non-
linear theory of the Kirchhoff elliptical vortex [Lamb, 1932, p. 232].

Muramatsu [1986] used a land-based radar data for a 15 h period to study polygonal eyewalls in Typhoon
Wynne (1980). The polygonal structures investigated included squares, pentagons, and hexagons. It was
shown that pentagons and squares had rotation periods of approximately 42min and 48min, respectively.
The rotation period decreased as the tangential wave number (WN) structure of the vortex increased. This
is in general agreement with the modeling results of Kurihara and Bender [1982]. Itano and Hosoya [2013] stu-
died the geometry of convection in the polygonal eye of Typhoon Sinlaku (2002). Their analysis revealed the
dominance of WN2 and WN5 convective perturbations with angular velocities of approximately 80° h�1 and
130° h�1, respectively, in Typhoon Sinlaku. The observations were also in general agreement with the linear
theory of Kelvin [Thomson, 1880].

There is observational evidence that deep convection often occurs near the edges of the major axis of an
elliptical eyewall. Examples include the Second Miyakojima Typhoon (1966) [Mitsuta and Yoshizumi, 1973,
Figure 10], Hurricane Allen (1980) [Shapiro, 1983, Figure 10], Hurricane Elena (1985) [Corbosiero et al., 2006,
Figure 4a], and Hurricane Erin (2001) [Aberson et al., 2006, Figure 3]. Figure 1 shows two examples of elliptical
eyewall structures from the radar reflectivity observed for Typhoons Herb (1996) and Dujuan (2015). Figure 1a
is the same as Figure 2 from Kuo et al. [1999], except in color and in a smaller domain. Both have WN2 deep
convective structures at the edges of the major axis that rotate cyclonically with the elliptical eye. In the case
of Typhoon Dujuan (2015), the rotation period of WN2 deep convection perturbation was approximately
150min (144° h�1). The maximum wind, as estimated by Central Weather Bureau in Taiwan, was 64m s�1

and the size was 46 km. Thus, the rotation speed was found to be approximately half themaximum tangential
wind. The presence of deep convection at the edges of the cyclonically rotating major axis has also been

Figure 1. Radar reflectivity of (a) Typhoon Herb (1996) from 1751 LCT to 2015 LCT on 31 July 1996 and (b) Typhoon Dujuan (2015) from 1011 LCT to 1241 LCT on 28
September 2015. The local time of observations is indicated on the top of each figure, which has domain of 120 km× 120 km.
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identified in numerical simulations. Braun [2002] used the Pennsylvania State University–National Center for
Atmospheric Research fifth-generation Mesoscale Model with a horizontal resolution of 1.3 km on the finest
nested mesh to simulate Hurricane Bob (1991). The distribution of radial flow, vertical motion, and precipita-
tion were shown to be amplified by a WN2 asymmetry that rotates cyclonically around the center at about
half the speed of the mean tangential winds, consistent with the linear theory of Kelvin.

This paper investigates the structure of BL pumping and convection in TCs with elliptical or other polygonal
eyewalls. In particular, our emphasis is on the dynamics associated with the WN2 deep BL pumping and con-
vection at the edges of the major axis of the eyewall. We use a nonlinear NBM combined with an asymmetric
SBL model for our study. The NBM is a one-layer model designed to model the cyclonic rotation of the ellip-
tical vortex in the quasi-inviscid free atmosphere above the BL, and the asymmetric SBL model is designed to
represent the BL underneath the free atmosphere. The system is used to obtain a basic understanding of how
the BL responds to an elliptical or polygonal vortex of the free atmosphere. The rest of the paper is organized
as follows: section 2 describes the system and the model parameters, the results from the numerical experi-
ments are presented and discussed in section 3, and a summary is given in section 4.

2. Model and Experiment Design

A simple modeling framework of NBM and an asymmetric SBL model is used in the study. The NBM on an f
plane with horizontal diffusivity can be written as

∂ζ
∂t

þ J ψ; ζð Þ ¼ ν∇2ζ ; (1)

ζ ¼ ∇2ψ; (2)

where J(ψ, ζ ) denotes the Jacobian of the stream function ψ and the relative vorticity ζ . The balanced pres-
sure field in NBM can be solved from the nonlinear balance condition with the known stream function field:

1
ρ
∇2p ¼ f∇2ψ þ 2

∂2ψ
∂x2

∂2ψ
∂y2

� ∂2ψ
∂x∂y

� �2
" #

: (3)

In order to address the asymmetric dynamics in BL, we write the governing SBL equations in Cartesian
coordinates,

∂u
∂t

¼�u ∂u
∂x

� v
∂u
∂y

� w� ur � u
h

� �
þ f v � 1

ρf
∂p
∂x

� �
� CDU

u
h
þ K∇2u ; (4)

∂u
∂t

¼ �u ∂v
∂x

� v
∂v
∂y

� w� vr � v
h

� �
� f u� 1

ρf
∂p
∂y

� �
� CDU

v
h
þ K∇2v ; (5)

w ¼ �h ∂u
∂x

þ ∂v
∂y

� �
; (6)

where x is the distance in the zonal direction, y is the distance in the meridional direction, u is the zonal velo-
city, v is the meridional velocity, w is the vertical motion at the top of the BL, w� ¼ 1

2 wj j � wð Þ , p is the
balanced pressure field, ur ¼ � ∂ψ

∂y and vr ¼ ∂ψ
∂x are the rotational winds from the NBM, ρ= 1.13 kg m� 3 is

the density, K is the diffusivity, CD is the drag coefficient, h is the constant depth of SBL, and f= 5× 10� 5 s� 1

is the Coriolis parameter. Powell et al. [2003] found that the wind speed U for the drag coefficient is about 0.78
times the surface wind in general. We use U=0.78(u2 + v2)1/2 in our SBL model, the same as in Williams et al.
[2013]. The drag coefficient CD formula follows Powell et al. [2003],

CD ¼ 10�3
2:70=U þ 0:142þ 0:0764 U if U ≤ 25

2:16þ 0:5406 1� exp �U � 25
7:5

� �� �
if U ≥ 25:

8<: (7)

We have also used a CD profile that does not decrease with increasing wind speeds in a vortex experiment
with a maximum wind of 60m s�1. The BL pumping in our model does not appear to be sensitive to the
choice of the CD (not shown).
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Williams et al. [2013] conducted a series of sensitivity tests of h and K in the SBL. They found that when reach-
ing a steady state, a deeper h produces a stronger BL pumping, with the maximum pumping occurring at a
larger radius and a larger K generating a broader shock-like structure and a smaller maximum pumping value.
In the present work, since we are focusing on the dynamics of the asymmetric shock-like structure formation,
we chose K= 1500m2 s� 1, as in Zhang and Montgomery [2012], and h= 1000m, following the work of
Williams et al. [2013].

Equations (1)–(7) constitute a closed system with seven variables of CD, u, v, w, p, ψ, and ζ . The system can be
time integrated with the NBM to get the vorticity field and the rotational wind in the free atmosphere. The
nonlinear balance equation is solved to obtain the pressure field. The pressure field and the rotational wind
are then used to drive the SBL model and compute the BL pumping w. Equations (4) and (5) indicate that SBL
model is influenced by the free atmosphere dynamics from the downward-only vertical momentum flux
associated with the w� terms and the pressure gradient force term.

Our model calculations are performed on a doubly periodic f plane. The discretization of both models is
based on the Fourier pseudospectral method, with 768 × 768 equally spaced collocation points on a
300 × 300 km domain. The model was run with a dealiased calculation of quadratic nonlinear terms with
256 × 256 Fourier modes. A fourth-order Runge-Kutta method with a 3 s time step was used for the time inte-
gration. The diffusion coefficient in the NBM was chosen to be ν= 6.5 m2 s� 1. For the 300 × 300 km domain
this value of ν gives an e-folding damping time of 1.5 h for all modes having total wave number of 256 and a
damping time of 5.9 h for modes having total wave number of 128.

We applied the Lanczos filter [Duchon, 1979] in each time step to the wind field in spectral space to mitigate
the Gibbs oscillation. The Lanczos filter was used in Kuo and Cheng [1999] for their spectral convection model
to filter the high-frequency acoustic modes. For a given physical field q in an Nx × Ny collocation point
domain, Fourier coefficients of wave numbers k and l are defined by

q̂k;l ¼
Xn¼Nx ;m¼Ny

n¼0;m¼0
q n;mð Þ�exp �2πi kn

Nx
þ lm
Ny

� �� ��
: (8)

Then we can apply a simple weighting function to q̂k;l

eqk;l ¼ q̂k;l�
sin kπ=Nxð Þ
kπ=Nx

� sin lπ=Ny
� 	
lπ=Ny

; (9)

where eqk;l is the filtered Fourier coefficient. Thus, we can smoothly reduce the high wave number signals
since lim

x→π
sinx
x ¼0 while not losing much information of low wave numbers since lim

x→0
sinx
x ¼1.

We used the same Category 3 TC case as in Williams et al. [2013], and the simulation yields a very similar BL
structure (not shown). Our model, however, produced a BL pumping which is approximately 75% in magni-
tude of theWilliams et al. [2013], possibly due to the use of the Lanczos filter and the slightly coarser resolu-
tion in our model.

We follow Kuo et al. [1999] for the initial vorticity profile that resembles the Rankine vortex,

P r�ð Þ ¼ 1� exp �30
r�

exp
1

r� � 1

� �� �
; if r� < 1;

0 otherwise;

8<: (10)

where

r� ¼ x � x0
a

� �2
þ y � y0

b

� �2
� �1=2

(11)

is a nondimensional distance in the radial direction, x0 and y0 are the center of the vortex, and a and b are the
lengths of the major and minor axes, respectively.

The elliptical Rankine-like vortex in the horizontal plane is specified according to

ζ r�ð Þ ¼ ζ 0P r�ð Þ: (12)
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A fixed vorticity of ζ 0 = 3 × 10� 3s� 1 is used in most of our experiments. With the typical vortex size in Table 1,
the vortex has a maximum tangential wind of approximately 30m s�1. The EX-WN0 is a circular vortex with a
24.5 km radius. EX-WN2-1, EX-WN2-2, and EX-WN2-3 are elliptical vortices with aspect ratio of 1.5, 2.7, and 6,
respectively, between a and b. To study the BL pumping in a stronger vortex, we doubled the vorticity to
6 × 10� 3 s� 1 in experiment EX-WN2-1S.

In experiments with triangular, square, and pentagonal vortex structures, a wave perturbation in the azi-
muthal direction is added to the specification of r* to create the polygonal vortex structure. In such a case
the nondimensional distance r* is computed by a= b=24.5 km in equation (11). The vorticity field can be
expressed as

ζ θ; r�; nð Þ ¼ ζ 0P r�n
� 	

; (13)

where

r�n θð Þ ¼ r�� 1� 0:3 sin nθð Þ½ �: (14)

For n= 3 in equation (13), a triangular eyewall case is produced (EX-WN3), for n= 4 a square eyewall case (EX-
WN4), and for n=5 a pentagonal eyewall case (EX-WN5). All experiments have initial conditions with different
constants a and b but under the constraint that the total circulation is conserved for a fixed ζ 0. The experi-
ments and the parameters are listed in Table 1.

3. Numerical Results

Our first two experiments are similar to those in Kuo et al. [1999], with a circular vortex (EX-WN0) and an
elliptical vortex (EX-WN2-1) in the free atmosphere. While the tangential wind jet for the free atmosphere
is symmetric in the circular vortex, the elliptic vortex has a maximum in the region of minor axis, where
the vortex is narrowest due to the conservation of angular momentum (Figure 2). The salient feature in
the elliptic vortex is in the BL. The time evolution of the elliptic vortex in the BL from 576min to

Figure 2. Tangential wind in the free atmosphere for the (a) circular vortex (EX-WN0) and (b) the elliptical vortex
(EX-WN2-1) experiments at t = 720min.

Table 1. The List of Experiments and Parameters

Experiment ζ 0 (s
� 1) a (km) b (km) Structure

WN0 3 × 10� 3 24.5 24.5 Circle
WN2-1 3 × 10� 3 30.0 20.0 Ellipse
WN2-1S 6 × 10� 3 30.0 20.0 Ellipse
WN2-2 3 × 10� 3 40.0 15.0 Ellipse
WN2-3 3 × 10� 3 60.0 10.0 Ellipse
WN3 3 × 10� 3 24.5 24.5 Triangle
WN4 3 × 10� 3 24.5 24.5 Square
WN5 3 × 10� 3 24.5 24.5 Pentagon
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720min for a complete rotation of 144min is shown in Figure 3. Figure 3 depicts the cyclonic rotation of
the local high-speed tangential wind and the BL updraft at both sides of the edge of the major axis in the
elliptical vortex. The BL updraft has its maximum located on both sides of the edge of the major rotating
axis, consistent with the common observation illustrated in Figure 1. This is a result of the pressure gra-
dient force from the free atmosphere represented by the NBM. In Figure 4a, the pressure field for the cir-
cular vortex is symmetric and the induced radial wind in the BL is also symmetric. On the other hand, the
pressure fields in the elliptic vortex conform to the elliptic structure of the vortex near the core ring but
remain circular in the outer area (Figure 4b). This distribution induces larger radial inflow from the pres-
sure gradient force near the edge of the major axis near the core and smaller elsewhere. The dynamic
forcing from the free atmosphere thus further induces BL pumping and larger updrafts at the edge of
the major axis. The maximum BL updraft at the edge of the major axis is approximately 3m s�1 in the
elliptic vortex, which is slightly larger than that in the circular vortex.

Figure 5 from the EX-WN2-1 experiment indicates that in the free atmosphere of the elliptic vortex, the tangen-
tialwindmaximumis locatedat thesmallestvortex ringdistance (theminoraxisperpendicular to themajoraxis)
from the center (Figure 5a). In the BL, this wind maximum is pushed downstream and closer to the major axis
(Figure 5b). Consider the tangentialmomentumequationwithout thepressuregradient force in thepolar coor-
dinate (r,ϕ), where r is the radius andϕ is the azimuthal angle with radial flow (ur) and tangential flow (vϕ):

Dvϕ
Dt

¼� vϕ
r
þ f

� �
ur :

Note from Figure 4b that the radial inflow is largest at the edges of the major axis (negative ur) for the elliptic
vortex, so Dvϕ/Dt is also the largest. The increase of Dvϕ/Dt ahead of the jet maximum pushes it downstream
from the minor axis toward the edge of the major axis. The large radial inflow maintains the supergradient
wind at the edge of the elliptical vortex. The samemechanism applies to vortices with higher polygonal struc-
tures, as will be demonstrated later.

Figure 3. Boundary layer updraft (shading) and 25m s�1 tangential wind (contour) from 576min to 720min of simulation
in elliptical vortex experiment (EX-WN2-1).

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025317

KUO ET AL. DEEP CONVECTION OF POLYGONAL EYEWALLS 14,461



The tangential wind maxima in the SBL model tend to be shifted approximately 5 km inward from the local
RMW of the free atmosphere due to BL contraction by the frictional effect. The magnitude of the tangential
wind maximum is slightly larger in the SBL than that in the free atmosphere. Discussions of the effect of fric-
tion on the inward displacement of the RMW within the BL can be found in Powell et al. [2009] and Kepert
[2001]. The radial profiles of tangential wind, radial wind, and resultant updraft in EX-WN0 and along the
major axis of EX-WN2-1 are shown in Figure 6. Figure 6 indicates the existence of supergradient (subgradient)
winds inside (outside) the local RMW in both experiments. In general, the supergradient wind is maintained
by the large radial inflow. The BL inflow decreases from approximately 8m s�1 to zero near the RMW over a
radial distance of 6 km for both experiments. This radial inflow profile indicates a shock-like structure in the
BL. The upward motion is due to the large deceleration of the radial inflow. Frictional forces are large in the
BL; the radial flows caused by the supergradient and the subgradient winds are probably small
in comparison.

Additional elliptical vortex experiments with different aspect ratios (EX-WN2-2 and EX-WN2-3), such that
the vortex is more elongated, show similar strong updrafts at the edges of the major axis (Figure 7).
There are spiral structures emanating out of the updraft from the edges of the major axis due to a
wave-breaking effect [Guinn and Schubert, 1993]. The elongated vortices bear similar structures to those
observed for Typhoon Herb (Figure 1) at some time frames, such as at 1844 local civil time (LCT) and
1902 LCT on 31 July 1996. The azimuthal-time Hovmöller diagrams of the BL updraft and irrotational wind
at a radius of 20 km from the elliptical vortex with different aspect ratios are shown in Figure 8. This figure
indicates a general feature of cyclonic rotation of the BL top updraft. The rotation periods of EX-WN2-2

Figure 4. The pressure fields in the barotropic model and the updraft, tangential wind, and convergent wind in the slab-
boundary layer model for the (a) circular (EX-WN0) and (b) elliptical (EX-WN2-1) vortex experiments at t = 360min. The black
dashed contours are the isobars, with contour levels �6, �7, �8, and �9 hPa; the shading is the boundary layer updraft
(m s� 1); and the black arrow is the convergent wind with magnitude greater than 3 m s� 1. (c and d) The same as in
Figures 4a and 4b except at t = 720min.
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and EX-WN2-3 are approximately160min and 180min, respectively (Figure 8). For an elliptical vortex with
vorticity ζ and value of the major axis a and value of minor axis b, the rotation period of the Kirchhoff
vortex [Lamb, 1932, p. 232] is

P ¼ 2π
ζ

aþ bð Þ2
ab

: (15)

At 540min, a and b are 26 km and 12 km in the EX-WN2-2 and 25 km and 9 km in the EX-WN2-3, respectively.
With a vorticity of ζ 0 = 3× 10� 3s� 1, the rotation periods of EX-WN2-2 and EX-WN2-3 from the Kirchhoff
theory are 161min and 179min, respectively. The rotation periods of EX-WN2-2 and EX-WN2-3 from the
model are approximately 160min and 180min, respectively. The rotation periods of EX-WN2-2 and
EX-WN2-3 are generally in agreement with the theory of Kirchhoff elliptical vortex.

Figure 5. Tangential wind field of elliptical vortex experiment (EX-WN2-1) in the (a) free atmosphere and (b) boundary layer
at t = 360min. (c and d) The same as in Figures 5a and 5b but at t = 720min. The dashed arrow in Figure 5d indicates the
orientation of the major axis with the wind shown in profile in Figure 6b.

Figure 6. Wind profile in (a) the circular vortex experiment (EX-WN0) and (b) along the major axis in the elliptical vortex experiment (EX-WN2-1) at t = 720min. The
blue and red solid curves show the tangential wind in the barotropic model and the slab-boundary layer model. The red dashed line shows the radial wind in slab-
boundary layer model. The black solid line shows the boundary layer updraft (right coordinate). The orientation of the wind profile is shown in Figure 5d.
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Figure 7. Free atmosphere vorticity (black contour levels are 1 × 10� 3 and 2 × 10� 3 s� 1) and boundary layer updraft (shading; m s� 1) of the circular and ellip-
tical vortex experiments (EX-WN0, EX-WN2-1, EX-WN2-2, and EX-WN2-3) at t = 180, 360, 540, and 720min. Each figure shows only the central 75 km × 75 km domain.

Figure 8. Azimuth-time Hovmöller diagram of updraft (shading) and irrotational wind (contour) at radius of 20 km from the vortex center between 480 and 720min
in (a) EX-WN2-1, (b) EX-WN2-2, and (c) EX-WN2-3.
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The radial profiles of tangential wind, radial wind, and resultant updraft along the major axis in EX-WN2-2
and EX-WN2-3 are similar to those of EX-WN2-1 in Figure 6 (not shown). The magnitudes of peak tangen-
tial wind, radial wind, and updraft decrease with increasing radius of the major axis (Figures 7 and 8). The
inertial stability at the major axis of the vortex decreases with radial distance, with those for EX-WN2-2
and EX-WN2-3 smaller than that in EX-WN-2-1. As a result, the BL updraft decreases with increasing radius
of the major axis.

To further explore the BL pumping in a stronger elliptical vortex, we assign a larger vorticity of
ζ 0 = 6 × 10� 3s� 1 for experiment EX-WN2-1S (Figure 9). Larger radial inflow is induced by the pressure

Figure 9. Same as in Figure 4 except for the stronger vortex with ζ0 = 6 × 10� 3s� 1 (EX-WN2-1S) at (a) t = 470min and (b)
t = 720min. (c) Same as in Figure 6 except the stronger vortex with ζ 0 = 6 × 10� 3s� 1 at t = 720min. The dashed arrow in
Figure 9b indicates the orientation of the wind profile in Figure 9c.

Figure 10. Boundary layer updraft (shading) and 25m s�1 tangential wind (contour) of the (a) triangular, (b) square, and (c)
pentagonal vortices (EX-WN3, EX-WN4, and EX-WN5) at t = 720min. The dashed arrows indicate the orientations of the
major axis with the wind shown in profile in Figure 12.
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gradient force near the edge of the major axis and smaller elsewhere. The BL pumping occurs at the edges
of the major axis as in EX-WN2-1. The BL inflow near RMW decreases from approximately 24m s�1 to zero
over a radial distance of 4 km. The BL updraft in EX-WN2-1S is sharper in the horizontal structure compared
to EX-WN2-1. The updraft magnitude is approximately 13m s�1, which is about 5 times greater. This much
stronger updraft is similar to the shock-like radial profile of the symmetric vortex in Williams et al. [2013].

As discussed by Kepert [2010a] and Abarca et al. [2015], the use of a SBL model in TC simulations can cause
excessively strong inflow and too large of a departure from gradient wind balance. By mass continuity, this
can manifest updrafts at the top of the BL that are stronger than those obtained with a height-resolving
BL model. The agreement of our results with observations on the maximum updraft at the edges of the major
axis in BL and the rotation of the updraft indicate the applicability of our model for the understanding of
associated dynamics.

To further investigate the BL pumping in polygonal vortices, we conduct triangular vortex, square vortex, and
pentagonal vortex experiments (EX-WN3, EX-WN4, and EX-WN5). As in the elliptical vortex experiment of
Figure 3, the BL local maximum of tangential wind and stronger BL updrafts occurred at the edges of the
polygonal vortices (Figure 10). It is evident that, with the same vorticity strength in the polygonal vortices,
the magnitude of the peak updraft is decreasing with increasing wave number of the vortex. For example,
the maximum updrafts for the elliptical, triangle, quadrangle, and pentagonal vortices are 3.0m s�1,
2.8m s�1, 2.2m s�1, and 1.9m s�1, respectively, for the control vorticity of ζ 0 = 3 × 10� 3 s� 1. We also use
a stronger vorticity of ζ 0 = 6 × 10� 3 s� 1; the maximum SBL updrafts of the elliptical, triangle, quadrangle,
and pentagonal vortices are 13m s�1, 12.3m s�1, 10.8m s�1, and 10.1m s�1, respectively (not shown). The
azimuthal-time Hovmöller diagrams of the BL updraft and irrotational wind in EX-WN3, EX-WN4, and
EX-WN5 show that the periods of cyclonic rotation are approximately 104, 93, and 87min, respectively
(Figure 11). The cyclonic periods also are in general agreement with the linear theory of Kelvin [Thomson,
1880]. The radial profiles of supergradient wind, subgradient wind, radial wind, and updraft at the edges of

Figure 11. Same as in Figure 8 except for the (a) triangular, (b) square, and (c) pentagonal vortices (EX-WN3, EX-WN4, and EX-WN5).

Figure 12. Same as in Figure 6 except for the (a) triangular, (b) square, and (c) pentagonal (EX-WN3, EX-WN4, and EX-WN5) vortices at t = 720min. The orientations of
wind profiles are shown in Figure 10.
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the polygonal vortices are shown in Figure 12. The results are similar to that of the elliptical vortex in Figure 6.
The profile is a robust feature of the BL response to the polygonal vortices, which is similar to Figure 4 of
Shapiro [1983] for the aircraft observations in Hurricane Hugo (1989) and radar reflectivity patterns in
Hurricane Dolly (2008) [Hendricks et al., 2012, Figure 4]. Because the rotation of the polygonal vortex is due
to the nondivergent VRW [Kuo et al., 1999], our results support the notion of the nondivergent VRWs organize
the BL winds and convection in the polygonal eyewalls of TC.

4. Summary and Concluding Remarks

There aremany observations indicating that deep convection often occurs near the edges of themajor axis of
elliptical eyewall and rotates cyclonically. We use a nondivergent barotropic model (NBM) combined with an
asymmetric slab boundary layer (SBL) model to investigate the phenomenon. The NBM allows the simulation
of the nonlinear vorticity dynamics of VRWs in the TC-like polygonal vortices, and the asymmetric SBL model
allows for the frictional pumping and associated updrafts at the top of the BL. The pressure gradient force in
the NBM is in gradient wind balance. In the SBL model, such a balance does not exist due to frictional effects
and radial inflow is generated by the imposed pressure gradient force. The interaction is one way in our cal-
culation; the NBM provides time-varying pressure gradient forcing to drive the SBL model below. However,
the SBL model does not feed back to the NBM. The BL flow driven by the time-varying pressure field is diver-
gent so that the spatial distribution of BL pumping (updraft on top of BL) can be calculated. The strong
updrafts (and convergence) at the edges of the major axis for the elliptical vortex in the BL are induced by
the larger convergent radial wind from the asymmetric distribution of the pressure fields of the free atmo-
sphere with a noncircular vortex. The large radial inflow maintains the supergradient wind at the edge of
the major axis for the elliptical vortex. Similar radial profiles and strong BL top updrafts occur at the edges
of higher-order polygonal eyewalls. In general agreement with observations, the results emphasize the cyclo-
nic rotation of strong updrafts at top of the BL at the edges of polygonal eyewalls.

Our simple model approach does not allow the divergent effect in the free atmosphere. Shapiro and
Montgomery [1993] andMontgomery and Franklin [1998] have argued and demonstrated that the magnitude
of the asymmetric divergence at the top and above the TC BL is of the same order as the asymmetric vertical
relative vorticity and cannot be neglected. Wang [2002] indicated that the BL pumping occurred in the azi-
muthal direction at about one-quarter wavelength farther downstream from the edges of the major axis of
elliptical eyewalls due to the divergence at top of the BL. The divergence appears to be associated with posi-
tive vorticity advection from the cyclonic rotation of elliptical vortex. The BL pumping occurring downstream
from the edges of the major axis of elliptical eyewalls does not seem to be consistent with the observations.
While a SBL model combined with a shallow water model may better represent the divergent forcing, our
NBM may be the simplest approach to the problem within the hierarchy models without divergent forcing.

In the radial flight leg observation of Hurricane Hugo (1989), the BL inflow decreased from approximately
22m s�1 to zero over a radial distance of a few kilometers and an updraft of 22ms�1 was observed
[Williams et al., 2013]. Williams et al. [2013] used an axisymmetric SBL model to interpret the observation as
a shock-like structure in BL radial inflow. Shapiro [1983] studied WN1 BL structures in a translating TC. The
radial wind profile in his result showed the supergradient (subgradient) wind inside (outside) the local radius
of maximum wind in the BL, in general agreement with that of Hurricane Hugo except that the simulated
updraft is only around 3m s�1. With a vorticity of 6 × 10� 3s� 1 in our experiments, the updraft is in the order
of 13m s�1 at the edges of the polygonal eyewalls, similar to the observations reported in Shapiro [1983] and
Williams et al. [2015]. An estimate of the updraft from the Ekman pumping [Kepert, 2010a, 2010b, 2013]
around the eyewall from the EX-WN2-1S is about 0.3m s�1, which is much smaller than the updrafts in
Shapiro [1983],Williams et al. [2013], and in our model. Our model simulation for the BL inflow decreases from
approximately 24m s�1 to zero over a short radial distance of 4 km at the edge of the major axis of elliptical
vortex. The shock-like local radial profile of winds and strong updraft may be a ubiquitous BL feature of TCs.
Such local radial profiles of BL winds may be an essential ingredient of a TC vortex with a well-defined sym-
metric or asymmetric updraft structure around the eyewall. With simple dynamical model calculations, our
intent is not to undermine the importance of the full physics model but rather to isolate the fundamental
dynamics that may be responsible for this phenomenon. Careful analysis of real-case TC BL data as well as
fine-scale simulations of the BL in full physics models will be the future work.
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