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ABSTRACT

Most extant studies of tropical cyclone movement consider a barotropic vortex on a 8 plane. However,
observations have shown that real tropical cyclones are strongly baroclinic, with broad anticyclones aloft. Also,
the distribution of the large-scale potential vorticity gradient in the tropical atmosphere is very nonuniform.
These properties may substantially influence the movement of such storms.

Note that the anticyclone above a hurricane will interact with the lower hurricane vortex and induce storm
motion. Such interaction can be caused by both the direct effect of ambient vertical shear and the effect of
vertical variation of the background potential vorticity gradient. In this paper, an attempt to isolate the effect
of background vertical shear is made. The hurricane is represented in a two-layer quasigeostrophic model as a
point source of mass and zero potential vorticity air in the upper layer, collocated with a point cyclone in the
lower layer. The madel is integrated by the method of contour dynamics and contour surgery.

The results show that Northern Hemisphere tropical cyclones should have a component of drift relative to
the mean flow in a direction to the lefi of the background vertical shear. The effect of weak shear is also found
to be at least as strong as the g effect, and the effect is maximized by a certain optimal ambient shear. The
behavior of the model is sensitive to the thickness ratio of the two layers and is less sensitive to the ratio of the
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vortices' horizontal scale to the radius of deformation. Storms with stronger negative potential vorticity anomalies

tend to exhibit more vortex drift.

1. Imtroduction

Studies of tropical cyclone motion have focused
mainly on steering by the mean flow and the effect of
background potential vorticity gradients, that is, the
evolution of barotropic vortices in a barotropic flow.
These effects, taken together, suggest that tropical cy-
clones should follow the mean large-scale (steering)
flow, but with a westward and poleward relative drift.

Real tropical cyclones are strongly baroclinic, con-
sisting of cyclones surmounted by anticyclones. The
upper anticyclone, though weak in terms of wind ve-
locity, can be very extensive. Slight displacements of
the upper region of anticyclonic flow from the low-
level cyclone can conceivably lead to large mutual
propagation effects. Moreover, the background poten-
tial vorticity gradient may act on these two flows in
very different ways.

Our present purpose is to explore the effect of back-
ground vertical shear on tropical cyclone motion. Spe-
cifically, we shall show that in the absence of back-
ground PV gradients, Northern (Southern) Hemi-
sphere (hereafter NH and SH) tropical cyclones should
drift relative to the mean flow in a direction to the left
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(right) of the background vertical shear because of the
flow induced by the upper anticyclone, which is dis-
placed downshear from the center of the surface cy-
clone. To explore the problem in a simple way, we
employ a two-layer quasigeostrophic model, applying
the method of contour dynamics and contour surgery.

In section 2, our present understanding of tropical
cyclone motion is reviewed, and the specific questions
we wish to address are identified. The model is de-
scribed in section 3. The results are shown in section
4, and a summary appears in section 5.

2. Background and review

a. Review of general theories of tropical cyclone
motion

The dynamics of tropical cyclone motion are com-
plex. As pointed out by Holland (1984), a complete
description would require at least a detailed knowledge
of the interactions between the cyclone circulation, the
environmental wind field, the underlying surface, and
the distribution of moist convection. It has generally
been proposed, however, that tropical cyclone motion
is governed by the tropospheric average steering flow
and a drift due to the presence of a background poten-
tial vorticity gradient,

The steering concept is based on the assumption that
tropical cyclones are barotropic vortices embedded in
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an environmental flow and should thus move with the
so-called “steering” flow, generally taken to be a
weighted vertical average of the flow in the troposphere.
This concept has been supported by composite obser-
vational studies by both George and Gray (1976) and
Chan and Gray (1982), though a systematic directional
deviation between the steering stream and storm mo-
tion was generally found. Chan and Gray suggested
that this consistent deviation is caused by some other
factor or factors besides the steering flow; however,
there is no unique way to determine the steering flow.
Chan and Gray found that the midtropospheric (500-
700 mb) 5°-7° latitude radius average wind has the
best correlation with the cyclone motion. Dong and
Neumann (1986) also showed that there is considerable
uncertainty about which layer or level determines the
steering flow. A case study of Hurricane Josephine by
Franklin (1990) further pointed out that in an envi-
ronment with a mean vertical shear, the inappropriate
initialization of the mean steering flow would result in
serious errors in the barotropic storm track forecast.

Barotropic numerical studies of the evolution of
hurricane-like vortices on the beta plane by Anthes
and Hoke (1975), Holland (1983), DeMaria (1985),
and Chan and Williams (1987) have all shown that
variations of the Coriolis parameter and environmental
vorticity across the tropical cyclone tend to induce a
westward and poleward movement of tropical cyclones.
In particular, Chan and Williams argued that the main
role of the linear §8 term is to induce a wavenumber 1
asymmetric circulation in the initially symmetric vor-
tex, causing the storm to be advected by the induced
asymmetric flow. More recent modeling works by
Fiorino and Elsberry (1989), Shapiro and Ooyama
(1990), and Smith et al. (1990) also showed similar
storm drifts. Fiorino and Elsberry pointed out that the
nonlinear term in the vorticity equation plays an im-
portant role in orienting the asymmetric gyres and
modifying the direction of hurricane movement. Most
research to date assumes that barotropic drift due to
the background potential vorticity gradient is the main
mechanism that accounts for the deflection of tropical
cyclone movement from the steering flow.

Recently, Carr and Elsberry (1990) performed a
composite data analysis (using the same data as in Chan
and Gray) to show evidence of drift relative to the en-
vironmental steering, which is defined as the tropo-
spheric (surface-300 mb) 5°-7° latitude radius average
wind. They found that most of the NH cyclones prop-
agate in a particular direction with components parallel
and to the left of the large-scale absolute vorticity gra-
dient. The observational study by Franklin (1990) and
numerical calculation by Evans et al. (1991) also sup-
ported this result. However, a recent numerical study
by Ulrich and Smith (1991) showed that there is no
definite correlation between the vortex motion and its
basic-state absolute vorticity gradient. Better data from
a recent field experiment in the west Pacific in 1990
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(see Elsberry et al. 1990) may be helpful in under-
standing this problem.

b. The nonuniform distribution of potential vorticity
in the troposphere

It is observed (Davis, personal communication ) that
the typical north-south isentropic gradient of potential
vorticity (PV) in the middle-latitude troposphere dur-
ing winter is much less than that associated with the
planetary vorticity gradient (Fig. 1). In addition, the
horizontal gradient of potential vorticity is concen-
trated near the tropopause (Nielsen et al. 1991).

As a preliminary effort to discover whether this is
also true in the tropical troposphere, we calculate po-
tential vorticity as Q = —g(f+ $)/(dp/a38) from twice-
daily National Meteorological Center Northern Hemi-
sphere final analyses gridded datasets (ona 2.5° X 2.5°
latitude~longitude grid). By interpolating the wind and
pressure onto isentropic surfaces, Q is computed from
a centered finite-difference scheme. The potential vor-
ticity distributions from 5° to 60°N on the 315, 335,
and 355 K isentropic surfaces at 1200 UTC 18 August
1992 [when the center. of Hurricane Bob (hereafter,
Bob) was located about 170 miles to the east-southeast
of Charleston, South Carolina] are shown in Figs. 2a,
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FIG. 1. The 300 K mean Northern Hemispheric north—south gra-
dient of Ertel’s potential vorticity as a function of degrees latitude
north from the tropopause, for winter 1978/79. The average was
performed relative to the southernmost occurrence of the 1.5-PVU
(potential vorticity unit, 107 m? s~ K kg ') contour at each latitude
(5° increments) for each analysis time. The dashed line corresponds
to the gradient obtained by setting the vorticity equal to the planetary
vorticity and the lapse rate equal to 0.05 K mb~' in the troposphere
and 0.5 K mb™' in the stratosphere. The observed gradient (solid
line) is less than half the “planetary gradient” (dashed line) between
8¢ and 24° south of the tropopause (Davis, personal communication).
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b, and ¢, respectively. Figure 2d shows the “tropopause
map,” which indicates the distribution of potential
temperature on the 1.5 PVU (potential vorticity unit,
10° m?s~! K Kg™') potential vorticity surface (see
Davis and Emanuel 1991; Nielsen et al. 1991). Similar
to Bretherton’s (1966) view, the tropopause potential
temperature map serves as a concise way to view the
dynamic information in the upper troposphere in the
absence of appreciable interior potential vorticity gra-
dients.

On the 315 K surface (Fig. 2a), it is found that the
PV distribution is quite uniform everywhere in the
subtropical and tropical region. Bob appears as a local
PV maximum with a PV value of 0.8 PVU. The PV
gradient is mainly concentrated in eastern Canada,
where the tropopause intersects this isentropic surface.
On the 335 K surface (Fig. 2b), more PV contours
appear in the subtropics; however, the horizontal PV
gradient is most distinct along the tropopause, which
extends farther south into the United States. The high
PV air associated with Bob still exists at this level, but
this will change dramatically as we go to higher levels.
On the 355 K surface (Fig. 2¢), the high potential vor-
ticity tongue dips down to the Gulf of Mexico, acting
as an intrusion of the stratospheric “reservoir” of high
PV air. A negative PV anomaly shows up at the top of
Bob, with a tail extending toward the downshear side.
The horizontal gradient of potential vorticity in the
subtropics and tropics at this level is much higher than
that in the lower and middle troposphere. Figure 2d
shows similar patterns as those in Fig. 2c. The lens of
low PV air at the top of Bob appears as a positive po-
tential temperature anomaly on the “dynamic tropo-
pause.” These findings cast some doubt on the appli-
cability of the traditional theory, which relates hurri-
cane motion to the drift of barotropic vortices
embedded in a uniform background potential vorticity
gradient,

Real hurricanes are characterized by anticyclonic
flow near the tropopause. Since the flow typically in-
teracts with a potential vorticity gradient that is as
strong as or stronger than the gradients in the mid- or
lower troposphere, it is not clear which component of
the circulation has the dominant effect on the PV dis-
tribution. It is conceivable that the principal effect on
tropical cyclone motion is that associated with the an-
ticyclonic outflow near the tropopause; this effect tends
to move the upper anticycione westward and equator-
ward.

c. The effect of vertical shear of the background flow

As noted above, hurricanes have anticyclonic cir-
culation near the tropopause, except perhaps near their
centers. The reason for this can be interpreted from
the potential vorticity perspective. As discussed by
Hoskins et al. (1985), in the absence of diabatic heating
and friction at the boundary, the mass-weighted volume
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integral of potential vorticity over a suitably defined
domain is conserved. In other words, interior diabatic
heating cannot change the mass-integrated total po-
tential vorticity around the tropical cyclone. It only
plays a role in redistributing the total potential vorticity
by potential vorticity generation in the lower tropo-
sphere and potential vorticity destruction in the upper
troposphere. However, because surface friction acts to
destroy potential vorticity, the total potential vorticity,
integrated in a volume bounded by a surface around
which there is a cyclonic circulation at the sea surface,
should decrease with time. From this point of view, it
is expected that a region of low potential vorticity is
generated in the upper troposphere above a tropical
cyclone. This low PV lens near the tropopause is clearly
seen in the numerical simulations of Rotunno and
Emanuel (1987) and also from Figs. 2c,d in this paper.
Hence, in terms of potential vorticity, a “steady-state”
mature hurricane can be viewed as a diabatically and
frictionally maintained constant positive potential
vorticity anomaly in the lower troposphere, with an
expanding negative potential vorticity anomaly in the
upper troposphere.

Using the concepts of vortex interaction, a baroclinic
tropical cyclone, which is structured like a vertically
distributed pair of vortices of opposite sign, would ex-
perience a mutual propagation if the vortex dipole is
tilted. In particular, there are two ways to cause this
kind of interaction.

1) The existence of ambient vertical shear: the
background vertical wind shear acts to tilt the vortex
pair,by blowing the upper potential vorticity anomaly
downshear. Evidence of this phenomenon has been
found in Figs. 2¢ and (d) and also by Molinari (per-
sonal communication) in his IPV analyses of hurri-
caneés. As the members of the vortex pair are displaced,
they begin to interact with each other. Their mutual
interaction will move the pair at right angles to the axis
connecting them. On this basis, we infer that NH (SH)
tropical cyclones should drift with respect to the mean
winds in a direction to the left (right) of the background
vertical shear vector.

2) The “B effect” on the upper anticyclone: the up-
per anticyclone drifts equatorward and westward due
to the effect of the background potential vorticity gra-
dient. Therefore, we suppose that the upper anticy-
clone, experiencing such a drift, would interact with
the .lower layer vortex and lead to an eastward and
equatorward motion of the cyclone.

In this paper, we shall focus on the first effect.

3. Description of the model

a. Background of the method of contour dynamics
and contour surgery

Contour dynamics is a Lagrangian computational
method used to integrate flows associated with patches
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of piecewise constant potential vorticity. This method
leads to a closed dynamical system within which the
evolution of the flow can be uniquely determined by
the contours bounding the patches. (In practice, the
contours are represented by a finite number of discrete
nodes.) In other words, contour dynamics achieves its
great numerical efficiency by integrating only on the
_contours instead of on the total potential vorticity field.
To apply the contour-dynamics technique, the Green
function associated with the differential operators of
the fluid flow equations must be inverted. Because only
certain fluid flows, such as barotropic, equivalent
barotropic, or two-layer quasigeostrophic flows, have
a simple enough mathematical form that their Green
functions can be analytically found, the contour-dy-
namics technique is restricted mainly to applications
on these flows. For example, using the method of con-
tour dynamics, Polvani et al. (1989) performed an ex-
tensive study of geostrophic vortex dynamics in a two-
layer quasigeostrophic model.

The method of contour surgery improves the reso-
lution of the contour by adding nodes (called nodes
adjustment) in regions of high curvature or smaller
velocity. It is also more efficient and prevents unlimited
enstrophy cascades to small scale by removing contour
features (called contour adjustment ) thinner than some
prescribed tolerance. A detailed description of the
methods of contour dynamics and contour surgery can
be found in Dritschel (1989).

The primary disadvantage of contour dynamic is
that it prohibits the existence of background potential
vorticity gradients except on contours where finite po-
tential vorticity jumps occur. Therefore, the contour
dynamics approach inherently rules out the possibility
of including a smooth planetary vorticity gradient. Al-
though this makes the model somewhat unrealistic, it
does allow us to isolate the effect of ambient vertical
shear on tropical cyclone propagation. The other dis-
advantage of contour dynamics is that there is a time
limit on the model integration, beyond which the
number of nodes of the contour is too large to be in-
tegrated within a reasonable time.

b. Background of the models

A two-layer quasigeostrophic model is used to in-
vestigate the effect of background vertical shear. Since
the two-layer model essentially assumes layers of con-
stant density, diabatic effects cannot be explicitly in-
cluded. For this reason, the forcing of potential vorticity
from diabatic effects is specified. The approach we have
taken is to simulate the interaction of a baroclinic vor-
tex dipole with the background shear, using the meth-
ods of contour dynamics and contour surgery applied
to a two-layer quasigeostrophic system.

We consider the simplest analog of a mature tropical
cyclone to be a diabatically and frictionally maintained
point vortex of constant strength in the lower layer
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and, in the upper layer, a patch of uniform, zero po-
tential vorticity air surrounded by an infinite region of
constant potential vorticity. The diabatic sink of po-
tential vorticity in the upper layer is represented as the
expansion of the area of the upper potential vorticity
anomaly owing to a radial outward potential flow em-
anating from a point-mass source collocated with the
lower vortex. According to the principle of mass con-
tinuity, the potential flow can be calculated from the
lower boundary frictionally driven mass influx.

To isolate the effect of the ambient vertical shear,
we explore the case of a vanishing ambient potential
vorticity gradient. Therefore, the upper vortex patch is
advected by the rotational flows (associated with both
the upper-layer contour itself and the lower-layer vor-
tex), the divergent flow (associated with the mass
source), and the mean shear flow. The evolution of
the upper vortex patch is integrated by the method of
contour dynamics and contour surgery. This formu-
lation is an ideally simple model for exploring the ef-
fects of vertical shear in isolation. The quasigeostrophic
aspect of the model is a poor representation of the ver-
tical penetration of the effect of potential vorticity
anomalies near the storm center but should be adequate
for describing the effect of the low-level cyclonic
anomaly on the upper-level contour evolution at rel-
atively large radius and for describing the downward
penetration of the effect of the upper-level anomaly,
whose associated rotational flow is probably weak
enough to satisfy quasigeostrophy. We emphasize that
the present work is meant to describe the first-order
effects of vertical shear given the approximations in-
herent in the model.

¢. Formulation of the model equations
In a continuous quasigeostrophic flow, the meridi-
onal gradient of zonal-mean pseudo-potential vorticity

is

o _, 0°0_[3[o°0 140
N?|9z> H az
where U is the zonal mean wind, f; is the Coriolis pa-
rameter evaluated in the middie of the domain, N is

the Brunt-Viisila frequency, and H is a scale height
defined as

], (3.1)

g |o 2 Vo]
N? 3z ’

where p is the mean density; N2 and p may vary only

with altitude.

The aforementioned observations suggest that, at
least in the subtropics, the meridional gradient of mean
pseudo-potential vorticity is much smaller than 3. For
this reason and in order to isolate the direct effect of
vertical wind shear on storm propagation, we take

9q _
dy

>
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and
6U
3y

By Eq. (3.1), then, we are constrained to use a vertical
profile of U that satisfies

d*U 1 dU N?8
72-2— FIZ— 2 = Q. (3.2)

Taking N? to be approximately constant, the zonal
wind profile that satisfies this is

e M —

e —1 )

e
N?H?\ {( z
(5 )

f3
where Ur = U(at z= H)and U, = U (at z = 0). If it
is further required that the surface meridional tem-
perature vanishes [i.e., dU/dz (at z = 0) = 0], as is
approximately true in the tropics, then
2772

N B(e”z/” 1+ 3) :

fs H
This profile has very little shear through most of the
troposphere, with an increasing shear near the tropo-
pause. For typical values of the parameters, this would
give an increase of about 10 m s™' between the mean
surface zonal wind and the wind at the tropopause.
(This mean shear could be reduced to zero if a weak
easterly shear near the surface is assumed.)

In a two-layer representation, it is not possible to
represent in a direct way the curvature of the mean
wind profile, but the mean meridional gradient of po-
tential vorticity can be canceled out by introducing
upper and lower boundaries with gentle meridional
slopes. When this is done, the conservation equations
for pseudo-potential vorticity in each layer become

di 0
;‘[m+ﬂmﬂﬂm H,,

U:U0+(UT—

U=U0+

(3.3)

qu a

I [at"*'f(‘l’z,*)]%—Hz'i'Fz: (3.4)
where subscripts 1 and 2 denote the upper and lower
layer, respectively, and

v, — ¥
24+ By,

= vy, + 21
7} 1 L%{

- ¥
L2 2+f6+62y,
R

v

g = V2, + ¢ —

where ¥, and ¥, are the streamfunctions in the upper
and lower layers, respectively; H, is the diabatic source
of potential vorticity in the upper layer; H, is the dia-
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batic source in the lower layer; F; is the frictional dis-
snpatlon of potential vorticity at the lower boundary;
Ly is the radius of deformation (Lg = (gD14p/p)"/?/
/0); D, is the depth of the upper layer; Ap is the density
difference between the two layers; f is the local Coriolis
parameter; and 3, and 3, are the mean potential vor-
ticity gradients in the upper and lower layers, respec-
tively. These are given by

B =8~ ﬁ’D‘T‘ , (3.5)
foaz
B=B+—7- D, (3.6)

where «; and «» are the slopes of the upper and lower
boundaries, respectively.
The Jacobian and Laplacian operators are given by

_9A3B 949B

—_— + —— R
x?  ay?
and ¢ = D,/ D, is the ratio of the upper to lower layer

thickness (when the fluid is at rest).
The flow is divided into two parts:

1) a mean zonal flow (denoted by overbars), which
is taken here to be independent of y, and

2) vortical disturbances associated with the potential
vorticity anomalies (denoted by primes), that is,

L3
I
&
+
<
I

_f Uldy + \Illl’

‘I’zz‘i’2+\l/lz= *f Uzdy‘l' \I’IZ

Then (3.3) and (3.4) become

é
(6I+ U )(11+J(\I’1,(11+(11)—H1, (3.7)

i) 1¢]
(Gt + Uz(9 )qz + J(¥5, g, + g5) = H, + F>, (3.8)
where
_ U,-0
QI_f6+(ﬁl+ IL% 2)3/':
q-l_.f0+(62—€ L_%g z)y’
and
o \I/l
q’] = VZ\IIII + 2 2 : >
R
v — ¥
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To be able to apply contour dynamics, we require that
the mean potential vorticity gradient vanishes, that is,

di, U, - U,

s L2 . < S )

dy L3 b =0,

dq_z 02 - Ul

— _ + = .
dy L3 pr=0

Using (3.5) and (3.6), this determines the slopes of
the two boundaries:

Dl( U‘ - 02)
a=—|B+—=—],
1 ﬁ) ﬁ L%
Dz 01 - Uz
= = - + —_—
(25} f(-) ( B € L%{ )

Typical values of a; and a, are 1 X 107 and —1
X 10_‘3, respectively. Thus, we are free to choose U,
and U,, the mean flow velocities in the upper and lower
layers. This does not violate the spirit of our analysis,
_ which constrains the flow to have no mean gradient of
pseudo-potential vorticity. As seen earlier, this re-
quirement determines the curvature of the flow profile
and not its mean shear.

d. Model simplifications

1) As there is no mean gradient of potential vortic-
ity, the system becomes Galilean-invariant, and we can
further assume no mean wind in the lower layer, that
iS, ‘Uz =0.

2) Real hurricanes contain highly concentrated po-
tential vorticity anomalies at the center. This is ideal-
ized as a point potential vortex in the lower layer.
Therefore, in the lower layer, we assume that a mature
tropical cyclone is diabatically and frictionally main-
tained and represent it there as a point vortex of con-
stant strength S,, that is,

g> = $20(x — x,(1)),
where x,, is the position of the point vortex, and
H2 + F2 = 0.

The last relation is based on the assumption that the
destruction of potential vorticity by friction is balanced
by its creation by diabatic heating. This representation
makes the cyclone drift quite visible (i.e., the cyclone
drift is simply the movement of the point vortex).

3) In the upper layer, the upward decrease of dia-
batic heating causes the potential vorticity associated
with the anticyclone to decrease with time. We rep-
resent this by a patch of constant, negative potential
vorticity anomaly, whose area expands owing to a radial
outward potential flow, emanating from a point mass
source collocated with the lower vortex. In other words,
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the forcing is represented as an advection of the po-
tential vorticity by a potential flow u,. Therefore,

H, = _up°Vqll,
g1 = Q1 Xp(x),

where (), is the potential vorticity jump across the con-
tour associated with a patch domain D, and X is a
symbol for the generalized step function, that is,

Xp(x)=1, when x€&D,
Xp(x) =0, when x&D.

Then (3.7) and (3.8) can be rewritten (neglecting the
prime symbol) as

6 - 0
(52+Ulg)—c+up-V)q1+J(\Ill,q1)=O, (3.9)

0
=g+ J(¥3,2) =0,

3.10
P (3.10)
where
v, — ¥
q = VY, + ———2L2 b= Q) Xp(x),
R
v, — V¥
G2 = Vs + e =5 = Sib(x = %,(1)).
R

e. Estimation of the potential flow

In’ general, the transverse circulation of a mature
hurricane consists of radial inflow within the frictional
boundary layer, ascent within a narrow outward sloping
eyewall, and radial outward flow in a thin layer at the
top of the storm. From this point of view, the potential
radial outward flow in our model can be approximated
as a flow emanating from a mass source in the upper
layer, whose mass flux is determined by the surface
frictionally induced inflow. Considering an axisym-
metric hurricane, the angular momentum M is defined
as

2
M=rv +fL 5
' 2
where r is the distance from the storm center. The azi-
muthal component of the momentum equation in the
surface inflow layer in cylindrical coordinates is

yoM_ o
or o’

or

1 8(rv) ar
- =—rg— 11
u[ﬁ)+r ar ]r rgap, (3.11)

where u and v are the radial and azimuthal components
of the wind, respectively, fis approximated by the local
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Coriolis parameter fy, and 7 is the azimuthal compo-
nent of frictional stress. We examine (3.11) at a par-
ticular radius r., where the relative vorticity { changes

sign, that is,
13(rv)
=|-———= = 0.
£ [r or ]r=rc

At this radius (3.11) becomes

or
ufore = —reg o=
ap’
Integrating vertically over the surface boundary layer,
we get
dp
f uﬂ)’c? = TleTs,

where 7, is the azimuthal component of surface fric-
tional stress at radius r.. By applying the bulk aero-
dynamic formula,

Ts = pschcl Ucl s

where ¢, is the drag coefficient and v, is the azimuthal
surface wind at radius r,, the total mass influx is

f dp! 2w pgteCpv2
2mr | utl| = T

fé 3
(3.12)

Fin =

21rrcfpudz =

where the hydrostatic equation is used. Also, the out-
ward mass flux in the upper layer can be represented
as

Fou = 2mpytipt Dy, (3.13)

where u, is the outward radial wind at radius r, in the
upper layer and p, is a mean density in the upper layer.
By equating F;, and F,,, the potential flow

2
- PstcCpV¢
Jopir1 D,

is obtained.

/. Scaling of the model

We choose physical scaling parameters such that the
normalized governing equations can be described by
only a few nondimensional parameters. To do this, the
following scales are chosen:

¢ horizontal length scale L = r., which is the radius
where the surface relative vorticity of the storm changes
sign (a typical value is 500 km);

e horizontal velocity scale U = p,cpv?/(p1foD1),
which is the frictionally induced potential flow speed
in the upper layer at r, = r.(a typical valueis | m s™').
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Then, by using the advective time scale (a typical value
of 5 days), (3.9) and (3.10) can be expressed in non-
dimensional form as

d d i)
—+v— + J(¥,, =0, (3.17
[6t+(x #)ax Uay q ¥y, q1) ( )

0
=g+ J(¥2,q2) =

3 (3.18)

where
= V¥, + 3 (¥, —
g = V¥, + ey 2 (¥,

¥,) = Hl Xp(x),
- ¥,) = I12 6(x — x,(2)),

and
I1, = Qir.p1 oDy /(pscpv?): the nondimensional
upper-layer potentlal vorticity jump,

I, = Swp1foDi/(pscovire) = 2mpy foDi/(pscpvc): the
nondimensional lower-layer vortex strength,

where we have approximated the strength of the lower-
layer hurricane vortex as S, = 2xwv.r,,

v = 1o/ Lg: the ratio of the horizontal length scale to
the radius of deformation,

X = Uipi foD:/(pscov?): the nondimensional upper-
layer mean wind,

p = (x — Xx,)/r1(x): the nondimensional zonal com-
ponent of the potential flow,

v = (¥ — y,)/r(x): the nondimensional meridional
component of the potential flow, where

x = (x, y)) ]xf (%p, ¥p) and ry(x) = [(x — x,)* + (¥
~ W

Equations (3.17) and (3.18) are the final forms of
the governing equations. The behavior of the model is
governed by the following five dimensionless param-
eters:

_D
D,’
redo
(ngAP/P)l/Z ’
- 0lp1f6Dl
psCDV?
Oirepy oD,
pschg
27py foDy
PsCpVc )

‘Y'__

H1=

H2=

4. Results
a. Control experiments

We start our model integration by specifying the po-
sition of a point vortex in the lower layer, with a circular
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patch of zero potential vorticity in the upper layer,
whose center is collocated with the surface vortex. The
dimensionless radius of the initially circular contour
of upper-level potential vorticity patch is r, = r;/r..
For convenience, only the NH case is studied.

The model is begun by specifying a lower point vor-
tex whose strength [, is consistent with a vortex char-
acterized by r, = 500 km, v, = 10 m s™', D; = 2 km,
and an upper-layer vortex patch of radius r, = 0.3,
with a strength 1, given by taking @, = — f; (i.e., the
anomaly has zero potential vorticity and the environ-
ment has potential vorticity f). We take the value of
fo at 20° latitude, cp = 1 X 1073, and € = 0.25. By
choosing Ap/p to be 0.05, which is equivalent to an
atrnosphere of the same vertical depth with uniform
static stability N2 = 1 X 107*s72, the value of v is
0.79, and the corresponding values of [], and I1; are
25 and 62.83. Control experiments were performed by
integrating the model to nondimensional time ¢ = 4,
with westerly vertical shear (X) varying from 0 to 10.

For the case with no vertical shear (X = 0), it is
found, as expected, that the upper patch expands with
time and remains circularly symmetric and that there
is no lower vortex movement. The wind distributions
at time ¢t = 4 in each layer (Figs. 3 and 4) show that
the upper flow is anticyclonic and outward, similar to
a real hurricane outflow, and the lower-layer flow is
symmetric around the vortex center, so that no vortex
drift is induced.

Next the case with weak shear is investigated, that
is, X = 1.25 (this corresponds to an upper-layer mean
wind of approximately 1.25 m s™'). The evolution of
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FIG. 3. The upper-layer wind distribution at time ¢ = 4 for
e = 0.25, ¥y = 0.79, and X = 0. The lower vortex is located in the
center and is shown as “O.” One unit length in the domain corre-
sponds to 500 km.
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FIG. 4. The lower-layer wind distribution at time ¢ = 4 for
e = 025, v = 0.79, and x = 0. The lower vortex is located in the
center and is shown as “O.” One unit length in the domain corre-
sponds to 500 km.

the upper-level contour for this case is shown in Fig.
5. It is found that the vortex patch expands and is ad-
vected downshear. Also, roll-up of the vortex patch
occurs on the downshear side, essentially due to baro-
tropic instability. The evolution of the vortex zonal
and meridional drift velocity and total drift speed with
time (Figs. 6, 7 and 8) shows that the vortex drift is
mainly meridional and increases with time. The in-
duced zonal drift, though smaller in magnitude, is
mainly associated with the roll-up of the vortex patch,
which, after a certain integration time, is located east-
ward and southward of the lower vortex.

The maximum dimensional drift speed (approxi-
mately 3 m s™!) in this case is comparable in magnitude
with that associated with 8 drift (cf. Chan and Williams
1987). A recent study of hurricane motion in a three-
layer model by Shapiro (1992) indicated that the ex-
istence of ambient westerly shear advects the upper-
layer negative potential vorticity anomaly downshear
and thus induces an anticyclonic anomaly that advects
the middle-layer vortex. Shapiro concluded that this
effect is secondary to the § effect. Our results, however,
suggest that the background shear can be important in
causing the hurricane movement, though we have ex-
cluded the influence of any background potential vor-
ticity gradient.

For cases with very little shear, for example, X
= (.25, the vortex patch simply rotates around the
lower point vortex (Fig. 9), and the drift velocity wavers
with time with an upper bound (Figs. 6, 7, and 8). In
these cases, more eastward vortex drift is found.

For cases with larger shear, for example, X = 5, the
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t=25

+

t= 4.0

FIG. 5. The evolution of the upper-layer vortex patch for e = 0.25, v = 0.79, and X = 1.25.
The lower-layer point vortex is shown as “X.” The initial position of the point vortex is indicated
as “+.” The time interval between each plot is 0.5. The unit length scale (500 km) is shown in

the upper left corner.

patch is rapidly advected downshear and becomes
zonally elongated (Fig. 10). The low potential vorticity
anomaly behaves more like a passive plume. Since the
bulk of the upper vortex patch is far from the lower
vortex, its influence on the lower vortex is limited, so
that the induced vortex drift speed reaches a nearly
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F1G. 6. The evolution of induced lower-layer vortex zonal velocity
with time for e = 0.25, v = 0.79, and X = 0.25 (solid line); for X
= 1.25 (long-dashed line); and for X = 5 (short-dashed line).

quasi-steady state (Figs. 6, 7, and 8). In these cases,
the elongation of the potential vorticity anomaly leads
to barotropic instability and the filamentation in the
middle of the contour strip. However, strong roll-up
of the contour occurs at the downshear end of the
anomaly.
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F1G. 7. The evolution of induced lower-layer vortex meridional
velocity with time for e = 0.25, ¥ = 0.79, and x = 0.25 (solid line);
for x = 1.25 (long-dashed line); and for X = 5 (short-dashed line).
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FIG. 8. The evolution of induced lower-layer vortex total speed
with time for e = 0.25, v = 0.79, and x = 0.25 (s0lid line}; for x
= 1.25 (long-dashed ling); for X = 5 {shori-dashed line).

The trajectories of the lower vortex in the afore-
mentioned three experiments are shown in Fig. 11. In
all cases, distinct northward vortex drifts associated
with different magnitudes of the mean westerly shears

. @

VoL. 30, No. 1

are found, as expected. Also, the drift in the zonal di-

rection is a function of the background shear, that is,
more eastward drift is associated with weaker shear.
Figure 12 shows the maximum total drift speed as a
function of the ambient shear. The vortex drift initially
increases as the shear increases, and there exists an
optimal shear (about X = 1.25 for these parameter val-
ues) that maximizes the vortex drift. Above that op-
timal shear, the drift speed decreases with increasing
shear and approaches a constant.

b. Other sensitivity experiments

We have performed two sets of experiments to de-
termine the sensitivity of the vortex motion to the
thickness ratio of the two layers (¢). The first set of
experiments were conducted by choosing ¢ to be 1,
with x varying from 0 to 10. Figures 13, 14, 15, and
16 show the evolution with time of the zonal vortex
drift velocity, the meridional vortex drift velocity, the
total vortex drift speed, and the trajectories of the lower
vortex for cases with X = 1, 3, and 5. For relatively
weak shear (X = 1), the induced drift speed wavers
with time. The vortex moves northeastward initially,
then moves southeastward with a cycloid-like trajec-
tory. For other cases, the result behaves like the control
experiments, except that more drift is induced, the
“optimal shear™ (see Fig. 17) is shifted to higher value,
and the induced drift does not drop much when the
ambient shear increases above the “optimal shear.”

t=0.35 t=1.0
t=1.5 t=2.0 t=2.5
t=3.0 1=3.5 (=40

FiG. 9. The evolution of the upper-layer vortex patch for ¢ = 0.25, v = 0.79, and X = (.25,
The Iower-laygr po_i nt vortex is shown as “X.” The initial position of the point vortex is indicated
as “+.” The time interval between each plot is 0.5. The unit length scale { 500 km) is shown in

the upper left corner.
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=25

FIG. 10. The evolution of the upper-layer vortex patch for e = 0.25, v = 0.79, and X = 5. The
lower-layer point vortex is shown as “X.” The initial pesition of the point vortex is indicated as
“+ " The time interval between each ptot is 0.5. The unit length scale ( 500 km) is shown in the

upper keft corner.

The second set of experiments was performed by
choosing e to be 0.5. The resulis { not shown} are con-
sistent with the control experiments, with a moderate
increase in vortex drift.

The variation of the maximum induced drift speed
and its velocity vector with parameters X and e (Figs.
17a and b) shows that both the maximum induced
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F1G. 11. Trajectories (units of 500 km) of the lower-layer vortex
for € = 0.25, v = 0.79, and x = 0.25 (shown as “+); x = 1.25
(shown as “x™); and X = 5 (shown as “O").

vortex speed and “optimal shear” increase with the
value of e. These results suggest that the drift induced
by the interaction effect is quite sensitive to the thick-
ness ratio of the two layers. What happens physically
is that increases of ¢ strengthen the influence of the
upper-layer potential vorticity anomaly on the lower-
layer vortex and thus induce more vortex movement,

6.0 —r—T—T— 71T
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w
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FIG. 12. The relation between the maximum induced vortex speed
and the magnitude of the vertical shears (x) for ¢ = 0.25 and ~
=0.79.
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F1G. 13. The evolution of induced lower-layer vortex zonal velocity
with time for e = 1, v = 0.79, and X = 1 (solid line}; for X = 3 (long-
dashed line); and for x = 5 (short-dashed line).

Two other experiments are performed to test the
model sensitivity to the ratio of the horizontal length
scale to the radius of deformation (). We run the
model with v equal to [ and 0.5, respectively, with
varying values of X. The variations of the maximum
induced drift speed and its velocity vector with the pa-
rameters X and v are shown in Figs. 18a and 18b. The
result suggests that the maximum vortex drift is rela-
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4.0

FIG. 14, The evolution of induced lower-layer vortex meridional
velocity with time fore = 1, ¥ = 0.79, and X = 1 (solid line); for x
= 3 (long-dashed line); and for X = 5 (short-dashed line).
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FI1G. 15. The evolution of induced lower-layer voriex total speed
with time for e = 1, v = 0.79, and X = 1 (solid line}; for X = 3 (long-
dashed line); and for x = 5 (short-dashed line).

tively insensitive to the parameter v. Though the pa-
rameter - reflects the degrees to which the upper and
lower layers are coupled, its quantitative influence on
vortex motion appears as a coefficient in the modified
Bessel function of the second kind, of order one (X)),
whose value is quite insensitive to the choice of +.
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F1G. 16. Trajectories {units of 500 km) of the lower-layer vortex
fore=1,v=079 and X = [ (shown as “+™); X = 3 {(shown as
“**3y; and X = 5 (shown as “Q”).
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Final experiments were performed to test the sen-
sitivity to the parameters [1; and [],, and the initial
radius of the upper patch, r,. We find that an initial
lower vortex of different strength or a upper vortex
patch with different initial area has little influence on
the eventual movement of the vortex. An-initial upper
vortex patch with higher potential vorticity jump tends
to have more vortex drift. This relation is nearly linear.
This result indicates, as one would expect, that a hur-
ricane surmounted by a stronger negative potential
vorticity anomaly would experience*meore interaction
between the upper and lower vortices.

5. Summary

Observations show that tropical cyclones have broad
anticyclones aloft and that the distribution of potential
vorticity gradient in the tropical atmosphere is highly
inhomogeneous. There is some indication that the po-
tential vorticity gradients in the subtropical troposphere
are very weak, perhaps having been rendered so by the
action of synoptic-scale disturbances. To account for
this and to isolate the direct effect of vertical wind shear
on the motion of a baroclinic vortex, we have per-
formed experiments with an idealized two-layer quasi-
geostrophic model in which there is no background
potential vorticity gradient. The lower-layer potential
vorticity anomaly is represented by a point vortex,
whiie the upper-layer anomaly is represented by a patch
of zero potential vorticity air, which is expanding in
time owing to a point source of mass collocated with
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F1G. 17. (a) The relation between the maximum induced vortex
speed and the magnitude of the vertical shears (X ) for ¥ = 0,79 and
e = 0.25 (solid line); e = 0.5 (long-dashed); ¢ = 1 {short-dashed).
{b) The maximum induced vortex velocity vector as a function of
the magnitude of X and ¢ for v = 0.79.
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FiG. 18. (a) The relation between the maximum induced vortex
speed and the magnitude of the vertical shears (x) for ¢ = 0.25 and
¥y = (.79 (solid-line); v = 0.5 {long-dashed line); and v = 1 (short-
dashed). (b) The maximum induced vortex velocity vector as a
function of the magnitude of X and -y for ¢ = (.25,

the lower-layer point potential vortex. The method of
contour dynamics and contour surgery is used to in-
tegrate the upper-level pseudo-potential vorticity
equation.

We find that the direct effect of ambient vertical
shear is to displace the upper-level plume of anticy-
clonic relative potential vorticity downshear from the
lower-layer cyclonic point potential vortex, thus in-
ducing a mutual interaction between the circulations
associated with each other. This results in a drift of the
point vortex broadly to the left of the vertical shear
vector (in the Northern Hemisphere ). This drift is sen-
sitive to the assumed relative thicknesses of the two
layers, but its magnitude is generally comparable to
that found in simulations of barotropic vortices on the
B plane.

We feel that it is necessary to examine these effects
using more comprehensive modeling and observational
studies, with a view toward establishing the actual
background potential vorticity gradients in the atmo-
sphere. We are in the process of developing more com-
plete models that also incorporate variable background
potential vorticity gradients. We believe that this work
will aid in improving our basic understanding of the
factors influencing tropical cyclone motion and perhaps
lead to better observational strategies for future fore-
casts of tropical ¢yclone motion.
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