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ABSTRACT

Tropical cyclone propagation (the beta drift) is driven by a secondary circulation associated with axially
asymmetric gyres (beta gyres) in the vicinity of the cyclone center. In the presence of the beta effect, the
environmental flow may interact with the symmetric circulation and beta gyres of the cyclone, affecting the
development of the gyres and thereby the cyclone propagation. An energetics analysis is carried out to elucidate
the development mechanism of the beta gyres and to explain variations in propagation speed of a barotropic
cyclone embedded in a meridionally varying zonal flow on a beta plane. Two types of zonal flows are considered:
one with a constant meridional shear resembling those in the vicinity of a subtropical ridge or a monsoon trough,
and the other with a constant relative vorticity gradient as in the vicinity of an easterly (westerly) jet.

Zonal flow with a constant meridional shear changes the generation rate of the gyre kinetic energy through
an exchange of energy directly with the gyres. The momentum flux associated with gyres acting on the meridional
shear of zonal flow accounts for this energy conversion process. Zonal flow with an anticyclonic (cyclonic)
shear feeds (extracts) kinetic energy to (from) the gyres. The magnitude of this energy conversion is proportional
to the strength of the meridional shear and the gyre intensity. As a result, the gyres are stronger and the beta
drift is faster near a subtropical ridge (anticyclonic shear) than within a monsoon trough (cyclonic shear).

Zonal flow with a constant relative vorticity gradient affects gyre intensity via two processes that have op-
posing effects. A southward vorticity gradient, on the one hand, weakens the gyres by reducing the energy
conversion rate from symmetric circulation to gyres; on the other hand, it enhances the gyres by indirectly
feeding energy to the symmetric circulation, whose strengthening in turn accelerates the energy conversion from

symmetric circulation to gyres. The effect of the second process tends to eventually become dominant.

1. Introduction

Tropical cyclone motion normally differs from an
environmental steering (George and Gray 1976; Chan
and Gray 1982; Carr and Elsberry 1990). The differ-
ence is attributed to a propagation component that
arises from the interaction of the tropical cyclone
circulation with embedded environment. Current un-
derstanding of the nature of the propagation is primar-
ily gained from theoretical and numerical modeling
studies.

Theoretically, the translation of an initially axially
symmetric vortex embedded in a spatially varying en-
vironmental flow may be advantageously partitioned
into two components: a steering caused by the advec-
tion of axially symmetric vorticity by the environmen-
tal flow, and a propagation induced by the advection of
the symmetric vorticity by axially asymmetric flows
near the vortex center. The asymmetric flows result
from interactions between the vortex circulation and
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the planetary vorticity gradient ( the beta effect) and the
relative vorticity gradient of the environmental flow.

An example of pure steering was given by Adem and
Lezama (1960), who showed that a barotropic sym-
metric vortex embedded in a uniform environmental
flow on an f plane moves precisely with the uniform
flow. An example of pure propagation was first studied
by Rossby (1948), who showed that the beta effect can
drive a rigid-body rotation cyclone northward in the
absence of environmental flows. Recent numerical in-
vestigations have established that in a quiescent envi-
ronment on a beta plane, the propagation of a baro-
tropic symmetric vortex (the beta drift) is determined
by the advection of symmetric vorticity by the asym-
metric flow between a pair of counterrotating gyres ( the
beta gyres); the beta gyres are generated by the advec-
tion of planetary vorticity by the symmetric vortex cir-
culation (Chan and Williams 1987; Willoughby 1988;
Fiorino and Elsberry 1989; Peng and Williams 1990;
Shapiro and Ooyama 1990; Smith et al. 1990; Li and
Wang 1994; and others).

In the presence of both the beta effect and environ-
mental flows, vortex translation is a combination of
steering and propagation. In the simplest case, in which
the environmental flow is uniform and time indepen-
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dent, the movement of a barotropic vortex can be
viewed simply as the sum of a steering by the environ-
mental flow and a beta drift. When the environmental
flow varies with latitude (as will be studied in this pa-
per) or varies with time and space in general, it not
only steers the vortex but also interacts with the vortex
circulation, modifying the beta gyres and affecting
propagation.

Sasaki (1955) and Kasahara (1957) found that an
environmental relative vorticity gradient can force a
cyclone to propagate in a direction 90° to the left of the
relative vorticity gradient. DeMaria (1985) showed
that an environmental absolute vorticity gradient may
cause a cyclone to deviate from steering flow with one
component in the direction of the gradient and another
90° to the left of the gradient. To isolate the effect of
the environmental relative vorticity gradient on vortex
motion, Ulrich and Smith (1991) designed an experi-
ment on an f plane in which the environmental flow
has a constant meridional relative vorticity gradient that
equals 8. They revealed that the poleward drift speed
of a cyclone in such an environmental flow is much
smaller than that of the same cyclone in a quiescent
environment on a § plane, although the environmental
absolute vorticity gradients are the same in the two
cases. Williams and Chan (1994) further carried out
two 3-plane experiments in which the zonal flows have
a constant relative vorticity gradient of — 3 and g, so
that the environmental absolute vorticity gradient is
zero and 2, respectively. In order to focus on the ef-
fects of relative vorticity gradient of the zonal flow on
cyclone movement, they removed a steering compo-
nent from the total displacement and obtained a prop-
agation component that describes the deviation of the
cyclone track from the steering current. They found that
the propagation is faster in the case with zero vorticity
gradient, but slower in the case with 24 vorticity gra-
dient than the beta drift in the absence of environmental
flow. The cause was not addressed.

A meridionally varying environmental flow may af-
fect propagation even in the absence of the relative vor-
ticity gradient. Ulrich and Smith (1991) and Smith
(1991) examined the effect of a zonal flow with a con-
stant vorticity (or meridional shear) on vortex motion
on a beta plane. They found that the northward prop-
agation in a zonal flow with an anticyclonic shear is
significantly larger than that in a zonal flow with a cy-
clonic shear. Williams and Chan (1994 ) repeated this
experiment. After subtracting the advection by envi-
ronmental flow, they observed that the propagation in
the cases with constant cyclonic and anticyclonic shear
flows has the same orientation as the pure beta drift;
however, the propagation in the cyclonic shear flow is
slightly slower, whereas in the anticyclonic shear flow
it is significantly faster than the pure beta drift. Again,
what accounts for these differences is unclear.

The purpose of this paper is to elucidate the mech-
anisms by which meridionally varying zonal flows af-
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fect vortex propagation on a beta plane. A typical en-
vironmental pressure field in the troposphere consists
of a subtropical ridge and a monsoon trough to its
south. The corresponding zonal wind varies with lati-
tude as illustrated in Fig. 1. Near a subtropical ridge
and a monsoon trough, the zonal flow can be idealized
as a linear function of latitude, whereas in the region
of an easterly jet between the subtropical ridge and
monsoon trough, the zonal flow may be approximately
described by a sum of a parabolic function of latitude
and a uniform easterly flow. It follows that two ele-
mentary meridionally varying zonal flows are interest-
ing. One is a zonal flow with a constant meridional
shear, and the other is a zonal flow with a constant
relative vorticity gradient. Since the propagation is in
accord with the evolution of the asymmetric gyres for
both constant shear and constant vorticity gradient
cases (Williams and Chan 1994), a central question is
how these meridionally varying zonal flows affect the
intensities of the asymmetric gyres and modify cyclone
propagation speed. Sections 3 and 4 will address this
question through energetics analyses. The kinetic en-
ergy equations of the gyres needed by the analysis will
first be derived in the next section. The last section
gives a summary.

2. The model and kinetic energy equations
a. The numerical model

To discuss barotropic motion of an initial symmetric
vortex, we use a nonlinear shallow-water model. The
governing equations in Cartesian coordinates are

-QU+U~VU+fk>< U=-Vg¢,

Y (2.1a)

0
aq& + V-(¢U) =0, (2.1b)

Subtropical ridge Constant negative relative vorticity

Easterly jet Constant southward relative vorticity gradient

Monsoon trough Constant positive relative vorticity

u(y)

F1G. 1. Schematic variations of a zonal flow with latitude
typical for a tropical cyclone environment.
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where U and ¢ are, respectively, the horizontal wind
and geopotential, and the Coriolis parameter f varies
with latitude.

In order to assess the effect of a meridionally varying
zonal flow on vortex motion, it is convenient to assume
that the total wind consists of a time-independent en-
vironmental flow (U,) and a time-varying vortex cir-
culation (U,):

Uu=U,+U.,. (2.2a)

Correspondingly, the geopotential consists of a vortex
(¢,) and an environmental component (¢, ):

¢ = + ..

Assume that the environmental flow satisfies Eqgs.
(2.1a) and (2.1b). Substituting (2.2) into (2.1) yields
governing equations for the vortex circulation:

(2.2b)

gU., +U-VU,+fkx U,+Vo¢,=-U,-VU.,,

(2.3a)

0
a(bv + V(¢0Uu) = _V'(¢eUu) - V'(¢0Ue)-

(2.3b)

The terms on the right-hand sides of (2.3a) and (2.3b)
involve interactions between the environmental flow
and vortex circulation.

The numerical code is a modified version of the shal-
low-water model originally developed by Li and Zhu
(1991). An integration domain of 6000 X 6000 km? is
chosen with a square mesh of 40 km. Sponge layers
described in Wang and Li (1992) are used along lateral
boundaries. The meridionally varying environmental
flow is in geostrophic balance with environmental geo-
potential. The initial vortex center for all cases is set at
20°N and is located where environmental flows are
zero. Since the work of Adem (1956) it has been well
known that the vortex propagation critically depends
on vortex structure. To identify and focus on the effect
of environmental flows, we used an initial vortex struc-
ture in which the azimuthal wind profile (Fig. 2) is

defined by
r r
el oe 1= ()]

p
= - I, R

u(r) < _%_rTlexpl:l_<_9)]} r<R,,
0" Tm T'm

0 r>R,,

(2.4)

where V,, = 30 m s ! is the maximum wind, r,, = 100
km the radius of maximum wind, and R, = 750 km the
radius of the vortex circulation.
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FiG. 2. Azimuthal wind profile of initial symmetric vortex.

In the model (2.3a,b), the zonal flow is specified. If
the environmental flow is not fixed, it would vary with
time, and the vortex movement would be different from
that obtained in the present model. Our sensitivity tests
revealed that the vortex tracks obtained from a model
that allows temporal variation of environmental flows
are just slightly different from those derived from the
present model for the simple zonal flows studied in
sections 3 and 4. This indicates that the temporal vari-
ations of the chosen environmental flows have no sig-
nificant effect on vortex propagation. One should re-
alize, however, that this conclusion holds only for those
special cases studied in sections 3 and 4 in which the
specified zonal flows are steady solutions of the gov-
erning equations. If the initial environmental flow is not
a steady solution, the results obtained from the models
with time-dependent and time-independent environ-
mental flows could differ from each other significantly.
Since we use model (2.3), in which the environmental
flow is fixed, the effect of a specified environmental
flow on vortex propagation can be assessed without
ambiguity.

b. Kinetic energy equations

To elucidate the kinetic energy source of the devel-
opment of the gyres, a set of kinetic energy equations
for vortex circulation is derived. In the present study
the divergent wind is negligible compared to the rota-
tional wind. Thus, the rotational wind is used to ap-
proximately represent the total wind. The vortex cir-
culation consists of a symmetric vortex (U,) and an
asymmetric circulation. The latter can further be par-
titioned into an azimuthal wavenumber 1 component,
called a generalized beta gyre (U,), and a residual
(Uvs) in terms of Fourier decomposition in the azi-
muthal direction. Thus, the vortex circulation

U, =U; + U; + Ugs. (2.5)

The kinetic energy budgets are calculated over the
whole model domain. Due to the circular nature of the
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vortex circulation, the kinetic energy and the related
conversion terms over the model domain (S) can be
approximately obtained by integrations over a circular
domain A () with a radius R; that is,

(( ))=Lf( )dS——-LmJ.( )dA
=J;errj;zw( )dA.

Here the center of A (z) is collocated with the center of
moving cyclone, but the radius R of A(¢) is constant.
The choice of the radius (R) of the integration domain

(2.6)
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is not unique. We choose R where the vortex circulation
vanishes. Sensitivity tests indicated that for both con-
stant shear and constant vorticity gradient cases the cal-
culated energy budgets have no significant difference
when R is between 1600 and 2000 km. Thus, R = 1600
km is chosen in the following computations. This lack
of sensitivity to the choice of a large integration domain
was also shown by Shapiro and Ooyama (1990) in their
analysis of the angular momentum budget of an iso-
lated vortex on a beta plane. ‘

Multiplying Eq. (2.3a) by U;, U,, and U, respec-
tively, integrating the resulting equations over the cir-
cular domain defined above, and using vector identity
A-(BX C)=B-(CXA)=C-(A X B)yield

<Usg Uu> = _<(UVUs) Us> - <(UVUg) Us) - ((UVUres) U:)

ot

- (fk(Ures X Ux)) - (fk(Ug X Us)> - (U5V¢v> - <(UvVUe) Us>’ (273)

<U;-§; Uu> = —((U-VU)-U,) — ((U-VU,) Up) — {(U-VUs)" Uy)

- <fk(Un:s X Ug)> e (fk(Us X Ug)) - (Ugv¢v> - ((U.,’VU,)’ Ug)’ (27b)

<Ums'g Uv> = _((UVUs) Ures) - <(UVUg) Ures) - ((UVUres) Ures>

- <fk.(Ug X Ur'es)) - <fk'(Us X Ures)) - (Ures'v¢v> - ((Uv‘VUe)' Ums)- (2-70)

To further simplify (2.7), we need the following vector
identities:

((A-VB)-C) =(A-V(B:C)) — {(A-VC)'B),

(2.8a)
((A-VB)-B) = %(A-V(B-B)), (2.8b)

and
(U-VG) = (V-(UG)). (2.8¢)

Equation (2.8c) is valid for any scalar G because the
wind divergence V- U is negligible. Note that the sym-
metric circulation, the gyres, and the residual are or-
thogonal with respect to each other in the sense that the
integrations of the product of any two of them over the
circular dorain are zero. Using (2.8) in (2.7) yields a
set of kinetic energy equations:

861? =F,—(K,.K,) — (K, Kes) + (K., K;), (2.92)

a;f"’ =F, + (K., K;) + (Kees, Kp) + (K., Kp)

(2.9b)

OK e
_at—' = Frs + (Ks’ Kres) — (Kes» Kg) + (Ke, Kes),

(2.9¢)

where

1 1
K.,:E(US'U‘,), Kg=§<Ug'Ug>7

.

Kees = (Ures'Ures> (2.103.)

1
2
are kinetic energy of the symmetric circulation, gyres,
and residual circulation, respectively,

(Ks, Kp) = —{(U-VU,)- Up) + {fk-(Uy X U,)),

(2.10b)

(K, Kres) = —<(UVUS) Ures) + (fk(Uxes X Us)>,
(2.10¢c)

(Kres7 Kg) = _<(U'VUres)' Ug) + <fk(Ug X Ures)),
: (2.10d)
(Kev Ks) = _<(Uv'V(]e)' Us)r (2.108)
(sz Kg) = —((UV'VUe)' Ug): (2‘10f)
(Kw Kes) = '—((UvVUe) Ures) (2103)
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are kinetic energy conversion terms, and
F,= —(V-[UK]) —{V-[U(U,- U]
AV {UUs U)1) — (V- (Usp)]),
F, = —(V:[UK;]) = (V- (U,,)]),
Free = —(V:[UK::])
— AV [UU; Ue)D) = (V- (Ures$)1)  (2.10§)

are radial energy fluxes evaluated at the boundaries of
the integration domain.

For convenience of calculation and analysis, we can
introduce local cylindrical coordinates whose origin is
at the cyclone center. The conversion terms in Carte-
sian coordinates (2.10b) — (2.10g) can be transformed
into the following forms in the cylindrical coordinates
(see appendix):

(K,, Kg) = _<(VVV:)Vg> + (flk(Vg X Vs))y

(2.10h)
(2.10i)

(2.11a)
(K.n Kres) = _<(V 'VVg)"/res) + <flk(Vres X Vs))y
(2.11b)
(Kxes’ Kg) = _<(V 'VVres)'Vg> + <flk(Vg X Vms))?
(2.11¢)
(Ke’ Ks) = _<(Vu'vve)'vx> - (ka'(ve X Vs))y
(2.11d)
(K., Kp) = —((V,"VV,)- V) — (Qk- (V. X Vp)),
(2.11e)
(Ke7 Kres) = _((Vv'vve)'vres> - (ka'(ve X Vms)>’
(2.11f)

where fy = f+ Q, = v/r and £, = v\,/r; v\ and vy,
are, respectively, the azimuthal components of the total
flow (V) and the vortex flow (V,) in the cylindrical
coordinates.

Adding (2.9a) - (2.9c) yields a total kinetic energy
equation for the vortex circulation:

oK,

—E— = FU + (KE’ KS) + (KE, Kg) + (Ke’ Kres)'
Equation (2.12) indicates that the energy of total vortex
circulation varies with time due to Kinetic energy trans-
fer between the environmental flow and the vortex cir-
culation.

(2.12)

3. Development of the beta gyres in a zonal flow
with a constant meridional shear

Three experiments were conducted. Case C, has a
resting environment. Cases C, and C, have a zonal flow
with a constant meridional shear (or constant relative
vorticity ):

u.(y) = =Ly — y). 3.1

WANG AND LI
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This is an idealization of the zonal flow in the vicinity
of a subtropical ridge ({, < 0, or anticyclonic shear)
or a monsoon trough ({, > 0, or cyclonic shear) located
aty = yp,. We assume that an initial vortex is centered
aty = yp and {, is —5.875 X 107 s " in case C, and
5.875 X 1075 s ! in case C,.

As mentioned in section 1, the movement of a vortex
embedded in an environmental flow consists of a steer-
ing and a propagating component. When the environ-
mental flow is steady, the steering component can be
readily computed. In a zonal flow with a constant me-
ridional shear the environmental steering flow exactly
equals the environmental flow at the vortex center. To
examine the propagation caused by the asymmetric
gyres, the steering component is first removed from the
total vortex track. The resultant track is referred to as
a propagation track. The propagation tracks of the vor-
tices for both constant shear cases (Fig. 3) are similar
to those of Williams and Chan (1994 ). Notice that case
C, is also similar to the INMTR case of Evans et al.
(1991), and the result is in good agreement with theirs.
The total distance of propagation in the negative vor-
ticity case (case C,) is considerably greater than that
in the resting environment case (case Cy), whereas in
the positive vorticity case (case C,) it is slightly less.
Correspondingly, the propagation speeds in cases C,,
C,, and C, at hour 48 are 3.49, 2.34, and 2.05 m s},
respectively. These experiments demonstrate that even
without a relative vorticity gradient, a meridionally

T T T
C1
400 | -
Co
—
g
]
> Ce
200 |- s
0 ] | |
—-400 —-200 0
X (km)

FiG. 3. The propagation tracks of the vortices at 6-h intervals for
the constant anticyclonic shear case C, (*), the resting environment
case C; (O), and the constant cyclonic shear case C, (#).
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-1

(c) case Cz2
T T 1

FiG. 4. The streamfunctions of the asymmetric gyres at hour 48
with a contour interval of 2 X 10° m? s™' for (a) the constant anti-
cyclonic shear case C,, (b) the resting environment case Co, and (c)
the constant cyclonic shear case C,. The arrow at the vortex center
denotes the propagation velocity of the vortex. Abscissa and ordinate
units are 1000 km.

varying zonal flow can affect the propagation if the beta
effect exists.

The presence of the beta effect creates beta gyres.
The presence of the constant shear zonal flow can
change the intensity of the beta gyres. This can be seen
from Fig. 4. In the anticyclonic shear case (case C,)
the intensity of the beta gyres is significantly stronger
than that in the resting environment case (case Cy),
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whereas in the cyclonic shear case (case C,) it is
slightly weaker. The speed of vortex propagation is in
good agreement with the averaged asymmetric flow
(ventilation flow) in the vicinity of the vortex center
(Fig. 4). The ventilation flow was obtained by aver-
aging asymmetric flows over a circular area with 200-
km radius where the relative vorticity of the symmetric
vortex is positive for the chosen vortex profile. At hour
48, the differences in the speeds between the propa-
gation and ventilation flow are less than 0.2 m s ™' The
strength of the ventilation flow is determined by the
intensity of the asymmetric gyres. What, then, causes
the differences in the intensity of the gyres?

The intensity of the asymmetric gyres can be mea-
sured in terms of the amount of kinetic energy because
of the dominance of rotational wind component and the
circular nature of the gyres. For this reason, we ex-
amine the kinetic energy budget at hour 48 (Fig. 5).
The changes in propagation speeds in cases C; and C,
are consistent with the changes in the gyre kinetic en-

Kinetic Energy Budgets at Hour 48
(unit of energy: 10'2 m*s?, unit of energy conversion: 107 m‘s”)

(a) Case C, (Constant anticyclonic meridional shear)

0.92 K, 0.72
1.52
K, 3.11 X, 0.18 K,
71.79 ' 5.11 1.34
1 total generation rate of K;: 4.45
0.13

(b) Case C, (Resting environment)

K, 2.44 K 0.10 Kres
70.77 3.03 0.38

total generation rate of K,: 2.34

0.28

(c) Case C, (Constant cyclonic meridional shear)

0.21 K, 0.61

b 0.65

K, 2.20 K, 0.16 K
71.71 2.51 1.23

|

Fic. 5. Kinetic energy budgets for cases C,, Co, and C, at hour 48.
The values in boxes denote the energy in units of 10" m* s7%, and
the other values represent the energy conversions in units of 107

m* s73. The arrows indicate direction of energy transfer.

total generation rate of K, 1.71

0.12
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ergy (GKE) K, (or the intensity of the gyres). Figure
5 indicates that in the presence of a zonal flow with a
constant shear, the energy transfer between the gyres
and the residual asymmetric flow is negligible; two en-
ergy conversion processes account for the difference in
the K, between cases C, and C,. The first is the kinetic
energy conversion between the zonal environmental
flow and the gyres (K., K, ). The kinetic energy is con-
verted from the zonal flow to the gyres in case C, (Fig.
5a), whereas it is converted from the gyres to the zonal
flow in case C, (Fig. 5¢). The second is the kinetic
energy conversion from the symmetric circulation to
the beta gyres (K;, K, ). The rate of kinetic energy con-
version from the symmetric flow to the gyres is larger
in case C,, whereas it is smaller in case C, than in case
C,. As a result, the total rates of generation of the GKE
in the anticyclonic shear case, the resting environment
case, and the cyclonic shear case are, respectively, 4.45,
2.34, and 1.71 (in units of 107 m* s =*). The difference
in the generation rate of the GKE between cases C, and
Co, (2.11 X 107 m* s ~3) is larger than that between cases
C, and C, (0.63 X 107 m* s ). Consequently, the dif-
ferences in the gyre strengths and propagation speeds
between cases C, and C, are also larger than those be-
tween cases C, and C,.

It is important to understand how the presence of a
zonal flow with a constant meridional shear can alter
the energy conversion (K., K,) and (K;, K,). We first
focus on the term (K, K, ). In cylindrical coordinates,
the constant shear zonal flow (3.1) can be expressed as

Ve = 0.5rC, sin2\, (3.2a)
e = 0.57C(1 + cos2\). (3.2b)

It thus has a symmetric and an azimuthal wavenumber
2 component and has no effect on the energy conver-
sion (K, K,), because —((V,-VV,)-V, — (v./r)k-(V,
X V,)) = 0in (2.11a). Therefore, the conversion (K,
K,) in the constant shear zonal flow has the same form
as in a quiescent environment. Li and Wang (1994)
have shown that in a quiescent environment on a beta
plane the rate of the conversion (KX, K,) is primarily
proportional to the strengths of the symmetric circula-
tion and the beta gyres. Since the strengths of the sym-
metric circulations between cases C, and C, are about
the same, the difference in the rates of the conversion
(K, K,) must result from the difference in the strengths
of the beta gyres, which is caused, in the first place, by
the corresponding difference in the kinetic energy con-
version (K., K,).

The conversion between K, and K,, therefore, is a
key process determining the difference in the GKE be-
tween cases C; and C,. It deserves further analysis.
Substituting (3.1) into (2.10f) and neglecting the effect
of the residual flow, we have

(K., Kp) = —((U," VU.) Up) = L(ugv,) + Luy).
(3.3)
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In the local cylindrical coordinates,

Uy = —V,, SINN — U\g COSA, (3.4a)
Uy = U,g COSN — Uy, SINA, (3.4b)
v, = —V), SINA, (3.4c)

where \ is the azimuthal phase angle; v,, and v,, are,
respectively, the radial and azimuthal component of the
gyres. Therefore,

(ugts) = 0.5(U,05 — (Vrg COS2N — Uy SIN2N) 1)) = 0,
(3.5)
and (3.3) reduces to
(K., Kg) = C{ugvg). (3.6)

Equation (3.6) indicates that the gyre momentum
flux (or Reynolds stress), (u,v,), acting on the merid-
ional shear of the zonal flow represents a kinetic energy
conversion mechanism for constant shear zonal flow
cases. For the beta gyres in the constant shear cases C,
and C, (Fig. 4), the gyre momentum flux (uv,) < 0.
For a zonal flow with an anticyclonic shear ({, < 0),
the Reynolds stress associated with the gyres extracts
energy from zonal flow, causing development of the
gyres. In this case, the gyres are ‘‘learning’’ against the
zonal flow. For a zonal flow with a cyclonic shear
(£, > 0), the gyre momentum flux converts Kinetic
energy from the gyres to zonal flow so that the gyres
weaken.

Further, using (3.4a) and (3.4b), Eq. (3.6) can be
rewritten as

(K., K;) = —0.50,((v2% — v;) sin2\

+ 2u,,05 cOs2N).  (3.7)

Equation (3.7) can also be derived from (2.11e) with
the use of (3.2a,b).

For simplicity, the streamfunction of the gyres is ap-
proximately expressed by

Y, = Ry(r) cos(a — \), (3.8)

where R, is the amplitude of the gyres and a the azi-
muthal angle of the anticyclonic gyre center measured
counterclockwise from due north. Here « is indepen-
dent of the radial distance so that the effect of the vary-
ing radial phase tilt of the gyres is not considered. Sub-
stituting (3.8) into (3.7) yields

(K., K;) = 0.5(, sin2aK,. (3.9)

In the constant shear cases C; and C,, the anticy-
clonic gyre center is located in the northeast quadrant
of the cyclone center so that sin2a < 0. Therefore, the
following inferences can be made from (3.9).

1) The sign of conversion from K, to K, is deter-
mined by the sign of the meridional shear. An anticy-
clonic shear allows a kinetic energy conversion from
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the environmental flow to the beta gyres (case C; in
Fig. 5), whereas a cyclonic shear favors kinetic energy
transferring from the gyres to the environmental flow
(case C, in Fig. 5). .

2) The rate of conversion between K, and K, is pro-
portional to the magnitude of the environmental merid-
ional shear. In the zonal flows with an anticyclonic
shear of 2.94 X 107°,5.875 X 1075, and 11.75 X 1076
s ! the propagation speeds at hour 48 are 2.73, 3.49,
and 4.36 m s ', respectively, indicating that a stronger
anticyclonic shear favors stronger gyre development
and faster propagation. On the other hand, with increas-
ing magnitude of a cyclonic shear, the generation rate
of the GKE decreases, and the propagation speed de-
creases accordingly. For instance, in the zonal flows
with a cyclonic shear of 2.94 X 1075, 5.875 X 107°,
and 11.75 X 107® s~ the propagation speeds at hour
48 are 2.20, 2.05, and 1.67 m s, respectively.

3) The rate of conversion from K, to K, is approx-
imately proportional to K,. Therefore, if this conver-
sion mechanism operates alone, it would cause an ex-
ponential growth or decay of K,. Since K, is affected
by symmetric vortex structure, the kinetic energy con-
version (K., K,) also depends on the structure of sym-
metric vortex circulation. For instance, in the same
zonal flow with a negative relative vorticity of —5.875
X 107 s~! the propagation speed at hour 48 increases
from 3.32 to 3.66 m s~! when the vortex size R, in-
creases from 600 to 900 km; it increases from 2.09 to
4.73 m s~! when the maximum wind speed of the cy-
clone V,, increases from 15 to 45 m s ™' The sensitivity
of propagation speed to the maximum wind of the sym-
metric cyclone shown here is due to the fact that for
the azimuthal wind profile of symmetric cyclone (2.4)
the change in the maximum wind induces significant
change in the outer flow of symmetric cyclone.

4. Development of the gyres in a zonal flow with a
constant relative vorticity gradient

We now consider a zonal flow that has a constant
meridional gradient of relative vorticity 3,; that is,

u, = —0.58.(y — yo)*. (4.1)

Addition of a uniform easterly (westerly ) environmen-
tal flow to a negative (positive) S, represents an ideal
easterly (westerly) jet centered at y = y,. The values
of 8. in cases D, and D, are deliberately chosen as — 8
and S at y, (20°N), respectively, so that the environ-
mental absolute vorticity gradient is zero in case D, and
2f in case D,.

In a zonal flow with a constant relative vorticity gra-
dient, the environmental steering depends not only on
the environmental flow at the vortex center but also on
the size of the positive vorticity area of the cyclone.
Consider that a cyclone is centered at y = y.. The en-
vironmental steering (u,,) may be defined by the mean
flow averaged over a circular area centered at the vortex
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center and with a radius of r,. The calculations result
is

Ues = _O-Sﬂe(yc - y0)2 - 0'125ﬂ€r%‘

Thus, the environmental steering is not precisely equal
to the environmental flow at the vortex center; it also
contains a term that is a quadratic function of r,. If one
takes the positive symmetric vorticity area as the area
over which the environmental flow is averaged, r,
should be 200 km for the chosen vortex structure
shown in Fig. 2. The difference in environmental steer-
ing between r, = 0 and r, = 200 km is about +0.11 m
s~!. In general, the environmental steering in the par-
abolic jet flow depends on the initial symmetric vortex
structure and the definition of the steering current itself.
In the following we determine environmental steering
by taking ro = 200 km.

Figure 6 shows the propagation tracks for cases D,
and D, during a 108-h integration. These tracks are
different from those displayed by Williams and Chan
(1994 ) because they simply took the zonal flow at the
vortex center as the environmental steering. The prop-
agation direction in case D, is close to that in case C,,

(4.2)

800 T T T T T
600 -
g
& 400 |
P
200 -
0 1 [ t {
—-600 —400 —200 0
X (km)

FiG. 6. The propagation tracks of the vortices at 6-h intervals for
cases D, Cy, and D,. Solid lines with # and *, respectively, represent
the tracks relative to environmental steering defined at the vortex
center for cases D, and D,. Dashed lines with + and X, respectively,
denote the tracks relative to environmental steering defined by av-
eraging over the circular area with 200-kin radius for cases D, and
D,. Solid line with O is the track for case C,. Here ® denotes the
positions of vortex centers at hour 48.
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but the propagation in case D, is directed more north-
ward. The variations of propagation speeds in both
cases are similar to those found by Williams and Chan
(1994).

An interesting difference between cases D, and D,
is that the vortex in case D; moves slower than that in
case D, in the first 48 h, but faster in the last 48 h. The
propagation speeds for cases D,, C,, and D, are, re-
spectively, 0.72, 1.23, and 2.29 m s " at hour 24, while
they are 2.82, 2.63, and 1.46 m s~' at hour 96. The
variation in the propagation speed results from the in-
tensity variation of the gyres (Fig. 7). At hour 24, the
gyres in case D, are weaker than those in case D,. At
hour 96, however, the gyres in case D, become much
stronger than those in case D,. The intensity of the
gyres corresponds very well to the amount of GKE
(Figs. 8a,b). To interpret the difference in the evolution
of the gyre intensity, we can diagnose the generation
of the GKE.

Figures 8a and 8b show that the generation rate of
the GKE is primarily determined by the balance be-
tween (K, K;) and (K., K, ). In both cases, (X, K, ) is
a source while (K., K,) is a sink for the GKE. The
difference in total generation rate of the GKE between
cases D, and D, is mainly attributed to the marked dif-
ference in (K|, K,) between the two cases: From hour
24 to hour 96, there is a dramatic increase of (K, K,)
in case D, but a significant decrease of (K, K,) in case
D,. What causes this difference? To answer this ques-
tion, we analyze the conversion (K, K,).

The conversion from K| to K, given by (2.10b) can
be rewritten as

(K,, K;) = CT, + CT, + CT7, 4.3)
where
CT, = —((U,-VU;,) U,), (4.42)
CT, = (Byk- (U, X U,)), (4.4b)
CTy = —((U.-VU,)- U,). (44c)

Here term CT, represents the conversion associated
with the advection of symmetric circulation by the
gyres, and term CT, results from the beta effect. Terms
CT, and CT, are, respectively, identical to the nonlinear
conversion and the beta conversion in the absence of
the environmental flow (Li and Wang 1994). Term
CT7 denotes an additional nonlinear conversion asso-
ciated with advection of symmetric circulation by the
environmental flow.

At hour 24, (K, K,) in case D, is nearly twice large
as that in case D, (Fig. 8a). Table 1 shows the break-
down of the contribution from the three terms on the
right-hand side of (4.3). The difference in (K, K,)
between cases D, and D, is primarily due to the op-
posite sign of CT5. Thus, a zonal flow with a north-
ward (southward) relative vorticity gradient enhances
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FIG. 7. The streamfunctions of the asymmetric gyres at hour 24
and hour 96 with a contour interval of 2 X 10° m? s~ for (a) case
D, (b) case C,, and (c) case D,. The arrow at the vortex center de-
notes the propagation velocity of the vortex. Abscissa and ordinate
units are 1000 km.

(reduces) the GKE by directly accelerating (deceler-
ating) the rate of the conversion (K, K,).

At hour 96, on the contrary, (K, K,) in case D, is
almost twice large as that in case D, (Fig. 8b). Al-
though the southward relative vorticity gradient in case
D, strongly prohibits the conversion of kinetic energy
from the symmetric circulation to the gyres (CT5 ), the
enormous increase in the beta conversion (CT,) in case
D, dominates, so that (X, K, ) in case D, is much larger
than that in case D, (Table 1). In the previous study
of Li and Wang (1994 ), we have shown that the (K,
K,) increases as the symmetric circulation intensifies.
In case D, the symmetric circulation continuously ex-
tracts kinetic energy from the environmental flows,
whereas in case D, the symmetric circulation feeds ki-
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(a) Kinetic Energy Budgets at Hour 24
(unit of energy: 10" m*s?, unit of energy conversion: 107 m's?)

Case D, (Constant southward relative vorticity gradient)

JOURNAL OF THE ATMOSPHERIC SCIENCES

2.60 K, 0.20
0.24
Y 1
K, 1.76 K, 0.08 Kipes
75.57 0.63 0.26
total generation rate of K,: 1.44 f
0.02

Case C, (Resting Environment)

K, 2.05 K, 0.08 K
73.85 1.08 0.20
total generation rate of K,: 1.97 1
0.31

Case D, (Constant northward relative vorticity gradient)

2.64 K, 0.38
0.03
K, 3.39 K, 0.01 Ky
71.44 1.91 0.41
total generation rate of K,: 3.35 f
0.53
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(b) Kinetic Energy Budgets at Hour 96
(unit of energy: 10" m*s?, unit of energy conversion: 10" m*s?)

Case D, (Constant southward relative voriticity giadient)

11.44 K. 1.57
b 3.11
\
K, 5.01 K, 0.81 Koo
83.02 6.06 2.90
total generation rate of K,: 1.09 ?
0.73

Case C, (Resting Environment)

K, 2.71 K, 2.10 K,
65.02 5.69 2.52
f total generation rate of K,: 0.61
0.19

Case D, (Constant northward relative vorticity gradient)

0.10 K, 2.18

. !
K, 2.78 K, 0.75 K
57.21 4.12 4.34

|

total generation rate of K: -0.31

1.65

FiG. 8. Kinetic energy budgets for cases D,, Cq, and D, at (a) hour 24 and (b) hour 96. The values in boxes denote the energy in units of
10" m* s72, and the other values represent the energy conversions in units of 107 m* s™*. The arrows indicate direction of energy transfer.

netic energy back to the environmental flow. Thus, the
symmetric vortex in case D, becomes much stronger
than that in case D, by hour 96. Consequently, the rate
of energy conversion from the symmetric circulation to
the gyres in case D, becomes nearly twice large as that

TABLE 1. The breakdown of (K;, K,) in cases D, Cy, and D, at (a)
hour 24 and (b) hour 96 (unit: 10" m*s™"). See (4.4) for the definitions
of CT|, CT;, and CT5 .

(@

Case CT, CT, CT3
D, -0.04 2.53 -0.73
Co —0.50 2.55 0.00
D, -0.50 2.76 1.13

®)

Case CT, CT, CT5

D, —-1.99 13.24 -6.24
Co —-045 3.16 0.00
D, -0.15 2.01 0.92

in case D,. A zonal flow with a southward vorticity
gradient enhances the GKE by indirectly feeding the
energy to the symmetric circulation, whose strength-
ening in turn accelerates the rate of the energy con-
version from the symmetric circulation and the beta
gyres.

The conversion (K., K,) is analyzed to elucidate how
a zonal flow with a constant vorticity gradient changes
the strength of the symmetric circulation. Considering
a quadratic zonal flow and neglecting the effect of the
residual flow, (2.10e) can be expressed by

(Kev Ks) = _<(UU'VU8)'UA‘)
—<§;" usvs> - <%’;ﬁ usvg>. (4.5)

(4.6a)

il

Using (3.4c) and

= —U,s COSA,

&
|

ou,

— B.r cosA, (4.6b)
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we can show that

—<?;;e u¢v3> = 0.58.{rvZ cosk sin2\) = 0. (4.7)

Thus, (4.5) becomes

Ou

(K., K;) = —<———° u,vg>. (4.8)

y

Equation (4.8) indicates that in a zonal flow with a
constant relative vorticity gradient the energy conver-
sion between the environmental flow and the symmet-
ric vortex is determined by the interactions among the
relative vorticity of the zonal flow, the zonal wind com-
ponent of the symmetric circulation, and the meridional
wind component of the gyres.

Substituting (3.4b), (4.6a), and (4.6b) into (4.8)
yields

(K., K;) = — B(rvy cos®A(v,, COSA — Uy, SIDN)).
(4.9)

Note that (4.9) can also be derived from (2.11d) by
inserting the cylindrical coordinate form of the zonal
flow (4.1):

v,. = 0.1258,r%(sin\ + sin3\),
v = 0.1258,r*(3 cos\ + cos3\).

(4.10a)
(4.10b)

Assume that the streamfunction of the gyres has the
same approximation as in (3.8). Using (3.8) in (4.9)
yields

R 0 (v
(K., K, = ——0.257rﬁe[ sina f R, — (-)dr].
0 or\r
(4.11)

For both cases D; and D,, the asymmetric anticy-
clonic gyre is located to the east of the cyclone center
so that sine < 0. The azimuthal angular wind (v,,/r)
decreases with increasing radial distance for the given
vortex profile so that the integration in (4.11) is also
negative. It follows that the value in the square bracket
is positive. Thus, in case D, (with a negative §,) the
kinetic energy is transferred from K., to K|, whereas in
case D, (with a positive 8,) the energy is converted
from K, to K.

Finally, we notice that the intensification (in case
D, ) and decay (in case D,) of the symmetric vortex do
not depend on whether the environmental flow satisfies
the necessary condition for barotropic instability. This
suggests that the nonlinear evolution of the symmetric
vortex cannot be interpreted by the linear barotropic
instability theory. Chan and Williams (1987) also
found that linear theory was not able to explain the
nonlinear evolution of the symmetric and asymmetric
components of the vortex.
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5. Summary

The mechanism by which meridionally varying
steady zonal flows affect cyclonic vortex propagation
in the presence of planetary vorticity gradient is studied
using kinetic energy analysis in a shallow-water model.

In a uniform zonal flow the vortex propagation is the
same as the beta drift of the vortex in a quiescent en-
vironment; the beta gyres grow by extracting Kinetic
energy from the symmetric circulation, and their inten-
sity determines the vortex propagation speed. In a me-
ridionally varying zonal flow, there are two major ki-
netic energy transfer processes: the conversion between
the symmetric circulation and the gyres, and the con-
version between the environmental flow and the gyres.

In a zonal environmental flow with an anticyclonic
meridional shear, the beta gyres intensify more rapidly
than without environmental flow by extracting extra
energy from the zonal flow. As a result, the vortex
propagates significantly faster than in the absence of
the zonal flow. The opposite is true for the cyclonic
shear case. Therefore, the presence of constant merid-
ional shear can effectively modify the beta gyres and
change cyclonic propagation speed. For the develop-
ment of the beta gyres, the exchange of kinetic energy
between the zonal flow and the beta gyres is a key
process. The mechanism responsible for this energy
exchange is that the gyres transport momentum flux to
reduce the meridional shear of the zonal flow.

In a zonal environmental flow with a constant rela-
tive vorticity gradient, the primary energy source for
the development of the beta gyres is the conversion
from the symmetric circulation to the beta gyres. The
environmental relative vorticity gradient affects the
strength of the beta gyres by directly changing the en-
ergy conversion rate from the symmetric vortex to the
gyres (K, K,) and by indirectly changing the energy
conversion rate between the environmental flow and
the symmetric vortex. The presence of a northward
(southward) relative vorticity gradient in the zonal
flow, on the one hand, enhances (reduces ) the (K|, K,).
Thus, in the beginning the gyres are stronger and the
vortex propagates faster in the case of a northward rel-
ative vorticity gradient (case D,) than in the case of a
southward vorticity gradient (case D;). On the other
hand, the presence of a northward (southward) relative
vorticity gradient weakens (strengthens ) the symmetric

. vortex by transferring (extracting ) energy to (from) the

zonal flow. This process leads to an enhanced sym-
metric circulation in case D, and a weakened one in
case D, in the later stages (after 48 h). Because the
major portion of the (K|, K,) is in proportion to the
strength of the symmetric vortex, the conversion rate
(K,, K,) in case D, becomes much larger than that in
case D, in the late stage. As a result the gyres are
stronger and the vortex propagates faster in case D,
than in case D, at hour 96.
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The results here imply that in the vicinity of a steady
monsoon trough (subtropical ridge) where a constant
cyclonic (anticyclonic) relative vorticity exists, the
beta drift will be slower (faster). Similar results in the
vicinity of the steady monsoon trough were found by
Evans et al. (1991) in their INMTR case. In the vicinity
of an easterly jet between the subtropical ridge and
monsoon trough, where a southward relative vorticity
gradient exists, the beta drift may be accelerated due to
the strengthening of the symmetric vortex. The above
conclusions are confined to a situation in which the
longitudinal and temporal variations of the environ-
mental flows are not significant.

When the zonal and meridional length scales of the
environmental flow are comparable, zonal variations of
the meridional component of the environmental flow
may have significant effects on the beta gyres and vor-
tex propagation. The propagation of a vortex embedded
in a zonally varying meridional flow and an environ-
mental flow that has both zonal and meridional com-
ponents requires further investigation.

Acknowledgments. We thank Dr. T. A. Schroeder for
his comments, Y. Wang for his original code of the
shallow-water model, and anonymous reviewers for
providing helpful comments on an earlier version of
this manuscript. This research is supported by the Ma-
rine Meteorology Program of the Office of Naval Re-
search under Grant N00014-90-J-1383.

APPENDIX

Transformation of the Energy Conversion Terms
from Cartesian to Cylindrical Coordinates

Express wind in the cylindrical coordinates as

V=i, + L, (Ala)
and in Cartesian coordinates as
U = iu + jv, " (Alb)

where v, and v, denote the radial and azimuthal wind
components, respectively; i, and i\ are, respectively, the
unit vectors in the radial and azimuthal directions; u
and v represent the zonal and meridional wind com-
ponents, respectively; and i and j are, respectively, the
unit vectors in the zonal and meridional directions.

To show that the conversion terms (2.11a) —(2.11f)
are identical to those in Cartesian coordinates (2.10b) —
(2.10g), it is sufficient to show

—(Vi-VVy) V5 — Qik-(V, X V3)
= ~(U,-VU,)- U5, (A2)

where 2, = v,,/r, and subscripts 1, 2, and 3 represent
the symmetric, gyre, and residual components in any
order. :

Using (Al), the terms on the lhs and rhs of (A2)
can be respectively expressed as
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—(Vl'VVZ)'Vg, - Qlk'(V2 X V3)

= - (vrl ?‘U—ﬂ + va %)Uﬂ

or rox
(e, e
rl ar A rax A3
Unt

- 7 (Vavs — vav,3), (A3a)
and

—(UI'VU2)' U3 = —(ul % + v %)m

Ox dy
ov ov
- (u. 5;2 + 52)1;3. (A3b)
Because
U, = —u sin\ + v COSA, (Ada)
Uy = —U COSA — U Sin\, (Adb)

where \ is an azimuthal angle measured from due north
counterclockwise, and

1s) 15)
= —sin\ — + COsA —,

3 W By (AS5a)
5] 0 .. 0
pri —COSA o sin\ By (A5b)

using (A4) and (A5) and the identity sin®\ + cos®\
= 1 leads to

oy 12 v
- <Ur1 2+ U 2 )+ % Unz

or rox
0 g .
(ul 6:: + v, %) sin\
ov ov
- (u, 02 + v ?372) cosA (A6a)
v I +v % - mv
rl a AL ra)\ r 22
= Ouy % COSA
U 6 " ay

Bv ,\ .
+ (u1 5;2 + v, 5;2) sin\. (A6b)

Finally, substituting (A4) and (A6) into (A3)
yields (A2).
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