1 FEBRUARY 1996

WANG AND HOLLAND

411

The Beta Drift of Baroclinic Vortices. Part I: Adiabatic Vortices

YUQING WANG*

Centre for Dynamical Meteorology and Oceanography, Monash University, Clayton, Victoria, Australia

GREG J. HOLLAND

Bureau of Meteorology Research Centre, Melbourne, Victoria, Australia

(Manuscript received 12 October 1994, in final form 8 August 1995)

ABSTRACT

The dynamics of the movement of an initially axisymmetric baroclinic vortex embedded in an environment
at rest on a beta plane is investigated with a three-dimensional primitive equation model. The study focuses on
the motion and evolution of an adiabatic vortex and especially the manner in which vertical coupling of a tilted
vortex influences its motion. The authors find that the vortex movement is determined by both the asymmetric
flow over the vortex core associated with beta gyres and the flow associated with vertical projection of the tilted
potential vorticity anomaly. The effects of vortex tilt can be large and complex. The secondary divergent cir-
culation is found to be associated with the development of potential temperature anomalies required to maintain
a balanced state. The processes involved strongly depend on the vertical structure, size, and intensity of the
vortex together with external parameters such as the earth rotation and static stability of the environment. As a
result, simple relationships between vortex motion and the vertical mean relative angular momentum are not

always applicable.

1. Introduction

It is well known that beta drift is a basic component
of tropical cyclone motion. Since this motion arises
from the interaction between the vortex circulation and
the planetary vorticity gradient, its study is of impor-
tance to vortex dynamics in general.

The barotropic dynamics of the beta gyres and beta
drift of tropical cyclone-scale vortices have been ex-
tensively investigated over the past few years (Elsberry
and Abbey 1991). An initially symmetric vortex in an
earth vorticity gradient will develop a pair of counter-
rotating gyres (beta gyres) due to Rossby wave dis-
persion and multiscale interaction (Holland 1983; Chan
and Williams 1987; Shapiro and Ooyama 1990; Smith
et al. 1990). These asymmetric gyres have horizontal
scales on the order of 1000 km and contribute to a
relative flow across the vortex core that causes it to
propagate poleward and westward (Fiorino and Els-
berry 1989a; Carr 1989; Peng and Williams 1990;
Smith and Ulrich 1990; Sutyrin and Flierl 1994). The
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outer vortex structure is instrumental in determining the
amplitude and orientation of the asymmetric gyres, but
there is very little sensitivity to the core region structure
or intensity (Holland 1983; DeMaria 1985; Fiorino and
Elsberry 1989b; Carr and Williams 1989).
Energetically, the beta gyres develop by extracting
kinetic energy from the symmetric circulation of the
vortex (Li and Wang 1994 ). This energy conversion
is associated with momentum advection and meridional
advection of planetary vorticity, with the latter being a
principal process for the generation of the asymmetric
circulation. The rate of asymmetric kinetic energy gen-
eration and gyre development increases with increasing
relative angular momentum of the symmetric circula-
tion. Li and Wang also found that, depending on the
initial vortex structure, vortices may follow a variety
of tracks ranging from a quasi-steady displacement to
an erratic or a cycloidal track. This is due to the evo-
lution of the beta gyres, which is characterized by de-
velopment/decay, gyration, and radial movement.
Simple three-dimensional models with idealized
conditions have recently been applied to the study of
tropical cyclone motion. One purpose is to compare the
motion response of the different layers when the cy-
clone has vertical structure. Considering the structure-
dependent role of the beta effect in the barotropic mod-
els, circulations at different layers of a baroclinic cy-
clone might be expected to propagate with different
velocities. However, Wang and Li (1992) used a 10-
level primitive equation model on a beta plane, with no
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heating or friction to show that the vortex remains ver-
tically coupled by developing a secondary circulation.
A vortex that was initially cyclonic at all levels drifted
poleward and westward with a nearly height-indepen-
dent speed, in a close analogy to the barotropic case.
They suggested that the vertical structure affected the
beta drift by changing the vertical mean relative an-
gular momentum (MRAM) in a similar manner to that
described by Shapiro and Ooyama (1990) for the hor-
izontal structure. When the vortex turned anticyclonic
with height, the vertical coupling was lost, and the up-
per anticyclonic part moved equatorward and west-
ward, while the lower cyclonic part drifted poleward
and westward. Thus, vertical coupling in a dry model
cannot hold the upper anticyclone above the surface
cyclone against the differential propagation arising
from the beta effect.

Shapiro (1992) included simple representations of
boundary drag, convective heating, and momentum
transports in a three-layer model in which a tropical
cyclone vortex was first spun up on an fplane for 48
h, then integrated on a beta plane. Differential ad-
vection of potential vorticity resulted in an asym-
metric circulation in the middle layer that was very
similar to that found in barotropic models, with a
cyclonic (anticyclonic) gyre to the west (east). The
flow between this gyre pair was not as uniform as in
the barotropic models, but it clearly advected the
vortex poleward and westward. Although the upper-
layer anticyclone developed a pair of gyres of the
opposite sense to those in the middle layer, their am-
plitude and impact was small compared to the mid-
dle-layer gyres.

Wang et al. (1993 ) and Holland and Wang (1995)
observed considerable vertical tilt of a baroclinic vortex
in vertically sheared environmental flow or on a beta
plane with the environment at rest. They found that an
adiabatic vertical circulation developed in such a way
that the ascending (descending) motion occurred on
the downtilt (uptilt) side of the vortex center. This ver-
tical circulation was required to maintain the stable ver-
tical tilt of the baroclinic vortex. ’ N

However, questions still remain about several as-
pects of the baroclinic dynamics of the beta drift. For
example, the detailed vertical coupling mechanism
and its relationship to vortex motion are still un-
known. The aim of this paper is to examine the fun-
damental baroclinic dynamics of the beta drift of a
three-dimensional adiabatic vortex by a comprehen-
sive investigation of the vertical coupling mechanism
and the effect of vertical structure. Section 2 briefly
describes the numerical model and the vortex struc-
ture used in this study. The motion and evolution of
a standard vortex are investigated in section 3. The
influence of the vertical structure of the initial vortex
and the sensitivity of the vortex motion to various
parameters are evaluated in sections 4 and 5, respec-
tively. Section 6 compares the motion of baroclinic
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vortex with that of an equivalent barotropic one. The
last section contains the major findings and conclu-
sions.

2. Numerical details
a. The baroclinic model

The baroclinic model used in this study is a dry
three-dimensional primitive equation model on a beta
plane, centered at 20°N. Using the vertical coordinate
o = (p — p)/(ps — p.), the governing equations can
be written as
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where P = (p/1000)¥%, & = p, — p,, and ¢ is the
geopotential of o surfaces. All other variables have
their usual meanings. The pressure at the top of the

" model is p, = 100 hPa. The model consists of M layers

in the vertical from o = O to 1, with the interfaces o,
=k/IM,k=1,2,---, M — 1. All vertically dependent
variables, u, v, 8, ¢, are calculated on the middle of
each layer, but the vertical velocity ¢ is staggered. For
upper and lower boundary conditions, we require that
fluid particles do not cross the ¢ = 0 and ¢ = 1 sur-
faces; that is,

6=0 at o0=0 and o =1.

(6)

In most of the numerical experiments presented in
this study, we chose M = 5 to ensure that we had suf-
ficient levels to be able to differentiate the vertical
structure of the vortex circulation while maintaining a
relatively simple configuration. The horizontal mesh of
the model consists of 141 X 141 grid points with a
uniform spacing of 25 km. All variables are defined at
the same grid point on the o surfaces. Sponge layers
are applied to the north and south boundaries, as used
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by Wang and Li (1992), and in the east—west direction
all variables are cyclic. The governing equations are
solved using a two-time-level explicit split scheme sim-
ilar to that used by Gadd (1978). The procedure con-
sists of an advection step with time step At, followed
by N adjustment steps with time step Az, = At4/N.

For the advection stage, the governing equations be-
come

0A O0A
ot " ox 7
where A denotes u, v, 8, or Inw. Integration of this stage
uses a fourth-order Lax-—-Wendroff scheme with split-
ting in the x and y directions. An important feature of
the scheme is that, following McGregor (1986) and
Leslie and Purser (1991), the advective change in the
surface pressure field, Inm, is saved at each model level;
that is,

AH=_u61n7r_v81n7r

Ox Oy

is calculated from the fourth-order Lax—Wendroff

scheme and stored. The value for = itself is not updated

until during the geostrophic adjustment stage.
Defining the horizontal divergence by D = (Ju/0x

+ Ov/dy), the governing equations for the adjustment
stage become

(8)
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where ¢, is the surface geopotential, which is set to 0
in this study.

The forward—backward scheme (Mesinger 1977,
Gadd 1978) is used for the time integration of the
above adjustment stage. As suggested by Gadd (1980),
the Coriolis terms are treated implicitly. For the hori-
zontal differencing, we use a centered finite-difference
scheme with second-order precision. The vertical dif-
ferencing scheme is identical to that used by Arakawa
and Lamb (1977). The horizontal diffusion terms D,
D,, and D, are incorporated into the model by a low-
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pass filtering operation similar to that used by Purser
and Leslie (1988).

For the horizontal resolution chosen in this study, an
adjustment time step At;, = 60 s was used, and the
number of adjustment steps per advection step was cho-
sen to be N = 3. These choices of the numerical model,
including the vertical resolution, are all based on our
sensitivity experiments with the model applied to the
baroclinic vortices described in section 2a. We found
that doubling the vertical resolution resulted in less than
a 75-km change in vortex positions after a 5-day time
integration. This resulted mainly from changes in ver-
tical mean relative angular momentum (section 2c)
arising from the nonlinear function of tengential wind
with 0. We specifically address such changes in this
paper for which the five-level resolution is quite ac-
ceptable.

b. The shallow-water model

For the comparison between the baroclinic and the
equivalent barotropic vortex motion, we reduced the
baroclinic model to a shallow-water equation model -
with a mean depth of 1 km and initialized with the
vertical mean wind of the initial baroclinic vortex. The
corresponding geopotential perturbation is obtained by
solving the nonlinear balance equation similar to that
discussed in Wang (1995) so that the barotropic vor-
tices satisfy the gradient wind balance.

c. Vortex structure
The tangential wind profile of the baroclinic vortex

used as the standard in the following runs (referred to
as V,) is defined as

f2) ] (2]

« sin[z (o +0.2)

Vr(r,o) =

2 12 ] (15)

where r denotes radial distance from the vortex center,
V.. the maximum tangential wind at the surface, and r,,
the radius of maximum wind.

To consider the influence of the upper anticyclonic
circulation on the motion of the vortex, we introduce
the following anticyclone to the upper levels:

of2)eoft1- ()

Viu(r, o) = ><sin<7rr1)E(a), r<r, (16)

0, r=r,
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TasLE 1. The vortex parameters used in this study.

‘VO Ta T
(ms™") g, (km) (km)
Va 0.0 — — —
Vs 5.0 0.7 260.0 10600.0
Ve 15.0 0.5 260.0 1000.0
Vo 15.0 0.7 260.0 1000.0

where

E(o) = (17)

We vary the anticyclone using the values of V,, 7, r.,
and o, given in Table 1; V,, =32ms~', and r,, = 100
km unless otherwise specified. The tangential wind
profiles for the four vortices used in this study are given
in Fig. 1. The standard vortex V, is cyclonic through
the depth of the model atmosphere. The other three
vortices (Vg, V¢, and V,) have the same structure as
V, in the lower levels but are different in the middle
and upper levels. In the lower levels, V, is similar to
V., except that the cyclonic circulation at the mid-up-
per levels is somewhat weaker. Vortex V), has a deeper
upper anticyclonic circulation than V, and is much
more anticyclonic than V3. These vortex structures are
representative of real tropical cyclones (Frank 1977).

Following Wang and Li (1992), we define the
MRAM of the vortex circulation as

J: L v(r)rdAdo
J: L dAdo ’

where A is the horizontal area within a radius R from
the vortex center. Figure 2 shows the MRAM corre-
sponding to the four vortices in Fig. 1 as a function of
R. It can be seen that the total MRAM within the vortex
circulation (about 1000 km from the vortex center) is
largest in V, and smallest in Vj,.

The environment has a constant surface pressure of
1008.7 hPa and a thermal structure defined by the mean
tropical atmosphere of Stevens et al. (1977):

-0+ L[ (120) ]
K b

where k = R/c,, I is the mean static stability param-
eter, and we set RI'/g = 620 m for our standard runs.

The numerical model is initialized with the axisym-
metric vortices defined above, on an f plane centered
at 20°N. The corresponding surface pressure and the
thermal fields are in gradient wind balance and are ob-

MRAM = (18)

(19)
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Radial distance (100km)
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Radial distance (100km)
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FiG. 1. Azimuthal wind profiles for the four vortices
used in this stady. Contour interval is 2 m s™'.

tained by solving the inverse balance equation in o co-
ordinates (Wang 1995). All four vortices have a warm-
core structure, with a maximum potential temperature
anomaly at about the middle level of the model. The
vortex center at each level during the model integration
is determined by the position of maximum potential

30 T T T T T T T T T T ¥
25 h
20 4
™)
[3]
<
s
~ 15 | i
3 Vi
34
=
10 } Ve E
Ve
5t Vo R
0 SO W Y S . . ) A .

0 1 2 3 4 5 6 7 8 g 10 11 12
Radius (100km)

FiG. 2. The vertical mean relative angular momentum (MRAM) of
the four vortices in Fig. 1 as a function of R. Unit is meters squared
per second.
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FiG. 3. Tracks of the standard vortex at all model levels (indicted
by the level numbers; 5 is the lowest level): (a) 120 h (24-h positions
shown) and (b) the initial 12 h (3-h positions shown).

vorticity (PV) objectively calculated by the method of
Wang and Zhu (1989). The tracks of the vortices are
defined by the maximum PV at the lowest model level
(e =0.9).

We note that the necessary conditions for both in-
ertial and barotropic instabilities are satisfied in V. and
V,, but this does not seem to have affected our results.
Flatau and Stevens (1989) found that the inertially un-
stable modes in the hurricane outflow layer have very
small vertical scale and are likely stabilized by turbu-
lence; thus, the coarse vertical resolution of the nu-
merical model used in this study prevents immediate
release of the inertial instability. Flatau and Stevens
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(1989) also found that barotropically unstable internal
modes with an equivalent depth of 30 m and azimuthal
wavenumber 1 would have an e-folding time of about
7 days. The 5-day time integration of this study is too
short for the unstable modes to grow to substantial am-
plitude and affect the vortex motion. Further, linear
analysis is applicable only to the early stages of growth
when perturbation is very weak; nonlinearity may sta-
bilize the unstable modes by wave—wave and wave—
mean vortex interactions (Willoughby 1992, 1994).
Flatau and Stevens (1993) have indicated that out-
flow-layer instability may contribute to slow (periods
of a few days) trochoidal motion of a tropical cyclone.
But development of this instability depends on the hor-
izontal structure and frequency of the environmental
forcing. Since we have not included any environmental
forcing other than the beta effect, barotropic instability
is not expected to influence the vortex motion signifi-
cantly. We also note that the influence of barotropic
instabilities on vortex motion is negligible in the adi-
abatic experiments of Flatau and Stevens (1993). Thus,

Asym. Wind

—] 0=0.1

0=0.9

FiG. 4. Potential vorticity fields (left) and asymmetric wind vectors
(right) at indicated levels for the standard vortex at 36 h. Contour
interval in left panels is 2.5 X 107® K kg™' m® s~'. The maximum
vectors in right panels are 1.83 in the top, 2.65 in the middle, and
2.85 m s™' in the bottom. The domain shown in each panel is 2500
km X 2500 km; the cyclone symbol and arrow indicate the position
and direction of motion of the vortex center at the lowest level.
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R=100km R=200km

54

R=300km R=400km

&5 2

1 1

FiG. 5. Area mean asymmetric flow over the standard vortex center
at different levels (indicated at the end of the arrows) after 48 h of
integration. The circle indicates a speed of 1.0 m s™'. The radius (R)
used to calculate the mean flow is indicated in each frame; the thick
arrow indicates the motion of the surface vortex.

the dynamical instability of the vortex to linear pertur-
bations is not investigated in this study.

3. The motion and evolution of the standard vortex
a. Mean vortex motion

The standard vortex V, moves poleward and west-
ward (Fig. 3a). After 120 h of integration, V, moved
328 km to the west and 561 km to the north, with an
average speed of 1.64 m s ' and direction of 330° from
24 to 120 h. This is_comparable with that found in
previous studies of barotropic and baroclinic vortices
(e.g., Chan and Williams 1987; Wang and Li 1992).
However, the track of the vortex has a slight cyclonic
curvature during the first 12 h of integration and then
an anticyclonic curvature, which arises from interac-
tions between the circulations at different levels after
the vortex tilts, as discussed in section 3b.

The PV fields after 36 h of integration (left panels
in Fig. 4) have all the classic characteristics of a vor-
tex moving on a beta plane, with anticyclonic PV
anomalies to the east and cyclonic PV anomalies to
the west. Assaciated with these PV anomalies is a
pair of counterrotating beta gyres, forming an asym-
metric flow over the vortex core that advects the vor-
tex to the northwest (right panels in Fig. 4). The
increasing northward gradient of PV with height is
mainly related to the increase in the vertical gradient
of the background potential temperature, and thus the
decrease of vortex circulation dominates to produce
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a decreasing asymmetric flow (Fig. 5). This causes
the vortex to tilt equatorward early in the model in-
tegration. However, as indicated in Fig. 5, the vortex
moves with the lower-level flow. The vortex speed
and direction are most closely approximated by the
flow averaged over a circle of 300—~400 km and 200
km, respectively, which is consistent with the find-
ings of Wang and Li (1992).

b. Development of vertical tilt

The vortex tilts equatorward with height during the
first 12 h of integration (Fig. 3b); the tilted axis then
rotates cyclonically relative to the surface center (Fig.
3a). By 120 h, the vortex tilts poleward and westward,
and the upper- and lower-level centers have rotated

Radial distance (100km)
6 5 4 3 2 1 0-1-2-3-4-5-6
0.1 [ I §

d

03

Sigma
o
9]
—

0.7 +

oo LL L I |

6 54 3 2 1 0-1-2-3-4-5-6

0.1

0.3

Sigma
o
19,1

0.7

I Y S

0.9

FiG. 6. Vertical cross sections at 96 h through the standard vortex
centers at ¢ = 0.1 and ¢ = 0.9: (a) potential vorticity with contour
interval of 4 X 1077 K km~' m’? s™' and (b) potential temperature
with contour interval of 2.0 K.
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FIG. 7. Schematic of the mechanisms contributing to the devel-
opment of a divergent circulation. (a) Arrows on the left of the panel
indicate the northwestward ventilation flow over the vortex center
caused by the beta effect, which decreases with height. The cyclone
symbol indicates the surface vortex center, and the tilt of the vortex
center is indicated. Dashed lines show the potential temperature
anomalies required to balance the tilted vortex, which are achieved
by vertical motion as indicated by the heavy arrows. (b) Plan view
of the potential temperature anomalies. The regions within the dashed
circles indicate the raised isentropes (High) where they are cooled
(C) and the lowered isentropes (Low) where they are warmed (W).
The bold circle indicates the relative motion of the cyclonic circu-
lation of the main vortex through the potential temperature anoma-
lies, which descends as it moves toward the region of lowered isen-
tropes (Down) and ascends as it moves toward the region of raised
isentropes (Up).

through 250°. We note that the vortex tilt is not uniform
with height, being weak in the lowest four levels and
marked between the upper two levels (Fig. 6). The
upper shearing increases considerably with time, so that
the centers are separated by about 200 km at 120 h.
Jones (1995) has shown that the initial effect of a
baroclinic environmental flow is to tilt a cyclonic vor-
tex downshear. The upper- and lower-level centers then
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start to rotate cyclonically about the midlevel center, as
is observed in the present study (Fig. 3). The strength
of the interaction depends on the penetration depth over
which influence of the anomaly extends (Hoskins et al.
1985; Davis 1992), which can be expressed as a func-
tion of the scale and strength of the anomaly and the
static stability of the environment. For a nearly axisym-
metric vortex in hydrostatic and gradient balance, the
penetration depth is (Hoskins et al. 1985; Shapiro and
Montgomery 1993)

(fiel) 'L
= 20
D N (20)
where f,. = f+ 2V;/r and {, is the vertical component
of the absolute vorticity, L the length scale of the vor-

FiG. 8. Vertical o velocity (left) and potential temperature (right)
fields for the standard vortex after 60 h at the indicated o levels.
Contour intervals are 1 X 107¢ s™' in the left panels and 1.0 K in the
right panels. The domain shown in each panel is 800 km X 800 km.
The cyclone symbol and arrow indicate the position and direction of
motion of the vortex center at the lowest level.
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FiG. 9. Evolution of potential temperature (left panels) and vertical
velocity at the indicated levels on a circle of 100-km radius from the
standard vortex center, with compass direction indicated at the top
and contour intervals of 0.25 K in left panels and 1 X 107¢s™' in the
right panels.

tex, Vr the tangential wind of the vortex, and N the
static stability. Equation (20) demonstrates that the
vertical penetration depth of a PV anomaly is directly
proportional to the strength, horizontal scale of the
anomaly, and the local frequency of the rotation but
inversely proportional to the static stability in its en-
vironment. For the standard vortex used here, the upper
circulation is very weak, so that the influence of the
upper-level anomaly on the lower-level motion is lim-
ited and consistent with the small cyclonic—anticy-
clonic curvature in the vortex track (Figs. 3a,b). How-
ever, the strong circulation at lower levels markedly
influences the upper-level vortex motion (Fig. 3a).
Note that the maximum PV anomaly at level 2 (Fig.
6a) is due to the maximum vertical gradient of potential
temperature being located at that level (Fig. 6b). As a
result, a smooth track is observed at this level, and the
centers at all the other levels rotate about this center
(Fig. 3a).
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Interaction between circulations at different levels
may reduce or enhance the vertical tilt of the vortex.
For example, at 24 h the upper-level vortex centers are
located to the east of the lowest-level center (Fig. 3a).
Thus, a poleward flow across the upper-level vortex
center from the projection of the associated lower-level
PV anomaly tends to counteract the equatorward tilting
effect of the beta gyres. At 120 h, the upper-level vortex
centers are located to the west and poleward of the
lowest-level center. Vertical projection of both the
lower-level and upper-level PV anomalies acts to ac-
celerate the cyclonic rotation of the tilted axis and
to increase the beta-induced equatorward tilt of the
vortex. ’

¢. The role of divergent circulation

Wang and Li (1992 ) found that a baroclinic cyclone
drifted poleward and westward with a nearly height-
independent speed, which they suggested was related
to the vertical mean relative angular momentum of the
initial vortex. This behavior was attributed to the de-
velopment of a divergent circulation, with vertical mo-
tion coupling the vortex cores. This finding is consis-
tent with our standard vortex experiment (Fig. 3a), ex-
cept that significant vertical tilt develops in the upper
troposphere.

The questions arise as to how the divergent cir-
culation develops and what role it plays in the beta
drift of a baroclinic vortex. Jones (1995) used results
obtained by Raymond (1992) to discuss the behavior
of a tilted vortex in vertical shear on an fplane. She
showed that the vertical circulation developed in a
manner that is consistent with the model flow re-
maining balanced. We hypothesize here that such a
consideration is also applicable to the tilted vortex
due to the beta effect.

If the initial cyclonic PV anomaly is tilted in the
vertical and the flow remains balanced, a potential tem-
perature anomaly must develop in such a way that cool-
ing (warming) occurs on the downtilt (uptilt) side of
the vortex center. The only way of achieving the re-
quired thermal perturbation for adiabatic motion is
through vertical advection (Jones 1995; Hoskins et al.
1985; Raymond 1992). Since the standard vortex ini-
tially tilted equatorward with height due to the differ-
ential beta effect (Fig. 3b), cooling and ascent (warm-
ing and descent) should develop on the equatorward
(poleward) side of the vortex center, as illustrated in
Fig. 7a. Once the thermal anomaly is adjusted to be in
balance with the tilted PV anomaly, the isentropes be-
come raised (lowered) in the downtilt (uptilt) direc-
tion. Cyclonic circulation across this anomaly produces
a wavenumber one pattern of ascent and descent, with
a phase shift of 90° from the thermal perturbation, as
illustrated in Fig. 7b.

It is clear from the vertical motion fields after 60 h
of integration (left panels in Fig. 8) that ascending mo-
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FiG. 10. Potential temperature budget for the standard vortex after 72 h at the indicated levels: left panels,
horizontal advection (HAD); center panels, vertical advection (VAD); right panels, residual (RES). Contour
interval is 4 X 107° K s™', and the domain shown in each panel is 800 km X 800 km. The cyclone symbol
and arrow indicate the position and direction of motion of the vortex center at the lowest level, and the
crosshairs indicate the positions of the vortex centers at the corresponding levels.

tion has developed to the southeast of the vortex center,
with descending motion to the northwest, at a time
when the vortex tilts northeastward (Fig. 3a). The ver-
tical motion maxima have a phase shift of 90° relative
to the potential temperature anomaly maxima (right
panels in Fig. 8) and are located at the ¢ = 0.4 level
and just within the radius of maximum wind, which is
where the largest deformation of the isentropes devel-
ops (right panels in Fig. 8). These configurations are
similar to those found by Jones (1995) and consistent
with the schematic in Fig. 7b. Closer examination of
other time periods (not shown) indicates that the re-
lationship between the vertical motion and potential
temperature anomalies is closely linked to the orien-
tation of the vortex tilt. Thus, we concur with Jones in
that the fundamental process is balance requirements
on the tilted vortex, regardless of the cause of the tilt.
It is not directly attributable to beta effects.

Figure 9 shows the time evolution of both the po-
tential temperature (left panels) and vertical velocity

(right panels) at the indicated levels on a circle of
100-km radius from the vortex center. The develop-
ment and evolution of the potential temperature
anomalies are consistent with the vertical tilt of the
vortex, with cooling (warming) on the downtilt (up-
tilt) side (Figs. 3 and 9). However, a relatively com-
plicated evolution of vertical motion is observed in
Fig. 9. During the first 36 h, ascending (descending)
motion is nearly stationary with the maximum on the
equatorward (poleward) side of the vortex center.
This vertical motion concurs with the development
of the required thermal perturbation for the equator-
ward tilt of the vortex, as illustrated in Fig. 7a. The
physical process illustrated in Fig. 7b also contrib-
utes to the evolution of vertical motion during this
period.

Horizontal and vertical advection of potential tem-
perature in our o-coordinate system tend to cancel
each other as the air flows along isentropes (Fig. 10).
They should exactly cancel for a stationary vortex
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FiG. 11. Local change of potential vorticity by vertical advection
at indicated levels after 72 h for the standard vortex. Contour interval
is 0.5 x 107" K kg~' m? 572, and the domain shown in each panel
is 500 km X 500 km. The cyclone symbol and arrow indicate the
position and direction of motion of the vortex center at the lowest
level, and the crosshairs indicate the positions of the vortex centers
at the corresponding levels.

(Hoskins et al. 1985). For the moving systems stud-
ied here, the residual of the horizontal and vertical
advection corresponds to the potential temperature
change required by motion of the vortex and the

changing orientation of tilt with time, as indicated in

Fig. 10.

Wang et al. (1993) and Holland and Wang (1995)
found that the vertical divergent circulation may play
an important role in maintaining a stable vortex tilt
in a baroclinic environment. Such a mechanism
seems not to be applicable to the standard vortex in
this study. As illustrated in Fig. 11, vertical advection
of potential vorticity after 72 h of integration merely
slows down the cyclonic orbit of the upper- and
lower-level vortex centers. It does not maintain the
vortex in the vertical since the maxima of vertical
advection of PV are nearly orthogonal to the direc-
tion of the tilted axis (Fig. 11).
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4. Influence of vertical structure of the vortex

Wang and Li (1992) suggested that for cyclonic vor-
tices the vertical structure affects the beta drift by
changing the vertical MRAM, in a similar manner to
that found for changes in horizontal structure by Sha-
piro and Ooyama (1990). However, when the vortex
turns anticyclonic with height, the anticyclonic and cy-
clonic parts move essentially independently of each
other, and substantial shearing occurs. This arises from
the change of sign of the vertical motion associated
with the processes described in the previous section, so
that no vertical coupling holds the upper anticyclonic
and lower cyclonic circulation together. We have
shown that the vertical motion develops primarily to
maintain the tilted vortex in a balanced state and not to
keep the vortex vertical, as suggested by Wang and Li
(1992). Further, Wu and Emanuel (1993) and Flatau
et al. (1994) found that the cyclone motion was sig-
nificantly influenced by displacement of the upper an-
ticyclone. This produced movement of the whole vor-
tex to the left of the vertical shear vector in the Northern
Hemisphere.

The outer anticyclonic circulation in the upper tro-
posphere is a common feature of tropical cyclones
(Frank 1977), and we have constructed several vorti-
ces to simulate a variety of the tropical cyclonelike vor-
tices labeled Vi, V., and V,, (see Table 1 and Fig. 1).
Vortex Vj is similar to V,, with a deep, strong cyclonic
circulation overlayed by a very weak anticyclonic cir-
culation at the uppermost level and large radius (Fig.
1b). Since the vertical MRAM in V; is smaller than
that in V,, (Fig. 2), the findings by Wang and Li (1992)

Y(100KM)

O 1 1 I i 1 1
-7 -6 -5 -4 -3 -2 -1 0
X(100KM)

F1G. 12. 120-h tracks of the four vortices from Fig. 1,
with 24-h positions indicated.
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predict a slower beta-drift speed. But this is observed
only for the motion during the first 48 h, after which
Vy moves slightly faster and more westward than V,
(Fig. 12). This behavior suggests that vertical inter-
actions between the tilted vortex circulations ‘are more
important in determining the motion.

During the first 48 h of integration, the upper-level
anticyclone for V; drifts equatorward and westward rel-
ative to the lower-level cyclonic vortex, so that vertical
coupling slows the cyclone down (Fig. 13a). However,
such an effect decreases toward the surface and helps
the lower-level cyclonic portion of the vortex tilt far-
ther eastward compared to vortex V, (Figs. 13a and
14b). Upward projection of the lower-level PV anom-
aly advects the upper-level anticyclone eastward rela-
tive to the lower-level vortex (Fig. 13a). Since the an-
ticyclonic PV anomaly is very weak, its vertical influ-
ence is very limited, and thus the lower tilted cyclone
interaction dominates. The tilted axis rotated cycloni-
cally through 360° between 36 and 120 h (Fig. 14b).
After 72 h, the upper-level cyclonic PV anomaly in Vj
is mainly located on the south or southeast side of the
lowest-level center (Figs. 13b and 14b), leading to a
slightly faster westward to northwestward motion than
for V, (Fig. 12). Upward motion arising from the tilted
vortex advects cyclonic PV to create a new cyclonic
core in the upper level (Fig. 15).

@] a}'&;\té{, b|:BX®Z

FiG. 13. Schematic of the interactions between the circulations at
different vertical levels. The circled V, C, and A indicate the cyclonic
PV anomaly at the surface, the cyclonic PV anomaly at the upper
levels associated with the tilted vortex, and the anticyclonic PV
anomaly at the top level, respectively. The big arrow with B denotes
the motion component caused by the beta effect at the corresponding
level; the thin arrows with V, C, and A indicate the motion compo-
nents associated with the vertical projection of the corresponding PV
anomalies. For example, the arrow with A in the circled V indicates
the motion component of the surface vortex caused by the flow as-
sociated with the downward penetration of the upper-level anticy-
clonic PV anomaly.
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FiG. 14. 120-h trajectories of the four vortices at the second (2)
and lowest (5) levels, indicating the development of vertical tilt of
the vortices, with all 12-h positions shown.

The stronger anticyclone in V¢ evolves to produce
the sharp change of track near 60 h shown in Fig. 12.
As the anticyclonic PV anomaly moves equatorward
relative to the lower-level vortex core (Fig. 16), it in-
troduces a poleward turning of the lower vortex and
reduces the degree of cyclonic rotation of the tilted vor-
tex axis (Fig. 14c). Flow associated with the down-
ward penetration of the anticyclonic PV anomaly tilts
the cyclonic portion of the vortex eastward. This, com-
bined with interactions at lower levels, leads to a more
eastward and poleward motion after 72 h of V. com-
pared to the other vortices (Figs. 12 and 13c). Similar
mechanisms are applicable to V), (Figs. 13d and 14d),
which has the strongest and deepest upper-level anti-
cyclone.

In summary, vertical interactions between the PV
anomalies associated with a tilted vortex are important
processes in baroclinic vortex motion. Such interac-
tions become more complicated for a vortex with an
upper anticyclone, such as occurs for tropical cyclones,
than for a uniformly cyclonic vortex. Then a complex
vertical coupling between anticyclonic and cyclonic
PV anomalies can substantially influence the vortex
motion.

5. Sensitivity experiments

The results obtained in the last two sections have
shown that the beta drift of a baroclinic vortex is de-
termined both by the flow related to the beta gyres and
flow associated with the vertical projection of the tilted
PV anomalies. The strength of this second vertical in-
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teraction depends on the penetration depth of the anom-
aly, which is a function of the Coriolis parameter, static
stability, and the horizontal scale and strength of the
vortex {Eq. (20)]. In this section several experiments
are conducted to examine the sensitivity of the beta
drift to these parameters.

a. Sensitivity to initial latitude

Wang and Li (1992) found a significant latitudinal
dependence of the beta drift, which decreased by
about 45% when the starting latitude was varied from
10°~30°N. They noted that this latitudinal depen-
dence could not be completely explained by the 11%

* change of earth vorticity gradient, but it could be as-
sociated with the threefold increase of the Coriolis
parameter. Our experiments over 120-h periods for
vortices starting at 10° and 20°N (Fig. 17) indicate
that the monotonic changes indicated by Wang and
Li do not hold. Significant track deviations occur af-
ter 72 h, and, especially for V., the net drift ‘‘in-
creases’’ with latitude. These track deviations are
consistent with an increased vertical coupling asso-
ciated with the evolving vertical structure discussed
in previous sections. For example, the rotation rates
of the upper and lower centers are weaker for the
10°N vortices, which concurs with a shallower ver-

125 tical penetration depth [Eq. (20)]. We therefore con-
\\\‘{\\\\\_/ clude that part of the latitudinal variation in vortex

o motion arises from the changing degree of vertical

———25.0 L\/ projection of PV anomalies.
25.0A b. Sensitivity to static stability
Sensitivity to the degree of static stability was tested
IE— by conducting experiments with double the static sta-

bility (S2 in Fig. 18) to that used in the standard run.
= This gives similar results to the change in Coriolis pa-
o, 0.9 rameter, as expected from the reduction of penetration

depth [Eq. (20)]. Our results are consistent with the
that the beta drift is almost independent of static sta-
—/\/ bility, which is surprising given the requirement for a

findings of Jones (1995). Wang and Li (1992) found
strong vertical motion to maintain the vertical structure

—
12.5 . - L

A of their vortex. We suggest that this finding is due to

12.5 > the short time integration of 48 h used by Wang and

: Li, which is insufficient for development of significant

&/380.2 vertical tilt. The influence of development of vertical

—— tilt is clearly indicated by the sharp changes in tracks

Ls s in Fig. 18.
N
—12.5-—12.5 12_5/ c. Sensitivity to horizontal scale of the vortex

(15) changes the horizontal scale of the cyclonic com-
ponent of the vortices and thus both the penetration
depth [Eq. (20)] and the beta drift (e.g., Chan and
FiG. 15. Potential vorticity fields at indicated levels for V; after W1111a_ms 1987; Fiorino a_nd Elsberry 19_89?’1.’; Wa?‘g

96 h. Contour interval is 2.5 X 107* Kkg™' m*s™". and Li 1992). Our experiments clearly indicate (Fig.

(L/ Changing the radius of the maximum wind in Eq.
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0:0.1 P | 0:03

-65.0———————85.0

Fic. 16. Potential vorticity fields at all levels
for V. after 96 h. Contour interval is 2.5 X 1078
Kkg'm?s™'.
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FiG. 17. 120-h tracks of the four vortices from Fig. 1, with 24-h
positions indicated. F10 and F20 indicate the initial latitude of the
vortices at 10° and 20°N, respectively.

19) that reducing the vortex size (by reducing r,, to 75
km) causes slower movement than that which can be
explained by the scale dependence of the beta drift
alone.
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FiG. 18. 120-h tracks of the four vortices from Fig. 1, with 24-h-
positions indicated, comparing standard (S1) and doubled (S2) static
stability.
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FiG. 19. 120-h tracks of the four vortices from Fig. 1, with 24-h
positions indicated, comparing standard (L) and small (S) vortices.

We suggest that both the vertical structure and de-
gree of vertical coupling contribute to the changed mo-
tion and illustrate this with three examples. The rotation
rate of the tilted axis is slower for small vortices. Sec-
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FiG. 20. 120-h tracks of the four vortices from Fig. 1, with 24-h
positions indicated, comparing standard (S) and weak (W) vortices.
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ond, for the completely cyclonic vortex V, the small
vortex tilts northeast during the last 24 h, and vertical
coupling deflects the surface center to the left of the
larger vortex track (Fig. 19). Third, for vortex Vj, the
upper-level anticyclonic circulation is kept identical for
both small and large cyclones. Thus, when the anticy-
clone moves toward the southwest, the flow projected
onto the lower levels advects the cyclone to the east
and causes a more northeastward tilt. This further re-
duces both the meridional and zonal components of the
beta drift.

d. Sensitivity to the strength of the initial vortex

The response to a 30% reduction of the strength of
circulation in both the cyclonic and anticyclonic com-
ponents of the initial vortices is illustrated in Fig. 20.
Smith (1993) suggested that the beta-drift speed of a
barotropic vortex is proportional to the square root of
the maximum wind. Wang and Li (1992) found a de-
pendence of beta drift on the vertical mean relative an-
gular momentum of a baroclinic vortex. These results
are qualitatively reproduced for the first 72 h of all
experiments, but they are significantly modified by ver-
tical coupling once vortex tilt develops. The processes
follow those described in the previous sections. Reduc-
ing the vortex strength is equivalent to reducing the
vertical penetration depth [Eq. 20] and, thus, the de-
gree of vertical interaction. Since the four weaker vor-
tices have the same cyclonic circulation at the lowest
two levels, it is expected that they should have similar
tracks, which is evident in Fig. 20.

6. Comparison with the equivalent barotropic
motion

The motion of the four benchmark baroclinic vorti-
ces studied in sections 3 and 4 is compared with that
of the corresponding equivalent barotropic vortices.
For the cyclonic vortex V,, the baroclinic vortex track
(BC in Fig. 21a) is similar to that for the equivalent
barotropic vortex (BT in Fig. 21a). Vertical coupling
mechanisms cause the baroclinic vortex to move
slightly faster than, and to the right of, the equivalent
barotropic system after 72 h. This result suggests that
barotropic mechanisms may dominate the motion of
uniformly cyclonic, adiabatic baroclinic vortices.

The baroclinic motion of the three tropical cyclone—
like vortices, however, is very different from the
corresponding equivalent barotropic motion (Figs.
21b,c,d). The barotropic motion is nearly proportional
to the MRAM (comparing Fig. 21 with Fig. 2) of the
initial vortex, as found in previous studies (e.g., Sha-
piro and Ooyama 1990). Our experiments (Fig. 21)
indicate that the baroclinic vortices move consistently
faster and more westward than the corresponding
equivalent barotropic systems.

An important aspect should be mentioned here. In
the equivalent barotropic model, the original upper-
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FiG. 21. 120-h tracks of V,, Vg, V., and V,, on the beta plane from
the baroclinic model (BC), and the corresponding tracks of the equiv-
alent barotropic vortices from a barotropic model (BT); 24-h posi-
tions are indicated.

level anticyclonic circulation is directly projected onto
the integral vortex. It thus directly affects the radial
structure of the cyclone, which moves more poleward
and slower as the upper anticyclone intensifies (e.g.,
Vp in Fig. 21). However, in the baroclinic vortex the
influence of the upper-level anticyclone on the motion
of the surface vortex depends on the vertical penetra-
tion depth and the degree of shearing that occurs. As a
marked vortex tilt develops, vertical interaction has a
significant, nonlinear impact on the vortex motion.

7. Conclusions

The movement of an initially axisymmetric baro-
clinic vortex embedded in an environment at rest on a
beta plane has been investigated with a three-dimen-
sional primitive equation model. Attention was given
to the motion and evolution of an adiabatic vortex and
the influence of the vertical structure of the vortex and
vertical coupling mechanisms.

All vortices moved poleward and westward follow-
ing interaction with the earth vorticity gradient, as has
been extensively studied for barotropic vortices (Fior-
ino and Elsberry 1989a,b; Chan and Williams 1987)
and extended to baroclinic vortices by Wang and Li
(1992). However, we find that vertical tilt produces
significant changes to the basic motion as different lev-
els interact following the general mechanisms de-
scribed by Hoskins et al. (1985) and applied to tropical
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cyclones by Wu and Emanuel (1993), Flatau et al.
(1994), and Jones (1995). While we concur with the
general findings of these latter studies, we find the mo-
tion in an earth vorticity gradient to be more complex
than that found by Wu and Emanuel (1993) in their
two-level quasigeostrophic model and that discussed
by Jones (1995) for an initially barotropic vortex in
vertical shear.

Initially, a purely cyclonic vortex tilts equatorward
due to the differential beta-effect propagation, which
decreases with height. The tilted axis then rotates cy-
clonically relative to the surface vortex center due to
coupling between the tilted potential vorticity anoma-
lies. A balance develops in which both the advecting
flow associated with the beta effect and the vertical
projection of the tilted PV anomaly act to move the
vortex.

A divergent circulation develops from the following
process: if a cyclonic potential vorticity anomaly is
tilted in the vertical, dynamical balance requires de-
velopment of a potential temperature anomaly with
cooling on the downtilt side and warming on the uptilt
side of the vortex center. This is achieved by adiabatic
vertical motion (Fig. 7a). Provided that the flow re-
mains balanced, the air parcels moving along isentropic
surfaces will ascend when moving toward the cool
anomaly and descend toward the warm anomaly. A
wavenumber one pattern of ascent and descent there-
fore develops, with a phase shift of 90° from the po-
tential temperature anomaly (Fig. 7b). In contrast to
the suggestions by Wang and Li (1992), we find that
the vertical circulation is a direct consequence of bal-
ance requirements in the tilted vortex. It tends to slow
down the cyclonic rotation of the upper and lower vor-
tex centers. ' ‘

Both the development of the vortex tilt and the cor-
responding divergent circulation strongly depend on its
vertical structure, size, and intensity, as well as external
parameters, such as the earth rotation and static stability
of the environment. These parameters influence the
motion of the vortex by changing the amplitude and the
orientation of beta gyres and/or changing the penetra-
tion depth of a PV anomaly.

For tropical cyclone-like vortices, the shearing of
the upper anticyclonic circulation can have a significant
impact on the translation of the surface vortex. This is
“consistent with, but much more complicated than, the
findings of Wu and Emanuel (1993) and Flatau et al.
(1994) and differs from the small effect found by
Wang and Li (1992).

We find that uniformly cyclonic vortices move
nearly with equivalent barotropic motion. However,
the motion is very different when the vortex turns
anticyclonic with height, which results from the
evolving influence of vortex tilt. Because of this in-
fluence, we find that the dependence on mean rela-
tive angular momentum (MRAM) suggested by
Wang and Li (1992) applies only to the first 48-72

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 53, No. 3

h of integration. Longer integrations do not display
a consistent relationship between motion and
MRAM.

These results are for adiabatic systems. Diabatic
heating introduces an additional divergent circula-
tion that could directly influence the vertical struc-
ture and tilt and thus the vortex motion. However,
we shall show in Part II of this study that the basic
mechanisms discussed here still play an important
role in the motion of baroclinic vortices with cu-
mulus convection. For example, the adiabatic ver-
tical circulation associated with the vertically tilted
vortex may contribute to the development of asym-
metries in cumulus convection within the vortex cir-
culation and thus further influence the vortex mo-
tion.
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