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ABSTRACT

The vertical coupling and movement of an adiabatic baroclinic tropical cyclone (TC) are investigated through
two numerical experiments in which the TC is affected by either a vertical environmental shear or a differential
beta drift. In both cases, the initial response of the symmetric vortex is to tilt in the vertical. In response to the
vertical tilt, a three-dimensional asymmetric circulation with a typical radius of 100 km develops within the TC
core region. In addition, the wavenumber-one potential vorticity (PV) anomalies develop with positive anomalies
downtilt (uptilt) above (below) the maximum PV level in order to maintain a balanced state between the thermal
and dynamical fields. On a beta plane, in contrast to the beta gyres, the mesoscale asymmetric circulation is a
pair of counterrotating inner gyres centered at the radius of maximum wind. As a result, the resulting three-
dimensional mesoscale asymmetric circulation, not the penetration flow, plays an important role in the vertical
coupling of adiabatic baroclinic vortices. In both cases, the TC motion is not simply due to the advection of
the symmetric PV component by the asymmetric (ventilation) flow. The horizontal advection of the asymmetric
PV anomalies by the symmetric cyclonic flow and the vertical PV advection associated with the asymmetric
vertical motion also considerably contribute to the TC motion. The latter two processes also play a critical role

in the vertical coupling of the baroclinic TC due to the presence of the vertical PV gradient.

1. Introduction

Baroclinic tropical cyclone (TC) motion has been in-
vestigated through numerical models (e.g., Wang and
Li 1992; Shapiro 1992; Wu and Emanuel 1993; Flatau
et al. 1994; Jones 1995; Wang and Holland 1996a-<;
Dengler and Reeder 1997). As in the barotropic case,
most previous studies have related baroclinic TC motion
to the asymmetric flow over the TC core region. For
instance, Wang and Li (1992) suggested that the beta-
drift velocity of an initially symmetric baroclinic vortex
is approximately equal to the geostrophic flow implied
by asymmetric pressure gradients at the surface vortex
center. By defining TC motion as the vortex movement
in the middle layer, Shapiro (1992) argued that the TC
tranglation in his three-layer model arises from the flow
between the asymmetric gyres in the middle layer. In a
tilted three-dimensional vortex capped with upper-level
negative potential vorticity (PV) anomalies, Wu and
Emanuel (1993) proposed that the upper-level negative
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PV anomalies could affect the low-level vortex motion
through the so-called asymmetric penetration flows. In
an adiabatic model, Wang and Holland (1996a) found
that the vortex movement is determined by both the
asymmetric flow over the vortex core associated with
beta gyres and the asymmetric flow associated with ver-
tical projection of tilted PV anomalies at the upper lev-
els.

These studies also show that, without heating, a bar-
oclinic TC can move as a whole in the presence of
moderate vertical differential betadrift or environmental
shears. The proposed mechanisms for the vertical cou-
pling remain controversial. Wang and Li (1992) and
Flatau et al. (1994) suggested that the vertical circulation
may play an important role in the vertical coupling. On
a beta plane, as illustrated by Elsberry (1995), the up-
ward decreasing tendency in the beta drift tends to tilt
the vortex eastward and equatorward with height in the
Northern Hemisphere. In response to the vertical tilt, a
warming (cooling) anomaly develops ahead of (behind)
the vortex center with adiabatic descending (ascending)
motion ahead of (behind) the vortex center. The result-
ing deep vertical motion couplet establishes vertical
coupling within the vortex by inducing alow-level neg-
ative (upper-level positive) vorticity tendency at the
lower (upper) levels. On the other hand, Jones (1995)
and Wang and Holland (1996a) argued that the meso-
scale asymmetric vertical circulation is not enough to
account for the vertical coupling in their models. In-
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stead, they attributed the vertical coupling to penetration
flows at the different vertical levels.

Understanding the baroclinic TC motion includes un-
derstanding not only the processes that determine three-
dimensional TC motion but aso the mechanism by
which a baroclinic TC maintains its vertical coherent
structure. Although both aspects have been investigated
by introducing vertical environmental shears (e.g., Wu
and Emanuel 1993; Flatau et al. 1994; Jones 1995; Wang
and Holland 1996b) or the differential beta drift (e.g.,
Wang and Li 1992; Shapiro 1992; Wang and Holland
1996a), lack of quantitative analysis hinders us from
clarifying the ambiguities in these aspects. First, due to
the vertical coupling, it is not adequate to take the con-
tribution of a certain physical process to the vortex
movement at a single level as its contribution to the
whole TC motion. Second, both observational (Wu and
Emanuel 1995a,b) and numerical (Wang and Holland
1996a—c; Bender 1997) studies showed the existence of
significant vertical shearsin the asymmetric flowsin the
TC core region, while a three-dimensional TC moves
as a whole. As a result, the estimated contribution of
the asymmetric flow over the TC core strongly depends
upon how the asymmetric steering flow is calculated.
Third, Wu and Wang (2000) recently showed that aTC,
treated as a positive PV anomaly relative to its envi-
ronment, tends to move to the region with maximum
PV tendency. In other words, the TC motion is not nec-
essarily determined by the asymmetric flow averaged
over the TC core region. All the physical processes that
contribute to the wavenumber-one component of the PV
tendency can affect TC motion.

In this study, we focus in particular on the movement
and vertical coupling of adiabatic baroclinic TCs. The
following specific issues are addressed. 1) How impor-
tant is the steering of the asymmetric flow over the TC
center to the TC motion? 2) How do other physical
processes contribute to the baroclinic TC motion? 3)
How does a baroclinic vortex maintain its coherent
structure when it is affected by environmental vertical
shears or differential betadrift?In order to addressthese
guestions, the PV tendency diagnostic approach (Wu
and Wang 2000) is applied to the output of numerical
experiments. The numerical experiments and the cor-
responding TC motion are described in section 2. The
contributions of various physical processes to TC mo-
tion are assessed in section 3. Since TC motion and the
vertical coupling are essentially associated with the
asymmetric circulation within a TC, a discussion of the
development of the asymmetric circulation is presented
in section 4. The physical mechanism for the vertica
coupling is discussed in section 5, followed by a sum-
mary in section 6.

2. Numerical experiments and vortex motion

The hurricane model used in this study is the same
as that used by Wu and Wang (2000). The model, de-
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signed by Wang (1998), consists of 201 X 201 grid
points with a uniform spacing of 25 km and 16 vertical
layersin the o coordinates. In this study, two adiabatic
numerical experiments are designed by focusing on the
influence of environmental shears and differential beta
drift on baroclinic TC motion, respectively. The first
experiment (E1) isrun on an f planein an environmental
flow with a westerly shear. The easterly environmental
flow decreases linearly from —4 m st at the surface
to 0 m st at the top of the model. The second exper-
iment (E2) is run on a beta plane in a resting environ-
ment. Both experiments begin with an initially sym-
metric baroclinic vortex. Its intensity decreases with
height, but without anticyclonic circulation at the upper
levels. The maximum wind, which is 25 m s at the
lowest level, is located at a radius of 100 km.

The vortex center is defined as the location of the
maximum PV. The center positioning is carried out at
each vertical level in order to avoid unrealistic asym-
metric circulation arising from the variation of the TC
center with height. Since the vortex in E1 is embedded
in an easterly environmental flow, the overall direction
of vortex motion is westward. Under the influence of
the westerly environmental shear, however, the vortex
in E1 tilts with height (Fig. 1a). It first tilts northeast-
ward with height, and then northwestward. Its center at
about 440 kPa first moves northwestward, whereas its
surface center moves southwestward. The surface center
is located about 947 km to the west and 95 km to the
south of its initial position after a 72-h integration. As
an adiabatic beta-drift problem, the surface center of the
vortex in E2 moves about 253 km to the west and 316
km to the north (Fig. 1b). The average speed is 1.6 m
s~ with a direction of 321°. This agrees with previous
numerical studies (e.g., Wang and Li 1992; Flatau et al.
1994; Wang and Holland 1996a) and resembles the ob-
servational studies (Carr and Elsberry 1990; Franklin
et a. 1996).

It isworthy to note that the vertical tilt of the vortices
in E1 and E2 does not necessarily increase with time.
In addition, as shown in Figs. 1 and 2, the vertical tilt
is much smaller from the surface to the middie level
than above the midlevel. In E1, the tilt between 660
hPa and the surface is within 50 km. In E2, the circu-
lation at these two levelsis actually well aligned in the
vertical and the tilt between 660 and 440 hPa is also
within 50 km. This suggests that, consistent with the
previous studies (Wang and Li 1992; Flatau et al. 1994;
Jones 1995; Wang and Holland 1996a), there exists a
physical mechanism by which the baroclinic TC main-
tains its coherent vertical structure.

3. Contributions of physical processesto TC
motion

In this section, we assess the contributions of various
physical processes to the three-dimensional TC motion
in E1 and E2. First, the influence of physical processes
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Fic. 1. The 72-h tracks of the vortex centers of different levelsin
(@) E1 and (b) E2, with 6-h positions indicated by circles, closed
dots, and open squares for surface, 660 hPa, and 440 hPa, respec-
tively. The initial position is indicated by a large square.

on the vortex motion at each vertical level isidentified
using the PV tendency diagnostic approach proposed by
Wu and Wang (1999, 2000). They showed that an adi-
abatic vortex at a level moves to the region with the
maximum wavenumber-one component of the PV ten-

dency. That is,
(aP) 3
at/,

where P and P, are PV and the symmetric component
of PV, respectively. Note that C is the vortex speed at
a vertical level. Subscript 1 denotes the wavenumber-
one component. In this case, the contributions of indi-
vidual physical processes to the vortex motion at alevel
are equivalent to their contributions to the wavenumber-
one component of the PV tendency. If the gradient of
P, and the PV tendency are given in Eq. (1), the total
and fractional contributions from various physical pro-
cesses can be estimated in terms of the TC motion speed
by the least squares method (Wu and Wang 2000). In

—C-VP,, (1)
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Fic. 2. The west—east PV cross section at 48 h in (a) E1 and (b)
E2, with the contour intervals of 1.0 PVU.

the adiabatic case, the average error of this method is
about 0.2 m s~*. In this section, we first look at the
contributions of various physical processes to the two-
dimensional vortex motion at each level (hereafter the
vortex motion), and then the three-dimensional TC mo-
tion (hereafter the TC motion).

a. Contributions to the vortex motion

In an adiabatic case without friction, thewavenumber-
one component of the PV tendency equation can be
written as
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Fic. 3. Contributions of horizontal advection (HA), vertical advection (VA), and their sum (C)
denoted by arrows at 48 h. Note that the scale in the left panels is different from that in the right
panels. The contributions of HA are 4.9, 3.2, and 2.3 m s at 440, 660, and 850 hPa in (left
panels) E1, respectively. In (right panels) E2, the contributions of HA are, respectively, 0.9, 2.4,

and 2.6 m st at these levels.

%) - Al{_v Ve ﬁ}, @
at/, (ilo

whereV and ¢ arethe horizontal and vertical velocities
in the o coordinates; A, denotes an operator to obtain
the wavenumber-one component. In Eq. (2), two phys-
ical processes are responsiblefor the PV redistribution.
Oneisthe horizontal PV advection (HA), and the other
isthe vertical PV advection (VA). Thesetwo processes
result in the local PV change with time, and thus, the
vortex motion. In terms of the TC motion speed, Fig.
3 shows the estimated contributions of these two pro-
cesses at different levels in E1 and E2, respectively.
As demonstrated by Wu and Wang (2000), the esti-
mated contributions are independent of the domain size
if the domain is larger than 150 km X 150 km, sug-
gesting that such a domain can provide sufficient in-
formation for accurately estimating the contributions.
This is because the PV anomaly associated with a TC
ishighly localized and is primarily confined in aradius

of about 200 km (Fig. 2). We define a domain as a
square area of 400 km X 400 km in all the following
calculations.

In both cases, the vortex motion is primarily deter-
mined by the influence of HA, whereas the VA plays a
secondary role in the vortex motion. The total contri-
butions of these two processes at 660 and 850 hPa in
El and at the three levels in E2 are very similar, re-
spectively. Figure 3 suggests that the VA can play a
significant role in maintaining a uniform vortex speed
in the vertical. In order to maintain such a uniform
vortex speed, in E1 it leads to a northeastward motion
component at 660 hPa. In E2 it leads to a southeast
motion component at 440 hPa. Furthermore, the con-
tribution of VA to the vortex motion is closely asso-
ciated with the vertical tilt. In E2, for example, it is
negligibly small because of the absence of the vertical
tilt at the middle and lower levels.

If the TC circulation is dominated by the symmetric
and wavenumber-one components, the wavenumber-one
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Fic. 4. Contributions of horizontal advection (HA) and the asymmetric flow steering at 440,
660, and 850 hPa at 48 h in (left panels) E1, and (right panels) the corresponding wavenumber-
one PV components at these levels with intervals of 1.0 X 10-8 K kg—* m? s—*. The thick arrows
show the directions of contribution of AASFK and the circles denote the symmetric cyclonic

circulation.

component of HA can be further partitioned into two
components as follows:

Al(fv . VP)z - V1 . Vps - Vs ' VPI’ (3)

where V, and V, are the symmetric and wavenumber-
one components of the wind vector at a certain level,
respectively. The effects of the large-scale steering and
the secondary steering in the beta-drift problem are in-
cluded in the first term on the right-hand side of Eq.
(3), the advection of the symmetric PV component by
the asymmetric flow (ASAF). Note that, unlike the tra-
ditional steering concept, the influence of ASAF on the
vortex motion is also associated with the horizontal gra-
dient of the symmetric PV component, P,. Since the

horizontal PV gradient is primarily confined within a
radius of 200 km (Fig. 2), theV, in the inner coreregion
effectively steersthe vortex. Thisagreeswith the studies
by Marks et a. (1992) and Franklin et al. (1996). With
airborne Doppler radar data, they found that the asym-
metric flow averaged within 3° latitude from aTC center
is best correlated with storm motion.

In terms of TC motion speed, the contribution of
ASAF can be approximately estimated by calculating
the mean wavenumber-one flow (V ;) over a domain
within a radius of 200 km. For comparison with the
contributions of HA and VA, the domain is 400 km X
400 km. Figures 4 and 5 (left panels) compare the con-
tribution of HA and the areal mean wavenumber-one
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Fic. 5. Contributions of horizontal advection (HA), and the asymmetric flow steering at 440,
660, and 850 hPa at 48 h in (left panels) E2, and (right panels) the corresponding wavenumber-
one PV components at these levels with intervals of 1.0 X 10-8 K kg—* m? s~*. The thick arrows
show the directions of contribution of AASK and the circles denote the symmetric cyclonic

circulation.

flow (V) in E1 and E2, respectively. In both cases,
V., is significantly different from the contribution of
HA.

The HA associated with the second term on the right-
hand side of EqQ. (3), the advection of the asymmetric
PV component by the symmetric flow (AASF), can be
inferred from the wavenumber-one PV fields shown in
Figs. 4 and 5 (right panels). In Fig. 4, the maximum
positive asymmetric PV advection caused by the cy-
clonic symmetric flow shown by the thick circles is
toward the southwest, southeast, and northeast of the
vortex centers at 440, 660, and 850 hPa, respectively.
According to Wu and Wang (2000), the resulting PV
tendencies produce southwestward, southeastward, and

northeastward motion vectors at these levels, respec-
tively, as shown by the thick arrows (the right panels).
The combination of the contributions from AASF and
ASAF can approximately account for the influence of
HA in E1 (the left panels of Fig. 4). In E2 (Fig. 5), as
shown by thethick arrows, the AASF leadsto westward,
southward, and southeastward motion vectors at 440,
660, and 850 hPa, respectively. The sum of the influ-
ences of AASF and V ,, can also approximately account
for the contribution of HA. Therefore, both ASAF and
AASF contribute to the vortex motion at a certain level.

Similarly, the VA can be partitioned into two terms:
the advection of the symmetric PV component by the
azimuthally asymmetric vertical motion [—o,(dPJ/9,)]
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Fic. 6. Time series of the zonal (westward) and meridional (northward) vertical mean TC speeds
calculated from TC center positions (C, dotted) and PV tendency (C,, solid), in comparison with
the vertical mean asymmetric flow (V,,, dashed) in (left panels) E1 and (right panels) E2.

and the advection of asymmetric PV component by the
symmetric vertical motion [—o(dP,/d,)]. The second
term is negligible compared with the first term for both
E1 and E2. In other words, the influence of VA isdom-
inated by the advection of symmetric PV component by
the asymmetric vertical motion [—o,(dP¢/d0)].

b. Contributions to the TC motion

Now we consider the three-dimensional TC motion.
According to the above analysis, the contributions of
various processes to the vortex motion are also deter-
mined by the PV gradients. This means that these pro-
cesses can contribute to the TC motion only in theregion
with significant PV gradients. Therefore, the vertical
mean motion speed should be calculated based on the
vertical extent of the PV anomaly associated with a TC.
As shown in Fig. 2, the TCs, as positive PV anomalies
relative to their environment, primarily extend from the
surface to 513 hPa in E1 and from the surface to 365
hPa in E2, respectively. Figure 6 shows the vertical
mean T C speeds estimated, respectively, from thevortex
center positions (dotted) and PV tendency (solid) in E1
and E2. We also calculate the vertical mean speed of
the asymmetric flow over the same vertical extent. As
shown in Fig. 6, the TC motion speed is very close to
that estimated from the PV tendency, while it is sig-
nificantly different from the vertical mean speed of the
asymmetric flow (V).

Since the contribution of vertical PV advection to the
vortex motion is relatively small (Fig. 3), it cannot ac-
count for the difference between the V,, and the TC
speed. It is suggested that the difference primarily arises
from the contribution of AASE Therefore, three-di-
mensional adiabatic TC motion is primarily determined
by ASAF, AASF, and the vertical advection of the sym-
metric PV component by the asymmetric vertical mo-
tion. We cannot use only the asymmetric flow averaged
over the TC core region to account for the motion of
an adiabatic baroclinic TC.

4. Development of the mesoscale asymmetric
circulation (inner gyres)

From the above analysis, we have demonstrated that
three processes primarily contribute to the wavenumber-
one component of the PV tendency: ASAF, AASF, and
the vertical advection of the symmetric PV component
by the asymmetric vertical motion [—a,(0P//d,)]. Re-
taining these terms in Eq. (2) and combining Eq. (1)
with Eq. (2) yield

P
o— = -V, VP, —

Jo
As suggested by Eq. (4), a three-dimensional asym-
metric circulation (V,, o;) develops within an initially
symmetric TC, and the TC motion is closely associated

V.- C)-Vh. (4
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coordinate denotes the direction measured cyclonically from due
north.

with the asymmetric circulation. In this section, we ex-
amine how the asymmetric circulation develops within
an initially symmetric baroclinic vortex.

a. Asymmetric potential vorticity fields

Under the influence of the vertical environmental
shear or differential beta drift, an asymmetric PV com-
ponent develops within the initially symmetric vortices
(Figs. 4 and 5). Note that the phase of the wavenumber-
one PV varies with height. In E1 (Fig. 4), the positive
PV anomaly is located to the northwest of the vortex
center at 440 hPa, but to the southeast of the vortex
center at 850 hPa. Such a vertical phase difference also
occursin E2. Asshown in Fig. 5, the positive PV anom-
aly is to the north of the vortex center at 440 hPa, but
to the southwest of the vortex center at 850 hPa.

Figure 7 further shows the evolution of the asym-
metric PV component on acircle of 100-km radius from
the vortex center, where the asymmetric PV anomaly
approximately reaches its maximum or minimum. The
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direction is measured cyclonically from due north. As
shown in this figure, the asymmetric PV component
rotates cyclonically with time, but very slowly com-
pared with cyclonic flows of the vortex. At the begin-
ning (t = 0), the positive PV anomaly is located to the
south of the vortex center at all the levelsin E1 due to
the westerly shear of the environmental flow. After the
first several hours (say, t = 5), the positive anomaly is
relocated to the southwest (northeast) of the vortex cen-
ter at 850 hPa (440 hPa). Likewise, dueto the betaeffect
in E2, the positive PV anomaly is initialy located to
the north of the vortex center at all the levels. With the
development of the beta gyres, the phase of the asym-
metric PV pattern quickly adjusts. Around 12 h, the
positive PV anomaly is to the west (east) of the vortex
center at 850 hPa (440 hPa).

Evidence shows that the asymmetric PV anomaly pat-
tern is associated with the vertical tilt of the baroclinic
vortices. First, as shown in Fig. 1, the lower- and upper-
level centers rotate cyclonically with respect to the mid-
die-level center. Thiscyclonic rotation is consistent with
the cyclonic rotation of the phase in the wavenumber-
one PV fields as shown in Fig. 7. Second, the magni-
tudes of the asymmetric PV anomalies are also related
to the vertical tilt. In E1, the maximum tilt around 36
h coincides with the maximum magnitudes of the asym-
metric PV anomalies, as seen in Fig. 7. In E2, the ver-
tical tilt is smaller than that in E1, and the magnitudes
of the asymmetric PV anomalies are also smaller. It is
interesting to note that the tilt between the surface and
660 hPa in E2 reaches its maximum around 48 h, and
so does the magnitude of the asymmetric PV anomaly.
In addition, with the increasing tilt between 440 and
660 hPa, the magnitude of the asymmetric PV anomaly
at 440 hPa keeps increasing. Third, the configuration of
the PV anomalies is directly associated with the tilt
direction. At the upper levels, the positive (negative)
anomaly is on the down-tilt (up-tilt) side of the vortex
center. At thelower levels, the positive (negative) anom-
aly is on the up-tilt (down-tilt) side of the vortex center.
For example, in response to the northeastward tilt in E1
around 12 h (Fig. 1), a positive (negative) PV anomaly
is located to the northeast (southwest) of the vortex
center at 440 hPa, whereas a positive (negative) PV
anomaly is found to the southwest (northeast) of the
vortex center at 850 hPa (Fig. 7).

The response of an azimuthally symmetric PV anom-
aly to vertical environmental shears has been investi-
gated recently. In a semibalance model, Raymond
(1992) showed that the initially symmetric PV anomaly
tiltsin the plane of the shear, with an anomal ously warm
(cool) region up-shear (down-shear) of the vortex core.
In Jones’ (1995) study, a similar potential-temperature
pattern is observed. Asargued by Jones, thetemperature
anomaly is required for the flow to remain balanced. In
order to demonstrate this, an initially symmetric PV
anomaly is tilted by gradually shifting its wind field in
the vertical. The potential temperature field can be com-
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Fic. 8. (top) The vertical profiles of potential temperature (thin)
and PV (thick) of a tilted vortex, which is symmetric before tilted.
(bottom) The corresponding asymmetric PV profile.

puted (Wang 1995) based on the nonlinear balance equa-
tion. In agreement with Raymond (1992) and Jones
(1995), the resulting isentropes are lowered (lifted) up-
tilt (down-tilt) of the vortex center (Fig. 8). Since the
isentropes are also the constant PV surfaces, the PV
surfaces are lowered (lifted) up-tilt (down-tilt) of the
vortex center. As shown in Fig. 8, the PV field has its
maximum at the middle levels. The lifted PV surfaces
lead to a positive (negative) PV anomaly at the upper
(lower) levels, and the lowered PV surfaces lead to a
negative (positive) PV anomaly at the upper (lower)
levels. The resulting PV anomalies are out of phase at
the lower and upper levels. Therefore, the asymmetric
PV fields are primarily the result of the vertical tilt of
an adiabatic baroclinic vortex.
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Note that the relationship between the vortex tilt and
the resulting PV anomalies at the middle levels can be
complicated. Experiments show that the maximum sym-
metric PV occurring at lower levels leads to weaker PV
anomalies at the upper levels. In this case, the level of
the phase transition of the asymmetric PV anomalies
does not coincide with the level of the maximum sym-
metric PV. In Fig. 8, the phase transition occurs between
513 and 658 hPa, whereas the maximum symmetric PV
is located between 658 and 792 hPa. Therefore, as
shown in Fig. 4, the asymmetric PV field at 660 hPa
does not seem to be associated with the vertical tilt in
E1. In addition, the direction of vortex tilt varies with
height, especially in E1. As shown in Fig. 1, at 48 h
the vortex tilts northwestward at the lower levels and
then northward at the upper levels. For these reasons,
the vortex at 660 hPa tilts northwestward, whereas the
positive (negative) anomaly is located to the southwest
(northeast) of the vortex center.

b. Asymmetric vertical motion and potential-
temperature fields

The development of the vertical motion can be un-
derstood in terms of the resulting PV anomalies dis-
cussed above because an adiabatic air parcel moves on
a constant PV surface. In order to understand the re-
sulting vertical motion, two mechanisms should be con-
sidered here as suggested by Eq. (4). Let us illustrate
these mechanisms in E2. The first mechanism is indi-
cated by the first term on the right-hand side of Eq. (4).
At 48 h, the positive (negative) PV anomaly at 440 hPa
is located to the north (south) of the vortex center (Fig.
5). Since the symmetric PV component decreases with
height (increase with o) at this level (Fig. 2), the su-
perposition of the positive (negative) PV anomaly leads
to arise (fall) of PV surfaces. As an air parcel moves
toward the raised (lowered) PV surface with the sym-
metric cyclonic flow, it must ascend (descend). As a
result, the maximum upward (downward) motion occurs
to the east (west) of the vortex center. At 850 hPa, on
the other hand, the symmetric PV component increases
with height (decrease with o) (Fig. 2), the superposition
of the positive (negative) PV anomaly results in the fall
(rise) of the total PV surfaces to the southwest (north-
east) of the vortex center. The maximum upward (down-
ward) motion occurs to the southeast (northwest) of the
vortex center as an air parcel moves with the symmetric
cyclonic flow.

The second mechanism for the development of the
asymmetric vertical motion is indicated in the second
term on the right-hand side of Eq. (4), which is related
to the relative flow (V, — C) and the PV gradient in
the radial direction. The maximum PV islocated at the
vortex center. For an air parcel that moves toward the
vortex center with a smaller PV value, it must ascend
(descend) if the symmetric PV component increases (de-
creases) with height at the upper- (lower-) levels. In E2,
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Fic. 9. Fields of vertical motion (*1.0 X 10-* Pa~*, shading), potential temperature (contours), and asymmetric flows relative to the TC
motion at (top) 440, (middle) 660, and (bottom) 850 hPa at 48 h in (left panels) E1 and (right panels) E2. The intervals are 0.5 K for the

potential temperature.

as shown in Fig. 9, the relative flow is southwesterly at
440 and 850 hPa. In this case, the maximum upward
motion occurs upstream (downstream) of the relative
flow at 440 (850) hPa. In other words, this mechanism
leads to the maximum upward motion to the southwest
(northeast) of the vortex center at 440 (850) hPa. There-
fore, the combined effects of these two mechanisms can
account for the vertical motion field at levels 660 and
850 hPa shown in Fig. 9.

To elucidate the relationship between the asymmetric
vertical motion and the asymmetric potential tempera-
ture field, let us assume that the TC circulation is dom-
inated by the symmetric and wavenumber-one compo-
nents and that the asymmetric potential temperature
fields observed in the coordinates moving with a TC
are steady. This means that the local change of potential
temperature caused by the horizontal advection (—V,

Vo, and —V,-V6,) and vertical advection [—o,(d64/
d,)] equals the potential temperature tendency associ-
ated with the TC motion (—C - V#,). By combining
these terms, we have

(,Tla_es ~ —-V,-V6, — (V, — C) - V4, (5)
Jdo
where 6, and 6, are the symmetric and wavenumber-
one potential temperature components, respectively.
Equation (5) describes two physical mechanismsfor the
relationship between the asymmetric vertical motion and
potential temperature fields.

The first mechanism, which is suggested by the first
term on the right-hand side of Eg. (5), has been dis-
cussed in detail by Jones (1995) and Wang and Holland
(19964). Since 6, alwaysincreases with height (decrease
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Fic. 10. The fields of the asymmetric flows on the (left panels)
large scale and the (right panels) mesoscale at 440, 660, and 850 hPa
at 48 hin E1. The domain is 3200 km X 3200 km in the left panels
and 400 km X 400 km in the right panels.

with o), a negative (positive) potential temperature
anomaly corresponds to raised (lowered) isentropes. As
an air parcel moves toward the region of lowered is-
entropes with the symmetric cyclonic flow, it must de-
scend. As it moves back toward the raised isentropes,
it must ascend. The maximum upward (downward) mo-
tion occurs between the positive and negative potential
temperature anomalies. As suggested by Jones (1995),
this mechanism suggests a 90° phase shift between the
asymmetric potential temperature and the vertical mo-
tion fields. In E1 (Fig. 9), a phase shift of 90° between
the potential temperature anomalies and the vertical mo-
tion fields occurs in the lower, middle, and upper tro-
posphere.

In E2, however, the asymmetric potential temperature
and vertical motion fields do not show such a phase
shift (Fig. 9). In this case, the second mechanism, sug-
gested by the term associated with the relative flow in
Eg. (5), must be considered due to the strong relative
flow in E2 (Fig. 9). Aswe know, the symmetric potential
temperature component has its maximum at the vortex
center due to the warm core of a TC. The second term
suggests that an air parcel must descend (ascend) as it
enters (leaves) the warm core. The ascending motion
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Fic. 11. The fields of the asymmetric flows on the (left panels)
large scale and the (right panels) mesoscale at 440, 660, and 850 hPa
at 48 hin E2. The domain is 3200 km X 3200 km in the left panels
and 400 km X 400 km in the right panels.

occurs downstream of the relative flow. In Fig. 9, the
relative flows blow to the northeast of the vortex center
in E2. A component of the upward motion to the north-
east of the vortex center just accounts for the shift of
the upward motion fields relative to the ones induced
by the first mechanism. Since the relative flow over the
vortex center in E1 is weak, this mechanism is not im-
portant in E1.

c. Inner gyres

The asymmetric flow in a TC has drawn much atten-
tion because it is closely associated with the TC motion.
In Wang and Holland’s (1996a) study, they suggest that,
for a baroclinic vortex on a beta plane, the asymmetric
flow arises from the beta gyres and the flow associated
with the vertical projection of the tilted PV anomaly of
aTC. In this study, we focus on the inner gyres, which
have a smaller horizontal scale compared with the beta
gyres.

Figure 10 shows the asymmetric wind fields at 48 h
in E1. It can be seen that the initial zonal environmental
flow was not affected too much by the baroclinic vortex,
except in the region near the vortex centers, which is
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shown in the right panels of this figure. Obviously, a
mesoscale asymmetric wind field develops in the core
region. In E2, on the large scale, the wind fields are
dominated by the beta gyres, in which the two gyre
centers are about 1000 km apart (Fig. 11). The pattern
of the beta gyres at 660 and 850 hPa is very similar to
that in barotropic models (e.g., Fioriono and Elsberry
1989). However, the flow in the core region is also dom-
inated by two counter rotating gyres centered near the
radius of maximum wind (the right panels).

It should be pointed out that the inner gyres resemble
those found by Marks et al. (1992), especially when we
look at them in the moving coordinate system (Fig. 11).
Marks et al. analyzed the asymmetric wind fields with
two National Oceanic Atmospheric Administration
(NOAA) Aircraft Operation Center (AOC) WP-3D re-
search aircraft. They documented a mesoscale asym-
metric flow field relative to the TC motion, which is
characterized by a wavenumber-one cyclonic/anticy-
clonic eddy couplet centered on the radius of maximum
wind. As shown in Figs. 10 and 11, the inner gyresin
E1 and E2 have those features, except that the distance
from the gyre's center to the vortex center is relatively
large in E1. The development of the inner gyres does
not arise from the beta effect because we can aso ob-
serve the inner gyres on an f plane (E1).

The development of the inner gyres is closely asso-
ciated with the asymmetric PV component, P,. The
asymmetric wind fields develop in such a manner that
the maximum combined effect of AASF and vertical PV
advection is located upstream of the relative flow. For
example, at 660 and 850 hPa, the maximum AASF is
located upstream of therelative flow dueto therelatively
small effect of the vertical PV advection at these levels.
Since both P, and o, arise from the vertical tilt of the
symmetric PV associated with a vortex, the inner gyres
are also a result of the vertical tilt.

5. Mechanisms of vertical coupling

Vertical coupling isthe processes that prevent the TC
centers at different levels from moving apart. In order
to investigate the role of a physical process in vertical
coupling, we define a shearing index (S), which is the
rate at which the TC centers move apart. Here it is the
magnitude of the velocity difference at 660 and 850
hPa, respectively. That is

S= \/(ueeo = Ugso)? + (Voo — Vgso)? (6)

Where Ugg,, Vgso, aNd vgy, are the zonal and meridional
TC speed components at 660 and 850 hPa. This index
indicates the low-level vertical shearing that occurs in
a TC. If the velocities denote the contribution of a spe-
cific physical process, theindex also showstheinfluence
of this process on the vertical coupling.

As discussed in section 3, there are three physical
processes that may affect the vertical coupling: ASAF
AASF, and VA. Here we examine their individual roles
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Fic. 12. The time series of the shearing index in (top) E1 and
(bottom) E2. The C, V ;, and HA denote the real shearing, the shear-
ings caused by the asymmetric flow, and the influence of horizontal
PV advection.

in the vertical coupling by looking at how those pro-
cesses affect the shearing index. Figure 12 shows the
time series of the shearing index calculated in E1 and
E2. One can find that the actual shearing in E1 remains
almost constant at 0.3 m s—*, while theindex contributed
from the mean asymmetric flow (V,) variesremarkably
with time. This situation is also found in E2. Although
the actual shearing in E2 increases slowly with time, it
is much smaller than that induced by the asymmetric
flow (V) (Fig. 12). Thus, the influence of the asym-
metric flow alone cannot account for the vertical cou-
pling in E1 and E2.

Jones (1995) and Wang and Holland (1996a) ex-
plained the vertical coupling in terms of the penetration
flow. According to Hoskins et al. (1985), the vertical
penetration depth of a PV anomaly is directly propor-
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tional to its strength, horizontal scale, and local fre-
quency of rotation. This suggests that the penetration
flowsin E1 and E2 arise primarily from the lower-level
anomaly because of the decrease of the cyclonic cir-
culation with height in E1 and E2. It is also suggested
that the penetration flow may be more intense in the
inner core region because of the large local frequency
of rotation. As expected, the asymmetric flow in the
region inside the radius of maximum wind is indeed
different from that in the outer region (Fig. 10). Con-
sidering that the vortex in E1 tilts northward at 48 h,
the flow found in the eye appears to be the upward
penetration flow in terms of the direction. In E2, how-
ever, such a penetration flow is not clear due to the
relatively small vertical tilt. This suggests that the in-
fluence of the penetration flow on the vertical coupling
is limited, especially in E2. This may arise from the
absence of the upper-level anticyclone. We can conclude
that neither the penetration flow nor the total asymmetric
flow is enough to account for the vertical coupling in
E1 and E2.

The role of the vertical PV advection in the vertical
coupling is implied in Fig. 12. Its contribution is the
difference between the contribution of HA and the actual
shearing that occurs in E1 and E2. Clearly, the vertical
PV advection also plays an important rolein the vertical
coupling. It should be noted that the vertical motion
directly induced by the AASF cannot play arolein the
vertical coupling, because its influence is perpendicul ar
to the tilting plane. It is the vertical motion induced by
the relative flow that contributes to the vertical coupling
of the vortex. Theinfluence of the vertical PV advection
on the vertical coupling can be understood as follows.
Consider the westerly (easterly) relative flow at the up-
per- (lower-) level. The vortex tilts eastward due to the
shear of the relative flow. As mentioned in section 4,
the upward (downward) motion is induced to the west
(east) of the vortex. At the upper levels, the upward
motion leads to a positive PV tendency or a motion
component to the west of the vortex center. At thelower-
level, on the other hand, the downward motion leads to
a motion component to the east. Thus, the vertical ad-
vection associated with the relative flow can keep the
vortex from tilting eastward.

In Fig. 12, the difference between the shearing due
toV,, and the shearing dueto HA impliesthat the AASF
also plays an important role in the vertical coupling in
E1 and E2. The influence of AASF on the vertical cou-
pling can be understood as follows. We take E1 as an
example. At the beginning, the vortices at al levels
move with the environmental flow because theinfluence
of AASF associated with the environmental flow is
small. Due to the westerly vertical shear of the envi-
ronmental flow, the TC tilts eastward. The resulting ver-
tical tilt induces apositive PV anomaly to the east (west)
of the vortex center at 400 (850) hPa. As discussed
above, the AASF associated with the PV anomaliesin-
duces asymmetric wind fields in such a way that the
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maximum AASF is located upstream of the relative
flow. At 440 (850) hPa, we can see northerly (southerly)
flow crosses the vortex in the coordinates moving with
the TC. The induced relative flow, with the opposite
directions at 440 and 850 hPa, would tilt the TC in the
meridional direction. However, the influence of AASF
leads to a northward (southward) motion, which reduces
the vertical tilt caused by the meridional relative flow.

In summary, although the asymmetric flow over the
TC core region may affect vertical coupling, most of
the asymmetric flow may not result from the penetration
flow in these two experiments. The AASF and VA can
play an important role in the vertical coupling due to
the vertical PV structure of aTC. SincetheV ,, AASF
and VA are all associated with the vertical tilt, their
roles in the vertical coupling are inevitable results of
the vertical tilt of an adiabatic baroclinic TC.

Aswe have seen, the roles of these physical processes
in the vertical coupling arise from their opposite effects
on the vortex motion above (below) the level with max-
imum PV. Therefore, the vertical structure of the sym-
metric PV component is critical to understanding the
vertical coupling in E1 and E2. For E1 (Fig. 2), thelevel
with maximum PV occurs at 850 hPa, and the vertical
tilt is very small from the surface to the middle 660
hPa. In E2, the level with maximum PV occurs at 658
hPa. As a result, the circulation at the upper levels is
still well aligned with the lower-level circulation.

6. Summary

Treated as a positive PV anomaly, the motion and
vertical coupling of an initially symmetric baroclinic
vortex were investigated in the absence of heating. The
study was aimed at understanding the roles of various
physical processesin TC motion and the mechanism by
which a baroclinic TC maintains its coherent vertical
structure. The baroclinic vortex moves under the influ-
ence of either the vertical sheared environmental flow
or the differential beta drift.

In these two idealized cases, a baroclinic vortex that
isinitially symmetric will tilt in the vertical due to the
vertical shear of the environmental flow or the differ-
ential beta drift. In response to this vertical tilt, a pair
of asymmetric PV anomalies develops within this sym-
metric baroclinic vortex, with the positive asymmetric
PV anomaly down-tilt (up-tilt) of the vortex above (be-
low) the maximum PV level, in order to maintain a
balance state between the thermal and dynamical fields.
In association with the resulting asymmetric PV anom-
alies, a three-dimensional mesoscale asymmetric cir-
culation develops. On the beta plane, in addition to the
beta gyres, apair of counterrotating inner gyresisfound
on the radius of maximum wind. Thisthree-dimensional
mesoscale asymmetric circulation has important influ-
ences on the movement and vertical coupling of adia-
batic baroclinic vortices.

First, in the presence of the three-dimensional asym-
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metric circulation, we cannot use only the horizontal
advection of the symmetric PV component by the asym-
metric flow to account for the TC motion. The TC mo-
tion is also determined by the advection of the asym-
metric PV component by the symmetric flow and the
vertical PV advection associated with the asymmetric
vertical motion. Note that the horizontal advection of
the symmetric PV component is also weighted by the
horizontal gradient of the symmetric PV component.

The mesoscale inner gyres can have an influence on
the vertical coupling, but most of the asymmetric flow
does not arise from the penetration flow. Instead, we
find that the counterrotating inner gyres are part of the
three-dimensional asymmetric circulation induced by
the vertical tilt of an initially symmetric baroclinic vor-
tex. In addition, the advection of the asymmetric PV
component by the symmetric flow and the vertical PV
advection associated with the asymmetric vertical mo-
tion can also significantly contribute to the vertical cou-
pling. The roles of these processes in the vertical cou-
pling arise from the baroclinic structure of the sym-
metric PV component associated with TCs.

Although diabatic heating is of fundamental impor-
tance to the energetics of TCs, this adiabatic study is
useful as a comparison to the diabatic study. Further-
more, due to the lack of sufficient deep convection, TCs
often show relatively large vertical tilts in their early
stage. In this case, the mechanisms discussed in this
paper may play an important role in the movement and
vertical coupling. Recently, Frank and Ritchie (1999)
found that, in the early stages of moist simulations, the
region of forced ascent and the associated mechanisms
were similar to those in the dry runs. Nevertheless, for
better insights into TC motion, understanding of the
roles of diabatic heating in TC motion is definitely re-
quired since recent studies have shown that dry-adia-
batic motions are not enough to describe the develop-
ment of the vertical motion and coupling in moist TC-
like vortices (e.g., Bender 1997; Frank and Ritchie
1999; Peng et a. 1999). In our future study, we will
extend this work to include diabatic heating and reex-
amine the mechanisms for the movement and vertical
coupling of baroclinic TCs.
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