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ABSTRACT

The three-dimensional (3D) Rossby wave energy dispersion of a tropical cyclone (TC) is studied using a
baroclinic primitive equation model. The model is initialized with a symmetric vortex on a beta plane in an
environment at rest. The vortex intensifies while becoming asymmetric and moving northwestward because
of the beta effect. A synoptic-scale wave train forms in its wake a few days later. The energy-dispersion-
induced Rossby wave train has a noticeable baroclinic structure with alternating cyclonic–anticyclonic–
cyclonic (anticyclonic–cyclonic–anticyclonic) circulations in the lower (upper) troposphere.

A key feature associated with the 3D wave train development is a downward propagation of the relative
vorticity and kinetic energy. Because of the vertical differential inertial stability, the upper-level wave train
develops faster than the lower-level counterpart. The upper anticyclonic circulation rapidly induces an
intense asymmetric outflow jet in the southeast quadrant, and then further influences the lower-level
Rossby wave train. On one hand, the outflow jet exerts an indirect effect on the lower-level wave train
strength through changing TC intensity and structure. On the other hand, it triggers downward energy
propagation that further enhances the lower-level Rossby wave train. A sudden removal of the diabatic
heating may initially accelerate the energy dispersion through the increase of the radius of maximum wind
and the reduction of the lower-level inflow. The latter may modulate the group velocity of the Rossby wave
train through the Doppler shift effect. The 3D numerical results illustrate more complicated Rossby wave
energy dispersion characteristics than 2D barotropic dynamics.

1. Introduction

Investigations concerning the energy dispersion of a
barotropic vortex (e.g., Anthes 1982; Flierl 1984; Chan
and Williams 1987; Luo 1994; Carr and Elsberry 1995;
McDonald 1998; Shapiro and Ooyama 1990; and oth-
ers) indicate that intense tropical cyclones (TC) are
subject to Rossby wave energy dispersion in the pres-
ence of the planetary vorticity gradient, the beta effect.

While a TC moves west and poleward because of the
beta effect (which induces asymmetric “ventilation”
flow over the TC core), Rossby waves emit energy east-
ward and equatorward. As a result, a synoptic-scale
wave train with alternating anticyclonic and cyclonic
vorticity perturbations forms in the wake of a TC. Us-
ing a nondivergent barotropic model, Carr and Els-
berry (1995) noted that the dispersion of a cyclonic
vortex involves both linear (beta term) and nonlinear
(advection term) processes, and the combination of
these two processes determines the wavelength and ori-
entation of a Rossby wave train. Meanwhile, it has been
demonstrated that the tropical cyclone energy disper-
sion (TCED) may affect both the motion and structure
of the TC.

Using satellite products from Quick Scatterometer
(QuikSCAT), Li and Fu (2006) examined the horizon-
tal structure of a Rossby wave train associated with

* School of Ocean and Earth Science and Technology Contri-
bution Number 7452, and International Pacific Research Center
Contribution Number 489.

Corresponding author address: Xuyang Ge, Department of Me-
teorology, University of Hawaii at Manoa, 2525 Correa Rd., Ho-
nolulu, HI 96822.
E-mail: xuyang@hawaii.edu

2272 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S VOLUME 65

DOI: 10.1175/2007JAS2431.1

© 2008 American Meteorological Society

JAS2431



energy dispersion of a preexisting typhoon over the
western North Pacific. As the QuikSCAT products pro-
vide only the near-surface winds, they cannot reveal the
vertical structure of the wave train. Moreover, most
previous TCED studies are confined to barotropic dy-
namical frameworks (Flierl 1984; Chan and Williams
1987; Luo 1994; Carr and Elsberry 1995; and many oth-
ers). Studies with three-dimensional (3D) models have
mainly focused on the TC motion within 3–5 days be-
fore significant energy propagation occurs (e.g., Wang
and Li 1992; Wang and Holland 1996a,b). Given that in
reality a TC has a baroclinic structure with upper-
(lower)-level anticyclonic (cyclonic) circulation, and
the barotropic model does not include the moist dia-
batic process, it is important to investigate the TCED in
a 3D dynamical framework. In this study, a baroclinic
primitive equation model is used to understand the evo-
lution and structure characteristics of the 3D Rossby
wave train associated with TCED, with a focus on the
connection between the upper- and lower-tropospheric
asymmetric circulations. Previous investigators (e.g.,
Frank 1982; Davidson and Hendon 1989; Holland 1995;
Briegel and Frank 1997; Ritchie and Holland 1999; Li et
al. 2003, 2006) have suggested that there is a relation-
ship between the TCED and subsequent TC genesis.
Therefore, an understanding of the 3D Rossby wave
train may give insights into the mechanisms responsible
for new TC formation that may help to improve cyclo-
genesis forecasting capability.

The paper is organized as follows: The model and
experimental design are described in section 2. The 3D
structure and evolution characteristics of the TCED-
induced Rossby wave train are presented in section 3.
The generation of the upper-tropospheric asymmetric
outflow jet is discussed in section 4. In section 5, the
impact of the upper-level outflow jet on the 3D energy
dispersion is examined. The role of diabatic heating in
forming the Rossby wave train is examined in section 6.
Major findings are summarized in the last section.

2. Experimental design

a. Model description

The numerical model used in this study is the uni-
form grid version of a primitive equation model
(TCM3) dedicated for tropical cyclone study. A de-

tailed description of the model can be found in Wang
(1999, 2001, 2002a). The model is a hydrostatic primi-
tive equation model formulated in Cartesian coordi-
nates in the horizontal plane with � (pressure normal-
ized by the surface pressure) vertical coordinate. The
model consists of 21 layers in the vertical from � � 0 to
� � 1 with higher resolutions in the planetary boundary
layer (PBL). The layer interfaces are placed at � � 0.0,
0.04, 0.07, 0.09, 0.11, 0.14, 0.17, 0.21, 0.27, 0.35, 0.45,
0.55, 0.65, 0.74, 0.82, 0.88, 0.93, 0.96, 0.984, 0.994, and
1.0. The model physics include an E–� turbulence clo-
sure scheme for subgrid-scale vertical mixing above the
surface layer (Langland and Liou 1996), a modified
Monin–Obukhov scheme for the surface-flux calcula-
tions (Fairall et al. 1996), an explicit treatment of mixed
ice phase cloud microphysics (Wang 1999, 2001), and a
fourth-order horizontal diffusion with a deformation-
dependent diffusion coefficient. The model prognostic
variables consist of zonal and meridional winds; surface
pressure; temperature; turbulence kinetic energy and
its dissipation rate; and mixing ratios of water vapor,
cloud water, rainwater, cloud ice, snow, and graupel.
This model has been used for studies of various aspects
of tropical cyclones (e.g., Wang et al. 2001; Wang
2002b,c).

Although TCM3 provides movable mesh and triply
nested capabilities, we use a single mesh with a uniform
grid spacing of 30 km to reduce the potential mesh
interface effect on the structure of the wave train. The
horizontal mesh consists of 271 � 201 grid points, cov-
ering an area of 8100 by 6000 km centered at 18°N. A
strong damping is specified in a sponge layer near the
model lateral boundaries to minimize artificial wave
reflection into the model interior. At this resolution,
the mass-flux convective parameterization scheme
(Tiedtke 1989) is used to calculate the effect of subgrid-
scale cumulus convection.

b. Initial conditions

Since our goal is to understand the internal dynamics
of 3D energy dispersion of mature TCs, we focus on the
evolution of TCs on a beta plane in a quiescent envi-
ronment. The prescribed initial axisymmetric vortex
has a radial and vertical tangential wind profile as fol-
lows:

Vt � �
3�6

4
Vm� r

rm
��1 �

1
2 � r

rm
�2���3�2	

sin��

2 �� � �u
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where r is the radial distance from the vortex center, Vm

is the maximum tangential wind at the radius of rm, and
�u � 0.1. Therefore, the initial cyclonic vortex has a
maximum azimuthal wind of 30 m s�1 at a radius of 100
km at the surface, decreasing gradually upward to zero
at about 100 hPa. Given the wind fields, the mass and
thermodynamic fields are then obtained based on a
nonlinear balance equation so that the initial vortex
satisfies both the hydrostatic and gradient wind bal-
ances (Wang 2001). The resting environment has a con-
stant surface pressure of 1007.5 hPa. The initial water
vapor mixing ratio and the environmental sounding are
assumed to be horizontally homogeneous and to have
the vertical profile of the January monthly mean at
Willis Island, northeast of Australia (Holland 1997).
This is representative of tropical ocean conditions in
the southern Pacific tropical cyclone formation region.
The sea surface temperature is fixed at 29°C. A detailed
description of this numerical model and the initial con-
ditions can be found in Wang (1999).

The major numerical experiments are listed in Table
1. The control experiment (CTL) is a case with diabatic

heating on the beta plane. The DRY experiment is a
case in which the diabatic heating is turned off after
2-day integration. The Beta_High and Beta_Low are
cases where the beta effect is included only in the upper
and the lower troposphere, respectively. By comparing
the CTL with the other cases, we will investigate the
roles of vertical coupling between the upper and lower
levels and the diabatic heating in the formation of 3D
Rossby wave train. Each experiment is integrated for
10 days.

3. Structure and evolution features of the
simulated 3D wave train

In the CTL experiment, after an initial drop in the
maximum wind due to the lack of a boundary layer of
the initial vortex, a rapid intensification occurs up to 36
h. During this early stage, to satisfy the mass continuity,
the lower-level convergences result in a strong upper-
level divergent anticyclonic circulation. In the early
stage, the upper-level anticyclone is nearly symmetric,
but the pattern becomes more complicated as the inte-
gration proceeds. The resulting circulation contains a
cyclonic core and a trailing anticyclone with an ex-
tended, equatorward outflow jet. Accompanying the
model TC northwestward movement, the isobars are
elongated westward, forming an elliptic outer structure
and an east–west asymmetry. A wave train with alter-
nating cyclonic–anticyclonic–cyclonic circulations in the
wake of the TC becomes apparent by day 5, and
reaches a mature stage around day 10. The simulated
wave train pattern in the mid–low troposphere (Fig. 1)

FIG. 1. (left) Surface pressure field (hPa) and (right) 850-hPa wind and vertical mean cloud mixing ratio (shaded;
10�1g kg�1) pattern of a Rossby wave train in the box area shown in left panel at day 10. Horizontal distance is
in increments of 100 km.

TABLE 1. List of major numerical experiments.

Experiment
symbol Descriptions

CTL Moist process; beta plane
DRY Dry process; beta plane
Beta_High Moist process; beta ( f ) plane above (below)

� � 0.3
Beta_Low Moist process; f (beta) plane above (below)

� � 0.3
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bears many similarities to those retrieved from the
QuikSCAT observations (Li and Fu 2006). For in-
stance, the alternating cyclonic and anticyclonic circu-
lations are orientated in a northwest–southeast direc-
tion in the wake of the mature TC. Another noticeable
characteristic of the wave train is its larger meridional
scale than its zonal scale (Li et al. 2003). The wave train
has a wavelength of 2000–2500 km. As Frank (1982)
pointed out, the most common location of a new storm
is about 20° to the southeast of a preexisting storm in
the western North Pacific. This implies that the wave-
length of Rossby wave train is approximately 2000 km,
which agrees fairly well with our model results.

The simulated cloud liquid water (right panel of Fig.
1) pattern also bears a strong resemblance to observa-
tions during the course of wave train development (Li
and Fu 2006). That is, an alternating cloudy–clear–
cloudy pattern corresponds well to the alternating cy-
clonic–anticyclonic–cyclonic circulation. Convective
cloud bands are collocated with the cyclonic circulation
region, indicating a positive feedback between the dia-
batic heating and the low-level rotational circulation.
Closer examination shows that several mesoscale ed-
dies occur in the cyclonic vorticity region (not shown).
These mesoscale vortices (
100 km in size) may have a
significant impact on the formation of a new TC
through either vortex merging (Simpson et al. 1997;
Hendricks et al. 2004) or axisymmetrization (Möller
and Montgomery 1999, 2000).

The vertical structure of the TCED-induced Rossby
wave train is presented in Fig. 2. Note that clear Rossby
wave trains appear in both the upper and lower tropo-
sphere, with minimum amplitude occurring in the
midtroposphere (� � 0.4). This vertical structure differs
somewhat from that derived from the NCEP–NCAR
reanalysis by Li and Fu (2006), who pointed out that the
northwest–southeast-oriented wave trains are evident
from the surface to 500 hPa, and become less organized
in the upper troposphere (200 hPa). Such difference is
likely attributed to the much weaker TC intensity and
outflow jet in the reanalysis products. Here the numeri-
cal simulation shows a noticeable baroclinic wave train
structure with an out-of-phase relationship above and
below � � 0.4. Namely, an alternation of anticyclonic–
cyclonic–anticyclonic (cyclonic–anticyclonic–cyclonic)
circulation occurs in the upper (lower) levels. The gen-
eration of the baroclinic Rossby wave train results pri-
marily from the baroclinic TC structure induced by the
diabatic heating. The upper-level wave branch has a
larger amplitude but is shallower than the lower-level
counterpart, which is mainly because of the shallower
anticyclonic outflow layer in the upper troposphere.

To illustrate the temporal evolution of the Rossby

wave train, we display the time sequence of the vertical-
radius profiles of relative vorticity fields along a north-
west–southeast-oriented axis (i.e., the dashed line in the
left panel of Fig. 1, roughly the axis of the wave train)
following the TC motion (Fig. 3). To highlight the
Rossby wave train in the wake, the vertical-radius cross
section is presented only from the radial distance of
500–3000 km away from the TC center. Initially, a weak
positive relative vorticity perturbation develops in the
upper troposphere (� � 0.15). This positive perturba-
tion intensifies and extends gradually both outward and
downward. For instance, the region of relative vorticity
greater than 0.5 � 10�5 s�1 (shaded area) reaches the
PBL at day 7. Thereafter, a positive vorticity (PV) per-
turbation centers at a radius of 2200 km in the PBL,
coinciding with the low-level cyclonic circulation region
of the Rossby wave train (Fig. 2). The vorticity pertur-
bations in the southeast quadrant appear to tilt north-
westward with height. As a result, a first-baroclinic
mode vertical structure appears in the wave train.

Similar downward development features appear in
the kinetic energy [KE � (u2 � �2)/2; as shown in Fig.
4] and PV fields. For example, a KE maximum center
associated with an upper-tropospheric outflow jet ini-
tially occurs at � � 0.15, then extends progressively
both outward and downward (the center does not move
outward). The outward and downward energy propa-
gation will lead to a tilting of the maximum KE band
toward the TC center with height.

The evolution of the relative humidity (RH) associ-
ated with the Rossby wave train is displayed in Fig. 5.
The mid–low-level RH is little disturbed before day 6.
Thereafter, a deep moist layer with high RH develops
rapidly over the positive vorticity region of the wave
train. For example, the 50% contour of RH reaches � �
0.3 in the cyclonic circulation region at day 10. This
deep moist layer is primarily attributed to the enhanced
convective activities, since the cyclonic vorticity at the
PBL may enhance upward moisture transport through
Ekman pumping. The enhanced convective heating
may further intensify the low-level cyclonic vorticity
within the Rossby wave train.

The time sequence of relative vorticity in the north-
west quadrant is also examined. Similar to the south-
east quadrant, a maximum vorticity perturbation occurs
in the upper level (Fig. 6). However, there is no down-
ward penetration of the vorticity, and no lower-level
Rossby wave train develops. The preferred southeast
quadrant for the wave train development is attributed
to the asymmetry of the Rossby wave energy propaga-
tion (Chan and Williams 1987; Luo 1994). Li et al.
(2003) argued that the larger (smaller) meridional
(zonal) length scale of the wave train is essential for the
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FIG. 2. Wind fields at different sigma levels at day 10; (0, 0) denotes the TC center.
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southeastward energy propagation. Based on the
Rossby wave dispersion relationship, wave energy
propagates eastward when the meridional wavelength
exceeds the zonal wavelength, and an opposite sign of
the zonal and meridional wavenumber (corresponding
to a northwestward phase speed) leads to a southward
energy propagation component. The combination of
these two factors leads to southeastward energy propa-
gation. The southeastward energy dispersion is clearly
demonstrated in terms of the time–radius cross section
of KE (Fig. 7). The KE at both upper and lower levels
propagates southeastward, radiating away from the TC
center. Note that in the upper level, a secondary KE

maximum center develops much faster (day 1) com-
pared with that in the lower level (about day 6).

To summarize, while the basic features of the lower-
level wave train resemble those derived from the baro-
tropic dynamic framework, new features associated
with 3D TCED are revealed. That is, a positive vorticity
perturbation associated with an outflow jet is generated
first in the upper levels, followed by a downward propa-
gation. Given the complex 3D energy dispersion char-
acteristics, the following questions need to be ad-
dressed: What results in the asymmetric upper-level
outflow jet? What role does this outflow jet play in the
development of the lower-level wave train? And what

FIG. 3. Time evolution of vertical-radial cross sections of relative vorticity (10�5 s�1) along the northwest–southeast axis (i.e., the
dashed line in the left panel of Fig. 1). The number at the upper-right corner of each panel indicates the model time (1D denotes
day 1).
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causes the vertical tilting of the Rossby wave train?
These questions are explored in the subsequent sec-
tions.

4. Development of an asymmetric outflow jet

The TCED-induced Rossby wave train essentially
consists of beta-induced asymmetric circulations. Com-

pared with the barotropic vortex, one salient feature in
the baroclinic TC is the more complex upper-level cir-
culation. Figure 8 illustrates how an upper outflow jet is
generated. In the early stage, the upper-level circula-
tion is approximately symmetric. It is the energy dis-
persion that leads to the development of an asymmetric
intense outflow jet in the southeast quadrant. Slightly
outside of this outflow jet is a narrow belt of positive

FIG. 4. Same as Fig. 3 but for kinetic energy (m2 s�2).

FIG. 5. Same as Fig. 3 but for relative humidity fields (%).

2278 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S VOLUME 65



FIG. 6. Same as Fig. 3 but in the northwest quadrant.

FIG. 7. The time–radius section of KE (m2 s�2) in the upper (� � 0.2) and lower (� � 0.8)
levels along a southeastward axis (the dashed line in Fig. 1).
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vorticity. This upper outflow jet is confined within a
shallow layer between � � 0.1 and 0.3, with maximum
amplitude at � � 0.15 (about 150 hPa, Fig. 4).

The TC outflow channel has been documented in
previous observational (Black and Anthes 1971; Frank
1982) and numerical studies (Shi et al. 1990; Shapiro
1992; Wang and Holland 1996a,b). The establishment
of the outflow asymmetries might be attributed to the
combination of inertial, barotropic, and baroclinic in-
stabilities (Anthes 1972; Kurihara and Tuleya 1974;
Merrill 1984) or related to divergence patterns associ-
ated with prevailing environmental flow (Sadler 1978).
An alternative interpretation, as discussed below, is
based on Rossby wave dynamics. A TC may be consid-
ered to comprise a package of Rossby waves with dif-
ferent wavelengths (Chan and Williams 1987). The
wave dispersion relationship shows faster westward
phase speeds for longer waves than for shorter waves.
As a result, the streamlines are stretched to the west
while compressed to the east of the TC center. Based
on the argument above, we give an alternative inter-
pretation of the establishment of the outflow jet. The
enhanced (reduced) pressure gradient force associated
with the compressing (stretching) of the streamlines
leads to an increase (decrease) of the wind speed to the
east (west) of the TC center. Meanwhile, the upper-
tropospheric anticyclonic flows advect the wavenum-
ber-1 asymmetric flows, resulting in a northwest–
southeast-oriented asymmetric flow pattern (Shapiro
1992; Wu and Emanuel 1993, 1994). The upper-level
anticyclonic flows also cause a decrease in the inertial
stability. As a result, the outflow jet extends to a much
greater horizontal distance, especially to the equator-
ward side where the inertial stability is weak. The up-
per-level asymmetric circulations develop much more
significantly compared with those in the lower levels.

The strong horizontal wind shear outside of this out-
flow jet core leads to positive cyclonic shear vorticity
(Fig. 3). To this point, the initial development of the
upper-level maximum vorticity and KE perturbation is
ascribed to this outflow jet.

5. Impacts of the upper-level jet on 3D energy
dispersion

In section 3, we illustrate the different evolution fea-
tures of upper and lower wave branches. For a baro-
clinic vortex, away from the TC core region, the tan-
gential wind decreases with height and radius, and the
inertial stability decreases both outward and upward.
Hence, the upper-level asymmetric circulation develops
more rapidly and extends further outward, especially
equatorward, because of lower inertial stability associ-
ated with the anticyclonic flow and the smaller Coriolis
parameter. On the other hand, the stronger lower-level
cyclonic flows result in a much larger inertial instability,
thus the circulations are less asymmetric and more con-
centrated in the TC core region (Smith and Montgom-
ery 1995). Therefore, the weaker (stronger) inertial in-
stability may lead to faster (slower) development of the
upper (lower)-level wave branch, which may partly
account for the downward development shown in sec-
tion 3.

For the 3D TCED, key questions are how the upper-
and lower-level wave trains are related and what role
the outflow jet plays in the formation of lower-level
wave trains. To address these questions, two additional
experiments are designed (see Table 1). In Beta_High,
we specify a beta plane ( f plane) above (below) � � 0.3.
In Beta_Low, an f plane (beta plane) is applied above
(below) � � 0.3. The turning point of � � 0.3 is chosen
because the outflow layer is usually confined above this

FIG. 8. The time evolution of the upper-outflow-layer (� � 0.15) circulation. From left to right: wind and relative vorticity (shaded)
fields at days 2, 3, and 5.
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level. Further sensitivity experiments show that as long
as the turning point is between � � 0.3 and 0.5, the
results are qualitatively similar. By specifying an upper-
level f plane, the asymmetric outflow jet may be re-
moved so that the upper-tropospheric influence is sup-
pressed. By specifying an f plane below � � 0.3, it is
possible to filter out the lower-level barotropic Rossby
wave energy dispersion while retaining the asymmetric
upper-level outflow jet. Therefore, by comparing these
two experiments with CTL, it may be possible to learn
the relative roles of the upper and lower asymmetric cir-
culations in the formation of the 3D Rossby wave train.

Figure 9 displays the lower-level wave train patterns
at day 6 in these three experiments. The Rossby wave
train pattern is hardly discernible in Beta_High,
whereas it is clearly presented in both CTL and Beta_
Low, although the strength of the wave train is much
greater in CTL. The difference among these three ex-
periments can be further demonstrated in terms of the
PV fields (Fig. 10). In CTL, wave trains with an alter-
nating PV trough and ridge appear at both the upper
and lower level. In Beta_Low, a weaker lower-level
wavelike pattern is identified. The upper-level PV is
approximately symmetric about the TC center, indicat-
ing no upper wave train. In Beta_High, along with an
upper-level asymmetric outflow jet and its associated
PV perturbation band, the upper-level wave is obvious
in the southeast quadrant. However, the lower-level PV
is nearly symmetric and is confined within the TC core
region, and thus no lower-level wave exists. The results
indicate the importance of the beta effect in the gen-
eration of the wave train.

The difference in the strength of wave trains between
CTL and Beta_Low is likely ascribed to the upper-level
influence. That is, an intense asymmetric outflow jet

exists in CTL, whereas there is no such an entity in
Beta_Low. It has been realized that the outflow jet may
affect the TC intensity (Black and Anthes 1971; Frank
1977; Merrill 1988; Rappin 2004). As shown in Fig. 11,
the TC intensity [represented by central minimum sea
level pressure (MSLP)] is much weaker in Beta_Low
than in CTL. For instance, the MSLP is 970 hPa (945
hPa) in Beta_Low (CTL) at day 6. A comparison of the
azimuthally mean tangential winds (� � 0.9) reveals
that both the TC strength and size are larger in CTL as
well. It suggests that a near-symmetric upper-level flow
leads to a weaker TC (Beta_Low), and an asymmetric
outflow jet favors a more intense TC (CTL). TCED
depends greatly on the TC size and structure (Flierl et
al. 1983; Chan and Williams 1987; Carr and Elsberry
1995) and intensity (Li and Fu 2006). Therefore, a
weaker Rossby wave train in Beta_Low is likely due to
the weaker TC intensity and smaller size in the absence
of an upper-level outflow jet. It is consistent with the
composite study by Merrill (1988), who summarized the
outflow-layer differences between intensifying and
nonintensifying hurricanes (see their Fig. 11) and found
that the outflow layer with an “open” (closed) stream-
line pattern corresponds to intensifying (nonintensify-
ing) cases. To assert that the weaker TC is due to the
absence of the beta effect–induced asymmetric out-
flows, an additional f-plane simulation is conducted.
The result shows that the simulated TC in Beta_High
has a stronger tangential wind (
52 m s�1) than that in
the f-plane simulation (
45 m s�1). Meanwhile, the
beta-plane storm has a relatively larger size than the
f-plane storm. This supports our claim that the upper-
level outflow may influence the TC intensity and size.
In Emanuel (1986), the TC secondary circulation is
treated as an idealized Carnot heat engine where en-

FIG. 9. Low-level (� � 0.9) circulations in the CTL, Beta_High, and Beta_Low experiments at day 6. Areas with positive relative
vorticity are shaded.
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ergy input by air–sea interaction is balanced by fric-
tional dissipation in the boundary layer and outflow
layer (energy is drained as the outflow anticyclone ex-
pands against the ambient cyclonic rotation of the
environment). Rappin (2004) suggested symmetric ex-
pansion led to large energy expenditures that were
manifested in large anticyclonic kinetic energies. Asym-
metric expansion into regions of weak resistance led to
small energy expenditures and therefore small anticy-
clonic kinetic energies. Thus, the smaller energy expen-
ditures in Beta_High may result in a stronger TC. How-
ever, how the asymmetric outflow jet influences the TC
size through the extent of the secondary circulation is
unclear.

To demonstrate the impact of the upper-tropospheric
circulation on the energy dispersion, the Eliassen–Palm
(E–P) flux is used to diagnose the wave energy propa-
gation and wave–mean flow interaction (Schubert 1985;
Molinari et al. 1995; Chen et al. 2003). Following Mo-
linari et al. (1995), the E–P flux divergence in a poten-
tial temperature (�) vertical coordinate is written as

� · F � �
1
r

�

�r
r2��uL	���L �

�

�	
p�

�
�

��
,

where F 
 {�r(�uL)���L, p�[���/(��)]} is the E–P flux
vector, which is calculated on cylindrical coordinates,
and the overbar represents the azimuthal mean. Here
� � ��p/(��) is the pseudodensity; u�L and ��L are the
storm-relative radial and tangential winds, respectively;
�� is the Montgomery streamfunction; and � is the azi-
muthal angle. The radial component of the E–P flux
represents the eddy angular momentum flux, while the
vertical component is the eddy heat flux. Parallel to the
wave group velocity, the E–P flux vectors illustrate the
wave energy propagation.

Figure 12 shows the radius–� cross sections of E–P
flux vectors and their divergence averaged from days
3–5 for the three experiments. In both CTL and Beta_
High, the greatest eddy activities appear on the 355-K
surface near the radius of outflow jet, indicating the
dominant eddy angular momentum fluxes in the upper
level. Much weaker wave activities exist at the same �
surface in Beta_Low. Meanwhile, the largest � · F oc-
curs in CTL and Beta_High at the 700-km radius, where
the anticyclonic outflow is the strongest. This implies
that eddy activities are closely related to the develop-
ment of the upper-level outflow jet. The larger upper-
level E–P flux vector implies that the upper wave

FIG. 10. The PV fields in (left) CTL [0.1 potential vorticity units (PVU); 1 PVU 
 10�6 m2 s�1 K kg�1], (middle) Beta_High, and
(right) Beta_Low at day 6.
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branch has a larger energy propagation speed than that
of the lower level, which is consistent with faster
(slower) development of the upper- (lower)-level wave
train. As expected, the slower response in the lower
levels may partially explain the downward develop-
ment. Of particular interest is a significant difference in
the lower-level energy propagation between CTL and
Beta_High. In CTL, below the outflow layer (say � �
355 k), the E–P flux indicates both outward and down-
ward energy propagation. In Beta_High, the E–P flux
shows weak downward propagation from the outflow
layer, and no horizontal energy propagation exists in
the lower level in the absence of the beta effect. By
the same reason, much weaker upper-level eddy ac-
tivities are observed in the Beta_Low as the beta effect
is excluded there. No vertical component of the E–P
flux vectors can be identified in the mid–low tropo-
sphere, indicating no downward energy propagation.

Nevertheless, the lower-level beta effect induces out-
ward energy propagation (bottom panel of Fig. 12),
which agrees well with the barotropic Rossby wave dy-
namics.

The results above suggest that the generation of a 3D
Rossby wave train cannot be fully explained by pure
barotropic dynamics. In addition to outward barotropic
energy dispersion, a baroclinic TC upper-outflow-layer
circulation will induce downward energy propagation.
Therefore, both outward and downward energy propa-
gation will result in the downward-tilted development
of the Rossby wave train (Fig. 4). While the barotropic
dynamics of the beta effect is essential for the genera-
tion of Rossby wave trains, the upper-level outflow jet
may further enhance the lower-level wave trains. For
example, in Beta_Low, the wave train cannot develop
fully without the upper-level influence. Given that the
E–P flux applied here only describes the azimuthal

FIG. 11. (top) Time evolutions of MSLP (hPa) in CTL (thick solid), Beta_High (dotted), and Beta_Low (thin
solid), and (bottom left) difference in the symmetric tangential winds between CTL and Beta_Low (CTL minus
Beta_Low) and (bottom right) tangential wind profile for CTL (solid line) and Beta_Low (dashed line) at day 6
(m s�1).
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mean contributions of asymmetric circulations, it may underestimate the wave activity flux in the southeast
quadrant. Despite this weakness, comparisons of the
wave activities in these three experiments help provide
insight into how the upper-tropospheric circulation in-
fluences the 3D Rossby wave train.

6. Roles of diabatic heating

In this section, we will examine the role of diabatic
heating in the TCED process. It is well realized that the
convective heating plays a major role in maintaining the
TC circulation system with cyclonic vorticity below and
anticyclonic vorticity aloft. The evolution of a diabatic
vortex could substantially differ from that of an adia-
batic one (Wang and Li 1992; Wang and Holland
1996a). Given that TCED is sensitive to the vertical
structure of a TC, the sensitivity of the energy disper-
sion characteristics to turning off the diabatic heating is
now investigated. A DRY experiment is designed in
which certain model physics schemes are turned off af-
ter 48 h and the integration continues for another 6
days. The model physics schemes turned off include
a convective parameterization scheme, an explicit
mixed-phase cloud microphysics package, an E-tur-
bulence closure scheme for subgrid-scale vertical mix-
ing above the surface layer, a modified Monin–
Obukhov scheme for the surface-flux calculation, and
the surface friction.

Figure 13 displays the simulated Rossby wave train at
day 5 (three days after diabatic heating is turned off). A
clear lower-level wave train with alternating cyclonic–
anticyclonic–cyclonic circulations appears in the wake,
whereas such a feature is hardly identified at the same
time in CTL. It indicates that the wave train forms
much faster in the absence of the diabatic heating.
Meanwhile, a significant difference between CTL and
DRY is the evolution of the outflow-layer circulation.
After initially spinning up, the vortex has the same
structure as that of CTL at day 2. An upper outflow jet
is generated and stretches from the vortex core to sev-
eral hundred kilometers to the southwest. Once dia-
batic heating is turned off, the outflow jet decays rap-
idly (Fig. 13). This suggests that the diabatic heating
will maintain the outflow jet against the energy disper-
sion. Figure 14 compares the vertical and radial profiles
of azimuthally mean tangential and radial winds be-
tween CTL and DRY. As expected, there is no clear
upper-level anticyclonic circulation in the DRY experi-
ment. Furthermore, the lower-level maximum tangen-
tial wind is about 40 m s�1 in CTL but only 25 m s�1 in
DRY at day 4, whereas the radius of maximum wind
increases from 90 km in CTL to 150 km in DRY. The

FIG. 12. Potential temperature-radius cross sections of E–P flux
vectors and their divergence averaged from days 3–5 (contours;
0.5 � 104 Pa m2 K�1 s�2) for (top) CTL, (middle) Beta_High, and
(bottom) Beta_Low. The horizontal and vertical components are
scaled by 1 � 10�9 and 1 � 10�5, respectively.
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weakening in the primary circulation is accompanied by
the suppressed secondary circulation.

The following two factors may explain the earlier
development of the Rossby wave train in DRY. One is
related to change of the TC inflow in the outer region.
As we know, the inflow may modulate the Rossby wave
group velocity through a “Doppler shift” effect. Al-
though significant low-level radial inflow occurs within
a few hundred kilometers of the center, weak inflow
(i.e., �0.25 m s�1) is still present in the outer region
(
2000 km) in CTL. In sharp contrast, no significant
radial inflow is found in DRY. As the Rossby wave
energy disperses southeastward, the group velocity is
opposite to the mean radial inflow Vr in the lower tro-
posphere. As a result, the total group velocity Cg � Vr

will be reduced in the southeast quadrant. Given the
stronger low-level inflow in CTL, the total group ve-

locity would be smaller, indicating slower energy
propagation and thus a longer period for the de-
velopment of the low-level wave train in CTL than in
DRY.

Second, previous nondivergent barotropic studies
have shown that the energy dispersion is more sensitive
to the size of a vortex rather than its intensity (e.g., Carr
and Elsberry 1995). With the sudden vanishing of the
diabatic heating, the TC secondary circulation collapses
rapidly and is accompanied by a decrease in maximum
tangential wind and an increase in the radius of maxi-
mum wind. According to Carr and Elsberry (1995), the
extent to which the vortex resists asymmetric forcing is
proportional to Vmax/R2

max (here Vmax is the maximum
tangential wind at the radius of Rmax). Given that Vmax

is 40 (25) m s�1 and Rmax is 90 (150) km in CTL (DRY),
the value of Vmax/R2

max is 4.9 � 10�9 m�1 s�1 in CTL,

FIG. 13. Simulated wind fields in the (left) CTL and (right) DRY experiments at day 5.
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which is nearly 4 times larger than that in DRY (1.1 �
10�9 m�1 s�1). Therefore, the vortex in DRY is more
susceptible to the beta-induced dispersion and thus a
faster establishment of the wave train.

To further examine this size effect, we conduct two
additional Beta_Low experiments with no diabatic pro-
cesses. The initial vortex has a maximum wind of 30
m s�1 at a radius of 100 km in the first experiment and
a weaker intensity (Vmax � 20 m s�1) at a larger radius
of 300 km in the second experiment (see the upper
panel of Fig. 15). The bottom panel of Fig. 15 displays
the simulated low-level Rossby wave trains at day 4. It
is clear that the Rossby wave train is significantly stron-

ger in the case with a larger TC size, supporting the
argument above.

7. Conclusions

Previous studies on TC energy dispersion were con-
fined to a barotropic framework. In this study, we ap-
plied a baroclinic model to examine the characteristics
of 3D TCED-induced Rossby wave trains in a quies-
cence environment. While a baroclinic TC moves
northwestward because of the beta effect, Rossby
waves emit energy southeastward. This leads to the for-
mation of a synoptic-scale wave train in its wake. The

FIG. 14. The vertical–radial cross sections of the symmetric components of tangential and radial winds (m s�1)
at day 4 in the CTL and DRY experiments.
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simulated 3D wave train exhibits a noticeable baro-
clinic structure with alternating cyclonic–anticyclonic–
cyclonic (anticyclonic–cyclonic–anticyclonic) circula-
tion in the lower (upper) level.

A noteworthy feature associated with the 3D TCED
is the downward propagation of the relative vorticity
and kinetic energy. This evolution feature is beyond the
2D barotropic dynamics, and possible mechanisms re-
sponsible for this 3D TCED-induced Rossby wave train
are illustrated in Fig. 16. Because of the vertical differ-
ential inertial stability, the upper-level wave train de-
velops faster than the lower-level counterpart. As a re-
sult, an intense asymmetric outflow jet is established in

the upper level. This beta effect–induced strong asym-
metry in the upper level may further influence the
lower-level Rossby wave train through the following
two processes. On one hand, the outflow jet triggers
downward energy propagation, leading to the strength-
ening of the lower-level Rossby wave train. On the
other hand, it exerts an indirect effect on the lower-
level wave train strength by changing the TC intensity
and structure.

To investigate the relative role of the lower-level
Rossby wave energy dispersion and the upper-tropo-
spheric impact, two sensitivity experiments (Beta_High
and Beta_Low) are conducted. In Beta_Low, the upper

FIG. 15. (top) The initial tangential wind profiles for a TC with stronger intensity but smaller size (solid line) and
a TC with larger size but weaker intensity (dashed line), and (bottom) the simulated Rossby wave trains at day 4
in the two cases: (left) the stronger intensity case; (right) the larger-size case.
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asymmetric outflow jet is filtered out by excluding the
upper-level beta effect. As a result, the downward en-
ergy propagation is hardly discerned and the lower-
level wave train is much weaker. In Beta_High, the
lower-level wave train is hardly identified when the
lower-level beta effect is excluded. The comparison of
the control and sensitivity experiments above reveals
that the development of the upper asymmetric outflow
jet results in a more intense TC with a relatively larger
size. This further strengthens the lower-level Rossby
wave train, as the energy dispersion is sensitive to the
TC intensity and size (Carr and Elsberry 1995). The
numerical results indicate that barotropic Rossby wave
dynamics is essential for the lower-level wave train de-
velopment, while the upper-tropospheric asymmetry
due to the beta effect has a significant additional im-
pact. The 3D TC energy dispersion illustrates more
complicated characteristics than the conventional 2D
barotropic dynamics.

A further sensitivity experiment reveals that a sud-
den removal of diabatic heating may result in an in-
crease of Rmax and a significant reduction of the lower-
level inflow, both of which favor the initial wave train
development. As discussed above, the increase of the
TC size may enhance the energy dispersion. Mean-
while, the Rossby wave group velocity may be modu-
lated by the TC inflow through the Doppler shift effect.

In the current study, we examine the TCED in a
quiescent environment. The investigation of 3D Rossby
wave train development in idealized and realistic back-
ground flows is currently in progress and the results will
be reported elsewhere.
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