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ABSTRACT

A limited-area primitive equation model is used to study the role of the β-effect and a uniform
current on tropical cyclone (TC) intensity. It is found that TC intensity is reduced in a non-quiescent
environment compared with the case of no uniform current. On an f -plane, the rate of intensification
of a tropical cyclone is larger than that of the uniform flow. A TC on a β-plane intensifies slower than
one on an f -plane. The main physical characteristic that distinguishes the experiments is the asymmetric
thermodynamic (including convective) and dynamic structures present when either a uniform flow or β-
effect is introduced. But a fairly symmetric TC structure is simulated on an f -plane. The magnitude of the
warm core and the associated subsidence are found to be responsible for such simulated intensity changes.
On an f -plane, the convection tends to be symmetric, which results in strong upper-level convergence
near the center and hence strong forced subsidence and a very warm core. On the other hand, horizontal
advection of temperature cancels part of the adiabatic heating and results in less warming of the core,
and hence the TC is not as intense. This advective process is due to the tilt of the vortex as a result
of the β-effect. A similar situation occurs in the presence of a uniform flow. Thus, the asymmetric
horizontal advection of temperature plays an important role in the temperature distribution. Dynamically,
the asymmetric angular momentum (AM) flux is very small on an f -plane throughout the troposphere.
However, the total AM exports at the upper levels for a TC either on a β-plane or with a uniform flow
environment are larger because of an increase of the asymmetric as well as symmetric AM export on the
plane at radii >450 km, and hence there is a lesser intensification.
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1. Introduction

The skill of tropical cyclone (TC) motion forecast-
ing has significantly improved in past decades, how-
ever the forecasting of TC intensity still needs great
effort towards improvement (Elsberry et al., 1992).
This is due partially to insufficient observation data
and to poor understanding of the mechanism of TC
intensity change. Recently, many studies have been
made on the effect of vertical shear of the environmen-
tal uniform flow on TC intensity (e.g., Shapiro, 1992;
Jones, 1995; DeMaria, 1996; Bender, 1997; Holland
and Wang, 1999; Peng et al., 1999; Ritchie and Els-
berry, 2001; and Frank and Ritchie, 2001). However,

the fundamental physical processes of these effects on
TC intensity are still not clearly understood. This is
the major motivation of the present study.

Past researches have suggested that changes in the
planetary vorticity, uniform flow, and vertical wind
shear will result in concomitant changes in TC inten-
sity. Madala and Piacsek (1975) showed that a TC in
a three-level model intensified at different rates on an
f -plane and on a β-plane before the storm stage, but
afterwards, the rates were the same. They also found
that the intensity of the simulated TC depended heav-
ily on the magnitude of the vertical shear of the basic
flow. They hypothesized that the displacement due to
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the β-effect results in the advection of part of the re-
leased latent heat out of the region of low-level conver-
gence, and hence in the generation of a weaker warm
core in the middle and upper troposphere than its f -
plane counterpart. This then results in a less intense
TC. The same rate of intensification after the storm
stage is due to the slower movement of the TC. Their
results seem to suggest that changes in TC intensity
are related to its movement although no further evi-
dence was presented. On the other hand, DeMaria and
Schubert (1984) found that the intensification rate is
very similar on either an f - or a β-plane until 48 h.
After this time, the intensity of the TC on the β-plane
begins to level off, while that on the f -plane continues
to intensify. They argued that it is more difficult to
establish a concentrated area of cyclonic rotation in
the upper layer through momentum transport in the
β-plane case. This is because the center of the upper-
layer vortex does not always remain directly over the
lower-layer vortex due to the differential advection of
the earth’s vorticity. Khain (1988) also obtained a sim-
ilar result. Peng et al. (1999) hypothesized that for a
TC on a β-plane or embedded in a uniform flow effect,
the area of strongest convergence does not correspond
to the area of largest moisture so that convection is
less strong compared with the f -plane or no uniform
flow case. As a result, the rate of intensification is
slower.

These contradictory results suggest that the phys-
ical processes responsible for the rate of TC intensifi-
cation have not been thoroughly examined. Even the
most basic question of why or whether TC intensifi-
cation rates are different on an f - and a β-plane has
not been properly answered. The mechanism for the
apparently counter-intuitive result that uniform cur-
rents from different directions cause TCs to intensify
at different rates needs to be identified. These form
the objective of the present study.

Section 2 gives a brief description of the numerical
model and introduces the initial conditions. The nu-
merical experiments to be conducted are also listed in
this section. The intensity changes of TCs embedded
in a uniform flow environment and on a β-plane are
examined in section 3. The corresponding structure
changes are presented in section 4. Based on these
results, the physical mechanisms responsible for the
different intensity changes are proposed. Further sup-
porting evidence of these mechanisms is given in sec-
tion 5 in which the angular momentum transports are
calculated. Summary of the results and the concluding

remarks are presented in section 6.

2. Numerical model and initial conditions

The same as Chan et al. (2001), the Penn
State/NCAR (National Center for Atmospheric Re-
search) mesoscale model version 4 (MM4), details of
which have been outlined in Anthes et al. (1987), is
used for this study. It is a primitive-equation model
formulated on a Lambert projection and in σ coor-
dinates, with 15 levels in the vertical. The σ levels
are placed at values of 1.0, 0.98, 0.95, 0.90, 0.8, 0.65,
0.5, 0.4, 0.32, 0.26, 0.20, 0.15, 0.10, 0.06, 0.03, and
0.0. The Kuo cumulus parameterization (Kuo 1974;
Anthes, 1977) scheme is used. A bulk aerodynamic
model of the planetary boundary layer following Dear-
dorff (1972) is employed in which horizontal diffusion
is second-order and vertical diffusion is parameterized
with K-theory.

Many methods for inserting a vortex into the ini-
tial fields have been designed (e.g., Kurihara et al.,
1993; Heming et al., 1995; Hodur, 1997). The bogus
TC used in the present study is specified by the radius
of 15 m s−1 (R15) winds, the boundary radius of the
TC (Re), and the central pressure Pc. The sea-level
pressure at a distance r from the TC center, Pse(r), is
given by Fujita’s (1952) formula:

Pse(r) = Pe −∆P

[
1 +

(
r

R0

)2
]−0.5

,

where Pe is the environmental pressure, R0 the radius
of maximum wind, and ∆P = Pe − Pc.

The model domain is 5000 km×5000 km with a hor-
izontal grid size of 50 km. The “Arakawa B” horizon-
tal grid structure is used. An explicit time-integration
scheme developed by Brown and Campana (1978) is
employed, which allows for a time step of 60 s, about
1.6 times larger than that allowed by a conventional
leapfrog scheme but produces virtually identical re-
sults. The inflow/outflow lateral boundary conditions
are used. In the vertical, vertical velocity is zero at
σ=0 and 1. The domain is large enough so that the
boundary conditions should have very little effect on
predictions up to 48 h. All the variables are defined at
the half-σ levels except vertical velocity.

The control experiment is conducted with a pre-
specified vortex and a quiescent atmospheric environ-
ment. The atmosphere is homogeneous at the stan-
dard pressure levels (1000, 850, 700, 500, 300, 200,
and 100 hPa). The vertical temperature structure
is obtained from the ECMWF (European Centre for
Medium-Range Weather Forecast) (10◦–20◦N, 135◦–
155◦E) reanalysis data (0000 UTC 21 September 1990)
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Table 1. List of experiments.

Experiment name Description

Basic experiment (Expt. F) Defined as the same as that of Chan et al. (2001) but taking the Coriolis

parameter as constant and sea surface temperature as 28◦C

Expt. E Same as Expt. F but with an easterly mean flow (5 m s−1)

Expt. B Same as Expt. F but with a variable Coriolis parameter

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Time series of minimum central pressure for experiments on an f-plane 

without uniform flow (solid), on a β-plane without uniform flow (dashed), and 
with a uniform easterly (squares) flow and on f-plane. 
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Fig. 1. Time series of minimum central pressure for ex-
periments on an f -plane without uniform flow (solid), on a
β-plane without uniform flow (dashed), and with an east-
erly (squares) uniform flow and on an f -plane.

averaged within 135◦–155◦E and 10◦–20◦N. Because
the humidity values from the ECMWF reanalysis are
too dry for the model TC to grow, these values are set
to 90%, 85%, 80%, 50%, 20%, 20%, and 10% at the
standard pressure levels from 1000 to 100 hPa, respec-
tively. The geopotential heights at various pressure
levels are calculated using the hydrostatic relationship.
When an environmental uniform flow is considered,
the geopotential height is calculated by geostrophic
balance at the pressure levels. To make sure that the
uniform flow does not change much during the inte-
gration, a preliminary experiment with only a uni-
form flow was performed up to 48 h. The results
suggest that the characteristics of the uniform current
were well maintained throughout the integration. The
model SST (lower boundary condition) is assumed to
be homogeneous at 28◦C.

A basic experiment (Expt. F, see Table 1) is first
run to produce a realistic TC. Its initial parameters
are the same as Expt. A0 of Chan et al. (2001) except
the Coriolis parameter is set as constant with a value
equal to that at 20◦N.

Three experiments performed in this study are
listed in Table 1. Experiment F and Expt. E are de-

signed for a TC in a quiescent atmosphere and in east-
erly uniform flow, respectively. The other experiment
(Expt. B) is one with a variable Coriolis parameter
but in a quiescent atmosphere.

3. Basic results

3.1 Changes in TC intensity

Similar to the results of Peng et al. (1999), the in-
tensification rate for a TC on a β-plane or one embed-
ded in a uniform flow is less than that on an f -plane
(Fig. 1). After the adjustment time, the TC on the
-plane stops intensifying. By 48 h, the minimum sea-
level pressure (MSLP) difference between the f - and
the β-plane experiments is about 25 hPa. The corre-
sponding difference in maximum winds is 10 m s−1 (42
vs. 32 m s−1). By 48 h, the MSLP is about about 12
hPa higher (maximum winds 4 m s−1 less) than that
in the f -plane experiment.

3.2 The horizontal and vertical structures

As might be expected, a fairly symmetric struc-
ture of a TC is simulated in Expt. F (Fig. 2a) since
no mechanism exists that can result in an asymmet-
ric structure when the TC is on an f -plane within a
quiescent atmosphere. This result is similar to that of
Peng et al. (1999).

The horizontal wind distribution, however, be-
comes asymmetric for a TC embedded in a uniform
easterly flow (Fig. 2b). As expected, the maximum
wind is located to the north of the TC center due to
a superposition of the easterly flow and the TC circu-
lation. Note that the maximum wind is weaker than
that in the f -plane simulation. However, the asymme-
try in the TC structure is even more pronounced in
the β-plane simulation (Fig. 2c), with the maximum
wind to the east of the TC.

The vertical motion also shows a fairly symmetric
feature in the f -plane simulation (figure not shown).
Comparing this with the results for the β-plane and
uniform easterly flow experiments, the differences can
be clearly identified. First, the main vertical motion is
generally confined within 200 km from the TC center
in the f -plane case, but in the easterly flow case, this
range is extended to about 300 km and the width of
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Fig. 2. Surface wind isotachs (m s-1) at 48 h in the experiment (a) on an f plane, (b) in a uniform 

easterly flow, and (c) on a β-plane. (Contour interval: 6 m s-1) 
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Fig. 2. Surface wind isotachs (Units: m s−1) at 48 h in the
experiments of (a) on an f -plane, (b) with a uniform cur-
rent environment and (c) on a β-plane. (Contour interval:
6 m s−1).

the column of rising air is also larger. Note, how-
ever, that the eye radii are similar. Second, an obvi-

ous asymmetry exists in the magnitude of the verti-
cal motion in the easterly flow simulation with strong
rising motion to the west, the difference between the
two sides reaching 6×10−4 hPa s−1 at the upper levels.
On the other hand, the magnitude of the vertical mo-
tion in the f -plane case is almost the same across the
TC center. This asymmetry of vertical motion is even
more significant in the β-plane case. The rising mo-
tion is much broader and stronger to the west. These
results suggest that in the presence of a uniform flow
or on a β-plane, the convective activity of a TC is not
symmetric. This has implications for the intensity of
the TCs. A detailed discussion of this point together
with the subsidence in the eye will be discussed in the
next section.

3.3 Warm core

Based on hydrostatic balance, the TC intensity
must be related to the magnitude of the warm core.
Indeed, a positive correlation exists between this mag-
nitude and TC intensity. For a TC on an f -plane, the
warm core has a maximum temperature anomaly of
16.4◦C after 48 h of integration (Fig. 3). The corre-
sponding anomalies for the easterly flow and β-plane
cases are 15.4◦C and 14.1◦C respectively. Note also
the east-west asymmetry of the warm core in these
two cases, especially for the β-plane experiment. In
addition, the width of the warm core is also different.
For example, on an f -plane, the diameter of the 6◦C
isotherm is about 450 km but it is about 700 and 750
km in the easterly flow and β-plane cases respectively.

In summary, the presence of an easterly uniform
flow or β-effect can reduce the rate of TC intensifica-
tion. While these results generally agree with those
from previous studies (e.g., Madala and Piacsek 1975;
DeMaria and Schubert, 1984; Khain, 1988; Peng et
al., 1999), they show a number of important features
that may provide explanations of the reduction in the
intensification rate.

4. Diagnostics around the eye region

4.1 Subsidence in the eye

In general, the subsidence occurs in the eye in all
the experiments throughout most parts of the tropo-
sphere, from about 925 hPa to the top (Fig. 4). An im-
portant exception is the β-plane experiment in which
a weak rising motion occurs in the mid-upper tropo-
sphere. Note also the bimodal structure of the vertical
motion profile, with maximum subsidence found in the
upper and lower troposphere. That is, the strongest
(weakest) subsidence occurs in the f -plane (β-plane)
case. Since subsidence is only one of the terms that
can contribute towards an increase in temperature, it
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Fig. 3. Temperature anomalies on the σ=0.125 (about 210 hPa) surface in the east-

west direction across the TC center at 48 h in the three experiments. (unit: 
oC) 
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Fig. 3. Temperature anomalies on the σ=0.125 (about
210 hPa) surface in the east-west direction across the TC
center at 48 h in the three experiments. (units: ◦C).

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Fig. 4. Vertical motion at 48 h at the TC center in different experiments. The thick 

dashed vertical line indicates the zero line.  
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Fig. 4. Vertical motion at 48 h in the TC center in the
different experiments. The thick dashed one indicates the
zero line.

is necessary to examine the magnitudes of the various
terms in the thermodynamic equation to identify the
cause(s) of the warm core.

4.2 Heating rates in the eye

The heating rate can be contributed to through
horizontal advection (HA), vertical advection (VA),
adiabatic heating (AH), and diabatic heating (Q). An
examination of these four terms indicate that the VA

and Q terms are generally an order of magnitude
smaller in the eye in all the experiments and can there-
fore be neglected.

In the f -plane and the easterly-flow simulations,
the HA term is smaller and the heating is dominated
by subsidence (adiabatic) warming. Consistent with
the results in the previous sub-section, the magnitude
of this heating is larger in the f -plane case. However,
in the β-plane experiment, the magnitude of the HA
term is comparable to the AH term but opposite in
sign. Thus, the net warming is much smaller. In fact,
a cooling occurs at about 300 hPa due to a large nega-
tive HA. An examination of the flow shows an easterly
flow across the TC center (not shown). This is con-
sistent with the temperature profile shown in Fig. 3.
An alternative in explaining this negative heating rate
may be in how the terms are calculated. Since the TC
center intensity is determined by the MSLP, a tilting
of the vortex would yield a different result. Indeed,
in this simulation, the vortex begins to tilt southward
at σ=0.23 (about 300 hPa), which is exactly where
the negative heating occurs. Thus, the vortex tilt re-
sults in a heating rate decrease, and hence reducing
the warming of the core. The tilting of the vortex is
likely related to a differential β-effect at different lev-
els (Carr and Elsberry, 1995) since no tilt is found in
the other two experiments. However, since this study
is focused on intensity change, no further investigation
of the reason for this tilt was made.

4.3 Upper-level divergence

Since the strongest contribution to the heating is
through subsidence warming at the upper levels, it
would be of interest to examine the divergence field
at these levels. The upper-level flow in the f -plane
simulation is largely symmetric and anticyclonic (fig-
ure not shown). The asymmetric structure observed
here is probably caused by the inertial instability and
the upper boundary condition and should not be con-
fused with that introduced by other effects. In the
easterly flow and β-plane cases, the divergence field is
highly asymmetric, which suggests that the convection
and the corresponding vertical motion should also be
asymmetric. The latter has been shown to be the case
in the last section and a similar pattern is observed in
the convection (not shown).

A more important result is the upper level conver-
gence at the TC center because it is directly related
to the subsidence there. In the f -plane case, the di-
vergence at the TC center is less than −2× 10−4 s−1.
On the other hand, in the experiment with an easterly
flow, the magnitude of the convergence in the TC eye
area is much smaller. In the β-plane experiment, the
area of the convergence is even smaller.
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Fig. 5. Horizontal temperature advection on the σ=0.08
(about 170 hPa) surface at 48 h in the experiments of (a)
on an f -plane, (b) with an easterly flow, and (c) on a β-
plane. Units: 10−3 K s−1. Interval: 0.2× 10−4 K s−1.

These results suggest that symmetric convection
would result in symmetric convergence in the eye area,

and subsequently stronger subsidence. If the convec-
tion is asymmetric, the subsidence tends to be weaker.

4.4 Heating terms around the eye

Although adiabatic warming is the dominant term
in the thermodynamic equation at the eye, this would
probably not be the case in the eyewall region. There-
fore, it is of interest to examine the horizontal distri-
bution of HA, Q, and AH around the eye.
4.4.1 Horizontal advection (HA)

On an f -plane, the HA distribution on the σ=0.08
(about 170 hPa) surface at 48 h has a fairly symmetric
structure (Fig. 5a) around the TC center. But in the
experiment with an easterly flow, the advection shows
a highly asymmetric structure. The positive and neg-
ative HA are separated, with the positive (negative)
area located to the northwest (southeast) of the TC
(Fig. 5b). The magnitude of the positive HA is also
larger. This distribution of HA indicates that the role
of HA is to cause a temperature increase to the north-
west of the TC. While the distribution of HA in the
β-plane experiment also shows an asymmetric struc-
ture (Fig. 5c), the maximum positive (negative) HA is
to the southwest (south) of the TC.
4.4.2 Diabatic heating (Q)

As expected, the maximum latent heat release oc-
curs near the eye in the f -plane experiment (Fig. 6a).
But in the presence of an easterly flow, a long and
narrow band of Q is found to the west of the TC (Fig.
6b). This indicates that the convective activity has
been separated from the TC center due to the easterly
flow. The magnitude of Q near the TC center is also
smaller than that in the f -plane experiment. A similar
situation occurs in the β-plane simulation except now
that the band of Q swings around to the north of the
TC (Fig. 6c). Therefore, the latent heat release is not
symmetric in these two cases.
4.4.3 Adiabatic heating (AH )

On an f -plane, negative (positive) heating is found
around (within) the eye area due to rising (sinking)
motion (Fig. 7a). The negative heating rate has a fairly
symmetric structure. But in the experiment with an
easterly flow, the negative AH extends to the north-
west of the TC (Fig. 7b). Consistent with the vertical
motion profile, the positive AH in the core is weaker
than that in the f -plane simulation. The AH distribu-
tion in the β-plane case is even more asymmetric (Fig.
7c). The eye structure is not well defined.
4.4.4 Total heating

The following observations can be made when the
three heating terms are combined in each of the three
experiments. In the f -plane simulation, the maximum
heating clusters around the TC center (Fig. 8a). In
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Fig. 6. Same as Fig. 5 but for the adiabatic heating.

the presence of an easterly flow, the largest positive
heating rate occurs in the northwest quadrant of the
TC (Fig. 8b). On a β-plane, the maximum heating is
also displaced from the TC center but to the south-

 
 

 
 

 
Fig. 7. Same as Fig. 8 but for the adiabatic heating. 
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Fig. 7. Same as Fig. 5 but for the adiabatic heating.

west, west, and north of the TC (Fig. 8c). The dis-
placement of the heating away from the TC center in
the easterly flow and β-plane experiments is mostly
caused by the HA although Q also contributes signif-
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Fig. 8.  Same as Fig. 8 but for the sum of horizontal advection, diabatic and 

adiabatic heating terms. The dashed lines without shading indicate the 
temperature (Unit: oC; Contour interval: 1oC 
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Fig. 8. Same as Fig. 5 but for the total of horizontal ad-
vection, and the adiabatic and adiabatic heating terms.
The dashed line without shaded indicate the temperature
(Units: 1◦C; Contour interval: 1◦C).

icantly in the latter. These net heating distributions
explain why the TC on an f -plane is the most intense
since the heating can be concentrated near the center

so that maximum warming can be realized. Hydro-
static balance then dictates that the MSLP has to be
the lowest among the three cases.

5. Angular momentum fluxes

5.1 Basic formulation

Many previous studies have examined TC inten-
sity change from the angular momentum (AM) point
of view. Since intensification is equivalent to a spinup
of the TC circulation, an import of AM should be ex-
pected. Pfeffer and Challa (1981) have shown that
asymmetric inward transport of AM correlates with
intensification based on composite data. Holland and
Merrill (1984) also obtained similar results from a sim-
ple theoretical model. They further pointed out that
an export of anticyclonic AM, which occurs at the up-
per levels, is equivalent to an import of cyclonic AM,
which would cause a TC to intensify. Thus, it would
be of interest to study the angular momentum fluxes
from the present model integrations and see if the same
physical reasoning can be applied to explain the dif-
ferences in intensification rates between the different
experiments.

The following diagnostic framework follows that of
Chan and Kwok (1999). The absolute angular mo-
mentum m is defined as

m = vr +
1
2
fr2 , (1)

where v is the tangential wind, r the radius, and f the
Coriolis parameter. To study the various contributions
to the changes in AM, the wind components are sep-
arated into the symmetric and asymmetric parts (de-
noted by an overbar and a prime, respectively). Thus,
the two wind components can be written as

u = ū + u′ v = v̄ + v′

where u is the radial component.
The AM flux M(r) across a circle centered on the

TC at radius r is given by

M(r) =

∫ 2π

0

(
vr +

fr2

2

)
urdθ∫ 2π

0
rdθ

, (2)

so that after substitution,

M(r) = rūv̄ + ru′v′ +
f0r

2ū

2
+

r2fu′

2
, (3)

where the overbar indicates an azimuthal average.
The AM transport can therefore be contributed to

by four processes, as indicated on the right-hand side
of (3), namely, the symmetric relative angular momen-
tum (RAM) flux, the asymmetric or eddy RAM flux,
the symmetric Coriolis torque, and the asymmetric
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Fig. 9. Total angular momentum flux at the upper (about 140 hPa, without 
symbols) and lower (about 950 hPa, with symbols) levels at 48 h in the 
f-plane (solid line), easterly flow (long dashed line), and β-plane (short 
dashed line) experiment.  Unit: 106 m3 s-2 

 
 

Fig. 9. Total angular momentum flux at the on upper
(about 140 hPa, without symbols) and lower (about 950
hPa, with symbols) levels at 48 h in the f -plane (solid
line), easterly flow (long dashed line), and β-plane (short
dashed line) experiments. Units: 106 m3 s−2.

or eddy Coriolis torque. Adding the first and third
(second and fourth) terms gives the total symmetric
(asymmetric) flux. In the present study, the fluxes are
calculated from the symmetric and asymmetric radial
and tangential winds derived from the model output.

5.2 Results from the f-plane experiment

As expected, the total AM flux at the lower level
(σ=0.965, about 950 hPa) is negative (i.e., import),
which is contributed to almost exclusively by the sym-
metric import. This import reaches a maximum at
about 200 km away from the TC center. Beyond this
radius, the import is almost constant. At the upper
level (σ=0.045, about 140 hPa) AM is being exported,
as indicated by the positive AM flux, which is mainly
from the symmetric term.

5.3 β-plane and easterly flow

On a β-plane, the AM import at the low level is
quite small within 300 km (Fig. 9). Although it in-
creases beyond this radius and actually exceeds that
in the f -plane experiment at radii greater than 600
km, the total AM import in the β-plane case is ob-
viously smaller. On the other hand, the easterly-flow
case has an AM import profile very similar to that of
the f -plane experiment at the low level.

The export of AM at the upper level is the least
in the f -plane experiment and largest in the β-plane
case. Thus, combining the effects at the low and upper
levels suggests that the largest (smallest) net import
of AM occurs in the f -plane (β-plane) experiment, a
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Fig. 10. Total (a) symmetric and (b) asymmetric angular momentum flux at the 

upper level (about 140 hPa) at 48 h in the f-plane (solid line), easterly flow 
(long dashed line), and  β-plane (short dashed line) experiment.  Note that 
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Fig. 10. Total (a) symmetric and (b) asymmetric angular
momentumflux at the upper level (about 140 hPa) at 48 h
in the f -plane (solid line), easterly flow (long dashed line),
and β-plane (short dashed line) experiments. Note that
the scales inthe two figures are different.Units:106 m3 s−2.

result which is consistent with the rates of intensifica-
tion of the TC in these experiments.

5.4 Symmetric vs. asymmetric terms

To understand further the relative contributions of
the various processes in (3) to the AM transport, the
individual terms are examined.
5.4.1 Upper level

The net symmetric AM flux at the upper level is
almost the same for all three experiments within about
450 km (Fig. 10a). Beyond this radius, the export of
AM in the β-plane experiment increases significantly.
The behavior of the net asymmetric AM flux is also
similar among the three cases (Fig. 10b). However,
while this term remains small in the f -plane experi-
ment due to the fairly symmetric structure of the TC,
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Fig. 11. (a) Symmetric and (b) asymmetric RAM (solid
line) and Coirolis torque (dashed line) flux at the upper
level (about 140 hPa) at 48 h in the f -plane (with the box
symbol) and easterly flow (with the circle symbol) experi-
ments. Units: 106 m3 s−2.

it increases at almost the same rate in the other two
experiments. Thus, while the symmetric export con-
tributes significantly to the AM transport in all three
cases, AM export is enhanced by the asymmetric flow
in the easterly-flow and β-plane experiments. In addi-
tion, the symmetric export in the β-plane case is also
much larger at outer radii.

A further breakdown of the symmetric terms sug-
gests that the two cases are very similar, with a sym-
metric RAM import and a symmetric export due to
the Coriolis torque (Fig. 11a). However, the magni-
tudes in the β-plane case are larger, especially in the
export term, which explains why the symmetric ex-
port is larger (see Fig. 10a). The asymmetric terms,
on the other hand, are quite different (Fig. 11b). For

the β-plane case, AM is exported through eddy RAM
transport while the eddy Coriolis torque contributes
to an AM import. However, because the former term
is larger, the net asymmetric transport is still an ex-
port. In the easterly flow case, the eddy RAM is the
main contributor of the asymmetric AM export while
the eddy Coriolis torque is negligible.
5.4.2 Low level

It is of interest to analyze the contribution of the
low-level asymmetric AM to the TC intensity. The
Coriolis torque and relative angular momentum eddy
terms, as well as their total, in the low layer are shown
in Fig. 12. Different from that at the upper levels, the
eddy Coriolis torque produces an asymmetric AM ex-
port. Within 600 km from the TC center, the eddy
asymmetric terms of relative angular momentum also
show an export feature.

6. Summary and discussion

6.1 Summary

A limited-area primitive equation model is used to
study the role of the β-effect and uniform current on
the change in TC intensity. On an f -plane, the effect
of a uniform flow is to reduce the rate of intensifica-
tion, without regard to the direction of the flow. The
intensification rate is also reduced when the TC is on a
β-plane. While these results are consistent with those
from previous studies (e.g., Peng et al., 1999), detailed
diagnoses are made to understand the causes of such
changes in the rate of intensification.

Firstly, in the f -plane simulation, the TC struc-
ture is fairly symmetric. Asymmetries are found both
in the horizontal and the vertical in the presence of a
mean flow, and in the β-plane simulation. The mag-
nitude of the warm core also has a close relationship
with the TC intensity. The TC intensity is higher if
the temperature anomaly at the center is larger, and if
the horizontal temperature gradient of the warm core
is stronger, which is the case in the f -plane simulation.

This large magnitude of the warm core is mainly
due to strong subsidence warming in the eye. The sym-
metric convection, and hence convergence, is found to
be the cause of this subsidence. On the β-plane, the
horizontal advection of temperature partly cancels the
adiabatic heating, and thus the warming of the core
is less. Such an advection may be the result of the
differential β-effect. Although to a lesser extent, the
convection in the uniform flow case is sheared down-
stream and hence the net amount of warming is also
less compared with that without a uniform flow.

From a dynamical point of view, while angular mo-
mentum (AM) import is found in all three cases, the
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Fig. 12. Asymmetric angular momentum flux at the low
level (about 950 hPa) at 48 h in the β-plane experiment.
Short (long) dashed line indicates the asymmetric eddy
(Coriolis torque) term. The solid line is the sum of the
two. Units: 106 m3 s−2.

asymmetric AM flux at the upper levels is much larger
in the β-plane or uniform flow experiment than in the
f -plane simulation. This is again related to the asym-
metry of the vortex.

6.2 Discussion

Although the simulations here are very simple, the
results point to a very fundamental concept in the rate
of TC intensification, namely the degree of asymmetry.
Because in most cases, the TC would be embedded in
a steering flow and obviously on a spherical earth, the
presence of asymmetry is therefore the norm. There-
fore, unless the environmental flow has such a config-
uration as to make the convection and the net flow
relatively symmetric, the rate of intensification would
be less than expected from the ideal case, assuming
other conditions (such as those over the ocean) remain
the same. In other words, one of the reasons why most
TCs cannot attain their maximum possible intensity is
the presence of asymmetry. The higher the asymme-
try is, the smaller the intensification rate is. Of course,
this statement needs to be verified by examining TCs
with different rates of intensification.

Nevertheless, the diagnoses presented in this paper
provide the physical mechanisms (dynamic and ther-
modynamic) that are responsible for the reduction in
the rate of intensification in the presence of a uniform
flow or for a TC on a β-plane. Such mechanisms need
to be explored further when the TC is under a vertical

or horizontal shear. The results of such a study will
be reported in a separate paper.
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