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ABSTRACT

The European Centre for Medium-Range Weather Forecasts Tropical Ocean—Global Atmosphere advanced
analysis was used to study the mechanisms that affect the intensity of Typhoons Flo (1990) and Gene (1990).
The outflow structure, eddy momentum flux convergence, and the mean vertical wind shear were examined.

The evolution of potential vorticity (PV) in the outflow layer showed low PV areas on top of both Typhoons
Flo and Gene, and the low PV areas expanded as the typhoons intensified. The outflow pattern of the two
typhoons was influenced by the upper-tropospheric environmental systems. The upper-level environmental fea-
tures were shown to play a crucia role in the intensification of the two typhoons.

The tropical upper-tropospheric trough cell east of Flo provided the outflow channel for the typhoon. The
enhanced outflow, the upper-level eddy flux convergence (EFC), the low vertical wind shear, and the warm sea
surface temperature provided all favorable conditions for the development of Flo. On the other hand, the
intensification of Gene was associated with its interaction with an upper-level midlatitude trough. The approach
of the trough produced upper-level EFC of angular momentum outside 10° lat radius, and the EFC shifted inward
with time. As the EFC shifted into the vicinity of the storm core, Gene started to intensify steadily until the
midlatitude trough passed over.

The intensifying processes of the above cases indicate the importance of the upper-tropospheric systems to
the intensity change of typhoons. The influence of upper-level environmental systems on the tropical cyclones
is prominent in the low inertial stability outflow layer. However, results from the piecewise PV inversion of the
upper-level environmental PV anomalies showed little evidence that the intensification of both typhoons were
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directly associated with the superposition of PV anomalies.

1. Introduction

Tropical cyclones are destructive weather systems.
Onslaught by a severe tropical cyclone on human res-
idences usually results in serious property damage and
sometimes heavy loss of life. Although numerical mod-
els have shown considerable skill (e.g., Kurihara et al.
1998) in tropical cyclone track forecasting, the predic-
tion of tropical cyclone intensity remains a highly chal-
lenging task for meteorologists and weather forecasters.
For example, Avila (1998) has shown that no significant
improvement in the official intensity forecast was made
at the National Hurricane Center for the Atlantic basin
between 1990 and 1997. It is clear that to improve the
prediction of tropical cyclone intensity, extensive re-
search is required for a greater understanding of the
structure and evolution of atropical cycloneand toiden-
tify the key mechanisms controlling the change in in-
tensity of tropical cyclones.
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The intensity of a typhoon, as conventionally mea-
sured by its maximum surface wind or minimum surface
pressure, is affected at any time by large and complex
arrays of physical processes that govern the interaction
of the storm both with the underlying ocean and with
its atmospheric environment. In general, the factors af-
fecting the intensity of tropical cyclones can be cate-
gorized into three areas: 1) upper-ocean (air—sea) inter-
action, 2) internal eyewall (storm core) dynamics, and
3) atmospheric—environmental interaction. The back-
grounds of past studies on these factors affecting ty-
phoon intensity are reviewed here.

a. Upper-ocean (air—sea) interaction

It is well known that the ocean is a large energy
reservoir for tropical cyclones. Thus sea surface tem-
perature (SST) plays acrucia role in the determination
of the maximum intensity of atropical cyclone. On this
basis, Merrill (1988) derived an empirical maximum
intensity of tropical cyclone for agiven SST. Moreover,
a theoretical upper bound of intensity that a tropical
cyclone can achieve has been determined using SST and
the atmospheric thermodynamic environment (Emanuel
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1986), whereby atropical cyclone is regarded as a Car-
not heat engine, gaining energy from the disequilibrium
between the air and ocean surface. This air—sea inter-
action theory for tropical cyclones has been further elab-
orated in Emanuel (1988, 1991, 1995). Another ther-
modynamic approach to estimating the maximum po-
tential intensity (MPI) of tropical cycloneshas also been
described by Holland (1997). The feedback of ocean on
the intensity of tropical cyclones has been examined in
the hurricane—-ocean coupled model (e.g., Bender et al.
1993). A case in point is the rapid intensification of
Hurricane Opal (1995) near and across a warm-core
eddy over the warm sector of the Gulf of Mexico (Shay
et al. 1998; Black and Shay 1998; Bosart et al. 1998).

b. Internal eyewall dynamics

Besides the SST factor, the eyewall dynamics also
control the intensity evolution in tropical cyclones (e.g.,
Willoughby et al. 1982; Shapiro and Willoughby 1982;
Willoughby and Black 1996). However, many aspects
of eyewall behavior have not been fully understood. The
response of the tropical cyclone intensity to the con-
vective and microphysical processes in the eyewall re-
gion is not well explained. A recent theoretical study
(Montgomery and Kallenbach 1997; Montgomery
1998) employing the potential vorticity (PV) concept is
illuminating. However, until detailed and precise mea-
surements within the eyewall can be obtained, the com-
plicated eyewall dynamics and its relation with tropical
cyclone intensity may remain a mystery.

¢. Atmospheric—environmental interaction
1) THE ROLE OF EDDY FLUX CONVERGENCE (EFC)

While the interaction between the internal (core) dy-
namics and tropical cyclone intensity is more difficult
to understand, both observational and numerical studies
have paid much attention to the external atmospheric
influences (especialy the upper-tropospheric interac-
tion) on tropical cyclone intensity. Pfeffer and Challa
(1981) used the observations from the Atlantic devel-
oping and nondeveloping tropical disturbances com-
posited by McBride (1981a,b) and McBride and Zehr
(1981) to examine the importance of large-scale eddy
fluxes of momentum in the development of the storms
in their model. Pfeffer and Challa (1981) concluded that
a sufficiently intense and properly organized EFC of
momentum is an essential ingredient for the develop-
ment of Atlantic tropical disturbances into hurricanes.

The relationship between EFC of angular momentum
and tropical cyclone intensity for the named tropical
cyclones during the 1989-91 Atlantic hurricane seasons
was investigated by DeMariaet al. (1993). They showed
that about one-third of the storms with enhanced EFC
of angular momentum intensified just after the period
of enhanced EFC. Most of the storms that did not in-
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tensify after the enhanced EFC usually experienced in-
creasing vertical shears, moved over cool water, or be-
came extratropical. Their results indicated that in ad-
dition to SST, EFC and vertical wind shear are also
crucial factors that affect the intensity of atropical cy-
clone.

The work of Pfeffer and Challa (1981) focused on
the importance of eddy momentum forcing to the initial
development of atropical cyclone. Molinari and Vollaro
(1989, 1990) found that upper-level EFC of angular mo-
mentum occurred during the intensifying period of Hur-
ricane Elena (1985), indicating that the upper-tropo-
spheric trough played an important role in the reinten-
sification of Elena. The European Centre for Medium-
Range Weather Forecasts (ECMWF) analyses on a 2.5°
lat X 2.5° long grid were used by Molinari and Vollaro
(1990) to evaluate the response of the Eliassen’s bal-
anced vortex to momentum and heat fluxes. The bal-
anced vortex solution showed an in—up—out circulation
that shifted inward with time, which is consistent with
the inward propagation of the maximum outflow found
by Molinari and Vollaro (1989). This result also indi-
cated the environmental control on the behavior of the
storm.

2) OUTFLOW STRUCTURE

The inertial stability in atropical cycloneislower in
the outflow layer than that in the middle and lower layers
(Holland and Merrill 1984). Because of the low inertial
stability in the outflow layer, the influence of upper-
level environmental forcing may extend to the inner
parts of a tropical cyclone more easily. Holland and
Merrill (1984) showed that the radial—vertical circula-
tion induced by the upper-level momentum forcing has
a direct and substantial effect on the core region of a
tropical cyclone. They also proposed that the coopera-
tive interaction between atropical cyclone and apassing
trough can enhance the outflow jet of atropical cyclone.
The enhanced outflow jet can invigorate core region
convection and initiate the deepening process of the
cyclone.

The asymmetric structures of the outflow layer reflect
the influences from the upper-level environmental sys-
tems, and these structures can produce the large eddy
imports of angular momentum. The vertical derivative
of the EFC of angular momentum acts as aforcing func-
tion to increase inflow of moist air into the boundary
layer and to pump drier air out into the outflow layer
(Challa and Pfeffer 1980). Challa and Pfeffer (1980)
used Sundgvist’s (1970) axisymmetric model to simu-
late the responses of a vortex to different profiles of
momentum forcing and found that numerical simula-
tions with the environmental forcing could produce
more rapid intensification and more intense tropical
storms.

Merrill and Velden (1996) used rawinsondes and
cloud motion wind vectors derived from geostationary
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satellite imagery to describe the three-dimensional
structure of the outflow layer of Supertyphoon Flo
(1990). The net outflow at 6° lat was found to occur at
higher levels and over an increasing range of potential
temperature surfaces as Flo intensified. The result is
consistent with the conceptual model proposed by
Emanuel (1986). In the Emanuel model, the air flows
inward in the boundary layer at constant temperature,
then ascends along the constant potential temperature
surfaces (as well as constant angular momentum sur-
faces), and finally gives off heat at a much lower tem-
perature in the lower stratosphere or upper troposphere.
Due to the temperature gradient inside the storm, air
ascending in the eyewall should emanate at a higher
potential temperature than air ascending in the periph-
eral convection of the storm. Merrill and Velden (1996)
suggested that the enhanced EFC during the period after
Flo's peak intensity may have stimulated the outflow at
the 0 level below the eyewall outflow, which favored
more convection outside the eyewall and impeded the
development of Flo.

3) VERTICAL WIND SHEAR

Besides the EFC of angular momentum, the inter-
action between the tropical cyclone and the upper-tro-
pospheric trough also increased the vertical wind shear.
Molinari et al. (1995) proposed that the interaction be-
tween the outflow from Elena (1985) and an upper-
tropospheric trough reduced the penetration depth of the
upper-level westerlies and the length of time during
which the vertical wind shear occurred, thus preventing
the destruction of Elena by the shear. Molinari et al.
(1995) further suggested that the partial superposition
of the upper-tropospheric trough on Elena initiated the
wind-induced surface heat exchange (WISHE) mecha-
nism (Emanuel 1991), which resulted in the reintensi-
fication of the storm. Similar argument was also pre-
sented for the case study of Hurricane Danny (1985) in
Molinari et al. (1998).

It has been shown in earlier observational studies
(e.g., Gray 1968; Merrill 1988) that the vertical shear
of a horizontal wind has a negative influence on the
intensification of tropical cyclones. A common expla-
nation of the effect of vertical wind shear is that the
heat of condensation released at upper levelsisadvected
in a different direction relative to the heat released at
lower levels and therefore the *‘ventilation” of heat
away from the circulation inhibits the development of
the storm (Gray 1968). In addition to the idea of ven-
tilation, a clever explanation concerning the effect of
vertical wind shear on tropical cyclone intensity was
proposed by DeMaria (1996). A simpletwo-layer model
was used to show that the tilt of the upper- and lower-
level PV produces a midlevel temperature decrease in
the direction of the displaced upper PV and a temper-
ature increase near the vortex center. This kind of mid-
level temperature perturbation can act to increase con-
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vection away from the storm center and thus inhibits
storm devel opment. The resistance of avortex to vertical
wind shear isafunction of the Rossby penetration depth,
which increases with the latitude, horizontal scale, and
vortex amplitude. In the regression analyses, DeMaria
(1996) demonstrated that high-latitude, large, and in-
tense tropical cyclones tend to be less sensitive to the
effect of vertical shear than low-latitude, small, and
weak storms.

d. Objectives

The aforementioned studies have pointed out the im-
portance of EFC, vertical wind shear, SST, and eyewall
dynamics to the intensity change of tropical cyclones.
In this paper, the above three factors are evaluated to
study the environmental influences on the intensity
change of Typhoons Flo (1990) and Gene (1990), using
the ECMWF Tropical Ocean—Global Atmosphere
(TOGA) advanced global analysisand the National Cen-
tersfor Environmental Prediction (NCEP) SST analysis.
Unfortunately, due to data limitations, the effect of eye-
wall convection is not investigated here.

The use of operational analysesfor investigating trop-
ical cycloneintensity and theinteraction between atrop-
ical cyclone and its environment has been well docu-
mented in Molinari and Vollaro (1990), Molinari et al.
(1992), and Molinari et a. (1995). Molinari et al. (1992)
used both the ECMWEF high-resolution (1.125° X
1.125°%) uninitialized and the lower-resolution (2.5° X
2.5°%) initialized analyses to study the outflow structure
of Hurricane Allen (1980) and Hurricane Elena (1985).
They found that the azimuthal mean tangential velocity
around the stormswaswell represented in both analyses,
but that the azimuthal mean radial velocity was poorly
represented. Despite the poor analysisin radial velocity,
the azimuthal eddy flux of angular momentum was well
reproduced in both ECMWF analyses. It is emphasized
that the advantage of using operational analysesfor case
studies of tropical cyclonesis that it provides more in-
formation over the ocean and regions with sparse ra-
winsonde data.

Meanwhile, previous studies have applied the PV per-
spective to study tropical cyclone motion and the char-
acteristics of tropical cyclone outflow. Wu and Emanuel
(1993) showed that the upper-level low PV air is dis-
placed downshear from the lower point vortex asaresult
of the ambient vertical shear, and thus the mutual in-
teraction between the circulations associated with the
upper- and lower-level PV anomalies may cause the
lower-level vortex to drift to the left of the vertical shear
vector. Wu and Emanuel (1994) also found that the in-
teraction of the baroclinic vortex with background ver-
tical shear may produce ajetlike outflow structure. Mer-
rill and Velden (1996) showed that the largest negative
PV tendency was apparent near the level of maximum
outflow in Typhoon Flo. In our study, the evolution of
PV in the outflow region was investigated to understand
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Fic. 1. Axisymmetric means of ECMWF TOGA advanced analyses of pressure on isentropic surfaces in cylindrical coordinates centered
on the center of (a) Typhoon Flo (1990) at 1200 UTC 17 Sep, (b) Typhoon Gene (1990) at 0000 UTC 27 Sep.

the outflow structure and the interaction between the
upper-level environmental features and the storms. To
take account of the effects of eddy heat fluxes during
the interaction periods, the Eliassen—Palm fluxes were
also calculated.

The data and analysis methods are introduced in sec-
tion 2. Results for case studies of Typhoons Flo and
Gene are presented in sections 3 and 4, respectively.
The effects from all factors affecting the intensity
change of each typhoon are also discussed and compared
with each other in section 5. The concluding remarks
of this study are drawn in section 6.

2. Data and methodology
a. Data

The ECMWF TOGA global analysis is the opera-
tional analysis from the ECMWF. The 6-hourly
ECMWF TOGA advanced upper-level analyses on
1.125° lat X 1.125° long grids are available at 14 pres-
sure levels: 1000, 850, 700, 500, 400, 300, 250, 200,
150, 100, 70, 50, 30, and 10 hPa. Twelve of the fourteen
levels (between 1000 and 50 hPa) from the ECMWF
TOGA advanced upper-level analyses were employed
in this work. The sea surface temperature along the
typhoon track was determined by the NCEP SST anal-
ysis, which is produced weekly with a 1° resolution.

b. Methodology

The analyses in this study contain calculations of
PV, EFC of relative angular momentum, Eliassen—Palm

flux, and mean vertical shear. In addition, the azimuthal
mean of the typhoon-relative radial and tangential
wind, and the PV on both isobaric and isentropic levels
are also obtained. Isobars on potential temperature ver-
sus radius plots for the two case studies are shown in
Fig. 1.

1) POTENTIAL VORTICITY ANALYSIS

The PV evolution in the outflow layer is adopted to
study the outflow structure and the interaction between
each typhoon and its associated upper-level environ-
mental features. Ertel’s PV is defined as

_ L.V
=

PV

where £, isthe absolute vorticity vector, 0 isthe potential
temperature, and p is the density.
In isentropic coordinates, PV is given by

-1
W:_g<a_p f+(a_v _a_u)
a0 x/, ay/,

where p is the pressure, 6 is the potential temperature,
f is the Coriolis parameter, u is the zonal wind, v is
the meridional wind, and the subscript 6 denotes the
derivative taken along 6 surfaces. In the calculation of
PV we choose the lowest 6 surface at 310 K, which is
about the lowest level not intercepting the ground. We
also choose 385 K as the top potential temperature
level.

(@
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2) EDDY FLUX CONVERGENCE OF ANGULAR
MOMENTUM

Following Molinari and Vollaro (1990), the EFC of
relative angular momentum is defined as

10 —
EFC = —Egrzuf_vﬁ, (2)

where u, is the storm-relative radial velocity, v, is the
storm-relative tangential velocity, r is the radius, the
overbar denotes the azimuthal mean, and the prime in-
dicates the deviation from the azimuthal mean.

3) ELIASSEN—PALM FLUX

In addition to the eddy flux of momentum, the eddy
heat flux may also play a role in the development of
tropical cyclones. Both the eddy flux of momentum and
heat can be combined in one form—the Eliassen—Palm
(E-P) flux. Following Molinari et al. (1995), the E-P
flux divergence can be written as

v’
N’

10 ——— d
VoF = o)y oo @

ror

where

!

—r(ou) v, D’K

4

isthe E—P flux vector, o = —adp/d6 isthe pseudodensity,
u, isthe storm-relative radial velocity, v, isthe storm-
relative tangential velocity, 6 is the potential tempera-
ture, ¥ isthe Montgomery streamfunction, and A isthe
azimuthal angle. The radial component of E—P flux rep-
resents the angular momentum flux, while the vertical
component is the heat flux. Here, the E—P flux is cal-
culated on cylindrical coordinates, and the overbar rep-
resents the azimuthal mean.

The calculation of EFC and E—P flux is made using
storm-relative cylindrical coordinates with Ar = 0.5 lat
and Ax = 15°. The EFC was calculated on each man-
datory isobaric surface and the E-P flux divergence was
evaluated on isentropic coordinates with a 5 K vertical
resolution.

4) VERTICAL WIND SHEAR

Two different methods were used for evaluating the
mean vertical wind shear. First, the vertical wind shear
was obtained by taking the vector difference of the an-
nular mean wind within a 5°~7° radius between 200
hPa and 850 hPa (hereafter referred to as A method).
In addition, a three-point smoothing operator (Kurihara
et al. 1993) was applied to determine the environmental
wind field. The vector difference of the environmental
wind at the typhoon center between 200 hPa and 850
hPa represents the second type (hereafter referred to as
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K method) of the environmental vertical wind shear in
our study.

3. Supertyphoon Flo

Flo formed southeast of Guam, and reached typhoon
strength at 0600 UTC 15 September 1990. Thereafter
Flo intensified rapidly and became a supertyphoon at
1200 UTC 16 September. The intensity and track re-
corded by the Joint Typhoon Warning Center (JTWC),
and the NCEP weekly mean SST during the evolution
of Flo are shown in Fig. 2. Flo moved northwestward
steadily before recurving around the western edge of
the subtropical ridge. As shown in Fig. 2, the peak in-
tensity of Flo was observed at 0600 UTC 17 September
with a maximum surface wind of 145 kt, and a central
pressure of 891 hPa. After reaching peak intensity, Flo
accelerated northeastward and made landfall in Japan
on 19 September. Maximum intensity was maintained
for 6 h and then Flo decayed rapidly.

The analysesin this section are based on the ECMWF
TOGA advanced 1.125° X 1.125° gridded analyses. The
axisymmetric structure of Typhoon Flo is first intro-
duced, followed by the analyses of PV and wind fields
on isentropic surfaces in the outflow layer. Then the
E—P flux divergence, the EFC of angular momentum,
and the vertical wind shear are calculated to investigate
the interaction between the upper-level environmental
systems and Flo. The evolution of Flo is also analyzed
in three different periods of interest: 1) the rapid-inten-
sification stage, from 0000 UTC 15 September to 1200
UTC 16 September; 2) the mature stage, which is de-
fined as the period after Flo became a supertyphoon and
intensified to the maximum intensity, from 1200 UTC
16 September to 1200 UTC 17 September; and 3) the
decaying stage, from 1200 UTC 17 September to 1800
UTC 18 September, when Flo weakened rapidly after
reaching peak intensity.

a. Axisymmetric structure

First, the azimuthal mean was taken to represent the
axisymmetric structure of Flo. The axisymmetric cross
section of the radial and tangential winds during Flo's
peak intensity (1200 UTC 17 September) are shown in
Fig. 3. The axisymmetric wind structure of Flo dem-
onstrates a low-level inflow and an upper-tropospheric
outflow. The cyclonic tangential wind near the storm
center extended up to 370 K. The maximum radial out-
flow is located at 8° radius on 360 K, while the radius
of the maximum tangential wind in the gridded analyses
is at about 3°. This large radius of maximum wind re-
flects the limitation of the large-scale analyses in cap-
turing the inner structure of Flo.

The radius and potential temperature (r—6) cross sec-
tion of 24-h average axisymmetric PV (bold solid con-
tours) and the 24-h axisymmetric PV tendency (the rate
of change in azimuthal mean PV for a 24-h period; thin
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Fic. 2. NCEP weekly mean SST analyses from 15 Sep to 22 Sep and best-track positions of Flo (1990) from JTWC.

contours) are shown in Fig. 4. This figure represents a
typical axisymmetric PV structure of Flo during the pe-
riod of this case study, such as the maximum PV |located
at the lower and middle levels near the storm center,
and the near-zero PV in the outflow layer (at about 345
to 370 K). Due to the coarse resolution of the global
analyses, the evolution of PV in the center cannot be
resolved and is not discussed here.

From 1200 UTC 15 September to 1200 UTC 17 Sep-
tember (Figs. 4a and 4b), the magnitude of PV outside
the storm center in the outflow layer decreased with
time. The largest negative PV tendency occurred on 355
K at 6° from the storm center, which is likely to be due
to the low PV air carried out from the upper part of the
storm center by the outflow [similar to the effect dis-
cussed in Wu and Kurihara (1996)]. In contrast to the
decrease in PV in the outflow layer, the PV near the

central region kept increasing with time in both the rap-
id-intensification and mature stages (Figs. 4a and 4b).
These results are consistent with the observation that
Flo intensified during the 48-h period between 1200
UTC 15 September and 1200 UTC 17 September. As
Flo's intensity started to weaken, the negative tendency
of axisymmetric PV in the outflow layer is not found
(Fig. 4c).

Merrill and Velden (1996) used TCM-90 (Elsberry
1990; Elsberry et al. 1990) rawinsondes and satellite
cloud motion wind to show that the net outflow at 6°
radius extended over an increasing 6 range as Flo in-
tensified. In this paper, the vertical structure of theradial
outflow of Flo at 6° radiusis aso investigated based on
ECMWEF TOGA advanced analysis (Fig. 5). Following
Merrill and Velden (1996), the significant outflow isalso
defined as the flow regime with aradial wind exceeding
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Fic. 3. Azimuthal means of ECMWF TOGA advanced analyses of (&) radial and (b) tangential winds (m s-1) for
Typhoon Flo (1990) at 1200 UTC 17 Sep.

2 m s*. Figure 3a shows that the lowest significant
outflow is located at the 350 K 6 surface during both
the rapid-intensification and mature stages. The 6 range
associated with the outflow varies with time, and three
peaks appeared separately at 1200 UTC 15 September,
0600 UTC 17 September, and 0000 UTC 18 September.

Compared to the results from Merrill and Velden
(1996), the radial outflow at 6° radius was poorly re-
produced by ECMWF TOGA advanced analyses from
0000 UTC 16 September to 0000 UTC 17 September
(Fig. 5). It appears that the cloud motion wind derived
from geostationary satellite imagery, as employed in
Merrill and Velden (1996), should have produced a bet-
ter upper-tropospheric flow field in Flo. In addition, the

maximum low-level winds of Flo are also underesti-
mated by the ECMWF TOGA advanced gridded ana-
lyses. The underestimation arises partly from the coarse
resolution of the ECMWF analyses and the lack of ob-
servation over the ocean. Besides, the radial outflow in
our analysis mostly represented the outflow associated
with rotational wind of the upper-level environmental
features [such as the midlatitude trough and the tropical
upper-tropospheric trough (TUTT) cell] as the upper-
level environmental systems are in the vicinity of Flo,
whereas the radia outflow primarily represents the di-
vergent wind of Flo when the environmental systems
are at a distance. As shown in Molinari et a. (1992),
the mean radial velocity of tropical cyclones are poorly
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Azimuthal mean PV tendency from SEP1712 to SEP1812
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FiG. 4. (Continued ) Potential temperature vs radius cross sections of the 24-h mean axisymmetric
PV [bold contours; in units of 1 X 10-®* m? K s~ kg~* (1 PVU)] and the percentage change in
axisymmetric PV for a 24-h period (thin contours; negative values are dashed) for Typhoon Flo
(1990): (a) 1200 UTC 15 Sep-1200 UTC 16 Sep, (b) 1200 UTC 16 Sep—1200 UTC 17 Sep, (c)

1200 UTC 17 Sep—1200 UTC 18 Sep.

reproduced by the ECMWF analyses and thus the azi-
muthal mean radial wind of Flo was underestimated
between 0000 UTC 16 September and 0000 UTC 17
September.

b. Outflow-layer analyses

The evolution of PV and wind fields is analyzed on
the 355 K 6 surface (Fig. 6), where the largest negative
24-h PV tendency appeared during the rapid-intensifi-
cation stage. The PV at 355 K shows a low PV area
over Flo and a high PV belt around the northern edge
of the low PV air at 0000 UTC 15 September (figure
not shown). The high PV belt extended from the TUTT
cell east of Flo to the north and the west of the storm
center. Two outflow jets moved along the high PV belt
with an anticyclonic branch curving eastward to the
TUTT and the other branch confluent with the outflow
of Typhoon Ed (1990), which was southwest of Flo (Fig.
6a). As Flo intensified, the low PV area over Flo ex-
panded, and the high PV belt was gradually eroded by
the low PV air gjected from the storm center. The an-
ticyclonic outflow jet north of the center weakened and

the westward outflow jet strengthened at 1200 UTC 16
September (Fig. 6b) after the high PV belt was cut off
by the low PV air.

During the period of Flo's rapid intensification (Figs.
6a—), the low PV area on top of Flo continued ex-
panding. Several negative PV areas were found in the
vicinity of the outflow jets. When Flo recurved north-
eastward, the outflow jet to the north of the storm center
converged with the southwesterly wind ahead of the
midlatitude trough (Fig. 6¢). Asthe TUTT cell moved
westward and got closer to Flo, an anticyclonic outflow
jet originating to the south of the storm center was ob-
served (Fig. 6d). The two outflow jets advected the low
PV air from the storm center outward, and thus a north-
east—southwest elongated low PV area was produced
between the trough and the TUTT.

c. Eliassen—Palm flux

The E—P flux and its divergence are shown in Fig.
7a. [Note that the radial (eddy momentum flux) and
vertical (eddy heat flux) components have different
units. We have multiplied the heat flux term by afactor



3012 MONTHLY WEA

THER REVIEW VoLumE 127

Azimuthal mean of radial wind at R=6°

1 | |
380K|- K/:’ /&'\\-
- L h
” ! 7

. .060 e
370Kﬂ\ %, 7.0 _ \
., ~
360K ° -

S 350k —
k———-
Fg o0 . EV
B
340K ]
~ S
330K|- ‘ S
ll . e'e
o b
-1,08
320K ]
| ’ )
310K L i1 1IN T P e i
1512 16/00 16/12 17/00 1712 1860 T8z
Day/Hour

FiG. 5. Potential temperature vs time cross secti

on of azimuthal-mean radial wind (m s71) at

6° lat radius. Bold line bounds region with radial wind exceeding 2 m s*.

of 105 to make the vertical component of the E—P flux
ook more distinct.] The contributions of the eddy mo-
mentum/heat flux [the first/second term on the right-
hand side of Eq. (3)] to the E-P flux divergence at
1200 UTC 15 September are shown in Figs. 7b and
7c. As shown in Fig. 7a, a maximum E-P flux diver-
gence appeared at ~345-355 K within a 5°-8° radius
at 1200 UTC 15 September, indicating the accumula-
tion of azimuthal mean cyclonic angular momentum.
The maximum E—P flux divergence occurred at ap-
proximately the radius where there is a high PV belt
north of the storm center. It is found that the eddy
momentum flux term produced E-P flux divergencein
the outflow layer during the rapid-intensification stage
(Fig. 7b), while at the same time, the eddy heat flux
term produced much weaker E-P flux convergence in
the outflow layer (Fig. 7c). It is also found in Fig. 7a
that the pattern of the E-P flux divergence is similar
to that associated with the eddy momentum flux (Fig.
7b). In other words, the eddy heat fluxes make a very
minor contribution to the E-P flux divergence.

In the mature stage, the divergence of the E-P flux
within a 10° radius was still dominated by the eddy
momentum flux term, but the effect of eddy heat fluxes
became more important in the decaying stage (figures

not shown). Moreover, in the last two stages, the eddy
momentum flux and the eddy heat flux both produced
divergence of the E-P flux in the outflow layer.

d. Eddy flux convergence of relative angular
momentum

Figure 8 shows that a maximum EFC occurred at a
5° radius at 1200 UTC 15 September, and at the same
time, the azimuthal mean radial outflow at 200 hPa
strengthened (Fig. 9). The maximum EFC shifted out-
ward with time in the rapid-intensification stage. At
1800 UTC 15 September, the 400-hPa azimuthal mean
radial inflow (not shown) occurred, and remained during
the rapid intensification stage, weakening in the mature
stage. The radia outflow at 200 hPa decreased between
0000 UTC 16 September and 0000 UTC 17 September
(Fig. 9), when the minimum EFC appeared at 200 hPa
(Fig. 8).

The positive EFC reappeared within a 10° radius at
0600 UTC 17 September, and increased in the decaying
stage (Fig. 8). The increase of EFC was accompanied
with the strengthening of the 200-hPa radial outflow,
and the weakening of the 200-hPa cyclonic wind (Fig. 9).

Fic. 6. Wind vectors and PV on the 355 K isentropic surface at (a) 1
(d) 1200 UTC 18 Sep. PV values greater (smaller) than 1.5 X 10-°* m? K
and values greater than 1 PVU are shaded. The location of Typhoon FI

—

200 UTC 15 Sep, (b) 1200 UTC 16 Sep, (c) 1200 UTC 17 Sep, and
s kgt (1.5 PVU) are contoured in 1.5 PVU (0.5 PVU) increments,
0 (1990) is indicated by the tropical cyclone symbol.
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Fic. 8. Time series of EFC of angular momentum at each radius
at 200 hPafor Typhoon Flo (1990). Contour interval is4 m s~* day 1.
Negative values are dashed; positive values are shaded.

Obviously, the enhancement of EFC does not guarantee
intensification of a typhoon.

e. The effect of vertical wind shear

The vertical wind shears derived from both the A
method and the K method (see section 2b.4 for defi-
nition), and the maximum surface wind from JTWC are
shown in Fig. 10a. The result shows that both shears
are comparable at time periods before Flo reached its
maximum intensity at 1200 UTC 17 September. Mean-
while, as shown in Fig. 10b, the distribution of hori-
zontal wind at all levels clearly indicates the reliability
in the definition of the vertical wind shear. It is found
from Fig. 10 that Flo's intensification rate increased as
the vertical shear decreased at 1800 UTC 15 September.
The vertical shear stayed below 4 m st in both the
rapid-intensification and mature stages. The increasein
the vertical wind shear started at 1200 UTC 17 Septem-
ber and continued for 6 h. Then, after a temporary de-
crease, the vertical wind shear increased rapidly.

—

Fic. 7. (a) Potential temperature vs radius cross sections of E-P
flux vectors and their divergence at 1200 UTC 15 Sep 1990. The
vertical component (eddy heat flux) of the E—P flux is scaled by 5
X 104. (b) Contribution of eddy momentum flux to E—P flux diver-
gence at 1200 UTC 15 Sep 1990. Contour interval is 4 X 10* Pam?
K~1 s72, and negative values are dashed.
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4. Typhoon Gene

The initial disturbance resulting in Gene was formed
west-southwest of Guam and for 5 days, the maximum
wind was less than 13 m s~* (Rudol ph and Guard 1990).
Gene became a typhoon at 1800 UTC 25 September
1990. As shown in Fig. 11, Gene started to intensify
again after 0000 UTC 26 September, reaching peak in-
tensity with a maximum surface wind of 80 kt at 1800
UTC 26 September. The peak intensity was maintained
for 60 h, and then Gene weakened slowly. Geneinitially
moved along the equatorward side of the midlevel sub-
tropical ridge, and then turned northwestward (Fig. 11).
After curving to the west of Okinawa, Gene accelerated
east-northeastward and became an extratropical low to
the east of Tokyo on 30 September.

Following section 3, three periods between 1800 UTC
25 September and 0600 UTC 30 September are iden-
tified: 1) the intensifying stage, from 1800 UTC 25 Sep-
tember to 1800 UTC 26 September; 2) the steady stage,
from 1800 UTC 26 September to 0600 UTC 29 Sep-
tember; and 3) the decaying stage, from 0600 UTC 29
September to 0600 UTC 30 September. The discussion
in this section is focused on Gene's evolution in the
intensifying stage.

a. Axisymmetric structure

Figure 12 shows the r—6 cross section of 24-h mean
axisymmetric PV (bold solid contours) and the rate of
axisymmetric PV change in a 24-h period (thin con-
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tours). In the 24 h before 0000 UTC 27 September (Fig.
12a), during which Gene intensified steadily, the axi-
symmetric PV increased near the storm center in the
lower layer and decreased in the outflow layer. Thelarg-
est negative PV tendency occurred at 345 K at aradius
of about 8° from the center. In the steady stage (Fig.
12b), the decrease in axisymmetric PV in the outflow
layer was not as apparent as in the intensifying stage,
and the axisymmetric PV near the storm center did not
increase again. Instead, Fig. 12b shows that the upper-
level axisymmetric PV increased outside the 8° radius,
and the region with maximum positive PV tendency
shifted inward with time (figures not shown). The in-

ward shifting of the maximum positive axisymmetric
PV tendency was associated with the approaching of an
upper-level positive PV anomaly.

The azimuthal mean wind at 0000 UTC 27 September,
when Gene reached its peak intensity, is shown in Fig.
13. Figure 13a shows that the maximum tangential wind
in the gridded analyses is located at a 2.5° radius, and
that the maximum radial outflow occurs at a 4° radius
at 350 K. The low-level inflow is located under 315 K
(Fig. 13b), and a secondary inflow appeared at 340 K.

The evolution of the vertical extent of the azimuthal-
mean radial wind on the isentropic coordinate is ana-
lyzed at a 4° radius (Fig. 14), which is the radius of the

—

Fic. 12. Asin Fig. 4 but for Typhoon Gene (1990): (a) 0000 UTC 25 Sep-0000 UTC 26 Sep, (b) 0000 UTC 26 Sep-0000 UTC 27 Sep.
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maximum radial outflow during Gene’s peak intensity.
The 60 range of the significant outflow is not evident
until Gene reached its peak intensity. In the steady stage,
the vertical extent of the radial outflow at a 4° radius
generally ranged from 340 to 360 K. Compared with
Typhoon Flo, the vertical extent of Gene's outflow on
the isentropic coordinate is smaller. While the ECMWF
TOGA advanced analyses generally reproduced the ten-
dency but underestimated the magnitude of the intensity
during Gene's intensification stage, the analysis datadid
not capture the decay.

b. Outflow-layer analyses

The maximum outflow during Gene's peak intensity
islocated at the 350 K 6 surface, therefore the evolution

Radius
Fic. 13. Asin Fig. 3 but for Typhoon Gene (1990) at 0000 UTC 27 Sep.

of the PV and wind fields is analyzed at 350 K (Fig.
15). Figure 15a shows a low-PV region over Gene. An
area with positive PV associated with a TUTT cell was
located to the east of Gene. An anticyclonic outflow jet
originating from the north of the storm center curved
around the western edge of the TUTT (Fig. 15a). An-
other high-PV feature associated with a midlatitude
trough to the northwest of Gene was moving eastward.
The outflow jet to the northeast of the storm center was
confluent with the strong westerly winds ahead of the
trough (Fig. 15a). As the center of the trough passed to
the north of Gene's center, a high-PV strip extended
from the base of the trough to the northwest of Gene
(Fig. 15b). The intensification of Gene stopped when
the high-PV strip separated from the moving trough
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FiG. 14. (a) Potential temperature vs time cross section of azimuthal mean radial wind at 4° lat
radius (solid line).

(Fig. 15c). At the same time, the anticyclonic outflow
jet to the northeast of the storm center strengthened, and
a broad negative PV area appeared to the east of the
storm center. The negative PV area is located at the
downshear side of the 850—200-hPa vertical wind shear,
indicating that the upper negative PV anomaly was ad-
vected to the downshear side of the lower positive PV
anomaly. Thisis consistent with the effect of the vertical
shear discussed in Wu and Emanuel (1993).

Gene moved northeastward and got closer to the
strong westerly winds in the steady stage (Figs. 15d and
15€e). Again, a high-PV strip extended southward from
the northern positive PV anomaly at 1200 UTC 28 Sep-
tember (Fig. 15f). The anticyclonic outflow jet to the
north of the storm center was enhanced (Fig. 15f), while
the outflow to the west of the storm center wasrestricted
by the strong westerly winds. Gene started to decay at
0600 UTC 29 September, when the high-PV strip sep-
arated from the northern positive PV anomaly.

c. Eliassen—Palm flux

The E-P flux vector and the divergence of E-P flux
are shownin Fig. 16. An E-P flux divergence maximum
occurred in the outflow layer as a midlatitude trough
approached Gene, indicating that the mean cyclonic an-

gular momentum is produced in the outflow layer. The
E—P flux divergence maximum shifted into a 5° radius
(Fig. 16a) when the trough was due north of Gene. In
the intensifying stage, the E—P flux divergence is dom-
inated by the eddy momentum flux term [the first term
on the right-hand side of Eq. (3), Fig. 16b]. After the
trough moved over the north of the storm center, the
magnitude of the maximum E-P flux divergence de-
creased (not shown).

In the decaying stage, the positive E-P flux diver-
gence occurred above 345 K, while the negative E-P
flux divergence appeared below 345 K (Fig. 17a). Asa
result, the E-P flux produced an anticyclonic mean an-
gular momentum inside the storm. During this time, the
E—P flux divergence is dominated by the effect of the
eddy heat flux term [the second term in the right-hand
side of Eq. (3); Fig. 17b].

d. Eddy flux convergence of relative angular
momentum

Figure 18 shows the evolution of EFC at 200 hPa
during the 5-day period (from 1200 UTC 25 September
to 0600 UTC 30 September) of this case study. The
maximum EFC occurred as a midlatitude trough ap-
proached Gene. During the period of the interaction

—

Fic. 15. Asin Fig. 6 but for Typhoon Gene (1990) on the 350 K isentropic surface at (a) 0000 UTC 26 Sep, (b) 1200 UTC 26 Sep, (c)
0000 UTC 27 Sep, (d) 1200 UTC 27 Sep, (e) 0000 UTC 28 Sep, (f) 1200 UTC 28 Sep.
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Fic. 16. (a) Potential temperature vs radius cross sections E—P flux vectors and their divergence at 0000 UTC 26 Sep 1990. The vertical
component (eddy heat flux) of the E-P flux is scaled by 5 X 104. (b) Contribution of eddy momentum flux to E-P flux divergence at 0000
UTC 26 Sep 1990. Contour interval is 4 X 10* Pam? K- s72 and negative values are dashed.

between Gene and the trough, the maximum EFC shifted
inward with time. Gene began to intensify as the max-
imum EFC shifted into the vicinity of Gene's center at
0000 UTC 26 September. The azimuthal mean wind at
200 hPa shows that the radial outflow increased (Fig.
19a) and the cyclonic tangential wind was spun up (Fig.
19b) in the intensifying stage, during the period of en-
hanced EFC. When the EFC moved into the central
region (Fig. 18), theintensification of Gene ceased. Dur-
ing the steady stage, another EFC maximum occurred
outside a 10° radius and shifted inward with time (Fig.
18). At the same time, the cyclonic component of the
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200-hPa outflow increased and the radius of maximum
velocity change shifted inward with time (Fig. 19b). In
the last stage, the positive EFC remained at 200 hPa
(Fig. 18) and the 200-hPa radial outflow also strength-
ened (Fig. 19a), while the intensity of Gene decreased.

e. Vertical wind shear

The vertical wind shears derived from the A method
and the K method during the period of Gene’s evolution
are shown in Fig. 20a. The magnitude of the vertical
wind shear is greater than 10 m s* during al three
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FiG. 17. (a) Potential temperature vs radius cross sections of E—P flux vectors and their divergence at 0000 UTC 29 Sep 1990. The vertical
component (eddy heat flux) of the E-P flux is scaled by 5 X 104. (b) Contribution of eddy heat flux E-P flux divergence at 0000 UTC 29
Sep 1990. Contour interval is 4 X 10* Pam? K- s72, and negative values are dashed.
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Fic. 18. Asin Fig. 8 but for Typhoon Gene (1990).

stages. This large vertical shear is manifest in Fig. 20b.
The vertical wind shear increased as the midlatitude
trough approached; while during the interaction period
between the trough and Gene, the vertical wind shear
did not increase again. After the intensification of Gene
stopped, the vertical shear increased slightly at 1200
UTC 27 September. The increase of the vertical shear
was associated with Gene's approaching the midlatitude
westerlies. Despite the increase of the vertical wind
shear, the intensity of Gene did not change.

5. Discussion

The above case studies show two different devel oping
processes for Typhoons Flo and Gene. The stronger one,
Supertyphoon Flo, experienced a rapid intensification
and rapid decay during a 4-day period. The weaker one,
Typhoon Gene, did not intensify as rapidly as Flo, but
maintained its peak intensity for about 60 h. In this
section, the mechanism for the intensification of each
typhoon is investigated based on the results of the case
studies. Both the similarities and differences between
the two cases are al so discussed to understand how each
mechanism, such as the eddy momentum flux, eddy heat
flux, and the vertical wind shear, affected the devel-
opment of Flo and Gene.

a. The intensification of supertyphoon Flo

After reaching typhoon strength, Flo continued deep-
ening steadily. More rapid intensification of Flo oc-
curred as the outflow was enhanced at 1200 UTC 15
September. The evolution of PV and wind fields in the
outflow layer shows that the TUTT cell to the east of

MONTHLY WEATHER REVIEW
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Flo provided an effective channel for the outflow air.
The calculation of the E-P flux and the EFC show that
the eddy momentum flux produced azimuthal mean cy-
clonic angular momentum in the outflow layer. In ad-
dition, the evolution of the azimuthal-mean wind also
shows an increase in the cyclonic component at 200 hPa
during the period of the enhanced EFC.

The piecewise PV inversion (Wu and Emanuel 1995)
was performed to evaluate the influence from the upper-
tropospheric PV belt extended from the TUTT to the
north of Flo. The balanced flow associated with this
upper PV anomaly produced aweak cyclonic circulation
(figures not shown) centered near Flo at thelower levels.
The amplitude of this balanced flow field at the lower
levels is smaller than 2% of the amplitude of the tan-
gential wind analyzed by ECMWF due to the shallow
penetration depth associated with the fine scale of the
upper PV belt. Therefore, it is suggested that the added
perturbation kinetic energy, as described by the principle
of PV superposition (K. A. Emanuel 1988, personal
communication), associated with the upper PV anomaly
is not very significant in the intensification of Flo. This
point will be elaborated further in section 5b.

On the other hand, according to the balanced vortex
equations, the positive EFC produces a cyclonic vortic-
ity tendency, and the vertical derivative of EFC can
enhance the radial—vertical circulation inside the storm.
We think that the strengthening of the radial—vertical
circulation is more efficient than the spinup of the upper-
tropospheric tangential wind in the process of storm
intensification. The stronger outflow can take the high
potential temperature air away from the core region,
avoiding subsidence near the storm core, thus invigo-
rating eyewall convection, and strengthening radial—ver-
tical circulation. The increase in the low-level inflow
can induce more moisture convergence, as well as ad-
ditional energy from the ocean surface, which is fa-
vorable for storm intensification (Ooyama 1982). Ad-
ditionally, the outflow also induced a compensated in-
flow near 400 hPa, which could help to maintain the
vertical shear needed for development of the warm core.

One important factor that affects tropical cyclonein-
tensity isthe underlying sea surface temperature. Hence,
we also look at the NCEP SST analyses (Fig. 2) and
find that the SST is warm during the period of this case
study. Moreover, the vertical wind shear is weak during
this period. The warm underlying surface, the enhanced
in—up—out circulation, and the weak vertical wind shear
provide a suitable condition for the development of Flo,
and thus Flo intensified rapidly before it became a Su-
pertyphoon.

b. The intensification of Typhoon Gene

The intensification of Gene was identified to be as-
sociated with the approach of an upper-tropospheric
trough. The evolution of PV in the outflow layer shows
that the midlatitude trough, with a strip of high-PV air
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Fic. 19. Asin Fig. 9 but for Typhoon Gene (1990).

extending to the northwest of the storm center, interacted
with the outflow of Gene. The calculation of both the
E—P flux and EFC shows that the interaction between
the upper-tropospheric trough and Gene produced mean
cyclonic angular momentum in the outflow layer. In
addition, the outflow of Gene strengthened as the EFC
appeared in the outflow layer. Gene began to intensify
after a significant increase in the radial outflow at 200
hPa.

In theory, the interaction between the upper-tropo-
spheric system and atropical cyclone can produce EFC,
which is favorable for the intensification of the tropical
cyclone, but the approach of an upper-tropospheric
trough also increases the vertical wind shear, which may
be detrimental to its development. The result from the
case study of Gene shows that the intensification was
initiated before the trough moved to the north of the
storm center. It is specul ated that the interaction between

the outflow of Gene and the trough helped Geneto resist
the negative effect associated with the large vertical
wind shear.

One interesting question is: Is the intensification pro-
cess of Gene similar to that of Hurricanes Elena (1985)
and Danny (1985) as described in Molinari et al. (1995,
1998; cf. section 1c)? Namely, the interaction between
the moving trough and the storm can be thought as the
process of bringing two (upper- and lower-level) posi-
tive PV anomalies closer to each other. As indicated
from the principle of PV superposition, the interaction
between the upper- and lower-level positive PV anom-
alies can induce a transient growth of the total pertur-
bation energy associated with the two systems. This
process can initiate the WISHE instability (Emanuel
1991), thus leading to the storm intensification.

To quantify the above interaction process, piecewise
PV inversion was also performed. It was found that,
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because the upper PV anomaly (see Figs. 15b—d) either
is not close enough to the storm center or has a too
small horizontal scale, its associated balanced flow field
(figures not shown) cannot penetrate downward to the
lower storm center to result in a strong positive inter-
ference with the lower storm system. This result is not
inconsistent with Molinari et al. (1995, 1998), which
suggested that the thinning and scale reduction asso-
ciated with the approaching upper-level positive PV
anomaly was a key element in preventing the shear ef-
fect. However, our analysis further indicated that the
ongoing interaction can be more complicated. Namely,
the reduced-scal e upper-level PV anomaly also becomes
less effectivein superposing itscyclonic circulation over
the storm. Therefore, the typhoon—trough interaction, as
interpreted from the concept of PV superposition, ap-
pears to be weak in our case studies.

6. Concluding remarks

In this paper, the ECMWF TOGA advanced analyses
were used to study the environmental influences on the
intensity of Typhoons Flo (1990) and Gene (1990). The
axisymmetric structure and the evolution of PV and
wind fields in the outflow layer are analyzed. The E-P
flux, the eddy momentum flux convergence, and the
mean vertical wind shear are computed in order to study
the effects of the upper-level environmental forcings.

It is found that the axisymmetric PV in the outflow
layer decreased with time as each typhoon intensified.
The evolution of PV in the outflow layer also shows a
low PV areaover each typhoon, and these low PV areas
expanded as the typhoons intensified. The PV structures
of the two cases are consistent with the study by Wu
and Emanuel (1994), where the PV sink in the outflow
layer is represented as the expansion of the area of the
negative upper-level PV anomaly.

The intensification of both Flo and Gene was asso-
ciated with the influences of upper-level environmental
features. The TUTT cell to the east of Flo provided an
effective outflow channel and contributed to the upper-
level EFC of angular momentum. The enhanced outflow,
the upper-level EFC, the weak vertical wind shear, and
the warm SST all provided favorable conditions for the
development of Flo. As a result, Flo deepened rapidly
and eventually became a supertyphoon, reaching a peak
intensity of 75 m s, which is about the empirical in-
tensity upper bound associated with a SST of 28.2°C.
On the other hand, the intensification of Gene was as-
sociated with its interaction with a midlatitude trough.
The interaction between the trough and Gene produced
upper-level EFC and induced the strengthening of the
outflow.

Obviously, the difference in the intensity evolution
between Flo and Gene not only arises from their dif-
ferent background SST distributions, but also from the
different effects of the upper-level environmental forc-
ings. Although the interaction between upper-tropo-
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spheric systems and a tropical cyclone may add some
cyclonic angular momentum into the cyclone vortex,
such interactions do not ensure the intensification of
tropical cyclones. In our case studies, the TUTT cell
enhanced the outflow jet of Typhoon Flo, which en-
couraged the in—up—out circulation inside the storm, and
then increased Flo's deepening rate. However, the in-
teraction between the midlatitude trough and the tropical
cyclone not only provided the cyclonic angular mo-
mentum that may have led to Gene's intensification, but
also brought large vertical wind shear over Gene. The
key factor that determines the result of the interaction
appears to be the distance between the upper-level
trough and the lower-level storm. We speculate that if
the trough moves directly over the center of the storm,
the strong vertical wind shear may tear the storm apart.
While if the trough moves to the north of the storm at
a distance, the preexisting outflow of the storm can in-
teract with the trough and resist the effect of the vertical
wind shear. Both the strengths and scales of the upper-
level PV anomalies determine the vertical penetration
depth of their associated circulations, and can result in
different kinds of interaction.

The above results also show that as the tropical cy-
clone intensifies, the upper-level eddy momentum forc-
ing is more important than the upper-level eddy heat
forcing [this finding is consistent with Molinari et al.
(1995)]. In other words, the EFC can be regarded as a
good indication of the effect of the upper-level envi-
ronmental forcing. It isfound in thiswork that enhanced
outflow favors the intensification of tropical cyclones,
and constricted outflow inhibits the development of
tropical cyclones. However, the existence of upper-level
EFC does not ensure the strengthening of the outflow
and the intensification of the tropical cyclone. The ver-
tical wind shear aso plays a subtle role, while the SST
determines the thermodynamic potential of the storm
intensity.

The above conclusion is deduced from the observa-
tional analyses of PV, EFC, vertica wind shear, and
SST. Further investigation into the physical mechanisms
of their mutual interaction can also be made through
numerical simulations. However, the interaction be-
tween the environment and a typhoon involves com-
plicated physical processes with multiple scale inter-
actions, and these are difficult to characterize separately.
For example, the study in this paper does not show
whether Gene would intensify without the aforemen-
tioned trough interaction. Further fundamental advances
in understanding the basic physics of typhoon intensity
change are still needed. With the rapid improvement in
computer capability, it is becoming possible for a nu-
merical model to be ableto fully simulate the full arrays
of scales and physics that characterize tropical cy-
clones—that is, to simulate the individual cumulonim-
bus clouds that are the real agents of vertical transport
in tropical cyclones (K. A. Emanuel 1998, personal
communication), and to examine the atmosphere—ocean
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interaction in a coupled typhoon model (I. Ginis 1998,
personal communication). Progress in these directions
should play important rolesin improving intensity fore-
casts in the future.

This paper shows that the ECMWF operational an-
alyses are useful for the study of the interaction between
the synoptic features and the tropical cyclone. The im-
portance of outflow dynamics has also been addressed
in the case studies of Typhoons Flo and Gene. We think
it is necessary to understand more about the outflow
dynamics of tropical cyclonesthrough better data sourc-
es. The use of operational analysis data, as well as re-
trieved winds along with temperature and moisture
fields from satellites, can be very useful in providing
better upper-tropospheric information. In the future, un-
manned aircraft observations (Holland et al. 1992;
Langford and Emanuel 1993) and GPS meteorological
data (Rocken et al. 1995; Ware et al. 1996) may also
provide more detailed wind, temperature, and moisture
information both inside and around a tropical cyclone.
It is hoped that a systematic combination of observa-
tional analyses and numerical model experiments can
help improve our understanding of the interaction be-
tween a tropical cyclone and its environment, and aid
in the prediction of tropical cyclone intensity.
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