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ABSTRACT

The physical processes associated with changes in the convective structure of an idealized tropical cyclone
(TC) during landfall on a beta-plane were studied using the fifth-generation Pennsylvania State University—
National Center for Atmospheric Research Mesoscale Model, version 3 (MMS5). The simulation results
suggested that the suppression of moisture supply and increased friction acted to enhance the convection
from the left and front quadrants of the TC to the front and right of the TC during different periods of
landfall. When surface moisture flux was turned off, convection in other parts of the quadrant was clearly
suppressed and the total rainfall was reduced. When surface friction was increased, precipitation showed a
marked increase after the TC made landfall.

Wetter air at low and intermediate levels, and drier air at high levels around the onshore side of the
coastline led to a high value of convective available potential energy (CAPE). Consequently, convection was
enhanced immediately downstream of this area when the surface moisture flux was cut off. When surface
friction was increased, the physical process was similar prior to landfall. After landfall, increased convergence
at the onshore side of the land resulted in enhanced convection in front of the TC.

Consistent with previous findings, our results suggest that during landfall the TC structure changes from
one of thermodynamic symmetry to asymmetry due to differential moisture flux between the land and sea
surface. The asymmetry of the thermodynamic structure, which can be explained by the distribution of

CAPE, causes an asymmetric rainfall structure.
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1. Introduction

When a tropical cyclone (TC) moves close to land,
the boundary-layer conditions change due to modifi-
cation of the latent and sensible heat fluxes and in-
creased roughness over land. These changes tend to
produce highly asymmetric structures in a landfalling
TC, which not only affect the intensity and track,
but also the distribution of precipitation and wind
gusts. Because most damage caused by TCs occurs
in the coastal zone, understanding how the asymmet-
ric structure arises during TC landfall and specify-
ing the structure and organization of the storm is of
great importance. Previous observational studies have
provided detailed analyses of surface wind and rain-
fall characteristics at landfall for individual TCs (e.g.
Miller, 1964; Powell, 1982, 1987; Powell and Houston,

1996, 1998; Blackwell, 2000; Chan et al., 2004; Schnei-
der and Barnes, 2005); however, a lack of data has
prevented scientists from gaining a thorough under-
standing of the underlying physical processes.

In idealized TC-landfall modeling studies, Tuleya
and Kurihara (1978) and Tuleya et al. (1984) reported
the development of considerable convective asymme-
tries due to asymmetric surface fluxes. Chan and
Liang (2003; hereafter CL03) simulated TC landfall on
an f-plane using the Pennsylvania State University-
National Center for Atmospheric Research (PSU-
NCAR) Mesoscale Model version 5 (MMS5), investigat-
ing the effects of sensible heat flux, moisture flux, and
increased roughness over land on an f-plane on dis-
tribution of convection. Their results suggested that
moisture supply is the dominant factor in modifying
the convective structure, whereas the sensible heat flux
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has little effect. Prior to landfall, maximum precipita-
tion was found in the front and left quadrants of the
TC, but after landfall (when surface moisture flux was
turned off and surface roughness increased) it occurred
in the front and right quadrants. In their paper, a con-
ceptual experiment, in which moisture supply only oc-
curs over the ocean, showed that dry air over land was
advected upward and around such that atmospheric
stability was reduced at some locations. The results
of more realistic numerical experiments have demon-
strated that convective instability is indeed greatest
immediately upstream of the maximum rainfall. In
other words, a change in moisture supply affects the
convection distribution during TC landfall via modifi-
cation of the moist static stability of the atmosphere.

The simulation described in CL03 was performed
on an f-plane. Because the §-effect contributes toward
wind asymmetry and even convective asymmetry (e.g.
Kwok and Chan, 2005), it is important to study the
asymmetric structure of a TC during landfall on a -
plane to test the validity of the mechanism, proposed
in CLO03, in which modification of the moist static sta-
bility plays a key role on the distribution of convection
of the TC.

The objective of the present study was to investi-
gate convective asymmetries during the landfall of a
TC on a B-plane, as a follow-up to the work of CL03.
The remainder of the paper is organized as follows.
The numerical experiments are described in section 2,
and the effects of moisture supply and roughness over
land are considered in section 3. In sections 4 and
5, we consider the processes which might explain the
simulation results. And finally, section 6 summarizes
the results and discusses the possible influence of the
coastline on the distribution of convection.

2. Model and experiments

The numerical model used for this study was
version three of the fifth-generation Pennsylvania
State University—Mesoscale National Center for Atmo-
spheric Research Model 5 (MM5; Dudhia, 1993; Grell
et al.,; 1994). The model employed the Betts—Miller cu-
mulus parameterization (Betts and Miller, 1993; Jan-
jic, 1994), a simple ice scheme (Dudhia, 1989), and the
high-resolution Blackadar planetary boundary layer
(PBL) scheme (Blackadar, 1979; Zhang and Anthes,
1982). The horizontal resolution was 15 km and there
were 301 grid points in the z and y directions, yielding
an experimental domain of 4500 x 4500 km?2. Sixteen
full o-layers (1.0, 0.99, 0.97, 0.94, 0.90, 0.85, 0.79, 0.71,
0.61, 0.49, 0.37, 0.27, 0.18, 0.10, 0.04, and 0.00) were
used in the vertical. This setup was the same as in
CLO03, thereby enabling a comparison of the results of
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the two studies.

The center latitude was set at 20°N and the Cori-
olis parameter varied as f = fo + 0 X y, where
8 = df/dy, fo = f(20°); in CL03, f = f(20°). The
initial fields of all experiments were obtained by inte-
grating a pre-specified vortex for 36 hours in a quies-
cent atmospheric environment, as described in Chan
et al. (2001) and CLO03. As f was not constant in this
study, the initial location of the TC was at the grid
(142, 164) instead of (151, 151) as used in CL03. All
integrations were carried out for 36 hours.

The control experiment was run with ocean plane-
tary boundary layer (PBL) conditions over the entire
domain, similar to the control run in CL03. To simu-
late the effect of land on the distribution of convection,
three experiments were performed with different PBL
parameters. Experiment 1 was similar to experiment 3
in CL03, where latent heat flux over land was turned
off. The roughness length over land was set at 0.25
cm in experiment 2, the same as in experiment 4 in
CLO03. In experiment 3, moisture supply and rough-
ness length were increased over land. In all experi-
ments, land use at each grid point was set as “water
body.” In other words, the land in each experiment
was not real land, but merely an area over which one
parameter was changed. This approach enabled us to
isolate the effect of surface moisture flux from land ar-
eas and the effect of friction on momentum transfer
in the two experiments. Given that sensible heat flux
showed a negligible effect on convection, we do not de-
scribe the experiment in which sensible heat flux was
turned off over land.

As f was fixed in CL03, the coastline was moved to
avoid asymmetries due to the steering current. In the
present study, the TC was able to move northwestward
in the [-plane without a steering current; therefore,
the coastline was oriented approximately northeast—
southwest (30° east of north) to ensure that the TC
made landfall after around 27 hours of integration (see
Fig. 1).
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Fig. 1. Tracks of TC centers in the four experiments (over
the period 36-72 hours, at 3-hour intervals).



NO. 4

3. Response to the PBL flux effect

3.1 Track and intensity

The position of the central lowest pressure was used
to define the TC center. As expected, the TC in all
experiments moved northwestward (e.g. Chan and
Williams, 1987) (Fig. 1). Compared with the con-
trol experiment, the TCs in experiments 1-3 veered
to the left, with the TC in experiment 3 having had
the largest left-veering bias. This result shows that
landfall may cause a TC to move to the left, which is
consistent with the results of Szeto and Chan (2007),
who also provided a physical explanation of this deflec-
tion. Accordingly, this issue is not further considered
in the present paper.

The TC in the control experiment maintained an
approximately constant intensity, but the minimum
surface layer pressure (MSLP) was about 20 hPa
higher than that in the control experiment of CLO03
(Fig. 2). This finding is consistent with the results of
Kwok and Chan (2005) and Peng et al. (1999), who
reported that a TC on a 8-plane intensifies at a slower
rate than that on an f-plane. The evolution of TCs
in the other three experiments showed three distinct
stages: a fluctuating stage (as with the control exper-
iment) before 15 hours, a gradually weakening stage
from 16-25 hours, and a rapid weakening stage after
26 hours. The results were slightly different from those
of Tuleya and Kurihara (1978) in that before landfall,
the three TCs experienced a slight weakening, whereas
the TC in the control experiment showed a slow deep-
ening. Many studies have described a rapid weakening
of TCs after landfall (Chen and Yau, 2003; Tuleya et
al., 1984).

3.2  Rainfall distribution

Following CLO03, temporal variations in precipita-
tion were obtained by summing the hourly rainfall
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Fig. 2. Minimum sea-level pressure of the TC in each of
the four experiments.
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within each 15 km, 1° azimuth box (centered on the
TC center) out to 300 km, although in the present
study the 90° azimuth was set to be the right-hand
side of the coastline instead of the north (Fig. 3). The
azimuth of 180° represents the front side of the TC. As
in CLO3, the rainbands in the control experiment ro-
tated cyclonically around the TC center (Fig. 3a), al-
though the rainfall amount was less than that in CLO3
due to decreased intensity. Because the asymmetric
flow of the B-gyres acted to enhance the inward radial
wind in the southeast part of the TC and the tangen-
tial wind in the northeastern part (Peng et al., 1999),
the maximum rainfall of the TC was always located in
the southeast to northeast quadrants. In other words,
the highest rainfall tended to occur in the right quad-
rant of the TC, consistent with the results of Shapiro
(1983).

In experiment 1, the latent heat flux (surface mois-
ture flux) over land (i.e. the front side of the TC)
was cut off. Compared with the control experiment,
the maximum rainfall in this experiment was located
mainly at the right-front side of the TC (Fig. 3b).
Before 12 hours, no significant difference existed be-
tween experiment 1 and the control (Fig. 4a). From
13-22 hours, however, the most strongly enhanced
rainfall occurred in the left-front and front quadrants,
and rainfall was reduced in the rear-right and rear-
left quadrants compared with the control experiment.
After landfall, enhanced rainfall occurred in the right-
front to right quadrants. Thus, the maximum rain-
fall rotated from the left-front (before landfall) to the
right-front (after landfall) of the TC. In experiment 3
in CL03, maximum rainfall was generally found ahead
of the TC and in the forward-left quadrant. Note that
in the present study, when the TC approached land
and finally made landfall, the band of maximum rain-
fall moved slowly and anti-cyclonically (Fig. 3b).

In experiment 2, the asymmetric structure of rain-
fall was similar to that in the control experiment be-
fore landfall (Fig. 3c); however, when the TC was
about 100 km from the coast (11 hours), rainfall was
enhanced in the rear and left to left-front sectors (Fig.
4b). When the TC was close to the coast and finally
made landfall, the area of enhanced rainfall shifted to
the left-front and gradually to the right-front (Figs. 3¢
and 4b); i.e. from the left to the right quadrant. Over-
all, the rainfall in experiment 2 showed less asymmetry
in its distribution than that in experiment 1 due to the
enhanced rainfall in the front sector and slight reduc-
tion in the rear sector. As with experiment 1, the dif-
ference between experiment 2 of the present study and
experiment 4 of CL03 was that in CL0O3 the enhanced
rainfall was to the left of the TC even after landfall,
whereas the bulk of the area of enhanced rainfall in
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Fig. 3. Total hourly rainfall within 300 km at each azimuth from 1—
36 hours after the vortex had been spun up for 36 hours for (a) the
control run, (b) experiment 1, and (c) experiment 2. Shading indicates
the asymmetric distribution of precipitation. The horizontal line at 27
hours in (b) and (c) indicates the time when the vortex center crossed

the coast.

experiment 2 of the present study shifted to the right
of the TC after landfall. After landfall, the maximum
rainfall became more pronounced and moved from the
right-rear quadrant to the right-front, suggesting that
increased friction may play an important role in the de-
velopment of an asymmetric TC structure after land-
fall.

The rainfall distribution in experiment 3 showed
a pattern that combines the results of experiments 1
and 2 and that is similar to that in experiment 1 be-
fore landfall (data not shown). This finding indicates
that moisture supply may play a more important role
than roughness over land in determining the convec-
tion structure of a TC, especially before landfall. After
landfall, moisture and roughness act together to influ-

ence the convection of the TC.
3.3 Total rainfall

The most significant difference between experiment
1 of the present study and that in CL03, in terms of
total hourly rainfall within 300 km of the TC center,
was that in the present study the rainfall was less than
that in the control experiment (Fig. 5), indicating a
possible reduction in precipitation with the suppres-
sion of moisture flux once the TC made landfall. The
total rainfall in experiment 2 exceeded that in the con-
trol experiment, especially after landfall, when a rapid
increase in rainfall occurred. These features are con-
sistent with the average precipitation in the S1 and S2
experiments of Tuleya and Kurihara (1978). As might
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Fig. 4. Difference in rainfall compared with the control experiment: (a) experiment
1; (b): experiment 2 (units: cm). The horizontal line at 27 hours indicates the time

when the vortex center crossed the coast.

be expected, the total rainfall in experiment 3 was less
than that in experiment 2 and more than that in ex-
periment 1, indicating that the reduction in moisture
supply and increase in friction over land may play con-

trary roles in affecting precipitation during TC land
fall.

4. Effect of moisture supply

CLO03 suggested that cutting off the moisture flux
from the land surface would decrease the amount of
water vapor in the air; subsequently, the drier air may

120 — Control experiment

110 |~ Experiment 1

be advected into the TC center. However, the drier air
may not result in reduced precipitation everywhere,
as it may affect the instability of the air column as a
consequence of horizontal and vertical advection. To
determine if this type of physical process occurred in
experiment 1, the potential pseudoequivalent temper-
ature, Os. (Bolton, 1980) was calculated. As the heav-
iest rainfall occurred within 100 km of the T'C center,
we considered the values of 6y, within 150 km. It is
important to note that because the aim of the present
study is to isolate the effect of landfall on distribution
of convection, the results relative to those in the con-
trol experiment are generally of more importance than
the results themselves.

The average s, within 150 km of the TC center

£100 _ Experimen:é R »\// at each azimuth from 1-36 hours at o-level 3 (~920
90 | =xperimen ;NN hPa) revealed that when the TC gradually approached
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Fig. 5. Hourly total rainfall within 300 km of the TC
center in the four experiments.

the coast and finally made landfall, drier air occupied
most of the area (Fig. 6a). This dominance of dry
air resulted from two possible processes: (1) rotation
of the TC causing the drier air to be advected cy-
clonically from front to left and then to the rear, and
(2) the source of the drier air moving anti-cyclonically
relative to the TC once the TC neared land. After
landfall, the influence of the suppressed moisture sup-
ply expanded to the entire area except the right-rear
quadrant. There existed a zone in which the air had a
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Fig. 6. Temporal evolution of 6., at different vertical levels: (a) o-level 3; (b)
o-level 5; (c) o-level 7 in experiment 1 (contours: asymmetric distribution;
shading: compared with the control run). The horizontal line at 27 hours

indicates the time when the vortex center crossed the coast.

higher 64, value than in the control experiment. Even
after landfall, this area retained a higher 6, value than
in any other quadrant of the TC. At o-level 5 (~850
hPa), the basic pattern of s, was similar to that at
lower levels (Fig. 6b). Higher 6. values were observed
in similar quadrants to those at lower levels (around
90°); i.e. this area was located along the coastline,
with winds blowing from the ocean. This was the last
area occupied by relatively dry air from land, as the
dry air rotated cyclonically.

At o-level 7 (~750 hPa) , the 6y value of the air
around 90° dipped below the value in the control ex-
periment (Fig. 6¢). The air with lower 65, values also

influenced other areas via horizontal and vertical ad-
vection. In experiment 1, although most of the air
had lower 6. values at low levels (Figs. 6a—c), some
air with high 0., values was observed in a related sta-
tionary quadrant of the TC. When the TC approached
land, this area with high 6y values showed a slight
clockwise shift. At the same time, the s value of
mid-level air in this place showed a slight decrease,
which may lead to a marked increase in the instability
of the air.

To further evaluate the convective potential of the
atmosphere, the convective available potential energy
(CAPE) was calculated. The formal definition of
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CAPE is given by:

Z,
! Tvp - Tvc

d
T..

CAPE = g/ (1)

4TS

where Ty, is the virtual temperature of the air parcel,
Tye is the virtual temperature of the environment, Z,
is the height of the equilibrium level, Zj¢ is the level
of free convection, and g is gravity. This definition of
CAPE follows the method described by Doswell and
Rasmussen (1994).

Consistent with the vertical distribution of 6, pos-
itive CAPE showed a stationary distribution around
90° (Fig. 7). Of note is the fact that positive CAPE
was associated with positive 0y, values at intermediate
levels (o-level 5) and negative 05, values at high levels
(o-level 7).

In examining the rainfall distribution in experi-
ment 1, positive CAPE was associated with positive
rainfall downstream of the TC. It is important to ex-
plain this relationship. Because the rainfall maxima
before and after landfall occurred at distinct sites, it
was possible to separate periods prior to landfall (11—
23 hours) and after landfall (24-36 hours). Figure 8
shows the distribution of the anomalies, which means
the difference from the control experiment in 6y, ver-
tical motion, CAPE, and rainfall around the TC. At
this period, from 45° to 180°, 05, showed a positive
anomaly at low levels and a small negative anomaly at
intermediate levels. Accordingly, the CAPE anomaly

The horizontal line at 27 hours indicates the time when the
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tical motion; dashed line: CAPE; solid line: rainfall).
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was positive in this area. The downstream advection
of this positive instability energy stimulated positive
vertical motion. As noted above, CAPE was consis-
tent with 6. at intermediate levels, and the related
anomaly in vertical motion occurred mainly at this
level, being strongly associated with rainfall. Eventu-
ally, the peak in positive rainfall occurred at around
180°, at the front of the TC.

After landfall, drier air made up the entire column
of the TC (Fig. 9), although the air at around 90° was
wetter than in other quadrants. Consequently, there
remained a small positive CAPE anomaly and hence
positive vertical motion; rainfall occurred downstream
of the TC. Other quadrants of the TC were marked
by a negative rainfall anomaly, especially at around
45°, where the rainfall maximum occurred in the con-
trol experiment. The negative rainfall anomaly was
consistent with a large negative s, anomaly and en-
hanced stability of the air.

5. Effect of increased friction

Increased surface roughness affects the precipita-
tion associated with a TC because it increases the in-
flow of the TC (thereby enhancing the convergence
of moisture) and decreases the kinetic energy in the
boundary layer; consequently, the decreased wind re-
sults in reduced evaporation from the land surface (Tu-
leya and Kurihara, 1978). CLO03 suggested that con-
vergence along the coastline is relatively unimportant
in producing rainfall anomalies in the inner area of
a TC. In experiment 2 of the present study, increased
friction led to enhanced precipitation over a wide area,
without affecting the asymmetric structure of the TC.
After landfall, the rainfall maximum occurred at the
right-front side of the TC, suggesting that the effect
of increasing friction over land plays an important role
in determining the rainfall distribution of a TC.

The distribution of CAPE in experiment 2 was sim-
ilar to that in experiment 1, with positive CAPE lo-
cated mainly from 45°-35° (Fig. 10). The distribu-
tion of positive CAPE in experiment 2 relative to the
control experiment covered a larger area than in ex-
periment 1, whereas the area of negative CAPE was
smaller, meaning that the asymmetrical structure of
CAPE was less pronounced. These findings were con-
sistent with the pattern of rainfall in experiment 1.
The change in CAPE distribution was probably caused
by the suppression of evaporation, as the wind weak-
ened over land. After landfall, the rainfall in experi-
ment 2 showed a marked increase, but a similar CAPE
pattern was not observed in this experiment.

Wong and Chan (2006) referred to boundary layer
convergence as an indicator of asymmetry forced by

CONVECTIVE ASYMMETRIES IN A SIMULATED LANDFALLING TC

VOL. 27

the surface when friction is increased. The authors
found that the pattern of convergence is consistent
with the observed asymmetry in rainfall and verti-
cal motion. In experiment 2 of this study, the tem-
poral evolution of low-level divergence (mean value
from o-level 2—4) showed a consistent pattern with
precipitation (Fig. 11). When the TC approached the
coastline, the positive convergence became more pro-
nounced on the onshore side of the TC. After landfall,
the area of enhanced convergence showed a marked
expansion.

As mentioned in section 3.2, after landfall in the
present study, the area of most strongly enhanced rain-
fall shifted from left-front to right-front of the TC, in
contrast to the corresponding experiments in CLO3.
This discrepancy may be related to differences between
the studies in terms of the intensity of the vortex due
to the beta-effect. After landfall, the MSLP of the
vortex in experiments 1 and 2 was about 975 hPa,
much higher than that in CLO03 (940-950 hPa). Be-
fore landfall in experiment 1, the average CAPE peak
was located at 90° and the rainfall peak at 90° ahead
of CAPE (Fig. 8). After landfall, the CAPE peak
remained at around 90°, while the rainfall peak was
located at 135° (Fig. 9). This finding indicates that a
weaker vortex may act to reduce the distance between
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Fig. 9. As Fig. 8, but from 24-36 h.
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Fig. 11. As Fig. 10, but for low-level divergence (o-levels 2-4; units: 107° s™1).

the area of higher CAPE and the enhanced rainfall
area, due to weaker advection. In Tuleya and Kuri-
hara (1978), after landfall, the MSLP of the vortex was
found to be about 980 hPa in the basic experiment and
the location of the maximum precipitation was biased
toward the forward-right quadrant, consistent with our
assumption that the intensity of the vortex may shift
the location of maximum rainfall slightly.

6. Landfall transition process

CLO03 studied the convective asymmetries associ-

ated with tropical cyclone landfall on an f-plane, re-
vealing that even considering the crude assumptions
involved in employing an f-plane, including a mov-
ing coastline, as the TC makes landfall the associated
convection is modified by changes in surface fluxes over
land. The most important factors in this regard are a
reduction in moisture flux, which occurs not only via a
decrease in moisture supply from the surface, but also
via a decrease in wind speed due to increased surface
roughness. The changes in rainfall distribution result
from the three-dimensional advection of dry air around
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Fig. 12. Distributions of the CAPE index in (a) the con-
trol experiment and (b) experiment 1 at 6, 12, 18, 24, 30,
and 36 hours. The abscissa and ordinate are the zonal
and meridional distance (km) relative to the TC center,
which is represented by the typhoon symbol. The thick
line indicates the coastline.

the TC, which in turn alters the moist static stabil-
ity of the atmosphere. Areas in which dry air occurs
over moist air are likely to have enhanced convection;
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consequently, the rainfall maximum occurs at these lo-
cations and downstream areas.

The results of the present study revealed that even
if the beta-effect was taken into account and the TC
moved by itself to make landfall, the most important
effect remained a reduction in moisture flux. The dry
air from over land and wet air from the sea acted to
change the distribution of instability around the TC
center, as seen in the distribution of CAPE. Subse-
quently, positive CAPE upstream of the TC resulted
in positive precipitation in downstream areas. Be-
cause the extra-tropical transition process (DiMego
and Bosart, 1982) is related to baroclinic instability,
related in turn to the distribution of cold and warm
air, the instability related to dry and wet air during
TC landfall was defined here as the landfall transition
process. The contrast in instability caused by wet and
dry air was defined by CAPE (Fig. 12).

When the cyclone was over the sea, the areas
surrounding the TC eye had high values of CAPE,
whereas inner areas had low values (Fig. 12a), due
to the homogeneous nature of the underlying surface.
Once the TC moved toward land, the underlying sur-
face changed, and dry air from the land and wet air
from the sea surface were advected into the TC flow.
The contrasting properties of the dry and wet air were
expected to change the distribution of instability struc-
ture, which was represented by CAPE in this study
(Fig. 12b). The change in instability (CAPE) led to
thermodynamic asymmetry and consequently precip-
itation asymmetry (data not shown). This process is
expected to occur in most TCs upon landfall because
of the contrast in latent heat flux between the land
and sea surface.

Once a TC makes landfall, in addition to the effects
of increased friction and suppressed moisture supply,
it is important to consider the effect of the orienta-
tion of the coastline. For simplicity, the coastline in
the present study was oriented approximately normal
to the movement of the TC. Enhanced precipitation
occurred mainly on the onshore side of the TC, where
the moist air moved from the ocean and air conver-
gence was increased due to increased friction. In fact,
when the coastline was rotated cyclonically or anti-
cyclonically, the area of enhanced rainfall rotated ac-
cordingly (data not shown). This finding verifies that
relatively wet air and convergence along the coastline
are the main factors that determine the distribution of
precipitation once a TC makes landfall.

7. Summary and discussion

Based on simulations performed using MM5 ver-
sion 3, this study investigated the convective structure
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of a TC during landfall and relevant physical processes.
A TC-like vortex was placed in a 301 x 301 grid field
on a beta-plane. Three experiments were carried out
with the following modifications over land: moisture
flux turned off, increased surface friction, and these
two processes combined. A control experiment was
also performed in which these modifications were not
made. The coastline was oriented from (0, 95) to (301,
267), thereby ensuring that the TC in the three exper-
iments made landfall at around 27 hours.

On the B-plane, the maximum rainfall was located
from southeast to northeast in the control experiment.
When cutting off the moisture supply over land, the
rainfall maximum shifted to the right-front quadrant
of the TC. Compared with rainfall in the control exper-
iment, positive rainfall was located mainly in the front
quadrant of the TC, and rotated anti-cyclonically, sim-
ilar to that in CL03. When the roughness length was
increased over land, the rainfall distribution showed
little change before landfall. After landfall, the rain-
fall maximum moved to the right-front quadrant of
the TC. Compared with the control experiment, before
landfall, positive rainfall was located in the left-front
quadrant of the TC. After landfall, positive rainfall
was located in the entire front quadrant of the TC. The
cutting off of moisture supply over land suppressed
convection in the air mass, while increased friction re-
sulted in increased precipitation in the TC, especially
after landfall. When these two factors were combined,
the total rainfall in the TC was similar to that in the
control experiment.

The cutting off of moisture flux altered the mois-
ture structure of the TC. The drier air occupied a
large area at low and intermediate levels in the TC;
at the same time, a wetter area occurred in the 80°—
45° quadrant of the TC. At high levels, this quadrant
was drier than that in the control experiment. The
vertical structure of moisture altered the distribution
of instability. Subsequently, positive CAPE upstream
of the TC caused positive precipitation in downstream
areas. The difference between the present results and
those in CLO3 was high instability resulting from the
combination of drier air at high levels and related wet-
ter air at low and intermediate levels.

The distribution of precipitation in experiment 2
was consistent with the distribution of CAPE before
landfall. This finding suggests that the main factor de-
termining rainfall distribution may be the suppression
of evaporation via reduced wind strength. After land-
fall, precipitation in experiment 2 was stronger than
in experiment 1, whereas CAPE was similar between
the two experiments. A strong negative divergence
occurred throughout the front quadrant of the TC,
consistent with the distribution of precipitation. This
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implies that increasing convergence caused by the in-
creasing friction may have been another factor in this
experiment, especially after landfall.

When a TC makes landfall, in addition to the ef-
fect of increasing friction, the suppression of moisture
supply and the locations of mountains, it is important
to consider the effect of the orientation of the coast-
line on the distribution of convection. For simplic-
ity, the coastline in the present study was oriented ap-
proximately normal to the movement direction of the
TC. Enhanced precipitation occurred mainly over land
where moist air blew from the ocean and air conver-
gence was enhanced due to increased friction. In fact,
when the coastline was rotated cyclonically or anti-
cyclonically in the present study, the area of enhanced
rainfall rotated accordingly (data not shown). This
finding confirms that wet air and convergence along
the coastline are the main factors determining the dis-
tribution of precipitation once a TC makes landfall.
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