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ABSTRACT

This study examines the statistical characteristics of the eyewall evolution induced by the landfall process and terrain
interaction over Luzon Island of the Philippines and Taiwan. Interesting eyewall evolution processes include the eyewall
expansion during landfall, followed by contraction in some cases after re-emergence in warm ocean waters. Best track data,
advanced satellite microwave imagers, high spatial and temporal ground-observed radar images and rain gauges are utilized
to study this unique eyewall evolution process. An examination of the available microwave images of 23 typhoons crossing
the Philippines between 2000 and 2010 shows that most typhoons experienced this kind of eyewall evolution, i.e., the radius
of the eyewall for 87% of landfall typhoons increased during landfall; and, the radius of the eyewall for 57% of the cases
contracted when the typhoons reentered the ocean after they crossed the Philippines. Furthermore, analyses of large-scale
environmental conditions show that small vertical wind shear, high low-level relative humidity and sea surface temperature
are important for the reorganization of the outer eyewall and the subsequent eyewall contraction when the typhoons reentered
the ocean.

For typhoons that crossed Taiwan, based on the microwave and radar images, 89% of the cases show an expansion of the
eyewall during landfall. However, the reorganization of the outer eyewall and subsequent contraction were rarely observed
due to the small fraction of the ocean when the typhoons entered the Taiwan Strait. In addition, observed rainfall shows an
expansion in the rainfall area induced by terrain.
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1. INTRODUCTION

The eyewall of a tropical cyclone (TC) consists of deep
convective clouds surrounding the eye that contains only
light winds and almost no precipitation. The most severe
weather, such as maximum winds and torrential rains, oc-
curs in the eyewall. It is generally believed that the evolu-
tion of the eyewall is responsible for the intensity change
of a TC. Therefore, the evolution of the eyewall has always
been an intriguing issue in TC research. Recent studies have
shed new insight into the internal thermodynamics and dy-
namics of TCs, such as the description of eyewall features
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and eye thermodynamics (Shapiro and Willoughby 1982;
Willoughby 1998); the replacement of concentric eyewall
(Willoughby et al. 1982; Willoughby and Black 1996);
asymmetric mixing of the eye and eyewall in the forma-
tion of annular hurricanes (Knaff et al. 2003); the formation
of mesovortices and the polygonal eyewall structure which
are linked to barotropic instability and the potential vorticity
mixing processes between the eye and the eyewall (Schu-
bert et al. 1999; Kossin and Eastin 2001; Kossin and Schu-
bert 2001); and the presence of convectively coupled vortex
Rossby waves in the eyewall (Montgomery and Kallenbach
1997; Wang 2002).
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Another important factor affecting the eyewall evo-
lution is the topography that a TC encounters. Brand and
Blelloch (1973) was the first to document the effect of the
Philippine Islands on the changes in the track, eye diam-
eter, storm intensity and size of TCs during 1960 - 70 based
on the Annual Typhoon Reports of Joint Typhoon Warning
Center (with aircraft reconnaissance available during that
period). It was indicated that the frictional effect of land
mass and the reduction in heat and moisture supply by the
ocean are the primary causes of the above changes (Wu et
al. 2009).

There have been limited numbers of studies focusing
on the eyewall dynamics of typhoons making landfall at the
Philippine Islands, whose terrain has horizontal scales about
equivalent to the size of the TC. The eyewall evolution of
Typhoon Zeb (1998) before, during, and after its landfall at
Luzon was documented from both the satellite observation
and numerical simulation (Wu et al. 2003). It is proposed
that the terrain plays a critical role in such an eyewall evolu-
tion wherein first the eyewall contraction just before land-
fall, its breakdown after landfall, and then the reorganization
of a larger outer eyewall after the storm returns to the ocean.
Further detailed numerical examination of this unique eye-
wall evolution was documented in Wu et al. (2009). It was
shown that the presence of Luzon plays a critical role in
the observed eyewall evolution. The eyewall replacement
occurred in Typhoon Zeb was triggered by the mesoscale
terrain that has a horizontal scale similar to the core of the
typhoon. Furthermore, based on several sensitivity experi-
ments, it was shown that both diabatic heating and surface
friction are key factors for the maintenance and the reorgani-
zation of the outer eyewall when Zeb reentered the ocean.

20N

In addition to Typhoon Zeb (1998) over Luzon, similar
scenarios have also been observed in other storms, such as
Typhoon Dan (1999) over Luzon, Typhoon Talim (2005)
over Taiwan, and Hurricane Gilbert (1988), Wilma (2005)
and Dean (2007) over the Yucatan Peninsula (Chou and Wu
2008). Figure 1 shows the topography of the Philippines and
Taiwan. It can be found that both the Philippines and Taiwan
have terrain features with horizontal scales (several hundred
km) similar to the size of TCs. In addition, it is shown that
the area of the Philippines is wider than the island of Tai-
wan, and high mountains are located in the northern Philip-
pines (Luzon island) while similar topography is found in
central Taiwan. Since any changes in the eyewall structure
would lead to or be accompanied by change in the storm
intensity, it is believed that a better understanding of such
terrain-induced eyewall evolution could improve our under-
standing of a TC structure and intensity changes, especially
for TCs making landfall and interacting with mesoscale ter-
rains (Wang and Wu 2004). Furthermore, the question of
intensity and inner-core structure change, and the associated
precipitation pattern of a landfalling TC is very important
for operational forecasts.

The main objective of this study is to document the
statistical characteristics of the eyewall evolution induced
by the landfall process and terrain interaction over Luzon
Island of the Philippines and Taiwan based on advanced
satellite microwave imagers and high spatial and temporal
radar images. The difference between the typhoons with and
without reorganization of the outer eyewall when typhoons
reentered the ocean will be examined. Furthermore, the dif-
ferences in eyewall evolutions between the typhoons cross-
ing the Philippines and those crossing the Taiwan are also
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Fig. 1. The terrain height of 30-minute USGS (United States Geological Survey) digital elevation model data (unit: m) of the Philippines (a) and
Taiwan (b), respectively. The triangle and cross symbols in (b) represent the CWB radar and automatic rain gauge data stations.
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identified. Analysed data are described in section 2. The sta-
tistical characteristics of the eyewall evolution of typhoons
crossing the Philippines and Taiwan are discussed in sec-
tions 3 and 4, respectively. The overall findings are sum-
marized in the last section.

2. THE DATA DESCRIPTIONS
2.1 Best Track TC Data

Best track data including 6-hourly estimates of posi-
tion and intensity are obtained from the Joint Typhoon
Warning Center JTWC). JTWC data are utilized to docu-
ment the overall statistics for TCs crossing the Philippines
during the period 1945 - 2010. Since the eyewall structure is
well organized only in strong TCs and that its evolution can
be depicted using microwave imagers, this study will focus
primarily on the eyewall evolution of TCs with maximum
sustained surface winds larger than 64 knots (namely, “ty-
phoons” as defined in this study).

2.2 Satellite Microwave Imagery

Microwave imagery allows for identification of rain
and ice particle patterns within TC rainbands that are nor-
mally blocked by mid- to upper-level clouds in the infrared
and visible imagery (Velden et al. 2006). Passive microwave
digital data and imagery can provide key storm structural
details and offset many of the visible/infrared spectral prob-
lems (Hawkins et al. 2001). The microwave imagers used
in this study include the Special Sensor Microwave Imager
(SSM/I), the Special Sensor Microwave Imager Sounder
(SSM/IS), Tropical Rainfall Measuring Mission Microwave
Imager (TRMM/TMI), and Advanced Microwave Scanning
Radiometer - Earth Observing System instrument on board
the Aqua satellite (AMSR-E/Aqua). The advantage of these
imagers is that the cirrus clouds are transparent while using
the 85 - 91 GHz channel. Therefore, an excellent view of the
eye, eyewall, and rainband structure of TCs can be provided
by the 85 - 91 GHz brightness temperature and the size of
the eyewall can be well captured and estimated by these mi-
crowave imagers. The archived microwave imagers from
2000 to 2010 are obtained from the Navy Research Labora-
tory’s Tropical Cyclone Webpage (http://www.nrlmry.navy.

mil/tc_pages/tc_home.html).

2.3 Radar Reflectivity

The composite radar reflectivity data are taken from the
Central Weather Bureau (CWB) radar network for analyz-
ing the eyewall evolution when typhoons cross Taiwan. The
dataset has 0.0125° latitude by 0.0125° longitude horizontal
resolution and 10 minute temporal resolution. Currently, the
only archived composite radar reflectivity data after 2005
are available, thus only typhoons that crossed Taiwan from

2005 - 2010 are examined with the radar reflectivity data.
The locations of CWB radar stations are denoted by triangle
symbols in Fig. 1b.

2.4 NCEP FNL Global Analysis

The National Centers for Environmental Prediction
(NCEP) final gridded analysis (FNL) datasets are on 1.0°
latitude by 1.0° longitude grids prepared operationally every
six hours (0000, 0600, 1200 and 1800 UTC). The dataset is
not a re-analysis product, but is obtained from the NCEP
Global Data Assimilation System, which continuously col-
lects observational data from the Global Telecommunica-
tions System and other sources. The analyses are available
on the surface and at 26 mandatory (and other pressure)
levels from 1000 to 10 hPa. Parameters include surface
pressure, sea level pressure, geopotential height, tempera-
ture, sea surface temperature, soil values, ice cover, relative
humidity, zonal and meridional velocity, vertical velocity,
vorticity and ozone concentration (http://www.ncep.noaa.
gov)).

In this study the environmental low level relative hu-
midity and vertical wind shear near the core of TCs are
calculated based on the NCEP FNL for each typhoon that
crossed the Philippines during 2000 - 2010. The low-level
(at 700 hPa) relative humidity is averaged over a 5° latitude-
longitude square, centered on the best-track location of each
storm. The vertical wind shear was estimated based on the
vector difference between the 200- and 850-hPa winds, av-
eraged within a 2 - 8 degree radius of the storm center. The
method of shear calculation is determined by referring to
Knaff et al. (2005) to keep the shear values from being cor-
rupted by the bogus vortex in the global analysis.

2.5 Sea Surface Temperature

The NCEP Real-Time Global Sea Surface Tempera-
ture analysis (RTG-SST) has 0.5° latitude by 0.5° longitude
horizontal resolution. The operational RTG-SST product
uses in situ (ship and buoy) and satellite-derived SST data
(NOAA-16 SEATEMP retrievals) from the Naval Oceano-
graphic Office Major Shared Resource Center (Thiébaux
et al. 2003). In this study, the RTG-SST near the core of
TC, i.e, averaged over a 5° latitude by 5° longitude square,
centered at the best-track location of each typhoon, is cal-
culated for each typhoon that crossed the Philippines dur-
ing 2001 - 2010. Note that since the RTG-SST data are not
available until 2001, the RTG-SST calculation is not avail-
able for typhoons in 2000.

2.6 Automatic Rain Gauge Data

The Central Weather Bureau (CWB) automatic rain
gauge data are used for rainfall analysis for typhoons that
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crossed Taiwan from 2005 - 2010. More than five hundred
stations were deployed around the island from 2005 - 2010,
and the rainfall data are recorded hourly. The locations of
CWB rain gauge stations are denoted by cross symbols in
Fig. 1b.

3. THE EYEWALL EVOLUTION SCENARIOS FOR
TYPHOONS CROSSING THE PHILIPPINES

Figure 2 is a histogram showing the number of tropi-
cal storm cases (with the maximum sustained surface winds
between 34 and 63 knots) and typhoon cases (with the max-
imum sustained surface winds larger than 64 knots) with
their centers passing through either the Philippines or Tai-
wan from 1945 to 2010. It can be found that during this
period on average about 26 TCs occurred over the western
North Pacific per year, with 8.7 in the tropical storm catego-
ry and 16.9 reaching typhoon intensity. Figure 2a shows that

among all the TCs, on average each year about 2.2 tropi-
cal storms and 3.0 typhoons made landfall at and crossed
the Philippines, which accounts for about 20% of the total
number of TCs in the western North Pacific. Among all the
TCs crossing Taiwan (Fig. 2b), about 0.7 tropical storms
and 1.3 typhoons made landfall and crossed Taiwan respec-
tively, which accounts for 8% of the total number of TCs
in the western North Pacific. As compared to the results of
TCs crossing the Philippines, the amount of landfall TCs in
Taiwan is roughly reduced by half.

It is our interest to examine the terrain-induced eye-
wall evolution as mentioned in the introduction. The 85 -
91 GHz brightness temperature microwave images available
from 2000 to 2010 are used to depict the eyewall evolution
for storms prior to, during and after landfall, after passing
through the Philippines and reentering the ocean. During the
11-year period, 23 typhoons passed through the Philippines.
Most of the storms either curved northward or continued
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Fig. 2. Histogram of numbers of tropical storms (TS) and typhoons (TY) from JTWC best track from 1945 to 2010. TSI and TYI (TSO and TYO)
indicate the tracks of TS and TY crossing (not crossing) the Philippines (a) and Taiwan (b), respectively.
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moving westward after crossing the Philippines. Later on,
most of the typhoons affected Japan, Taiwan, China, and the
Indochina Peninsula, respectively. The information about
the duration time (the time each storm crossed the islands),
intensity, and estimated radius of convective ring (eyewall)
during the period when each storm crossed the Philippines
is listed in Table 1.

Figure 3 shows the microwave images of the eyewall
evolution before the storm made landfall, when it left the
island, and after the storm reentered the ocean. Different
characteristics are shown: three typhoons with reorganiza-
tion of a larger outer eyewall (Xangsane in 2000, Cimaron

in 2006, Megi in 2010), and one typhoon (Mitag in 2007)
without reorganization of the outer eyewall. It can be found
from these microwave images that the radii of the eyewalls
generally reached a minimum before landfall, with radii of
the eyewall ranging from 20 to 100 km (Figs. 3a, d, and g).
After the storms left the Philippine islands, the eye became
unidentifiable since the original primary eyewall convec-
tion weakened considerably due to the dissipation over the
land/terrain and the reduction of the surface moisture supply
(Figs. 3b, e, and h). In most (87%) of the cases, the outer
eyewall reappeared when the storms were about to leave the
land and reenter the ocean. During this period, the radii of

Table 1. Information for the 23 selected typhoons that crossed the Philippines.

TC NAME DT INTi INTo INTm REi REo REr OEC
XANGSANE (2000) 26 70 55 90 1-2 2-3 2 Yes
BEBINCA (2000) 25 65 65 65 1 2 1-27 No
IMBUDO (2003) 7 130 80 90 1-2 3-4 2-3" Yes
KROVANH (2003) 7 90 70 85 1-2 2 2 No
MELOR (2003) 11 65 65 65 1-2 2 2 No
MUIFA (2004) 18 115 60 90 1-2 4" 2-3" Yes
NANMADOL (2004) 4 130 100 100 1-2 2-3" 4 No
ROKE (2005) 20 80 40 40 1 --- - No
CHANCHU (2006) 36 75 75 125 1-2 2-3 2" Yes
XANGSANE (2006) 24 65 100 115 1-2 2-3 2 Yes
CIMARON (2006) 10 140 95 100 1 3-4 2-3" Yes
CHEBI (2006) 11 125 95 95 1-2 2 1-2% No
DURIAN (2006) 20 135 95 95 1-2 2 2 No
UTOR (2006) 23 65 90 90 1-2 1-2 1-2 No
PEIPAH (2007) 9 60 55 75 2 3-4 2" Yes
MITAG (2007) 5 95 65 65 2-3 2-3 2-3 No
HALONG (2008) 15 65 45 55 1-2 2-3 2-3 No
FENGSHEN (2008) 53 70 60 60 2 3-4 3-4 No
NURI (2008) 7 95 90 90 2 4 2-3" No
CHAN-HOM (2009) 10 90 45 45 1-2 2 2-3 No
PARMA (2009) 12 135 65 65 2 3-4 2-3" No
CONSON (2010) 19 70 55 75 1-2 2-3 2 Yes
MEGI (2010) 9 155 90 115 1-2 3-4 2-3" Yes

Notes: INTi (INTo) represents the maximum sustained surface wind when the tropical storms moved in (out) of the islands and INTm represents the maximum
sustained surface wind within 48 h after the storm left the islands. REi, REo, and REr mean the size of the major convective ring of the eyewall estimated
by the satellite microwave images, for typhoons before landfall, while leaving the islands, and while reentering the ocean, respectively. Ring 1 indicates the
area within 0.5 degree latitudes in radius from the storm center, and rings 2, 3, 4 represent the distance ranges of 0.5 - 1,1 - 1.5, 1.5 - 2.0 degrees in radius,
respectively. Superscript “*” means that the major convective ring expanded after landfall, and “**” denotes events in which the major convective ring
contracted after reentering the ocean. OEC means the obvious reorganization of the outer eyewall when INTm is larger than INTo and REr is smaller than

REo. Value of “---" indicates that the scenario is not identifiable.
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Fig. 3. The microwave images of 85 - 91 GHz brightness temperature for three typhoons (Xangsane in 2000, Cimaron in 2006, and Megi in 2010),
one with the outer eyewall reorganized and the other without (Mitag in 2007). Each case contains three individual images, showing the inner-core
structure when typhoons moved into and away from the Philippines, and the reorganization of the larger outer eyewall when the storms reentered
the ocean. The four rings shown in (a) are each within the range of 0 - 0.5,0.5-1,1- 1.5, 1.5 - 2.0 degrees from the storm center.

the outer eyewall were roughly between 100 and 200 km.
After the storm reentered the ocean, the inner eyewall van-
ished and the outer eyewall was organized and contracted
with radii between 50 and 150 km (Figs. 3c, f, and i). Ac-
cording to the microwave image analyses for 23 typhoons,
57% of them experienced reorganization of the outer eye-
wall. The estimated radii of the eyewall as storms cross the
Philippines are shown in the Table 1.

Considering the intensity evolution based on the best-
track data for typhoons passing through the Philippines (Ta-
ble 1), 83% of the typhoons influenced by the topography
weakened during landfall, while four of them (17%) intensi-
fied because their tracks passed through a rather small frac-
tion of the landmass in the southern part of the Philippine
islands. When the typhoons left the islands and reentered
the ocean, 11 of them (48%) re-intensified. Note that these
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re-intensification cases are not exactly the same with reor-
ganization of the outer eyewall depicted in the microwave
images. Regarding both the intensity and eyewall evolu-
tions, 9 typhoons (39%) experienced both re-intensification
and reorganization of the outer eyewall after they reentered
the ocean. These cases are called the obvious reorganization
eyewall cases, while the others are called the non-obvious
reorganization eyewall cases.

Figure 4 shows the duration and environmental condi-
tions of the obvious and non-obvious reorganization eye-
wall typhoons. The duration is defined by the time differ-
ence between the landfall of the storm and its exit from the
island. The duration is random in the two groups (Fig. 4a).
The mean duration of the obvious reorganization eyewall
cases is 17.6 hours, which is slightly longer than the non-
obvious reorganization eyewall cases of 16.0 hours. This is
likely not statistically significant.

Comparisons of the environmental conditions between
the obvious and non-obvious reorganization eyewall cases
(Figs.4b, c, and d) indicate that the former appears to be em-
bedded in an environment with smaller vertical wind shear,
higher low-level relative humidity, and higher sea surface
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temperature than the later. The differences in mean verti-
cal wind shear, low-level relative humidity, and sea surface
temperature between the obvious and non-obvious reorga-
nization eyewall cases are -3.0 m s, 6.8%, 1.2°C, respec-
tively. Note that the above results are based on 23 typhoons
crossing the Philippine islands in the past 11 years, thus
making them statistically less significant. However, these
three environmental factors influencing the reorganization
of the outer eyewall are rather consistent with the necessary
conditions of tropical cyclone genesis proposed by Gray
(1968), i.e., the favorable vertical shear pattern, moist mid-
troposphere, and warm SST.

4. THE EYEWALL EVOLUTION SCENARIOS FOR
TYPHOONS CROSSING TAIWAN

As shown in Fig. 2b, there were 19 typhoons cross-
ing Taiwan from 2000 - 2010. The same microwave im-
age analyses are applied to these typhoons. Figure 5 shows
six particular typhoons (Talim in 2005, Sepat and Krosa
in 2007, Jangmi in 2008, Morakot in 2009, and Fanapi
in 2010) with smaller eyewalls before landfall and larger
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Fig. 4. The duration (a), environmental vertical wind shear (b), low-level relative humidity (c), and sea surface temperature (d) for TY cases which
crossed the Philippines in 2000 - 2010. The vertical wind shear is averaged between a 2 to 8 degree radius from the storm center and averaged within
48h after the storm left the islands. The low level relative humidity is averaged in a 5° x 5° box centered at the storm center and averaged within
48 h after the storm left the islands. The sea surface temperature is also calculated as the mean in a 5° x 5° box centered at the storm center at the

same time before the typhoon made landfall.
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Fig. 5. Same as in Fig. 3, but for six typhoons (Talim in 2005, Sepat and Krosa in 2007, Jangmi in 2008, Morakot in 2009, and Fanapi in 2010) that
crossed Taiwan. Each case contains two individual images, showing the inner-core structure changes when typhoons moved into and away from

Taiwan.

eyewalls after entering the Taiwan Strait. Note that for ty-
phoons crossing Taiwan, reorganization of the outer eye-
wall is rarely observed because the storms generally pass
through the Taiwan Strait and make landfall over Main-
land China within short periods of time (usually less than
36 hours). Information about the duration, intensity, and
estimated radius of the convective eyewall during the pe-
riod of each storm crossing Taiwan are shown in Table 2.
The minimum and maximum duration of typhoons crossing
Taiwan are 1.0 and 46.0 h, respectively, with an average of
12.7 h. In terms of intensity evolution, all typhoons weak-
ened during the landfall, except in 2 cases (Nari and Lekima
in 2001) the typhoon intensified after entering the Taiwan
Strait. With regard to the evolution of the eyewall convec-
tion, with the exception of Kaitak in 2000 and Mindulle in
2004, in about 89% cases, the major convective ring shifted
from the central area to the outer area of the storm.

Figure 6 shows the radar reflectivity evolutions of the
same six typhoons crossing Taiwan. Following the subjec-
tive definition of the outer eyewall by Kossin and Sitkowski
(2009), the major convective ring is identified and plotted in
the figure when there is at least 75% of a complete circular
band with 0.5 degree width. Taking Typhoon Talim in 2005
as an example (Figs. 6a and b), the major convective ring
before landfall and after the storm reentered the ocean was
located at the radii of 0.6 and 1.7 degree latitude from the
storm center, respectively. Based on these radar images, the
convective rings are usually located within a 1.0 degree ra-
dius from the storm center before landfall, and they shift to
the outer area ranging between 1.0 and 2.0 degree radii from
the storm center after reentering the ocean. In the cases of
Talim, Sepat, Krosa, Jangmi, Morakot, and Fanapi, the land-
fall of the typhoons in Taiwan lead to increment of the radi-
us of the major convective ring by 0.9,0.7,1.4,1.2, 1.4, and
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0.2 degrees, respectively. These results are consistent with
the eyewall evolution as depicted by the microwave images
in Fig. 5, while a quantitative analysis is preformed based on
radar images with high temporal and spatial resolution.
Detailed evaluations of the eyewall evolution for ty-
phoons crossing Taiwan are analyzed by the radius-time
Hovmoller diagrams of the azimuthally-averaged radar
reflectivity as shown in Fig. 7. It can be found that most
typhoons (58%) showed a contraction of the inner eyewall
and the presence of concentric eyewall before landfall over
Taiwan (Figs. 7a, b, e, f, h, j, and 1). The inner eyewalls in
most cases are located within a 1.0 degree radius from the
storm center, while the outer eyewalls are located at a radius
about 1.0 - 2.0 degrees from the storm center. Both the inner
and outer eyewalls obviously collapsed, and the convection
areas shifted inward at the beginning of the landfall. Thereaf-
ter, the inner eyewall gradually weakened and the outer eye-

wall reorganized several hours later after the storms made
landfall. The radii of the reorganized outer eyewall range
were between 1.0 - 2.2 degrees, with the smallest and larg-
est being in Pabuk in 2007 and Haitang in 2005 (as shown
in Figs. 7d and a). Note that except for Sinlaku, Jangmi, and
Fanapi, the reorganized eyewall did not contract when the
storms cross the Taiwan Strait.

Overall, results from these Hovméller-diagram analy-
ses are not only consistent with those depicted by the micro-
wave images, but also provide a high temporal and spatial
observational evidence in demonstrating the terrain-induced
eyewall evolution when typhoons cross islands as indicated
earlier in Wu et al. (2003). Furthermore, the contraction of
the eyewall before the storms made landfall at Taiwan was
also consistent with the observational analyses (Willoughby
and Black 1996; Chang et al. 2009) and the numerical simu-
lations (Wu et al. 2009).

Table 2. Same as in Table 1, but for typhoons that crossed Taiwan.

TC NAME DT INTi INTo INTm REi REo REr OEC
KAITAK (2000) 5 65 55 55 2-3 --- - -
BILIS (2000) 5 140 120 120 1-2 4" - -
TORAIJI (2001) 11 95 75 75 1-2 2" - -
NARI (2001) 46 85 30 55 1-2 2" - -
LEKIMA (2001) 28 90 25 35 2 4" - -
MORAKOT (2003) 8 65 60 60 2 2-3" - -
MINDULLE (2004) 11 65 45 45 3-4 2-3 - -
HAITANG (2005) 11 95 75 75 2 2-3 - -
TALIM (2005) 6 110 70 70 2 4 - -
LONGWANG (2005) 5 115 90 90 1-2 2-3 - -
PABUK (2007) 1 70 65 65 1-2 1-2 - -
SEPAT (2007) 6 105 85 85 2 3-4 - -
KROSA (2007) 3 115 90 90 1-2 4 - -
KALMAEGI (2008) 10 90 55 55 1-2 3-4 - -
FUNGWONG (2008) 17 95 70 70 2 3 - -
SINLAKU (2008) 26 100 65 65 2 2-3 - -
JANGMI (2008) 21 115 60 60 2-3 3-4 - -
MORAKOT (2009) 11 80 45 45 2 4 - -
FANAPI (2010) 10 105 65 70 2 3-4 - -

Notes: INTi (INTo) represents the maximum sustained surface wind when the tropical storms moved in (out) of the islands and INTm represents the maximum
sustained surface wind within 48 h after the storm left the islands. REi, REo, and REr mean the size of the major convective ring of the eyewall estimated
by the satellite microwave images, for typhoons before landfall, while leaving the islands, and while reentering the ocean, respectively. Ring 1 indicates the
area within 0.5 degree latitudes in radius from the storm center, and rings 2, 3, 4 represent the distance ranges of 0.5 - 1,1 - 1.5, 1.5 - 2.0 degrees in radius,
respectively. Superscript “*” means that the major convective ring expanded after landfall, and “**” denotes events in which the major convective ring
contracted after reentering the ocean. OEC means the obvious reorganization of the outer eyewall when INTm is larger than INTo and REr is smaller than

REo. Value of “---" indicates that the scenario is not identifiable.
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Fig. 6. The radar reflectivity evolutions of six particular typhoons (Talim in 2005, Sepat and Krosa in 2007, Jangmi in 2008, Morakot in 2009, and
Fanapi in 2010) that crossed Taiwan. Each case contains three individual images, showing the inner-core structure changes when typhoons moved
into and away from Taiwan. Three solid rings with a 0.5 degree radius are shown for identifying the maximum convection regions near the core of
the typhoons. The locations of typhoons are interpolated from 3-h best track of CWB.

Figure 8 shows the radius-time Hovmoller diagrams
of the azimuthally-averaged (relative to the storm center)
rainfall rate observed hourly for typhoons crossing Taiwan
during 2005 - 2010. The azimuthally-averaged rainfall rate
is calculated from the storm center to a 5 degree radius with
a bin size of a 0.1 degree radius. It should be noted that
since the frequency of rainfall data is observed hourly, the
distance between each rain gauge and the location of the
storm center is calculated every hour, while the hourly loca-
tion of the storm center is interpolated from 3-hourly CWB
best track. It can be found that before the landfall and first
several hours during the landfall period, except for Pabuk
in 2007 and Kalmaegi in 2008 (Figs. 8d and g), the areas
with larger rainfall rate were always located within a 0.5

degree radius from the storm center. Then, the rainfall rate
in the storm core gradually vanished and the locations of the
maximum rainfall rate shifted outward to a 1.0 - 2.0 degree
radius from the storm center when the storms left Taiwan.
These results are consistent with the analyses of the radius-
time Hovmoller diagrams of radar reflectivity. Furthermore,
these rainfall analyses indicate that the topography of Tai-
wan not only alters the evolution of the eyewall, but also
modifies the rainfall pattern of landfall typhoons. Note that
Pabuk passed through the southern part of Taiwan in just
one hour. Therefore, the modulation of the eyewall and rain-
fall pattern for Pabuk may not be as significant as the other
cases. The unique rainfall patterns induced by Kalmaegi and
Morakot are related to the confluent region associated with
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Fig. 7. Radius-time Hovmoller diagram of the azimuthally-averaged radar reflectivity (dBZ) for 12 typhoons that crossed Taiwan. The dotted
(dashed) horizontal line indicates the time when typhoons made landfall at (exited from) Taiwan.

the storm circulation and the environmental southwesterly
monsoon flows as proposed in Ge et al. (2010) and Hong et
al. (2010). However, the rainfall pattern expanding outward
from the storm center caused by the terrain effect is consis-
tent with the process revealed in this study.

5. CONCLUDING REMARKS

The statistical characteristics of the terrain-induced
eyewall evolution when a typhoon makes landfall, as in
the discussion about Typhoon Zeb (1998) over Luzon Is-
land by Wu et al. (2003, 2009), are examined based on the
best track data, advanced satellite microwave imagers, high

spatial and temporal ground-observed radar images and rain
gauges in this study. Based on the analyses of JTWC best
track data from 1945 - 2010, it is found that annually at
least 3.0 TCs with sustained surface maximum winds larger
than 64 knots passed through the Philippine islands and 1.3
through Taiwan. During the eleven-year period from 2000
and 2010, the eyewall evolution associated with the 23 and
19 typhoons respectively making landfall in the Philip-
pine islands and Taiwan, were detected by the 85 - 91 GHz
brightness temperature satellite microwave imagers. Based
upon these available microwave images for typhoons cross-
ing the Philippine islands, the results indicate that the ra-
dius of the eyewall increased during landfall in 87% of the
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Fig. 8. Radius-time Hovméller diagram of the azimuthally-averaged (relative to the storm center) observed rainfall rate (mm h™') for 12 typhoons that
crossed Taiwan. The dotted (dashed) horizontal line indicates the time when typhoons made landfall at (exited from) Taiwan. The observed rainfall

rates are calculated from the CWB automatic rain gauge.

landfalling typhoons, while in 57% of the cases the radius
of the eyewall contracted when the typhoon reentered the
ocean. For typhoons crossing Taiwan, both the microwave
images from satellites and the reflectivity images from
ground-based radar observations are applied to analyze the
eyewall evolution. It is found that 89% of cases show an
expansion of the eyewall during the landfall period. How-
ever, reorganization of the outer eyewall is seldom observed
due to the limited time the typhoon spends over the Tai-
wan Strait before making landfall in Mainland China. Fur-
thermore, based on the observed rainfall analyses, an ex-

pansion of the rainfall pattern due to the effect of terrain
is also revealed. These results provide a conceptual model
that may help improve the forecast of severe weather asso-
ciated with such type of landfall storms. It should be noted
that the findings of this study could provide more insights
into the impact of terrain on rainfall caused by landfall TCs.
In a traditional view, a landfall TC provides stronger wind
on the windward side, which then enhances the orographic
lifting, thereafter producing more rainfall (Wu and Kuo
1999). Large-scale environmental conditions are examined
to investigate the differences between contracted and non-
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contracted outer eyewall cases. The results show that small
vertical wind shear, high low-level relative humidity, and
warm sea surface temperatures are important for the reor-
ganization of the outer eyewall after the landfall typhoons
reenter the ocean.

The eyewall evolution examined by the satellite mi-
crowave imagers is consistent with the finding by Brand
and Blelloch (1973), who indicated that the islands of the
Philippines affected the eye diameter of passing typhoons
based on aircraft reconnaissance data. Although this special
eyewall evolution had been identified by Brand and Blel-
loch (1973), we have documented the climatological aspects
of such eyewall evolution and also shown that advanced sat-
ellite microwave imagers can depict the eyewall evolution
for almost all cases selected. Furthermore, this study also
shows that this special eyewall evolution can also be found
in typhoons making landfall in Taiwan from high spatial
and temporal radar images.

Although this terrain-induced eyewall evolution has
been better documented, some issues remain unsolved and
are yet to be addressed in future studies. (1) How is such
an eyewall evolution influenced by the size of the land, the
height of the terrain, and the size and intensity of the land-
falling storm? (2) What determines the timing for the inner
eyewall to break down after the storm makes landfall? (3)
What is the relationship between land with different sur-
face roughness, latent heat flux supply, and topography? (4)
How does the environmental vertical wind shear affect this
eyewall evolution? It is expected that more insight can be
obtained from more well-designed sensitivity numerical ex-
periments with high-resolution cloud-resolving models.
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