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Abstract

A Tropical Cyclone (TC) Eye Tracking (TCET) algerithm is presented in this study to objectively identify and track the eye
and center of a tropical cyclone using radar reflectivity data. Twelve typhoon cases were studied for evaiuating the TCET algorithm.
Results show that the TCET can track TC centers for several hours. The longest tracking time is about 35 hours. Eye locations

estimated from ditferent radars shewed consistency with a mean distance bias of about 3.5 km and a standard deviation of about 1.5
km. The TCET analysis shows decreasing eye radius as TCs approach land, especially within 50 km of the coastline.

The TCET algorithm is cemputationally efficient and can be automated by using the TC center in the previous volume or the

estimaled center from satellite iznages as an initial guess. The TCET may not accurately find the TC center when a TC is weak or

does not have an enclosed eyewall or have highly non-circular eyes. However, it is stilt suitable for cperational implementation and

provides high spatial and temporal resolution information for TC centers and ¢ye radii, especially for intense TCs.

1. Introduction

The eye and ecyewall are signature characteristics of a
mature Tropical Cyclone (TC), and knowing their locations is
crucial for operational weather forecasts near and during TC
landfalls. Several methods have been developed to identify
typhoon centers using Doppler radar velocity and reflectivity
fictds (e.g. Lec and Marks 2000; Griffin et al. 1992). The eye
region is often characterized with weak or no cchoes and
surrounded by a more or less complete wall of deep convection
where the extreme tangential and ascending wind velocities are
located (Willoughby 1998; Blackwell 2000). According to the
thermodynamic characteristics in the eye of & mature TC
{Willoughby 199R), the eye can be regarded as a closed area with
weak or no radar reflectivity. In past studies, Parrish et al. (1984),
and Muramatsu (1986) manually tracked reflectivity echoes and
reported rapid cyelonic mevement around the eye. And TC
centers are often subjectively identified as the centroid of an
oval-shaped weak echo or echo-free area (Griffin et al. 1992).

Based on Doppler velocity data, Wood and Brown (1992)
develeped a peometric method for determining the circulation
centers of Rankine-like vortices. The method provided a direct
estimation of the circulation strength, radivs of maximum wind
(RMW), and the center location of a TC from Doppler radar data,
and could be applied in an operational environment. However, it
was highly affected by the asymmetry of circufations and strong
mcan flows across the vortex. Marks et al. (1992} used the
“simplex” algorithm to find the center that maximizes tangential
circulations encompassing the observed RMW at different
altitudes, They found that the center was 3-6 km to the right of
that determined objectively from the flight-level inertial
navigation system ([NS) winds, Further, Lee and Marks (2000)
used the “simplex™ concept and proposed an algorithm based on
ground-based velocity-track-display (GBVTD) {Lee et al, 1999)
wind retrieval technique to estimate vorticity centers by
maximizing GBVTD's retricved mean tangential wind. The
GRVTDR- simplex can be autemated such that the initial guess is
assigned as the vorticity c¢enter in the previous volume or
estimated from the methed outlined in Wood ang Brown (1992},

The Tropical Cyclone Eye Tracking (TCET) algorithm
proposed in this study can potentially improve the objective

131

identification of TC eye and center locations by using an
iterative procedure with multiple parameters that define physical
structure of TC eyes. The TCET algorithm is presented in scction
2, Section 3 shows the TCET results and comparisons among
different radars. A summary will be given in section 4.

2. Data and methodology

The strong winds and heavy rainfall associated with a TC
lead to significant losses of property and human lives cach year
in Taiwan, even if the storm does not make landfall (Wu et al
2002}. For improving the mesoscale observations of typhoons,
the Central Weather Bureau (CWB) of Taiwan implemented a
Deppler radar network around Taiwan isiand between 1996 and
2001. These radars provide frequent information such as TC
positions, tracks, and intensity changes as typhoons approach
Taiwan. They also provide details of mesoscale circulations and
precipitation structure in the inner care and rainbands of
typhoons as they impact Taiwan.

Different from Griffin et al. 1992, a TC ceater in the TCET
algorithm is defined as the geometric center of the radar eye
region rather than the inner edge of the eyewall. Furthermore, a
circular shape is assumed in TCET for the eye of a tropical
cyclone based on common observations {Chang et al. 2008).

'} Find an initial guess of the typhoon center (X", 1) in a
Cartesian coordinate with the origin at the radar site, the eye
radius (#;) and weak echo threshold (Z,). Here, XY, ¥*, 2, and
Ry can be determined subjectively with satellite or radar
images or by taking the values found in the previous volume.
In any given {m™) iteration, the estimated TC center at the
towest PP is defined as

X”':%deA : Y"’:%j}’dA (0

2}

where (A7, ¥™) is the calculated center; the superscript m
fndicates the iteration number; (X, ¥) represents any point
that has a reflectivity smaller than a prescribed reflectivity
threshold (Za) and satisfies
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A is the tolal area encompassing all the data points that
meets the above two criteria. The radius R is set to Ry - AR in
the first iteration, and it increases by 1 km for cach new
iteration until it reaches Ry + AR or the convergence criteria
(defined below in steps 3 and 4) is mer.

Check it the distance between (X™ ¥y and (X", ) is
larger than a pre-specified convergence criterion (a). If yes,
The itcrative
procedure will stop when the convergence condition is met or
the iteration number is greater than a thresheld (f), or when
the radius of computational area, &, reaches its upper limit of
Ry + AR.

To assure that the derived eye radius encompasses the entire
cye region, an additional criterion called “enclosed rate of
eye” (ERE} is examined. The ERE is defined as the portion of
reflectivity pixels on the boundary of the computed eye that
is higher than the pre-specified reflectivity threshold (Z0). If
all the pixels on the boundary have weak or no echoes, then it
is possible that the computed eye is smaller than the actual
cyc and the associated ERE is 0. When the ERE is equal to
1.0, it is considered that the computed eye radius has reached
the outer edge of the actual eye,

Figure 1 illustrates the iterative process of the TCET
algorithm. Firstly, an initial guess of the center was made al
peoiat A with a radius Ry Point A is replaced by point B
through the procedures {steps 1 to 3) described above.
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then the computation goes back to step 2.

4)

5)

3. Resuilts and discussions
a. Track

The TCET algerithm was evaluated with 12 typhoon cases
(Table 1). These cases included the elliptical eyewall of Typhoon
Herb (1996), the concentric eyewall of Dujuan {2003), and
Typhoon Nari (2001). The tracking times and distances arc alse
sumnmarized in Table I. Typhoon Nari (2061) had the longest
tracking time of 35 hours. Generally, most typhoons can be
tracked for several hours. These well-organized typhoons moved
mostly along a westward or south-westward track. Some of them
madce landfall in Taiwan while others just passed over the sea
adjacent to Taiwan {Fig. 2).

Figure 3 shows four cxamples of typhoons having
well-organized eyewall structure as they approached Taiwan. The
eye regions were a mixture of ccho free and weak reflectivity
regions. The Herd eyewall (Fig. 3a) shows an elliptical shape
with deep convection near the tip of the major axis, Typhoon
Nari (Fig. 3b) exhibited relatively circular-symmetric eyewail
structure with some weak echo existing in the eye region. In
contrast, both Typhoons Wipha (2007) and Krosa (2007)
displayed asymmetric cyewall structures (Figs. 3c and 3d). The
eye radius (circles at the domain center, Fig. 3} was about 35 km
for Typhoon Herb and about 30 km for Typhoons Nari and Krosa.
The smallest eye radius was about 15 km for Typhoon Wipha
(Fig. 3c).

b, Track and eye radius comparisans between multiple radars
Since the mean distance between the radars is about
15G-200 km in Taiwan’s CWRB radar network, some TCs [e.g.,
Typhoon Souderlor {2G03) and Shanshan {2006)] were captured
by two or even three radars at the sume time for several hours.
Therefore, comparisons can be made between the TC eye
locations and tracks derived from diffcrent radars. Figure 4
illustrates the differcnces between TC center lecations derived
from RCHL and trom two other radars {RCWF and RCKT). The
mean diffcrence was about 3.7 km with a standard deviation ncar
1.5 km. There was a noticeable northern bias, with respect to
RCHL, of TC centers derived from RCKT and a southern hins for
those from RCWF, As shown in Fig. 2, most of the TC centers
were located to the east-northeast of RCHL. If the attennation of
radio wave and cutward tilting of the vertical eyewall are
considerable, then the TC center locations computed from RCHL
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would show an eastward bias due to the higher radar beam
altitude at the castern eyewall. Similarly, TC centers derived
from RCKT and RCWF should get a northern and a southeastern
bias, respectively, The net effect would be a southern
(northwestern) bias for TC centers derived from RCWF (RCKT)
with respect to those from RCHL.

A comparison between the eye radii derived from RCHI and
those from RCWF and RCKT is shown in Fig. 5. Despite of the
observations at different ranges from the radar, the derived eye
radii showed a high correlation of 0.92. The slope of the Hnear
regression line is .99 between the eye radii computed from
RCHL and from the two other radars, There was one pair with a
difference larger than 10 km in Fig. 5 possibly resulting from
observations at significantly different ranges from the radars.
Overall, the cye radli derived using TCET from different radars
are comsistent. This allowed some further investigation of eye
radii changes during typhoon lundfalls.

o. Changing of eye radius

Figure 6 shows the change of TC eye radius right before TC
landfalls as a function of the distance of TC centers to the land
{cither coastlines of Taiwan or Mainland China). The smallest
eye tadius was about 4-9 km for Typhoon Dujuan (2003) and the
largest was about 67 km for Typheon Aere (2003). The mean eye
radius for {2 typhoons {3257 TC locations} was 25.7 km with a
standard deviation of about 11.4 km. The broad distribution of
eye radii shown in Fig. 6. The shrinking of eye radii for TCs
appreaching the land is apparent in Fig. 6, especially for those
TCs located within 200 km from the land. However, Typhoon
Dujuan was an exception; the small iancr eyewall radivs
remained constant while it passed across the southern tip of
Taiwan with a trocheid-like track (Hong and Chang 2005). The
similar trend for the change of TC eye radius as & function of
distance to the radar is shown in Fig. 7. Owing lo the eyewail’s
outward slope with height, TCs at a greater distance from the
radar will likely display larger cye radii than storms closer to the
radar. It indicates that the decreasing cye radius as a TC nears
landfall may be partially due to decreasing radar-to-eye distance
as the storm approaches land. Thus, the contraction of eye radius
with decreasing range from land occurs from two possible effects.
One is that the TC eyewalls tilt outward with height (Marks et al.
1992). Another is the real contraction of TC eyewalls in nature.
The natural contraction ¢ffect was shown in Typhoens Saomai
(2006) and Wipha (2007), both of which passed over the northern
sea area of Taiwan and made landfall at south coast of Mainrland
China (Fig. 2). At the distances between 250-350 km (close to
the Typhcons landfall at the coastlines of Maintand China} from
RCWF radar, the eye radius did not increase with increasing
range, but instead remained unchanged or even decreased (Fig.
7).

The contraction of the eyewall (eye) is often observed in
nature, especiaily for the hurricanes with concentric eyewalis
(Willoughby and Black 1996). The current study found that the
contraction occurs when TCs approach land, which is similar o
the eyewall contraction of Hurricane Andrew (1992} prior to its
Iandfall at Miami (e.g. Willoughby and Black 1996),

4. Summary

The TCET algorithm is presented to objectively identify the
TC eye from radar reflectivity observations. The TCET algorithm
is also designed to automatically track the TC center and to
compute the cyewall radivs when the eyewall is well-organized.
Twelve major Lyphoon cases were analyzed using the TCET
algorithm. Sensitivity tests show that the reflectivity threshold
and enclosed rate of eye (ERE) are two key parameters for the
TCET algorithm. When the ERE is set high, the TCET could fail
to identify a center for TCs that have unclosed eyewalls. A high
reflectivity threshold could result in an unclosed cyewall, while a
too low threshold could result in a small eye region and large



uncertainties in the computed center location, The results from
TCET algorithm showed that the Tongest tracking time was about
35 hours. Further analyses bascd on the TCET output showed a
decrease in the cye size as TCs approach land, cspecially when
the TC center was within 50 km of fand.

Generally, the TCET can be applied to determine TC centers
for a wide variety of eye and eyewall shapes in radar reflectivity
fields (Lewis and Hawkins 1982: Muramatsu 1986; Kuo et al.
1999}, But it could fail when the convection band in the eyewall
region is too narrow and the ellipticity of the eye region is too
high, Therefore, the assumption of a circular cye needs to be
modified and expanded to enhance the applications of TCET in
future work. The TCET may not accurately find the TC center
when a TC is weak or does net have an enclosed eyewall, And
the TCET procedure may not work effectively when the storm is
undergoing an eyewall replacement cycle or when the outer
eyewall is stronger than the inner eyewall, thereby preducing
gaps in the track. Nevertheless, since the most damaging TCs are
usually  intcnse  (Pielke Landsea 1998) and have
well-organized eyewall structure, the TCET can be a useful
operational toel under these circumstances. Follow-up rescarch
will Tocus on techniques that integrale contractions, Intensities
and intensity changes for landfalling TCs, information about
center iocations, tracks, cyewall Doppler velocity and
reflectivity to provide more accurate

and
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TABLE 1. Typhoon cuses sclected for TCET analysis. The dash symbels in tracking duration indicate no datz available
from the listed radar.

Tracking Duration (hrs)

R
Typhoon Names Date . adars Landfali ?
Tracked RCWF RCHL RCKT
1 Herb (1996) Tuly 30-31 1 15.6 - - Yes
2 Nari (2001) September 15-16 1 357 - - Yes
3 Soudelor (2001} June 17-18 3 13.0 2.8 14.0 No
4 Dujuan {2003) September 01 1 - - 13.3 No
5 Acere (2004) August 24-25 1 25.7 - - No
6 Haitang (2005) Tuly 17 2 14.2 15.2 - Yes
7 Longwang (2005) October 1 3 12.9 16.4 8.7 Yes
8 Saomai (2006) August 09-10 2 24.1 7.0 - No
9 Khanun {(2606) September 10-11 2 214 15.7 - No
10 Shanshan {2006) September 14-16 3 23.0 24.8 255 No
11 Wipha (2007) September 17-18 2 30.3 19.3 - No
12 Krosa (2007) Gctober 05-07 3 14.5 V7.7 9.2 Yes
28N o &,
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G e e B H Nait (231} snudator (2003)
Sacmai (2008)
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F1G. 1. The schematic diagram of the TCET convergence
path. The calculations start with initial center location A and
radius Ry, Points B and C indicate the new centers computed
from iterations. Grey arcas depict where the reflectivity is
above the threshoid 2.

FIG. 2. Typhoon tracks determined by the TCET algorithm, The
grey lines indicate tracks from the TCET algorithm and heavy solid
tlincs represent the tracks determined from two or three radars at the
same time. The radar sites are labeled with “+” symbols. Range
rings of 230 km centered at each radar site are also indicated.
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FIG. 3. RCWF base reflectivities at 0.5° ¢levation from (a) Typhoon Herb at 1333 UTC on 31 July 1996, (b) Typhoon Nari at 0257
UTC on 16 September 2001, (¢) Typhoon Wipha at G500 UTC on L& September 2007 and (d) Typhoon Krosa 255 UTC on 6
October 2007, The Typhoen tracks {blue lines) are overlaid with the radar reflectivity for cach 240 km x 240 km demain. The blue

solid circles indicate inner eye boundaries detcrmined by the TCET algeorithm, The RCWF radar site is indicated by the black
Arrow.
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FIG. 4, Differences (km) between the TC center locations FIG 5. Scatterplot of eye radii (km) computed from RCHL and
derived from RCHL and from 1) RCWF (filled circle) and 2)  from RCWF and RCKT. The correlation coefficient is 0.92 and
RCK'T (open circle) radars. The location differences are  the equation of linear regression is indicated.

displayed with the RCHL radar (“X” point) as the reference

point.
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FI1G. 6. Eye radii of TCs as a function of the distance of TC  FIG. 7. Eye radii of TCs as a function of the distance of TC
centers to land for selected Typhoons. centers to radars for selected Typhoons.
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