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Abstract: This paper developes a method to retrieve the typhoon intensity and location of the typhoon center from QuikSCAT.
The typhoon intensity is derived by searching the maximum of the wind speed where the typhoon is present. The method to de-
rive the location of typhoon center is based on the knowledge of typical wind field structure of mature typhoon, by searching the
center of the helix structure of wind direction, local minimum of the wind speed around the typhoon eye, or the local minimum
of the back scattering coefficient. To improve the accuracy of wind vector retrieval in typhoons, the Holland’s typhoon model is
employed in the process of ambiguity removal to correct the wind direction error caused by the failure of Circular Median Filter
(CMF) around the eye wall, while the Geophysical Model Function (GMF) NN-T-GMF is used as a replacement of the
QSCAT-1 to reduce the bias induced by the inaccurate of the existing business operational GMF at high winds. Based on this
method, the track and changes of typhoon intensity for typhoon loke and Kaemi are extracted from continuous QuikSCAT data.
The results are comparable with the best-track analysis result form National Hurricane Center, indicating that QUikSCAT can be
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a powerful instrument to monitor and track typhoons.
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1 INTRODUCTION

A tropical cyclone is the generic term for a non-frontal syn-
optic scale low-pressure system over tropical or sub-tropical
oceans with organized convection (i.e. thunderstorm activity)
and definite cyclonic surface wind circulation. Tropical cyclone
with maximum sustained surface wind of more than 32.7m/s is
known as typhoon or hurricane. It is one of the world's most
destructive weather systems. In history, there were 8 typhoon
disasters that each killed at least more than 100,000 people.
More than 80 tropic cyclones are produced each year (Elsberry,
1994), so there is a strong need to observe and monitor the
tropic cyclone.

In the past, the observation of typhoon is limited by the lack
of in-situ measurement data. With the development of the satel-
lite remote sensing technology, the satellite remote sensors are
widely used in typhoon tracking. For example, by analysing
features of the cloud map which is seen by satellite visible re-
mote sensor, the location of the typhoon can be determined. But
the visible remote sensor can only work at daytime, and it can
not provide the information of the typhoon intensity. The
spaceborne microwave scatterometer can measure the sea sur-
face wind vector from the sea surface roughness measurement.
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Compared to visible and infrared remote sensor, scatterometer
can work in night. Furthermore, it can extract both the location
of the eye and the typhoon intensity. Considering typhoon is a
mesoscale weather system, QuikSCAT can still be a proper
candidate to typhoon tracking and intensity development moni-
toring, although it is limited by the low resolution.

This paper developes a method to retrieve the typhoon in-
tensity and location of the typhoon center from the QuikSCAT.
The Holland’s typhoon model is employed in the process of
ambiguity removal to correct the wind direction error around
the eye wall, which is probably induced by the present of rain.
Once the wind field of typhoon is retrieved, the typhoon inten-
sity can be derived directly by searching the maximum of the
wind speed where the typhoon is present. The method to derive
the location of typhoon center makes use of the knowledge of
typical structure of wind field for mature typhoon, so that the
location of the typhoon center can be extracted according to
QuikSCAT wind direction, wind speed or the ¢° respectively.
Based on this method, the track and changes of typhoon inten-
sity for typhoon loke and Kaemi are extracted. In addition, a
high wind Geophysical Model Function (GMF) NN-T-GMF is
used as a replacement of the existing GMF QSCAT-1 in the
wind field retrieval process, so that the bias induced by the
inaccurate of the GMF at high winds can be reduced.
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2 QUIKSCAT WIND VECTOR RETRIEVAL ALG-
ORITHM

QuikSCAT, which is one of the most successful space-borne
scatterometers satellite, was launched in 1999, and is still in
operation today. QuikSCAT operates at a frequency of 13.4
GHz. It employs a single 1m parabolic antenna dish with twin
offset feeds for vertical and horizontal polarization. The an-
tenna spins at a rate of 18 rpm, scanning two pencil-beam foot-
print paths at incidence angles of 46° (H-pol) and 54° (\-pol).
At an orbit altitude of 800 km, the diameters of the two scan
circles are approximately 1400 and 1800 km. Using two scan-
ning beams, each point on the Earth within the inner 700 km of
the swath is viewed from four different azimuth directions.
They are viewed twice by the inner beam looking forward then
aft and twice by the outer beam in a similar fashion. The in-
strument will collect data over ocean, land, and ice in a con-
tinuous, 1,800km-wide band centered on the spacecraft’s nadir
subtrack, making approximately 1.1 million ocean surface wind
measurements and covering 90% of Earth’s surface each day
(Bender et al., 1993; Lungu, 2001).

As with all scatterometers, QUiIkSCAT emits radar signals
that are Bragg-scattered from the centimeter-scale ocean waves.
The return signal, which is called the normalized radar cross
section (NRCS), is denoted as ¢°. The centimeter-scale ocean
waves are directly influenced by sea-surface wind, and the rela-
tionship between ¢° and sea-surface wind is expressed by Geo-
physical Model Function (GMF). Using GMF, sea-surface wind
vectors can be retrieved from back-scattering measurement
(Freilich, 2000). Because the exiting GMF such as QSCAT-1
is a nonlinear function, and the existence of various noise
sources in the o measurements will also increase nonlinearity
of the retrieve problem, the inversion of ¢° measurements to
wind vector can not be straightforward. Retrieve algorithm such
as maximum-likehood estimator (MLE) is used to retrieve wind
vector from ¢° (Chi & Li, 1988). Because of the harmonic
dependence of the ¢® on wind direction, retrieval algorithms
often result in multiple wind vectors per retrieval cell, which
will always introduce 180° wind direction ambiguity. Therefore
“ambiguity removal” arithmetic such as Circular Median Filter
(CMF) is applied to select a unique wind vector from “ambigu-
ity” (Schultz, 1990). In the case of typhoons, rain is always
present. The existence of rain will cause a decreasing direc-
tional sensitivity, which will lead to failure of CMF and induce
errors in wind direction retrieval (Halterman & Long, 2006).
As an alternative way to CMF, the Holland’s typhoon model is
employed in the process of ambiguity removal. The ambiguity
with the direction closest to Holland’s typhoon model wind
field is selected as the “true wind”. This procedure is not ex-
pected to be error-free, but should be effective in areas not far
from the eye-wall (Holland, 1980; Yueh et al., 2001; Yueh
et al., 2003). The whole wind vector retrieval algorithm can be
illustrated by Fig.1.
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Fig. 1 Flow chart of QuikSCAT wind vector retrieval algorithm in
typhoons

Considering the case of typhoon loke on August 30, 2006,
which was seen by QUIkSCAT 37474" revolution around 0600
(UTC time). Using the retrieval process shown in Fig. 1, the
wind field is retrieved, and the result is shown in Fig. 2. In Fig. 2
(a), the wind field results just using circular median filter for
ambiguity clear is illustrated, the black contour is used to indi-
cate the area where the CMF is failed to select the “true wind”
from ambiguities. To our knowledge of typhoons, the wind
direction of mature typhoons has a helical structure. So in the
area of black contour, the error of wind direction occurs. This
error of wind direction is also confirmed by a comparison to
NCEP wind direction. As an alternative way to CMF, the am-
biguity with the direction closest to Holland’s typhoon model
wind field is selected as the output, the result is show in Fig.
2(b). The wind direction in Fig. 2(b) shows a helical structure,
which is consistent with the wind direction reported by NCEP,
indicating that the wind direction errors in black contour have
been well corrected.

3 DETERMINATION OF TYPHOON INTENSITY
AND THE LOCATION OF THE TYPHOON CE-
NTER

QuikSCAT can measure the back-scattering coefficient of
the sea surface, from which the sea surface wind field can be
retrieved. Besides, typhoon is a mesoscale weather systems, the
resolution of the wind vector cell of QuikSCAT is about
25kmx25km. So if a typhoon is happened to be seen by Quik-
SCAT, the detail features of typhoon such as the typhoon center
and typhoon intensity can be obtained. In this section, the
method to retrieve the typhoon intensity and the location of
typhoon center from a single pass of QuikSCAT which hap-
pened to “see” the typhoon is described.
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Fig. 2 Wind field results using CMF (a) and Holland’s typhoon model (b) for ambiguity clear
loke 2006-Aug-30 06:50 UTC QSCAT rev 37474

3.1 Determination of typhoon intensity

The typhoon intensity is revealed by the maximum sustained
wind speed. In our study, the maximum of the QuikSCAT wind
speed in typhoon is chosen to represent the typhoon intensity.
From the retrieval algorithm described in section 2, the typhoon
wind field can be retrieved first, then the area of typhoon can be
determined, and then the maximum wind speed in this area is
chosen to be the typhoon intensity.

3.2 Locating the eye of typhoon

According to the knowledge of typical wind field structure
of a mature typhoon, three methods to determine the location of
typhoon center from QuikSCAT are developed. (1) Determining
the location of typhoon center according to wind direction.
Since the wind direction of typhoon has a helical structure, the
center of the vortex-like distribution wind direction should
correspond to the location of typhoon center (Elsberry, 1994).
(2) Determining the location of typhoon center according to
wind speed. Since the wind speed at the eye of typhoon is much
lower than the wind speed at the eye-wall which is around the
eye, the location of the eye can be derived by searching the
location where the wind speed is the minimum of the wind field

in typhoon area. (3) Determining the location of typhoon center
according to o”. According to the GMF, the stronger wind
speed corresponding greater ¢® when the azimuth angle is con-
stant. Since the difference of the wind direction between nearby
wind vector cell is small, similar to (2), the local minimum of
the & in typhoon area should correspond to the typhoon center.
By searching the location of the local minimum of &°, the loca-
tion of typhoon center can be derived.
As an example, the pass 37532 of QuikSCAT on September
3" 2006 which happened to “see” typhoon loke is used to get
the location of the typhoon center. In Fig. 3(a), the location of
typhoon center is determined according to wind direction. In
this figure, the wind direction chart shows a clear vortex feature,
the vortex center corresponding to the typhoon center can be
easily found with naked eye, and the location is marked by a
thick arrow. Fig. 3(b) corresponds to the QuikSCAT wind speed,
the local minimum of the wind speed in high wind area can be
easily found, which is also marked by a thick arrow. This local
minimum should correspond to the typhoon center. In Fig. 3(c),
the o° derived by QuUikSCAT inner beam at aft looking condi-
tion is illustrated. A local minimum of &° can also be easily
found in this figure, which is corresponded to typhoon center.
In general circumstances, the location of typhoon center deter-
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Fig. 3 Determination of typhoon center loke 2006-Sep-3 08:25 UTC QSCAT rev 37532 according to wind direction (a), wind speed (b) and ¢° (c)
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mined according to QuUikSCAT wind direction, wind speed and
& should be coincidence. However, due to the influence of
rainfall and other factors, the location of typhoon center deter-
mined by those three methods may be not coincident. Besides,
the wind speed field may appear more than one local minimum.
In this case, the local minimum closest to the location of the
eye which is determined according to wind direction is chosen
as the “true” location of typhoon center. If no local minimum of
wind speed can be found, then the “true” location of the eye is
chosen to be the one which is determined according to wind
direction. Since the location of the eye determined according to
wind speed and the &® are always coincident, in the following
studies, only the wind direction and wind speed are used to
determine the location of typhoon center.

4 APPLICATION IN TYPHOON TRACKING AND
TYPHOON INTENSITY MONITORING

From the method described in section 3, if a typhoon is
happened to be seen by QuikSCAT, the typhoon intensity and
location of the typhoon center at the time the typhoon was seen
by QuikSCAT can be derived. In addition, QuikSCAT has

N

global coverage. It can cover about 90% area of the ocean in all
over the world everyday. In most areas, QuikSCAT can pass
there one or two times each day, so that continuous daily sam-
pling data for typhoons can be provided by QuUikSCAT. With
these continuous daily sampling data, the track of typhoons and
changes of typhoon intensity can be extracted.

From August 19" to September 6™ 2006, QuUikSCAT has
passed typhoon loke for 36 times. In these passes, eye of ty-
phoon has been viewed by QuikSCAT for 24 times, and the
whole structure of the typhoon for 17 times. Using the method
described in section 3, the typhoon intensity and location of the
typhoon center for each pass can be derived. To get the track of
typhoons and changes of typhoon intensity, the typhoon inten-
sity and location of the typhoon center is arranged in time se-
quence, and then an interpolation process is applied. The results
are shown in Fig. 4 and Fig. 5. Fig. 4 illustrates the QUikSCAT
wind fields of typhoon loke for each pass, and the location of
the typhoon center is marked by “x”. Fig. 5(a) illustrates Quik-
SCAT typhoon track for Typhoon loke, and the NHC typhoon
track is also illustrated in this figure for purpose of comparison.
Fig. 5(b) shows the Comparison of QuikSCAT and NHC typhoon
intensity change for Typhoon loke. With the same method,
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Fig. 4 QuikSCAT wind fields of Typhoon loke, the location of typhoon center is marked by “x”
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Fig. 5 Comparison of QuikSCAT and NHC typhoon track (a)
typhoon intensity change (b) for Typhoon loke

the track of typhoons and changes of typhoon intensity for ty-
phoon Kaemi (2007) can be derived, the wind fields for each
pass is shown in Fig.6, and the comparison of QuikSCAT and
NHC typhoon track and typhoon intensity change is shown in
Fig.7. In these figures, the results of typhoon track derived from
QuikSCAT are basically consistent with the best track analysis
result distributed by United States National Hurricane Center
(NHC). It should be noted that in case of typhoon Kaemi, there
is no data near the shore. This is because that the backscattering
measurement of QUikSCAT is contaminated by the strong echo

of land in the area near shore, no useful information can be
extracted in these area. Besides, the results of the typhoon in-
tensity change derived from QuikSCAT show a large deviation
to the results of NHC. Comparing to NHC, the results from
QuikSCAT always under-estimate the typhoon intensity. This is
because the GMF QSCAT-1 used in the retrieval process is
developed using a semi-empirical approaches, which empiri-
cally correlate ¢° to wind vectors from in-situ measurements or
Numerical Weather Prediction. This approach is effective for
light and moderate winds, but less accurate for high winds due
to the lack of in-situ data and problematic accuracy of numeri-
cal wind analysis for high winds. Under high winds, ¢° is al-
ways overestimated by the GMF, which can lead to underesti-
mation of wind speed. Thus, the performance of QSCAT-1 is
uncertain for wind speed greater than 20m/s (Yueh et al.,
2001; Yueh et al., 2003). Besides, QuUikSCAT works at Ku
band, the signal of electro-magnetic wave in this band is very
sensitive to rain. The influences on the backscattered signal due
to rain are attenuation, rain volume backscatter, and changes in
sea surface roughness, all of which can introduce errors into the
process of estimating surface winds. Rain modifies the signal
received by the radar, resulting in the wind vector estimates
having greater error than rain-free cases. Furthermore, the re-
duction of maximum wind speed due to the spatial averaging
could also induce errors(Yueh et al., 2001; Yueh et al., 2003;
Zeng & Brown, 1998; Lecomte & Saavedra de Miguel, 1998).

Although sizable bias exists in the result of typhoon intensity,
the trend of QUIKSCAT typhoon intensity development is simi-
lar to the result reported by NHC. Considering the uncertainties
of the different factors in the wind vector retrieval in typhoons,
the results of typhoon tracking and typhoon intensity derived
here are acceptable.
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Fig. 6 QuikSCAT wind fields of Typhoon Kaemi, the location of typhoon center is marked by “x”



ZOU Ju-hong et al.: Applications of QuikSCAT in typhoon observation and tracking 845

30°N 7
25°N 1
3
£ 20°N A
=
i
15°N
10°N A
110°E 115°E 120°E 125°E 130°E 135°E 140°E 145°E 150°E
+ best-track analysis (NHC) * QuikSCAT
Longitude
Z 50
E (b)
£ + +++++‘++4+ .
3 30 RSN = .
5204 & Lt
. s
§ 10 + T T T
17 Jul 19 Jul 21 Jul 23 Jul 25 Jul
2006 2006 2006 2006 2006
+ best-track analysis (NHC) & QSCAT-1

Date

Fig. 7 Comparison of QuikSCAT and NHC typhoon track and (a)
typhoon intensity change (b) for Typhoon Kaemi

5 CORRECTION TO THE RESULT OF TYPHOON
INTENSITY CHANGE

Since the GMF QSCAT-1 appears to overestimate the ¢° at high
wind, in this section, the NN-T-GMF, which is a revised
high-wind GMF based on QSCAT-1, is used in QuikSCAT wind
vector retrieval in typhoons. The collocated SSM/I wind speed
(>16m/s), the QuikSCAT wind direction and the QUikSCAT "
are used as the training data-set, and the neural network (NN)
approach is used as a multiple nonlinear regression technique in
the NN-T-GMF to correct the QSCAT-1 at high winds. The
resulted high-wind GMF NN-T-GMF is a hybrid GMF, which
has three parts. For the wind speed exceeding 20m/s, the re-
vised form of GMF from NN training is used; while QSCAT-1
is used for wind speed less than 16m/s. At the speed range from
16m/s to 20m/s, the ¢°is chosen to be the interpolation of the
revised form and QSCAT-1 to insure the continuation of the ¢°
predicted by the NN-T-GMF. Fig.8 shows a comparison of ¢°
response to wind speed for QSCAT-1 and NN-T-GMF. The ¢ is
given at up-wind direction for outer beam of QuikSCAT. The
relationship between ¢° and wind direction for the outer beam is
presented in Fig. 9. In these two figures, the ¢° estimated by
NN-T-GMF is much less than the ¢” estimated by QSCAT-1
when the wind speed is greater than 20m/s, which shows a cor-
rection to the overestimation of the ¢° by QSCAT-1.

With the application of NN-T-GMF, the result of typhoon
intensity change of typhoon loke is corrected, and the result is
shown in Fig. 10. Comparing to the result of the intensity de-
velopment of typhoon loke using QSCAT-1, the corrected result
using NN-T-GMF shows an improved agreement with the re-

sults from best-track analysis. To further improve the accuracy
of typhoon intensity, other factors such as the rain influence and
the reduction of maximum wind speed due to the spatial aver-
aging should be taken into consideration in the wind vector
retrieval process.
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6 CONCLUSION

This paper developes a method to retrieve the typhoon in-
tensity and location of the typhoon center from the QuikSCAT.
In the wind vector retrieval process, the Holland’s typhoon
model is employed in the process of ambiguity removal to cor-
rect the wind direction error caused by the failure of CMF
around the eye wall, which is probably induced by the present
of rain. Also, a high wind GMF NN-T-GMF is used as a re-
placement of the existing GMF QSCAT-1 in the wind field
retrieval process, so that the bias induced by the inaccurate of
the GMF at high winds can be reduced. Once the wind field of
typhoon is retrieved, the typhoon intensity can be derived by
searching the maximum of the wind speed where the typhoon is
present. The method to derive the location of typhoon center
makes use of the knowledge of typical structure of wind field
for mature typhoon, so that the location of the typhoon center
can be extracted according to QuikSCAT wind direction, wind
speed or the ¢° respectively. Based on this method, the track
and changes of typhoon intensity for typhoon loke and Kaemi
are extracted. Comparing to the best-track analysis result form
National Hurricane Center, the accuracy of the results of the
typhoon tracking and typhoon intensity change from Quik-
SCAT are acceptable, indicating that QuikSCAT can provide an
effective way to observe and track typhoons.
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