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Abstract Accurate estimations of typhoon-level winds
are highly desired over the western Pacific Ocean. A wind
speed retrieval algorithm is used to retrieve the wind
speeds within Super Typhoon Nepartak (2016) using 6.9-
and 10.7-GHz brightness temperatures from the Japanese
Advanced Microwave Scanning Radiometer 2 (AMSR2)
sensor on board the Global Change Observation Mission-
Water 1 (GCOM-W1) satellite. The results show that the
retrieved wind speeds clearly represent the intensification
process of Super Typhoon Nepartak. A good agreement is
found between the retrieved wind speeds and the Soil
Moisture Active Passive wind speed product. The mean
bias is 0.51 m/s, and the root-mean-square difference is
1.93 m/s between them. The retrieved maximum wind
speeds are 59.6 m/s at 04:45 UTC on July 6 and 71.3 m/s at
16:58 UTC on July 6. The two results demonstrate good
agreement with the results reported by the China
Meteorological Administration and the Joint Typhoon
Warning Center. In addition, Feng-Yun 2G (FY-2G)
satellite infrared images, Feng-Yun 3C (FY-3C) micro-
wave atmospheric sounder data, and AMSR2 brightness
temperature images are also used to describe the develop-
ment and structure of Super Typhoon Nepartak.
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1 Introduction

The northwestern Pacific Ocean is one of the most active
ocean basins, as tropical cyclones strike the most

Received September 29, 2017; accepted December 18, 2017

E-mail: yinxiaobin@piesat.cn

frequently therein. A typhoon, as a type of severe tropical
cyclone, can produce fierce winds and heavy rains as well
as high waves and damaging storm surges that can produce
dramatic impacts on the safety of both life and property.
Using a combination of forecast models, satellite imagery,
and data analysis, tropical cyclone tracking and forecasting
have achieved remarkable advancements over the last
decades (Roy and Kovordanyi, 2012). However, the
accuracies of tropical cyclone intensity forecasts have
seen much less progress over the same period.

Passive microwave radiometers have been used to
retrieve ocean parameters (e.g., the wind speed, sea surface
temperature, and sea surface salinity) for a long time
(Goodberlet et al., 1990; Krasnopolsky et al., 1995; Wentz,
1997; Yueh et al., 2006; Zhang et al., 2016a). Previous
research has demonstrated that microwave radiometers can
be used to retrieve wind speeds with an accuracy of
approximately 1 m/s when the weather conditions are clear.
Retrieval algorithms can be divided into two categories:
statistical algorithms and physical-based algorithms.
Statistical algorithms always employ regression or neural
networks (NN) techniques to retrieve wind speeds with
matching brightness temperatures (Goodberlet et al., 1990;
Krasnopolsky et al., 1995; Wentz and Meissner, 2000).
Physical-based algorithms use a radiative transfer model
that relates brightness temperatures to retrieved geophysi-
cal parameters, such as the wind speed and sea surface
temperature (Wentz, 1997). However, the performances of
these algorithms break down completely when rain is
present (Meissner and Wentz, 2009). Rain increases the
atmospheric attenuation, especially at higher frequencies
(e.g., 37 GHz). In fact, the brightness temperatures at
higher frequencies are nearly saturated near the eyes of
hurricanes (Yueh, 2008). In addition, it is very difficult to
accurately model brightness temperatures under rainy
conditions because of the high variability within rainy
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atmospheres and the complicated dielectric properties of
the ocean surface (Meissner and Wentz, 2009; Zabolots-
kikh et al., 2015).

One of the most important applications of radiometers is
the study of severe ocean weather systems (Quilfen et al.,
2007). Previous investigations noted that brightness
temperatures from low-frequency channels (such as the
L-band and C-band) can be used to retrieve wind speeds
under extreme conditions such as tropical cyclones
(Shibata, 2006; Uhlhorn et al., 2007; Yan and Weng,
2008; Meissner and Wentz, 2009; Reul et al., 2012). The
Stepped Frequency Microwave Radiometer (SFMR),
which is a typical airborne sensor onboard National
Oceanic Atmospheric Administration (NOAA) aircraft,
has been successfully used to estimate wind speed in
hurricanes (Uhlhorn and Black, 2003). However, recon-
naissance aircraft missions are mainly focused on the
North Atlantic Ocean and the eastern Pacific Ocean. Little
has been reported about the retrieval of tropical cyclone
intensities over the northwestern Pacific Ocean.

The AMSR?2 instrument is a conically scanning passive
microwave radiometer on board the JAXA GCOM-W1
spacecraft, which was launched on May 18,2012. AMSR2
provides TB observations at frequencies ranging from 6.9
to 89 GHz and is equipped entirely with dual-polarization
channels. AMSR2 low-frequency brightness temperatures
have been used to study wind speed retrievals in
extratropical cyclones (Zabolotskikh et al., 2014). Super
Typhoon Nepartak (2016), a Category-5 hurricane, struck
the northwestern Pacific Ocean and had disastrous effects
in Taiwan and Fujian. The AMSR2 sensor successfully
captured four images when the development of Super
Typhoon Nepartak was vigorous during July 5—7. In this
paper, a new algorithm was established and used to retrieve
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wind speeds inside Super Typhoon Nepartak over the
northwestern Pacific Ocean.

This paper is organized as follows. Section 2 describes
the development and structure of Super Typhoon Nepartak.
The retrieval algorithm is presented in Section 3. Section 4
tests the performance of the retrieval algorithm for Super
Typhoon Nepartak and compares the retrieval results with
the Soil Moisture Active Passive (SMAP) wind speed
product. The conclusions are presented in Section 5.

2 Description of Super Typhoon Nepartak

The genesis of Super Typhoon Nepartak can be traced back
to a low-pressure area that emerged from the south of
Guam on June 30, 2016. After a period of slow
development, it was estimated that a tropical depression
formed on July 2. Shortly afterwards, the Joint Typhoon
Warning Center (JTWC) issued a tropical cyclone forma-
tion alert. By 3 July, the Japan Meteorological Agency
(JMA) upgraded the system to a tropical storm and named
it Nepartak. The path of Nepartak is shown in Fig. 1, and
the time series of the maximum wind speed and the
minimum central pressure are also displayed in Fig. 1.
Nepartak followed along a west-northwestward heading
during its lifetime. On July 3, its forward speed was
approximately 15—20 km/h. By July 4, it had started to
accelerate up to 30 km/h under the influence of a
subtropical ridge. At approximately 12:00 UTC on July
4, the JMA upgraded it to a severe tropical storm. Both the
CMA and the JMA upgraded Nepartak to a typhoon on
July 5; its annular characteristics can be found in Feng-
Yun-2G (FY-2G) satellite infrared images displayed in
Fig. 2(a). On the evening of July 5, due to a low vertical
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Fig. 1 The best track positions, minimum central pressure, and maximum wind speed for Super Typhoon Nepartak during July 3-10,
2016, based on analyses from the China Meteorological Administration (CMA) typhoon website.
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Fig. 2 FY-2G satellite infrared images over Super Typhoon Nepartak (a) at 05:00 UTC on July 5, 2016; (b) at 05:00 UTC on July 6,
2016; (c) at 05:00 UTC on July 7, 2016; and (d) at 05:00 UTC on July 8, 2016.

wind shear and warm sea surface temperature (above
30°C), a needle-like eye was formed which is obvious in
Figs. 2(b) and 2(c). The JTWC upgraded it to a Category 4-
equivalent super typhoon on July 5. The central pressure
decreased by approximately 47 hPa/24 h on July 5. On July
6, Nepartak reached its peak intensity and was classified as
a Category 5-equivalent super typhoon. Nepartak made
landfall over Taiwan on July 8. The compact and
symmetric annular characteristics acquired by the typhoon
are obvious in Fig. 2(d).

The evolution of the structure of Nepartak can also be
found in Figs. 3(a)—3(c). These figures show the observed
AMSR2 6.9- and 10.7-GHz brightness temperature
measurements over two continuous days (July 5-6).
With an increase in the intensity, the observed brightness
temperatures gradually increased near the typhoon eye.
The annular and symmetric characteristics are also obvious
in Fig. 3(c).

The Advanced Microwave Atmospheric Sounder
(AMAS) on board the FY-3C represents the new genera-
tion of the Microwave Humidity Sounder (MWHS)
instrument and follows the heritage and development of
the MWHS sensor on board the FY-3(A/B) satellite (He et
al., 2015). AMAS was designed for global atmospheric
humidity and temperature measurements under all-weather
conditions. It plays an important role in monitoring
extreme climate conditions. The images of Nepartak
were captured by FY-3C, and the vertical structure of
Super Typhoon Nepartak can be found in Fig. 4.

3 Method

Some statistical algorithms have been used to retrieve
hurricane wind speeds (Shibata, 2006; Meissner and
Wentz, 2009; Zabolotskikh, et al., 2014; Zhang et al.,
2016b). Since the brightness temperature signals of rain
and wind are very similar, these algorithms always use a
channel combination of brightness temperatures in order to
make the brightness temperature signals sensitive to the
wind speed and less sensitive to rain. A previous study
proposed an improved algorithm to retrieve high wind
speeds inside hurricanes, and the algorithm was applied
with encouraging accuracy to WindSat brightness tem-
perature measurements for wind speed retrievals (Zhang et
al., 2016b). Two new brightness temperature increments
(W6H and W6V) for wind speed estimates inside
hurricanes were defined as follows:
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Fig. 3 The GCOM-W1 AMSR2 observed 6.9- and 10.7-GHz brightness temperature measurements over Super Typhoon Nepartak at (a)
approximately 04:03 UTC on July 5, 2016; (b) approximately 04:46 UTC on July 6, 2016; and (c) approximately 16:58 UTC on July 6,

2016. The hollow pink squares represent the best track positions of Super Typhoon Nepartak based on analyses from the CMA typhoon
website.
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Fig. 4 The FY-3C observed brightness temperatures over Super Typhoon Nepartak on July 6, 2016.
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Some differences (e.g., in the frequency, Earth incidence
angle, and calibration method) can be found among
different space-borne microwave radiometers. Therefore,
we need to retrain this model for a special sensor. In the
research reported in this paper, we used the two brightness
temperature increments W6H and W6V to retrieve the wind
speeds inside hurricanes using AMSR2 measurements. To
obtain the coefficients in Egs. (1)~(9), we collected
AMSR? brightness temperature observations of 23 tropical
cyclones and SFMR measurements during the period from
2012 to 2015. Subsequently, we created a simple moving
average of SFMR along-track wind speeds using every 20
sample points, which enabled us to obtain SFMR
measurements with a spatial resolution of 30 km along
the flight track. A 15-km spatial window and a 25-min
temporal window were used to create the collocation
between the AMSR2 measurements and SFMR wind
speeds.

4 Results
4.1 Wind speed retrieval model for AMSR2

The wind speed retrieval model was finally established
using 8551 matchups between the AMSR2 measurements
and SFMR wind speeds, resulting in a mean bias and an
RMS difference of —0.12 m/s and 3.25 m/s, respectively.
The results are shown in Fig. 5. The model coefficients in
Egs. (1)-(9) can be found in Table 1.

Table 1 Model coefficients in Egs. (1)—(9)

where a; ~f; (i=1,2) are the undetermined coefficients, and
the meaning of the parameters can be found in the literature
(Zhang et al., 2016b). Satellite 6(10)P is the brightness
temperature measurement for the 6(10)-GHz channel with
a polarization of P (P=V, H), and CalmOcean_6(10)P is
the ocean emission for 6(10)-GHz channel under calm
ocean conditions. The parameters 10Hz and 10V can be
calculated using an iterative method (Zhang et al., 2016b).
Finally, a new algorithm was developed that relates W6H
and W6V to the wind speeds (m/s) inside hurricanes.

if W6H < m

if ny<W6H < n,. ©)]
if W6H =n,

4.2 Application to Super Typhoon Nepartak

Nepartak formed as a typhoon on July 5 with an estimated
maximum wind speed of 52 m/s at 20:00 UTC based on the
China Meteorological Administration (CMA) typhoon
website. After Nepartak strengthened and reached its
peak intensity with a needle-like eye on July 6, as can be
observed in Fig. 2(b), the estimated maximum wind speed
was approximately 68 m/s according to the CMA typhoon
website. Three images about it were effectively captured
by the GCOM-W1 AMSR2 sensor during July 5-6, 2016.
Based on the method described in Section 3, we retrieved
the wind speeds inside Super Typhoon Nepartak using the
GCMO-W1 AMSR2 6.9- and 10.7-GHz brightness
temperatures. Figures 6(a)—6(c) illustrates the retrieved
wind speeds using our new model. This sequence of
figures clearly shows the intensification process of Super
Typhoon Nepartak. The retrieved maximum wind speed
was 49.8 m/s at 04:02 UTC on July 5. Nepartak
strengthened on July 6, and the retrieved maximum wind
speed was approximately 59.6 m/s at 04:45 UTC. This
value is slightly lower than the value of approximately 60
m/s at 02:00 UTC reported by the CMA typhoon website.
After Super Typhoon Nepartak further strengthened, the
retrieved maximum wind speed was 71.3 m/s at 16:58
UTC on July 6. On July 6, Nepartak became a Category 5-
equivalent super typhoon. These results show good
agreement with the report published by the Joint Typhoon
Warning Center (JTWC) on July 6.

The validation of hurricane surface wind fields is
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Fig. 5 SFMR wind speed retrieval results versus the retrieved
wind speeds using the AMSR2 measurements. The color denotes
the number of pixels that contributed to the scatter plots.

inherently challenging because there is no realizable
“surface truth” data. In recent years, some reconnaissance
aircraft missions have been carried out over the Atlantic
Ocean and the eastern Pacific Ocean to observe hurricanes,
and those missions can provide along-track wind speed
measurements up to 70 m/s (Uhlhorn, et al., 2007).
Unfortunately, such reconnaissance aircraft missions have
not been flown over the western Pacific Ocean in recent
years.

In this study, we selected SMAP sea surface wind speeds
as a candidate to compare our retrieved results. SMAP
wind speed products (Meissner et al., 2016) are produced
by Remote Sensing Systems (RSS) using L-band bright-
ness temperatures, and the development of the SMAP wind
retrieval algorithm is still ongoing. Three very intense
cyclones were used to illustrate its capability. A detailed

description of the storm Winston (Fiji Islands, February
2016) can be found on the RSS website. It should be noted
that there is an approximately 5-h interval between the
AMSR2 and SMAP measurements. Within this 5-h time
window, a hurricane could move over a relatively large
distance. Therefore, we shifted the SMAP data to coincide
with the eye of the AMSR2 measurements. Finally, the
collocation contained 768 matchups between them. The
results show a mean bias of 0.51 m/s and a root-mean-
square difference of 1.93 m/s between them. The retrieved
wind speeds show good agreement with the SMAP data.
Figure 7(b) shows the SMAP wind speed results at
approximately 09:13 UTC on July 5, 2016, and Figure 7(c)
shows the SMAP wind speed results at approximately
21:58 UTC on July 6, 2016. The maximum wind speed
was 70.15 m/s at 21:58 UTC, which indicates good
agreement with our retrieved results.

5 Conclusions

In this paper, we tested an improved algorithm for the
retrieval of super typhoon wind speeds over the western
Pacific Ocean using AMSR2 low-frequency brightness
temperature measurements. The results indicate that the
retrieved wind speeds clearly represent the intensification
process of Super Typhoon Nepartak. On July 6, Super
Typhoon Nepartak reached its peak intensity and became a
Category 5-equivalent super typhoon. The retrieved
maximum wind speeds were 59.6 m/s at 04:45 UTC and
71.3 m/s at 16:58 UTC. These results show good
agreement with the results reported by the CMA and
JTWC. Furthermore, we also compared the retrieved
results with the SMAP wind speed product which has been
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Fig. 6 Wind speed retrieval results from our new algorithm using the GCOM-W1 AMSR?2 observed 6.9- and 10.7-GHz brightness
temperatures over Super Typhoon Nepartak at (a) approximately 04:02 UTC on July 5, 2016; (b) approximately 04:46 UTC on July 6,
2016; (c) approximately 16:58 UTC on July 6, 2016; and (d) approximately 17:40 UTC on July 7, 2016. The hollow pink squares
represent the best track positions for Super Typhoon Nepartak based on analyses from the CMA typhoon website.
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Fig. 7 (a) SMAP wind speed retrievals versus AMSR2 retrieval results. (b) SMAP wind speed retrievals from the RSS over Super
Typhoon Nepartak at approximately 09:13 UTC on July 5, 2016. (c¢) SMAP wind speed retrievals from the RSS over Super Typhoon
Nepartak at approximately 21:58 UTC on July 6, 2016. The hollow pink squares represent the best track positions for Super Typhoon

Nepartak based on analyses from the CMA typhoon’s website.

used to study higher wind speeds and has obtained some
significant results. The mean bias was 0.51 m/s and the
root-mean-square difference was 1.93 m/s between them.
The maximum wind speed retrieved using SMAP product
was 70.15 m/s at 21:58 UTC on July 6, which indicates a
good agreement with our retrieved results. In addition, the
retrieved maximum wind result (49.8 m/s) shows good
agreement with the SMAP result (49.7 m/s) on July 5.

The improved algorithm can be used to retrieve
hurricane-level wind speeds over the western Pacific
Ocean with a satisfactory performance. In the future, we
will collect data from additional hurricanes to test this
retrieval model.
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