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Abstract Estimating horizontal winds in and around
typhoons is important for improved monitoring and
prediction of typhoons and mitigating their damages.
Here, we present a new algorithm for estimating typhoon
winds using multiple satellite observations and its
application to Typhoon Soulik (2018). Four kinds of
satellite remote sensing data, along with their relationship
to typhoon intensity, derived statistically from hundreds of
historical typhoon cases, were merged into the final
product of typhoon wind (MT wind): 1) geostationary-
satellite-based infrared images (IR wind), 2) passive
microwave sounder (MW wind), 3) feature-tracked atmo-
spheric motion vectors, and 4) scatterometer-based sea
surface winds (SSWs). The algorithm was applied to two
cases (A and B) of Typhoon Soulik and validated against
SSWs independently retrieved from active microwave
synthetic aperture radar (SAR) and microwave radiometer
(AMSR2) images, and vertical profiles of wind speed
derived from reanalyzed data and dropsonde observations.
For Case A (open ocean), the algorithm estimated the
realistic maximum wind, radius of maximum wind, and
radius of 15 m/s, which could not be estimated using the
reanalysis data, demonstrating reasonable and practical
estimates. However, for Case B (when the typhoon rapidly
weakened just before making landfall in the Korean
Peninsula), the algorithm significantly overestimated the
parameters, primarily due to the overestimation of typhoon
intensity. Our study highlights that realistic typhoon winds
can be monitored continuously in real-time using multiple
satellite observations, particularly when typhoon intensity
is reasonably well predicted, providing timely analysis
results and products of operational importance.

Keywords sea surface wind, multi-platform satellites,
Typhoon Soulik (2018)

1 Introduction

Typhoons are among the most devastating natural
disasters, as they are accompanied by strong winds that
often cause severe damage. Therefore, monitoring and
predicting the horizontal wind field in and around
typhoons is important. However, monitoring and accurate
prediction of typhoon intensity are difficult because
typhoons occasionally intensify or decay rapidly upon
interacting with the underlying ocean. For example,
Typhoon Soulik (2018) formed over the tropical western
Pacific on August 15–16, moved into the East China Sea
from August 21–22, and landed on the Korean Peninsula in
August 23, 2018, maintaining its high intensity (Category
5) until rapidly decaying over the northern East China Sea
just before landing (Fig. 1(a)). The rapid decay was not
well recognized early, and the intensity at that time was
overestimated. The decay could be related to two-way
interactions between the typhoon and strongly (~6.2°C)
cooled, large cold wakes at the sea surface for a sufficiently
long period of time due to its slow translation (Park et al.,
2019). A strong energy loss from the typhoon into the East
China Sea caused its rapid decay just before landing,
raising confusion in the public as well as scientific
community.
Due to the lack of in situ measurements, observation and

monitoring of marine winds across the global oceans,
including areas in and around typhoons, dominantly rely
on satellite remote sensing products, such as sea surface
winds (SSWs) and atmospheric motion vectors (AMVs)
(Nam and Park, 2018). Although technologically advanced
multiple-satellite missions and wind retrieving techniques
have increased the quantity and quality of such products,
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there are fundamental limitations posed by the sampling of
polar-orbit satellite sensors, such as scatterometers and
microwave radiometers. In particular, the horizontal wind
field associated with typhoons or typhoon wind has rarely
been monitored continuously in real-time. SSWs retrieved
from scatterometers have inevitable spatio-temporal gaps,
in addition to the systematic over- or underestimation of
wind speed (direction) in a regime of high (low) wind
speed and rain contamination (Portabella et al., 2012a;
Chou et al., 2013). The SSW speeds retrieved from
microwave radiometers have an advantage in higher wind
retrievals because an increase in sea surface emissivity is
physically related to the observed brightness temperature
(Wentz, 1997; Mears et al., 2001). Yet, data from
microwave radiometers are also limited by spatio-temporal
sampling gaps from the polar-orbit. The AMVs derived
from geostationary satellites, on the other hand, are rather
temporally continuous but spatially very sparse, mostly
limited to the upper levels, and removed in the vicinity of
typhoons via general quality control (Velden et al., 1997).
Several attempts have been made to develop an oper-
ationally applicable algorithm for estimating typhoon
(hurricane) winds utilizing routinely available IR images
from geostationary satellites (Mueller et al., 2006; Knaff
et al., 2015), incorporating temperature and geopotential

height fields from advanced microwave sounding units
(AMSU) using the nonlinear balance equation (Demuth
et al., 2004 and 2006; Bessho et al., 2006), and objectively
merging data collected from multiple satellite platforms
and sensors, including scatterometer-based SSWs and
feature-tracked AMVs (Knaff et al., 2011). However, the
development of an operationally applicable algorithm for
estimating the realistic three-dimensional field of typhoon
winds continuously in real-time using multiple satellite
observations is still far from complete (Nam and Park,
2018).
This paper presents a new algorithm for estimating the

three-dimensional field of horizontal winds in and around
typhoons using four kinds of satellite remote sensing
products and its application to Typhoon Soulik. The data
used and the proposed algorithm are described in Sections
2 and 3, respectively. The application of the algorithm to
two cases of Soulik and a discussion are given in Sections
4 and 5, and the conclusions are drawn in Section 6.

2 Data

To estimate the wind field (including SSW) associated with
Typhoon Soulik, we used cloud top temperature (CTT) and

Fig. 1 (a) Typhoon Soulik track with minimum central pressure (colored circles). SAR images taken at (b) 08:38 UTC on 18 August
(Case A) and (c) 09:39 UTC on 23 August 2018 (Case B). The location of dropsonde observations at 22:27 UTC on 17 October 2010 is
denoted with a black circle in (a) along with the trajectory of the corresponding Typhoon Megi. In (b) and (c), positions of typhoon centers
are colored with maximum wind speeds.
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AMVs continuously derived from the Communication,
Ocean, and Meteorological Satellite (COMS), brightness
temperature collected from NOAA-15 AMSU-A, and
SSWs at the height of 10 m above sea level retrieved
from MetOp-A and-B ASCAT for the area within 600 km
from the typhoon center at or closest to 11:11:51 UTC 18
August 2018 and 00:54:01 UTC 23 August 2018, for
which the ASCAT data are available. The COMS CTT data
have a horizontal resolution of 4 km and sampling time
interval of 15 min (Choi et al., 2007 and 2014). The
horizontal AMVs at the allocated heights are derived from
feature-tracking of successive infrared, shortwave infrared,
and water vapor channel images of COMS (Kim and Ou,
2013). The AMVs with a quality index exceeding 0.50
yield a root mean squared error of ~7.6 m/s, regardless of
distance from the typhoon center, based on the validation
with radiosonde observations (Sohn et al., 2012; Kim and
Ou, 2013). Root mean squared errors in the height
assignment of the AMVs using the Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observation cloud mask
are ~300 hPa (Sohn et al., 2012). AMSU-A typically
collects brightness temperature data 1 to 4 times per day;
the data correspond to a swath within 700 km and a
horizontal resolution of ~50 km at nadir in two channels:
Channel 7 (54940.64 MHz) and Channel 8 (55498.70
MHz). ASCAT operates in the C-band (5.225 GHz) and is
less sensitive to rain contamination than Ku-band
scatterometers, such as QuikSCAT, but have a higher
spatial resolution (~25 km) (Figa-Saldaña et al., 2002;
EUMETSAT, 2019).
To determine the statistical relationship of typhoon wind

parameters and typhoon intensity, global reanalysis data
from the European Centre for Medium-Range Weather
Forecasts (ECMWF) for a particular period—Year of
Tropical Convection (YOTC)—were used. The ECMWF
YOTC data have a relatively high horizontal resolution of
0.125° and a time interval of 6 h from May 2008 to April
2010 (Moncrieff et al., 2012; Waliser et al. 2012). Zonal
and meridional winds at 25 pressure levels and at the
height of 10 m above sea level within a domain of 10°�
10° centered around 26 typhoons, with a total of 646 time
steps, except cases at genesis or extinction steps, were
utilized here. Among the 646 historical typhoons, there are
133 cases, for which microwave sounder data in the
typhoon-centric domain of 10°� 10° area within a time
window of 12 h are simultaneously available. The position
of the typhoon center at a resolution of 0:1° and maximum
wind speed (Vmax, m/s) at an interval of 6 h were
determined based on the best track data from the Regional
Specialized Meteorological Center of the Japan Meteo-
rological Agency in Tokyo (Kunitsugu, 2012).
To validate the SSWs at the height of 10 m above sea

level estimated from the developed algorithm for Typhoon
Soulik, we used two SAR images taken by Sentinel-1B at
08:38 UTC on 18 August 2018 (Case A; Fig. 1(b)) and
Sentinel-1A SAR at 09:39 UTC on 23 August 2018 (Case

B; Fig. 1(c)). Specification of SAR images are provided in
Table 1. To calculate the backscattering coefficient from
the Sentinel-1A and B Ground Range Detected (GRD)
product, the following equation was used (CLS, 2019):

�0 ¼ jDNij2
A2
i

,

where DN is the digital number recorded in the GRD
product, and A is the look-up table for sigma-nought stored
in the annotation file. After calculating the backscattering
coefficients for the two SAR images, SSWs were estimated
by applying the CMOD_IFR2 model (IFREMER-CER-
SAT, 1996). The wind directions and incidence angles
required for CMOD_IFR2 were obtained from the
ECMWF reanalysis data and annotation file, respectively.
The 5th generation of ECMWF reanalysis (ERA5) data at
the height of 10 m above sea level and standard pressure
levels were used to compare the SSWs and vertical profiles
in and around Typhoon Soulik. The ERA5 data have a
horizontal resolution of ~30 km and a time interval of 1 h
(Olauson, 2018). The wind speed at the height of 10 m
above sea level of the Japanese Advanced Microwave
Scanning Radiometer 2 (AMSR2) sensor on board the
Global Change Observation Mission-Water 1 (GCOM-
W1) satellite was retrieved using the GCOM-W1 AMSR-2
Algorithm Software Processor (GAASP). Details are
described in the Community Satellite Processing Package
site (available at Community Satellite Processing Package
website). To validate the vertical profile of the wind speed
estimated from the developed algorithm and ERA5, we
used the dropsonde data, available from National Oceanic
and Atmospheric Administration/Hurricane Research
Division online GPS-dropsonde data archive (available at
NOAA website), collected at 22:27 UTC on 17 October
2010 in the vicinity of the center of Typhoon Megi.

3 Methods

3.1 Typhoon wind from geostationary satellite infrared
images (IR wind)

The algorithm for estimating the three-dimensional field of
horizontal wind from IR images of COMS, defined as IR
wind, is shown in Fig. 2. The inputs of IR wind were the
center position and typhoon intensity, and CTT from the
geostationary satellite (Mueller et al., 2006). The IR wind
applies a modified Rankine vortex model to represent
tangential wind as a function of distance from the typhoon
center as below (Fig. 3(a)).

V rð Þ ¼ Vmax
r

Rmax

� �
,      for  r < Rmaxð Þ

V rð Þ ¼ Vmax
Rmax

r

� �x

,      for  r  >  Rmaxð Þ (1)
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where, r is the distance from the typhoon center, V is the
tangential wind speed, Vmax is the maximum wind speed
(or typhoon intensity), Rmax is the radius of the maximum
wind speed, and x is the relaxation coefficient. Rmax is
determined in two ways. When the typhoon’s eye was
clearly discernible from the image, it was determined using
the equation below, referred to as the Rmax�eyetop Method:

Rmax ¼ ð1 – hÞRTOP þ hREYE, (2)

where, RTOP is the distance in kilometers from the typhoon
center to the location of the minimum CTT, REYE
represents the eye size in kilometers, and h is an empirical
constant of 0.6 (Lajoie and Walsh, 2008). When the eye
was not clear from the IR image, Rmax was determined as a
function of input Vmax and latitude (φ) using an empirical
relationship (residual sum of squares of regression analysis
based on historical aircraft observations are 0.30 and 0.98
for climatological and binned average Rmax; Knaff et al.,
2015) statistically derived from hurricane cases (Rmax�Knaff

Method):

Rmax ¼ 404:4368 – 4:3250Vmax

þ 0:0580V 2
max – 3:0911

� 10 – 4V 3
max – 269:4827cos  φ: (3)

Then, x was statistically estimated as a linear function
of Vmax, e.g., x ¼ αþ βVmax (α ¼ 0:1300 and β ¼ 0:0108
s/m), from historical typhoon cases of ECMWF–YOTC
from 2008 to 2010 (residual sum of squares of regression
analysis with the best track Vmax data are 0.30 and 0.95 for
climatological and binned average x, Fig. 4(a)). The
vertical rate of change in the radius of maximum wind, S,
e.g., RmaxðzÞ ¼ SRmaxðz ¼ 1000  hPaÞ, was also statisti-
cally estimated as a linear function of Vmax as S ¼
cþ dVmax (c ¼ – 0:0108 km/hPa and d ¼ – 0:0009 km/
hPa/(m/s)) from the typhoon cases (the residual sum of

Table 1 Specification of SAR images

Satellite name Case A: Sentinel-1B Case B: Sentinel-1A

Acquisition time 2018/08/18 08:38 UTC 2018/08/23 09:39 UTC

Band C-band (5.405 GHz) C-band (5.405 GHz)

Orbit direction Ascending Ascending

Imaging mode Extra Wide Swath (EW) Interferometric Wide Swath (IW)

Polarization VV+VH VV+VH

Incidence angle 29.0–47.0° 30.7–46.0°

Swath 400 km 250 km

Resolution (Range � Azimuth) 25 m � 100 m 5 m � 20 m

Noise floor – 22 dB – 22 dB

Fig. 2 Flow chart for geostationary IR image-based typhoon
wind (IR wind).
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squares of regression analysis with the best track Vmax data
are 0.18 and 0.71 for climatological and binned average S,
Fig. 4(b)). Similarly, vertical rates of changes in maximum
wind above or at 850 hPa (Svu) and below or at 900 hPa
(Svl), i.e., VmaxðzÞ=SvlVmax (z ¼ 1000  hPa) for lower
levels with pressure levels ³900 hPa and VmaxðzÞ
=SvuVmax (z ¼ 900  hPa) for upper levels with pressure
levels £850 hPa, were estimated as Svl =cvl þ dvlVmax
and Svu=cvuþ dvuVmax, respectively. Here, the regres-
sions provided cvu= – 0:0053 m/s/hPa, dvu=þ0:0008 /
hPa, cvl =þ0:0306 m/s/hPa, and dvl = – 0:0060 /hPa (the
residual sum of squares of regression analysis with the best
track Vmax data are 0.62 and 0.47 for climatological Svl and
Svu, and 0.96 and 0.93 binned average Svl and Svu, Figs. 3
(b) and 4(c)). Then, the two-dimensional symmetric field
of V ðrÞ constructed using Eq. (1) from Vmax (input), Rmax,
and x was extended to the three-dimensional symmetric
field of V ðr,zÞ from S, Svu, and Svl. Finally, the translation
speed of the typhoon (C), which was calculated from
changes in the center position using the best track data, was
inserted to the three-dimensional symmetric field to
produce the three-dimensional asymmetric field (V þ C)
of horizontal winds in and around the typhoon as the IR
wind product (Fig. 2).

3.2 Typhoon wind modified using microwave sounder data
(MW wind)

When available in the typhoon-centric domain of the 10°�
10° area within a time window of 12 h, the brightness
temperature data in the two channels of AMSU were
utilized to incorporate the typhoon’s warm core structure
(Fig. 5). The warm core sizes at two levels (R7 and R8)

corresponding to channels 7 and 8 were estimated as the
radii from the typhoon center to the radial location, where
the temperature is 0.5°C lower than that at the center. The
difference between the two warm core sizes (R8 minus R7)
was used to correct the vertical rates of change in the radius
of maximum wind (SRmax

) and maximum wind (SVmax
) from

the regression analysis of 133 typhoon cases of the
ECMWF-YOTC reanalysis data (Fig. 6):

SRmax
¼ l þ mðR8 –R7Þ

100
,  SVmax

¼ iþ jðR8 –R7Þ
100

: (4)

Here, regression coefficients, l, m, i, and j were determined
to be -0.0639 (km/hPa), 0.0341 (/hPa), 0.0134 ((m/s)/
hPa), and -0.0046 ((m/s)/hPa/km), respectively (residual
sum of squares of regression analysis with the typhoon
cases are 0.61 and 0.69 for binned average SRmax

and SVmax
).

The IR wind was modified with updated RmaxðzÞ and
VmaxðzÞ using the warm core structure observed from the
microwave sounder when available to produce the MW
wind.

3.3 Typhoon wind merged from multi-satellite data (MT
wind)

Feature-tracked AMVs from geostationary satellites
(COMS), mostly available at the upper levels around the
typhoons, are useful for constructing more realistic
typhoon winds. However, realistic AMVs around the
typhoon are removed during general quality control
processing due to its rotational characteristic; typically,
AMVs with a quality index higher than 0.85 are not used
for non-typhoon application. To include more AMVs
around the typhoon, thresholds for the quality index were

Fig. 3 (a) Radial profile of tangential wind speed from the modified Rankine vortex model as a function of distance r from the typhoon
center. (b) Vertical profile of maximum wind speed Vmax as a function of height pressure level in hPa (z). Red and blue lines show linear fits
below or at 900 hPa (lower levels) and above or at 850 hPa (upper levels).
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changed to 0.50 (Fig. 7). Equally important SSWs can be
obtained from the scatterometer when available nearby the

typhoon center. Thus, the ASCAT data available in the
typhoon-centric domain of the 10°� 10° area within a
time window of 12 h, along with continuous geostationary
satellite AMVs, were used to construct the final typhoon
wind product from IR wind and MS wind, which is
referred to as MT wind (Fig. 8). Thus, MT wind was
constructed from 1) geostationary-satellite-based feature-
track AMVs, 2) infrared-image (CTT)-based IR wind, 3)
microwave-sounder (AMSU or others of similar kinds)-
basedMWwind, and 4) scatterometer (ASCATor others of
similar kinds)-based SSW by synchronizing the typhoon
center determined using the circular variance (CV) method
(Park et al., 2016).
Weights of individual typhoon winds as functions of r

and z (Wr_iðrÞ and Wz_iðzÞ, where i is ASCAT, AMV, IR, or
MW for scatterometer-based SSW, feature-tracked AMVs,
IR wind, or MW wind, respectively) were necessary to
merge the four kinds of typhoon winds to produce the final
MT wind products. In general, it is ideal to make the
weight inversely proportional to the root-mean-squared
error (RMSE); yet, the AMVerror does not depend on r but
z, only yielding the minimum error at ~300 hPa. Using the
RMSE obtained from the historical typhoon cases of
ECMWF-YOTC reanalysis data and considering the

Fig. 4 (a) Relaxation coefficient (x), and vertical rates of change in (b) radius of maximum wind (S) and (c) maximum wind (Svl and
Svu). Boxes and lines indicate binned data and regression fits, respectively.

Fig. 5 Flow chart for passive microwave sounder-based typhoon
wind (MW wind).

Fig. 6 Vertical rates of change in radius of maximum wind (SRmax
) and maximum wind (SVmax

) as a function of difference in warm core
sizes in two channels (R8 minus R7). Red boxes and black lines indicate binned data and regression fits, respectively.
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characteristics of the individual typhoon wind,
Wr_iðrÞ and Wz_iðzÞ were determined as Wr_ASCATðrÞ=
minðRMSEÞ

RMSE
, Wr_AMVðrÞ= 1, Wr_IRðrÞ=Wr_MWðrÞ

=
1 –

r

300
ð0£r£300  kmÞ

0 ðr³300  kmÞ

(
, Wz_ASCATðzÞ

=
1 ðz ¼ 1000  hPaÞ
0 ðz≠1000  hPaÞ

(
, and Wz_AMVðzÞ=Wz_IRðzÞ

Fig. 7 Examples of (a) raw and (b) quality-controlled water vapor channel AMVs obtained from geostationary satellite COMS in and
around Typhoon Soulik between 100 and 200 hPa. In (b), blue and red arrows show AMVs with a quality index higher than 0.85 and 0.50,
respectively. Pink crosses indicate the typhoon center.

Fig. 8 Flow chart for merging typhoon winds from multi-platform satellite data (MT wind).
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=WzMW
ðzÞ=minðRMSEÞ

RMSE
for the four typhoon winds

(Fig. 9). To minimize the artificial effects of discontinuities
around the boundary of the swath of polar-orbit satellites
and sparse AMVs, wind speeds exceeding 100 m/s were
removed, and the azimuthal-mean tangential winds were
smoothed using radial and azimuthal window sizes of
15 km and 45°, respectively. The final output of MT wind
was produced as gridded data with a horizontal resolution
of 0.1° and 11 standard pressure levels (100, 150, 200, 250,
300, 400, 500, 700, 850, 925, and 1000 hPa, where
1000 hPa represents the height of 10 m above sea level) in
the typhoon-centric domain of the 10°� 10° area.

4 Application to Typhoon Soulik (2018)

Typhoon Soulik was one of the strongest storms of the
typhoon season when developed in the Pacific. It formed as
a tropical depression near Palau and intensified into a
tropical storm, after which it rapidly intensified into a
typhoon. Typhoon Soulik rapidly decayed over the north-
ern East China Sea, while its intensity was over-predicted
just before it made landfall on the Korean Peninsula (Park
et al., 2019).

4.1 Open ocean (Case A)

Typhoon Soulik maintained its high intensity over the open
ocean before approaching the Korean Peninsula, and its
minimum pressure and intensity were 955 hPa (Fig. 1(a))
and 41 m/s (Fig. 1(b)), respectively, at 12:00 UTC on 18
August 2018 (Case A). As the eye was clear from the
COMS IR image, the Rmax�eyetop Method was applied to
yield Rmax ¼ 54 km, x ¼ 0:58, S ¼ – 0:0470 km/hPa,
Svu ¼ 0:0276 m/s/hPa, and Svl ¼ – 0:2163 m/s/hPa from

the input Vmax of the best track data (41 m/s). Then, the IR
wind was obtained by adding the speed (3.5 m/s) and
direction (266°; rotated clockwise from north) of the
translation speed to the symmetric wind field estimated
from these parameters (Fig. 10(a)). The IR wind was
modified using the two channel AMSU-A data to produce
the MW wind with SRmax

¼ – 0:0654 km/hPa and SVmax
¼

0:0136 m/s/hPa, respectively, although modification
occurred mostly in the upper levels in association with
the warm core (Fig. 10(b)). As the swath of MetOp-A
ASCAT was within the typhoon-centric domain of the
10°� 10° area (Fig. 10(c)), scatterometer-based SSWs
along with the feature-tracked COMS AMVs were
incorporated into MT wind (Fig. 10(d)). MT wind was
validated against the SAR-based SSWs (Fig. 10(f)) and the
AMSR2-based SSW speeds (Fig. 10(g)), particularly in
comparison to the ERA5 reanalysis wind (Fig. 10(e)).
The areas of strongest SSWand significant veering from

the tangential wind around the typhoon center mismatched,
particularly in the area of high rainfall intensity (Figs. 11(a)
and 11(c)). Nevertheless, radial profiles of wind speed as a
function of distance from the typhoon center were
consistent between MT wind and SAR wind (Fig. 11(b)),
yielding output Vmax of 26 and 24 m/s, respectively, which
were commonly and significantly lower than the input best
track Vmax (41 m/s), AMSR2 Vmax, and higher than the
ERA5 reanalyzed Vmax (Table 2). The RMSEs of MTwind
speed, with reference to SAR and AMSR2 wind speeds,
were 0.8 and 2.3 m/s, respectively. Although ASCAT
slightly overestimated wind speed inside the eye
(r < Rmax) with reference to SAR wind, MT wind showed
a higher agreement with SAR wind inside the eye because
the ASCAT wind speed was compensated by under-
estimated IR and MW winds, which have greater weights
(Wr_IR and Wr_MW >Wr_ASCAT) closer to the eye (Fig.
9(a)). The resulting Rmax and radius of 15 m/s (R15) of MT

Fig. 9 Weighting functions according to (a) distance from the typhoon center and (b) altitude level for four kinds of typhoon winds:
infrared-image-based wind (IR, red), microwave-sounder-based wind (MW, cyan), geostationary satellite feature-tracked AMVs (AMV,
green), and scatterometer-based SSW (ASCAT, blue).
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wind were 58 and 224 km, which were close to those of
SAR wind (53 and 244 km respectively, Table 2) and
AMSR2 wind (56 and 218 km respectively, Table 2),
suggesting that the output typhoon wind was more realistic
than that of ERA5 and may be practically useful. Note that
ERA5 had lower performance, which significantly under-
estimated wind speed within 100 km from the center,
yielding a highly overestimated Rmax of 102 km (Table 2,
Fig. 11(b)).

4.2 Marginal sea before landing (Case B)

Typhoon Soulik rapidly weakened just before landing on
the Korean Peninsula. Its severity was over-predicted, with
a minimum pressure and intensity of 972 hPa (Fig. 1(a))
and 32 m/s (Fig. 1(c)), respectively, at 09:00 UTC on 23
August 2018 (Case B). As the eye was not clear from the
COMS IR image, in contrast to Case A, the Rmax�Knaff

Method was applied to yield Rmax ¼ 124 km, x ¼ 0:48,
S ¼ – 0:0387 km/hPa, Svu ¼ 0:0202 m/s/hPa, and Svl ¼
– 0:1608 m/s/hPa from the input Vmax ¼ 32 m/s of the best
track data. Then, the IR wind was obtained by adding the
speed (1.5 m/s) and direction (175°; rotated clockwise
from north) of translation speed to the symmetric wind
field estimated from these parameters (Fig. 12(a)). Similar
to Case A, the IR wind was modified using the AMSU-A
brightness temperature data in channels 7 and 8 to produce
MW wind with SRmax

¼ – 0:0503 km/hPa and SVmax
¼

0:0116 m/s/hPa, respectively (Fig. 12(b)). As the swath of
MetOp-B ASCAT was within the typhoon-centric domain
of the 10°� 10° area (Fig. 12(c)), scatterometer-based
SSWs along with feature-tracked COMS AMVs were
incorporated into MT wind (Fig. 12(d)). Unlike Case A,
however, the ASCAT data were mostly masked by land.
Consequently, the resultant MT wind was not well
validated against SAR-based SSWs (Fig. 12(f)), showing
a poorer estimation skill than ERA5 reanalysis wind
(Fig. 12(e)).
Although rainfall intensity was weaker than in Case A,

the veering of SSWs from the tangential wind was
remarkable (Figs. 11(d) and 11(f) vs 11(a) and 11(c)),
and the speed profile of MT wind was significantly
overestimated for r > 81 km (Fig. 11(e)), yielding an output
Vmax of 24 m/s, which was still lower than the input best
track data but noticeably higher than ERA5 reanalyzed
wind, SAR wind, and ASCAT wind (Table 2). This is
because the overestimated IR and MW winds due to the
over-predicted typhoon intensity (stick to higher input
Vmax), with resultant long Rmax derived from the Rmax�Knaff

Method, were not effectively corrected owing to the
largely land masked ASCAT. Thus, MT wind could not
estimate SSWs reasonably (Fig. 11(e)). The resultant Rmax
and R15 of MT wind were 135 and 340 km, which were
much higher than those of SAR wind (109 and 197 km
respectively, Table 2), ASCAT or ERA5, suggesting that
caution is required when using the estimated typhoon

Fig. 10 Wind speed (color contour) and wind vector (black arrows) at the height of 10 m above sea level of (a) IR wind, (b) MW wind,
(c) ASCATwind, (d) MTwind, (e) ERA5 wind, (f) SAR wind, and (g) AMSR2 wind for Case A. Typhoon centers based on the best track
data and CV method are marked by black dashed lines and white crosses. The gray contours denote wind speeds of 15 and 25 m/s.
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wind, particularly when the typhoon intensity (input Vmax)
is over-predicted before landing.

5 Discussion

5.1 SSW speed

Radial profiles of SSW speed could be reasonably

estimated from the developed algorithm for Case A,
yielding relatively small (~2 m/s) discrepancies of output
Vmax (Table 2). Small RMSE of MT wind speed with
reference to SAR wind speed (0.8 m/s, Fig. 11(b)),
considering comparable typical errors of SAR wind
(~2.0 m/s, Moon et al., 2010) and comparable RMSE of
MT wind speed with reference to AMSR2 wind speed
(2.3 m/s, Fig. 11(b)), demonstrates promising results for
the estimation of realistic typhoon winds to better monitor

Fig. 11 (a, d) COMS rainfall intensity (color, mm/h), ERA5 reanalyzed wind (green), MT wind (black) ASCAT wind (blue), and SAR
wind (red). Colored contours denote a wind speed of 25 m/s. (b, e) Radial profile of tangential wind speed as a function of distance from
the typhoon center, and (c, f) wind direction in degrees rotated clockwise from the north as a function of azimuth angle, from ERA5
reanalyzed wind (green), MTwind (black), ASCATwind (blue), SAR wind (red), and AMSR2 wind (orange) for (a–c) Case A and (d–f)
Case B.

Table 2 Maximum wind (Vmax, m/s), radius of maximum wind (Rmax, km), and radius of 15 m/s (R15, km) of azimuthally averaged tangential wind

from MTwind, ASCAT, SAR, ERA5, AMSR2, and best track for Cases A and B. Here, the best track R15 was obtained by averaging the maximum

and minimum radius of 15 m/s

Case A Case B

MT wind ASCAT SAR ERA5 AMSR2 Best track MT wind ASCAT SAR ERA5 AMSR2 Best track

Vmax

(m/s)
26 24 24 21 28 41 24 20 18 19

Not
applicable

32

Rmax

(km)
58 48 53 102 56

Not
applicable

135 88 109 91
Not

applicable

R15
(km)

224 250 244 238 218 305 340 190 197 190 264
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and predict typhoons using real-time satellite data only.
The wind speed profiles of ASCAT, MT wind, AMSR2,
and SAR were consistent and more reasonable than those
of ERA5, where the latter could not reproduce the strong
maximum wind associated with Typhoon Soulik for Case
A (Fig. 11(b)). In spite of the mismatched strongest SSW
sector with AMSR2, the Rmax and R15 of AMSR2 were
also closer to those of MT wind than ERA5 (Figs. 11(a)
and 11(b)). Further improvements can be made by
correcting the effects of rainfall on the scatterometer-
based SSW speed. Even though the C-band ASCAT is
relatively robust to rain contamination, the ASCAT wind
speed can still be slightly over- or underestimated by a few
meters per second, depending on wind speed and rainfall
intensity, as reported by Ricciardulli and Wentz (2014) and
shown in Fig. 13. The positive bias in the wind speed
difference (ASCAT wind speed minus SAR wind speed)
for rain-free conditions can either be due to an over-
estimated ASCAT wind speed or an underestimated SAR
wind speed (black in Fig. 13). Strong veering of SSWs
from the tangential wind (nonzero radial component) was
observed in the northwestern sector, where rainfall
intensity was highest (Fig. 11(a)). The strongest SAR
wind found in the northern sector could not be well
resolved by ASCAT and MT wind, most likely due to rain
contamination (Portabella et al., 2012b; Chou et al., 2013;
Ricciardulli and Wentz, 2014).
The C-band microwave observations (AMSU-A,

Fig. 12 Wind speed (color contour) and wind vector (black arrows) at the height of 10 m above sea level of (a) IR wind, (b) MW wind,
(c) ASCATwind, (d) MTwind, (e) ERA5 wind, (f) SAR wind, and (g) AMSR2 wind for Case B. Typhoon centers based on the best track
data and CV method are marked by black dashed lines and white crosses. The gray contours denote wind speeds of 15 and 25 m/s.

Fig. 13 Difference (ASCAT minus SAR) in wind speed derived
from ASCAT and SAR as a function of SAR wind speed for rain-
free (black solid line) and rain-contaminated cases (colored solid
lines) of Case A. The known tendency of the over- and
underestimation ASCAT bias error is denoted with colored dashed
lines based on a previous work by Ricciardulli and Wentz (2014).
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ASCAT, and SAR) will be to some extent saturated when
wind speeds are above 25 m/s or under rainy conditions.
The rain effect, in particular, is considered in the
atmosphere column and on the ocean surface (Zhang
et al., 2016). Attenuation and volume backscattering for
microwave transfer in the atmosphere is negligible for VV
polarization, but these effects should be important at very
low wind speeds, and the VV polarized normalized radar-
backscatter cross section would increase for volume
backscattering (Zhang et al., 2016). The rain-induced
damping on wind waves and rain-generated ring waves on
the ocean surface can be neglected for C-band VV
polarization, but non-Bragg scattering is important for
the cross-polarized normalized radar-backscatter cross
section (Zhang et al., 2016). In general, the wind speed
regime in which this effect occurs (Huang et al., 2017;
Zhang et al., 2017) would be at SSW speeds exceeding
30 m/s. In this study, though, most of the SSW speeds were
below 30 m/s, so that VV polarization was used without
considering the saturation issue. Instead, the SSW speeds
were validated with AMSR2, which better estimated wind
speeds under extended saturated conditions than C-band
microwave observations. ASCATand SAR underestimated
wind speeds with reference to AMSR2 wind speeds,
particularly, in Vmax and Rmax.
However, the developed algorithm needs to be cau-

tiously applied when the typhoon intensity is over-
predicted in the marginal sea before landing, as demon-

strated in Case B. The algorithm can significantly
overestimate SSW speed for r> 81 km (Fig. 11(e)), even
with weak rainfall intensity because of the noticeably high
Vmax derived from the input Vmax and larger Rmax derived
from the Rmax�Knaff Method of IR wind. Note that the
typhoon intensity (input Vmax) was over-predicted, and the
rapid decay of Typhoon Soulik over the northern East
China Sea before landing (Park et al., 2019) could not be
incorporated. Unlike Case A, the overestimated IR and
MWwinds were not effectively corrected by ASCATwind,
as the scatterometer measurements were severely masked
by land in the vicinity of the typhoon center (Figs. 10(c)
and 12(c)).
To validate the vertical structure, vertical profiles of MT

wind speed were compared with those of ERA5 and
dropsonde observations. The MT wind speeds at the
location of the dropsonde observations in case of Typhoon
Megi were significantly higher than the ERA5 wind speeds
(matching the dropsonde observation as assimilated) at all
levels (blue vs red and black circles in Fig. 14(a)).
However, relatively small (~4 m/s) discrepancies were
found for Case A between MT and ERA5 wind speeds
after averaging over the range within R15 (blue vs red
squares in Fig. 14(a)). Thus, the estimation of the vertical
wind speed structure around the typhoon by the developed
algorithm was clearly limited, though reasonable, in terms
of the spatial average, and further improvements are
required utilizing more and better AMVs in the future.

Fig. 14 (a) Mean vertical profiles of wind speed of ERA5 wind (red squares) and MT wind (blue squares) within R15 for Case A and
vertical profiles of wind speeds at a dropsonde observation location of ERA5 wind (red circles), MT wind (blue circles), and dropsonde
wind (black circles) for typhoon Megi. (b) Wind direction (angle measured clockwise from the north) of ERA5 wind (red squares) and MT
wind (blue squares) within R15 for Case A.
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5.2 SSW direction

As IR and MW winds are based on the modified Rankine
vortex model, the winds are purely tangential and have no
radial component. Thus, the veering from the tangential
wind of MT wind originated from ASCAT SSWs and
COMS AMVs. MT wind, SAR wind, and ERA5
reanalyzed wind as well as SSWs and AMVs also showed
significant veering from the tangential wind (departure
from the linear line in Figs. 11(c) and 11(f)). While the
veering of MT wind somewhat agreed with those of
ASCATwind, SAR wind, and ERA5 wind for Case A, the
discrepancies among the typhoon winds were significantly
higher for Case B, in spite of weaker rain contamination of
ASCAT wind (Figs. 11(c) and 11(f)). This implies that the
direction error is more likely related to typhoon intensity
than rainfall intensity. The vertical profile of the MT wind
direction averaged over the area within R15 was also
significantly (> 10°) different from that of ERA5 wind for
Case A (Fig. 14(b)). The ERA5 wind direction decreased
(rotates counter-clockwise) upward in the upper levels
(< 500 hPa) and downward in the lower levels (> 500
hPa), while the MT wind direction remained nearly
constant at ~263° close to the typhoon translation direction
(266°), reflecting that further improvements of the
algorithm for asymmetric winds would be possible. The
developed algorithm is clearly limited by the ability to
reproduce wind veering associated with the additional
complexity of typhoons imposed by friction and boundary
layer processes that may become significant when
approaching land. Further improvements of the developed
algorithm need to consider these factors.

5.3 Typhoon size (Rmax & R15)

In Case A, Rmax was estimated to be 48–58 km by all but
ERA5 reanalyzed wind (102 km), and R15 was estimated
to be 218–250 km, which was noticeably smaller than the
best track data (305 km) by all typhoon winds. This implies
that the proposed algorithm has practical use in monitoring
realistic typhoon wind more accurately than existing
techniques within a 10–26 km of discrepancy in typhoon
size (Table 1). However, in Case B, the proposed algorithm
appeared to overestimate Rmax (135 km) and R15 (340 km),
considering that Rmax and R15 of the other satellite
products ranged from 88 to 109 km and from 190 to 197
km. In particular, R15 estimated by the algorithm was even
larger than the over-predicted best track data (264 km),
thus, suggesting caution when applied to typhoons in the
vicinity of land. This systematic overestimation problem
can be largely alleviated when either of the following
conditions is satisfied:
1) The typhoon’s eye is sufficiently clear to apply the

Rmax�eyetop Method.
2) Typhoon intensity is sufficiently well predicted to

input a realistic Vmax.
3) SSW within the swath of scatterometers (ASCAT or

others of similar kinds) in the vicinity of the typhoon center
is not largely masked by land.
4) SSW from C-band microwaves is appropriately

retrieved under the conditions of strong rainfall or high
wind.

6 Concluding remarks

An algorithm was developed to monitor horizontal wind in
and around typhoons in real-time using multi-satellite data
and applied to Typhoon Soulik (2018). Geostationary
satellite infrared image-based typhoon wind (IR wind) was
estimated from statistical relationships of parameters (x,
Rmax, S, Svu and Svl) derived from 646 historical typhoon
cases, including typhoon intensity (input Vmax) using the
modified Rankine vortex model. When microwave soun-
der data were available in the typhoon-centric domain
(10°� 10°) within the time window (12 h), IR wind was
modified using statistical relationships with the warm core
sizes within the channels of passive microwave sounder
data (MW wind). Then, scatterometer-derived SSW
vectors and geostationary-satellite-imager-derived fea-
ture-tracked AMVs were merged into the final product of
typhoon wind (MT wind) using optimized weights as
functions of the height and distance from the typhoon
center. The developed algorithm was applied to two cases
of Typhoon Soulik and validated against the SSW field,
independently extracted from active SAR (SAR wind) and
passive AMSR2 (AMSR2 wind), and vertical profiles of
wind speed obtained from reanalyzed wind and dropsonde
observations. MT wind provided reasonable and practi-
cally useful estimates of maximum wind (output Vmax),
maximum wind radius (Rmax,), and radius of 15 m/s winds
(R15), which could not be estimated using reanalysis data
(ERA5). The radial and vertical wind speed profiles of MT
wind were consistent with those of SAR wind, AMSR2
wind speed, dropsonde wind speed, or reanalyzed wind for
the open ocean case (Case A). However, in case B, MT
wind significantly overestimated Vmax, Rmax, and R15
because the eye was unclear in the IR image, typhoon
intensity was over-predicted, and scatterometer data were
largely land-masked when the typhoon rapidly weakened
just before making landfall on the Korean Peninsula.
The developed algorithm allows continuous estimation

of the three-dimensional wind field in and around
typhoons, without any gaps in space within the typhoon-
centric domain of the 10°� 10° area in real-time. Timely
analysis results and products of operational importance can
be acquired using the proposed algorithm, with the
incorporation of products from the new Korean geosta-
tionary satellite GEO-KOMPSAT-2A (GK-2A) launched
in December 4, 2018 (e.g., CTTs and AMVs from the GK-

Seung-Woo LEE et al. Estimating winds in and around typhoons using satellite observations 187



2A instead of COMS). Here, we describe the validating
results of applying this algorithm to cases of Typhoon
Soulik (and Typhoon Megi). Although the developed
algorithm has clear limitations depending on predicted
typhoon intensity, a clean eye, rainfall intensity, and
conditions of landfall, its practicality and potential
advantages could be demonstrated. In particular, the
resulting SSWs were highly sensitive to input Vmax or
typhoon intensity and the availability (with minimized land
masking) of scatterometers in the vicinity of the typhoon
center within the swath. However, they were less sensitive
to feature-tracked AMVs and warm-core structure-incor-
porated microwave sounders that mostly affect the upper
level wind only. Further improvements can be made by
utilizing multiple microwave imagers and sounders,
multiple scatterometers, and future outputs of the Doppler
wind Lidar mission Aeolus (Nam and Park, 2018), adding
more factors to statistically determine typhoon wind
parameters beyond typhoon intensity and correcting rain
contamination of scatterometer-based SSWs more effec-
tively.
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