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Abstract—We present a relatively simple method to estimate
tropical cyclone (TC) surface wind structure (34-, 50-, and 64-kt
wind radii) and intensity [maximum wind speed (MWS)] from wind
fields acquired from the L-band SMAP radiometer and C-band
Sentinel-1A/B and RADARSAT-2 synthetic aperture radar (SAR)
between 2015 and 2020. The radiometer and SAR-derived wind
radii and MWS are systematically compared with the best-track
estimates. The root-mean-square errors (RMSEs) of R34, R50, and
R64 are 31.2,21.8, and 17.0 nmi (1 nmi = 1.852 km) for radiometer,
and 21.7, 16.5, and 16.3 nmi for SAR, respectively. These error val-
ues are smaller than the averaged best-track uncertainty estimates
for the three wind radii. Compared with the best-track reports,
the bias and RMSE for the MWS estimates are —0.2 m/s and 5.8
m/s for radiometer, and 4.4 m/s and 9.1 m/s for SAR, respectively.
These results are for the wind speeds in the range of 17-80 m/s. For
the two typical TCs (Lionrock and Noru) in the Northwest Pacific
Ocean, our results show that a combination of the radiometer and
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SAR wind data acquired within a very short time interval has the
potential to simultaneously obtain reasonable measurements of the
wind radii and intensity parameters. Moreover, for a TC with a
long lifecycle, such as Typhoon Noru, we demonstrate that the
high-resolution and multitemporal synergistic observations from
SAR and radiometer are valuable for studying fine-scale features
of the wind field and characteristics of wind asymmetry associated
with intensity change, as well as the evolution of TC surface wind
structure and intensity.

Index Terms—Intensity, radiometer, synthetic aperture radar
(SAR), tropical cyclone (TC), wind structure.

1. INTRODUCTION

ROPICAL cyclone (TC) surface wind structure includes
T the maximum extents for three important indicators of
wind intensity, namely gale-force winds (34 kt), destructive
winds (50 kt), and hurricane-force winds (64 kt), as measured
radially in the four geographic quadrants of a storm. Here, 1 kt
= 0.514 m/s. These wind radii are important for TC readiness
assessment [1]. The operational wind radii estimates are used to
provide TC wind speed probabilities for early risk warnings and
precautions [2]. The objective specification of TC wind radii is
also utilized to initialize numerical weather prediction models,
and its accuracy can have a significant positive impact on TC in-
tensity forecasts, especially for rapid TC intensification [3]. TC
intensity is typically defined as 1 or 10-min maximum sustained
wind speed at a 10-m reference observing level [4], which is one
of the metrics used to estimate potential wind destruction [5].
Thus, for TC forecast purposes, it is very important to determine
the surface wind structure.

Satellite remote sensing observations have been used to esti-
mate TC intensity and wind structure, either using the original
satellite data or resulting derived wind fields. A pioneer method
to subjectively estimate TC intensity is called the Dvorak tech-
nique, which is based on the analysis of cloud characteristics of
visible images from geostationary meteorological satellites [6].
This approach has been further improved for objectiveness and
automation purposes [7], [8]. In addition to intensity estimates,
geostationary satellite infrared images and model analyses have
been used for estimating TC wind radii parameters [9], [10]. TC
intensity and surface wind structure can be simultaneously esti-
mated using observed advanced microwave sounding unit data
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from meteorological satellites based on a multiple-regression
method [11], or from the cyclone global navigation satellite
system wind speed observations using a parametric wind profile
model [ 12]. Ku-band satellite scatterometer winds have also been
used for estimating TC intensity, but the rain attenuation and
signal saturation can lead to a large negative bias in intensity
estimates [13]. Scatterometer winds, however, are useful for TC
outer-core wind analyses [ 14], [15], especially for the 34-kt wind
radii estimation [16].

Spaceborne L-band radiometers are excellent passive mi-
crowave sensors for remotely measuring the wind speed in TCs
because the wind-induced brightness temperature is sensitive
to high wind speeds and does not show any apparent sign of
saturation [17]-[19]. Compared with Ku-band scatterometers,
L-band radiometers onboard soil moisture ocean salinity and
the soil moisture active/passive (SMAP) satellites are much less
susceptible to the rain attenuation. Rain-induced scattering can
be nearly ignored because the electromagnetic wavelength of
the L-band is much larger than the size of rain droplets. Due to
these advantages, L-band radiometers can provide the accurate
measurements of high winds with large coverage under extreme
weather conditions and, thus, provide the estimates of TC size
[20], [21]. Statistical comparisons between the SMAP-derived
wind speeds and SFMR measurements, from eight TCs during
2015, have shown that the standard deviation of wind speed was
3.11 m/s for wind speeds up to 70 m/s [19]. Moreover, as an
application, SMAP wind data acquired in the Northwest Pacific
Ocean have been used to examine TC surface wind asymmetry
[22].

Compared with radiometers, spaceborne synthetic aperture
radars (SARs) have higher spatial resolutions and, thus, can
provide fine-scale structural features in the TC surface wind
fields. C-band cross-polarized SAR signals have been shown to
be sensitive to wind speeds but not sensitive to incidence angles
or wind directions under high wind conditions [23]. Studies have
shown that the C-band co- and cross-polarized SAR observations
can be used to retrieve the accurate TC wind fields [24]—-[27]; the
root-mean-square error (RMSE) is about 5 m/s for wind speeds
up to 75 m/s compared with the collocated SFMR observations
[27]. Moreover, TC centers, radii of maximum wind speed, and
the azimuthal wavenumber one asymmetry of surface winds
have been studied using the cross-polarized SAR images [28].
A recent study has shown that SAR-derived high-resolution TC
wind fields can be used to estimate the parameters related to TC
wind structure [27].

In this study, for the first time, we use both spaceborne
radiometer and SAR wind fields to estimate TC surface wind
radii and intensity, and systematically evaluate the associated
errors against the international best-track archive for climate
stewardship (IBTrACS) data. The synergistic wind field ob-
servations from SAR and radiometer are used to exhibit the
evolution of TC intensity and structure. The remaining part of
this article is organized as follows. The dataset is described
in Section II. The methodology and results are presented in
Section III. Finally, Section IV presents the conclusion of this
article.
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Fig. 1. Geographic locations of SAR images of 118 TCs. The red and black
squares denote S1-A/B and RS-2, respectively.

II. DATASET
A. SMAP Radiometer TC Winds

The SMAP satellite was originally designed to measure soil
moisture by using a combination of observations from a ra-
diometer and a SAR. The near-polar orbit of SMAP allows
for complete global coverage of the oceans over 3 days with
a repeat cycle of 8 days. The spatial resolution and the cov-
erage of the radiometer are about 40 km and 1000 km, re-
spectively. In addition to the soil moisture measurement, the
L-band radiometer onboard SMAP has been demonstrated to
be an excellent microwave instrument for high wind observa-
tions, even in heavy precipitation conditions, such as TCs [18].
SMAP wind data with a spatial resolution of 0.25° x 0.25°
may be publicly obtained through the remote sensing systems
website (www.remss.com/missions/smap/). In order to estimate
TC wind structure and intensity, SMAP L-band radiometer-
measured surface wind fields from 257 TCs were acquired over
the West Pacific, East Pacific, Atlantic, and South Indian basins
between April 2015 and December 2019.

B. Sentinel-1 and RADARSAT-2 SAR TC Winds

As a part of the Canadian Space Agency hurricane watch
program and European Space Agency satellite hurricane and
observation campaign, a total of 118 TCs were observed by
C-band RADARSAT-2 (RS-2) and Sentinel-1A/B (S1-A/B)
dual-polarization (VV+VH) SAR, over the North Atlantic,
Northeast Pacific, Northwest Pacific, South Pacific, and Indian
Oceans between May 2015 and October 2020. Fig. 1 shows
the geographic locations of the TC SAR images. The imaging
modes are interferometric wide (IW) and extended wide (EW)
for S1-A/B and ScanSAR wide for RS-2, respectively. The
swath width for the IW and EW modes is 250 km and 400
km, respectively; for the ScanSAR wide mode, the swath is 500
km. The incidence angles range from 17° to 49° depending on
the sensor and/or modes. For S1-A/B, the spatial resolutions in
the range and azimuth directions for the IW and EW modes are
5 x 20mand 20 x 40 m, respectively; and for the RS-2 ScanSAR
wide mode, these are 163 x73 m and 78 x 106 m. Studies have
shown that dual-polarization SAR data can be used to retrieve
high-resolution TC wind speeds and directions [24]-[27]. In
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this study, the ocean surface wind fields with a 3 km resolution
derived from S1-A/B and RS-2 dual-polarization SAR images
are used to estimate TC wind radii and maximum wind speed.

C. TC Best-Track Data

TC best-track data were obtained from the IBTrACS dataset
(the USA subsets), which combines TC track and intensity, as
well as structural estimates from currently available best-track
data from multiple agencies. IBTrACS provides a central
repository of TC track data [29], which consists of the best
estimates of the TC central position (latitude and longitude),
central pressure, storm intensity (1-min maximum sustained
wind), and structure parameters, such as the 34-, 50-, and 64-kt
wind radii, at 6-h intervals. The best-track data have been widely
used to validate the model predictions of TC track and intensity
[30] to investigate TC intensification trends [31],[32], to analyze
the global variation of TC translational speed [33], and changes
in the life circles of major TCs with time [34]. All the best-track
data in this study are from IBTrACS version 4.0.! TC wind
radii and intensity parameters from the best-track database are
compared with SMAP radiometer and SAR estimates.

III. METHODOLOGY AND RESULTS
A. TC Wind Radii and Intensity Estimation Method

To estimate TC surface wind structure and intensity parame-
ters, we interpolate the IBTrACS best-track data to the time of
SMAP radiometer, S1-A/B and RS-2 SAR observations in order
to determine the location of a given TC center, for each observa-
tion. TC wind fields from radiometer and SAR observations are
used to extract the maximum wind speed (Vi,ax) and 34-, 50-,
and 64-kt wind radii in four earth-relative quadrants. The method
for estimating TC wind radii and V,,x can be summarized as
three steps. First, the contours of each wind radii are computed,
which consists of a number of line segments. Then, we calculate
the distances from the TC center to each point of the longest
line segment in each quadrant. Finally, the 90% cumulative
distribution of this distance is defined as the wind radii of a given
wind threshold at that quadrant. Hereafter, the 34-, 50-, and 64-kt
wind radii are referred to as R34, R50, and R64, respectively.
Fig. 2 shows the flowchart for estimating the TC surface wind
structure and intensity using the spaceborne radiometer and SAR
data. As an example, Fig. 3 illustrates the estimates of R34
and Vpax for Typhoon Noru using SMAP wind observations
acquired in the Northwest Pacific at 21:19 UTC on August 1,
2017. For this case, V.« from the SMAP data and best-track
data is 41.5 m/s and 46.3 m/s, respectively. The red and purple
solid lines stand for R34 from the best-track and SMAP data,
respectively. The SMAP-estimated R34 is 119.9 nmi, 107.5 nmi,
103.1 nmi, and 112.3 nmi in the northeast (NE), southeast (SE),
southwest (SW), and northwest (NW) quadrants, respectively;
these are consistent with the corresponding best-track estimates
of 125.0, 124.5, 112.2, and 120.0 n mi.

!Online. [Available]: https://www.ncdc.noaa.gov/ibtracs/
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Interpolate the best track data to the
SMAP and SAR observation time

Extract SMAP and SAR
TC wind field

Estimate contours corresponding to
34, 50, and 64-kt wind
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to the longest line segment

l

Caleculate 90% cumulative
distribution function value of the
distances in each quadrant

TC wind structure
(R34, R50, R64)

i i

Fig. 2. Flowchart for estimating TC surface wind structure (R34, R50, and
R64) and intensity (Vimax) from spaceborne radiometer and SAR wind data.
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Fig. 3.  SMAP wind field and estimated 34-kt wind radii (R34) of Typhoon

Noru in Northwest Pacific at 21:19 UTC on August 1, 2017. The black plus and
cross represent the locations of the typhoon center and maximum wind speed
(Vmax), respectively. The black solid line denotes the contour corresponding to
the 34-kt wind. The red and purple solid lines stand for wind radii at 34 kt from
the IBTrACS best-track data and from SMAP winds.

B. TC Wind Radii and Intensity Validation

Based on the method described in Section III-A, we analyzed
all SMAP wind data to calculate TC surface wind parameters
and compared the results with the best-track data. As shown
in Fig. 4(a)—(c), the RMSEs of R34, R50, and R64 are 31.2
nmi (57.8 km), 21.8 nmi (40.4 km), and 17.0 nmi (31.6 km),
respectively. Note that these values are smaller than those from
previously reported best-track uncertainties of 39.8 nmi, 32.3
nmi, and 24.4 nmi for R34, R50, and R64, respectively [35].


https://www.ncdc.noaa.gov/ibtracs/

4046
500 W ADD "
! o o0
400! L 50
100 0
s E i
= 300 | o |
- oug { 250
é 1 150 § 200 ¢ 1
4 2
T0l A ¢ 3 | -
= 2 Y 100 2 1%
¥ Bias 5,-4.0 km 100/ .
100 RMSE = 57.8 km L RMSE = 40.4 km i
N = 2697 N = 1685 50
" - R=082 4 i R=0.79 "
o 100 200 300 400 500 [ 100 200 300 400
Best-Track R34 [ km ) Best-Track R50 { km )
(a) (b)
200 v v L] 1] v v v - 00
480 L]
T
aaa L]
150 Zi n
— b i T
E E |
- 20— |un
=
é 100} | E 150
>
% " | - L m a0 : ]
= ] e - H
- % 1 ol ¥ i El
50 | w*  Bias =155 km '; ; « «Bias=-0.2mis
! * RRSE=316km by L RMSE = 5.8 m/s »
.0 N=1060 u = N =825 -
R=0.70 R=090
P = P it o e PR U i AT R | P
o S0 100 150 200 10 0 p 1 40 50 60 ™ B0
Best-Track RE4 | km | Best-Track Vmax [ mis |
(c) (d)
Fig.4. Statistical comparison of wind radii (R34, R50, and R64) and maximum

wind speeds (Vmax ) between the best-track and SMAP data. The black diagonal
lines represent one-to-one reference. The colorbars represent the number of data
points in the specific bins. The bin size is 50 x 50 km for (a)—(c) and 5 x 5 m/s
for (d). Each colored point is located at the center of the bin.

The correlation coefficients between the SMAP-estimated wind
radii and the best-track data are in the range of 0.70-0.82.
The biases of SMAP-estimated R34, R50, and R64 are —2.1
nmi (—4.0 km), 2.4 nmi (4.5 km), and 8.3 nmi (15.5 km),
respectively. We also compare V. derived from the SMAP
wind fields with those from the best-track reports [see Fig. 4(d)].
To make the comparison more meaningful, following the article
presented in [19], we transformed the 1-min sustained Vi,ax
into 10-min sustained Vy,.x using the scale factor of 0.93, as
recommended by the World Meteorological Organization [4].
A high correlation of 0.9 between the SMAP-estimated Vi ax
and the best-track data is found. The bias and RMSE of the
SMAP estimates are —0.2 m/s and 5.8 m/s, respectively.

Note that SMAP is a near-polar orbiting satellite such that
its passes are infrequent (on the order of one or two every day)
in the low and middle latitude regions. Thus, only a portion of
TC is usually observed by SMAP. Under these circumstances,
not all wind radii in four geographic quadrants can be estimated
using SMAP wind data. Moreover, the best-track R64 estimates
are computed via a linear regression from the R34 values (e.g.,
West Pacific).? It should be noted that the TC best-track wind
radii estimation relies heavily on the satellite data, particularly
scatterometer measurements (e.g., QuikSCAT) when in situ ob-
servations and aircraft measurements are not available. However,
Ku-band QuikSCAT winds are significantly affected by the rain
attenuation and instrumental signal saturation under storm-force
wind conditions [13], which can result in large uncertainty in the
wind radii estimates. These factors may be the reasons for the

2Online. [Available]: https://www.metoc.navy.mil/jtwc/jtwe.html?western-
pacific
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Fig.5. Statistical comparison of wind radii (R34, R50, and R64) and maximum

wind speeds (Vimax) between the best-track and SAR (S1-1A/B and RS-2) data.
The black diagonal lines represent one-to-one reference. The colorbars represent
the number of data points in the specific bins. The bin size is 50 x 50 km for
(a)—(c) and 5 x 5 m/s for (d). Each colored point is located at the center of the
bin.

discrepancy between the SMAP estimates and best-track reports,
especially for R64 estimates.

We extract Vy,,,x from SMAP gridded wind data with a spatial
resolution of 0.25° x 0.25°. This product is obtained from
instantaneous 40 km spatial averages of the SMAP observations.
For very strong TCs with small eyes (<20 km), SMAP cannot
resolve the TC eyes due to its coarse resolution. Accordingly,
the spatial average in the eyewall regions of small storms can
cause the underestimation of V.. Moreover, the best-track
Vmax €stimates have the average uncertainties of about 10.6 kt
(5.5 m/s), even when satellite and aircraft measurements are both
available for major hurricanes [35], [36]. The effects of SMAP
spatial averaging and inherent uncertainties of the best-track
data possibly account for the negative bias of V ,,,x between the
SMAP and best track.

Compared with the L-band SMAP radiometer, C-band
SAR satellites (S1-A/B and RS-2) have much higher spatial
resolutions. Here, we use S1-A/B and RS-2 high-resolution TC
wind fields to estimate R34, R50, and R64, and compare them
with the best-track data. The results are shown in Fig. 5(a)—(c).
The RMSEs of SAR-estimated R34, R50, and R64 are 21.7
nmi (40.1 km), 16.5 nmi (30.5 km), and 16.3 nmi (30.2 km),
respectively. Similar to the SMAP result, these errors are
smaller than the corresponding values of wind radii uncertainty
from the best-track data for major hurricanes. Furthermore,
there is a good correlation between the SAR and best-track
wind radii with the correlation coefficients of 0.90 for R34, 0.87
for R50, and 0.73 for R64. In addition to the wind radii, we also
compare best-track estimates for 1-min sustained Vy,.x with
those extracted from SAR wind fields. Compared with SMAP,
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the spatial resolution of SAR-derived winds is much higher,
and thus, we do not need to do a scaling operation on Vi, ax
from the best-track data. As shown in Fig. 5(d), two estimates
are strongly correlated, with a correlation coefficient of 0.86.
The bias and RMSE of SAR-measured V.., are 4.4 m/s and
9.1 m/s, respectively, compared with the best-track data.

The weak TCs with very large sizes cannot be fully observed
by SAR because of its limited spatial coverage (250-500 km),
which may result in larger RMSE error in R34 estimates than
in other wind radii. A positive bias in the SAR-measured values
for Viax is expected because SAR measures the instantaneous
wind, while the best-track estimates for V.« are based on the
measurements of the 1-min maximum sustained wind speed.
Moreover, rain effects on the C-band SAR signals under high
wind conditions may contribute to relatively large scatter in the
SAR-derived wind speeds, which can result in relatively large
RMSE. The average uncertainty in the best-track V,,, is about
13.5 kt (6.9 m/s) for major hurricanes when only the satellite
measurements are available [35], which is also a contributing
factor for the large RMSE.

Fig. 6 shows the SMAP radiometer and S1-A SAR wind fields
of Typhoon Lionrock in the Northwest Pacific. The time interval
between SMAP and S1-A is only 16 min. This provides a good
opportunity to estimate V. and wind radii using wind field
observations from different spaceborne microwave sensors. The
translational speed of Typhoon Lionrock at SMAP and S1-A
acquisition was 6.9 m/s and this storm moved 6.6 km in such a
short time span. As shown in Fig. 6(a), the S1-A-derived wind
field clearly illustrates the typhoon eye and fine-scale structure
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features. By contrast, Fig. 6(b) shows that SMAP does not
resolve the typhoon eye, owing to its coarse resolution. To note,
SMAP and S1-A both show an asymmetric wind distribution.
The S1-A- and SMAP-derived V., are 62.6 m/s and 48.1 m/s,
respectively. According to the best-track report, the Vi, 15 60.6
m/s. Apparently, SMAP underestimates V., likely due to the
effect of spatial averaging. R64 estimates from SMAP and S1-A
are close in the NW quadrant, giving 30.2 nmi (56.0 km) and 37.3
nmi (69.0 km), respectively. In this quadrant, the best-track R64
is 41.5 nmi (76.9 km) supporting the S1-A estimate. However,
notable R64 differences between these two satellite estimates
and the best-track report are found in the other three quadrants.
SMAP and S1-A R50 estimates are in good agreement in the
SW quadrant, with the values of 123.1 nmi (228.0 km) and
128.5 nmi (238.0 km), respectively, which are much larger than
the best-track data, with a value of 102.6 nmi (190 km). In the
SE quadrant, R50 is absent in the S1-A estimate because of the
limitation of the spatial coverage. R34 estimates from SMAP
and S1-A in the NE and NW quadrants are close to each other
and to the best-track data. However, S1-A cannot provide R34
measurement in the SW and SE quadrants due to swath issues.

Considering the very short time interval between the SMAP
and S-1A measurements, it is possible to use the synergistic
observations of these two satellites to obtain reasonable wind
radii estimates in the four quadrants. Fig. 6(c) shows that the
composite of the wind radii is a combination of SMAP-estimated
R34 and S1-A-estimated R64 and R50 values. R50 in the SE
quadrant is estimated from SMAP wind data. For the case of
Typhoon Lionrock, S1-A can provide more accurate estimates
for Vi,ax than SMAP. Regarding wind radii estimates, SMAP is
better than S1-A in estimating R34 because the former has larger
coverage. However, SMAP-derived values for R50 and R64 may
not be as good as those from S1-A due to the impact of spatial
averaging. As a consequence, the accurate TC surface wind
structure and intensity parameters are expected to be derived
by using the combined observations from both the radiometer
and SAR.

Typhoon Noru was a long-lived TC that lasted from July
19 to August 9, 2017, in the Northwest Pacific. During its
lifetime, SMAP and RS-2 performed a total of 17 overpasses
over the storm. Here, we present 12 of these overpasses that
have sufficient spatial coverage to estimate R34, at least in
one quadrant of the storm at a given time. The evolution of
the wind field from both SMAP and RS-2 measurements and
the estimated R34 (black solid lines) during the lifecycle of
Typhoon Noru are shown in Fig. 7, together with the best-track
R34 (black-dotted lines). It appears that the R34 estimates from
SMAP generally match well with the radial extents of gale-force
winds reported by the best-track data. R34 estimates from the
RS-2 and best-track data are comparable on July 29 and August
4 because the radial extents of gale-force winds are covered by
the RS-2. However, notable differences between the RS-2 and
the best-track-measured R34 are found on July 27 and 30 due
to RS-2’s swath limitation. For this case, the synergistic use of
multitemporal wind fields from SMAP and RS-2 exhibits the
evolution of intensity and the surface wind structure of Typhoon
Noru. As shown in Fig. 7, Noru was a tropical storm on July
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Fig.7. Mosaic of successive wind fields derived from SMAP and SAR (RS-2)
during the evolution of Typhoon Noru in the Northwest Pacific from July 22 to
August 6, 2017. The location of the TC center is illustrated by a black plus. The
black dotted and solid lines are 34-kt wind radii (R34) reported by best track
and estimated from SMAP or SAR wind fields.
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Fig. 8.  Time series of best-track maximum 1-min (black solid line) or 10-min
(black dash—dot line) sustained wind speed for Typhoon Noru from July 21 to
August 8,2017. Blue squares indicate SMAP peak winds. Cyan rhombi are RS-2
peak winds.

22, further intensified into a typhoon on July 24 and maintained
this status until July 26. Thereafter, it weakened to a severe
tropical storm again on July 27, and then rapidly intensified
into a super typhoon with associated annular characteristics on
July 31. In early August, Noru underwent a gradual weakening.
After stalling off the southern part of Japan, it weakened again
to a severe tropical storm on August 6. During the lifecycle
of Typhoon Noru, SMAP and RS-2 both clearly show both
symmetric and asymmetric distributions of the wind fields.
When Noru is weak, the surface wind is asymmetric, whereas
when the storm is strong, it is close to symmetric. Moreover,
as shown in Fig. 8, SMAP- and RS-2-derived maximum wind
speeds reveal the intensity change of Typhoon Noru during its
lifecycle, which is consistent with the best-track report.

IV. CONCLUSION

In this study, the SMAP L-band radiometer wind field of 257
TCs and the C-band Sentinel-1A/B and RADARSAT-2 SAR
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wind fields of 118 TCs are acquired and collocated with the
IBTrACS data. We estimated 34-, 50-, and 64-kt wind radii
(R34,R50, and R64) and maximum wind speed (V ;a5 ) using the
SMAP- and SAR-measured TC wind fields based on a relatively
simple method and compared them with the best-track data.
The resulting RMSE values for R34, R50, and R64 are 31.2,
21.8, and 17.0 nmi for SMAP; and 21.7, 16.5, and 16.3 nmi for
SAR, respectively. SMAP- and SAR-estimated maximum wind
speeds are also compared with the best-track reports. The bias
and RMSE are —0.2 m/s and 5.8 m/s for SMAP, and 4.4 m/s
and 9.1 m/s for SAR, respectively. The discrepancies between
the SMAP- and SAR-estimated wind radii and maximum wind
speeds and those from the best-track data are possibly associated
with spatial averaging and restrictions on the swath, the inherent
uncertainty in the best-track data, and different intensity defini-
tions for the satellite data and best-track data.

SMAP and SAR have their own strengths and weaknesses,
regarding the measurement of TC surface wind fields, and
estimates of wind radii and intensity parameters. The L-band
SMAP radiometer signals are sensitive to high wind speeds and
less affected by rain and, thus, can provide accurate winds in
storms with large spatial coverage. SMAP’s wide swath wind
field measurements enable it to give the expected R34 estimates.
However, due to the coarse spatial resolution of SMAP, the
impact of spatial averaging reduces the maximum wind speed in
the TC eyewall region and can possibly lead to underestimates
in intensity [e.g., Fig. 6(b)]. Compared with SMAP, the C-band
SARs have much higher resolution, are able to resolve TC eye
features, and exhibit the fine-scale characteristics of the TC wind
field. For Typhoon Lionrock, the SAR-derived maximum wind
speed estimates are closer to the best-track data than those of
SMAP. It is also important to point out that heavy rainfall under
extreme weather conditions attenuate C-band radar signals and,
thus, impact the accuracy of retrieved high wind speeds [27],
[37]-[41]. Moreover, the SAR swath is smaller than that of
SMAP, which can possibly cause notable differences in R34
estimates between the SAR and best-track data. Thus, the com-
plementarity of SMAP and SAR is valuable in order to obtain
the reasonable measurements of TC surface wind structure and
intensity.

SMAP and SAR multitemporal wind fields clearly show
the evolution and intensity change process for Typhoon Noru.
SAR-derived high-resolution wind fields illustrate the fine-scale
features of Noru. SMAP-estimated R34 values are in good
agreement with the best-track report. Note that SMAP cannot
resolve the location of the eye due to its coarse resolution, par-
ticularly when Noru becomes very strong. During the lifecycle
of Noru, SAR and SMAP both show symmetric and asymmetric
characteristics of the wind field, e.g., depending on when Noru
is strong or weak. Moreover, SMAP- and SAR-derived maxi-
mum wind speeds display similar trends in intensity variation
with the best-track data. In this study, we demonstrate that
synergistic wind observations of passive radiometer and active
SAR instruments provide a good opportunity for monitoring the
variability of TC intensity and surface wind structure. In the
future, uncertainty regarding the availability of the best-track
data can potentially be reduced by incorporating radiometer and
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SAR TC observations into monitoring and forecasting programs.
Moreover, satellite-derived surface wind structure and intensity
parameters may help to find correct initial storm wind estimates
and, thus, improve forecast skill for TC track and intensity. TC
surface winds from multimission satellites also have the capa-
bility to provide realistic atmospheric forcing for ocean models,
which have the potential to enhance the model simulations of
upper ocean responses to TCs.
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