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Abstract: Weak tropical cyclone (TC) center positioning is difficult work in operational forecasting.
In the present study, a TC-red-green-blue (TC-RGB) composite was designed by using satellite multi-
channel observations (reflectance, brightness temperature, and brightness temperature differences).
Compared with single channel images, TC-RGB composites can clearly show the exposed low-level
circulation (LLC) of weak TCs under large vertical wind shear. Based on the guidelines of TC-RGB
composites for TC center positioning, we repositioned 83 western North Pacific (WNP) TC cases
during 2017-2019. Then, the comparisons of TC center positions were made between the TC-RGB
composite and the Regional Specialized Meteorological Centre-Tokyo (RSMC-Tokyo), the Joint Ty-
phoon Warning Center (JTWC) and the China Meteorological Administration-Shanghai Typhoon
Institute (CMA-STI). Via case analysis of TC Kalmaegi (2019), it was found that the best-track data
from the RSMC-Tokyo, JTWC and CMA-STI would have over 100 km biases at the early stage of TC
life history. Taking all the 83 TC cases into account, the results show that the average center position
biases and standard deviations for weak TCs under small vertical wind shear in the daytime are 5 km
larger than those under large vertical wind shear at nighttime. When considering the 83 TC cases
with clear LLC centers, the difference of these two biases is 10 km. The average biases are mostly
above 20 km in the areas south of 18° N and north of 36° N over the WNP. Conversely, in the areas
between 18° N and 36° N over the WNP, they are mostly below 20 km.

Keywords: satellite application; RGB composite; tropical cyclones; center positioning

1. Introduction

A tropical cyclone (TC) is a strong vortex system with a warm core originating from
tropical or subtropical warm and humid ocean surfaces [1]. Coastal countries are devas-
tatingly impacted by disasters brought about by TCs, such as strong winds, rainstorms
and resulting floods and landslides [2]. Continuous TC monitoring and forecasting is an
important part of operations for coastal national meteorological sectors [3,4]. Three key
elements of a TC include its center position, intensity, and scale [5]. Among them, the TC
center is defined as the low-level circulation (LLC) center or depression center in the mean
sea-level pressure field [6]. TC center positioning is the basis for accurately analyzing and
predicting TC intensity and scale [7-10]. Moreover, the accurate data of a TC center can be
beneficial for initial multiphysics in model simulations and machine learning [11].

Current observational platforms for TCs mainly include aircraft, shore-based radars,
and meteorological satellites. Aircraft detect the wind field near the TC center through
dropwindsondes and a stepped frequency microwave radiometer to determine the TC
center and structure [12,13]. Although this method is relatively accurate, it can only be used
in offshore regions and possesses obvious shortcomings in terms of continuous observation.
Shore-based radar can determine the TC center via the method of spiral line fitting on
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echo images or by detecting the radial velocity field [14,15]. However, limited by their
detection range (the maximum detection range of radial velocity is 230 km) and the effect
of the earth’s curvature, they are powerless for TCs prior to landfall [16]. Multispectral
imagers carried by geostationary satellites can provide continuous images at visible (VIS)
and infrared (IR) wavelengths. As a deep convective system, cold targets (i.e., upper-
level TC clouds) are easily distinguished from sea background on IR images. In the past
three decades, numerous IR-based algorithms for objective TC center positioning have
been developed, such as the Dvorak Technique (DT) and Automated Rotational Center
Hurricane Eye Retrieval [17-19]. These TC center positioning algorithms all assume upper-
and lower-level circulation centers are consistent, and the LLC center is inferred through the
distribution of the upper-level cloud system of the TC. Therefore, they are mainly effective
when TC eye or spiral rain bands are obvious [20]. Under large vertical wind shear, the
upper-level cloud system deviates obviously from the LLC and sometimes even exposes
the LLC center. Due to the small temperature difference between low clouds and the sea
surface, even if the LLC center is exposed, it is still not easy to find using IR images alone.
Inversely, on VIS images, it is possible to highlight the LLC center (without high cloud
cover). However, traditional VIS observations require suitable illumination conditions and
cannot be used under low illumination conditions, such as at nighttime or in dawn/dusk
hours [21].

Regarding the issue of weak TC center positioning under large vertical wind shear
without VIS, microwave or low-light observational instruments on board polar-orbiting
satellites are used. Passive microwave imagers and active microwave scatterometers both
estimate the emissivity and roughness characteristics of the sea surface through measured
radiances, which are determined by the sea surface wind speed and direction [22]. A low
center of the wind field can be considered the LLC center [23,24]. However, a majority
of microwave observations have non-negligible drawbacks, such as their coarse spatial
resolution (25-50 km under sub-satellite points) and vulnerability to heavy rainfall. As a
new tool for TC monitoring and forecasting in recent years, space-borne synthetic aperture
radar (SAR) is capable of measuring sea surface winds with high spatial resolution (tens of
meters) under almost all weather conditions [25]. The main limitation of SAR is its sporadic
availability (an explanation will be given later). At the same time, the VIS IR Imaging
Radiometer Suite onboard the United States new-generation polar-orbiting meteorological
satellites has a highly sensitive, low-light channel called the Day Night Band (DNB) [26].
With a spatial resolution of 0.5 km, DNB can acquire moonlight and starlight reflection
data under low illumination conditions, such as nighttime and dawn/dusk hours [21,27].
However, limited by the signal intensity of the light source, low-cloud monitoring by DNB
is currently only effective under the conditions between a semilunar and full moon [28].
Additionally, another major shortcoming of the polar-orbiting satellite instrument is its
low temporal resolution. Especially in tropical regions, continuous TC center positioning
cannot be achieved due to usually just one or two observations a day [29].

Red-green-blue (RGB) composites, widely used in cloud microphysics in the past
decade, solve problems in which a single channel has difficulty distinguishing between
different targets [30]. Hawkins et al. [31] used RGB composites via a combination of DNB
(VIS observations in daytime and low-light observations at nighttime) and IR channels to
reveal that the centers of upper and lower levels have 100 km biases under large vertical
wind shear. However, when the moonlight conditions are insufficient at nighttime, this
method cannot be used. In the present study, a new TC-RGB composite was designed,
which is available for all-day TC center positioning. This improvement is especially
beneficial to the TCs with clear LLC centers. On this basis, the characteristics of center
position biases between the TC-RGB-based method and the three agencies under different
vertical wind shear conditions, intensity categories and geographical locations are analyzed.
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2. Materials and Methods
2.1. Data
2.1.1. Best-Track Datasets

There are three agencies in the western North Pacific (WNP) region that provide data on
TC tracks—namely, the Regional Specialized Meteorological Centre-Tokyo (RSMC-Tokyo),
the Joint Typhoon Warning Center JTWC) and the China Meteorological Administration-
Shanghai Typhoon Institute (CMA-STI). The three best-track datasets have their own
characteristics [32]. However, compared to other two best-track datasets, the JTWC dataset
uses more data sources for its analyses [33]. For this paper, we selected the common part
of the three datasets during 2017-2019, which consists of 83 TC cases. Not considering
the differences in TC intensity categories of the three agencies, we considered the JTWC
intensity categories as representative. These categories are: tropical depression (TD);
tropical storm (TS); category 1-5 (C1-C5) on the Saffir-Simpson Hurricane Scale [34]; and
extratropical systems (EX).

2.1.2. Vertical Wind Shear from Reanalysis Data

Reanalysis data are used in calculating the vertical wind shear for analyzing the
characteristics of TC center position biases under different wind shear conditions. In this
study, the United States National Centers for Environmental Prediction (NCEP) final (FNL)
data [35] with 0.25° resolution at 6 h intervals were selected. They are available from
July 2015.

According to DeMaria et al. [36], the environmental vertical wind shear of a TC can be
defined as the difference between the average wind vector at 850 hPa and 200 hPa within
the range of 200-800 km from the TC center. Here, the 850 hPa and 200 hPa wind field data
are from the NCEP FNL reanalysis data. Later, the vertical wind shear is divided into large
and small quantities according to a 20 knot (kt; 1 kt = 0.51 m s~ !) threshold.

2.1.3. Himawari-8 Observations

The Japanese geostationary meteorological satellite Himawari-8 was launched in
October 2014 and became operational in July 2015. The sub-satellite point is located at
140.7° E. The Advanced Himawari Imager (AHI), as the main payload of Himawari-8, has
16 channels, including 3 VIS channels, 3 near-IR channels, and 10 IR channels [37]. Data
from these channels can be used to estimate the top height, optical thickness, and other
characteristics of clouds [38,39]. The spatial resolution of the AHI VIS channels (0.5 km
under the sub-satellite point) is higher than that of IR channels (2 km under the sub-satellite
point). For this paper, observations of all channels were resampled at a resolution of 2 km
when using the TC-RGB composites. In addition, the original temporal resolution of the
AHI is 10 min, but images are only used at half-hourly intervals. Correspondingly, the
best-track datasets and vertical wind shear data, which have a resolution of once every 6 h,
were also linearly interpolated every 30 min.

2.2. Design of TC-RGB Composites

Hawkins et al. [31] used an RGB composite with DNB observations modulating the red
and green components and IR observations modulating the blue component, which is only
effective when there is sunshine during the day or enough moonlight at night. However,
the TC-RGB composites designed in this paper can be applied to TC center positioning
throughout the day. For simplicity, it is divided into a day (night) mode according to the
solar zenith angle less (greater) than 87° [40].

The day mode is similar to the method in Hawkins et al. [31]. Specifically, the re-
flectance of the AHI 0.4-um VIS channel (A 4) modulates the red and green components.
When A4 is between 0 and 1, it linearly corresponds to 0-100% in the red and green
components. When Ay is less than 0 or more than 1, the two components are set to
0 and 100%, respectively. The specific linear transformation is illustrated in Figure 1a. The
brightness temperature of the AHI 10.4-um IR channel (T1g4) inversely modulates the
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blue component within the range of 203-323 K. If the value of T1g 4 is more than 323 K or
less than 203 K, the blue component is set to 0 or 100%, respectively. The inversely linear
transformation is illustrated in Figure 1b. Ag 4 and Ty 4 reflect the cloud optical thickness
and cloud-top height, respectively. Cirrus, deep convective clouds, and low clouds are
three common cloud types in TCs. Cirrus is thinner, with very low A 4, so it appears blue.
Deep convective clouds have high cloud tops and large optical thicknesses, so all three
components are large, appearing white. Low clouds have large Aj 4 values and low cloud
tops, so they appear yellow. For land and sea, their Ag4 (T194) values are less (greater),
thus appearing dark blue or dark gray. The typical physical values and colors of these
targets are summarized in Table 1.

100 . 100
(a) (b)
__80¢ 1 — 807
X X
L 60F o 60f
© <
2 2
5 40 ? 40 |
O O
20 20 ¢
0 : 0 :
Lower Limit Upper Limit Lower Limit Upper Limit
Radiative Quantity Radiative Quantity

Figure 1. [llustrations of (a) normally and (b) inversely linear transformations from radiative quantity
to gray-scale.

Table 1. Typical physical values (reflectance, brightness temperature or brightness temperature
differ-ences) and colors for five objects in tropical cyclone (TC) red-green-blue (RGB) composites in
day and night modes. The red-, green- or blue-color marked characters mean they are served as the
red, green or blue component of RGB composites, respectively. First (last) values in parentheses are
the lower (upper) limits for a normally or inversely linear map from radiative quantities to gray-scale.

Apy T10.4

Day Mode ©,1) ©,1) (203K, 323 K) Color
Sea 0.08 0.08 295K
Land 0.21 0.21 300 K
Cirrus 0.3 0.3 260 K
Deep Cb 0.96 0.96 200K
Low cloud 0.86 0.86 290 K
: T12.3-104 T104
Night Mode (-4K,2K)  (-5K5K (203K, 323K) Color
Summer —-35K —-11K 295 K
Sea Winter 27K 01K 288 K -
Summer —-12K 0.8K 292 K
Land Winter 0K 09K 270 K
Cirrus —45K 115K 255 K
Deep Cb 0.7K —85K 205 K E
Low cloud 21K 35K 280 K

To solve the problem of there being no VIS channel data at night, the night-mode
TC-RGB composites proposed in this study use the brightness temperature difference.
Specifically, the difference between T1p4 and the AHI 12.3-um IR brightness temperature
(T12.3-10.4) modulates the red component, ranging from —4 K to 2 K; the difference between
the AHI 3.9-um channel brightness temperature (T39) and T1p4 (T194-39) modulates the



Remote Sens. 2022, 14, 539

50f19

green component, ranging from —5 K to 5 K. The red and green components are set to 0 and
100%, as the value of T123-10.4 or T19.4-3.9 exceeds the lower and upper limits, based on the
linear transformation illustrated in Figure 1a. The blue component is consistent with the
day mode. T153-10.4 mainly characterizes the optical thickness of clouds [41]. The T123-104
of thin clouds (e.g., cirrus) is obviously negative, whereas for thick clouds, it is positive.
T10.4-3.9 reflects the difference in cloud emissivity at different wavelengths. The 3.9-pm
emissivity of stratus clouds is lower than the 10.4-pm emissivity [42], which is significantly
different from other clouds. Finally, in night-mode TC-RGB composites, cirrus appears
blue, while low clouds appear bright green, and deep convective clouds appear dark violet
(Table 1). Note that when T3 is lower than 220 K, the signal-to-noise ratio is relatively
small [43], resulting in unstable values of T194-3.9. Thus, the “purply red” deep convective
cloud often has light-cyan “spots”. Due to seasonal variations in T153 194, the sea shows
dark green (green) in summer (winter), while land appears olive-drab (sandy brown) in
summer (winter). Typical physical values and colors of these targets are also summarized
in Table 1.

Figure 2 shows three examples of TC-RGB composites. Low clouds in yellow (bright
green) are significantly different from the background and other clouds in daytime (at
nighttime). Cirrus clouds appear blue throughout the day. Same clouds with similar
colors in day and night modes ensure the consistency in applying and understanding the
TC-RGB composites.

350 N Y

30°N

25°N

20° N [

100° E 105° E 110°E 115°E 120° E 125°E 130° E

30°N

20°N

15°N
100° E 105° E 110° E 115°E 120°E 125° E 130° E

Figure 2. Cont.
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Figure 2. Examples of day- or night-mode TC-RGB composites by using Advanced Himawari Imager
(AHI) observations at (a) 0400 UTC and (b) 1600 UTC on 7 September 2017, as well as (c) 1600 UTC
on 16 January 2018.

2.3. Application of TC-RGB Composites in TC Center Positioning
2.3.1. Guidelines for Using TC-RGB Composites in TC Center Positioning

As shown in Figure 3, TCs with a certain intensity can be divided into two types:
with and without an eye. For TCs with an eye, if the TC eye has a regular shape (e.g.,
circle, ellipse) and no cloud in the eye region, the center is located at the highest brightness
temperature. If the TC eye has a regular shape but obvious low cloud in the eye region, the
TC center is set at its geometric center. If the shape of the TC eye is not regular, the rotational
center is set as the TC center by analyzing the three consecutive TC-RGB composites at the
nearest time intervals.

Eye
TC Cloud N Spiral
System Cloud
Non-eye | Quasi-circular
Cloud
N Cluster
Cloud
> Asymmetric
Cloud

Figure 3. Classification of TC cloud systems for TC center positioning.

A non-eye TC cloud system can also be divided into two types according to its shape
and the characteristics of the outside spiral cloud band, namely a spiral or cluster TC cloud
system. A spiral TC cloud system is characterized by obvious spiral cloud bands around
the TC. In contrast, a cluster TC cloud system appears as a central dense overcast (CDO) or
central cold cover (CCC) on the image. Furthermore, according to its geometric shape, it
can be divided into a quasi-circular or asymmetric TC cloud system. Figure 4 shows three
examples of applying non-eye TC center positioning. According to the DT [44], the TC
with spiral cloud bands is positioned by fitting of the spiral lines. Willoughby found that
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these spiral cloud bands have the shape of logarithmic spirals [45]. The polar equations of
logarithmic spirals are

r=aeb?, 1
where a and b are quasi-constants. The parameter a represents the tightness of the loga-
rithmic spiral line, while the parameter b characterizes the angle between the tangent of
any point on the logarithmic spiral and the radius from the center to the point. Generally
speaking, a (b) varies from 20 (0.16) to 35 (0.19) according to the intensity of the TC [46]. In
Figure 4a, when choosing the parameters for the two major spiral cloud bands, TC center is
positioned at the intersection point. The quasi-circular cloud TC is simply positioned at
the geometric center (Figure 4b). In the asymmetrically distributed CDO (CCC), due to the
vertical wind shear, the center positioning can be divided into two scenes by the degrees of
exposure for the LLC. Similar to the rule in DT, for the TC without an exposed LLC, the
center is generally located on the steeper side of the edge of the cold cloud area. Thus,
in Figure 4c, the TC center is determined at that place as mentioned. For the TC with an
exposed LLC, the exposed LLC appears yellow (in daytime) or bright green (in nighttime)
through low clouds, distinguished from the background and other clouds. The spiral center
of low clouds is identified as TC center. Because this part is the most important content for
TC-RGB composite in TC center positioning, more details, including two typical examples
will be given in Section 2.3.2 alone.

Figure 4. Examples of TC center positioning for TCs with (a) spiral cloud, (b) quasi-circular cloud
and (c) asymmetric cloud. The TC-RGB-based centers are indicated by the magenta circles.

Finally, within the entire TC life cycle, the TC center positions should be as continuous
as possible to avoid large jumps. In the animation of TC-RGB composites taking the TC-
RGB-based center as the origin of coordinates, the TC should be only seen rotating without
obvious jitter.

2.3.2. Typical Examples

Figure 5 shows two examples of the application of TC-RGB composites in TC center
positioning. TC Jongdari (2018) at 1500 UTC on 30 July and TC Faxai (2018) at 0400 UTC on
3 September were at the TD and TS level, respectively. On their Ty 4 images (Figure 5a,d),
convective clouds are on the east side, without an obvious spiral center. In Figure 5b
(Figure 5e), due to the difference in emissivity (reflectance), the low cloud and background
differ markedly in the T1p 439 image at nighttime (A( 4 image in the daytime). By further
using the TC-RGB composites, we can easily distinguish the low clouds from background
and high clouds (Figure 5¢,f). In Figure 5c, low clouds appear bright green, separated
from the upper-level system. Thus, the center of TC Jongdari is set at the LLC center
(indicated by magenta circle). The TC centers from the three best-track datasets were set at
low clouds, 28—44 km northeast of the TC-RGB-based center. In Figure 5f, the exposed LLC
shows as yellow. The TC centers from JTWC and CMA-STI are generally consistent with
the TC-RGB-based center, with biases of less than 16 km. However, the TC center from
RSMC-Tokyo is approximately 46 km east of the TC-RGB-based center. TC-RGB composites
reveal the biases of best-track datasets in TC center positioning.
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Figure 5. Images of (a) T1g4 (unit: K), (b) T1p4-39 (unit: K), and (c) TC-RGB in night mode for TC
Jongdari (2018) observed at 1500 UTC on 30 July 2018, as well as images of (d) T1g 4 (unit: K), (e) Ag4
(unitless), and (f) TC-RGB in day mode for TC Faxai (2018) observed at 0400 UTC on 3 September 2018.
TC center positions from the three best-track datasets and the TC-RGB-based centers are indicated by
magenta markers.

3. Results

In this section, we reveal the characteristics of center position biases and the standard
deviations between the TC-RGB-based method and the best-track data from RSMC-Tokyo,
JTWC and CMA-STI by using 83 TC cases in 2017-2019. The definition for the center
position bias (x; unit: km) is

X = 6371~\/(® — @) cos2 0y + (6 — 6p)?, )

where @ is the longitude (in radians) of the TC center position from any one of the three
agencies and ) is the longitude (in radians) of the TC center position from the TC-RGB
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method. Similarly, 8 and 6y represent the latitude. Furthermore, the definition for the
standard deviation (s; unit: km) of center position biases is

5= \/31 Z?:l (xi — Y)21 3)

where X is the average center position bias and n is the number of the cases.

3.1. Case Analysis

Figure 6a shows the tracks of TC Kalmaegi (2019) from the three best-track datasets
and the TC-RGB-based method. Three inset TC-RGB composites are used to prove the
rationality of the TC-RGB-based track. On 13 November, Kalmaegi was at the TD level,
with the exposed LLC center under relatively large vertical wind shear (approximately
17 kt). In the two TC-RGB composites, the TC-RGB-based centers are all set at the LLC
center. However, the TC centers from the three best-track datasets differ greatly, especially
those from CMA-STI. On 17 November, Kalmaegi reached the TS level, with a CCC in
the upper level under small vertical wind shear (approximately 5 kt). However, the LLC
center is faintly visible through gaps in upper-level clouds. The centers from JTWC and
RSMC-Tokyo are consistent with the TC-RGB-based center, but the center from CMA-STI
has a westward bias. Figure 6b illustrates track biases between the TC-RGB-based method
and the three best-track datasets. The track biases of the three agencies are mostly less
than 50 km but sometimes more than 100 km. When TC Kalmaegi is at the TD level, the
track biases are relatively large. Around 14 July, under large vertical wind shear, the track
bias between the TC-RGB-based method and CMA-STI (JTWC) can reach 250 (150) km.
Conversely, when Kalmaegi reaches the TS or C1-C2 level, the track biases are generally
below 50 km.

3.2. Owverall Performances

For this paper, 83 TCs that occurred in the WNP from 2017 to 2019 were repositioned
using TC-RGB composites. The average center position biases (standard deviations) be-
tween the TC-RGB-based method and best-track datasets from RSMC-Tokyo, JTWC and
CMA-STI were calculated, and they are 14.338 km, 13.631 km and 17.097 km (13.581 km,
12.774 km and 15.459 km), respectively. Figure 7 shows the average center position biases
and sample sizes of the three agencies under different vertical wind shear in daytime (left
panel) or at nighttime (right panel). Due to the small number of TC samples at the EX level,
we do not discuss these any further. In terms of TC intensity categories, as they become
stronger, the average center position biases decrease from 25 km to 5 km. As shown in
Figure 7, the average position biases of TCs under small vertical wind shear are not as
large as those under large vertical wind shear. Due to large vertical wind shear, upper- and
lower-level systems have greater separation, causing exposed LLC centers, which favors
the use of TC-RGB composites. At present, agencies use VIS and IR images for TC center
positioning in the daytime, which is the same as day-mode TC-RGB composites to some
extent. However, they use IR images alone at nighttime. Thus, comparing the average
position bias during daytime and nighttime, especially when a TC is weak (e.g., at the TD
level), the average center position biases at nighttime are approximately 5 km larger than
those in the daytime. Overall, weak TCs under small vertical wind shear at nighttime have
relatively large average center position biases and standard deviations.
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Figure 6. (a) Tracks of TC Kalmaegi (2019) from the three best-track datasets and the TC-RGB-based
method. Purple lines link inset figures of TC-RGB composites to the approximate TC locations on
the track. TC center positions from the three agencies and TC-RGB-based method are indicated by
magenta markers (+: Regional Specialized Meteorological Centre-Tokyo (RSMC-Tokyo); x: Joint
Typhoon Warning Center (JTWC); ¢: China Meteorological Administration-Shanghai Typhoon
Institute (CMA-STI); o: TC-RGB). (b) The bias of center positions between the TC-RGB-based method
and each of the three best-track datasets for TC Kalmaegi (2019). The color shading indicates
intensity categories.
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Figure 7. Average biases of the TC center positions between the TC-RGB-based method and the best-
track datasets from (a,b) RSMC-Tokyo, (c,d) JTWC and (e,f) CMA-STI, along with (g,h) sample sizes,
for 83 TC cases during 2017-2019 in each intensity category, with shading indicating the standard
deviation. Comparisons were conducted for TCs under large/small vertical shear during daytime
(left panel) as well as nighttime (right panel).

Furthermore, if only TC cases with clear LLC centers are selected (Figure 8), the
difference in the average position biases between daytime and nighttime will be more
significant. The biases at nighttime are approximately 10 km larger than those in the
daytime, especially when the TC is weak.
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Figure 8. Average biases of the TC center positions between the TC-RGB-based method and the
best-track datasets from (a,b) RSMC-Tokyo, (c,d) JTWC and (e,f) CMA-STI, along with (g,h) sample
sizes, for TC cases with exposed LLC centers during 2017-2019 in each intensity category, with
shading indicating the standard deviation. Comparisons were conducted for TCs under large/small
vertical shear during daytime (left panel) as well as nighttime (right panel).

Figure 9 shows the spatial distribution of the average position biases between the
TC-RGB-based method and the three best-track datasets. The position biases of all TC cases
on 2° x 2° grid were averaged. In the area of 18° N-36° N over the WNP, the average
biases of the three agencies are mostly below 20 km. However, for the area north of 36° N
over the WNP, they are mostly above 20 km due to the large vertical wind shear associated
with the upper jet at mid-to-high latitudes. In addition, for the area south of 18° N over the
WNP, because of the weak TC in the formation stage and the influences of the low-latitude
monsoon surge, the average biases are mostly more than 20 km.



Remote Sens. 2022, 14, 539

13 0of 19

50
40° N 40
32°N 30
24° N 20
1
16° N 0
10°E 120° E 135°E 150° E 165° E (5)0
(L ‘
40° N 40
32°N 30
24° N 20
16° N 10
0
50
(c
40° N 40
32°N 30
24° N 20
y 10
16° N N
N | rraft = 0

105°E  120°E  135°E  150°E 165'°E

Figure 9. The 2° x 2° gridded distributions of average position biases (unit: km) using 83 TC
cases during 2017-2019 between (a) RSMC-Tokyo, (b) JTWC and (c¢) CMA-STI and the TC-RGB-
based method.

4. Discussion

The TC center positions determined by TC-RGB composites need to be verified by
using ground truth. The Sentinel-1 SAR measurement, which has been widely used for TC
centers, structures and intensity owing to its high spatial resolutions (approximately 1 km),
is a choice. However, the sample number of SAR observations is quite small, and most of
these samples are focused on the strong TCs with clear eyes that have little controversy
in center positions. Although the SAR-based verifications of center positions from the
TC-RGB method have been provided in the Appendix A, the results are for reference only.

It is worth noting that the TC center positioning approach based on TC-RGB compos-
ites reported in this paper cannot fully represent the true value due to parallax errors of
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satellite observations. Specifically, parallax errors are the differences between the satellite
observed positions and the apparent positions on the Earth [47]. The two main determi-
native factors of parallax errors are the satellite viewing angle and the cloud-top height.
Under this circumstance, considering most WNP TCs occurring at approximately 130° E of
tropical regions, the Himawari-8 with the sub-satellite point at 140.7° E has the smallest par-
allax errors than other operationally geostationary satellites, such as Chinese Fengyun-4A
located at 104.7° E.

In addition, the latitudes and longitudes of the center positions from RSMC-Tokyo,
JTWC and CMA-STT are accurate to only one decimal place (0.1° on Earth is approximately
10 km), which means that a center position bias of less than 10 km is also likely to be caused
by data accuracy.

5. Conclusions

Multichannel data from AHI were used to produce TC-RGB composites. Under
large vertical wind shear, this method can clearly display the exposed LLC, which favors
successful TC center positioning. Conversely, in the case of small vertical wind shear,
center positioning methods based on TC eye and spiral rain bands are still available for
TC-RGB composites.

The characteristics of center position biases between the TC-RGB method and three
best-track datasets under different vertical wind shear conditions, intensity categories, and
geographical locations were also analyzed. Firstly, via one TC case analysis, it was found
that the center position biases of the three agencies were large in a weak TC under large
vertical wind shear, which may sometimes exceed 100 km. Secondly, the statistical analysis
using 83 WNP TC cases showed that the average center position biases and standard
deviations for weak TCs under small vertical wind shear in the daytime are 5 km larger
than those under large vertical wind shear at nighttime. Taking 83 TC cases with clear LLC
centers into consideration, the difference of these two biases is 10 kmm. Furthermore, the
spatial distribution of the average position biases manifests that biases of more than 20 km
were generally located in the areas south of 18° N and north of 36° N over the WNP.

The technique of TC center positioning based on TC-RGB composites could be used in
an operational way. However, in the current version this technique is manually handled.
Future study will focus on developing an automated routine based on the guideline
introduced in Section 2.3.

As an application, the high-accuracy TC center positions from TC-RGB composites
shall reveal the small scale features of TC tracks more clearly (e.g., trochoidal motion of
the TC eyes). They will also contribute to the improvement of forecast accuracy of TC
intensities by variational bogus data assimilation in numerical weather models.
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Appendix A. Preliminary Validation of the TC-RGB-Based Method

Sentinel-1A and -1B were launched by the Copernicus/European Space Agency in
2014 and 2016, respectively. The C-Band SARs onboard Sentinel-1 have both co- and cross-
polarization modes. Because ocean backscatters from SAR cross-polarized measurements
are quite linear with respect to wind speeds, Sentinel-1 SARs are able to measure sea surface
winds up to 150 kt with an acceptable error [48].

TC eye extraction from SAR imagery is an important research topic. Because of the
high sensitivity of the measured value by cross-polarization in strong and low wind, the TC
eye region is easily distinguished against the eyewall area [49]. At this time, TC centers are
set at the geometric center of the eye region. TC centers can also be identified by directly
determining the circulation center of the sea surface wind field by wind speed retrievals [49].
It is worth noting that the spatial resolution for the SAR wind field tends to sacrifice to
approximately 1 km for high accuracy due to the big noise of the raw product [50].

Sentinel-1 SARs are operated following predefined acquisition plans. Each TC obser-
vation requires a specific request submitted through the Copernicus Emergency Man-
agement Service two or three days ahead of the acquisition [51]. As a result, valid
Sentinel-1 SAR passes over TCs are very sporadic. Only 60 samples (23 TC cases) were
collected during 2017-2019 over the WNP basin. They are employed to verify the TC-
RGB-based centers. The Sentinel-1 C-Band SAR data were downloaded from CyclObs
(https:/ /cyclobs.ifremer.fr/app/, accessed on 29 October 2021).

Figure A1 shows three examples comparing the results of TC center positioning from
the TC-RGB composites and the SAR measurements. The first example presents a quasi-
circular TC cloud system on a TC-RGB composite image (Figure Ala). However, from
SAR measurements, an obvious low-wind center (“eye”) is found, and the TC center is
positioned at the geometric center of the “eye” (Figure Alb,c). The position bias between the
TC-RGB-based center and the SAR-based center is 11 km. The second example presents a
TC with an irregularly shaped eye. The rotational center is set as the TC center (Figure Ald).
Relative to the SAR-based center (Figure Ale,f), the TC-RGB-based center has a bias of
8 km, which is lower than the best-track data from three agencies. The third example is
a TC making landfalls (Figure Alg). Because SAR measurements over land are not valid
(Figure A1lh,i), the SAR-based center is not believable. The TC-RGB-based center is 77 km
away from the SAR-based center. Overall, the position biases between TC-RGB-based
centers and SAR-based centers are small before TCs make landfalls.

All of the 60 Sentinel-1 SAR overpasses observing WNP TCs were used to verify the
TC center positions determined by the TC-RGB-based method and three best-track datasets.
Figure A2 shows the average center position biases, standard deviations and sample sizes
of the TC-RGB-based centers and the three best-track datasets under different vertical wind
shear. Due to the lack of TC cases at the EX and TD levels, these two levels are not discussed.
In Figure A2a, the average biases between the TC-RGB-based centers and the SAR-based
centers under large vertical wind shear are smaller than those under small vertical wind
shear. Comparing Figure A2a with Figure A2b,d, when the vertical wind shear is large, the
TC-RGB-based centers have obviously smaller average center position biases and standard
deviations than the RSMC-Tokyo and CMA-STI best-track datasets. This is because the
TC-RGB composites can reveal more details about low-level clouds than single-channel
images, especially when TCs are under large vertical wind shear. The JTWC dataset has
the smallest average center position biases and standard deviations when TCs are at the
C2 level, a benefit from the new capabilities of the recent generation of rain-free L-band
passive radiometer sensors [33].

It is worth noting that the total sample size of SAR overpasses for WNP TCs during
2017-2019 is quite small, due to the sporadic availability of Sentinel-1 SAR. Moreover,
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these samples all focus on TCs in relatively strong intensity categories (above the TS level)
without exposed LLC centers, which may not comprehensively show the advantages of the
TC-RGB-based method enough. Thus, results presented in this section are for reference
only.

25°N 25°N
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Figure Al. (a,d,g) TC-RGB images, (b,e,h) ocean backscatters from cross-polarized SAR measure-
ments and (c,f,i) SAR sea-surface wind speed retrievals for TC Jongdari (2018) at 2030 UTC on 27
July 2018 (top panel) and 2030 UTC on 26 July 2018 (middle panel) as well as TC Lekima (2019) at
1000 UTC on 10 August 2019 (bottom panel). TC center positions from the three best-track datasets,
the TC-RGB-based centers, and the SAR-based centers are indicated by magenta markers.
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Figure A2. Average biases of the TC center positions between the SAR retrievals and (a) TC-RGB-
based method or the best-track datasets from (b) RSMC-Tokyo, (c) JTWC and (d) CMA-STI, along
with (e) sample number, for 60 samples (23 WNP TC cases) during 2017-2019 in each intensity
category, with shading indicating the standard deviation.
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