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Abstract—Typhoons’ rapid variation makes effective hazard
prevention difficult, which remains a challenging research topic
requiring novel observation technology and analysis methodology.
We developed an automatic methodology for mining the infor-
mation on the rapid variation of typhoon cloud-top motion from
high-spatial-temporal-resolution satellite cloud images, which has
steps of estimating and decomposing the typhoon cloud-top motion,
locating the typhoon cloud-top center, and analyzing the motion
and center position variations. The Gaofen-4 satellite acquired 50-
m-1-min-resolution cloud images of Typhoon Megi’s (2016) landfall
over mountainous Taiwan Island. The data provide an excellent
chance to explore what such high-spatial-temporal-resolution suc-
cessive observations can tell about the cloud-top motion variation
of a typhoon landfall using the methodology. Before its landfall,
Typhoon Megi’s cloud-top center dramatically increased the north-
westward migration speed from ∼22 to ∼58 km/h in only ∼2.5 h.
It also presented small-scale oscillation along its migration path
with a 1.6-to-2.4-km amplitude, a 31-to-33-km spatial period, and
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a 1.46-to-1.48-h temporal period. We averaged the motion speeds
(velocity magnitudes) in each motion field to assess the field
strength. The so-calculated cloud-top average rotation speed of
Typhoon Megi decreased quickly during landfall. Meanwhile, its
average divergence speed increased dramatically by ∼30% in a
short period of ∼2.5 h, reaching ∼2 times the rotation speed. This
result means that Megi’s cloud-top motion rapidly changed from a
typical rotation motion-dominated status to a divergence motion-
dominated status. This rapid transformation from typical rotation
motion dominance to divergence motion dominance implies intense
upward warm and moist airflows that cause severe precipitation.

Index Terms—Atmospheric motion vectors (AMVs), field
decomposition, geostationary satellite, motion field, tropical
cyclone (TC), typhoon.

I. INTRODUCTION

TROPICAL cyclones (TCs) are severe weather systems
striking global coast regions with extreme winds and pre-

cipitations. Future projections based on data from recent history
consistently suggest an increase in the mean intensity of global
TCs over the coming decades [1], [2], [3], [4]. Intensification of
TC activities is expected to increase the population exposed to
TCs every year significantly, exacerbating disaster risk and caus-
ing enormous environmental damage and economic loss [5], [6].

Hazards usually occur during TC landfalls [7], [8]. Studying
TC landfalls is particularly important in the western North
Pacific, where the TC frequency is high, accounting for >30%
of the global TCs [8], [9], [10]; TCs are usually called typhoons
in this region. When interacting with complicated topography,
landfalls often induce rapid changes in typhoon systems, such as
high-frequency variations in typhoons’ migrations, airflows, and
precipitations. The rapid variation of typhoons makes accurate
forecasts difficult and thus hinders effective hazard prevention,
especially for remote areas lacking ground-based radars.

With the development of remote sensing technology, TC
observation data is of greater diversity and quantity than ever
before. Spaceborne microwave scatterometers [11], [12], [13]
and radiometers [14] provide global sea surface wind mea-
surements even beneath heavy clouds of TCs. In addition,
spaceborne synthetic aperture radars have been widely used
to capture finer structures of TCs at the sea surface because
of much higher spatial resolution [15], [16], [17], [18], [19],
[20], [21]. However, observing TC motion variation over coast
zones and inland regions depends mainly on ground-based
radars. Although spaceborne remote sensing technology has
the advantage of global coverage over ground-based radars and
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aircraft reconnaissance, the polar-orbiting microwave sensors
have shortcomings of inadequate spatial-temporal resolution
while high spatial resolution and imaging rate are essential
to capture typhoons’ high-frequency variation occurring in a
short time. Therefore, novel observation technology and analysis
methodology need to be explored to provide new perspectives.

Some indices can be derived from a single satellite cloud
image to depict a TC system’s status using techniques such as
the original Dvorak and its modified versions commonly used to
generate the 3- or 6-h-interval best track (BT) data sets. A differ-
ent way, as we did, is to directly estimate cloud motion vectors
by tracking cloud features in successive images. These cloud
motion vectors are called atmospheric motion vectors (AMVs),
representing the horizontal components of the winds at the cloud
level. However, TC clouds are typically of fast-evolving due to
deformation, evaporation, and vertical shear. Some TC cloud
features are too short-lived to be tracked by routine imaging
intervals of meteorological satellites (≥10 min) [22].

Gaofen-4 (GF-4) is a Chinese high-resolution geostationary
satellite with spatial resolutions and imaging rates up to 50 m
and 20 s, respectively. The comparison study between the GF-
4 satellite and the Himawari-8 satellite suggests that higher
spatial-temporal resolution can capture the fast cloud-shape
changes and fine dynamical features of typhoons, especially in
their central areas, and thus enable the typhoon AMV derivation
and AMV-based typhoon center locating [22]. The GF-4 satellite
acquired 50-m-1-min-resolution cloud images that captured Ty-
phoon Megi (2016) landfall event over Taiwan Island, where the
giant Central Mountain Range characterizes the landscape. The
Central Mountain Range is north-northeast to south-southwest
oriented, ∼300 km long, and ∼80 km wide with an average
elevation of∼3000 m, and there are 22 peaks higher than 3500 m.
Because of the size and high relief of the mountain range, the
GF-4 images of Typhoon Megi provide us with an excellent
data source to investigate what such a high-spatial-temporal-
resolution successive observations of typhoon top clouds can tell
about the cloud-top motion variation during typhoon landfall.

We give a fully automatic analysis methodology in this article
for mining the information of the rapid variation of typhoon
cloud-top motion from the GF-4 images. The methodology
comprises the methods developed in our previous studies [23],
[24] to estimate the typhoon cloud-top motion and derive the
typhoon cloud-top rotation and divergence motion fields and
center positions. It also includes the methods proposed in this
article to extract migration oscillation kinematic characteristics
of the typhoon cloud-top center.

The rest of this article is organized as follows. Section II
describes the data of the GF-4 and other satellites used in the
study. Section III introduces our automatic analysis methodol-
ogy of processing GF-4 images and extracting the kinematic
characteristics of the migration oscillation of Typhoon Megi’s
cloud-top center. Section IV presents the results. Section V is a
summary.

II. SATELLITE DATA

A. GF-4 Satellite Data

The GF-4 satellite has a Complementary Metal Oxide Semi-
conductor array sensor. The sensor has five visible-near infrared

(VNIR) spectral bands (0.45–0.90, 0.45–0.52, 0.52–0.60, 0.63–
0.69, and 0.76–0.90 μm) and can image the Earth at a 50-m
resolution [24]. The acquired images have 10 240 × 10 240
pixels, covering about 512 km × 512 km.

Typhoon Megi landed over Hualien of Taiwan Island at
∼06:00, 27 September 2016 (UTC). Typhoon Megi was cap-
tured in a series of images at 1-min intervals by GF-4 during
its landfall event in two imaging sessions of 02:00–03:53 and
05:00–06:53 UTC. The sensor’s first band is a panchromatic
band (0.45–0.90 μm) covering the whole VNIR spectral range
and thus has a higher signal-to-noise ratio than the other bands.
Therefore, the GF-4 first-band images of the two imaging
sessions were collected to derive pixel-wise AMVs at 1-min
intervals.

B. Other Satellite Data

The CloudSat polar-orbiting satellite, equipped with a 94-
GHz nadir-looking cloud profiling radar, measures radar re-
flectivity at different altitudes along its tracks and classifies
clouds [25], [26], [27]. The CloudSat satellite flew over the
west of Typhoon Megi’s central area at 05:26 UTC. This extra
information enables us to check the vertical distributions of radar
reflectivity and cloud type of Typhoon Megi along the CloudSat
satellite’s track. Moreover, the upper boundary of the high radar
reflectivity region suggests the GF-4 satellite-observed clouds
and derived AMVs would be mainly at ∼14 to 17.5 km altitude.

The tropical rainfall measuring mission (TRMM) multi-
satellite precipitation analysis (TMPA) 3B42 version-7 prod-
ucts are gridded data available every 3 h with a grid size of
0.25° × 0.25°. The 3B42 algorithm generates the products by
first blending the remotely-sensed microwave measurements
(of the TRMM microwave imager, the special sensor mi-
crowave/imager, the advanced microwave scanning radiometer,
and the advanced microwave sounding unit) and then filling the
gaps with the microwave-calibrated infrared estimates [28]. We
used the TMPA products to show the precipitation variation of
Typhoon Megi.

III. METHODOLOGY

A. Processing GF-4 Images

The whole image processing procedure has five steps as
illustrated in Fig. 1.

1) Select GF-4 images matching the typhoon landfall event
to obtain the working image sequences and group every
two consecutive images with a 1-min interval as a pair.

2) Derive pixel-wise disparity maps from the image pairs,
and generate the cloud-top motion field by dividing the
disparities in the maps by the time interval.

3) Decompose the cloud-top motion field into the rotation,
divergence, and harmonic motion fields.

4) Automatically locate typhoon cloud-top center positions
from the cloud-top rotation motion field.

5) Calculate the average values of the motion speeds (mag-
nitudes of velocity vectors) in the cloud-top rotation and
divergence motion fields within the circles centered at the
typhoon cloud-top center positions.
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Fig. 1. Flowchart of processing GF-4 images. A pair of GF-4 images are collected. The cloud-top motion field is derived from the pair. The rotation and divergence
components are extracted from the cloud-top motion field. The typhoon cloud-top center is automatically located as the search area (cyan boxes) converges. The
speeds (magnitudes of velocity vectors) of the cloud-top rotation and divergence motion fields are spatially averaged within a circle (yellow) centered at the typhoon
cloud-top center (yellow dot).

The thick clouds of a typhoon are typically opaque to VNIR
sensors and rich in texture. It is therefore possible to use the phase
correlation (PC) algorithm to estimate the translation between
every pair of corresponding pixels in a cloud image pair by

comparing the pixels’ neighborhood image patches [23]. The
principle of the PC algorithm is the well-known Fourier shift
property. A linear translation between two resembling image
patches in the spatial domain results in a phase shift in the
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frequency domain of their Fourier Transforms [23], [29], [30],
[31]. The translation between two overlapped image patches can
then be identified directly in the frequency domain at subpixel
magnitude through the areal correlation between them, based on
the spatial textures formulated by all the patch pixels involved in
the comparison. The above-mentioned patch-matching process
can proceed with pixel-by-pixel scanning to derive pixel-wise
disparity maps in image line and column directions.

We grouped GF-4 images of Typhoon Megi in a time se-
quence in consecutive 1-min-interval pairs. Then, the pixel-wise
disparity maps of these pairs were generated using the phase
correlation image analysis system, which integrates the PC
algorithm [29], [30]. The pixel-wise cloud-top motion field was
produced by dividing the disparities by the time interval. Each
motion vector in the field is an AMV.

The successive images-derived typhoon cloud-top motion
field could include artificial translation besides the typhoon’s
rotation, divergence, and migration. The artificial translation is
largely the scene shift resulting from the camera steering to chase
the typhoon system or the imaging platform’s minor instability.
The translation due to platform instability will become relatively
more significant when the time interval between the two images
is getting smaller because the translation of camera steering
increases proportionally with time. In other words, the camera
steering-induced translation is greater in a longer time interval
and smaller in a shorter time interval. In contrast, the platform
instability-induced translation is random and thus not propor-
tional to the imaging time interval. All the above-mentioned
artificial translation mingles with the typhoon’s motion. To our
knowledge, existing remote sensing image analysis methods
using images of much lower spatial-temporal resolution have
not considered this artificial translational motion.

Recently, we developed a Green function-based vector field
decomposition algorithm [24] for decomposing a motion field
into the rotation, divergence, and harmonic components within
a limited domain with an open boundary as follows.

A two-dimensional (2-D) motion field �V inside a domain Ω
can be decomposed as

�V = �Vψ + �Vχ + �V0 (1)

where �Vψ has the same curl as �V and is divergence-free, and �Vχ
has the same divergence as �V and is curl-free. Thus, the residual
field (harmonic field) �V0 is free of both curl and divergence.
The decomposition based on the above-mentioned definition is
not unique, but a unique decomposition can be resolved with a
physical constraint appropriately relevant to the problem. The
cloud-top motion field (�V ) should be decomposed with such a
physical constraint: within a limited domain Ω with an open
boundary, which means there is no real physical interface be-
tween the limited domain and its surrounding free space. Under
this physical constraint, the rotation and divergence motion fields
(�Vψ and �Vχ) can be written as [24]

�Vψ(r) =
1

2π
P.V.

∫∫
Ω

−→z × �r − �r′

|�r − �r′|2
−→z · ∇ × �V dΩ′ (2)

�Vχ(r) =
1

2π
P.V.

∫∫
Ω

�r − �r′

|�r − �r′|2∇ · �V dΩ′ (3)

where P.V. denotes Cauchy principal value. −→z is the unit vector
normal to the plane of Ω. 1

2π
−→z × �r−�r′

|�r−�r′ |2 and 1
2π

�r−�r′
|�r−�r′ |2 are the

cloud-top rotation and divergence motion fields in free space
derived from the rotation and divergence point sources at the
position �r′. The computation of (2) and (3) can be simplified to
two 2-D convolution operations and can be efficiently carried
out by fast Fourier and inverse Fourier transforms [24].

We used the algorithm to remove the harmonic component
(that includes the artificial translation) while extracting the
cloud-top concentric (rotation and divergence) motion fields of
Typhoon Megi under the physical constraint.

Rotation is one of the essential characteristics of a typhoon.
Therefore, the typhoon cloud-top center can be located from the
cloud-top rotation motion field.

Our automatic center location algorithm [24] is based on a
simple motion direction-based index embedded in an efficient
pyramid search scheme. The located center is the point at which
motion directions converge. The algorithm is briefly introduced
below.

Motion directions converging at the typhoon cloud-top center
is typical for a typhoon’s cloud-top rotation motion field. Thus,
we designed a motion direction-based index to search the center
of concentric motion in the motion field. For a perfectly sym-
metric rotation motion field, the direction vector (a normalized
motion vector with a magnitude of one) at any location within the
neighborhood of the motion center has its opposite counterpart at
the symmetric location. Thus, the magnitude of the mean of the
direction vectors should equal zero. The greater the magnitude
is, the less concentric the motion. Therefore, we can use this
magnitude as an index to search the center of the typhoon’s
cloud-top rotation motion field. We embedded the index in an
efficient pyramid-searching scheme with an iteration procedure
[24]. In each iteration step, the index values of several candidate
areas are calculated, which are the magnitudes of the means
of the direction vectors within each of the candidate areas.
The candidate area with the minimum index value is selected
as the further search area and partitioned into several smaller
candidate areas for the next iteration step. With the iteration
step increasing, the search area will converge at the concentric
motion center. For example, the cyan boxes in Fig. 1 show the
pyramid searching procedure where the search area converges
at the typhoon cloud-top center (the yellow dot).

The algorithm was used to locate the cloud-top center of
Typhoon Megi at 1-min intervals to investigate the center mi-
gration.

We further calculated the average values of the motion speeds
(magnitudes of velocity vectors) in the cloud-top rotation and di-
vergence motion fields, respectively, within the circles centered
at the cloud-top center positions of Typhoon Megi. These speed
data are indicative of the strengths of the cloud-top rotation and
divergence motion fields and are essential to the investigation of
the rapid field-strength variation. The radius of the circles was set
to 150 km to ensure that the circles were within the GF-4 images.



ZHENG et al.: CLOUD-TOP MOTION VARIATION OF A LANDFALL TYPHOON OBSERVED BY GEOSTATIONARY SATELLITE IMAGERY 7581

B. Extracting Typhoon Migration Oscillation Kinematic
Characteristics

As seen in Section IV-A, the 50-m-1-min-resolution center
locating reveals the cloud-top center of Typhoon Megi had
small-scale oscillation along its northwestward migration path.
To quantitatively analyze the oscillation characteristics (e.g.,
oscillation amplitude, spatial period, temporal period, etc.), two
methods are proposed: one is based on sine-curve fitting and the
other is precession-model-curve fitting.

Taking the transformation of coordinate system rotation and
translation, we can establish a five-parameter (A, k, θ, x0, and
y0) model (4) to represent a sine curve along any direction with
any amplitude, spatial angle frequency, and initial phase

A · sin (k · ((x+ x0) · cos θ + (y + y0) · sin θ))
+(x+ x0) · sin θ − (y + y0) · cos θ

= 0 (4)

where (x, y) is the coordinate of a position on the sine curve. The
parameters A and k are oscillation amplitude and spatial angle
frequency of the sine curve. θ, x0, and y0 determine the axis
along which the sine curve oscillates.

Equation (4) fits a given sequence of position samples denoted
as (x1, y1), . . . , (xi, yi), . . . , (xI , yI). The five parameters of
(4) can be determined by minimizing the square sum of the
residuals (SSRs) of the position samples on the left side of (4)
as(
Â, k̂, θ̂, x̂0, ŷ0

)
= argmin
A,k,θ,x0,y0

I∑
i=1

×
(
A · sin (k · ((xi + x0) · cos θ + (yi + y0) · sin θ))
+(xi + x0) · sin θ − (yi + y0) · cos θ

)2

(5)

where Â, k̂, θ̂, x̂0, and ŷ0 denote the determined parameters
of the best-fit sine curve. The genetic algorithm can solve the
nonlinear multivariable optimization problem of (5). It is a global
optimization technique based on genetics and natural selection
principles, imitating the evolution of living beings. In the genetic
algorithm’s optimization procedure, sets of candidate values of
the parameters are encoded as sequences of numbers (called
genes). The genes go through crossover, mutation, and selection
(selecting the genes with smaller SSRs to be preserved) to
generate new genes. After generations of genes, the candidate
values corresponding to the gene with the smallest SSR are
considered the optimized values of the parameters.

With the five parameters determined, the spatial period (de-
noted by λ̂) of the best-fit sine curve is

λ̂ = 2π
/∣∣∣k̂∣∣∣ (6)

and the oscillation phase (denoted by ϕ̂) of a position (x, y) on
the best-fit sine curve is

ϕ̂ =
(x+ x0) · cos θ̂ + (y + y0) · sin θ̂

λ̂
. (7)

Then, the number (denoted by N̂cycles) of the oscillation
cycles occupied by the sequence of position samples can be
estimated as

N̂cycles = |ϕ̂I − ϕ̂1|
/
2π (8)

where ϕ̂1 and ϕ̂I are the estimated oscillation phases of the
first position sample (x1, y1) and the last sample (xI, yI) in the
sequence.

In this study, (4) fits the sequence of the cloud-top center
positions of Typhoon Megi during the oscillation. θ̂, x̂0, and
ŷ0 represent the estimated axis of Typhoon Megi’s migration
along which its cloud-top center oscillates. Â and λ̂ are the
estimated amplitude and spatial period of the oscillation. The
temporal period of the oscillation can be estimated by dividing
the sequence’s time length (Tseq) by the number (N̂cycles) of the
oscillation cycles of the sequence

T̂ = Tseq

/
N̂cycles. (9)

The migration speed of Typhoon Megi’s cloud-top center
along the axis is

û = λ̂
/
T̂ . (10)

For the precession model-based method, the self-rotation axis
of a typhoon is presumed to rotate around the vertical axis during
its migration. Thus, a typhoon cloud-top center’s motion can
be considered a superposition of a precession and a migration.
Then, a six-parameter (A, ω, ux, uy, x0, and y0) model can
formulate the typhoon cloud-top center’s position (x, y) at the
time t {

x(t) = A · cos(ωt) + (uxt+ x0)

y(t) = A · sin(ωt) + (uyt+ y0)
. (11)

The first and second parts on the right side of (11) represent the
precession and migration, respectively.A andω are the amplitude
and angular frequency of the precession, respectively. ux and uy
are two components of the migration velocity, and thus ux, uy,
x0, and y0 determine the migration axis along which the typhoon
cloud-top center oscillates.

The six parameters of (11) can be determined based on
a given sequence of the position samples (x1, y1), . . . , (xi,
yi), . . . , (xI , yI) at the times of t1, . . . , ti, . . . , tI(

Â, ω̂, ûx, ûy, x̂0, ŷ0

)
= argmin
A,ω,ux,uy,x0,y0

I∑
i=1

(
(xi − x(ti))

2 + (yi − y(ti))
2
)
.

(12)

The above can be solved using the genetic algorithm.
The sign of ω̂ determines the estimated rotation direction of

the typhoon cloud-top center (positive sign for anticlockwise
and negative sign for clockwise). ûx, ûy, x̂0, and ŷ0 determine
the estimated axis of the migration. The migration speed of the
typhoon cloud-top center along the axis is

û =

√
ûx

2 + ûy
2. (13)
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Fig. 2. GF-4 images-derived cloud-top motion field (a) before and (b) after removing the harmonic component (c). Backgrounds are cloud images acquired by
the GF-4 satellite.

Fig. 3. (a) GF-4 images-derived cloud-top motion speed data after removing the harmonic component, (b) its subsampled result, and (c) the ERA5 horizontal
wind speed data at 100-hPa level after removing the harmonic component.

The temporal and spatial periods of the precession are

T̂ = 2π/|ω̂| (14)

and

λ̂ = û · T̂ . (15)

IV. RESULTS

We processed the GF-4 images following the procedure in
Section III-A and presented the results in this section.

Fig. 2(a) shows Typhoon Megi’s cloud-top motion field de-
rived from the GF-4 images at 02:00 UTC. The field pattern is
inconsistent with the cloud features, as the field rotation center
and the cloud rotation center are misaligned. If we used these
cloud-top motion data directly, we could fail to locate the true
typhoon cloud-top center and then implement the further analy-
sis correctly. However, after removing the harmonic component

[see Fig. 2(c)], the cloud-top motion field comprises Typhoon
Megi’s concentric (rotation and divergence) motions only and
thus becomes much more consistent with the cloud features [see
Fig. 2(b)].

Fig. 3(a) presents the GF-4 images-derived cloud-top motion
speeds at 02:00 UTC with the harmonic component removed.
The data in Fig. 3(a) are subsampled, using the arithmetic mean
method, into 0.25° grids of the European Centre for Medium-
Range Weather Forecasts (ECMWF) Reanalysis v5 (ERA5) as
shown in Fig. 3(b). Fig. 3(c) presents the ERA5 horizontal wind
speeds at 100-hPa level (about 16-km altitude comparable to
Typhoon Megi’s overall cloud-top altitude suggested by the
CloudSat satellite), with the harmonic component removed. We
can see that the subsampled speed data in Fig. 3(b) and the ERA5
speed data in Fig. 3(c) are consistent in the overall pattern.

The upper panel of Fig. 4 shows that the located positions
(magenta dots) of Typhoon Megi’s cloud-top center form two
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Fig. 4. Results of automatically located the cloud-top center of Typhoon Megi (2016) at 1-min intervals. In the upper panel, the magenta dots denote the located
center positions, the blue solid squares mark the starting and ending center positions of the first imaging session, and the blue solid circles mark the starting and
ending center positions of the period of the second imaging session before 06:20, 27 September (UTC). The located center positions gradually became scattered,
and after 06:20 UTC, they were no longer consistently representative of the actual positions of Megi’s cloud-top center. At the same time, the typhoon system as
a whole continuously migrated in the same direction as before. The polygonal pink, cyan, violet, and blue lines link Megi’s center positions in the 3-h-interval
records of the BT data sets of four meteorological agencies: China Meteorological Administration (CMA), the Hong Kong Observatory (HKO), the Regional
Specialized Meteorological Center (RSMC) of Japan, and the Joint Typhoon Warning Center (JTWC). The BT data sets were integrated into the international BT
archive for climate stewardship (IBTrACS). The background of the upper panel is the GMTED 7.5-arc-second resolution topography map. During the first imaging
session, Megi’s cloud-top center presented small-scale oscillation along its general northwestward migration. The lower panel shows the sine fitting (black curve)
and precession fitting (green curve) of the located center positions (magenta dots) during the first imaging session.

clusters before 06:20 UTC. The general migration of Typhoon
Megi’s cloud-top center is overall consistent with the BT data
presented as the polygonal lines linking the typhoon center
positions in the 3-h-interval BT records. In the upper panel of
Fig. 5, the cloud-top average rotation and divergence speeds (see

Section III-A) are plotted to indicate the rapid strength variation
of the cloud-top rotation and divergence motion fields. The lower
panel of Fig. 5 shows the average elevation beneath Typhoon
Megi. The decrease in the cloud-top average rotation speed is
consistent with the decrease in the typhoon intensity indicated
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Fig. 5. Variation of the cloud-top average rotation and divergence speeds of Typhoon Megi (2016). Megi’s cloud-top motion field is decomposed into the rotation,
divergence, and harmonic motion fields by the Green function-based algorithm with an open boundary. Within the 150-km-radius circles centered at Megi’s
cloud-top center positions, we averaged the speeds (magnitudes of velocity vectors) in the cloud-top rotation and divergence motion fields, respectively. We used
the so-calculated 150-km-radius average rotation and divergence speeds to indicate the strength variations of Megi’s cloud-top rotation and divergence motion
fields. The top part shows the average rotation and divergence speeds at 1-min intervals. The bottom part shows the variation of the 50-km-radius average elevation
along the typhoon path in the ETOPO1 1-arc-minute resolution topography map. The 50-km radius can cover the ground footage of most TC eye sizes [15]. The
average elevation is to give a representative relief terrain variation beneath Megi.

TABLE I
BT RECORDS OF MAXIMUM SURFACE (10-M HEIGHT ABOVE GROUND LEVEL) WIND SPEEDS AND CENTRAL PRESSURES OF TYPHOON MEGI (2016) COVERING ITS

LANDFALL EVENT ON 27 SEPTEMBER 2016

by the maximum surface wind speed and central pressure in
the BT records (see Table I). However, our results reveal more
details on the cloud-top motion variation.

A. Shift of Typhoon Megi’s Cloud-Top Center

During the first imaging session, Typhoon Megi’s cloud-top
center generally migrated northwestward, as shown in the up-
per panel of Fig. 4, but the trend was accompanied by small-
scale oscillation along it. We applied the methods described in
Section III-B to quantitatively characterize the kinematic prop-
erty of the oscillation as shown in the lower panel of Fig. 4 where
the best-fit sine model (black curve) and precession model (green

curve) of Typhoon Megi’s cloud-top center positions (magenta
dots) are presented. According to the sine-curve fitting method,
the oscillation’s amplitude, spatial period, and temporal period
are estimated to be ∼0.023° (∼2.4 km), ∼0.31° (∼33 km), and
∼1.46 h, respectively; while for the precession-model-curve fit-
ting method, they are∼0.015° (∼1.6 km),∼0.29° (∼31 km), and
∼1.48 h. The results of the two methods are overall consistent
with each other. In addition, the precession-model-curve fitting
method suggests that Typhoon Megi’s cloud-top center rotated
anticlockwise.

The previous observation studies of wobbling TC centers
indicate that the oscillation period of the phenomenon typ-
ically ranges from tens of minutes to more than 10 h, and
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Fig. 6. Cloud-top rotation motion field of Typhoon Megi (2016) at 30-min intervals during the two imaging sessions. (a)–(h) Backgrounds are cloud images
acquired by the GF-4 satellite. (i)–(p) Backgrounds are the ETOPO1 topography map. For clarity, the cloud-top rotation motion field is denoted by yellow and blue
arrows in (a)–(h) and (i)–(p), respectively. The cyan dots represent Megi’s cloud-top center positions. (a)–(d) and (i)–(l) Cloud-top rotation motion field during the
first imaging session, whereas (e)–(h) and (m)–(p) Second imaging session. Each image covers ∼512 km × 512 km.

the oscillation amplitude ranges from several kilometers to
30 km [32], [33], [34], [35], [36], [37], [38]. To our knowledge
on the topic from literature, most satellite observation studies
are only for the large-scale TC-center-wobbling phenomenon
due to low spatial-temporal resolution. In this study, the very

small-scale oscillation of Typhoon Megi’s cloud-top center and
the kinematic characteristics were successfully extracted from
the satellite cloud images. Thus, our study provides a way to
quantitatively observe details of much smaller scale oscillations
of TC-cloud-top-center migration.
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Based on the data in the upper panel of Fig. 4, we visually
estimated the migration distances of Typhoon Megi’s cloud-top
center during the first imaging session and during the prelandfall
period of the second imaging session, respectively, and then
divided the distances by the corresponding time intervals (1.87 h
and 0.86 h) to work out the relevant migration speeds (not includ-
ing high-frequency motions, e.g., the small-scale oscillation),
which are roughly ∼22 km/h and ∼58 km/h over the sea surface
during the first and second imaging sessions, respectively. We
also estimated the migration speed during the first imaging
session using the sine-curve fitting and the precession-model-
curve fitting, respectively. Such estimated speeds are ∼22 km/h
and ∼21 km/h, confirming the visual estimation. The migration
accelerated dramatically by 1.6 times in only∼2.5 h between the
first imaging session’s middle and the middle of the prelandfall
period of the second imaging session.

After landfall, Typhoon Megi’s cloud-top center gradually
deflected southward. Later, the typhoon eye disappeared at
the cloud top to become a central plate with periphery clouds
rotating around it [see Fig. 6(h)]. Visual observation of the top
cloud features in the GF-4 images indicates that Typhoon Megi
was still a cyclone as a whole but no longer a simple rotation
system according to the deformation of the cloud-top rotation
motion field. Because of interaction with the high-relief terrain
of the Central Mountain Range, the internal motion of Typhoon
Megi was rapidly changing its structures, with multiple swirls
appearing and disappearing quickly in different positions within
the typhoon system. They could be detected as cloud-top rotation
centers, if their motions have a higher degree of curling than the
visual center. As a result, the cloud-top rotation center positions
detected from the cloud-top rotation motion field after 06:20
UTC are scattered (see the upper panel of Fig. 4) and no longer
consistently representative of the actual positions of Typhoon
Megi’s cloud-top center. Meanwhile, the typhoon system as a
whole continuously migrated in the direction of its previous path.

B. Variation of Typhoon Megi’s Cloud-Top Rotation and
Divergence Motions

Fig. 6(a)–(d) presents that the swirling clouds rotating around
the typhoon eye form a disk during the first imaging session.
The overlaid cloud-top rotation motion field was consistent with
the top cloud features except for gradually deforming in the
north-northwest (NNW) of Typhoon Megi’s cloud-top center.
Fig. 6(i)–(l) shows that the deformation mainly occurred over the
Central Mountain Range. Thus, the deformation is considered
the response of Typhoon Megi’s cloud-top motion to the high
mountain range, resulting in a gentle weakening of the cloud-
top rotation motion (see Fig. 5). Meanwhile, the strength of the
cloud-top divergence motion was steady before ∼03:00 UTC
and then began to increase. The graph of the cloud-top average
divergence speed captures the turning moment (see Fig. 5).

As shown in Fig. 6(e)–(h), Typhoon Megi maintained its
swirling cloud structure with an eye in the center of the cloud
top till its landfall over Hualien at ∼06:00 UTC. But soon
after, Typhoon Megi’s central area encountered the high-relief
terrain of the Central Mountain Range and as Fig. 5 shows,

Fig. 7. Cloud-top divergence motion field of Typhoon Megi (2016) at 06:00
UTC. The image covers ∼512 km × 512 km.

the cloud-top average rotation speed decreased nearly linearly
much faster than during the first imaging session. Contrarily,
the cloud-top divergence motion kept on strengthening. The
cloud-top average divergence speed became even higher than the
cloud-top average rotation speed after ∼05:30 UTC before the
typhoon landfall and further increased to∼2 times the cloud-top
average rotation speed at ∼06:20 UTC after the landfall. This
result indicates that Typhoon Megi’s cloud-top motion rapidly
changed from a typical rotation motion-dominated status to a
divergence motion-dominated status.

The Central Mountain Range could cause the above phe-
nomenon of a quickly weakening rotation motion accompanied
by a rapid strengthening of divergence motion at the cloud top.

Weakening rotation motion: As Typhoon Megi approached
Taiwan Island, the elevation beneath Typhoon Megi dramatically
increased (see Fig. 5). Correspondingly, the relative vorticity
quickly decreased according to the barotropic potential vor-
ticity conservation equation [39]. Thus, the rotation motion
would rapidly weaken. In addition, the Central Mountain Range
blocked Typhoon Megi’s energy source of latent heat from
warm seawater, and its rugged terrain impeded the wind field
of Typhoon Megi by friction. All these would contribute to
weakening the rotation motion of Typhoon Megi.

Strengthening divergence motion: The fast reduction of the
relative vorticity would be achieved by the strong divergence
motion according to the vorticity equation [39]. In addition,
the high mountain range was a massive blockage on Typhoon
Megi’s migration path, which would block the warm, moist
horizontal airflows and force the airflows upward along the
mountain flanks facing the wind. The upward airflows would
result in divergent airflows at the cloud top. As shown in Fig. 7,
the cloud-top divergence motion field presented an asymmetry
pattern: the cloud-top divergence motion in the western area
(the bottom-left part of Fig. 7) covering the Central Mountain
Range was stronger than that in the eastern area (the top-right
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TABLE II
AVERAGES OF THE ERA5 100-HPA LEVEL (ABOUT 16 KM ALTITUDE) VERTICAL VELOCITY DATA OF AIR MOTION WITHIN THE 150-KM-RADIUS CIRCLES

CENTERED AT THE CLOUD-TOP CENTER POSITIONS OF TYPHOON MEGI ON 27 SEPTEMBER 2016

Fig. 8. Track, radar reflectivity measurement, and cloud classification of the Cloudsat satellite. The Cloudsat satellite overpassed the west of the central area
of Typhoon Megi (2016) at 05:26, 27 September (UTC). The satellite track is drawn on (a) GF-4 cloud image, (b) cloud-top rotation motion field overlaying the
ETOPO1 topography map, and (c) cloud-top divergence motion field overlaying the ETOPO1 topography map. (a)–(c) Cover ∼512 km × 512 km. The colors in
the track in (a)–(c) denote the cloud types at the cloud top. (d) and (e) present the vertical distributions of radar reflectivity and cloud type along the satellite track
shown in (a)–(c). The labels "SSE" and "NNW" on the horizontal axis in (d) and (e) correspond to the south-southeast to north-northwest (SSE-NNW) direction
of the track in (a)–(c). Clouds are classified into eight types that is cirrus (Ci), altostratus (As), altocumulus (Ac), stratus (St), stratocumulus (Sc), cumulus (Cu),
nimbostratus (Ns), and deep convective (DC).

part of Fig. 7). Moreover, when a TC migrates faster than
the surrounding lower-level airflows, the speed difference can
induce net air inflows to strengthen the convergent upward
motion at the lower level ahead of the TC [40]. Considering
the airflow continuity, the air outflows will strengthen at the
upper level. Thus, the dramatic increase in Typhoon Megi’s mi-
gration speed before landfall (see Paragraph 3 in Section IV-A)
could also contribute to strengthening the cloud-top divergence
motion.

The ERA5 data has a temporal resolution of 1 h. Table II
presents the averages of the ERA5 100-hPa level (about 16-km

altitude) vertical velocity data of air motion at 02:00, 03:00,
05:00, and 06:00 UTC corresponding to GF-4’s two imaging ses-
sions, within the 150-km-radius circles centered at the cloud-top
center positions of Typhoon Megi. It indicates that the upward air
motion in Typhoon Megi’s central area notably increased after
03:00 UTC when the cloud-top divergence motion dramatically
enhanced.

Fig. 8(d) and (e) presents the vertical distributions of radar
reflectivity and cloud type along the track of the CloudSat
satellite shown in Fig. 8(a)–(c). Fig. 8(e) illustrates that the
clouds distributed in the vertical section are almost all thick deep
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Fig. 9. TMPA data show a dramatic precipitation increase over mountainous Taiwan Island during the landfall of Typhoon Megi (2016). The precipitation over
Taiwan Island was weaker at 03:00 UTC than at other times. It dramatically increased to ∼25 mm/h at 06:00 UTC (the landfall time). The black circles are 150 km
and 500 km in radius, centered at Megi’s center positions at 03:00 UTC and 06:00 UTC. We averaged the TMPA precipitation data within the 150-km-radius circle
and the ring (area between the 150-km inner circle and 500-km outer circle). The 150-km-radius circle precipitation averages are 7.22 mm/h and 12.74 mm/h
at the two times, respectively, showing an increase of 5.52 mm/h. The ring area precipitation averages are 2.63 mm/h and 1.68 mm/h, showing a decrease of
0.95 mm/h. Thus, the precipitation-increasing area was mainly distributed within Megi’s central area.

convective clouds. The top of the deep convective clouds was as
high as 17.5 km near Typhoon Megi’s central area. Plentiful deep
convective clouds usually suggest strong deep convections that
generate air outflows at the upper level [26]. Thus, the strength-
ening cloud-top divergence motion revealed in our results is
consistent with the thick deep convective clouds revealed by the
CloudSat satellite. Furthermore, the strong radar reflection in
Fig. 8(d) indicates that the deep convective clouds contained a
large amount of liquid and ice water that would produce heavy
precipitation during landfall, although the landfall time is in
the weak-precipitation phase of typhoon precipitation diurnal
variation [41].

Fig. 9 presents the TMPA precipitation data that cover the
typhoon landfall event. The precipitation over mountainous
Taiwan Island was weaker at 03:00 UTC than at the other times.
Then, it dramatically increased to ∼25 mm/h at 06:00 UTC (the
landfall time) in areas mainly distributed within a 150-km radius
from the typhoon center. In addition, the daily precipitations in
many areas on Taiwan Island suddenly increased to >200 mm
and even reached 327 mm in the Alishan area on 27 September
2016 (local time, UTC+8 h). As shown in Fig. 9, such severe
rainstorms occurred mainly during landfall. The rapid precipita-
tion increase is consistent with the dramatic strengthening of the
cloud-top divergence motion in the time as indicated by the graph
of 150-km-radius average divergence speed in Fig. 5. Obviously,
high-frequency observation of a typhoon system’s cloud-top
divergence motion field could provide vital information on the
rapid variation of the relating precipitation intensity.

V. SUMMARY

The GF-4 satellite acquired 50-m-1-min-resolution succes-
sive cloud images of Typhoon Megi (2016) landfall over moun-
tainous Taiwan Island. We developed an automatic analysis
methodology, which enables the extraction of detailed infor-
mation of TC systems from high spatial-temporal resolution
cloud images. It derived Typhoon Megi’s cloud-top rotation and
divergence motion fields from the GF-4 images, located Ty-
phoon Megi’s cloud-top center positions at 1-min intervals from
the rotation motion field, calculated Typhoon Megi’s cloud-top
average rotation and divergence speeds, and extracted the mi-
gration oscillation kinematic characteristics of Typhoon Megi’s
cloud-top center.

Two methods, as part of our methodology, are proposed in
this article to extract the migration oscillation kinematic char-
acteristics. The amplitude, spatial period, and temporal period
of the oscillation are estimated to be ∼2.4 km, ∼33 km, and
∼1.46 h by the sine-curve-fitting method, while ∼1.6 km, ∼31
km, and ∼1.48 h by the precession-model-curve fitting method.
In addition, the precession-model-curve fitting method suggests
that Typhoon Megi’s cloud-top center rotated anticlockwise.

Approaching landfall, the migration speed of Typhoon Megi’s
cloud-top center dramatically accelerated by ∼1.6 times (from
∼22 to ∼58 km/h) in only ∼2.5 h. After landfall, the cloud-top
center migration deflected southward from its general north-
west direction before landfall. Meanwhile, the located center
positions gradually became scattered.
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Typhoon Megi’s cloud-top rotation motion quickly weakened
during the landfall event, whereas the cloud-top divergence
motion rapidly strengthened from its initially steady status. The
cloud-top average divergence speed increased by ∼30% in only
∼2.5 h, reaching up to ∼2 times the average rotation speed. The
cloud-top average divergence speed graph captures the turning
moment. The result reveals that Typhoon Megi’s cloud-top
motion rapidly transformed from typical rotation motion domi-
nance to divergence motion dominance. The extreme cloud-top
divergence motion is highly related to intense upward warm and
moist airflows that usually cause sudden heavy precipitation.

Thus, our study explores a satellite-observation way to mine
the information on the high-frequency variation of typhoon
cloud-top motion. The information may help monitor TCs’ rapid
change in remote areas without in-site observations.
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