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ABSTRACT

The asymmetrical structure of typhoon-induced ocean eddies (TIOEs) in the East China Sea (including the Yellow Sea)
and the accompanying air—sea interaction are studied using reanalysis products. Thirteen TIOEs are analyzed and divided
into three groups with the k-prototype method: Group A with typhoons passing through the central Yellow Sea; Group B with
typhoons re-entering the sea from the western Yellow Sea after landing on continental China; and Group C with typhoons
occurring across the eastern Yellow Sea near to the Korean Peninsula. The study region is divided into three zones (Zones
I, IT and III) according to water depth and the Kuroshio position. The TIOEs in Group A are the strongest and could reverse
part of the Kuroshio stream, while TIOEs in the other two groups are easily deformed by topography. The strong currents of
the TIOEs impact on the latent heat flux distribution and upward transport, which facilitates the typhoon development. The
strong divergence within the TIOEs favors an upwelling-induced cooling. A typical TIOE analysis shows that the intensity
of the upwelling of TIOEs is proportional to the water depth, but its magnitude is weaker than the upwelling induced by the
topography. In Zones I and 11, the vertical dimensions of TIOEs and their strong currents are much less than the water depths.
In shallow water Zone 111, a reversed circulation appears in the lower layer. The strong currents can lead to a greater, faster,
and deeper energy transfer downwards than at the center of TIOEs.
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1. Introduction Mesoscale ocean eddies usually have a horizontal scale
of 50-500 km, a maximum vertical scale of 5 km, a life
time of several days to more than 100 days, and a moving
speed of only ~ 10 cm s~' (Nencioli et al., 2010; Yang et
al., 2013). So far, studies on mesoscale ocean eddies have
been mostly based on statistics and are region specific (Ma
et al., 2014; Yin, 2014; Qin et al., 2015). It is reported that
ocean mesoscale eddies account for more than 80% of the to-
tal average kinetic energy of the ocean; they also play impor-
tant roles in ocean energy redistribution and transport, and
are crucial in forming the biological and chemical environ-
ment (Yang et al., 2010; Shang et al., 2013; Chen et al.,
2013). As a particular class of mesoscale eddies with dis-
tinct generating mechanisms, TIOEs are remarkable because,
in terms of spatial scale, the radii of TIOEs are larger than
most mesoscale ocean eddies, and in terms of temporal scale

The interaction between typhoons or tropical storm cy-
clones and the upper ocean is complicated. On the one hand,
the wind stress of these strong rotating systems can gener-
ate oceanic eddies. On the other hand, the oceanic surface
circulations impacted by these tropical rotating systems will
redistribute the sea temperature and salinity, and hence af-
fect the atmospheric systems above by sea surface thermo-
dynamic and moisture fluxes. For brevity, “typhoon” is used
in this paper to indicate the systems of typhoons and tropical
storm cyclones, and the ocean eddies they cause are referred
to as typhoon-induced ocean eddies (TIOEs). Obviously, air—
sea interaction is pivotal in the study of typhoon and tropical
storm genesis and maintenance.
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they are relatively short-lived. More specifically, the mixing
in the upper ocean is enhanced as a typhoon passes, and usu-
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ally cold water upwells from below (Leipper, 1967; Black,
1983; Shay, 2010; Zheng et al., 2010). Subsequently, the
sea surface temperature (SST) cools and sea water salinity
reduces (Monaldo et al., 1996; Wentz et al., 2000; Liu et al.,
2007, 2014; Domingues et al., 2015). As a result, the sur-
face mixed layer deepens (Emanuel, 1999; Lin, 2005; Nam
et al., 2012), the sea surface height decreases, and the circu-
lation enhances (Liu and Hu, 2009; Tsai et al., 2013; Sun et
al., 2014). Compared to normal eddies, TIOEs are more in-
tense, with a shorter life span, and hence have a stronger and
more immediate impact on the distribution and variability of
the ocean temperature, salinity, and energy transfer. In short,
TIOEs are different from mesoscale ocean eddies in a general
sense; they call for special attention, considering their roles
in typhoon processes.

The present study focuses mainly on TIOEs in the East
China Sea (including the Yellow Sea), which features many
islands and complex terrain. The water depth changes from
80-100 m on the shelf to more than 1000 m east of Taiwan.
Besides, a strong western boundary current, the Kuroshio,
is directly involved in the circulation therein. Such a geo-
metric and dynamic configuration may significantly affect the
characteristics of TIOEs, making them different from the ed-
dies in the open sea. In this study, we analyze the 13 TIOEs
identified in the ECS during the 11 years from 2005 to 2015.
We particularly focus on the structures and energy transfer
processes underlying them via comparative analysis and dy-
namic diagnosis, in order to enhance our understanding of
their characteristics and their roles in the ECS circulation.

2. Data and methods

2.1. Data

To investigate the ECS TIOE:s, four kinds of datasets can
be used: the sea surface height anomaly (SSHA) field re-
trieved by satellite altimeter (Yang et al., 2012; Li, 2015),
in-situ data including those from Argo floats and buoys (Yang
et al., 2010; Sun et al., 2012), reanalysis data, and numerical
simulation products. For the SSHA, a calculation is needed
to extract the TIOEs. The in-situ data are point-wise, so they
do not reflect the overall features of a whole TIOE. The re-
analysis data and products of models can provide simulated
TIOEs based on modeled physical processes, the flow fields
meet the wind pressure relation and ocean current relation
laws, and can show the temporal and spatial features in de-
tail. In this sense, reanalysis data and modeling products
are better than satellite data for this purpose. Particularly,
it has been reported that the Hybrid Coordinate Ocean Model
(HYCOM) dataset (http://hycom.org/dataserver/) is a satis-
factory choice (Tanajura et al., 2014; Zhang et al., 2014);
it assimilates satellite altimeter data, and temperature and
salinity profile data from the expendable bathythermograph
(XBTs) Argo floats, and moorings, with a temporal resolu-
tion of 3 h before 2013, and daily afterward, at 40 levels, and
a horizontal resolution of (1/12)°%x(1/12)°. The other datasets
used include the best-track data from the Tropical Cyclone
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Data Center of the China Meteorological Administration
(http://tcdata.typhoon.gov.cn), Climate Forecast System Re-
analysis data (http://rda.ucar.edu/datasets/ds093.1/), Climate
Forecast System Version 2 data (http://rda.ucar.edu/datasets/
ds094.1/), and reanalysis data from the National Centers
for Environmental Prediction (NCEP), with a resolution of
0.5°x0.5°.

2.2. The k-prototype method

The k-prototype method is usually used for clustering or
grouping (MacQueen, 1967; Huang, 1997). The landfall po-
sition information on all typhoons in this study is a dataset of
three main landfall positions are used as clustering criteria to
apply on the dataset: the strait between Shandong Peninsula
and Liaodong Peninsula (around 38°N); the west coast of the
sea area (that is, the China east coast); and the east coast of
the sea area (that is, the Korean Peninsula west coast). We
calculate the least-squares error between the landfall point
and the clustering criteria, and then obtain classified clusters
(or groups) of typhoons.

2.3. Composite diagnosis method

The composite diagnosis method developed by Rolfson
and Smith (1996) and Miao et al. (2015) for synoptic-scale
forcing mechanisms is used for TIOEs within the same group
in each zone (defined in section 3.3). The formula is as fol-

lows:
N

_ 1
S(xi,yi) = N Z si(xXi,yi)

n=1

ey

where s;(x;,y;) is the variable at location (x;,y;) and time z,
and S ,(x;,y;) is the composite at location (x;,y;). The average
of N samples of the variable is calculated at each time and
each location in a specific zone, by taking the eddy center
as the origin of the moving coordinate, which then forms a
composite. More details are given in section 3.3.

3. TIOE statistics in the ECS

3.1. Classification of typhoons and TIOEs

There are 13 typhoons that passed over the East China Sea
(including the Yellow Sea) during 2005-15 (Fig. 1 and Table
1). Table 1 shows the features of the typhoons and the posi-
tions of corresponding TIOEs. According to their tracks and
their landfall points, with the k-prototype method they can
be divided into three groups: Group A (four cases; Fig. la;
landing points over 38°N): typhoons passing through the cen-
tral Yellow Sea; Group B (five cases; Fig. 1b; landing points
on the western sea coast): typhoons re-entering the sea after
landing on continental China; and Group C (four cases; Fig.
1c; landing points on the Korean Peninsula coast): typhoons
with paths close to the Korean Peninsula.

To determine whether an ocean eddy is triggered by a ty-
phoon, we track each typhoon for 18 h, in which 6 h are be-
fore the typhoon enters into the study sea area and 3 h are af-
ter the typhoon has arrived. We then analyze the surface flow
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Fig. 1. Typhoon tracks over the ECS during 2005-15: (a) Group A: passing through the central Yellow Sea; (b) Group B:
re-entering the sea after landing on continental China; (c) Group C: with paths close to the Korean Peninsula. (d) Typhoon
and TIOE (white vectors: typhoon wind; black vectors: sea current; grey spectrum: current intensity; dark dot: typhoon center

(129.5°E, 25°N); solid line: typhoon path.

Table 1. Typhoons in the East China Sea (including the Yellow Sea) during 2005-15.

Max. radius of ~ Max. wind
Group/ Life grade-7 winds speed Lowest central TIOE
series No. Typhoon title-year  history (h) Level of intensity (km) (msh pressure (hPa)  generated
Al-4 Muifa (2011) 305 Super typhoon 420 55 925 Yes
Meari (2011) 114 Strong tropical storm 300 30 970 Yes
Bolaven (2012) 217 Super typhoon 400 52 935 Yes
Chan-hom (2015) 318 Super typhoon 460 58 925 Yes
B 5-9 Khanun (2005) 152 Strong typhoon 400 50 945 Yes
Wipha (2007) 101 Super typhoon 420 55 925 Yes
Kalmaegi (2008) 138 Typhoon 300 35 970 Yes
Morakot (2009) 186 Typhoon 500 40 955 No
Matmo (2014) 188 Strong typhoon 320 42 955 Yes
C 10-13 Kalmaegi (2006) 240 Super typhoon 450 55 930 Yes
Kompasu (2010) 96 Strong typhoon 250 45 955 Yes
Khanun (2012) 138 Strong tropical storm 180 25 985 Yes
Nakri (2014) 159 Strong tropical storm 400 25 982 Yes

field of the sea area, and judge whether the selected eddy
is indeed triggered by that typhoon (Table 1 and Fig. 1d).
As an example, Fig. 1d shows both a typhoon wind circula-
tion (white vectors) and the associated TIOE (black vectors)
ocean currents. Their centers are close to each other.

3.2. Zoning of the study area

The upper ocean response to each typhoon is not only re-
lated to the intensity of the typhoon, track and moving speed,
but is also dependent on the geographical environment and
physical properties of the sea area. Recent studies suggest
that the interaction between the Kuroshio and oceanic eddy
impact both the structure of the Kuroshio and the intrusion
of the Kuroshio water onto the continental shelf of the East
China Sea (Gawarkiewicz et al., 2011; An et al., 2014; Yin,
2014).

As our focus in this study is the features of the TIOEs in
the East China Sea and the Yellow Sea, including their in-
teraction with the Kuroshio, we define three zones: Zone I
covers a wide deep-water region of the southern part of the

Kuroshio in the western Pacific with the Ryukyu Islands in-
side and a water depth of a few thousand meters; Zone II
covers the main part of the Kuroshio; and Zone III covers the
shallow water part (less than 100 m) of the northern Kuroshio
until the mouth of Bohai Bay. Figure 2 shows the typical
paths of the three groups of typhoons and the three zones.

3.3. Classification of the TIOE composites

In this study, a TIOE is defined by the circular pattern of
the surface current underneath a typhoon. To clearly show
the characteristics of the TIOEs’ groups in different zones,
we composite each TIOE group in each zone.

The basic method of determining the horizontal radius of
the composite TIOE is as follows: first, take the eddy center
as the origin; according to the basic horizontal scale of the
TIOE, 73 HYCOM grids are used in all zonal and meridional
directions for all three groups of eddies in Zones I and II. For
Zone 111, 49 grids are used for Group A and Group C; 25 grids
are used for Group B. This is because the TIOEs are smaller
in size in Zone III. Equation (1) is then used to obtain the
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Fig. 2. Tracks of the typhoons in the three groups, along with ocean currents: (a) Muifa (2011), in Group A; (b) Kalmaegi
(2008), in Group B; and (c) Kompasu (2010), in Group C. The red dot represents the typical position of the typhoon in the three
zones. The vectors show the surface currents (units: m s~!). The black dashed lines indicate the borders of the three zones, and

I, IT and III indicates their areas.

velocity in each grid, and hence the composite eddy velocity
field for each group. The results are shown in Fig. 3.

4. Horizontal features of the TIOEs in each
zone

4.1. Overview of the three TIOE groups

For the Group A typhoons, whose paths are shown in
Fig. la, the three zones are shown in Fig. 2a. Taking Ty-
phoon Muifa (2011) as an example, the ocean velocity at
1600 UTC 1 August 2011 is displayed, with each dot indi-
cating the typical location of Muifa (2011) in each zone. For
the Group B typhoons, whose paths are shown in Fig. 1b, the
three zones where they pass are marked in Fig. 2b. Taking
Typhoon Kalmaegi (2008) as an example, the ocean flow at
1600 UTC 14 July 2008 is displayed, with each dot indicat-
ing the typical location of Kalmaegi (2008) in each zone. For
the Group C typhoons, whose paths are shown in Fig. 1c, the
three zones are shown in Fig. 2c. Taking Typhoon Kompasu
(2010) is as an example, the flow field at 1600 UTC 28 Au-
gust 2010 is displayed, with each dot indicating the typical
location of Kompasu (2010) as it passes through the zones.

4.2. Characteristics of the TIOEs in Zone 1

The composite surface current fields of the three TIOE
groups in Zone I are shown in Fig. 3. For Group A, the com-
posite TIOE has a strong cyclonic vortex. It moves along with
the typhoon toward the northwest, with the northern edge
close to the Kuroshio (Figs. 3a and d). At that time, both
the typhoon intensity and TIOE intensity are at their peaks.
The surface current to the north is westward, which is against
the Kuroshio, reversing part of the strong boundary current.

For Group B, the composite TIOE moves westward and
usually with high speed in the area. On the eastern side of Tai-
wan, the southward current on the western rim of the eddy is

significantly weakened by the Kuroshio. The current south-
eastward of the eddy center is strong, showing an obvious
deformation in circulation. The eddy is elliptical, elongated
in the meridional direction due to the environmental effects
(Figs. 3b and e).

For Group C, the track of the composite TIOE is slightly
to the east, located south of the Ryukyu Islands. The strong
current of the composite TIOE is located on the right-hand
side of its moving direction (Fig. 3c). The blocking of the
Ryukyu Islands not only affects the eddy intensity, but also
induces a small anticyclonic eddy on the western flank of the
TIOE (Fig. 3f).

The three groups of TIOEs in Zone I show that strong ty-
phoon winds generally lead to strong TIOE currents, causing
asymmetric eddy structures. However, other mechanisms,
such as the interaction of ocean systems or a geography, also
have an effect: the Group A TIOEs may cause the reversal
part of the Kuroshio; the Group B TIOEs are weakened by the
Kuroshio and Taiwan Island; and the Group C TIOEs have a
reduced current intensity in the presence of the Ryukyu Is-
lands, which may cause an additional eddy to the west.

4.3. Characteristics of the TIOEs in Zone I1

The composite surface current field of the three TIOE
groups in Zone II is shown in Fig. 4. The Group A TIOEs
are located in the middle of the study region. With less to-
pographic blockage, these eddies are strong (Figs. 4a and d).
When the composite TIOE is near the Kuroshio, its current
is stronger than the latter, with the maximum current reach-
ing 1.8 m s~!. As it evolves, the TIOE changes shape: when
passing by the Ryukyu Islands, the left-hand side of the eddy
is squeezed; after it passes the islands, its original shape is
resumed. During its life cycle, the eddy is able to reverse a
significant portion of the Kuroshio. When it is close to the
east of Taiwan, the eddy could trigger the generation of a
small anticyclonic eddy, due to a colligating influence with
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island and the Kuroshio.

When the Group B TIOEs approach the Taiwan Strait and
the mainland coast, their intensity is weakened and their po-
sitions shifted to the west. The composite eddy is affected
by Taiwan Island when moving north. Also, the eddy size
is reduced due to the Kuroshio’s intensification to the east of
the island (Figs. 4b and e). The current on the eddy’s west-
ern side is significantly weakened, with a maximum speed of
only 1.2ms™ !

By comparison, the paths of the Group C TIOEs are
slightly to the east, with a relatively weak intensity and an
obvious asymmetry. When the composite eddy enters Zone
II, where the Kuroshio and the Ryukyu Islands coexist, the
weak current on the western side of the eddy is opposite to the
Kuroshio, resulting in zero speed; the current on the eastern
side moves in tandem with the Kuroshio, resulting in a broad
northward current (Figs. 4c and f). Due to the Kuroshio, the
intensity of the eddy is hence affected, with a maximum speed
of 1.6 m s™!. After the eddy moves farther north, the strong
current in the southeast part of the eddy has a speed similar to
that of the Kuroshio; it then joins the main stream, resulting
in a broader western boundary current with a speed as high
as 1.8 ms.

Clearly, the characteristics of the TIOEs are mainly con-
trolled by the intensity of the typhoons. In Zone II, the in-
teraction between the composite TIOE and the Kuroshio is
influenced by the strength and location of the TIOE. In ad-
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dition, the islands and typhoon track are the key factors af-
fecting the state of the eddy, which in turn changes the ocean
circulation locally.

4.4. Characteristics of the TIOEs in Zone 111

The three groups of TIOEs differ significantly in Zone III,
due to the shallow water in the area. The Group A TIOEs are
strong because of the sustained intensity of the correspond-
ing typhoons. Its composite circulation occupies the whole
of the Yellow Sea and is almost symmetric, with the north-
ward component on the eastern side and the southward com-
ponent on the western side close to 1.6 m s™! (Figs. 5a and d).
The Group B typhoons belong to the re-entry type. They are
weakened after landfall, and hence the strength of the thus-
generated TIOEs is relatively weaker in comparison to that of
Group A. Correspondingly, the composite TIOE is smaller in
size and moves from southwest toward northeast at a speed of
less than 0.7 m s~!, only half that of Group A (Figs. 5b and
e), with the flow on the right being stronger than that on the
left. The Group C TIOEs have paths slightly toward the east.
When moving northward along the west coast of the Korean
Peninsula, the composite TIOE is elliptical in form, narrower
in the meridional direction. The flow is symmetric, with a
maximal speed of 1 m s™! (Figs. Sc and f).

In short, the TIOEs in Zone I are the strongest, which
could lead to severe marine disasters. The Zone-II TIOEs
have more interaction with the Kuroshio and environmen-
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tal topography. So, more deformation appears at the TIOEs
and more influence is exerted on the Kuroshio by them. The
TIOEs in Zone III are smaller in size and intensity due to
the reduced intensity of the typhoon and the influence of the
peninsula’s topography in the area.

4.5. Latent and sensible heat fluxes at the air-sea inter-

face

During the development of a typhoon, a large amount of
heat and moisture exchange occurs between the atmosphere
and the ocean, which can be represented by the transport of
heat flux at the air—sea interface (Jiang et al., 2012). Out of
all the heat fluxes thus exchanged, the heat transport from the
ocean mixed layer accounts for 85% (Price, 1981).

The asymmetric structure of the typhoon will greatly af-
fect the heat flux distributions. Statistically, the area with
strong winds or currents is to the right of the typhoon track in
Zone 1, in the northeast of the typhoon circulation in Zone
II, and to the southeast of the track in Zone III. Analysis
also shows that the area with maximal latent heat flux coin-
cides with the area with strong TIOE currents. Table 2 shows
the statistics of heat flux in those three zones for all the ty-
phoons/TIOEs of concern. It shows the latent heat is larger
in Zone I and Zone II than that in Zone III. This is proba-
bly related to the abundant moisture at lower latitudes and/or
stronger currents in these two zones. The strong TIOE cur-
rents contribute substantially to the positive latent heat flux at
the air—sea interface, which forms a positive feedback loop in
the typhoon’s development. Compared to the latent heat flux,
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the sensible heat flux is much smaller, and has little correla-
tion with strong currents.

5. Vertical structure of a typical TIOE and its
associated energy transfer

5.1. Case selection

Of the TIOE:s in the three different groups, the TIOEs of
Group C experience significant deformation, while the TIOEs
of Group B differ conspicuously in intensity from zone to
zone. The TIOEs in these two groups often display deforma-
tion, and even incomplete eddy structures. We hence select
the eddy induced by Typhoon Muifa (2011) of Group A as
a typical example to analyze the TIOE vertical structure and
energy transport.

5.2. SST changes

Typhoons are a low-pressure system with closed circu-
lation and strong cyclonic winds. Based on Ekman theory,
the direction of surface currents in the Northern Hemisphere
is at 45° to the right of surface winds. Therefore, the sur-
face water of the Muifa-induced TIOE flows outward from
the center. The strong divergent flow of the TIOE causes
remarkable local upwelling, which results in a decrease in
SST (Fig. 6). At 1600 UTC 3 August, a significant decrease
(1°C-6°C) in SST occurs in the east of the TIOE (Fig. 6a).
At 0400 UTC 5 August, Muifa (2011) moves northwestward
and enters Zone II, leaving a cold wake behind (Fig. 6b). The

Table 2. Latent and sensible heat fluxes (units: W m~2) in the area of strong currents within the TIOE.

Average latent heat flux (W m2)

Average sensible heat flux (W m~2)

TIOE Zone I Zone 11 Zone 111 Zone | Zone 11 Zone III
All TIOES 392.7 362.6 126.4 -34 -19.5 —-16
Group A 493.0 343.8 314.5 -16.5 -50.2 -35.2
Group B 343.8 341.6 116.2 5.0 -14 0.4
Group C 314.5 321.5 170.0 1.5 -3.5 —18.5

2011/8/4 0000UTC

2011/8/5 1200UTC

2011/8/7 1200UTC

%
Dl

36N - 29°C
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Fig. 6. The SST (units: °C) with the TIOE generated by Typhoon Muifa (2011) in the three zones (a) at 1600 UTC 3 August
2011 in Zone I, (b) at 0400 UTC 5 August in Zone II, and (c) at 0400 UTC 7 August in Zone III. The dark dot indicates Typhoon
Muifa (2011)’s position. The grey bar shows the SST field and the streamlines are the sea surface current field.
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cold area is collocated with the divergent area, with a diver-
gent flow more significant to the right of the track, which is
a more favorable condition for upwelling to the right of the
TIOE and results in an asymmetric SST distribution. Figure
6¢ shows the SST distribution around the TIOE after it enters
Zone III. Because Zone III is at higher latitude, the ambient
SST is much cooler. The divergent flow generated by the
TIOE further cools the water in the neighborhood. The re-
sulting SST ranges from 20°C to 27°C, which is much colder
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than that in Zone I (31°C) and Zone II (30°C).

5.3. Sectional temperature distribution

According to the SST distribution in the TIOE area in Fig.
6, we select the cold center on the right of the track in each
zone to analyze the vertical temperature profile. As seen in
Fig. 7, the cold center (marked as a triangle) corresponds to
an obvious cold tongue underneath the mixed layer, indicat-
ing a deep upwelling. In Zone I, the contour of the temper-
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ature near the cold center bulges up, extending through 100
m (Figs. 7a and b). This feature is clearer in a latitudinal ver-
tical cross section (Fig. 7b) than in a longitudinal one (Fig.
7a). Figure 7b clearly shows that the cold tongue is as deep
as 600 m, while the thermocline is around 100 m near the sur-
face. Note there are many islands in Zone II, which may also
cause the topographic-induced upwelling. This is identifiable
in Fig. 7c (to the left of the cold center) and Fig. 7d (to the
right of the cold center). The bulging of the contour is not
as apparent as that in Zone I, indicating a weaker upwelling.
This suggests that the islands may have a crucial impact on
the distribution of the physical properties of the eddy. Zone
IIT is narrow and shallow, with a depth only down to 80 m.
The upwelling in this zone is very weak, and the thermocline
is at about 30—50 m below the surface.

5.4. Sectional salinity distribution

Figure 8 shows the longitudinal vertical distribution of
salinity at the cold center. It reveals that all the cold cen-
ters in different zones correspond to a mixed layer of salinity
near the surface, and the typhoon circulation and the associ-
ated TIOE increase the depth of the layer. Simultaneously,
significant salinity fluctuations can be noticed below 300 m
in Zone I and Zone II (Figs. 8a and b), corresponding to the
upwelling of the deep water. There is also an upwelling asso-
ciated with the terrain in Zone II, which can be seen near the
grey shaded area on the right in Fig. 8b. As for Zone III, the
depth of the water is only 80 m (Fig. 8c), and the halocline is
at about 60-20 m. Therefore, the cold wake of a typhoon is
also a wake of low salinity.

5.5. Sectional distribution of the TIOE flow

Figure 9 shows the vertical cross section distributions of
the horizontal flow and the kinetic energy associated with the
TIOE. The black solid dot in Fig. 9 indicates the center of
eddy.

The formula used to calculate the kinetic energy K is

K =pu? +1%)/2, )

where p is the density; and « and v (units: m s~!) are the
horizontal velocity components.
According to Fig. 9, a common feature of the horizontal
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flow of the TIOE at different levels in different zones is its
asymmetric structure. In Zone I, the horizontal flows in the
east (Fig. 9a) and north (Fig. 9b) are stronger than those in
the west and south. The corresponding kinetic energy dis-
tribution (contours) shows a consistent pattern (Figs. 3a and
6a). The intensity of the horizontal flow decays quickly with
depth, but the maximal depth of the flow reaches as deep as
700 m. The dominant feature of the TIOE in Zone II is the
penetration depth of the horizontal circulation (Figs. 9c and
d). In the west and north, the contour of 0.1 J reaches as deep
as 500 m, compared with 100 m in Zone I. This is proba-
bly related to the impacts from the Kuroshio and the Ryukyu
Islands. In Zone III, the horizontal flow associated with the
TIOE is noticeable throughout the entire water column (80
m) (Figs. 9e and f), and the kinetic energy contour of 0.1 J is
at the depth of 40 m. One of the special aspects in Zone III is
the reversal of horizontal flow in the east and north at about
30 m. This may be related to the bottom Ekman layer, but
more research is needed before a conclusion is made.

5.6. TIOE energy transport

When a TIOE moves in the ocean, strong kinetic energy
is transported downward. In this section, we analyze the ki-
netic energy transport and its evolution around the center of
the eddy, as well as in the area with strong currents.

Figure 10 shows the temporal evolutions of kinetic en-
ergy at the TIOE center (Figs. 10a, ¢ and e) and in the strong
current areas (Figs. 10b, d and f) in different zones. In Zone
I, the maximal kinetic energy is about 2.5 J at both the eddy
center and in the strong currents area. It takes 12 h for the
0.4 J kinetic energy contour at the eddy enter to reach 60 m,
while it only takes 9 h for the same kinetic energy contour to
reach about 80 m in the strong current area (Figs. 10a and b).
In Zone 1II, the maximal kinetic energy is about 1.4 J at the
eddy center, but 3.3 J in the strong currents area. It takes 15 h
for the 0.2 J kinetic energy contour at the eddy center to reach
60 m, but in the strong currents area it takes only 5 h for the
0.9 J contour to reach 90 m (Figs. 10c and d). In Zone III,
the maximal kinetic energy is about 0.7 J near the surface.
Within the same period, the 0.1 J kinetic energy contour at
the eddy center reaches 22 m, while it penetrates more than
30 m in the strong currents area (Figs. 10e and f).
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In general, the kinetic energy (larger than 0.2 J) associ-
ated with a strong eddy flow can only reach halfway along
the TIOE’s vertical extent. The strong currents of the TIOE
generate a greater, faster, and deeper energy transfer than at
the center of the TIOE.

6. Conclusion

In this study, 13 TIOEs in the East China Sea (including
the Yellow Sea) are analyzed. With the k-prototype method,

they were divided into three groups by tracks and landfall po-
sitions of typhoons: Group A, with typhoons passing through
the central Yellow Sea; Group B, with typhoons re-entering
the sea from the western Yellow Sea after landing on conti-
nental China; and Group C, with typhoons along the eastern
Yellow Sea and close to the Korean Peninsula. Meanwhile,
the study area is also divided into three zones according to
water depth and where the Kuroshio appears. The character-
istics of the TIOEs in the three groups and zones are com-
pared. The following is a summary of the main results:



836 TYPHOON-INDUCED EDDIES IN THE EAST CHINA SEA VOLUME 35
kinetic energy(center)  kinetic energy(strong currents)
0 0
(a) (b)
20 20 -
2
E 40- 1.5 40 1 1.5
£ 1
2 60 0.5 60 - 1 1
0.5
80 - 801 0.5
0000UTC 0000UTC 0000UTC 0000UTC
4AUG 5AUG 4AUG 5AUG
2011 2011 2011 2011
) kinetic energy(center)  kinetic energy(strong currents)
0
c d
20 (c) ‘\\\l\\:] 20—( )
40 - 40- 2
'g 0.5
= 60- 60 - 1.5
g : 1
a 80 80-\
1
100 - 1004 0.5~ 0.5
120 - 120 - 0.5
1800UTC 1200UTC 1800UTC 1200UTC
5AUG 6AUG 5AUG 6AUG
2011 2011 2011 2011
kinetic energy(center) koine’ric energy(strong currents)
0
(e) (f)
__ 101 10 - 0.5
£ 0.4
£
Q.
2 0.3 0.3
20 - 20 -
0.2 0.2
0.1
1500UTC 0000UTC 1500UTC 0000UTC
7AUG 8AUG 7AUG 8AUG
2011 2011 2011 2011

Fig. 10. Evolution of the kinetic energy transport at the center and the strong currents of the TIOE (unit: J) in (a, b)

Zone I, (c,

d) Zone II and (e, ) Zone III.



JULY 2018

(1) All the TIOEs are asymmetric in structure. The area
with strong typhoon winds coincide with the area with strong
TIOE currents. In Zone I, the TIOEs in Group A are the
strongest, causing some countercurrents in the Kuroshio. The
TIOEs in Group B are close to Taiwan, deforming and de-
caying due to the presence of the Kuroshio and Taiwan. The
TIOEs in Group C are significantly influenced by the Ryukyu
Islands; they deform and may even induce new eddies. In ad-
dition, the strong currents associated with the Group C TIOEs
could be superimposed on the Kuroshio, resulting in an en-
hanced stream in the east of the western boundary current. In
Zone 111, due to the strong Group A TIOEs, almost the entire
Yellow Sea is occupied by its circulation, which may lead to
disastrous winds and waves. The TIOEs in Group B and C are
relatively weak and deform easily, since they are significantly
impacted by the land or islands to which they are close.

(2) TIOEs play an important role in transporting heat at
the air—sea interface. Particularly, the asymmetric structure
of TIOEs exerts critical influences on the heat flux distribu-
tion and intensity. We have seen that the maximal latent heat
flux is proportional to the area with strong TIOE currents,
forming a positive feedback loop in the development of ty-
phoons. Zone I and Zone II are at low latitudes, where the
moisture vapor is abundant and the TIOEs are stronger. The
latent heat flux is hence large in comparison to that in Zone
III. Compared with the latent heat flux, the sensible heat flux
has much smaller values and has little correlation with strong
currents.

(3) Typically, in Zone I, the major cooling area is to the
east of the TIOE. In Zone 11, a cold wake forms following the
track of the typhoon. In Zone III, because of the higher lat-
itude and colder SSTs, cold centers correspond to the diver-
gent areas and surround the center of the TIOE. The strong
divergence favors an upwelling-induced cooling, and a low
salinity condition. A deepened mixed layer can be found un-
derneath the cold SST center, and the layer with colder and
fresher water due to the strong upwelling is under the mixed
layer. The vertical structure of a typical TIOE shows that the
intensity of the upwelling within the TIOE is proportional to
the water depth in each zone, but its magnitude is weaker than
the upwelling resulting from the coastal topography nearby.

(4) Vertical cross section maps of the horizontal flow and
energy transport in a typically strong TIOE reveal that the sur-
face flow decays quickly with depth. The penetration depth
in Zone I and Zone II is about 700 m, and can reach the bot-
tom (about 80 m) in Zone III. A conspicuous feature is the
reversal of the horizontal flow at about 30 m in Zone III. In
general, the kinetic energy (larger than 0.2 J) under a strong
TIOE flow can only reach halfway along the TIOE’s vertical
extent. The strong currents of the TIOE generate a greater,
faster, and deeper energy transfer than at the center of the
TIOE.
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