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Summary Eddies are known to be affected by typhoons, and in recent years, the general three-
dimensional structure, as well as features of the spatial and temporal distributions of eddies have
been determined. However, the type of eddy that is most likely to be affected by a typhoon
remains unclear. In this paper, quantitative and qualitative methods were used to study the eddies
that are most sensitive to upper-ocean tropical cyclones (TCs) from the perspective of eddy
characteristics, and the quantitative results showed that not all eddies were enhanced under the
influence of typhoons. Enhancement of the eddy amplitude (Amp), radius (Rad), area (A), or eddy
kinetic energy (EKE) accounted for 92.3% of the total eddy within the radius of the typhoon.
Qualitative analyses showed the following: First, eddies located on different sides of the typhoon
tracks were differently affected, as eddies on the left side were more intensely affected by the
typhoon than eddies on the right side, and second, eddies with short lifespans or small radii were
more susceptible to the TCs.
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1. Introduction

The South China Sea (SCS) is the largest semi-enclosed
marginal water body in the Northwest Pacific. Its average
depth is 1800 m, and its maximum depth is up to 5400 m.
Each year, many TCs pass through the SCS (Liu and Xie, 1999)
(Fig. 1), and many studies have shown that their strong winds
stir and vertically mix the upper ocean (Guan et al., 2014;
Knaff et al., 2013; Price, 1981; Wang et al., 2012), and Mixing
of the upper and subsurface water causes the sea surface
temperature (SST) to cool (Chiang et al., 2011; Guan et al.,
2014; Lin et al., 2017; Liu and Xie, 1999; Potter et al., 2017;
Sun et al., 2015).

Due to the influence of seabed topography and kuroshio
invasion, many mesoscale eddies occur in the SCS (Chelton
et al., 2011b; Du et al., 2016; Wang, 2003; Xiu et al., 2010)
that have far-reaching impacts on the mixing of sea water,
the transport of deep-sea sediment, and the distributions of
marine organisms, energy, heat, and nutrients. As one of the
characteristics of oceans, mesoscale eddies can also regulate
air—sea interactions (Chelton et al., 2011a; Lin et al., 2005;
Patnaik et al., 2014; Shay et al., 2000; Zheng et al., 2010).
Figure 1 Tracks of typhoons and spatial distributions of eddies.
The interaction between eddies and TCs is an important
branch of air—sea interactions, and the study of this inter-
action improves our understanding of ocean circulation
dynamics (Hisaki, 2003; Wang et al., 2009; Zheng et al.,
2010). In the past few decades, scholars have suggested that
typhoons promote eddy generation. Hu and Kawamura (2004)
found that for each case of a looping tropical cyclone, a
cyclonic eddy with an obvious sea-level depression appears in
the sea area where the cyclone takes a loop form, and a cold
core forms with a difference in SST greater than 28C com-
pared to the surrounding areas (Chen et al., 2012; Chow
et al., 2008; Gordon et al., 2017; Hu and Kawamura, 2004;
Mahadevan et al., 2008; Zhang et al., 2016). Furthermore,
the responses of the cyclonic eddies (CEs) to typhoon forcing
in the Western North Pacific Ocean (WNPO) were analyzed
using Argo profiles, and the results indicated that the inflow
of warm and fresh water, heats and freshens the subsurface in
the CEs to compensate for the cooling. Eddies primarily cool
at the surface (0—10 m depth) but deep upwelling occurs
from the top of the thermocline (200 m in depth) to greater
ocean depths shortly after typhoon forcing (Liu et al., 2017).
By using satellite and altimeter data to research the response
of eddies to typhoons, the eddy core has found to have an
obvious sea-level depression after a typhoon, resulting in
both mixed layers and SSTcooling (Jaimes et al., 2011; Shang
et al., 2008); Cyclonic eddies have been found to be
enhanced by typhoons, and one noticeable feature was a
change in the three-dimensional structure accompanied by
reaxisymmetrization and elliptical deformation processes in
the horizontal plane (Lu et al., 2016; Wang et al., 2009).
Additionally, by comparing the EKE and available gravita-
tional potential energy of COEs before and after typhoons,
Sun et al. (2014) found that the energy of a COE can be
increased by a slow-moving typhoon, and the EKE can change
on order of O (1014—1015 J) (Shang et al., 2015; Sun et al.,
2014). Finally, among maximum wind speed, typhoon trans-
lation speed and the typhoon forcing time (Tf), changes in the
geometric and physical parameters of eddies have been
found to mostly be related to the Tf, which is determined
by typhoon translation speed and size and typhoon intensity
(Sun et al., 2014).

In summary, many breakthroughs have occurred in the
response of eddies to TCs over the last ten years, but
important questions remain unanswered. For example, will
the properties of the eddy constrain how it is affected by a
typhoon and if so, which kind of eddy responds more strongly?
In this paper, the data used for eddy identification and
tracking are introduced in Section 2, which is followed by
results of the qualitative analysis based on specific eddy and
typhoon cases (Section 3). Finally, conclusions are offered
that include suggestions for future research (Section 4).

2. Material and methods

2.1. Typhoon data

In this paper, typhoon “best-track data sets” (BTDS) were
obtained from the U.S Joint Typhoon Warning Center (JTWC),
and each contained typhoon maximum sustained wind (MSW)
speeds in knots (i.e., the 1-min mean maximum sustained
wind speed at a height of 10 m), the latitude and longitude of
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the typhoon center, and the typhoon radius in sea miles.
According to the TC classification standard of the JTWC, a TC
is defined as a typhoon when its MSW exceeds 63 knots, and as
the MSW surpasses 113 knots, a TC is defined as super
typhoons. Only TCs in the Northwest Pacific with MSW �64
knots from 2001 to 2014 were used in this study. The duration
of the TCs in the SCS was counted with an accuracy of 0.5 days
because the time interval of the BTDS was 6 h (Table 1).

2.2. Satellite data and eddy parameters

Altimeter data from Archiving, Validation, and Interpretation
of Satellite Oceanographic Data (AVISO 2014) were used in
Table 1 Information of typhoons.

Typhoon name Time/day
(stay in
the SCS)

V_max/knots
(Typhoon
encountered
eddy)

Number of
the eddies

PABUK(2001) 2.00 90 2
WUTIP(2001) 5.75 115 3
IMBUDO(2003) 2.25 90 1
MORAKOT(2003) 3.75 120 1
MAEMI(2003) 2.00 65 1
NEPARTAK(2003) 5.75 115 1
CONSON(2004) 2.00 125 1
HAITANG(2005) 4.00 95 1
TALIM(2005) 1.25 115 1
CHANCHU(2006) 6.25 65 4
PRAPIROON(2006) 5.25 115 1
XANGSANE(2006) 4.75 115 3
CIMARON(2006) 10.50 115 3
UTOR(2007) 5.50 75 2
PABUK(2007) 3.00 65 1
SEPAT(2007) 2.00 140 1
PEIPAH(2007) 6.50 75 1
MITAG(2007) 2.50 75 1
NEOGURI(2008) 6.00 100 2
NURI(2008) 3.50 80 2
HAGUPIT(2008) 3.50 100 1
LINFA(2009) 6.75 70 1
MORAKOT(2009) 1.75 80 1
PARMA(2009) 12.00 65 1
FANAPI(2010) 2.25 105 1
MEGI(2010) 5.25 110 4
SONGDA(2011) 1.75 140 2
MUIFA(2011) 5.25 70 1
NESAT(2011) 4.50 75 2
NALGAE(2011) 4.50 65 1
JELAWAT(2012) 2.25 130 1
TINH(2012) 4.25 75 2
BOPHA(2013) 5.00 115 1
SOULIK(2013) 1.25 80 1
NARI(2013) 4.75 80 2
KROSA(2013) 4.75 100 3
HAIYAN(2013) 3.25 95 1
RAMMASUN(2014) 5.00 125 3
MATMO(2014) 1.50 80 1
KALMAEGI(2014) 3.50 70 2
this study, and they were generated from a combination of
data from TOPEX/Poseidon, Jason-1 and Jason-2, and Envir-
onmental Satellite. AVISO delayed-time altimeter data from
January 1993 to December 2015 are daily, two-satellite
merged global seal-level anomalies (SLA) with a spatial
resolution 0.25 � 0.258. Sea surface temperature (SST) data
were acquired from remote sensing systems with a resolution
of 25 km. The altimeter data were used to identify, detect
and track mesoscale eddies, while SST data were adopted to
validate the tracking results. The algorithm used to identify,
detect and track mesoscale eddies used in this study was
provided by Liu et al. (2016) and Sun et al. (2017). The
meridional component, ug, and the zonal component, vg,
of the geostrophic velocity of the ocean current as well as A
and EKE (e.g., Xu et al., 2011) were calculated as follows:

A ¼ N�0:25�0:25�111�111� cosðlatÞj j; (1)

ug ¼ � g
f
@SLA
@y

; vg ¼ g
f
@SLA
@x

; (2)

EKE ¼
Xn

i¼1

1
2ðu2g þ v2gÞrAiHi: (3)

In those formulas, N is the number of pixel occupied by the
eddy, and 0.25 � 111 transforms the angle into a distance (in
kilometer). The variables ug and vg are the vertical and
horizontal velocity of geostrophic flow, respectively; r is a
constant value of the density of the seawater equal to
1020 kg m�3; and Hi is the ocean depth. To better illustrate
that the eddy is affected by the typhoon this article takes the
state of eddy before the typhoon transit as a reference point,
the average values of the eddy properties (Amp, Rad, A, EKE)
one week after typhoon transit were calculated, and we
further calculated the ratio of the eddy attribute values
before and after being affected by the typhoon. The reason
that ratios were used rather than differences is that an eddy
can form at different sizes and because the growth of its
properties is also limited. After being affected by a typhoon,
the ratio of two eddies with the same property difference
may vary greatly; part of the eddy changes significantly
during the week after a typhoon and then changes only
slightly. Therefore, this article takes the week after the
typhoon as the study period and to highlight the impact of
typhoons on the upper ocean, the maximum SST and SLA
variation are taken at �2.258 from the eddy center.

3. Results and discussion

3.1. New eddy generated by Typhoon MEGI
(2010)

Typhoon MEGI formed on October 11 and passed through the
SCS at 90 knots on October 18, and its direction was from east
to west. During its 126-h residency, the intensity of the
typhoon increased from 90 knots to 115 knots; MEGI finally
left the SCS on October 24 at 30 knots.

The four subgraphs in Fig. 2 illustrate daily SST and SLA on
four different days influenced by Typhoon MEGI in the region,



Figure 2 The SST colored, from October 17, 2010 to October 26, 2010. October 17, 2010 was the SST status before the typhoon.
October 20, 2010, October 23, 2010, October 26, 2010 were SST status on day 2, day 5 and day 8 after the typhoon, respectively. The
curve plots the path of the typhoon, and the arrow marks the direction of the typhoon, the closed loop was the area of SLA < �12 cm
(cold eddy zone).
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it is obvious that the SST and SLA significantly reduced in the
black box area during MEGI period. Before the typhoon's
arrival (2010.10.17), the lowest SST of the area of new eddy
generation was 27.88C, and the temperature fell to 27.28C on
the third day (20101020). Then, on the sixth day (2010.10.23)
after MEGI, the lowest SST was 25.38C, which was accom-
panied by a >12-cm sea-level depression and the appearance
of a closed loop. During the 126-h typhoon period, the
maximum reduction in SST in the region was 2.538C, and
the maximum reduction of the SLA reached 11.3 cm. In
summary, under the influence of the typhoon, a new eddy
was generated below the sea on October 23, 2010 (Fig. 2),
and this new eddy was well developed and lasted for more
than several weeks.

3.2. Typhoon enhanced preexisting eddy

UTOR was a tropical cyclone during the Pacific typhoon
season in 2006. The storm formed on December 7, was
maintained for 8 days and then dissipated on December
15. The maximum intensity of UTOR during its lifecycle
was 100 knots, and UTOR passed the SCS on December 11 with
an intensity of 75 knots. Within the range of the radius of
UTOR, a mesoscale eddy occurred (recorded as No. 25 eddy in
Table 2a, Fig. 4).

Fig. 3 shows the eddy properties of the No. 25 and No.
55 eddy in their whole lifetime. It can be seen from the figure
that during the entire life cycle of the eddy, the properties of
the eddy are always fluctuating. From the left side of Fig. 3,
the SLA, Amp, Rad, Area and EKE of the No. 25 eddy were all
significantly changed after affected by UTOR, and the max-
imum (minimum of the SLA) of each parameter occurred
either during or after UTOR. Moreover, compared with other
periods, the vital signs of the eddy were relatively stable
during the typhoon. The No. 25 eddy was located to the right
of the center of UTOR (position of the eddy core relative to
the UTOR path) with a radius of 156.92 km and a lifespan of
46 days. After the typhoon passed, the SST in the eddy area
decreased by 3.318C (Fig. 4), and the parameters of No.25
eddy changed. Among them, the SLA decreased by 7.04 cm,
and the amplitude, radius, area and EKE increased by1.29
times, 0.92 times, 0.92 times, and 1.15 times respectively,
compared to before the typhoon.

Typhoon NARI originated on October 7, 2013 in the Phi-
lippines east of the SCS and dissipated on October 16. Its life
cycle was 10 days, and its maximum intensity reached
100 knots. When the typhoon passed the SCS, there was an
eddy under the typhoon (recorded as the No. 55 eddy in
Table 2b, Fig. 5).

The right side of Fig. 3 shows that the SLA, Amp, Rad, Area
and EKE of the No. 55 eddy significantly changed after being
affected by NARI, and the maximum (minimum of the SLA) of
each parameter occurred during or after the typhoon. More-
over, compared with other periods, the vital signs of the eddy
were relatively stable during the typhoon. The No. 55 eddy
had a lifespan of 42 days and a radius of 52.43 km, and after
the typhoon passed, the SST in the eddy area dropped by
2.328C. The SLA of the eddy core as well as the eddy
amplitude, radius, area, and EKE exhibited very significant
changes: the SLA decreased by 4.41 cm while the eddy



Table 2a Parameters of 65 eddies.

Eddy Cold/warm eddy Location Lifetime/days Amp/times Rad/times A/times EKE/times

1 Cold R 13 1.38 1.15 1.90 5.81
2 Cold R 13 2.03 1.03 1.19 1.61
3 Cold R 24 0.79 0.81 0.50 0.33
4 Cold R 32 1.52 1.15 1.48 1.90
5 Cold R 24 1.37 1.00 1.59 3.26
6 Cold L 13 1.51 1.41 2.23 1.51
7 Cold R 13 0.57 0.92 0.58 3.30
8 Cold L 13 0.78 0.95 0.75 6.61
9 Cold R 109 1.12 1.09 0.75 1.59
10 Cold L 36 1.13 1.10 1.23 2.02
11 Cold L 14 0.76 0.99 0.68 4.92
12 Cold L 17 1.07 1.05 1.22 1.19
13 Cold R 10 2.62 1.57 1.50 4.63
14 Cold R 32 1.34 1.05 1.11 2.02
15 Cold R 29 0.36 0.61 0.35 0.14
16 Cold R 10 0.21 0.43 0.19 0.01
17 Cold L 15 0.94 0.92 0.93 1.22
18 Cold L 37 1.35 1.10 2.03 3.77
19 Cold L 13 2.04 1.60 2.66 8.13
20 Cold L 13 1.39 1.35 1.81 3.02
21 Cold R 15 2.13 1.39 0.60 1.63
22 Cold R 15 2.00 1.48 2.33 13.08
23 Cold R 15 1.55 1.26 1.66 2.86
24 Cold R 23 2.35 1.24 1.50 5.09
25 Cold R 46 1.29 0.92 0.92 1.15
26 Cold L 12 0.73 1.16 1.20 1.18
27 Cold L 21 1.54 1.77 2.17 2.91
28 Cold L 14 2.22 1.27 1.60 1.25
29 Cold R 18 3.83 1.52 4.87 1.16
30 Cold R 67 1.16 1.02 0.90 2.14
31 Cold L 20 0.64 0.78 0.88 0.26
32 Cold R 27 1.09 0.95 1.09 1.13
33 Cold L 58 1.18 1.07 0.56 1.19
34 Cold R 51 1.13 0.97 0.88 1.19
35 Cold R 27 0.95 0.80 0.65 1.23
36 Cold L 13 2.62 1.35 1.30 2.39
37 Cold L 14 1.17 1.00 1.13 1.52
38 Cold L 45 8.32 3.05 10.25 45.66
39 Cold R 42 0.75 0.74 0.57 2.24
40 Cold R 20 0.91 0.70 0.14 0.04
41 Cold R 42 0.66 0.83 1.01 32.33
42 Cold R 42 0.64 0.84 1.04 4.86
43 Cold R 49 0.89 0.87 1.36 2.58
44 Cold L 27 1.07 0.81 0.26 3.01
45 Cold R 43 0.78 0.92 0.85 7.73
46 Cold R 17 0.81 0.91 1.10 0.53
47 Cold L 24 1.03 1.12 1.26 1.51
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amplitude, radius, area, and EKE increased by 1.61 times,
1.06 times, 1.11 times, and 1.99 times, respectively, com-
pared to before the NARI crossed.

With its enhanced amplitude, radius, area, or EKE, the
eddy accounted for 92.3% of the total eddies within the
radius of the typhoon. The rate of increase in the proper-
ties is highly variable among different eddies. In the
study, the longest eddy lifespan was 109 days, and the
amplitude, radius, area, and EKE of this eddy changed by
1.12, 1.09, 0.75, and 1.59 times, respectively (recorded
as the No. 9 eddy in Table 2a). Compared to other eddies
that were enhanced by typhoons, this eddy was relatively
minimally enhanced. As shown in the next section, this
paper takes the perspective of the eddy as a starting point
and considers the position of the eddy relative to the
typhoon path as well as the lifetime and radius of the
eddy to study the reasons for restricted influence of a
typhoon.



Table 2b Parameters of 65 eddies.

Eddy Cold/warm eddy Location Lifetime/days Amp/times Rad/times A/times EKE/times

48 Cold L 17 0.91 0.99 1.70 137.04
49 Cold L 21 1.01 0.97 1.11 1.14
50 Cold R 60 0.92 0.93 1.36 1.44
51 Cold R 68 1.45 1.08 16.39 26.07
52 Cold R 21 2.87 1.63 2.39 12.76
53 Cold L 12 2.37 1.11 2.74 1.79
54 Cold R 42 1.85 1.13 1.27 3.26
55 Cold R 42 1.61 1.06 1.11 1.99
56 Cold L 30 2.40 1.30 2.79 21.27
57 Cold L 15 1.10 1.20 1.63 6.17
58 Cold R 51 1.82 1.23 1.12 1.04
59 Cold R 69 2.14 1.50 2.20 4.37
60 Cold R 17 1.21 1.11 1.25 1.65
61 Cold R 17 1.41 1.27 1.80 4.27
62 Cold R 10 1.78 2.45 7.56 1.20
63 Cold R 13 3.18 2.28 32.33 4.48
64 Cold R 13 1.22 1.24 1.33 1.89
65 Cold R 17 3.06 1.31 1.89 1.55

Figure 3 The No. 25 eddy (left) and No. 55 eddy (right) parameters in their whole lifecycle.
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Figure 4 Same as Fig. 2, except for typhoon UTOR, UTOR passed the SCS on December 11, 2006.

Figure 5 Same as Fig. 2, except for the typhoon NARI, NARI passed the SCS on October 13, 2013.
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3.3. Qualitative analysis

The eddy to the left of the typhoon and that to the right were
numbered 24 and 41, respectively, accounting for 37% and
63% of the total. Fig. 6 shows that the eddies changed on both
sides of the path of the typhoon after the typhoon passed,
and seven days after passage, the eddies to the left of the
path exhibited greater changes in the SLA, Amp, area and EKE
than those to the right. The overall growth trend of the ones
on the left of the path was also greater than that for the
eddies to the right.

The eddies studied were divided into two groups: those
whose radius was larger than the average radius of 75.6 km,
referred to as the large eddy group, and those with a smaller-
than-average radius km, referred to as the small eddy group.
There were 23 eddies in the large eddy group, accounting for
35% of the total, and the small eddy group consisted of
42 eddies, accounting for 65% of the total. Fig. 7 shows
the two eddy groups and the changes in their property after
the typhoon passed. The result indicates that after being
influenced by the typhoon, the eddies with a small radius
underwent a more significant increase in their Amp, Rad,
area and EKE than those with a large radius. However, after
the typhoon passed, the large-eddy Amp and EKE grew only
slightly, and their radii and areas decreased. All of these
results indicated that a small eddy is more susceptible to a
typhoon.
Figure 6 After the typhoon, eddy properties 
We further divided the eddies into two groups: eddies with
lifetimes of 10—20 days were marked as the short-lived
group, and eddies with lifetimes longer than 21d were con-
sidered as long-lived. There were 32 and 33 short- and long-
lived eddies, respectively, each accounting for 50% of the
study data. Fig. 8 shows that the values of the two eddy
groups increased after being affected by the typhoon, but
eddies with a lifespan of 10—20 days exhibited a more intense
increase in their Amp, rad, area and EKE than those with
lifespan longer than 21 days. The results indicate that short-
lived eddies are more susceptible to typhoons than long-lived
eddies.

In summary, eddies located on the left of the typhoon path
are more intensely affected than eddies on the right. Eddies
with the short lifespans and small radii are more susceptible
to typhoons.

3.4. Causal relationship

The results of statistical analysis show that the eddy on the
left of the typhoon was more intense affected by typhoon
than the eddy located on the right side of the typhoon. The
difference between the conclusion of this paper and those of
others lies in that this paper aims at studying eddies growth
rate after being affected by typhoon rather than increment,
the latter is concerned with the change in quantity, while this
article focuses on indicating the ease or complexity of eddies
change, on both sides of the typhoon path.



Figure 7 After the typhoon, properties change of large and small eddies.

Figure 8 After the typhoon, properties change of short lived eddies and longevity eddies.
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Figure 9 Relationships between eddy lifetime and depth of ocean at the eddy center.

Figure 10 Relationships between eddy lifetime and eddy magnitude.
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affected by typhoon. To further study why a short-lived,
small-sized eddy was more intensely enhanced by typhoons,
the depth of the eddy center and the eddy radius were
plotted across the entire eddy life cycle. Fig. 9 shows that
long-lived eddies appear more often in deeper sea areas and
there appears to be a positive correlation between the life-
span of the eddy and its size. Fig. 10 shows the relationships
between the lifespan of the eddy and the depth of the ocean
at its center, and it illustrates that short-lived eddies occur
more often in shallow seas. This conclusion is consistent with
data indicating that strong eddies usually penetrate much
deeper into the ocean than weak ones (Xiu et al., 2010).

4. Conclusions

In this study, typhoon and eddy intersection data for 2001 to
2014 for the South China Sea were first generated using
typhoon data from JTWC; eddies were then identified and
tracked using data from Liu et al. (2016). The data set
contained a total of 65 eddies with an average eddy life of
28.03 days and an average radius of 75.6 km. After being
affected by a typhoon, not all eddies were enhanced.
Typhoon can enhance the eddy, but can't stop the eddy
dissipate. When encountered the typhoon in the late stage
of its lifecycle, the eddy is hard to be enhanced, it may be
explained that the energy dissipated of the eddy itself is
greater than that delivered by the typhoon. There are three
typical cases demonstrated that typhoons would generate
new eddies and enhance preexisting eddies in Section
3. Then, several conclusions were reached through qualita-
tive analysis. First, the Amp, rad and EKE are sharply inten-
sified in eddies located on the left side of the track of the
typhoon, and the growth trend is more severe than that of
eddies to the right of the track. Second, after being influ-
enced by a typhoon, the Amp, rad, area and EKE of small-
sized eddies increase more intensely, and this trend is more
prominent compared to eddies with a large magnitude.
Third, short-lived eddies are more susceptible to typhoons
than long-lived eddies, especially regarding the difference in
the eddy radius and area. Finally, the dynamics for the
response of mesoscale eddy to the tropical cyclones involves
wind stress, and sea surface wind stress was the only way in
which the atmosphere can transmit momentum directly to
the ocean. This paper was based on the perspective of eddy
characteristics, so the wind stress is not introduced in detail,
but the specific introduction will be further introduced in the
later research on typhoon. Then, it will be possible to expand
the study area in the sea, increase the amount of data, and
control a single variable to conduct more detailed research
about the eddy properties and identify the influence of
tropical cyclones alone.
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