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Abstract
Model (HYCOM) reanalysis data were used to investigate the mechanism and formation of an anticyclonic

Data from satellite altimetry and in situ observations together with the Hybrid Coordinate Ocean

eddy in the northeastern South China Sea (SCS). Analysis of water mass using cruise data indicated that
the water captured in the eddy differs from those in the SCS, the Kuroshio intrusion, and the eddy-forming
region. Data from sea surface height (SSH) and sea level anomaly (SLA) indicate that the eddy formed due
both to the Kuroshio intrusion and the local circulation in the SCS. The Kuroshio intrusion is present at the
start of the eddy growth (March 5-9) before Kuroshio leaps the Luzon Strait. The eddy then becomes larger
and stronger in the absence of the Kuroshio intrusion. From the eddy budget of the HY COM reanalysis data,
the formation of the eddy goes in three steps. By the third step, the eddy had become affected by variations
of local SCS circulation, which is more strongly than in the first step in which it is affected more by the
Kuroshio intrusion. The variability of the temperature and salinity inside the eddy provide a support to this
conclusion. The water in the SCS intruded into the eddy from the southeast, which decrease the salinity
gradually in the southern part of the eddy during the growth period.
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1 INTRODUCTION

The Luzon Strait separates the islands of Taiwan,
China and Luzon and is the only very deep strait
between the South China Sea (SCS) and the Western
Pacific Ocean (WPO). Circulation in this area and
throughout much of the SCS is strongly affected by
the Kuroshio intrusion through the Luzon Strait
(Nitani, 1972; Li and Wu, 1989; Qiu, 1992). Studies
over the last three decades indicate that the Kuroshio
intrusion is weak in summer before it strengthens
from the beginning of the fall (Fan and Yu, 1981;
Metzger and Hurlburt, 1996; Yaremchuk and Qu,
2004). Observations by Tian et al. (2006) also confirm
the vertical “sandwich” structure of the Kuroshio
intrusion with seasonal changes as documented by

Hou et al. (2016). Kuroshio intrusions of different
intensities strongly affect both SCS circulation and
the formation of eddies in the northern SCS (Fan,
1982; Wang, 1986; Hu et al., 2000).

Three different mechanisms of eddy formation
have been revealed (Wang and Chern, 1987a, b; Zu et
al., 2013). The shedding of an anticyclonic eddy (AE)
from the Kuroshio intrusion into the SCS was
observed from data acquired in a cruise (Li et al.,
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1998). Eddies have been found to be shed from the
looping path of the Kuroshio intrusion in studies
using numerical models, satellite data, and data
acquired in situ (Metzger and Hurlburt, 1996; Chen et
al., 2011; Nan et al., 2011b). At the same time, it has
been suggested that western Pacific Rossby waves
have a role to play in the formation of eddies (Sheu et
al., 2010; Zheng et al., 2011). Zheng et al. (2011)
reported a mesoscale AE passing through the Luzon
Strait and found that the mainstream Kuroshio
intrusion behaved like an unsteady current that is
frequently modified, causing cut-offs, meandering,
and branching as it interacted with the eddy.
Furthermore, local wind-stress curl has a non-
negligible effect on local circulation in the Luzon
Strait (Yuan et al., 2007; Wang et al., 2008b). Wang et
al. (2008b) used observations and models to show
that wind jets through gaps among islands in the
eastern SCS can promote the formation of eddies in
winter. Yuan et al. (2007) found that the AE was
facilitated by a southerly wind and minimal wind
curl, and showed that this AE was generated to the
northwest of the Luzon Strait rather than being shed
from the Kuroshio intrusion in the Luzon Strait itself.
These and other previous studies have thus shown that
different eddies have different formation mechanisms.

The process of mixing in eddies during their
movement has received barely any attention at all
(Chen et al., 2009; Hsin, 2015), and it is still unclear
whether there is any mixing between the water inside
and outside an eddy as it migrates. It was previously
shown that very little mixing occurs and that the
characteristics of the water hardly vary at all (Shu et
al., 2016b), although temperature-salinity (T-S)
curves have indicated that the water in eddies shed
from the Kuroshio intrusion has the same
characteristics as mixtures of water from the SCS and
the Western Pacific Ocean (Hsin, 2015; Zhang et al.,
2016). To address the related knowledge gap, we
herein investigate mixing and T-S variability associated
with eddy generation in the northeastern SCS.

The remainder of the paper is organized as follows.
In Section 2, we describe the cruise, satellite, and
numerical model data, and explain the methods used
to analyze the mechanism of eddy formation. The
detailed characteristics and vorticity budget of the AE
are discussed in Section 3, together with the
mechanisms involved in the different stages of the
process of AE formation and the origins of the water
within it. The results are discussed further and some
conclusions are drawn in Section 4.
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2 DATA AND METHOD

2.1 Satellite and in situ observational data

Sea surface height (SSH) data were acquired by the
Copernicus Marine and Environment Monitoring
Service before conversion to Archiving, Validation,
and Interpretation of Satellite Oceanographic
(AVISO) data (http://www.aviso.altimetry.fr/en/data.
html). The spatial and temporal resolutions were
0.25° and 1 d, respectively. SSH data for March 5 to
June 17, 2008 were used to track the AE (Fig.1).

In-situ temperature and salinity data were obtained
from 23 stations for April 2014 (Fig.1). Data from
five stations (d48, d49, d50, d93, and d92) were used
to investigate the characteristics of the water inside
the AE. Each station had a depth >1 500 m apart from
station d49, which had a depth of 335 m. Data from
four stations (d37-d40) were used to represent the
characteristics of the SCS water, data from five
stations (d60—d64) were used to represent the
characteristics of water at 120°E, and data from six
stations (d73—-d78) were used to represent the
characteristics of water in the northwestern Pacific
Ocean. The vertical resolution of all the data was 1 m.

2.2 Data of the Hybrid Coordinate Ocean Model

The Hybrid Coordinate Ocean Model (HYCOM)
reanalysis dataset is supported by the National Ocean
Partnership Program. The spatial temporal is 1/12°,
and the data contain 32 vertical layers. By applying the
“Navy Coupled Ocean Data Assimilation” method,
the model was used to assimilate satellite data, in-situ
sea surface temperature data, and in-situ vertical
temperature and salinity data as acquired by expendable
bathythermographs. The AE was also tracked using
HYCOM SSH data of the period from March 5 to June
17,2008 (Fig.1). HYCOM data were also used for the
period of March 5-18 to analyze the process of eddy
formation by estimating the vorticity budget.

2.3 Vorticity budget

The vorticity budget was estimated using the
equation (Nan et al., 2011a)

%=-(ua—§+vaa—§]—(§+f)v';t—v%+
v

ot Ox

0 0 2
NP pz =Pl [ gz [+v25, ()
P\ Ox Oy Oy Ox° oz

where { is the relative vorticity, f is the planetary
vorticity, p is the density, v=1.0x10* m?/s is the



No.5 HOU et al.: Formation of an anticyclonic eddy 1483

1.5
N 1.4
220k
---------- 1.3
Lieooonnnns
[‘ “‘\""/////f"\\
s NN e 11.2
- Y
20° ) AUy
/f\‘J,\\x__/a 1.1
iy SN
11
18°
7' 0.9
% NSNS | PR
//wr////g\.|f:}‘\\\w’ﬁ\\\,‘/f\,fl‘........ 08
QA /\\,f 7z \‘\,\\_//,\\, cesscss
e/ TN AT e
16° 27 V7 A\ 24, VL IS A’ 0.7
110° 115° 120° 125°E :

Fig.1 The mean horizontal distribution of the SSH (AVISO) on April 12 and 13, 2014 after the investigation of the eddy and

the locations of all the stations

The stations are shown in different colors: red for the SCS water, blue for the eddy water, magenta for the eddy headstream water, and cyan for the
Kuroshio intrusion water. The blue and magenta lines are the eddy tracks determined using the AVISO and HYCOM data, respectively, from March

5 to June 17. The color bar is the sea surface height in m.

kinematic viscosity (Wallcraft et al., 2009; Nan et al.,
2011b), and 0f/0t is the rate of change of relative
vorticity. The term - u%+v£
ox Oy
the stretching of the relative vorticity, reflecting the
change in vorticity through inward or outward flow.
The term -({+ f )V-ﬂ is a measure of absolute
vorticity stretching, which reflects the influence of
convergence or divergence on the absolute vorticity.
The term _Vgl is a measure of the advection of
Y
planetary vorticity, which is affected by the size of the
dp 0 | dp 0 |
study area. The term % @ dz——p—jpdz
P\ Ox oy Oy Ox
indicates the baroclinic contribution to the change in
vorticity and depends on the local sea state. The term
o’¢
oz’

vorticity budget of the eddy was calculated by
vertically integrating Eq.1, yielding:

L}%dz:_Lj(ua_é+v6_éde_

J is a measure of

z

v represents the vorticity diffusion. The total
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where H is 500 m (the depth of the eddy) and 7 is the
wind stress. The vorticity diffusion term is derived
from the diffusion term attributable to sea surface
wind minus the term representing diffusion at the
bottom of the eddy,
]. 3)
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3 RESULT

3.1 Vertical structure

The SSH distribution, the current field (from
satellite data), and the locations of cruise stations
across the AE for April 12 and 13, 2014 are shown in
Fig.1. The satellite data clearly indicate the AE at
21.5°N, 117.8°E. Five conductivity-temperature-
depth (CTD) stations (d92, d93, d50, d49, and d48)
inside the AE were used. The current field indicates
that the Kuroshio intrusion did not enter the SCS in
this area and that the AE moved southwestward,
confirming that the Kuroshio intrusion did not
influence the southwestward movement of the AE at
this time.

The distributions and variations in temperature and
salinity derived from the in-situ data are shown in
Fig.2. The AE extended from 19.5°N to 21.5°N, and
its effect on the local temperature and salinity
anomalies are remarkable. As shown in Fig.2, the AE
had a depth of about 450 m, and the mean differences
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Fig.2 Vertical distributions of the temperature (a), salinity (b), temperature anomaly (c), and salinity anomaly (d) in the

eddy (cruise data along 118°E from d45 to d50)
The bottom of the AE is indicated by the gray line in (c) and (d).

between the salinities and temperatures inside and
outside the AE at the same depth were <0.03 and
<0.5°C, respectively. The temperature at the center of
the AE was almost 4°C higher than the temperature of
the water surrounding it at a depth of 100 m, where
the difference was greatest. The salinity at the center
of the AE was about 0.2 higher than the salinity of the
water surrounding it at a depth of 150 m. The
temperature maxima both inside and outside the AE
were at the surface, and the mean surface temperature
was 1°C higher outside than inside the AE. The
salinity maximum inside the AE was at a depth of
almost 200 m, but outside the AE the salinity
maximum was at a depth <130 m. Cruise data reported
in some studies indicate that AEs that form in the SCS
have lower salinities and higher temperatures than the
water outside the eddy (Chu et al., 2014), but other
data indicate that AEs formed by the Kuroshio
intrusion are warmer and more saline than those

formed in SCS water (Chen et al., 2011; Zhang et al.,
2016). The formation of the AE studied here was
therefore probably induced by the Kuroshio intrusion
in the 500 m nearest the surface.

It is important to determine whether the Kuroshio
intrusion was the only mechanism involved in the
formation of the AE. A T-S diagram obtained using
CTD data is shown in Fig.3, and this illustrates the
characteristics of the AE in more detail. The data used
in Fig.3 are the mean CTD data obtained from five
stations (d48, d49, d50, d92, and d93). The
Northwestern Pacific Ocean data are mean values
obtained from a cruise along 122°E (d73—d78), and
the SCS data are the mean CTD cruise data along
18°N (d37-d40). The CTD data along 120°E (d60-
d64), where the AE was generated, are also shown for
comparison with the data for the water inside the AE.

The water inside the AE was clearly different from
the water elsewhere (Fig.3), being neither from the
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Fig.3 Relationships between temperature and salinity in
the transects 118°E, 120°E, 122.5°E, and 18°N (from
112°E to 115°E)

The red line (transect at 18°N from d37 to d40) represents the SCS
water, the blue line (transect 118°E from d48 to d50, d92, and d93)
represents the eddy water, the magenta line (transect 120°E from
d60 to d64) represents the eddy headstream water, and the cyan
line (transect 122°E from d73 to d78) represents the Kuroshio
intrusion water. The black lines in the background are isopycnals.
Eddy and WPO observations to the north and south of the cruise
data are also shown in the figure. The detail of the northern (d93,
21.75°N, 117.7°E), central (d50, 21.50°N, 118°E), and southern
(d49, 21°N, 118°E) of the eddy and to the northern (d78, 22°N,
122.5°E), central (d76, 21°N, 122.5°E), and southern (d74, 20°N,
122.5°E) of the WPO are also shown.

Kuroshio intrusion nor from the SCS. There were
several differences between the water in the AE
forming area (along 120°E) and the water inside it.
The water near the surface in the AE was less saline
and cooler than the water along 120°E, whereas the
deeper water in the AE (approximately 300-500 m)
was more saline and warmer, suggesting that the
water in the AE was not typical of the area, being a
mixture of water from the Kuroshio intrusion and the
SCS.

To allow further detailed comparisons to be made
between the variability of the characteristics of the
interior of the eddy and the water of the WPO, we
included further CTD data in Fig.3. Detailed
temperature and salinity data from the northern side
(d93, 21.75°N 117.7°E), central (d50, 21. 50°N
118°E), and southern side (d49, 21.75°N 117.7°E) of
the eddy are shown in Fig.3. Data from the northern
(d78, 22°N 122.5°E), central (d76, 21°N 122.5°E),
and southern side (d74, 20°N 122.5°E) of the WPO
was also analyzed in detail. The water in the WPO

was in fact relatively stable in that the temperature
and salinity barely changed from south to north. At
the same time, the variability of the water mass both
inside and outside the eddy is considerable. The water
in the southern part of the eddy region is closer to the
characteristics of the water of the WPO, while the
water in the north of the eddy has more in common
with the water of the WPO in the upper 100 m
approximately (23°C isotherm at 21.5°N in Fig.2),
but is more like the SCS water below this depth.

3.2 The generation

In the previous section, we showed that the
formation of the AE is influenced by the Kuroshio
intrusion and local variations in circulation within the
SCS. These local variations could have been caused
by the Vietnam Offshore Current or other local
variations in circulation within the SCS. The T-S
curve for the AE was similar to that found previously
(Jia et al., 2005; Wang et al., 2008a), but it remains
unclear when and how the Kuroshio and SCS
intrusions influence the AE. Some authors showed
that the salinities and temperatures in the AE were
lower after being shed from the Kuroshio intrusion
and moving into the SCS (Chen et al., 2009; Zhang et
al., 2016). This indicates that mixing occurs when an
AE moves through the SCS. However, other
researchers have shown that very little mixing occurs
when an AE moves, meaning that the salinity hardly
changes (Shu et al., 2016b).

The starting process (SP, March 5-18) is defined as
the period during which the AE grew and moved
slowly. SLAs and SSHs were obtained from the
AVISO satellite data and used to investigate the
constitution of the AE during the SP. The SLAs and
SSHs on the day of maximum vorticity variation for
each stage of the SP are shown in the left panes of
Figs.4 and 5. At the beginning of the SP (March 5-9),
the Kuroshio intrusion is clear and there is a noticeable
trend toward the formation of the AE, i.e., the eddy
begins to form and the affected area increases
according to the SSH data. The Kuroshio leap the
SCS and intrusion decreased between March 10 and
18, but the AE continued to strengthen, its radius and
velocity both increasing during this period. The
behavior of the Kuroshio intrusion leads to the
conclusion that the AE was induced and initially
enhanced by it, before being strengthened by local
variations in SCS circulation during the SP.

The reanalysis data were used to verify and explain
the conditions in the subsurface during the Kuroshio
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Fig.4 The horizontal distributions of the AVISO SLAs (left) and HYCOM SLAs (right) on days of maximum vorticity

variations

The time of the eddy appearance is the most significant date of change in the eddy. The color bar is sea level anomaly in m.

intrusion and the eddy formation. As mentioned
above, the AE showed similar trajectories in both the

AVISO and the HYCOM datasets

(Fig.1).

Furthermore, the SSHs and SLAs obtained from the

HYCOM data (right panes of

Figs.4 and 5) clearly

indicate that the AE remained mostly in the same
place, as also indicated by the AVISO data. Meanwhile,
the SLA data inside the eddy reveal a maximum
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difference between the HYCOM and AVISO data of in these two datasets were similar, and the differences
less than 0.059 m. The mean difference is just 0.026 m, in the areas covered by the AE in the datasets were not
which is less than one tenth of the highest SLA value. sufficient to affect the conclusions drawn here.

The reanalysis data captured the main characteristics The temperature and salinity distributions and the
of the AE very well. The locations of the AE as seen =~ anomalies from the HYCOM data for the 118°E
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eddy determined from the HYCOM data (118°E)

transect from 19.5°N to 21.5°N are shown in Fig.6, in
which the AE can clearly be seen. The in-situ and
HYCOM data showed similar patterns, with warmer
and more saline water in the same parts of the AE.
Similar temperature and salinity differences were also
found between the water inside and outside the AE.
The differences between the CTD and HYCOM data
are shown in Fig.7. The mean difference in temperature
was 0.10°C inside the eddy, implying a higher
temperature for the HYCOM data than observed. The
average salinity difference was 0.036, with the
HYCOM salinity being greater than observed. The
possible cause of this phenomenon is that the eddy is
likely to have more inflow from the South China Sea
according to the HYCOM  simulation. These
differences do not affect our analysis, and we
therefore, believe that the HYCOM data are reliable.
The HYCOM data and the vorticity equation were
used to identify the contributions of the different
factors to the formation of the AE. The factors

involved were the absolute vorticity stretching term,
the planetary vorticity advection term, the baroclinic
contribution to the vorticity change term, the vorticity
diffusion term for the bottom of the AE, and the term
for vorticity diffusion caused by the wind. The SP was
defined as the period during which the AE grew.

As mentioned above, the SP was March 5-18.
Each term during the SP was calculated using Eq.1,
and the results are shown in Fig.8. The AE edge was
defined approximately as the edge of a cylinder. The
surface radial water had a mean velocity >0.1 m/s and
the maximum depth had a mean velocity >0.1 m/s
(Shu et al., 2014, 2016a, 2016b). The highest SSH
was in the center of the AE.

The results of the vorticity equation indicate that
the terms with the greatest effect on eddy growth were
the planetary vorticity advection and the absolute
vorticity stretching. These terms were one order of
magnitude greater than the baroclinic contribution to
the change in the vorticity term, and more than two
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A positive value signifies that the CTD value is greater than the HYCOM value.

orders of magnitude larger than the other terms. This
leads to the conclusion that the AE formed due to
planetary vorticity advection and absolute vorticity
stretching.

The vorticity variations indicate three stages of
development of the AE. The three-step nature of the
development was determined by considering the eddy
budget, which shows that each step has essentially the
same eddy-promoting factor. The AE grew rapidly in
the first (March 5-9) and third stages (March 13—-18)
but more slowly in the second stage (March 10-12),
in which it retained most of its vorticity. The maximum
change in vorticity was -10.362x10'%/s in the third
stage, but the vorticity was <-7.103x10%/s at other
times (Table 1). The maximum variation and total
contribution (mean variation in each stage multiplied
by the period for each step) were larger in the third
than in the first stage. Further details are given in
Table 1.

During the first and second stages of the SP, eddy
growth was promoted by the absolute vorticity
stretching term and inhibited by the vorticity advection
term. The weakening of the absolute vorticity
stretching term after March 9 resulted in a decreased
variation in the vorticity. In conjunction with the
AVISO and HYCOM SSH data (Fig.5), the Kuroshio
intrusion moved across the SCS which leads to the
conclusion that the stretching weakened. During the
Kuroshio intrusion itself (the first stage), the
significant convergence caused by Kuroshio intrusion
led to a high rate of eddy growth. Thereafter, the
weakened intrusion limited the convergence and
slowed down the eddy growth (the second stage). In
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Fig.8 Time series for different terms (vorticity variation,
vorticity advection, absolutely vorticity stretching,
beta effect, baroclinic contribution, wind stress,
and friction stress) in the vorticity equation (a);
time series of the vorticity variation term and the
two main terms (vorticity advection) and absolute
vorticity stretching in the vorticity equation (b)

the third stage, convergence changed to divergence
before March 16, and the absolute vorticity stretching
term suppressed eddy growth. However, at the same
time, the vorticity advection term promoted eddy
growth. The Kuroshio intrusion moved away from the
AE between March 13 and 16; therefore, the vorticity
budget was supplied only by the SCS. The vorticity
advection changed from a preventative to a promoting
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Table 1 Vorticity variations in different stages of the starting period

First stage
Period (March) 5-9
Maximum variation (-10-'%/s?) 7.10
Mean variation (-107'%/s?) 5.50
Total contribution (-10%/s) 2.38

Promotion term

term, and the absolute vorticity stretching term
changed to a preventative term. After March 16, the
absolute vorticity stretching term also became a
promoting term. Both terms then promoted the AE,
which grew fastest in the third SP stage.

In summary, during the Kuroshio intrusion period
(the first stage of the SP), the absolute vorticity
stretching term affected eddy growth the most, while
the vorticity advection term limited it. The Kuroshio
intrusion then moved away from the AE, and the
convergence weakened. The absolute vorticity
stretching term became weaker in the second stage
and the AE grew very slowly. During the third stage,
the vorticity advection term became limiting before
changing back to promoting the AE. The AE grew
fastest during this stage because the absolute vorticity
stretching term as a preventative term is not strong
enough. During the Kuroshio intrusion, the absolute
vorticity stretching term was the only promoting term.
After that, the promoting term(s) changed over time.
Interestingly, the AE grew most rapidly when the
Kuroshio leap SCS with intrusion moved away from
the AE, rather than when the Kuroshio intrusion was
in the vicinity.

The temperature and salinity structures cited here
explain the cause of the phenomenon of the AE. The
Kuroshio intrusion entered the South China Sea
initially, bringing water with high temperature and
salinity. The intrusion water caused the isothermal
and isocratic surfaces to sink, and this sinking
stretched the eddy at the same time. The SCS water
then flowed into the eddy. In the absence of high
temperature and high salinity water, the stretching
process was weakened. Eddy growth was affected by
the dynamics of the local circulation structure. The
eddy budget results reveal that eddy growth was
strongest during this period.

3.3 Evidence of mixing

There is a clear need for evidence in support of the
theory that the Kuroshio intrusion is involved in the
first stage of the SP but then becomes less important.

Absolute vorticity stretching

Second stage Third stage
10-12 13-18
3.42 10.36
1.97 4.72
0.51 2.45

Absolute vorticity stretching Vorticity advection

By considering the velocity fields for the 120°E
transect, and by water mass analysis, we investigated
this effect, and the velocity fields along the 120°E
transect are shown in Fig.9. It is clear that the intrusion
into the southern part of the AE (20.5°N-21.5°N) is
conducive to eddy formation because it provides
convergence in the anticyclonic direction. In the first
stage of the SP, the Kuroshio intrusion was very
strong throughout the transect. As discussed above,
the formation of the AE was activated by the Kuroshio
intrusion. The Kuroshio intrusion to the north of the
AE then weakened and was only present to the south
of the AE from March 10 to 12 (the second stage).
The results of the vorticity equation (Fig.8) indicate
that the promoting term (the absolute vorticity
stretching term) became weaker during this stage,
meaning that the Kuroshio intrusion was no longer
the main factor in the formation of the AE. In the final
stage of the SP, the extent of the Kuroshio intrusion
decreased further before finally disappearing
altogether. However, the vorticity variation did not
decrease, and the vorticity advection remained the
main term influencing the AE. Variations in circulation
within the SCS are more complex than the Kuroshio
intrusion; therefore, the promoting term became
unstable. The AE strengthened most rapidly in the
final stage, even in the absence of the Kuroshio
intrusion (Fig.9).

Ocean mixing can also be used to prove that the AE
was induced and initially enhanced by the Kuroshio
intrusion but then strengthened by variations in SCS
circulation. The effects of local mixing on the
formation of the AE and spatiotemporal variations in
the T-S curves inside the AE were assessed by dividing
it into four boxes representing the northwest,
northeast, southwest, and southeast quadrants (Fig.5,
right pane). The mean T-S curves for the four boxes
during the SP are shown in Fig.10. The mean
temperature and salinity were calculated for each 3-d
period, in an attempt to simplify the figure and
illustrate the trend. The Kuroshio intrusion contained
warmer and saltier water than the SCS, thus a



No.5

05-Mar-2014

-100

-200

-300

-400 {8

Depth (m)

20.5° 21°

13-Mar-2014

21.5° 22°N

Depth (m)

0
20°

20.5° 21° 21.5° 22°N

Velocity (m/s)

Velocity (m/s)

HOU et al.: Formation of an anticyclonic eddy

Depth (m)

—~

Depth (m

1491

09-Mar-2014

Velocity (m/s)

20.5° 21°

18-Mar-2014

21.5° 22°N

-100

-200

-300

-400

Velocity (m/s)

-500

20.5°

21° 21.5° 22°N

Fig.9 Vertical distributions of the velocity in the 120°E section (HY COM data)

Kuroshio intrusion eddy has a high salinity and a high
temperature. If our assumptions are reasonable, at the
beginning of the SP the southeastern parts of the AE
must be the first to have high salinity and temperature.
The Kuroshio intrusion then influences the
southwestern, northwestern, and northeastern parts
(i.e., in a clockwise manner). In the final stage, water
with SCS characteristics influences the AE in a
clockwise manner. The SCS water decreases the
temperature and salinity of the AE clockwise from the
southwestern part.

As shown in Fig.10, the maximum temperature and
salinity were not reached in the final SP stage. Instead,
the maxima occurred in the southeastern part between
March 7 and 9, in the southwestern part between
March 13 and 15, and in the northwestern part
between March 16 and 18. The maxima in the
northeastern part were too small to identify. The
salinity and temperature varied in ways similar to the
suggestion made in the previous paragraph. This
provided further evidence for variations in SCS
circulation in the study area influencing eddy

formation at the end of this stage; indeed, this
phenomenon was clear in the southern part of the AE.
In the northwestern quadrant, the phenomenon was
rather less clear, however. The T-S curve changed
little during the final SP stage, and the maximum T-S
slope was found in the northwestern quadrant. This
provides evidence that during the process of eddy
formation the mixing originated in the southeastern
quadrant of the AE. The AE was anticyclonic, and
mixing within it was slow. Strong T-S curves were
found between March 7 and 9 on the eastern side of
the AE, indicating that the Kuroshio intrusion had an
effect during this stage of formation of the AE.

4 DISCUSSION AND CONCLUSION

The SCS Western Boundary Current flows along
the southeastern Vietnamese coast, before turning
eastward to form an offshore current (Fang et al.,
2012). Evidence for this current was first seen in
figures published by Dale (1956) and Wyrtki (1961),
and it was first identified from hydrographic
observations and termed the Southeast Vietnam
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southeastern parts of the eddy

Offshore Current by Fang and Fang (1998). The
Vietnam Offshore Current moves to the east of the
SCS and northward along the west coast of Luzon
Island. Local variations in the Vietnam Offshore
Current along the west coast of Luzon Island are the
main source of seawater mixing in the last stage of the
SP, as also indicated by the AVISO data (Fig.5). Hu et
al. (2012) used cruise data to show that Kuroshio
water intruded into the SCS and formed an eddy to
the southwest of Taiwan, China. However, these
observations do not provide sufficient evidence for
the contribution of this or other currents to the
formation of the AE. Other methods must be
considered in future studies to allow the contributions
of different currents in the SCS to be identified.

The cruise, satellite, and HYCOM reanalysis data
provide a novel perspective regarding the formation
of an AE to the southwest of Taiwan, China. Ship-
based data combined with satellite SSH data indicate
that the AE extended from 20.5°N to 22°N and was
450 m deep. The water at the center was 4 °C warmer
and 0.2 more saline than the water outside the AE.
The maximum salinity within the AE was at almost
200 m depth, much deeper than outside the AE. The

T-S curves compared with CTD data from the same
cruise indicated that the water in the AE had
characteristics that differed from those of the Kuroshio
intrusion water, the SCS water, and the water in which
the AE formed. We therefore conclude that the AE water
was a mixture of Kuroshio intrusion and SCS water.
The vorticity budget was used to improve our
understanding of the eddy mixing process and the
generation of the AE. The satellite and HYCOM data
indicate that the Kuroshio intrusion first promoted the
AE (from March 5 to 9). The eddy then became
stronger through local variations in SCS circulation
(from March 10 to 18). The vorticity budget inside the
AE area, determined using the HY COM data, suggests
that the vorticity advection term and the absolute
vorticity stretching term had the strongest effects on
eddy growth; these terms are more than one order of
magnitude larger than the others. Vorticity variations
indicate that eddy growth during the SP (March 5-18)
can be considered in three separate stages. The AE
strengthened during the first (March 5-9) and the final
(third) stage (March 13-18). The absolute vorticity
stretching term strengthened the AE during the first
two stages, and the vorticity advection term
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strengthened the AE during the third stage. During the
third stage, both the absolute vorticity stretching term
and the vorticity advection term promoted eddy
growth, and growth was fastest on March 17. This
means that by then variations in circulation within the
SCS were more important than the Kuroshio intrusion.
During the second stage, the absolute vorticity
stretching term became smaller and almost balanced
the advection term, and the AE grew only slowly.
Therefore, by combining the AVISO and HYCOM
SSH data, it was possible to show that the movement
of the Kuroshio intrusion away from the eddy caused
a weakening of the absolute vorticity stretching term.

The satellite and HYCOM data were used to
identify the initial mixing time, but further evidence
was required to understand the mixing in the AE. Two
other methods were therefore used. First, the velocity
fields along the transect at 120°E were used to identify
variations in the Kuroshio intrusion. The AE was
promoted by the Kuroshio intrusion only during the
first stage (March 5-9), as observed in the
predominantly westward velocity along the transect.
This westward velocity had weakened considerably
by the third stage, showing that the effect of the
Kuroshio intrusion had disappeared by then, even
though the variability of the vorticity remained very
strong. This provided evidence of variation in SCS
circulation, rather than Kuroshio intrusion, in the
promotion of eddy growth during this period.

Secondly, the T-S curves for the four quadrants of
the AE also allowed the progress of mixing in the AE
to be investigated. Having entered the AE from the
southeast, the Kuroshio intrusion provided more
saline and warmer water than that of the SCS, and the
T-S curves thus indicate the progress of the eddy
formation during the SP. The maximum salinity and
temperature occurred between March 9 and 11 in the
southeastern quadrant, between March 11 and 15 in
the southwestern, and between March 15 and 18 in
the northwestern quadrant. On the southern side, the
water became more and then less saline, indicating
that the growth of the AE was not influenced by the
Kuroshio intrusion in the final stage of the SP. This
was more remarkable in the southern than the northern
half of the AE, indicating that the SCS intrusion was
strongest to the south.

5 DATA AVAILABILITY STATEMENT

The datasets generated and analyzed during the
current study are available from the corresponding
author on reasonable request.
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