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5.1

Mesoscale eddies are ubiquitous in the South China Sea (SCS) and play
animportant role in local thermodynamics and biogeochemistry. This chap-
ter reviews the (i) horizontal statistical features, (ii) vertical structures and
(iii) dynamical impacts of mesoscale eddies in the SCS. Eddies are gen-
erated almost everywhere in the SCS deep basin with key regions in the
southwest of Taiwan, west of Luzon and southeast of Vietham. Eddy prop-
erties such as lifespan, size and propagation are generally in qualitative
agreement among existing studies, whereas eddy numbers differ consider-
ably due to different identification methods and criteria. Vertical structures
of eddies in the SCS are overviewed through several prominent examples.
While the majority of eddies are surface-intensified, they have prominent
influences in the interior. Observational studies reported the interesting
southwestward tilt of vertical axis of eddy centers, of which the mechanism
is still unclear. Environmental responses to eddies are reviewed by exam-
ining eddy-induced changes in thermohaline properties and circulation,
heat and salt transports, air—sea interactions and biogeochemical tracers.
Future orientations are also discussed including possible roles of subme-
soscale processes in advancing the current understanding of mesoscale
dynamics and energetics.

Introduction

Oceanic mesoscale processes, typically with spatial scales of tens to hun-
dreds of kilometers and temporal scales of tens to hundreds of days, are
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primarily in geostrophic balance carrying the largest part of oceanic kinetic
energy [Ferrari and Wunsch, 2009]. Such mesoscale phenomena occur in
the ocean as Rossby waves, eddies (also termed as vortices), meanders,
etc. Mesoscale eddies have been found to be ubiquitous in the global ocean
[Chelton et al., 2007b, 2011]. Some strong, coherent eddies are also called
as rings, which are often pinched off from strong currents and observed
in their extensions. In contrast to linear Rossby waves, most eddies are
strongly nonlinear, suggesting their distinguishing roles in the transport of,
for example, heat, salt and momentum.

In the global ocean, investigation of mesoscale eddies was initiated in
the Gulf Stream [Iselin and Fuglister, 1948]. In the South China Sea (SCS),
the earliest discovery of mesoscale eddies was made by Dale [1956]. Since
then, however, investigations of mesoscale eddies in the SCS have still
been sparse and intermittent due to very limited observations. The advent of
satellite altimetry provides an unprecedented opportunity to study oceano-
graphic mesoscale phenomena, and thus mesoscale eddy study in the SCS
has become a hot spot over the past two decades.

Inthe pre-altimetry era, mesoscale eddies had also been documented in
the SCS based on in situmeasurements. For example, based on an analysis
of 50 years (1921-1970) of historical hydrographic measurements, Xu et al.
[1982] observed multiple “mesoscale circulation” structures embedded in
the basin-scale circulation from maps of the calculated geostrophic cur-
rents (Figure 5.1). These early-stage reports were crucial in advancing the
understanding of SCS multiscale circulations and dynamics at that time. In
the early years of post-altimetry era, in situ measurements were still impor-
tant means to study mesoscale eddies in the SCS [e.g., Wang and Chern,
1987a, 1987b, 1997; Li et al., 1998]. Nevertheless, in situ measurements
have been scarce over the past few decades due to high cost, and hence
have been inadequate to gain the overall characteristics of mesoscale
eddies in the SCS.

In this chapter, we will focus on studies on mesoscale eddies in the
SCS in the post-altimetry period with integrated data sources. Many stud-
ies mentioned here use a combination of multiple satellite observations,
in situ measurements and numerical simulations. Recently, Zheng et al.
[2017] provided an overview on the progress in mesoscale eddy stud-
ies in the SCS, and grouped them into three stages of studies: (i) early
discoveries, and eddies being treated as (ii) a single water mass motion
and (iii) grouped water mass motion. They briefly reviewed the common



Regional Oceanography of the South China Sea Downloaded from www.worldscientific.com
by Hongyang Lin on 07/06/20. Re-use and distribution is strictly not permitted, except for Open Access articles.

Mesoscale Eddies in the SCS 103

200 200

15° 15°k

1

“'" M / '
&

2.1 / ' =
5° l e A
N
0° at rp 1 1

L 1
105° 110° 115° 120° 105° 110° 115° 120°

(a) (b)

Fig. 5.1. Surface geostrophic currents in (a) winter and (b) summer, calculated based on
historical hydrographic measurements in the SCS.
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Source: Redrawn from Xu et al. [1982].

results of eddy properties and structures, and discussed more about the
mechanisms/sources of the SCS eddies. This chapter, on the other hand,
shows detailed statistical results including eddy detection methods, sum-
marizes the horizontal distribution and vertical structure of mesoscale
eddies and concentrates more on impacts of eddies on the physical and
biogeochemical environments in the SCS. Therefore, this chapter could be
treated as a companion of Zheng et al. [2017] in terms of providing a more
comprehensive review of mesoscale eddy studies in the SCS.

This chapter is structured as follows: Section 5.2 summarizes the
horizontal features of mesoscale eddies in the SCS, including the spatial
distribution, statistical eddy properties and their time variations. Section 5.3
provides the vertical structure of mesoscale eddies in the SCS through
several prominent examples. Section 5.4 focuses on the influences of
mesoscale eddies on the local thermohaline structure and circulation, tur-
bulent mixing, atmosphere and biogeochemical processes. A summary is
given in Section 5.5.
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5.2 Horizontal Distribution and Statistical
Properties of Mesoscale Eddies in the SCS

5.2.1 Spatial distribution of mesoscale eddies

Systematical detection of mesoscale eddies in the SCS was initiated at
the beginning of this century. Overall, mesoscale eddies appear to occur in
most places of the SCS deep basin. Several regions have been identified
to be key areas in terms of vigorous eddy activities (e.g., southwest of
Taiwan, southeast of the Vietnam coast, west of Luzon, etc.) as detailed in
what follows. These regions generally coincide with areas having high eddy
kinetic energy [Chen et al., 2009; Cheng and Qi, 2010].

Using 5.6 years (from December 1992 to August 1998) of TOPEX/
Poseidon altimeter data, Hwang and Chen [2000] identified eddies in the
SCS from contour maps of sea surface height (SSH). Focusing on eddies
with lifetimes longer than a month and with radii larger than 150 km, they
found that both anticyclonic and cyclonic eddies occurred almost every-
where in the SCS with hotspots east of Vietnam, west of Luzon and east
of the Xisha Islands, forming a northeast—southwest band across the SCS
basin.

Using eight years (1993-2000) of merged gridded altimeter data, Wang
etal.[2003] detected mesoscale eddies in the SCS according to a set of cri-
teria: (i) closed sea level contours, (ii) the water depth of eddy center deeper
than 1000 m, (iii) eddy amplitude (sea level difference between eddy center
and boundary) greater than 7.5cm, (iv) eddy lifetime longer than 30 days,
and (v) if the above four criteria are satisfied, the eddy can be traced back
in time given eddy amplitude greater than 4 cm. The identified eddies over
the eight-year period were grouped into four geographic zones (Figure 5.2):
eddies generated in the southwest of Taiwan (Zone 1) were believed to be
associated with the Kuroshio intrusion and frontal instabilities, northwest of
Luzon (Zone 2) associated with the wind stress curl or vorticity advection
from the Kuroshio front, southwest of Luzon (Zone 3) possibly associated
with shelf current-topography interactions, and offshore of Central Vietnam
(Zone 4) associated with the eastward baroclinic jet.

After the pioneering works of Hwang and Chen [2000] and Wang et al.
[2003], there have been many successive studies on mesoscale eddies in
the SCS based on altimeter data or numerical simulations. For example,
Cheng et al.[2005], Lin et al.[2007], and Chen et al. [2011] investigated the
spatiotemporal variability of mesoscale eddies in the SCS using merged
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Fig. 5.2. Distribution of mesoscale eddies in the SCS identified over the years 1993—
2000. Cyclonic and anticyclonic eddies are marked with solid circles and dark pentagons,
respectively.

Source: Redrawn from Wang et al. [2003].

altimeter data from longer periods. Xiu et al. [2010] and Lin et al. [2015]
examined the SCS eddy activities based on 3D primitive equation numer-
ical simulations. Different eddy identification schemes have been used in
the previously mentioned studies, including the SSH-based method [Cheng
et al., 2005; Lin et al., 2007] as implemented by Wang et al. [2003], the
winding angle method [Sadarjoen and Post, 2000; Chaigneau et al. 2008;
Chen et al,, 2011], the Okubo—Weiss method [Okubo, 1970; Weiss, 1991;
Xiu et al.,, 2010], and the vector geometry-based method [Nencioli ef al,
2010; Lin et al,, 2015]. In general, the overall patterns of geographic distri-
bution of mesoscale eddies in the SCS are similar among these studies,
although the specific properties (e.g., annual mean number, eddy ampli-
tude, etc.) are different to a certain degree, as expected from the different
data sources, processing procedures, eddy identification methods and cri-
teria being used.

5.2.2 Statistical features of eddy properties

Given the numerous studies on mesoscale eddies in the SCS mentioned
previously, a number of statistical characteristics of eddy properties could
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be summarized. Typically, previous investigators focused on properties like
eddy number, lifetime, radius, propagation features and so on. Although
many studies provide certain aspects of the properties, the reader is
referred to Chen et al. [2011] for a comprehensive summary of the sta-
tistical properties of mesoscale eddies in the SCS.

Eddy number: There are considerable discrepancies in the detected
annual eddy numbers in the SCS among existing studies. Wang et al.[2003]
identified 58 anticyclonic and 28 cyclonic eddies over the period 1993—
2000, giving an average of 10.8 eddies per year. By contrast, the detected
annual mean eddy number was 18.1 in Lin et al. [2007], 32.8 + 3.4 based
on altimetry and 32.9 + 2.4 based on model output in Xiu et al.[2010], 48.6
in Chen et al. [2011], 21.5+4 in Lin et al. [2012] and even 130.5 based on
altimetry and 123.9 based on model output in Lin et al. [2015]. One can
see relatively large differences in the detected eddy numbers among these
studies, and the primary cause is the different criteria and eddy detection
algorithms used. In this sense, it is difficult to reach a consensus on a widely
accepted annual eddy number in the SCS.

Eddy lifetime: Lin et al. [2007] indicated that almost all detected eddies
had a lifespan less than 180 d and those between 30 d and 60 d occupied
the largest proportion. Based on model output, Xiu et al. [2010] found 53%
of simulated eddies had a lifetime shorter than 60d. Chen et al. [2011]
estimated that the averaged lifetime for an eddy was 8.8 weeks (62 d), and
74% of the detected eddies had a lifespan shorter than 10 weeks. Lin et al.
[2015] suggested that 70% of the simulated eddies in the upper 700 m
had a lifespan shorter than 60 d. In general, decreasing eddy numbers are
associated with increasing eddy lifetimes, though exceptions exist. Chen
et al.[2011] also showed that smaller-sized eddies tended to have shorter
lifetimes and stronger intensities.

Eddy radius: By excluding eddies with radii smaller than 50 km, Lin et al.
[2007] found most eddies had a radius of 100-250 km, with 200 km being
most likely. Xiu et al. [2010] showed that the radius for simulated eddies
ranged from 46.5 to 223.5 km, with an average of 87.4 km. Based on altime-
ter data, Chen et al.[2011] suggested that 64% of the total detected eddies
had a radius of 100-200 km with 130 km possessing the highest probability.
The model output of Lin et al. [2015] indicated that eddies with a radius of
20-30km corresponded to the largest eddy numbers, and the averaged
eddy radius decreased from 50 km at sea surface to 40 km at 700 m. Both
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Lin et al.[2007] and Chen et al.[2011] linked the eddy radius in the SCS to
the local Rossby radius of deformation although considerable discrepan-
cies were readily discernible. We note that the estimated eddy radius also
depends on the eddy detection method being used. Typical SSH-based
methods [e.g., Wang et al., 2003; Lin et al., 2007] define the eddy bound-
ary as the outermost closed SSH contour encompassing the eddy cen-
ter, whereas the vector geometry-based method [Lin et al., 2015] defines
the eddy boundary as the outermost closed streamline which is normally
smaller than the SSH-based boundary. One should keep this in mind when
comparing statistical eddy radii among different studies.

Eddy propagation: By tracking the eddy trajectories, Lin et al. [2007] indi-
cated that over 80% of all detected eddies propagated westward. In the
northern SCS, eddies east of 118°E (near Luzon) propagated northwest-
ward, whereas eddies west of 118°E propagated southwestward roughly
along the 200 m isobath. In the southern SCS, eddies propagated west-
ward and then turned southward along the 200 m isobath after hitting the
western boundary. The predominant westward propagation tendency has
also been confirmed by the subsequent studies based on altimeter data
[Chen et al., 2011] or model output [Xiu et al., 2010; Lin et al., 2015]. Xiu
et al. [2010] also noted that slightly more cyclonic (anticyclonic) eddies
are deflected equatorward (poleward) based on their model output, which
was not consistent with previous findings based on global statistics using
satellite altimetry [Morrow et al., 2004; Chelton et al., 2007b]. With respect
to the propagation speed, Lin et al. [2007] estimated that it ranges from
—8 to 3cms~' (minus means westward) with —2cms~' corresponding
to the largest probability. They are also reported on a “¥” shape distri-
bution in the latitude-zonal propagation speed diagram, which was also
found by Lin et al. [2015] based on their numerical simulations. In partic-
ular, Chen et al. [2011] derived a climatological vector field of eddy prop-
agation velocity in the 1° x 1° grid (Figure 5.3), which vividly showed the
characteristics of eddy propagation in the SCS. The overall propagating fea-
tures were generally in agreement with the descriptions given in Lin et al.
[2007].

5.2.3 Temporal variability of eddy properties

Compared to statistics on the mean eddy properties, less works focus
on the temporal variability of eddy properties in the SCS. Among the
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Fig. 5.3. Gridded climatological field of eddy propagation velocity vectors (arrows) for the
period from October 1992 to October 2009.

Source: Redrawn from Chen et al.[2011].

existing studies on the time-varying eddy properties in the SCS, most of
them concentrate on temporal variations in eddy numbers. For example,
based on merged satellite altimeter and scatterometer data, Cheng et al.
[2005] revealed robust seasonal and interannual variabilities of mesoscale
eddies in the SCS, and demonstrated that changes in the monsoon winds
were likely a key factor in modulating the above temporal variations. The
prominent seasonal and interannual variations had also been reported
by Lin et al. [2012] through monthly and yearly statistics of eddy num-
bers. They linked the high eddy genesis areas to regions with high eddy
kinetic energy and high root-mean-square values of sea level and relative
vorticity.

The other hotspot is whether the occurrence of mesoscale eddies in the
SCS has potential relationship with El Nifio/Southern Oscillation (ENSO)
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events. Focusing on eddies with radii larger than 150 km, Hwang and Chen
[2000] claimed that the interannual variability of monthly eddy number was
linked to ENSO, possibly via ENSO-modulated monsoon winds. Lin et al.
[2007] held a similar viewpoint based on several coincidences between
eddy number and typical El Nifio and La Nifha years. Nevertheless, solid
connections between eddy number and ENSO events had been rarely, if
ever, confirmed by subsequent studies. Xiu ef al. [2010] and Chen et al.
[2011] directly pointed out that no correspondence had been observed
between ENSO events and eddy activities in the SCS. Similar conclusion
was also drawn by Zheng et al.[2017] in an interpretation of the yearly eddy
number distribution from Lin et al. [2012]. Recently, Tuo et al. [2019] found
that the correlation between ENSO and the activity of mesoscale oceanic
eddies in the SCS changed around 2004. The mesoscale eddy number was
significantly and negatively correlated with the Nifio3.4 index before 2004,
but the correlation weakened and became insignificant afterward. Further
analyses revealed that the ENSO—eddy relation is controlled by two major
wind stress forcing mechanisms: one directly related to ENSO and the other
indirectly related to ENSO through its subtropical precursor — the Pacific
Meridional Mode (PMM).

Another phenomenon related to temporal variation is the intermittent
(normally seasonal) recurrence of certain prominent mesoscale eddies in
the SCS. The first example is the Luzon Cold Eddy (LCE), which is situated
to the northwest of Luzon Island from late fall to early spring [Qu, 2000].
Different mechanisms have been proposed for its generation, including for
example the local wind stress curl [Qu, 2000] and forced Rossby waves
[Yang and Liu, 2003]. Based on output from a primitive-equation numer-
ical model, Wang and Gan [2014] indicated that although the LCE was
generated by the imparted vorticity from the local wind, its asymmetric
structure was primarily due to a coexisting anticyclonic eddy to the south.
The second example is the eddy pair to the southeast of Vietham, which,
normally occurring in summer, is one prominent feature of the summer-
time SCS circulation. Based on satellite observations and a reduced grav-
ity model, Wang et al. [2006] attributed the formation of this eddy pair
(termed as eddy dipole in their paper) to vorticity transports via the western
boundary currents associated with a double gyre circulation, which was
believed to be generated by a corresponding dipole of local wind stress
curl. Chu et al. [2017] further pointed out that the occurrence of the eddy
pair was linked to the ENSO events, i.e., the eddy pair would disappear in
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the summer of a La Nifa year if the preceding El Nifio event was strong
enough.

5.3 Vertical Structures of Mesoscale Eddies
in the SCS

This section describes the vertical features of mesoscale eddies in the
SCS. This will be achieved by examining several examples of prominent
eddies/eddy pairs in an attempt to obtain the generalized 3D features.

5.3.1 Summertime cold eddy off Vietnam

Based on a combination of in situ measurements and satellite observa-
tions, Hu et al. [2011] reported the 3D structure of a cyclonic cold eddy off
central Vietnam. The cold eddy was part of the eddy pair straddling an east-
ward coastal baroclinic jet [Gan and Qu, 2008] separated from the south-
ern Vietnam coast. According to satellite altimeter images, the cold eddy
persisted for two weeks from late August to mid-September with swift for-
mation and decaying stages (both within 2 days). The observed eddy was
heterogeneous in terms of the horizontal and vertical properties accord-
ing to the measurements from the conductivity—temperature—depth (CTD)
profiler and acoustic Doppler current profiler (ADCP). Stronger horizontal
currents were observed at the southeastern part of the eddy at each layer
associated with the neighboring front to the south. Asymmetries were also
seen in the distributions of vorticity and vertical velocity derived using the
quasi-geostrophic Omega equation (Figure 5.4). In contrast to traditional
expectations, the cyclonic cold eddy experienced both upward and down-
ward motions within the core. The authors attributed the heterogeneity in
the vertical velocities to the ageostrophic motions; however, we note that
considerable errors are expected in the diagnosis of vertical velocities given
the relatively coarse resolution in the in situ measurements (0.5° both in
zonal and meridional directions). The cold eddy was found to be surface-
intensified and the intensity decreased dramatically within the pycnocline,
with the vertical axis of eddy center tilted southwestward with increasing
depth.

Although a great deal of detailed structures and the underlying dynam-
ics were still unclear at that point, this study was a pioneering observed



Regional Oceanography of the South China Sea Downloaded from www.worldscientific.com
by Hongyang Lin on 07/06/20. Re-use and distribution is strictly not permitted, except for Open Access articles.

Mesoscale Eddies in the SCS 111

—
o
- N
50 \ 50
100 \
£ 200 ‘ . 20 200 .
@ .
©
300 \ 15 300
400 ‘
(a) 500
> 14

[4,]

=8
-
w
3 )

=

J\

e
10 109 11
Latitude

.
20 - :
50 ‘
‘ "; | 10
100
Y \_ ~ | .
— 150 ‘
E ‘ \; |
£ 200 ' 0
3 \ — |
-5
- "~
‘ ‘ B
400 e
\ //J\\: -15
500 | e
14 1&
12
1" I(;‘: o 1M
Latitude Lon

Wit

/H

10
Longitude

119 13

— ‘/«/‘) 114
o
109 M

gitude

Fig.5.4. 3D structures of (a) temperature (° C), (b) vorticity (10~ s—1) and (c) vertical veloc-
ity (10-5ms—71, positive upward). The black lines are the —0.2 oy contours defining the eddy

at each depth.
Source: Taken from Hu et al. [2011].



Regional Oceanography of the South China Sea Downloaded from www.worldscientific.com
by Hongyang Lin on 07/06/20. Re-use and distribution is strictly not permitted, except for Open Access articles.

112 H.Lin & Z. Sun

documentation of the 3D structure of mesoscale eddies in the SCS. It pro-
vided vivid pictures of the vertical structure of a typical eddy and signifi-
cantly improved our comprehensive understanding of the eddy evolution
and dynamics.

5.3.2 Eddy pair off southwestern Taiwan

As previously mentioned, southwest of Taiwan is an area associated with
high eddy kinetic energy [Wang et al., 2003]. Based on 17-year (1992—2009)
altimeter data, Nan et al.[2011a] found frequent concurrence of anticyclonic
and cyclonic eddies (i.e., eddy pair) in this region. Cyclones are more
than anticyclones in quantity but the latter often have stronger intensity
and longer lifetime. Using three bottom-mounted moorings to the west of
Luzon Strait, Zhang et al. [2013] investigated the influence of the eddy
pair on regional deep circulation and found that the magnitude of deep
currents got intensified by a factor of two under the presence of the
eddy pair. The surface and deep currents had reversed directions dur-
ing the eddy event, which was explained with the first baroclinic mode.
Their energy analysis based on HYCOM (Hybrid Coordinate Ocean Model)
reanalysis data also suggested that both barotropic and baroclinic insta-
bilities played important roles in the generation and growth of the eddy
pair.

As a step forward, Zhang et al. [2016] used many more mooring arrays
(a total of 17 moorings) covering almost the full water column, aiming to
gain a more comprehensive understanding of the 3D structure of the eddy
pair and the mechanisms controlling its generation and dissipation. The
anticyclonic eddy was believed to have been shed from the Kuroshio loop
current while the cyclonic eddy was suspected to have originated from
the coastal region due to vortex stretching associated with the offshore
transport induced by the anticyclonic eddy on its northeastern part. The
authors constructed the 3D structure of the eddies using a combination of
mooring and altimeter data as well as a particular projection method in a
new coordinate system (Figure 5.5). Signals on deep velocities due to the
eddy pair were discernible as found in Zhang et al. [2013]. Interestingly,
the authors also found that the vertical axis of eddies tilts southwestward
with increasing depth (Figure 5.5), similar to the documentation in Hu et al.
[2011], although Zhang et al. [2016] claimed that the tilting distance could
reach 150 km from sea surface to 1500 m. The other core conclusion of
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Fig. 5.5. 3D structure of the mesoscale eddies southwest of Taiwan. Velocity vectors are
shown by black arrows. Eddy centers at each layer are shown by dots. Dotted line denotes
the vertical eddy axis and the thick arrows denote the excursion of eddy center about
Z-axis.

Source: Redrawn from Zhang et al. [2016].

Zhang et al. [2016] is that the generation of submesoscale motions fed by
the mesoscale eddies was the most important factor in the dissipation of
the eddy pair, according to their energy budget analysis using available
observations.

5.3.3 Generalized 3D features

Based on nine-year (2000—2008) output from an eddy-resolving (1/12° x
1/12°) numerical simulation, Lin et al. [2015] generated a 3D eddy
dataset in the SCS by applying a 3D eddy detection scheme. Specifi-
cally, the authors detected eddies at each layer using the eddy detec-
tion algorithm of Nencioli et al. [2010], then started from the sea
surface and moved downward to search to what depth each eddy
could penetrate based on the eddy’s polarity, radius, etc. A sim-
ilar searching algorithm had been used in Dong et al. [2012].
Their simulations suggested that most eddies were confined to the
upper 200 m.
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Fig. 5.6. Three types of eddies in terms of vertical structures: (a) bowl-shaped, (b) lens-
shaped and (c) cone-shaped. Black contours denote eddy boundaries.

Source: Redrawn from Lin et al. [2015].

Based on the depth-varying eddy radius, Lin et al. [2015] identified
three types of eddy shapes in the SCS: (i) the bowl-shaped, (ii) the lens-
shaped and (iii) the cone-shaped with the largest eddy size at the sea
surface, middle depth and eddy bottom, respectively (Figure 5.6). This
classification scheme of 3D eddy shape followed the one used by Dong
et al. [2012] at the Southern California Bight. According to their statistics
for eddies in the upper 700 m, about 80% of the total eddies belong to
the bowl-shaped group, implying that most eddies in the SCS are surface
intensified. Lin et al. [2015] mentioned a couple of mechanisms respon-
sible for the generation of the three types of eddies. The bowl-shaped
eddies were likely generated by flow instabilities in the upper layer or sur-
face wind stress curl; the lens-shaped eddies were asserted to be gen-
erated by flow-shelf slope interactions; and the cone-shaped eddies were
generated by current instabilities in the bottom boundary layer. Different
mechanisms have also been proposed by other studies for the gener-
ation of mesoscale eddies whose cores (or the area where the poten-
tial vorticity reaches its maximum) are located at different vertical levels.
For example, McGillicuddy [2015] suggested that eddy—wind interaction
can locally generate the middle-intensified lenses in the thermocline. Lin
et al. [2017] also reported an observation of a lens-shaped structure in
the SCS and proposed different mechanisms for its generation (detailed in
Section 5.3.4).
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5.3.4 Lens-shaped structures

Subsurface lens-shaped structures have been widely documented in the
world’s oceans [Kostianoy and Belkin, 1989], termed as intrathermocline
eddies [Dugan et al., 1982] or submesoscale coherent vortices [McWilliams,
1985]. They are characterized by weak stratification, subsurface velocity
maximum, low potential vorticity, etc. [Thomas, 2008]. Most such structures
are believed to be generated remotely because they typically have proper-
ties different from the ambient waters. Thus, subsurface lens-shaped struc-
tures could be potentially important in terms of global transport of mass,
heat and salt.

Thermocline lens-shaped structures have been observed in many
regions, for example the Japan/East Sea [Gordon et al., 2002], the Indian
Ocean [Nauw et al., 2006], the Pacific coast of the North America [Pelland
et al,, 2013]. They have also been documented in the SCS [Zhang et al.,
2014b] and the Luzon Strait [Xie et al., 2011], but located in the intermediate
layer beneath the thermocline. Lens-shaped structures within thermocline,
however, had not been observed in the SCS until the report by Lin et al.
[2017].

Based on in situ hydrographic measurements in September 2007, Lin
et al. [2017] reported on a thermocline lens-shaped structure off the coast
of Vietnam in the southwestern SCS. This structure is peculiar in terms
of its abnormally large size: the horizontal extent is larger than 220 km
(Figure 5.7), much larger than similar structures documented in previous
studies. Similar to other intrathermocline lens-shaped structures, this lens
also has distinct properties compared to the ambient waters: it is character-
ized by relatively high temperature, low salinity and low potential vorticity.
In order to investigate the generation mechanisms of the observed lens-
shaped structure, the authors used a couple of datasets including the ocean
reanalysis products provided by the Copernicus Marine Environment Mon-
itoring Service (CMEMS) and the Simple Ocean Data Assimilation (SODA)
[Carton and Giese, 2008], satellite-based wind, sea surface temperature
(SST) and sea level data. According to the evolution of the thermohaline
properties and an analysis of potential vorticity flux, the authors proposed
that the observed lens-shaped structure was likely generated by a mixture
of two origins: (i) local mixed-layer water and (ii) the water from the coastal
jet separation site.
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respectively. The lens-shaped structure is seen in the bottom panels.

Source: Taken from Lin et al. [2017].

5.4 Environmental Responses to Mesoscale Eddies
in the SCS

Mesoscale eddies have particular characteristics in the horizontal and in
the vertical directions as mentioned above, but their influences on the sur-
rounding environment might be, in a way, of more interest/importance. This
section will focus on responses of the local thermohaline and circulation,
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turbulent mixing, atmosphere and biogeochemical processes to mesoscale
eddies in the SCS.

5.4.1 Thermohaline and circulation responses

Due to the presence of mesoscale eddies, the local fields of tempera-
ture, salinity and velocities are clearly modified. The influences are read-
ily discernible from sea surface to the depths, as already mentioned in
Section 5.3 [e.g., Hu et al, 2011; Zhang et al., 2016]. Nevertheless, the
quantitative influence of mesoscale eddies on the regional hydrography
still needs to be addressed. Based on five pressure-recording inverted echo
sounders (PIES) along a cross-slope section (aligned with a satellite altime-
try track) in the northern SCS, Zhao et al. [2017] investigated the impact
of monsoon winds and mesoscale eddies on the thermohaline structures
and circulation patterns. They found that the thermohaline and circulation
variability were dominated by a seasonal mode and an eddy mode accord-
ing to a principal component analysis. The eddy mode, characterized by
the passage of mesoscale eddies, accounted for 63% of the total veloc-
ity variance and hence significantly affected the local circulation pattern.
According to the PIES observations, eddies can affect the distributions of
temperature, salinity and velocity down to 860, 150 and 920 m, respectively;
and the eddy-induced anomalies of temperature, salinity and velocity can
reach up to —2.5°C to 2.2°C, —0.13 to 0.27 psu and —0.4 to 0.38ms~,
respectively.

Based on a combination of satellite altimeter data, in situ measure-
ments and Argo profiles, Chen et al. [2012] estimated the eddy heat and
salt transports in the SCS within mesoscale eddy fields as well as the
entire basin. The so-called eddy transport in mesoscale eddy field is in
fact the turbulent transport; the meridional eddy transports of heat and
salt are calculated by pC,v' T’ and p/Spv’S’, respectively, with p the sea
water density, C, the specific heat capacity, Sy the reference salinity,v’, T’
and S’ being anomalies of meridional velocity, temperature and salinity,
respectively (prime denoting deviations from the corresponding tempo-
ral means). Chen et al. [2012] first estimated eddy transports induced
by two anticyclonic eddies in the northern SCS and indicated that the
transports were strongly affected by the asymmetric distributions of tem-
perature and salinity in the horizontal and the depths of thermocline and
halocline in the vertical. The meridional eddy heat transports induced by



Regional Oceanography of the South China Sea Downloaded from www.worldscientific.com
by Hongyang Lin on 07/06/20. Re-use and distribution is strictly not permitted, except for Open Access articles.

118 H.Lin & Z. Sun

the two eddies reached —6.910TW (1 TW =10"2W) and —10.103TW with
maximum values located at the thermocline, and the eddy salt transports
reached 1.139 x 107 and —5.894 x 108 kgs~" with most of the transports
confined to the upper 100 m. The authors then statistically estimated the
eddy heat and salt transports in the SCS by using all available Argo profiles
that were affected by mesoscale eddies. The statistical results showed that
the largest heat transports occurred at approximately 70 m while most salt
transports were confined to the upper 100 m, similar to results based on
the two eddies case. The authors then demonstrated that both heat and
salt transports mainly occurred at the depths of thermocline and halocline,
but the halocline was shallower than thermocline in the SCS due to the
existence of a barrier layer, leading to larger salt transports in the surface
layer accompanied by weaker heat transports.

More recently, Sun et al. [2018] also examined the eddy-induced trans-
ports in the SCS using satellite altimeter data and Argo profiles. They esti-
mated the changes of temperature, salinity, density and velocities induced
separately by cyclonic and anticyclonic eddies, respectively. They have also
calculated the eddy-induced freshwater transports, which accounted for
approximately 8.5% of annual mean transport across the Luzon Strait.

5.4.2 Turbulent mixing responses

In addition to the mesoscale thermohaline and circulation structures,
smaller-scale processes also exhibit distinct features within mesoscale
eddies. Using available Argo profiles from 2006 to 2012 in the northern
SCS, Yang et al. [2014] estimated the diapycnal mixing within eddy and
non-eddy regimes based on the Gregg—Henyey—Polzin parameterization
[Kunze et al., 2006]. They found that the diffusivity inside an anticyclonic
(cyclonic) eddy was significantly higher (lower) than the ambient values out-
side an eddy. As the background vorticity could be modified by the presence
of mesoscale eddies, Yang et al. [2014] further inferred that the warm eddy
facilitates the downward propagation of near-inertial wave (NIW) energy
due to the reduced effective planetary vorticity (f = f +(/2) [Kunze, 1985]
and hence expanded waveband; by contrast, the cold eddy inhibits the NIW
energy propagation.

The modulation of turbulent mixing by an eddy is in fact not uniform.
Based on direct microstructure observations across three anticyclonic
eddies in the northern SCS (Figure 5.8), Yang et al. [2017] reported that
mixed-layer turbulent mixing at eddy peripheries was significantly higher, by
a factor of five to seven, than that at eddy centers. The authors attributed the
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elevated turbulent mixing to enhanced submesoscale motions at the eddy
periphery, where the slope of wavenumber spectrum of kinetic energy (k—2)
was flatter compared to that at the eddy center (k—3) (Figure 5.8). A forward
energy cascade was also found within the submesoscale range (1-10 km)
according to the spectral fluxes of kinetic energy at the eddy periphery,
while only inverse energy cascade was seen at the same range for spec-
tral fluxes at the eddy center. These findings have profound implications
in terms of providing partial evidence that balanced mesoscale motions
might transfer energy to smaller scales via generation of submesoscale
processes [McWilliams, 20186].
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5.4.3 Atmospheric responses

Studies of air—sea interactions in the pre-satellite era relied mostly on
sparse ship-based observations and coarse-resolution climate models,
which only resolved processes at scales larger than a few hundred kilo-
meters [Chelton and Xie, 2010]. Such studies generally indicated a neg-
ative correlation between SST and surface wind speed [e.g., Xie, 2004],
which was explained as the ocean being passively forced by the atmo-
sphere. However, higher-resolution satellite observations reveal a funda-
mentally different paradigm of ocean—atmosphere interaction at oceanic
mesoscales. A positive correlation between SST and surface wind speed
has been globally found at mesoscales, compared to the negative correla-
tion at large scales [Chelton et al., 2001, 2007a]. Ocean—atmosphere inter-
actions have also been studied extensively in the SCS based on multiple
data sources, including satellite observations [e.g., Xie et al., 2003; Wang
etal., 2012]. Here, we will focus on the impacts of mesoscale eddies on the
marine atmospheric boundary layer (the lowest 1—2 km of the atmosphere)
in the SCS.

Based on a suite of satellite observations and reanalysis datasets,
Xie et al. [2003] investigated the seasonal and interannual variations of
summertime coastal upwelling off the southern coast of Vietham and its
offshore spread. The authors indicated that the blockage of the southwest-
erly monsoon by the mountain range (located at the east coast of Vietnam)
led to the generation of a strong wind jet which was critical in triggering
the coastal upwelling. The coastal cold water was subsequently advected
offshore, forming an elongated cold filament, by the northern branch of
an anticyclonic eddy developed in summer to the southeast of Vietham.
This anticyclonic eddy was in fact part of a double gyre developed due to
intraseasonal changes of the wind through Rossby adjustment [Xie et al.,
2007]. The authors also showed that the cold filament appeared to reduce
the local surface wind speed due to reduced vertical momentum exchange
in the marine atmospheric boundary layer. This is a typical example of the
two-way ocean—atmosphere interactions in the SCS. Xie et al. [2007] fur-
ther extended the work of Xie et al. [2003] showing that the development of
the wind jet and offshore cold filament consisted of several intraseasonal
events each year with a time interval of approximately 45 d.

More recently, Liu et al. [2018] examined the direct atmospheric
responses to mesoscale eddies in the SCS. A positive SST-surface wind
speed correlation was also found within mesoscale eddy fields in the SCS,
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Source: Redrawn from Liu et al.[2018].

consistent with previous findings in other regions [e.g., Chelton et al,
2001, 2007a]. Composite analyses based on 438 eddies suggested that
mesoscale eddies affected changes in the overlying turbulent heat fluxes,
surface wind speed and evaporation rate by more than 5% of their total
variances (Figure 5.9). Mesoscale eddies also influenced changes in the
local columnar water vapor, cloud liquid water and rain rate. The authors
conducted a numerical simulation to study the dynamical mechanisms and
indicated that the local positive correlation between SST and surface wind
speed within eddy fields was associated with changes in the atmospheric
boundary layer stability caused by eddy-induced heat flux anomalies. By
contrast, changes in wind speed at the edges of eddies are associated
with the atmospheric pressure gradient forces and atmospheric horizontal
advection terms.

5.4.4 Biogeochemical responses

In addition to the physical influences, mesoscale eddies also have
prominent impacts on regional biogeochemical processes. For a more
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comprehensive review of physical-biological-biogeochemical interactions
at the ocean mesoscale, the reader is referred to McGillicuddy [2016]
who summarized the recent theoretical, observational and numerical pro-
gresses in eddy impacts on, for example, upper-ocean chlorophyll, mean
properties and fluxes, biological Reynolds stresses, etc. In terms of the
biogeochemical responses to mesoscale eddies in the SCS, most of the
studies have emerged over the past decade.

A large proportion of physical-biogeochemical coupling studies in the
SCS are based on sparse measurements from limited cruises. However,
certain consensuses have been achieved among these observational stud-
ies. For example, Ning et al. [2004] identified higher (lower) concentrations
of nutrients, dissolved oxygen, chlorophyll and primary production within
cyclonic (anticyclonic) eddies based on summertime and wintertime cruises
implemented in the SCS. Enhanced primary production has also been
reported by Chen et al. [2007] within a cold-core cyclonic eddy sampled
around the Luzon Strait, by Hu et al. [2014] within various cyclonic eddies
sampled in the SCS basin, and by Wang et al. [2016] within a cyclonic eddy
sampled off the coast of Vietham. Based on a combination of satellite obser-
vations, drifter data and in situ measurements, Huang et al. [2010] found
that the phytoplankton chlorophyll a biomass was similar between two anti-
cyclonic eddies and a reference area, but the phytoplankton communities
were significantly different in the two eddies because of their different ori-
gins and ages. More recently, Wang et al. [2018] also reported on similar
phytoplankton total chlorophyll a among three coherent anticyclonic eddies
observed in the SCS [Nan et al., 2011b], however, they found significantly
elevated biomass at eddy peripheries. Notably, Zhou et al. [2013] observed
enhanced particle export within an anticyclonic eddy and highlighted the
importance of submesoscale processes in the advection from eddy periph-
ery to the core area (Figure 5.10).

Other observational means have also been used in the study of bio-
geochemical response to mesoscale eddies in the SCS, including satellite,
mooring, etc. Lin et al. [2010] observed a phytoplankton bloom at a typi-
cally oligotrophic site, i.e., the center of the northern SCS. Using a suite of
different satellite products and a numerical tracer experiment, the authors
concluded that the bloom was associated with an anticyclonic eddy which
advected coastal nutrients from the Vietnam coast to the open ocean.
He et al. [2016] studied the eddy-induced anomalies of surface chloro-
phyll in the northern SCS using products from multiple satellites. They
found that both eddy pumping and eddy stirring were responsible for the
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Source: Redrawn from Zhou et al. [2013].

redistribution of surface chlorophyll. Based on a full-water column mooring
system mounted at the depth of 2100 m, Zhang et al. [20143a] investigated
the deep-sea sediment transport induced by two mesoscale eddies in the
northern SCS, and interpreted that the suspended sediments originated
from the southwest of Taiwan, trapped by the eddies and transported to
the mooring site which was approximately 400 km away from the asserted
origin.

In addition to observations, numerical model is obviously another useful
tool in studying the physical-biogeochemical interactions associated with
mesoscale eddies. As one of the earliest modeling works on the SCS, Xiu
and Chai [2011] statistically investigated the roles of mesoscale eddies in
redistributing the biological productivity and export flux in the SCS based
on a coupled physical-biogeochemical model for the period 1993-2007.
They found enhanced (reduced) biogeochemical properties (e.g., chloro-
phyll, new production, silicate uptake, etc.) in cyclonic (anticyclonic) eddies
in the upper 125m, similar to the findings of Ning et al. [2004] based on
limited observations. This model has later been used to study the physical
and biological controls on the summertime chlorophyll bloom off the coast
of Vietnam [Chen et al., 2014]. It has also been applied to investigate the
biogeochemical cycles and surface chlorophyll associated with mesoscale
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eddies in the SCS [Guo et al., 2015, 2017], and similar results were found
as in Xiu and Chai [2011].

5.5 Summary

Mesoscale eddies are ubiquitous in the SCS and have been demonstrated
to play an important role in local thermodynamics and biogeochemistry.
Focusing on studies in the post-altimetry era, this chapter reviews the
progress in three main aspects of mesoscale eddies in the SCS: horizontal
statistical features, vertical structures and the dynamical impacts.

Horizontal distribution of mesoscale eddies revealed from altimetry sug-
gests that eddies could be generated in almost any place of the SCS deep
basin, although several high eddy occurrence areas are found in the south-
west of Taiwan, west of Luzon and southeast coast of Vietnam. Existing
studies show qualitative agreements on certain statistical eddy properties
such as the relatively short eddy lifetime (typically shorter than 60 d), rela-
tively small size (averaged radius of about 100 km) and westward propaga-
tion tendency in the SCS. The shorter lifespan and smaller size compared
to mesoscale eddies in the open ocean (e.g., Pacific) are due in large to
the confinement of solid boundaries in this marginal sea. Considerable dis-
crepancies exist in the detected annual eddy numbers, primarily because
of the different eddy identification methods and criteria being used.

The vertical structures of mesoscale eddies in the SCS were overviewed
via several prominent examples. Overall, although eddies are typically
surface intensified with intensity decreasing with depth, they are capa-
ble of influencing the thermohaline structures and velocities in the inte-
rior. Mesoscale eddies are often heterogeneous, particularly in their 3D
velocity structures. Interestingly, the vertical axis of eddy centers appears
to tilt southwestward with increasing depth as reported in two observa-
tional studies. Dynamical mechanisms for such a tilt are worthy of further
exploration. The 3D eddy detection based on numerical simulations shows
that there are also middle- and even bottom-intensified eddies in addition
to the most common surface-intensified eddies. In particular, an observed
middle-intensified, lens-shaped eddy-like structure was focused on with the
potential generation mechanisms being discussed.

In addition to the horizontal and vertical features, the eddy-induced
impacts on the local physical and biogeochemical environments were also
reviewed. Quantitative estimates suggest that the thermohaline and cir-
culation variability are significantly affected by the passage of mesoscale
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eddies. The eddy heat and salt transports occur primarily at the depth
of thermocline and halocline, but the largest heat and salt transports
are not colocated given the existence of a barrier layer. The ocean—
atmosphere interactions within oceanic mesoscale eddies suggest a
positive SST-surface wind speed correlation in the SCS, although two-
way coupling of the interaction is also seen to the southeast of Vietnam in
summer. The biogeochemical responses to mesoscale eddies in the SCS
generally reveal higher (lower) tracer concentrations within cyclonic (anticy-
clonic) eddies. In recent years, submesoscale processes at the peripheries
of mesoscale eddies have drawn increasing attention to their impacts on
the regional biogeochemistry.

Mesoscale eddies are still a hot topic in the present physical and bio-
geochemical studies on the SCS. In future, increasing efforts might be
shifting from mesoscale to submesoscale, given the enhanced capabil-
ity in observations and numerical modeling. Several outstanding issues
related to mesoscale eddies might be worth exploring further, including for
example (i) energy sinks of mesoscale eddies, (ii) roles of submesoscale
processes in the evolution of mesoscale eddies and their overall func-
tion in the oceanic energy cascade, (iii) 3D distribution and evolution of
the biogeochemical tracers in mesoscale eddies and (iv) interdisciplinary
collaborations on quantifying eddy-induced material transports or particle
fluxes, etc.
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