Acta Oceanol. Sin., 2020, Vol. 39, No. 11, P. 91-102
https://doi.org/10.1007/s13131-020-1678-x
http://www.hyxb.org.cn

E-mail: hyxbe@263.net

Statistical analysis of mesoscale eddy propagation velocity
in the South China Sea deep basin
Rungi Huang!, Lingling Xie!#*, Quanan Zheng?, Mingming Li! 2, Peng Bail 2, Keyi Tan!

1 Laboratory of Coastal Ocean Variation and Disaster Prediction, College of Ocean and Meteorology, Guangdong
Ocean University, Zhanjiang 524088, China

2Marine Resources Big Data Center of South China Sea, Southern Marine Science and Engineering Guangdong
Laboratory (Zhanjiang), Zhanjiang 524025, China

3Department of Atmospheric and Oceanic Science, University of Maryland, College Park, Maryland 20742, USA

Received 15 June 2020; accepted 10 August 2020

© Chinese Society for Oceanography and Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

Using mesoscale eddy trajectory product derived from satellite altimetry data from 1993 to 2017, this study
analyzes the statistical characteristics of spatiotemporal distribution of mesoscale eddy propagation velocities (C)
in the South China Sea (SCS) deep basin with depths >1 000 m. Climatologically, the zonal propagation velocities
(c,) are westwards in the whole basin, and the meridional velocities (cy) are southwards in the northwestern basin,
and northwards in the southeastern basin. The variation of ¢, with longitude is consistent with that of the
background meridional currents with correlation coefficient R? of 0.96, while the variation of c_ is related both to
the background zonal currents and S effect. The propagation velocities characterize significant seasonality with
the minimum magnitude occurring in summer and the maximum in winter for ¢, and C. Interannually, larger
values of ¢, and ¢, mostly occurred in La Nifa years in the negative phase of the Pacific Decadal Oscillation (PDO).
Mesoscale eddies move fast at the beginning and end of their life span, i.e., at their growth and dissipation
periods, and slowly during their stable “midlife” period. This trend is negatively correlated with the rotating
tangential velocity with R? of -0.93. Eddies with extreme propagation velocities are defined, which are slower
(faster) than 1.5 cm/s (15.4 cm/s) and take 1.5% (1.9%) of the total eddies. The extremely slow-moving (fast-
moving) eddies tend to appear in the middle (on the edge) of the basin, and mostly occur in summer (winter). The
mechanism analysis reveals that the spatiotemporal distributions of the propagation velocities of mesoscale
eddies in the SCS are modulated by the basin-scale background circulation.
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1 Introduction

Mesoscale eddies broadly distributed in the global oceans are
one of the primary processes responsible for marine material and
energy transports (Chelton et al., 2011; Adams et al., 2011; Haus-
mann and Czaja, 2012; Zhang et al., 2014, 2016; Yang et al., 2015;
He et al., 2018; Zhang and Guan, 2019). Therefore, they play im-
portant roles in global climate change, ocean circulation, marine
ecological environment, and fishery distribution. Mesoscale ed-
dies directly affect the three-dimensional distribution of deep-
sea sediments and ecological-environmental factors such as con-
centrations/distributions of chlorophyll and nutrients
(Lobel and Robinson, 1986; Salihoglu et al., 1990; McGillicuddy et
al., 1998; Johnson et al., 2005; Benitez-Nelson et al., 2007; Adams
etal., 2011; Frenger et al., 2018). The propagation velocity of
mesoscale eddy, i.e., C (bold indicates vector), directly determ-
ines the fluxes of material and energy transports. It is thus
important to explore the temporal and spatial distribution char-

acteristics and variations of the eddy propagation velocities
(Morrow et al., 2004; Cheng and Qi, 2008; Yang et al., 2013; Pilo et
al., 2015; Lii et al., 2017).

The South China Sea (SCS) is a large marginal sea in the
Northwest Pacific, where mesoscale eddies are very active due to
disturbances from the Pacific, seasonally reversed monsoons,
and the complex bottom topography (Xie et al., 2016; Xie and
Zheng, 2017; Zheng et al., 2017, 2019). Previous researchers have
used satellite observations and numerical simulations to statistic-
ally characterize mesoscale eddies in the SCS in terms of scale,
intensity, numbers, and structure (Wang et al., 2003, 2005; Lin,
2005; Zheng et al., 2007, 2011, 2014; Chen et al., 2011; Li et al.,
2011; Lin et al., 2012a; Cui, 2015; Huang et al., 2016; He et al.,
2018). Mesoscale eddies in the SCS are mainly distributed in
areas where depths exceed 1 000 m and there is an approxim-
ately equal probability of occurrence of cyclonic (CE) and anti-
cyclonic eddies (AE) (Zheng et al., 2017). As reviewed by Zheng et
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al. (2017), the eddies have an average life span of 8.8 weeks, an
average surface radius of 132 km and a maximum rotating
tangential velocity of <40 cm/s, with the radius and rotating
tangential velocity typically decreasing with increasing depth.
Previous researchers have also studied the seasonal and inter-
annual variations of the eddy numbers and the eddy kinetic
energy (EKE) in the SCS (Chen, 2010; Chu et al., 2017; Xiu et al.,
2010; Tuo et al., 2019). They found more CEs (AEs) occur in
summer (winter), and more eddies and larger EKE occurred in
La Nina years.

General characteristics of the propagation velocity of meso-
scale eddies in the SCS have been determined by previous
researchers. For instance, Wang et al. (2003) analyzed multi-
satellite sea surface height anomaly (SSHA) data of 1993-2000,
and found that the maximum propagation velocity of mesoscale
eddies, i.e., |C| occurred in the southwest of the Luzon Island,
followed by those northwest of Luzon Island, while the minim-
um velocity occurred near Vietnam coast. Lin (2005) analyzed
SSHA data from 1992 to 2002 and found that >80% of mesoscale
eddies in the SCS propagated westward during this period. In ad-
dition, they determined the latitudinal distribution characterist-
ics of mesoscale eddy zonal propagation velocities. Chen et al.
(2011) used altimeter data from 1992 to 2009 to characterize SCS
mesoscale eddies, and determined the 17-year averaged vector
field of C. They found the eddies propagate southwestward along
the continental slope at a velocity of 5.0-9.0 cm/s, and quasi-
westward at 2.0-6.4 cm/s in the central SCS.

Zheng et al. (2017) reviewed the progress in mesoscale
eddies in the SCS over the past 60 years including the general ho-
rizontal propagation patterns of mesoscale eddies similar to that
in Chen et al. (2011). Recently, He et al. (2018) re-evaluated the
mesoscale eddies in the SCS using the SSH data from 1993 to
2015, and found that the westward-propagating CEs deflect
southward while the AEs deflect northward in the western SCS.
In addition, previous researchers have also examined the charac-
teristics of C in local areas, such as that southwest of Taiwan, the
Luzon Strait, and the Dongsha Islands (Nan et al., 2011; Lin et al.,
2012b; Chow et al., 2008; Shu et al., 2016, 2019). Among these, the
propagation velocity reaching 9.3 cm/s were observed in south-
westward background flow in the northern SCS (Chow et al.,
2008). Wu and Chiang (2007) indicated that mesoscale eddies
have the same propagation speed as baroclinic Rossby waves by
using fine-grid resolution model. Xie et al. (2018) used Rossby
normal mode theory to analyze the characteristics of the
propagation velocities of grouped mesoscale eddies in the SCS
basin. They found the westward propagation velocities of the first
three baroclinic modes are about 2-4 cm/s. Shu et al. (2019)
found the eddy propagation decreased near island due to inter-
action of eddy and topography. These results imply that compli-
cated variability and mechanism for the eddy propagation in the SCS.

In summary, previous researchers have determined the
multi-year average spatial distribution characteristics of the
propagation velocities of mesoscale eddies in the SCS, but a sys-
tematic understanding of the temporal and spatial variations of
C, and the governing mechanisms is lacking. Thus, we herein use
statistical methods to analyze the spatial and temporal distribu-
tion of the propagation velocities of mesoscale eddies in the SCS,
elucidate their seasonal, interannual, and life cycle variations,
and explore the mechanisms that affect their spatiotemporal dis-
tribution characteristics.

2 Data and methods

2.1 Data sources
This study uses two datasets, i.e., the archiving validation and

interpretation of satellite data in oceanography (AVISO) meso-
scale eddy trajectory data and the simple ocean data assimila-
tion (SODA v3.7.2) ocean current data. Time series of Nifi03.4 in-
dex and PDO index are also used.

The AVISO mesoscale eddy trajectory data are the product of
eddies identified and tracked based on multi-satellite altimetry
data (Chelton and Schlax, 2011). The dataset includes tracking
days, the amplitude, type, rotating tangential velocity (Ve), and
radius of eddies, as well as the longitudes and latitudes of the
eddy centers. The data span the period from January 1, 1993 to
January 6, 2017 with a time resolution of one day.

The SODA data include the global ocean current data from
1980 to 2015 with a spatial resolution of 0.5° x 0.5°. This study
uses the monthly-mean surface current velocity as the back-
ground current velocities (V, with two components u, v).

2.2 Data processing

The study area comprises the deep basin area of the SCS with
depths >1 000 m as shown in Fig. 1. The mesoscale eddy traject-
ory data are used to calculate propagation velocities C with the
methods detailed below.

The center locations (longitude x and latitude y) of the same
eddy (numbered n) on two successive days (f) is used to calcu-
late the zonal and meridional components of the eddy propaga-
tion velocity, i.e., zonal propagation velocity ¢, and meridional
propagation velocity c,, respectively. Then, the instantaneous
propagation velocity vector C (x, y, t, n) of an eddy (numbered n)
at the location (x, y) on the day () is obtained. For each eddy,
there is a one-to-one correspondence between the location x, y
and the time ¢ in the life span. The averaged propagation velocity
of an eddy numbered r, i.e., Ct(n), is the average of all instantan-
eous velocities in the whole life span,-? denotes average on
dimension of t. The averaged propagation velocity at a fixed
position x, y, i.e., Cﬂ(x, ¥, 1), is the average of the instantaneous
velocities of all eddies passing through the position at time .

3 Climatically spatial distribution characteristic

3.1 Horizontal distribution

We divide the study area into grids of 1°x1°, and then average
the instantaneous zonal (meridional) propagation velocities of all
eddies passing through the grid to obtain the climatological zonal
(meridional) propagation velocity ¢, (x;, ;) (eastward positive)
(¢, (x;,y;), northward positive) in each grid (x;, y;). The results
are shown in Figs 1a and b. Then, the zonal and meridional com-
ponents are combined to obtain the propagation velocity vectors
E‘"’t(x,»,yj) as shown in Fig. 1c.

From Fig. 1a, one can see that ¢! is westward in the whole
basin of the SCS. It is faster in the northern and southern slope of
the SCS at 8-10 cm/s, but slower at 0-2 cm/s in the central SCS
and areas near Vietnam. For the meridional velocities (Fig. 1b),
Fy"vz has opposite directions within the basin, i.e., southward in
the northern and western sides, but northward in the southern
and eastern sides. ¢, has the highest values of 3-5 cm/s at the
boundaries, while that in the central basin are the lowest, mea-
suring 0-2 cm/s.

For the total velocities C"' (Fig. 1c), the results are similar to
the previous results (Zheng et al., 2017), of which mesoscale
eddies propagate southwestward along the continental slope at a
velocity of 8-11 cm/s in the northern SCS, westward at velocities
of 2-5 cm/s in the central basin, and westward or northwestward
at 6-12 cm/s in the southern basin.

The distribution characteristics of the propagation velocities



Huang Rungi et al. Acta Oceanol. Sin., 2020, Vol. 39, No. 11, P. 91-102 93

108° 113° 118° 123°E 108° 113°

25°

20°

50

—nt
¢ 'Jem-s™!

108° 113° 118° 123°E 108° 113°

25°

20°

10°

50

0

u/cm-s™!

—nt
¢'/em-s™!

vicm-s™!

118°

123°E 108° 113° 118° 123°E

Mt
C/em-s™!

118° 123°E 108° 113° 118° 123°E

Viem:s™!

Fig. 1. Climatological distribution of zonal (¢,™*, a), meridional (¢,™, b) and total (€', 0 propagation velocities of mesoscale eddies
in the SCS, and the corresponding zonal (u, d), meridional (v, ), and total (V, f) velocities of the background current. Color codes and

arrows represent the velocity magnitudes and directions, respectively. Minus values mean westward for c, and u, and southward for c,

and v.

of cyclones and anticyclones are generally consistent with the
overall eddy characteristics outlined above, and not shown here.

3.2 Meridional and zonal variation

We zonally average the propagation velocities to obtain their
meridional variation. As shown in Fig. 2a, the mean zonal velo-
city ¢;™"* is westward at all latitudes, with higher values of 6-
9 cm/s at 17°-22°N and 4°-7°N, and lower values of 3-4 cm/s in
the central basin at 8°~12°N. The mean meridional velocity ¢,""*
has opposite directions in the north and south of 15°N (Fig. 2b). It
is generally within a range of +1 cm/s, much smaller than &™"*.
""" is thus dominated by ¢;»* and has a general “}Y” shape
with latitudes, i.e., first decreases and then increases as the latit-
ude decreses (Fig. 2c).

For the meridional average, ¢, has smaller values of 3-5 cm/s

y

in west of 111°E (Fig. 3a), where ¢,™" has largest southward val-
ues of 3.5 cm/s (Fig. 3b). In the central basin, ¢;/%*” has values
larger than 5 cm/s, while ¢,"" is quite smaller than 1 cm/s. In
the east of 118°E, ¢,»"” is northward at 2-4 cm/s and o s
westward at 4-6 cm/s. Thus, eddies have high total propagation
velocities ¢ above 4 cm/s at 112°~116°E (Fig. 3¢). The
increases in meridional component lead to an increased total
propagation velocity in the eastern basin.

3.3 Mechanism analysis

Previous studies have shown that westward propagating
mesoscale eddies are dominated by the beta effect and non-
linearity (Cheng et al., 2005), although the background current
also affect these eddies directly (Zheng et al., 2017).

Since the geostrophic current from AVISO may affected by the
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Fig. 2. Meridional distributions of zonal-mean zonal (c;""*, a), meridional (g, b) and total (En’t’x, ¢) propagation velocities of
overall mesoscale eddies in the SCS and zonal velocity (", d) of the background current. Color shade represents standard deviation of

the mean values. Minus values mean westward for ¢, and u, and southward for c,.

eddies themselves, we use the climatological mean surface velo-
cities from the SODA data to represent the total background cur-
rent in the upper ocean of the SCS. The results of background
velocity components u, v and total velocity V are shown in Figs 1d-f.
Similar to the eddy propagation velocities shown in Figs la-c, the
background current flows southwestward along the northern
slope, southward along the western boundary and recirculates
northward along the eastern boundary with strong velocities lar-
ger than 15 cm/s. Qualitatively, the larger ¢/ in the northern
slope are consistent with the larger u, and the southward and
northward ¢, in the western and eastern sides are consistent
with v. It indicates that propagation velocity of mesoscale eddies
is closely related to the velocity of background current. We calcu-
late the correlation coefficient between the eddy propagation
velocities and the background current velocity. The results are
0.34 and 0.49 with significant level of both 99% for zonal and meridio-
nal components, respectively.

We further calculate the zonal-mean zonal background cur-
rent velocities 77(y), and the meridional-mean meridional back-
ground current velocities 7(x), as shown in Figs 2d and 3d, re-
spectively. The correlation coefficient between ¢;** and w{y)
and that between ¢,"* and 7*(x) are 0.46 and 0.96, with signific-
ant level higher than 95% and 99%, respectively. It indicates that
the meridional eddy propagation is dominantly affected by the
background meridional current, while the zonal propagation
velocities depends both on background current and other effects.
The larger f at low latitudes may contribute to larger ¢, in the
south. However, the f variation cannot explain the increasing
¢,"* in the norther basin, where the increasing westward 7Y{y)
should play important role.

4 Characteristics of temporal variation
4.1 Seasonal variation

4.1.1 Monthly distribution
Figures 4a and b show the monthly distribution of the zonal

Y

and the meridional propagation velocities in the SCS, respect-
ively. The ratio of the number of westward (northward) propagat-
ing eddies (N, Ny) to that of eastward (southward) propagating
ones (Ng N), i.e., Ng/ Ny, (Ny/Ng) are also shown as green lines.
The eddies mostly propagate westward with Ni/N,, less than 0.3.
The mean westward propagation velocity ¢,"*(#) changes from
6.8 cm/s in winter to 5.1 cm/s in summer (blue bars), while
¢ "")(¢) are in range of 3.7-4.4 cm/s (red bars) with less season-
al variation. N/N,, gets larger in months of June-August, indict-
ing eastward-moving eddies increase in summer. On the other
hand, northward and southward propagation velocities
(cn™*)t) and ¢,s"*t)) have almost equal magnitudes of 4-
5 cm/s and the ratio of eddy numbers (Ny/Nyg) is near 1. The
monthly variation of ¢,x"™" and ;5™ is not evident.

Figure 5a shows the monthly distribution of average zonal
propagation velocities of all mesoscale eddies (¢,”*(¢)) in the
SCS. ¢/"*Y are averagely westward in each month since both
Caw"¥)(t) and N,, are larger than ¢,z™*(¢) and Ny. On average,
¢V is the fastest in winter (December-February) at 6.0 cm/s,
followed by that in spring (March-May) and autumn (Septem-
ber-November) (5.0 cm/s), with that in summer being the slow-
est (4.1 cm/s). In contrast, ¢, (Fig. 5b) is within a range of rel-
atively small values of +0.4 cm/s for whole year, due to the offset
of almost-equal northward and southward velocities. As for total
propagation velocities (Fig. 5¢), eddies have a maximum average
velocity of 7.6 cm/s in winter and reaches a minimum of 6.3 cm/s
in summer. The variation of total velocity follows the zonal com-
ponents ¢,.

Cyclones and anticyclones exhibit similar seasonal variations
in propagation velocities, but cyclones propagate faster than
anticyclones in spring and autumn, while slower in summer
and winter (not shown).

4.1.2 Mechanism analysis
As indicated in Section 3, the spacial variation of the eddy
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propagation velocities is related to the variation of the back-
ground current. Here, for the temporal variation, we further in-
vestigate the seasonal variation of the upper ocean circulation in
the SCS.

As has shown in many studies (Hu et al., 2000; Wang et al.,
2019), there is a cyclonic circulation in the SCS basin in winter,
driven by the northeasterly monsoon, and consistent with the
southwestward moving velocities of the eddies. From June to
August, when the summer southwesterly monsoon prevails,
the basin circulation is bounded at 12°: in the north is a cyclonic
circulation and in the south is an anticyclonic circulation, which
is reverse to the eddy propagation velocities. This implies that the
seasonal reversed ocean circulation is favorable to occurrence of
the maximum and minimum eddy propagation velocities in
winter and summer, respectively. Though Cheng et al. (2005)
pointed out that the reversed monsoon direction is the reason,
the seasonal-reversed upper ocean circulation may play more
important and direct roles in the seasonal variability of the eddy
propagation.

The monthly distribution of averaged background zonal,
meridional and total velocities (u, v, V) are further shown in
Figs 5a-c. Corresponding to the westward background velocity,
the zonal eddy velocity c, have larger westward values. The cor-
relation coefficient between the monthly variations of u and ¢,
reaches 0.97 (with significant level higher than 95%), indicating
the strong effect of background current on the zonal eddy
propagation.

4.2 Interannual variation

Figure 6 shows a time series of the spatial-averaged eddy
propagation velocities in the SCS from January 1993 to Decem-
ber 2016. One can see that the zonal propagation velocity
(c7*”™(t)) in Fig. 6a are all westward with magnitudes fluctuate
between 4-7 cm/s in each year. The large magnitudes (>6 cm/s)
occurred in winter of 1993, 1995, 2000, 2008, 2011 and 2014, of
which the fastest velocity was in 2008. The meridional propaga-
tion velocity (¢,;*""(t), Fig. 6b) fluctuates between southward

Y 1 cm/s and northward 1.5 cm/s with most values are positive.
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The northward ¢;*" larger than 1 cm/s occurred in 2006,
2008-2009 and 2016, while the southward ¢,*”" larger than 0.5
m/s occurred in 2010 and 2015. The larger values of ¢,*”" and
¢,*"" mostly occurred in different years and different seasons if
in the same year. The total propagation velocity C"" in Fig. 6¢
has larger values in 2000, 2006, 2008, and 2014, and smaller val-
ues in 1999.

Comparing the variations of propagation velocities to that of
the Nifio 3.4 index and the PDO index shown in Figs 6d and e,
one can see that most of the larger zonal and meridional velocit-
ies occurred in La Nifna years in the negative phase of PDO. The
largest two-month lag correlation coefficients (R?) of ¢;**", ¢,
and C"”" with the Nifi03.4 index are 0.45, -0.04, and -0.39 with
significant levels of 99%, 90% and 99%, respectively. For the PDO
index, the correlation coefficients are 0.22, -0.03, and -0.19 with
significant levels of 99%, 90% and 99%, respectively. It implies
that the ENSO and PDO events play roles in the zonal propaga-
tion of the SCS eddies.

As analyzed in previous sections, the background circulation
can directly affect the variation of the eddy propagation in the
SCS. It has been widely reported that the ENSO and PDO events
can affect the SCS circulation through the atmospheric and
ocean and bridges (Qu et al., 2004; Wang et al., 2006; Cheng et al.,
2016; Wei et al., 2019; Zu et al., 2020). The ENSO effects on specific
eddy generation have also been reported (He et al., 2016; Chu et
al., 2017; Tuo et al., 2019). Bao (2007) pointed out that the cyclon-
ic circulation in the SCS weakened during the strong El Nifio
event in 1997-1998. In contrast, the cyclonic circulation in the
SCS is expected to increase during the La Nifia events. Thus, the
eddy westward propagation speed increases as shown in Fig. 6.
Qiu et al. (2015) found that there were easterly wind abnormal in
the northern SCS during the negative phase period of PDO index,
which could also increase the westward circulation in the SCS
and thus the westward propagation of the eddies. That is to say,
the ENSO and PDO events modulated the background wind and
water circulations and then affect the eddy propagation in the
SCS.

4.3 Variation during the life span
Figure 7 shows the averaged total propagation velocity Z‘"(t)
(red curve) and rotating velocity V" (blue curve) in the normal-
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ized eddy life span in the SCS. One can see that mesoscale eddies
propagate rapidly with a maximum velocity of 8.5 cm/s at the be-
ginning and ending of the life span, but slowly during the middle.
On the other hand, V," are lower at 26 cm/s at the beginning and
the end, but higher above 31 cm/s in the middle. According the
variation of the velocities, we divided the whole eddy life into
three stages, i.e., the growth stage (df’”/dt<0; dVen/dt>0), the
stable stage (dC'/dt~0; dV."/dt~0) and the dissipation stage
(dC"/dr>0; dV,"/d#<0), which takes the first 20%, the middle 50%
and the last 30% of the eddy life span, respectively. In the growth
stage, C" gradually slows down, while 7" increases. In the stable
stage, C" and 73" stabilize to 7.0-7.2 cm/s and 31.0-31.5 cm/s,
respectively. When the eddies reach 70% of their life span, c
reaches a minimum of 6.7 cm/s. Then, C' begins to accelerate
(while V" gradually decreases), continuing to do so until the
eddies dissipate.

From the above analysis, we find that C'hasa significant de-
crease-stable-increase variation in the three stages of the life
span. In fact, such variation has been indicated by previous stati-
stics in He et al. (2018, Fig. 6¢), though they did not emphasize it.
Liu et al. (2012) reported the life-span variation of the eddy kinetic
energy (EKE), which is related to Ve", in the North Pacific sub-
tropical zone. They also found three stages, of which the stable
stage takes 60% of the life span, and the dissipation stage is in the
final 20%, later than the last 30% in the SCS. It seems that meso-
scale eddies in the SCS decay earlier than those in the North
Pacific. We further investigated the life-span variations of eddy
propagation velocities in marginal seas such as the Japan Sea and
the Andaman Sea. Similar results are derived (not shown), indic-
ating the general three-stage variation pattern of eddy propaga-
tion velocities in the life span.

The analysis above also shows that the life-span variations of
C" and 7" are reversed. There is a strong correlation between
an eddy propagation velocity and its rotating velocity during its
life span. This is confirmed by the correlation coefficient of the
two parameters as high as -0.93 with significant level of 99%. It is
the first time to show clear correlation between the moving and
rotating speeds of the mesoscale eddies. It seems that the mov-
ing energy convert to the rotating energy at the growth stage, and
reverses at the dissipation stage. Considering the effects of back-
ground circulation on the propagation velocities and the eddy
generation mechanism associated the barotropic and baroclinic
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Fig. 7. Variation of the mean eddy propagation velocity (C’, red line) and rotating tangential velocity (V", blue line) in the SCS

during a normalized eddy life span.
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instability, there might be positive energy cascade from the large-
scale background current to mesoscale eddy, decreasing the
propagation velocity and increasing the rotating velocity at the
early growing stage, and the eddy energy transfer reverses to
larger scale current at the dissipation stage.

5 Extreme velocity and its formation mechanism

5.1 Spatial distribution

Figures 8a and b show the spatial distributions of extremely
slow-moving and extremely fast-moving eddies from 1993 to
2016. In this context, |C|< 1.5 cm/s (bottom 5% of all propagation
velocities) that are sustained for five days or more during the life
span are denoted extremely slow-moving eddies (SMEs), while
|C|>15.4 cm/s (top 5% of all propagation velocities) that are
sustained for 5 d or more are denoted as extremely fast-moving
eddies (FMEs). There are 777 SMEs, accounting for 1.5% of the
total number of eddies, and 976 FMEs, accounting for 1.9% of the
total number of eddies. These SMEs and FMEs are mostly anti-
cyclonic, accounting for 52.12% and 56.05% of the total, respect-
ively.

As shown in Fig. 8, most of the SMEs (82.63%) occur in the
central basin (10°-18°N), with only a small proportion appearing
on the west side of the Luzon Strait. There are no SMEs south of
10°N. Most FMEs (68.55%) occur at the edge of the basin,
especially in the northern and southern SCS, with only a small
proportion (31.45%) appearing in the central basin.

Comparing with the background current shown in Figs 1d-f,
the distribution of SMEs corresponds to the area with slow back-
ground current, reversely, the area containing FMEs has a fast
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background current. This implies that spatial distribution of
SMEs and FME:s is closely related to the background current.

5.2 Temporal variation

5.2.1 Seasonal distribution

As shown in Fig. 9a, most of the SMEs occur in late spring and
early summer. The SME numbers in May-July are twice higher
than that in other months. For the spatial distribution, the SMEs
mostly occur in the weak westward or eastward current in the
central basin in winter, spring, and autumn, and shift toward the
northern SCS as the eastward current in the anticyclonic circula-
tion develops in summer.

Contrary to the SMEs, the FMEs mostly occur in winter (Fig. 9b),
and are distributed at the northern and southern boundaries of
the basin, where there are strong southwestward or northwest-
ward currents (Figs 9g-j). As the weakening of the southwest-
ward current in the northern SCS in spring, the number of FMEs
decreases, and reaches a minimum in summer when anticyclon-
ic circulation develops. FMEs are seldom found in the central
basin where there are northeastward flow. In the autumn, FMEs
increase again as cyclonic circulation strengthens.

The consistence of the variation of SMEs with the eastward
current and the FMEs with westward current further indicate the
effects of background circulation on the eddy propagation. The
interaction of the current and eddies may further affect the mass
transport and local biological processes.

5.2.2 Interannual distribution
We further investigate the distribution of SMEs and FMEs
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Fig. 8. Spatial distribution of extremely slow-moving (SMEs, a) and fast-moving (FMEs, b) eddies. Blue and red circles represent CEs

and AEs, respectively. Black lines are the isobaths of 1 000 m.
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Monthly distribution of the number of extremely slow-moving (SMEs, a) and extremely fast-moving (FMEs, b) eddies, and the

spatial distribution of SMEs (c-f) and FMEs (g-j) in winter, spring, summer, and autumn. Arrows represent the background current.

during the El Nifio and the La Nifia events (Fig. 10). One can see
that without reference to the El Nifio and the La Nifia events, the
number of extremely slow-moving and fast-moving eddies fluc-
tuates between 10-70 in each year. During the El Nifio event, ex-
tremely slow-moving and fast-moving eddies are mainly anticyc-
lonic (75.29% and 52.42%, respectively), while during the La Nifia
events, extremely slow-moving eddies are mostly cyclonic
(56.73%), and extremely fast-moving eddies are mostly anticyc-

lonic (57.89%).

6 Discussion

As reviewed in Section 1, previous investigators have shown
eddy characteristics including eddy number, radius, and amp-
litudes in the SCS (i.e., Zheng et al., 2017). Though eddy propaga-
tion was partially involved in previous studies, the detailed spati-
otemporal variation and mechanisms of the propagation velocit-
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ies is still lack of knowledge. Table 1 lists some of the previous
studies involving the eddy propagation in the SCS. The presen-
ted magnitudes and directions of total velocities are generally

consistent with our climatological results, while the variations of

the zonal and meridional components are seldom focused on. In
addition, we investigate the seasonal and interannual variations,

Table 1. Mesoscale eddy propagation velocities in previous studies

find the high correlation between translation and rotating mo-
tions in the life span, and emphasize the effects of large-scale cir-
culation on the eddy propagation.

7 Conclusions
This study uses satellite altimeter eddy trajectory data from

Ocean area Data or method Reference Characteristics
SCS SSHA from 1993 to 2000 Wang et al. (2003) maximum propagation velocity in the southwest of the
Luzon Island, while the minimum near Vietnam coast
SCS SLA from 1992 to 2002 Lin (2005) >80% of mesoscale eddies propagated westward and c,
in range of -8 cm/s to 3 cm/s
Northern SCS fine-grid resolution model Wu and Chiang (2007)  mesoscale eddies have the same propagation speed as
the baroclinic Rossby waves
South or southwest SLA from 2000 to 2005 Chow et al. (2008) cyclonic eddy with propagation speed of about 9 cm/s
of Dongsha Island
SCS altimeter data from 1992 to 2009 Chen etal. (2011) climatological map of propagate speed: southwestward

Southwest of Taiwan  altimeter data from 1992 to 2009

Near the Luzon Strait MSLA from 1993 to 2008
Northern SCS SLA from February to July 2015
SCS basin Rossby normal mode theory
SCS SSH from 1993 to 2015

Nan et al. (2011)
Lin et al. (2012b)
Shu et al. (2016)
Xie et al. (2018)

He et al. (2018)

in the northern SCS (5-9 cm/s), generally westward in
the central basin (2-6 cm/s), westward or
southwestward in the south (2-8 cm/s).
most ACEs propagate westward, and CEs are often spun
up to the east of the ACEs
mesoscale eddies accelerate when passing through the
Luzon Strait
an anticyclonic eddy with translation velocity of about
5.2 cm/s
westward propagation of grouped eddies at about
2-4cm/s
seasonal map of total propagation speed: higher in
winter and slower in summer
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1993 to 2017 to statistically analyze the spatial and temporal dis-
tributions of propagation velocity of mesoscale eddies in the SCS.
The mechanism of the variation of the propagation velocities are
discussed and associated with the background circulation. The
new findings are summarized as follows.

(1) The zonal propagation velocities c, are westward in the
basin with higher values of 6-9 cm/s both in the north and south
sides, while the weak meridional propagation velocities c,
(mostly less than 3.5 cm/s) are southward on the north and west
sides, and oppositely northward on the south and east sides. The
variation of ¢, is highly related with the background meridional
currents with correlation coefficient R? reaching 0.96, while the
variation of c, is related both to the zonal currents with R? of 0.46,
and the beta effect.

(2) Seasonally, mesoscale eddies propagate slowest in sum-
mer (June-August) and fastest in winter (December-February).
Interannually, the larger propagation velocities mostly appeared
in La Nifa years in the negative phases of PDO. During the eddy
life span, the propagation velocities (C) firstly decrease, then
keep low values and finally increase in three stages of growth
(20% of the life span), stable (50%) and dissipation (30%). The
life-span variation of C is strongly related to the reversal vari-
ation of the rotating velocity (V,) with R? of -0.93, implying en-
ergy transfer between the translation and rotating motions.

(3) Extremely slow (fast) moving eddies that slower (faster)
than 1.5 cm/s (15.4 cm/s) are defined. Most SMEs occur in the
central basin, more in summer and less in winter, and shift to the
northern SCS in summer. In contrast, most FMEs occur at the
northern and southern boundaries, less in summer and more in
winter, and concentrate in the basin in autumn. The mechanism
analysis shows that the background current regulates the spati-
otemporal distribution of mesoscale eddy propagation velocities
in the SCS.
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