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Abstract

The comprehensive three-dimensional structures of an anti-cyclonic mesoscale eddy (AE) in the subtropical
northwestern Pacific Ocean were investigated by combining the Argo floats profiles with enhanced vertical and
temporal sampling and satellite altimetry data. The AE originated near the Kuroshio Extension and then
propagated westward with mean velocity of 8.9 cm/s. Significant changes and evolutions during the AE’s growing
stage (T1) and further growing stage (T2) were revealed through composite analysis. In the composite eddy core,
maximum temperature (T) and salinity (S) anomalies were of 1.7 (1.9)°C and 0.04 (0.07) psu in T1 (T2) period,
respectively. The composite T'anomalies showed positive in almost whole depth, but the S anomalies exhibited a
sandwich-like pattern. The eddy’s intensification and its influence on the intermediate ocean became more
significant during its growth. The trapping depth increased from 400x10% Pa to 580x10* Pa while it was growing
up, which means more water volume, heat and salt content in deeper layers can be transported. The AE was
strongly nonlinear in upper oceans and can yield a typical mean volume transport of 0.17x10% m3/s and a mean
heat and salt transport anomaly of 3.6x10'! W and -2.1x10° kg/s during the observation period. The Energy
analysis showed that eddy potential and kinetic energy increased notably as it propagated westward and the
baroclinic instability is the major energy source of the eddy growth. The variation of the remained Argo float
trapped within the eddy indicated significant water advection during the eddy’s propagation.
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1 Introduction

Oceanic eddies are a kind of vortices in qusi-geostrophic bal-
ance or gradient wind balance and most of them have long life-
time and horizontal scales of about 10-100 km and can effect-
ively transport diverse tracers (Wunsch, 1999; Wang et al., 2001;
Morrow et al., 2003; Chelton et al., 2011a; Zhang et al., 2015, 2019;
Lietal., 2017). Among the different size of eddies, the mesoscale
ones or mesoscale eddies with the typical horizontal scale of ~100 km
have been widely studied using altimeter-based eddy identifica-
tion and tracking criterions (Roemmich and Gilson, 2001;
Chelton et al., 2007, 2011b; Chaigneau et al., 2008, 2011; Liu et al.,
2012; Yang et al., 2013; Zhang et al., 2014). Spatial and temporal
variations of kinetic energy of mesoscale eddies were investig-
ated in global or regional oceans (Qiu, 1999; Noh et al., 2007; Qiu
and Chen, 2010; Yoshida et al., 2011). Furthermore, based on
eddy-targeted shipboard or moored or Argo observations, the

three-dimensional structure and material transport associated
with mesoscale eddies were also reported by previous literatures
(Liang et al., 2012; Zhang et al., 2013, 2016; Chu et al., 2014; Yang
etal., 2013; Sun et al., 2017).

Statistical descriptions of eddy activities based on satellite al-
timetry observations reveal that mesoscale eddies are particu-
larly active in the subtropical northwestern Pacific Ocean (STN-
WP) (Qiu, 1999; Qiu and Chen, 2010, 2013) and they have been
extensively studied. Previous studies in this region indicate that
mesoscale eddies are of great importance for modulating the
background currents (Zhang et al., 2001; Yuan and Wang, 2011;
Zheng et al., 2011), the water mass transport and re-distribution
(Roemmich and Gilson, 2001; Qiu and Chen, 2005; Rudnick et al.,
2011; Li and Wang, 2012) and even diapycnal mixing (Jing et al.,
2011). But most previous works on mesoscale eddy in the NWP
made emphasis on the eddy kinetic energy (EKE) variabilities
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(Qiu, 1999; Noh et al., 2007; Qiu and Chen, 2010; Liu et al., 2012)
and regional composite analysis of the three-dimensional eddy
structures (Yang et al., 2013; Sun et al., 2017). However, the ob-
servational analysis focused on a specific eddy and the associ-
ated changes and evolutions during its growth is rare in the NWP.

With the help of sea surface height (SSH) measured by satel-
lite altimeter, considerable advancements has been made in re-
searching the surface expression of mesoscale eddies, but the
subsurface eddy structures are still not well known, which is of
great importance in exploring eddy dynamics and evaluating
eddy-induced water mass transport (Qiu and Chen, 2010; Roem-
mich and Gilson, 2001; Qiu and Chen, 2005; Xiu et al., 2012; Chen
et al.,, 2012). Combining Argo floats profiles and satellite alti-
metry data, composite analysis of mesoscale eddy was adopted in
different regional studies (Roemmich and Gilson, 2001;
Chaigneau et al., 2011; Yang et al., 2013; Zhang et al., 2014; Sun et
al., 2017). These studies provide robust three-dimensional im-
ages of temperature (7), salinity (S) and velocity of the mesoscale
eddy and also reveal the heterogeneity of the eddy extents. Par-
ticularly, Zhang et al. (2014) makes a description of the universal
structure of global mesoscale eddy with simple analytical func-
tions. Furthermore, mesoscale eddies have potentially signific-
ant influences on the regional ocean dynamics because they cor-
respond with 7/S anomalies induced by vertical fluctuations
which can deeply influence remote seas through ocean circula-
tions (Zhang et al., 1998; Sasaki et al., 2010; Li et al., 2012). Thus,
one important purpose of this work is to construct the three-di-
mensional structures of the observed anti-cyclonic mesoscale
eddy (AE) with T/S data profiles from the deployed Argo floats
(with a high-time-resolution sampling) and examine its evolu-
tion during different stages of eddy growth. According to the pre-
vious studies, the nonlinear eddies play an important role in
modulating the transport of the Kuroshio and water exchanging
between the STNWP and the marginal seas (Zhang et al., 2001;
Zheng et al., 2008, 2011; Yuan and Wang, 2011; Hu et al., 2012),
which are indispensable in both local ocean circulation and
large-scale water mass exchange. Therefore, the second purpose
of this study is to estimate the eddy-induced water volume, heat
and salt transport during the different stages of eddy growth. The
distributions of the Argo floats relative to the eddy centers and
the energy analysis during the eddy’s different stages of growth
were examined. Depended on the variation of the remained
trapped Argo floats, the transport efficiency of the original water
mass can also be estimated.

This paper is organized as follows. Section 2 describes the
data sources and methods of automated eddy identifying/track-
ing and composition of the eddy. Section 3 demonstrates the
three-dimensional structures of the AE composed in two eddy-
proceeding periods with Argo data profiles; gives the eddy-in-
duced volume, heat and salt transport and the eddy energy ana-
lysis. Section 4 discusses the estimated transport efficiency dur-
ing the eddy’s growth and the variability of Argo floats’ distribu-
tions relative to the eddy center. In the end, the main contents of
this paper are summarized in Section 5.

2 Data and methods

2.1 Satellite altimeter data

In order to identify and track the mesoscale eddy, the daily
sea level anomaly (SLA) data from the multi-satellite AVISO
product (http://marine.copernicus.eu/) between March and July
2014 and the corresponding geostrophic velocity data were util-
ized. Both the SLA and surface geostrophic velocity were bilin-
early interpolated onto a 1/4°x1/4° and 1/3x1/3° gridded map,

respectively.

2.2 Argo profiling floats data

The three-dimensional structure of the AE was investigated
using T/S profiles from Argo-profiling floats (Fig. 1b) with en-
hanced vertical and temporal sampling (World Meteorological
Organization (WMO) IDs 2901550-2901566), which were de-
ployed within the AE during 25 and 26 March 2014 (available at
http://www.usgodae.org and http://www.argo.org.cn.). The Argo
profiles used in the paper are deployed by the targeted field
(Fig. 1a) experiment P-MoVE (Pacific Mode water Ventilation Ex-
periment), which made the first direct observations of eddy sub-
ductions processes in the western North Pacific (Xie, 2013; Xu et
al., 2016). The Argo profiles from 27 March to 30 July 2014 were
investigated in this study. These Argo floats park at 500 m, and re-
cord 7, S and pressure from 1 000 m to the sea surface within one
day. The Argo floats measure data mostly synchronously, and
they can arrive at the surface within 30 min difference. The ver-
tical sampling interval of the profiles is 2 m above 600 m and 10 m
below it. Only Argo profiles with good quality were obtained and
then all of them were interpolated onto a 1 m vertical grid for fur-
ther analysis.
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Fig. 1. Mean sea surface height (cm) of the northwestern Pacific
Ocean from Rio et al. (2009) the contour interval is 10 cm and the
blue rectangle indicates the regions where the anti-cyclonic eddy
(AE) was observed (a), and the locations of the Argo floats (gray
stars) deployed in the blue rectangle (b). The contours denote the
altimeter sea level anomaly (SLA) field on that day. The contour
interval of the SLA is 2 cm, and the negative, zero, and positive
values are marked by the gray dashed, thick solid, thin solid lines,
respectively. The green solid line denotes the trajectory of the AE
and the purple dots’ interval is two weeks.

2.3 Identification of the mesoscale eddy

The Okubo-Weiss (Okubo, 1970; Weiss, 1991) method was
used to detect mesoscale eddies. The Okubo-Weiss parameter W
is defined as:

W=8 +8—u? 1

where w, S, and S; denote vertical component of relative vorti-
city, the strain and shear deformation, respectively.
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where ¢’ and V' represent geostrophic velocity anomalies calcu-
lated based on the geostrophic relation. The criterion: W<-0.20w
was used to identify mesoscale eddy in this paper, where ow de-
notes the standard deviation of Win the given region. The mean
coordinates within the eddy was defined as the eddy center. And
the equivalent radius of the eddy was represented by the radius
of an equal-area circle. Then the whole information of the detec-
ted eddy can be obtained at each time step.

2.4 Construction of the Composite AE

According to Section 2.3, the eddy center and radius can be
given at each day. Thus, the spatial distribution of every property
(T, S, density) within the eddy can be constructed through com-
posite analysis with a coordinate system (Adx, Ady) in which
each Argo profile is situated to its corresponding eddy center
(Adx=Ady=0). We firstly calculated the distances (D) between the
locations of Argo profile and the eddy center at each day. Since
the continuous variation of the eddy size, the distances are scaled

R
basedon D, =D - 7 where R denotes the instantaneous eddy

radius and R denotes mean eddy radius (Zhang et al., 2013). The
values of eddy radius were almost less than 190 km, thus only the
profiles located less than 190 km away from the eddy center were
analyzed. Then every property were transformed into the new co-
ordinate system (Adx, Ady) and projected onto 10 kmx10 km
grids based on the objective cressman interpolation at each layer.
This grid spacing was chosen for the minimum distances
between two profiles were almost less than 10 km. At each vertic-
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al level, the dynamic height (DH) relative to the 1 000 m refer-
ence depth was also computed, which is a common level adop-
ted in previous studies (Chaigneau et al., 2011; Yang et al., 2013).
Finally, to better describe the mesoscale perturbations captured
by the floats, anomalies of every property (T',S',DH’) were com-
puted by removing climatological profiles and further processed
through the composite analysis as mentioned above. Here, the
climatological T/S profiles were obtained by interpolating the
WOA13 to floats’ positions and times. To investigate the internal
changes during the growth of the eddy, the composite analysis of
the AE were made separately within two periods: the eddy grow-
ing stage T1 (27 March to 30 May) and the eddy further growing
stage T2 (21 May to 30 July).

3 Results

3.1 General features of AE’s evolution

Figure 2 shows the evolution of the AE detected from the geo-
strophic velocity anomalies as well as the SLA data. The AE ori-
ginated on 25 March near the Kuroshio Extension (Fig. 1b) and
then propagated westward because of the beta effect. The mean
propagating speed of the AE is 9.7 (8.0) cm/s in T1 (T2) period.
The time series of radius, amplitude and EKE of the eddy are
shown in Fig. 3. Following Oey (2008), the EKE was defined as

EKE = (u” 4 v?)/2, (3)

and it is averaged within the detected eddy boundary. During its
early two months, the radius fluctuated between 70 and 80 km.
The eddy’s radius increased gradually and reached its maximum
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Fig. 2. Evolutions of the AE detected by altimeter SLA from March 27 to July 25, 2014. The contours denote the altimeter SLA field on
that day. The contour interval of the SLA is 3 cm, and the negative, zero, and positive values are marked by the gray dashed, thick solid,
thin solid lines, respectively. The purple stars denote the locations of the Argo floats. The gray rectangle denotes the field of AE during
T1 period; the red rectangle denotes the field of AE during T2 period.
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Fig. 3. Daily evolution of radius (a), amplitude (b) , EKE (c) of the AE. The red and green rectangles indicate the T1 and T2 period,

respectively.

of 118 km in the following two months. The eddy amplitude var-
ied similarly with the radius, fluctuating between 8 and 10.8 cm
in the early stage, greatly increased to the maximum of 17.7cm
and then decayed. The surface EKE of the AE kept an upward
tendency especially from April to June and reached to the max-
imum at the end of the June. During the eddy growth, it is found
that during the first half, the eddy radius, amplitude and EKE re-
main stable, but in the second half the eddy begin to grow rap-
idly. All of these properties variances indicated the significant in-
tensification of AE during its growth.

3.2 Three-dimensional eddy structures

3.2.1 T structures

The vertical profiles of 7' (maximum within the eddy core)
were shown in Fig. 4a. According to Chaigneau et al. (2011), the
eddy core was defined within the closed DH’ contour which is as-
sociated with the strongest average swirl velocity of the compos-
ite eddy. The composite AE induced an overall warming in the
entire observed depth except the upper layers, which was espe-
cially prominent (7'>1.6°C) in the main thermocline in both of
the two periods. It showed that the main thermocline of the com-
posite AE was anomalously concave, because of its downward
vertical movements near the eddy centers, which can be clearly
found in the vertical sections of the potential density at Ady=0
(Figs 7c and d). The composite AE represented a maximum 7’ of
about 1.7 (1.9)°C centered at 490 (485)x10% Pa in T1 (T2). Al-
though the mean T’ greater than 1°C extend between 350x10% and
700 x10* Pa, we still found weak T’ of 0.26 (0.34)°C at 900 x10* Pa
in T1 (T2) period. All these features were also clearly represented

in the vertical sections of T' at Ady=0 across the composite AE
(Figures not shown). The vertical profiles (Fig. 4c) and vertical
sections at Ady=0 (Figs 7c and d) of the density anomaly showed
a core centered at around 500x10% Pa reached to its maximum of
0.18 kg/m3 and 0.24 kg/m3 in T1 and T2 period. Horizontal fields
of T’ at typical levels provided further insights into the eddy’s T
structure (Fig. 5). The composite AE showed a maximum T’ with
magnitude >1.2 (1.5)°C near the eddy centers between 450x10* to
600 x10% Pa in T1 (T2) period. In addition, the anomaly mag-
nitudes were relatively small below 750x104 Pa. The warming
centers can be easily identified at each depth. The eddy struc-
tures in the upper layer were irregular in both T1 and T2 period,
which was supposed to be related with the climatic cold T'. The
maximum 7’ of the observed AE was comparable with previous
results in the study region (Liu et al., 2012; Yang et al., 2013) The
major difference is that the maximum 7’ of the mesoscale eddy
were around at 200 m in the previous results of, but our observed
AE was much deeper reaching 500 m.

3.2.2 Sstructures

The vertical profiles of ' (maximum within the eddy core)
were shown in Fig. 4b. Generally speaking, the S’ induced by AE
exhibited an interesting sandwich-like pattern with two parts of
negative anomalies separated by positive anomalies at about
320x104-650x10 Pa. The maximum of S’ can reach to 0.04 (0.07)
psuin T1 (T2) period. This structure was also clearly represented
in the vertical sections of S’ at Ady=0 across the composite AE
(figures not shown). The vertical distribution of the salinity shows
a sandwich-like pattern, and at the surface the salinity anomaly
was negative, which remind us there should be much fresh wa-
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Fig. 4. Vertical profiles of temperature anomaly (a), salinity anomaly (b), density anomaly (c), and vorticity (maximum within the
eddy core) (d) inside the composite AE. The blue (red) lines denote the values in T1 (T2) period.
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Fig. 5. T fields (°C) of the composite AE at 50x10%, 250x10%, 450x10%, 600x10%, 750x10% and 900x10* Pa during periods T1 (a) to T2 (b).
The contour interval is 0.01°C and the units of the X-axes (Adx) and Y-axes (Ady) are both kilometer.

ters on the surface probably induced by precipitation. At first, the ~ subsurface high-salinity North Pacific Tropical Water (NPTW)
distributions of main water masses in the study region were  (Suga et al., 2000) and the low-salinity North Pacific Intermedi-
briefly examined. There are two important water masses: the  ate Water (NPIW) (Talley, 1993). The most striking modification
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of NPTW in the study region is its prominent freshening, which is
more prominent in the surface ocean due to intensive diapycnal
mixing with fresh surface water formed under the heavy precipit-
ation (Qu et al., 1999; Li and Wang, 2012). It also demonstrated
that the eddy T/S patterns are essentially determined by the wa-
ter mass stratification. Therefore, it was suggested that the sur-
face freshwater from the heavy rainfall (Qu et al., 1999; Li and
Wang, 2012) subducted and formed the negative S’ between
100x10% and 350 x10% Pa. Then the NPTW and NPIW were in turn
lowered by the downward motions of the AE, making the forma-
tion of the positive S’ between 350x10% and 650x104 Pa and the
weak negative S’ below 650x104 Pa, separately. The horizontal S’
fields (shown in Fig. 6) were relatively irregular compared with
the T fields, the eddy centers were not discernable in some lay-
ers, especially in T2 period. This is probably due to the differ-
ences between the background T and S fields (Yang et al., 2013)
and small-scale process in this region, such as thermohaline in-
trusions can also disorder the S field (Rudnick et al., 2011; Li and
Wang, 2012. The observed AE was just situated between the Kur-
oshio extension region and the subtropical region. Compared
with previous studies, the S’ structure of the observed AE showed
more similar pattern with the composite eddies in the subtropic-
al region with a sandwich-like structure (Liu et al., 2012; Yang et
al., 2013). However, their difference is that the observed AE
showed larger vertical content of surface fresh water reaching 300
m compared with previous results of only 100 m.

3.2.3 Velocity structures

The vertical sections of the composite geostrophic current ve-
locity anomaly V' at Ady=0 were shown in Figs 7a and b. It was
clearly discernable that the AE greatly intensified in velocities
from T1 to T2 period. In T1 period, V' was generally smaller than
0.13m/s. As time went on, V' exceeded 0.18 m/s in the surface
and still reached to 0.13 m/s at the intermediate-layer depths in

-150
-50 30

Ady/km

T2 period, which was even comparable with the surface V' mag-
nitude in T1 period. The maximum V' was observed in the upper
0-100 m layer for T1 period and 0-200 m for T2 period. Com-
pared the velocity fields between T1 and T2 period, it was dis-
cernable that the eddy’s influence on the subsurface ocean was
even more significant with its growth. These features were also
clearly represented in the horizontal images shown in Fig. 8.
Combining with the vertical distributions of the eddy vorticity
(Fig. 4d), which was defined as the maximum vorticity within the
eddy core, it was found that the growth and intensification of AE
is significant between the two growth phase of the eddy.

3.3 Eddy-induced volume transport

In Sections 3.2, the three-dimensional structure of the AE was
relatively well described with the combination of altimetry data
and Argo profiles. Then the AE’s contribution to volume, heat
and salt transport can be further estimated based on its three-di-
mensional structure. The water volume can be effectively trans-
ported within the eddy core only when the eddy is sufficiently
nonlinear, which means the rotational speed should exceed the
propagation speed of the eddy (Flierl, 1981; Chelton et al., 2007,
2011b; Early et al., 2011). Thus we firstly calculated the "trapping
depth" separately in the two different periods. The average of the
swirl velocity on the edge of the eddy core was computed as the
rotational speed of the AE at each level. The propagation speed
was the mean value within each period as mentioned in Section
3.1. The vertical profiles of the rotational speed and the mean
propagation speed were shown in Fig. 9. The vertical extent of the
trapped water volume in the composite AE can reach to 400x
10* Pa (580x10% Pa) in T1 (T2) period. It showed that the trapping
depth increased significantly with the AE’s westward propaga-
tion, which means that the AE can transport much deeper water
as it was growing up. Therefore, the water volume trapped within
the eddy was estimated by the integrated volume of the eddy core
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-0.15

Fig. 6. S fields (psu) of the composite AE at 50x10%, 250x10%, 450x10%, 600x10%, 750x10% and 900x10* Pa during periods T1 (a) to T2
(b). The contour interval is 0.008 and the units of the X-axes (Adx) and y-axes (Ady) are both kilometer.
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Fig. 7. Vertical sections of the zonal geostrophic current anom-
aly v (m/s) of the composite AE at Adx=0 during T1 (a) and T2
(b) period (The contour interval is 0.01 m/s and the dashed lines
indicate the zero contours), and vertical sections of the density
(black contours; in kg/m?3) and density anomaly (color shading;
in kg/m3) of the composite AE at Adx=0 during T1 (c) and (d)
period (The black contours’ interval is 0.2 kg/m3).

above the trapping depth, which was about 1.1x10!3 m?3 (2.2x
1013 m?3) in T1 (T2) period. Spread over the observation period of
nearly four months, the mean westward water volume transport
of the AE can be 0.17 x106 m3/s, which was comparable with pre-
vious studies of eddy volume transport (Chaigneau et al., 2011).

To estimate how much heat and salt is being transported by
AEs, we calculated the available heat and salt content anomalies
(AHA and ASA ) per meter on the vertical:

AHA = / pC,T'dA, )

ASA = 0.001 /pS’dA., ®)

where p is the density (in kg/m?), C, is the specific heat capacity
(4000 J-kg/K), and T, S’ are integrated over the area (A) of the
composite eddy delimited by the ellipse. The factor 0.001 con-
verts salinity to salinity fraction (kg of salt per kg of seawater).
Figures 10a and b showed the vertical profiles of AHA and ASA
within the composite AE, respectively. It can be clearly seen that
both of the AHA and ASA in the eddy growing stage (T2) was lar-
ger than growing stage (T1). In the core of the composite AE,
maximum AHA was larger than 1.7x1017 (2.5x1017) J/m whereas
ASA was larger than 0.9x10° (1.7x10%) kg/m during T1 (T2) peri-
od. Corresponding to the vertical distribution of §', the negative
ASA between 100x10* and 350x10* Pa was speculated to be re-
lated with the subduction of surface freshwater caused by the

heavy rainfall (Qu et al., 1999; Li and Wang, 2012). In T1 period,
the local maximum AHA and ASA, which was deeper than 400 m,
was however not trapped and thus not transported by the AE
based on Fig. 9. Integrated from the surface to the trapping depth
(400 m for T1 and 580 m for T2), the total available heat and salt
content anomalies transported by AE can reach to 3.3x1019 ]
(3.7x1019]) and -2x10! kg (-2.3x1010 kg) during T1 (T2) period.
Spread over the observation period of nearly four months, the
mean anomalies of heat and salt transports of the AE can reach
3.6x10'! W and -2.1x10% kg/s, respectively. In the study region,
previous studies have focused on the regional composite analys-
is of mesoscale eddies, majorly including eddies’ averaged hori-
zontal and vertical structures (Liu et al., 2012; Yang et al., 2013;
Sun et al.,, 2017), the ASA and AHA induced by the eddy were
rarely discussed. Compared with other results in different
oceans, the observed AE was exceptional with large negative ASA,
which usually should be positive values. This was also supposed
to be related with the surface freshwater induced by the heavy
rainfall.

3.4 Energy analysis of the AE

The mean vertical profiles of the EPE and EKE inside the
composite AE were shown in Figs 11a and b. Following Oey
[2008], the EPE was determined as

/

Y
(5]

_ g
EPE_W , (6)

17

o™

where N? is the square Brunt-V frequency, g is the gravitational
acceleration, p’ is the density anomaly and po is the mean dens-
ity of sea water. The mean vertical distribution of EKE (Fig. 11b)
was generally consistent with the distributions of velocity with a
notable intensification as the eddy propagated westward. It was
found that the either of the maximum of eddy relative vorticity,
velocity and EKE were maintained at the sea surface indicative of
the strong baroclinicity of the AE. Both of the amplitude of V'(Figs 7a,
b) and EKE show slow decay beneath 600x10* Pa. However, the
EKE showed a rapid reduction from the sea surface to 600 dbar
with only 10.6% (14.7%) of EKE left beneath that level in T1 (T2)
period. Differently, large values of EPE appeared around the eddy
center at 450x104-600x10* Pa similar to the distribution of dens-
ity anomaly (Figs 7c, d) and T’ (Fig. 11a), which was due to the
lifting isopycnals. The fluctuations of the thermocline inside the
eddy can be described by the value of EPE to a large extent. The
large EPE values of the AE can be regarded the sources of intensi-
fied mesoscale activity at subsurface (Roullet et al., 2014)

As the AE propagated westward, it grew from relative weak in
March to its strongest in July. The EKE increased greatly from
June to July (Fig. 3c). Thus the energy sources of the AE were fur-
ther examined. According to previous studies, the baroclinic in-
stability (BCI) is the main eddy energy source over most oceans
(Stammer, 1997; Wang and Ikeda, 1997; Qiu, 1999). Meantime
the background velocity was difficult to determine, which resul-
ted in the barotropic instability cannot be estimated. Therefore,
we majorly examined the BCI during the different stages of the
eddy growth. Following Oey (2008), the BCI was defined as

BCI = —

g (-50p  ——0p
Nz Pua""ﬂva*y ) N

where the overbar stands for time mean, and the others are
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standard. If we estimate N? from the WOA13 climatology, the BCI
of the AE in vertical can be estimated, which was shown in Fig. 11c.
It was discernable that the BCI kept positive in whole depth,
which indicated the eddy drains energy from the mean available
potential energy field. The significant different values of BCI
between T1 and T2 period indicated that the AE drained increas-

ing energy from the mean background current through BCL. If we
assumed the time difference between T1 and T2 period was 2
months, then the proportion of the energy variance of total eddy
energy (TEE, sum of the EKE and EKE) between the two periods
associated with BCI can be estimated. The depth-integrated cal-
culation indicated that the BCI can provide 63.8% of the TEE vari-
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ance between T1 and T2 period. Obviously, the BCI was the ma-
jor source of energy for the growth of the observed AE. This res-
ult was consistent with previous studies that the background cur-
rents passed energy to the mesoscale eddy which led to the con-
tinuing growth of the eddy and the BCI was the main energy
source of eddy evolution in the study region (Qiu, 1999). This in-
dicated that the vertical shear of the background currents were
more significant than the horizontal shear, during the energy
transfer from background currents to mesoscale eddies in the
study region.

4 Discussion

The evolutions of the AE detected by SLA and the variations of
Argo floats’ distributions were shown in Fig. 2. It was discernable
that the Argo floats’ movements were directly modulated by the
AE, which may indicate indirectly the eddy can actually trans-
port the water bolus from remote to the local region. The mean
displacement and speed of these Argo floats can reach to 349 km
and 13 km/d. At the beginning, 17 Argo floats were intensively
deployed in the AE; 11 Argo floats were still trapped at the end of
T1 period and only 6 Argo floats remained with others drifted
away from the AE at the end of T2 period. The relative distances
(r,) of these 6 Argo floats to the eddy center are shown in Fig. 12a.
The r,, was defined as r/R,, where r is the radial distance from the
center of the eddy and R, is the radius of the AE identified by the
method of Okubo-Weiss. The results showed that the distribu-
tions of Argo floats trapped within AE were relative irregularly,
being alternating moving far away or close to the eddy center.
The relation between Argo floats’ distribution and the fluctu-
ations of the isopycnal (26.0 kg/m?) corresponding to each Argo
floats were also examined (Figures not shown). It was found that
the fluctuations of the isopycnal and the r, showed same signs
during the whole observation, of which the correlation coeffi-
cient reaching 0.65+0.09. This result may indicate that over time

the horizontal movements of the Argo floats were related with the
eddy-induced vertical fluctuations to some extent, which need
further studies with more Argo projects within mesoscale eddies.
Furthermore, we statistically defined that if the distance between
the Argo float and the eddy center was no less than 1.5 r,, then
this Argo float was thought to be trapped within the AE. De-
pended on this criterion, the percentage of the remaining
trapped Argo floats can be given through the eddy growth (Fig. 12d).
It was obviously that the percentage was decreasing as time went
on and at last only six Argo floats were still trapped by the AE. Ex-
cept, during the T1 period, over 80% of the Argo float were
trapped within the eddy and the percentage remained constant,
but during the T2 period, the percentage rapidly decreased,
which is just corresponding to the variation of eddy’s radius,
amplitude and EKE (Fig. 3). This phenomenon may indicate that
the water bolus that initially trapped within the eddy would not
maintain all the time during the eddy’s growth as a result of wa-
ter advection or mixing with the surrounding background field.
And the intensity of the exchange process of water parcels
trapped within the eddy was closely related with the speed of
eddy growth.

5 Summary

Based on multi-satellite altimetric SLA and 17 Argo floats
(World Meteorological Organization (WMO) IDs 2901550~
2901566) T/S data profiles from March 25 to July 30 in 2014, this
study provided a comprehensive description of the three-dimen-
sional structures of an AE in the STNWP. The AE generated near
the Kuroshio Extension and propagated westward with mean
speed of 8.9 cm/s. The eddy had a lifetime of more than 4 months
with the maximum radius of 118 km and maximum SLA reach-
ing 17.7 cm. During the eddy growth, it is found that during the
first half, the eddy radius, amplitude and EKE remain stable, but
in the second half the eddy begin to grow rapidly. Three-dimen-
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maining trapped Argo floats (b). Different colors represent differ-
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sional structures of an AE were examined through composite
analysis in eddy’s growing and further growing stage, respect-
ively. The results provided 7/S anomalies, density and velocity
images of eddies in detail. The vertical section of the isopycnals
showed clearly downward displacements with maximum of 80
cm. The AE exhibited T, S and density anomalies with maximum
reaching 1.7 (1.9)°C, 0.04 (0.07) psu and 0.18 (0.24) kg/m3 within
the eddy core in T1 (T2) period. Corresponding to the concave-
down isopycnals, the vertical patterns of the T anomaly were al-
most positive in the whole depth. Interestingly, the AE showed a

sandwich-like S anomaly pattern only with anomalies at 350x10*-650x10* Pa
were positive. This structure is probably depended on the vertic-
al distribution of the water mass and the freshwater at sea sur-
face due to the heavy rainfall.

It was discernable that the eddy’s influence on the subsurface
ocean was even more significant with its growth. The trapping
depth increased from 400x10% to 580x10# Pa, which means that
more water volume, heat and salt content in deeper layers can be
trapped and transported while it was growing up. In this work, we
mainly consider the transport by the observed single eddy.
Spread over the observation period of nearly four months, the
mean volume flux of water trapped within the AE is about
0.17x10% m3/s. The mean anomalies of heat and salt transports of
the AE during the whole observation period are of 3.6x10'! W and
-2.1x10% kg/s, respectively. The AE showed the strongest signal at
the surface in terms of the velocity, vorticity and EKE, none of
which showed much variation beneath 600x104 Pa. But the EKE
hugely reduced from surface to 600x104 Pa. with only 10.6%
(14.7%) of EKE left beneath that level in T1 (T2) period. The posit-
ive BCI in almost full depth indicate that it is the main energy
source for the eddy growth and based on our calculation the BCI
can provide 63.8% of the TEE variance between the two periods.
The changing percentage of the remaining trapped Argo floats in-
dicate that the water bolus that initially trapped within the eddy
would not maintain all the time during the eddy’s growth as a
result of water advection or mixing with the surrounding back-
ground field. And the intensity of the exchange process of water
parcels trapped within the eddy was closely related with the
speed of eddy growth.

These results will be helpful for the validation of regional
models and investigation the relations between ecosystems and
eddies. In turn, regional models could help us explain the exact
mechanisms of the eddy formation and dissipation and estimate
the eddy-induced transport more precisely.
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