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Abstract Mesoscale eddies are common oceanic phenomena. Although many related studies have been
conducted, the ability for mesoscale eddies to carry real particles remains poorly addressed. We considered
the drifters as real particles to characterize the capability of mesoscale eddies to carry particles. Firstly,
mesoscale eddies in the northwest Paciﬁc (99°E–180°E, 0°–66°N) were identiﬁed using sea level anomaly
(SLA) data from 1993 to 2015. Secondly, three important parameters (the carrying days, the number
of circles the drifter revolving around the eddy center, and the carrying distances) were calculated by
colocalizing eddy data with drifters. Finally, statistical analysis and composite analysis were conducted,
reﬂecting the capability of mesoscale eddies to carry particles. The mechanisms on the carrying capability
of eddies were also discussed. Results show that (1) the motion of carried drifters reﬂects the upper limit
of rotational speed of eddies that the drifters revolve around the eddy center by  90° for one day in most
cases; (2) the drifters tend to be carried for a longer time when their minimal distances to the eddy center
measured with normalized distance are small; (3) there are two types of eddies (cyclonic and anticyclonic
eddies) in diﬀerent subregions of northwest Paciﬁc, and each has a diﬀerent carrying capability (on average,
similar in the tropical ocean and Subtropical Countercurrent, cyclonic eddies tend to have stronger carrying
capability in Southern Kuroshio Extension, and anticyclonic eddies tend to have stronger carrying capability
in Northern Kuroshio Extension and Subarctic Gyre); (4) on average, the carried drifters tend to travel for a
longer time around the normalized eddy radii ranging from 0.41 to 0.76; (5) the carrying days are related to
the Rossby number of the eddy (in general when the Rossby number is smaller, the carrying days are longer).
Keyword: mesoscale eddy; drifter; Rossby number; composite analysis; carrying capability

1 INTRODUCTION
Mesoscale eddies are nearly ubiquitous throughout
oceans, usually range from 10 to 100 km in diameter
and persist from days to months. At present,
knowledge of mesoscale eddy is gradually deepening
because a variety of ocean observation methods are
currently available. An eddy study often begins with
eddy identiﬁcation, for which various data are used
for the detection, such as sea surface height (SSH),
sea surface temperature (SST), chlorophyll
concentration, and sea surface velocity. Of these data,
sea surface height (SSH) data are the most widely
applied (Wang et al., 2003, 2019a, 2019b; Jia and Liu,
2004; Chelton et al., 2011; Duo et al., 2019; Li et al.,
2019). In the past 20 years, extensive studies focused

on eddy identiﬁcation, statistical characteristics, and
the structure and transport of mass, heat, and salt, but
the ability of mesoscale eddies to carry real particles
has not been addressed well. Zhang et al. (2015)
investigated the dynamical processes within an
anticyclonic eddy with the combination of Sea Level
Anomaly (SLA) data and Argo data, where Argo
ﬂoats revealed the motion of particles in anticyclonic
eddies, by which this study was inspired.
Many studies about mesoscale eddies in the
northwest Paciﬁc or its subregions revealed their
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features and structures (Yang et al., 2013; Qiu et al.,
2014; Zheng et al., 2014; Dong et al., 2017; Dai et al.,
2019). For example, Yang et al. (2013) found that
eddy occurrence frequency is prevailingly high in the
Subtropical Countercurrent zonal band between 19°N
and 26°N. Zheng et al. (2014) found that the oﬀshore
northwest Paciﬁc, northern Kuroshio Extension,
Subtropical Counter Current are high frequency of
eddy occurrence, and the distribution of eddy polarity
shows a diﬀerence in the south (north) of the 35°N
with more cyclonic eddies (anticyclonic eddies).
Dong et al. (2017) studied the three-dimensional
structures and transports of mesoscale eddies in
Northwestern Paciﬁc Ocean encompassing the
Kuroshio Extension (KE) by combining satellite data
with Argo proﬁles. Dai et al. (2020) studied
spatiotemporal variation of the three-dimensional
structure and heat/salt transport of an anticyclonic
mesoscale eddy based on 17 Argo ﬂoats in the
northwest Paciﬁc.
Satellite-tracked drifting buoys (hereafter referred
to as “drifters”) of the Global Drifter Program (GDP)
have been collecting near-surface ocean current
observations since 1979. Since these drifters have a
drogue (sea anchor) centered at the depth of 15 m,
their trajectories thus reﬂect the motion of nearsurface ocean currents (Niiler, 2001; Lumpkin and
Pazos, 2007), and the total current measured by a
drifter comprises the geostrophic current, the Ekman
current, and a number of other ageostrophic currents
(Rio, 2012; Zhang and Qiu, 2018).
Previous studies combining drifter and mesoscale
eddy data focused on eddy identiﬁcation based on
drifter trajectories (Dong et al., 2011; Li et al., 2011)
and the investigation of eddy’s surface velocity
(Zhang and Qiu, 2018; de Marez et al., 2019). For
example, Li et al. (2011) detected eddies in the
northern South China Sea from drifter trajectories
(1979–2010) using a geometric method, statistically
characterized the spatial and temporal patterns of
mesoscale eddies, and then revealed the relationship
between the patterns and the sea surface height
anomaly (SSHA). Using the global surface velocity
measurements by drifters, Zhang and Qiu (2018)
showed that the submesoscale ageostrophic kinetic
energy exhibits unexpected global-mean features
through the life cycle of mesoscale eddies.
As a single drifter can be treated as a real particle
due to its water-following feature, it is also possible to
investigate the ability of mesoscale eddies to carry
drifters by colocalizing the drifters and eddies. In this
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study, by combining the SLA data and the drifter data
in the northwest Paciﬁc (99°E–180°E, 0°–66°N) from
1993 to 2015, the method of colocalization and
composite analysis were used to characterize the
capability of mesoscale eddies (identiﬁed from the
SLA data) to carry drifters. The interpretation of the
carrying capability of eddies was also provided by
introducing Rossby number.
The paper is organized as follows: Section 2
describes the data and methods employed in this study;
Section 3 investigates the statistical characteristics of
carrying process and discusses the mechanisms. The
conclusions are presented in Section 4.

2 DATA AND METHOD
2.1 Data
SLA data were employed for mesoscale eddy
identiﬁcation. The satellite altimetry data used in this
study were obtained from the sea level anomaly
delayed-time product recorded from January 1993 to
December 2015 in the northwest Paciﬁc (99°E–180°E,
0°–66°N). These SLA data have a spatial resolution
of 0.25°×0.25° with an one-day interval. The data are
distributed by the Archiving Validation and
Interpretation of Satellite Data in Oceanography
(AVISO) supported by the Centre National d’Études
Spatiales (CNES) of France (http://www.aviso.
altimetry.fr/en/data/products/sea-surface-height-products/
global.html). As the data contain aliases over the shelf
area (Yuan et al., 2006), the records of eddy over the
shelf shallower than 200 m were removed.
The Global Drifter Program (GDP) satellitetracked quality-controlled 6-hourly interpolated data
from ocean surface drifting buoys are provided by the
National Oceanic and Atmospheric Administration
(NOAA)
(ftp://ftp.aoml.noaa.gov/pub/phod/
buoydata/), and drifters in the northwest Paciﬁc from
1993 to 2015 were selected. In this study, the primary
drifter data contain the information of longitude,
latitude, and time (6-hourly). The drifter data with
position (drifter trajectories) were used to be
colocalized with the eddies for studying the eddy
carrying capability. The spurious low-frequency
variability in drifter velocities was removed (Lumpkin
et al., 2013) before the study and very few drifter data
were interpolated in the case of record missing in the
study. Drifter motion is mainly aﬀected by sea surface
velocity and wind speed. Drifting caused by wind is
known as the downwind “slip” (drifter motion with
respect to water motion at a depth of 15 m), which is
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Fig.1 Diagram of eddy identiﬁed from SLA
The diagram shows one SLA map of an area in the northwest Paciﬁc.
The blue lines surround cyclonic eddies that have centers lower than their
edges, and the red dashed lines surround anticyclonic eddies that have
centers higher than their edges.

only ~0.1% of the wind speed for winds up to 10 m/s
(Niiler et al., 1995). Therefore, drifters can be
regarded as particles that are carried along with the
current and have little relationship with the wind
speed impact.
The daily sea-surface geostrophic velocity anomaly
data were employed in the composite of eddy velocity
ﬁeld. The daily surface geostrophic eastward and
northward seawater velocity assuming sea level for
geoid (geostrophic velocity anomaly u′ and v′) were
provided by the Copernicus Marine Environment
Monitoring Service (CMEMS) (http://marine.
copernicus.eu/). The Global ocean gridded L4 Sea
Surface Heights and Derived Variables Reprocessed
Product are gridded on a grid of 0.25×0.25° with
temporal resolution of one day. This product was
processed by the SL-TAC multimission altimeter data
processing system. It processes data from all altimeter
missions: Jason-3, Sentinel-3A, HY-2A, Saral/AltiKa,
Cryosat-2, Jason-2, Jason-1, T/P, ENVISAT, GFO,
and ERS1/2. The geostrophic velocity anomaly is
derived from SLA data computed with an optimal and
centered computation time window (6 weeks before
and after the date).
2.2 Eddy identiﬁcation and tracking methods
The method of eddy identiﬁcation and tracking
used in this paper were employed by Ni (2014), Wang
et al. (2018), and Zhang et al. (2018). The SLA
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contour-based eddy identiﬁcation method was
modiﬁed from two similar methods applied by
Chaigneau et al. (2009) and Chelton et al. (2011). In
detail, the SLA contour lines (isolines), which stand
for diﬀerent values of the SLA, are plotted at an
interval of 0.5 cm (Zhang et al., 2018). The geometric
innermost closed contour is treated as the eddy center
and the outermost closed contour as the eddy edge.
Taking one SLA map of an area in the northwest
Paciﬁc as an example, eddy identiﬁed from it is based
on the above-mentioned method as presented in Fig.1.
The method is superior to the Okubo-Weiss method in
the aspect of accuracy and correctness (Souza et al.,
2011).
The eddy tracking is based on similar function, in
which the degree of resemblance of two eddies was
compared in the successive time steps of the dataset
(Chaigneau et al., 2009; Chelton et al., 2011; Zhang et
al., 2018). From the SLA data, the sea-surface
geostrophic velocity V(u′, v′), eddy kinetic energy
(EKE=1/2(u′2+v′2)) and eddy vorticity (  

v ' u '
)

x y

are derived according to the geostrophic balance
relationship. The eddy tracking adopts a similar
function S(e1,e2):
2

2

2

2

 D   R   EKE    
,
S (e1 , e2 )        
 
-6 
 50   10   10   1.3  10 
where δD, δR, δEKE, δζ are the distance and the
diﬀerences in eddy radius, eddy kinetic energy, and
vorticity between eddy e1 (in current time step t) and
e2 (in next time step (t+δt), δt=1 day) of the same type
(cyclonic or anticyclonic), respectively. The algorithm
selects the eddy pair S(e1,e2) with minimal value and
then considers this pair to be the same eddy that is
tracked from t1 to t2 (Chaigneau et al., 2008).
The method of judging whether the two eddies
refer to the same eddy is not based on the threshold
value. It judges the same eddy as follows. When two
similar eddies refer to the same eddy, the similar
function will have a small value. For eddy e1 in time
step t, the eddy e2 within searching radius L with the
minimum similar function S(e1,e2) among eddies in
time (t+δt) is regarded as the same eddy in consecutive
time steps (Zhang et al., 2018; Dai et al., 2019). When
no eddy is detected within searching radius in time t,
the searching radius will extend to 1.5L in time (t+2δt)
for extra searching as Nencioli et al. (2010) performed.
If still no eddy detected, the detection of one eddy
track is completed. The extra searching is conducted
because eddies may vanish between successive SLA
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Fig.2 Normalized radius and azimuth
a and b respectively show the calculation of the normalized radius of drifter D inside and outside the eddy, where E is the eddy center. As A is on the eddy
edge, its normalized radius in the direction of ray ED is 1. The normalized radii of other points on the ray are calculated with reference to A. The drifter
azimuth is positive in a but negative in b.

maps, particularly if they pass into the gaps between
satellite ground tracks (Chaigneau et al., 2009). The
searching radius L in this study is set as 50 km based
on many factors, including eddy propagation speed
(Chaigneau and Pizarro, 2005; Chelton et al., 2011),
the accuracy error and spatial resolution of SLA data,
and the risk of mismatching diﬀerent eddies (Nencioli
et al., 2010). We have selected 50 km as the searching
radius, which indeed gives good eddy tracking results.
The eddy trajectories were obtained and numbered
after tracking. After detecting and tracking, the eddy
parameters were recorded or calculated, including the
number, time, lifespan, type (cyclonic or anticyclonic),
mean radius and amplitude, and the longitude and
latitude of eddy centers and edges of eddies.
2.3 Methodology of colocalization and composite
analysis
Mesoscale eddies possess the ability to carry a
water mass in motion (Zhang et al., 2013). In order to
characterize the drifter-carrying capability of
mesoscale eddies, we implemented the algorithm of
colocalization and composite analysis employed by
de Marez et al. (2019). The algorithm of colocalization
allows determining if a surface drifter lies inside or
outside an eddy detected by the above algorithm.
Every day, we seek all drifters collected. Then, for
each eddy detected on this day, we check if a drifter is
inside the eddy. If this condition is met, the drifter is
ﬂagged as “colocalized”.
The dimensionless location related to the eddy

center was computed for each colocalized drifter
location. The dimensionless location comprises of the
normalized radius λ and the azimuth θ. In Fig.2, the
normalized radius is deﬁned as λ=d/a, where d is the
distance between the eddy center and the drifter
location, and a is the local radius of the eddy computed
by ﬁnding the intersection between the eddy edge and
a straight line that passes through the center of the
eddy and the drifter position. If λ=0, the drifter is
collected at the center of the eddy. If λ=1, the drifter is
collected on the edge of the eddy. The azimuth θ increases
counterclockwise from -180° (due west) to 180°.
The drifter-carrying processes of mesoscale eddies
were named carrying processes that are deﬁned in this
paper as follows:
1) The drifter is under the inﬂuence of the eddy
throughout the process (in this paper, we suppose that
the inﬂuence range of the eddy is λ≤1.5).
2) At least one record of λ≤1 exists (i.e. the drifter
has entered the eddy).
After colocalization, the normalized radius λ, and
azimuth θ of each pair of eddies and drifters were
calculated. Then, the carrying processes were
extracted according to the above deﬁnition, and the
following parameters were calculated: the carrying
days (the number of days from the day when λ≤1 for
the ﬁrst time to the day when λ≤1 for the last time
during the carrying process). The circles (the number
of times the drifter completes moving around the
eddy center during the carrying days) and the carrying
distance (in this paper, it means the distance between
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Fig.3 Diagram of a carrying process
The dots and irregular closed curves labeled with corresponding dates stand
for the center and edge of a propagating eddy (No. 147333). The black
dash-dotted line and the blue solid line indicate the trajectory of the eddy
center and the drifter (No. 92981) during the carrying process respectively.
The starting point A and the end point B indicate where the drifter starts to
be carried and terminates being carried by the eddy. The black dashed line
displays the distance between A and B.

the starting point and the end point of carrying days,
e.g. the distance between A and B indicated by the
black dashed line instead of the blue solid line in
Fig.3). It is noted that the large value of these three
parameters reﬂect a strong drifter-carrying capability.
The parameters along with λ and θ are known as
carrying parameters. The circles are computed
according to θ (which is of six-hourly temporal
resolution) in the formula:
The circles 

n 1

 
i 1

i

/ 360,

i 1  i  360, (i 1  i <-180)

i  i 1  i ,
(-180  i 1  i  180)
    360, (   >180)
i 1
i
 i 1 i
n stands for the carrying days,
in which the change of the azimuth per day is supposed
no more than 180°. The circles mean the number of
the circles that the drifter has completed moving
around the eddy center during the carrying process.
Figure 3 demonstrates a carrying process of a
cyclonic eddy occurred in the southwest of Honshu
Island of eddy No. 147333 and drifter No. 92981,
which last for 93 days. The distance between the
starting point A and the end point B is 474 km
(illustrated by the black dashed line) and the drifter
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made complete circles around the eddy center for
about 7 times. It should be note that one eddy or one
drifter may participate in more than one carrying
process.
For a carrying process, when the drifter moves
inside where λ≤1.5 (in this study) of the eddy, the
normalized radius λ will change along with the time.
When a drifter is closest to the eddy center, its
normalized radius shall have the minimum value, the
minimal λ is regarded as λ0, and the corresponding
time (called relative time τ in this study) is set to be 0.
Based on the relative time τ, the λ of carrying processes
could be composited. In addition, λ0 reﬂects the
degree that the drifter penetrates into the eddy during
the carrying process.
Composite analysis is commonly utilized for the
construction of eddy structures (Chaigneau et al.,
2011; Ni, 2014; Dong et al., 2017; Zhang et al., 2018;
Zhang and Qiu, 2018; Dai et al., 2019; de Marez et
al., 2019; Yang et al., 2019). Assuming that all the
eddies of the Peru-Chile Current System exhibit
similar 3D structures, Chaigneau et al. (2011)
employed composite analysis using a coordinate
system (Δx, Δy) where each CTD proﬁle is located
respectively to the corresponding eddy center
(Δx=Δy=0). Drifters in carrying processes localized
relative to their corresponding eddy centers were
investigated by a similar composite analysis using a
coordinate system (λ, θ). Cyclonic eddies and
anticyclonic eddies were studied respectively in
composite analysis.
In order to examine the composite results in
diﬀerent locations, according to the previous study on
the mesoscale eddies in the Paciﬁc Ocean (Yang et al.,
2013; Qiu et al., 2014; Zheng et al., 2014; Dong et al.,
2017), the subregions were divided according to the
latitude belongs to 0°–18°N, 18°N–25°N, 25°N–35°N,
35°N–42°N and 42°N–66°N, representing the tropical
ocean (TO), the Subtropical Countercurrent (STCC),
the Southern Kuroshio Extension (SKE), the Northern
Kuroshio Extension (NKE), and the Subarctic Gyre
(SAG) in the northwest Paciﬁc, respectively. Figure 4
demonstrates the subregion division. We conducted
the composite analysis for each subregion.
The sea-surface velocity ﬁelds provided by the
Copernicus Marine Environment Monitoring Service
(CMEMS) for eddies were also composited for further
study. A serial of preprocessing was done to realize
this. Using the colocalization algorithm, the grid
position (in longitude and latitude) of velocity ﬁeld
corresponding to an eddy is described with the
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3 STATISTICAL CHARACTERISTICS
AND ANALYSIS OF CARRYING
PROCESS

coordinate system (λ, θ). Then we used the Data
Interpolating Variational Analysis (DIVA) method
(Troupin et al., 2012; see Section 2.6 in Dai et al.,
2020; Song et al., 2019) to interpolate the velocity on
an equal mesh-size grid. The velocity ﬁeld for each
eddy is thus convenient for composite.

3.1 Basic statistical fact
3.1.1 Mesoscale eddy
A total of 151 600 eddy trajectories were identiﬁed
using the SLA of the northwest Paciﬁc; of these
79 937 were cyclonic eddies and 71 663 were
anticyclonic eddies (ratio of approximately 1.115:1).
Figure 5 shows the sum of the numbers of eddy
centers which passed through each 2°×2° square
during the period 1993–2015. Both types of eddies
are active in several areas, including the south and
east of Taiwan, China, the south of Kyushu, the east
of Honshu and Hokkaido, the vicinity of the Kuril
Islands, the east of Kamchatka Peninsula, the southern
Japan Sea, Attu Island (173°E, 53°N). The maximum
values of both types were found to the east of the
Korean Peninsula in the Japan Sea (130°E–132°E,
36°N–38°N): 6 954 cyclonic eddies and 7 495
anticyclonic eddies.
The frequency distribution of eddy lifespans is
shown in Fig.6. The numbers of both cyclonic and
anticyclonic eddies decrease with an increase in eddy
lifespan, but there are generally more cyclonic eddies
than anticyclonic eddies. On average, the lifespan of
cyclonic eddies is 16.67 days (maximum of 564 days)
while that of anticyclonic eddies is 18.42 days
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Fig.4 The subregion division
The study region is the northwest Paciﬁc (99°E–180°E, 0°–66°N), which
is divided into ﬁve subregions by the dashed red line, representing the
tropical ocean (TO), the Subtropical Countercurrent (STCC), the Southern
Kuroshio Extension (SKE), the Northern Kuroshio Extension (NKE), and
the Subarctic Gyre (SAG) in the northwest Paciﬁc, respectively
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Fig.5 The sum of the numbers of cyclonic eddy centers (a) and anticyclonic eddy centers (b) that passed through each 2°×2°
square during 1993–2015
The squares in white stand for oceanic regions swallower than 200 m, where eddies are discarded due to signiﬁcant aliases from tides and internal
waves in SLA data there (Yuan et al., 2006).
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(maximum of 1 306 days), which reveals that the
lifespan of anticyclonic eddies is longer than that of
cyclonic eddies (on average).
3.1.2 Drifter
There were a total of 2036 drifters in the northwest
Paciﬁc between 1993 and 2015. Figure 7 demonstrates
the sum of the number of drifters that passed through
each 2°×2° square during 1993–2015. Drifter are
active in the regions in the vicinity of the Kuroshio
Current to the southeast of Taiwan, China, the
southern Japan Sea (130°E–132°E, 36°N–38°N),
which is also the region where eddies are most active)
and south of the Kuroshio Extension. The statistics in
these regions is more than 6 500 times. In the region
south of the Kuroshio Extension (142°E–156°E,
26°N–34°N), almost all the 2°×2° squares have values
of over 5 000. The statistics of drifters is related to the
location of drifter deployment and distribution and
the eﬀect of the current.
3.2 Carrying process
A total of 28 672 carrying processes were obtained
by matching drifter data with eddy data, comprising
15 243 cyclonic processes and 13 429 anticyclonic
processes (ratio of 1.135꞉1). It should be noted that
the number of carrying process can be (in principle)
larger than the number of drifters, because the same
drifter would be carried by more than one eddy more
than once. The sum of the numbers of the eddy centers
of carrying processes that passed through each 2°×2°
square is shown in Fig.8.
As shown in Fig.8, the statistics of cyclonic and

0°
100°

0
120°

140°

160°

E

180°

Fig.7 The sum of the numbers of drifters that passed
through each 2°×2° square during 1993–2015

anticyclonic eddies carrying processes is similar. The
high-frequency carrying regions, such as the Kuroshio
from the east of Luzon Island to the south of the
Kuroshio Extension and the southern Japan Sea, are
active regions of drifter and eddy. In addition, the
carrying processes of cyclonic eddies are more
frequent than anticyclonic processes in the region of
the Subtropical Countercurrent (STCC), which is
another region where carrying processes are active.
For the extreme data, two squares of anticyclonic
eddies have values over 90, but no squares of cyclonic
eddy have such large number. The statistics of
anticyclonic eddies carrying processes is denser than
that of cyclonic eddies carrying processes, as all the
local maxima of anticyclonic eddies carrying
processes are larger than those of cyclonic eddies
carrying processes. However, the total number of
anticyclonic eddies carrying processes is lower than
that of cyclonic eddies carrying processes.
The carrying days, circles, and carrying distances
are the three signiﬁcant indices representing the
carrying capability of eddy. For cyclonic (anticyclonic)
eddies, there are on average: 7.62 (7.61) carrying
days, 0.31 (0.29) circles, and carrying distances of
101.9 (101.5) km. The maximum values for cyclonic
(anticyclonic) eddies with respect to carrying days are
226 (182) days, circles of 22.39 (22.89), and carrying
distance of 938.3 (906.8) km.
The frequency distributions of carrying days,
circles, and carrying distances are shown in Fig.9.
The number of eddies decreases sharply with the
increase of the number of carrying days and circles.
The cyclonic (anticyclonic) carrying processes with
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less than 10 carrying days comprise 76.9% (76.5%) of
the total cyclonic (anticyclonic) carrying processes.
There are 95.5% cyclonic and anticyclonic eddies
carrying processes with circles of less than one, and
95.5% and 95.9% of the cyclonic (anticyclonic)
carrying processes have a carrying distance of less
than 300 km.
Figure 10 illustrates the local maximum value of
carrying days, circles, and carrying distances in each
2°×2° square. In detail, the value of one square is the
maximum of one parameter of carrying processes
originating in the square. Figure 10 concerns about
the initial position of eddy center at the beginning of
carrying processes with large value of carrying
parameters, showing the diﬀerences in eddy carrying
capability in diﬀerent regions. For cyclonic eddies,
the large values of circles are basically concentrated
on the southern region of the Kuroshio Extension
(140°E–160°E, 30°N–34°N), the eastern northwest

Paciﬁc (160°E–180°E, 18°N–36°N) and the Kuroshio
region. It should be noted that some of the regions
mentioned above are areas where eddies and drifters
are active. For the anticyclonic eddies, large values of
carrying days are scattered to the north of 20°N. In
contrast to cyclonic eddies, there are fewer carrying
days for anticyclonic eddies in the south of the
Kuroshio Extension (140°E–160°E, 32°N–36°N). In
addition, the maximum circles are distributed
dispersedly. For the carrying distances, the region
where the maxima of the anticyclonic eddies are
mainly concentrated is located at around 23°N and
36°N, while that of the cyclonic eddies is located at
around 18°N and 34°N.
The spatial distributions of carrying days, circles,
and carrying distances are shown in Fig.11. The
trajectories of drifters carried are presented in diﬀerent
colors (which represent the values of carrying days,
circles, and carrying distances of carrying processes).
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Figure 11 demonstrates the detailed trajectories of
drifters during the carrying process with diﬀerent
carrying capability. The statistics comprehensively
show the spatial diversity of the carrying capabilities.

Most of the carrying processes have small values for
these three parameters and they are widely distributed.
Now we discuss the distributions of the three
parameters respectively:
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(1) carrying days: the samples with the carrying
days over 40 days are distributed densely in the SKE
and the STCC (the NKE and the SAG) for cyclonic

(anticyclonic) eddies. The carrying days of the major
samples are less than 20 days in TO and mostly less
than 10 days along the Kuroshio;
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circles with an increase in carrying days. Some
carrying processes last for a long time; however, the
number of circles does not increase accordingly, and
this is explained in the discussion relating to Fig.11. It
is of note that for the same carrying days, there is an
upper limit of the number of circles. At a preliminary
estimate, circles ≤0.25×carrying days, which roughly
reﬂects the upper limit of the rotational speed of the
eddies. That is, in general, for particles rotating with
the eddy for one day, the angle that they move around
with respect to the eddy center does not exceed 90°.
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3.3 Composite analysis
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The 28 672 carrying processes were used as
samples in a composite analysis of cyclonic eddies
and anticyclonic eddies.

Fig.12 Scatter plot of relationship between circles and
carrying days

3.3.1 Relationship between minimum normalized
radius and carrying process

(2) circles: most of the cyclonic samples with
number of circles more than 4 are densely located in
the SKE, while the anticyclonic ones are scattered in
the NKE and SAG. Most samples in the study region
have circles less than 1;
(3) carrying distances: the cyclonic samples with
the carrying distances over 400 km are distributed in
the SKE and STCC, densely in the SKE in particular,
and some are distributed in TO within 5°N–10°N,
125°E–150°E. The anticyclonic samples with the
carrying days over 400 km are distributed in the NKE
and STCC, not densely distributed as the cyclonic
samples.
These results show that the carrying days, the
circles, and the carrying distances represent diﬀerent
aspects of the carrying capability of eddies and they
vary with the subregion and eddy type. 35°N seems to
be a separatrix for the carrying capability of two types
of eddies. It should be noted that the number of circles
and the carrying distance do not always increase with
an increase in the number of carrying days. If the
eddy moves fast in one direction, the carrying process
tends to have a small number of circles and a large
carrying distance. In contrast, if the eddy moves
slowly, the carrying distance tends to be small, and
the number of circles depends on the rotational speed
of the eddy.
The relationship between carrying days and circles
of mesoscale eddies is shown in Fig.12. Most of
carrying days of the carrying processes are very short,
as there are low numbers of both carrying days and
circles. Overall, there is an increase in the number of

To investigate the inﬂuence of the minimum
normalized radius, λ0 on the carrying processes, the
normalized eddy model is divided into four areas
(area1, area2, area3, and area4), in accordance with λ
belonging to (0, 0.25], (0.25, 0.5], (0.5, 0.75], and
(0.75, 1], respectively. The area outside an eddy is
area5. The carrying processes were grouped into
4 groups according to the smallest normalized radius
λ0 belonging to (0, 0.25], (0.25, 0.5], (0.5, 0.75], and
(0.75, 1], labeled g1, g2, g3, and g4, respectively. The
statistical results here are in the whole region rather
than in subregions.
Cyclonic eddies carrying processes are presented
in Fig.13, which shows the relative locations of
drifters in all four groups and relative time τ from -40
to 40 (with an interval of 10). As shown in Fig.13,
with the smallest λ0 among the four groups (i.e. nearest
to the eddy centers), λ0 of most drifters in g1 is within
0.75, when τ=-10 or τ=10. With an increase in absolute
relative time, the drifters move outward; however,
some are found to be within the eddies even at τ=-40
or τ=40. With respect to g4, the number inside eddies
decreases sharply at τ=-20 or τ=20, and they are rare
at τ=-30 or τ=30. Furthermore, the situation for g2 and
g3 is found to be something between g1 and g4.
Therefore, when the value of λ0 is smaller, the eddy
has a stronger carrying eﬀect on the drifter. A
discussion about anticyclonic eddies is omitted
because the results were similar to those of cyclonic
eddies.
Figure 14 shows the number of g1 (cyclonic eddies
marked in black in Fig.13) in area1–area5 varying with
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τ=0. As τ=0 is the origin of time, the drifters are rigidly distributed in the best order within their areas of origin. With an increase in absolute relative time, the
number of drifters inside eddies tends to decrease, and the distribution of drifters lacks order.
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Fig.14 Numbers of g1 of cyclonic eddies carrying processes
in area1–area5 varying with relative time τ
Circles and numbers in ﬁgure indicate relative time and number
of drifters in each area at summits.

relative time. Away from τ=0, the summits of the
number of drifters appear in turn from area1–area4 in
the adjacent relative time, which indicates that the
majority of drifters approach and leave the eddy
center rapidly (and the situation for g2–g4 is similar).
The numbers of the entire cyclonic eddies carrying
processes in area1–area5 varying with relative time are
counted in Fig.15, and again shows that the drifters
approach and leave eddies rapidly. Reporting details
of the anticyclonic situation is unnecessary here, as it
is similar to that of the cyclonic situation.
The average carrying days were investigated for
diﬀerent regions, eddy types, and groups. Table 1 is
sample numbers and corresponding averaged carrying
days in detail.
The average carrying days of both cyclonic and
anticyclonic eddies in TO and the STCC are similar,
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Table 1 Sample numbers and corresponding average carrying days
Group

Region

TO

Type

STCC

NKE

SAG

CE

AE

CE

AE

CE

AE

CE

AE

CE

AE

471

321

775

614

793

594

438

458

217

181

561

476

853

755

720

612

527

495

240

254

763

723

1 179

993

1 052

812

712

684

366

280

g4

1 015

1 062

1 687

1 497

1 375

1 140

998

1 055

501

423

g1

10.54

9.21

17.27

16.14

18.12

13.05

12.53

17.46

14.80

24.35

7.31

6.75

10.00

10.06

9.13

8.10

7.23

9.17

8.08

11.06

4.81

4.61

5.92

6.76

5.72

5.89

5.03

5.69

5.38

7.38

2.48

2.35

2.81

2.87

2.85

2.49

2.38

2.63

2.75

3.20

g1
g2
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Fig.15 Numbers of entire cyclonic eddies carrying processes
in area1–area5 varying with relative time τ

while in the SKE, the average carrying days of
cyclonic eddies are larger than that of anticyclonic
eddies, and it is on the contrary for the NKE and the
SAG (Table 1). It shows that, on average, in TO and
the STCC, opposite types of eddies have similar
carrying capability, while in the SKE the cyclonic
eddies have stronger carrying capability and in the
NKE and the SAG the anticyclonic eddies have
stronger carrying capability. It reveals the fact that the
carrying capability may be diﬀerent for diﬀerent
regions and diﬀerent types of eddies.
3.3.2 Relationship between average normalized
radius and carrying days
In order to ﬁnd the similarity and diﬀerence of the
variation in diﬀerent regions and of diﬀerent carrying
days, we grouped the samples by relative time τ. The
carrying processes with min (max (τ), |min (τ)|)15
are grouped into d5. In the rest samples, the one whose
min (max (τ), |min (τ)|)12 are grouped into d4. In the
same way, min (max (τ), |min (τ)|)9, min (max (τ),

|min (τ)|)6 and min (max (τ), |min (τ)|)3 are grouped
into d3, d2, and d1, respectively. The carrying days of
the samples are increasing from d1 to d5, reﬂecting
that the carrying capability of the eddies are
strengthening. The normalized radii in each subregion
and each group were averaged by the sample number
with the same relative time τ.
Figure 16 displays the average normalized radius λ
varying with the relative time τ. In each group, the
variation of normalized radius λ shares the common
trends, i.e. with the increase of relative time τ, the
average normalized radii mostly decrease to the
minimum when τ=0, and then increase, meaning that
the drifter would approach the eddy center and then
leave away from it. However, it should be noted that
mostly when the carrying days are large (≥9 days, i.e.
d3 to d5 in the paper), there is a relatively slow variation
of λ with the increase or decrease of the relative time
from τ=0. When the average normalized radius varies
slowly, the relative time interval is called a slowlyvarying interval. Averaging the average normalized
radius during the slowly-varying interval thus
provides a value referred to as the slowly-varying
radius. Of course, the slowly-varying radius in some
parts of the Fig.16 is not so obvious. This shows that,
on average, when the carrying days are large, drifters
tend to travel for longer time on around certain
normalized eddy radii during a carrying process. In
statistics, the normalized eddy radii range from 0.41–
0.76. However, it is acknowledged that this conclusion
may be inﬂuenced by the limited sample size
employed. The results also show that when λ0 is
smaller, the drifters move deeper into eddies, and the
number of carrying days is therefore longer.
Table 2 lists the λ0 and the slowly-varying radius.
On sample number, with the exception of NKE, the
sample number of cyclonic eddy is larger than that of
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Fig.16 Relationship between average normalized radius λ and relative time τ of cyclonic eddies (left panel) and anticyclonic
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Table 2 Average λ0 and slowly-varying radius
Region group

TO

STCC

SKE

NKE

SAG

Average λ0

Slowly-varying radius (left)

Slowly-varying radius (right)

Sample number

CE

AE

CE

AE

CE

AE

CE

AE

d3

0.11

0.33

0.47

–

0.51

–

15

11

d4

0.27

0.13

0.60

0.41

0.57

–

10

7

d5

0.16

0.18

–

–

–

–

2

2

d3

0.21

0.27

0.64

–

0.67

0.67

70

59

d4

0.22

0.25

–

0.60

–

–

28

23

d5

0.14

0.15

0.65

0.70

0.62

0.65

20

17

d3

0.22

0.25

0.65

0.69

0.65

0.68

74

40

d4

0.21

0.26

–

0.72

–

0.76

36

24

d5

0.11

0.20

0.47

0.58

–

0.60

14

14

d3

0.25

0.22

0.58

0.60

–

0.60

23

37

d4

0.25

0.19

–

0.64

0.59

–

4

26

d5

0.08

0.14

–

0.65

–

0.65

4

12

d3

0.29

0.25

–

–

–

0.69

26

18

d4

0.20

0.24

0.46

–

0.65

–

10

6

d5

–

0.28

–

–

–

–

0

6

–: the slowly-varying radius is inapparent.

anticyclonic eddy. The average λ0 of two types of
eddies are similar in general for each region and each
group and the corresponding slow-varying radius of
anticyclonic eddy is larger than cyclonic eddy in general.
3.4 Possible mechanisms for the capability of
mesoscale eddy to carry particles
The carrying capability of eddies in diﬀerent
regions is diﬀerent and the mechanism is somewhat
complicated. Mesoscale eddies are in geostrophic
balance due to the Earth rotation to a lowest order, but
the ageostrophic motion is signiﬁcant to the dissipation
of the eddies (Zhang and Qiu, 2018). The pure
geostrophic current, which ﬂows along the contour
line of SLA, will drive particles to travel along the
SLA contours. Thus, the entrance and exit of the
drifters result from the ageostrophic velocity. In order
to describe the ageostrophic eﬀect, we have introduced
the Rossby number (Zhang et al., 2015) to investigate
its relation with the carrying capability. The larger is
the Rossby number, the weaker the geostrophic eﬀect,
and the smaller the Coriolis force compared with the
inertial force (Cushman-Roisin and Beckers, 2011),
in which the geostrophic balance can no longer be
held (Zhang and Qiu, 2018).
In this study, the Rossby number is deﬁned as
Ro=U/fr,
where U is the maximum velocity among the

composited eddy velocity ﬁeld, r the radius and f the
Coriolis parameter related to latitude, reﬂecting the
combined inﬂuence of the velocity ﬁeld, radius and
latitude of an eddy. It is noted that U, f, and r are
averaged by relative time τ range from -3‒3, -6‒6,
-9‒9, -12‒12 and -15‒15 of d1‒d5, respectively.
The carrying days of the samples are increasing
from group d1 to d5, which means that the carrying
capability is strengthening correspondingly. Figure 17
displays the Rossby number of each region and eddy
type, from which the Rossby number decrease in
general with the increase of the carrying days. The
conclusion was drawn that eddies with smaller Rossby
number tend to have stronger drifter-carrying
capability on average. In detail for example, for
cyclonic eddies in the STCC, when the Ro≤0.016, the
carrying days are more than 9 days. The fact is
acceptable considering the meaning of Rossby
number, which reﬂects the ratio of the ageostrophic
motion to the geostrophic motion. When the Rossby
number is small, the motion is nearly geostrophic.
The drifter would travel along the contour of SLA,
carried by the eddy for longer time. Small maximum
velocity, large Coriolis parameter, and large radius
contribute to the carrying capability. On the contrary,
when the Rossby number is large, ageostrophic
component increases. The drifter would travel through
the SLA contour. The motion is instable leading to
small carrying days. In addition, comparing the
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Fig.17 Rossby number of each group in each region of cyclonic eddies (a) and anticyclonic eddies (b)

Rossby number of eddies in two types, the value of
cyclone is larger (slightly smaller) than the value of
anticyclone in the south (north) of 35°N in each
group, respectively.

4 CONCLUSION
In this paper, we considered the drifters as real
particles to characterize the carrying capability of
mesoscale eddy. By combining the SLA data and the
drifter data in the northwest Paciﬁc (99°E–180°E,
0°–66°N) from 1993 to 2015, the statistical
characteristics of carrying particles for mesoscale
eddies were revealed by the method of colocalization
and composite analysis. Rossby number is introduced
to interpret the eddy’s carrying capability variation.
The conclusions made are as follows:
(1) The motion of carried drifters reﬂects the upper
limit of rotational speed of eddies. According to the
relationship between carrying days and number of
circles (the number of circles the drifter revolving
around the eddy center), a preliminary estimation is
that the number of circles are ≤0.25 × carrying days
(i.e. in most cases, the particles move no more than
90° around the eddy center when carried by an eddy
for one day).
(2) The number of carrying days is related to the
smallest normalized radius between the drifter and
eddy center. According to the composite analysis,
during the carrying process, when the normalized
radius is smaller, the carrying days tend to be longer
and the eddies tend to have a stronger carrying eﬀect
on drifters.

(3) In diﬀerent subregions, the carrying capability
of cyclonic and anticyclonic eddies is diﬀerent. The
composite analysis was conducted in subregions. On
average, in TO and the STCC, opposite types of
eddies have similar carrying capability, while in the
SKE the cyclonic eddies tend to have stronger
carrying capability and in the NKE and SAG the
anticyclonic eddies tend to have stronger carrying
capability.
(4) On average, when the carrying days are large
(≥9 days in the paper), drifters tend to travel for longer
time in around certain normalized eddy radii during a
carrying process. In statistics, the normalized eddy
radii range from 0.41–0.76.
(5) The carrying capability has a close relation with
the Rossby number of the eddy that small Rossby
number corresponds to large carrying days in general,
and the carrying days reﬂect the carrying capability of
eddies. The current is closer to geostrophic ﬂow in
large Rossby numbers and the drifter would travel
nearly along the contour of SLA, carried by the eddy
for longer time.
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