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Abstract

Using the mesoscale eddy trajectory atlas product derived from satellite altimeter data from 1993 to 2016, this
study analyzes statistical characteristics and seasonal variability of mesoscale eddies in the Banda Sea of the
Indonesian seas. The results show that there were 147 mesoscale eddies that occurred in the Banda Sea, of which
137 eddies were locally generated and 10 originated from outside. The total numbers of cyclonic eddies (CEs,
clockwise) and anticyclonic eddies (AEs, anticlockwise) are 76 and 71, respectively. Seasonally, the number of CEs
(AEs) is twice larger than the number of AEs (CEs) in winter (summer). In winter, CEs are distributed in the
southern and AEs in the northern basins, respectively, but the opposite thing occurs in summer, i.e., the polarities
of mesoscale eddies observed at the same location reverse seasonally. The mechanisms of polarity distribution
reversal (PDR) of mesoscale eddies are examined with reanalysis data of ocean currents and winds. The results
indicate  that  the  basin-scale  vorticity,  wind stress  curl,  and the  meridional  shear  of  zonal  current  reverse
seasonally,  which  are  favorable  to  the  PDR  of  mesoscale  eddies.  The  possible  generation  mechanisms  of
mesoscale eddies include direct wind forcing, barotropic and baroclinic instabilities, of which the direct wind
forcing should play the dominant role.
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1  Introduction
Mesoscale eddies with typical horizontal scales of O(100) km

are broadly distributed in the global oceans (McDowell and
Rossby, 1978; Zheng and Yuan, 1989; Chelton et al., 2011; Shi et
al., 2018). They carry 90% of kinetic energy of the ocean and play
an important role in mass and energy transports, biogeoche-
mistry and climate change (Chen et al., 2012; Zhang et al., 2013;
Xu et al., 2016; Frenger et al., 2018). Thus, mesoscale eddies have
become a research hotspot in ocean dynamics, ocean ecology
and marine environmental sciences (Benitez-Nelson et al., 2007;
Zhang et al., 2014; McGillicuddy, 2016; Yang et al., 2019).

In recent years, mesoscale eddies in the northwest Pacific
(NWP) and the South China Sea (SCS) have attracted much
attention (Wang et al., 2005; Wu and Chiang, 2007; Qiu and Chen,
2010; Hu et al., 2012; Lin et al., 2012; Yang et al., 2013; Xie et al.,
2016, 2018; Zheng et al., 2017, 2019). Previous investigators have
analyzed statistical characteristics of mesoscale eddies using
satellite data, in-situ observations and numerical simulations

(Wang et al., 2003; Xiu et al., 2010; Chen et al., 2011; Hu et al.,
2011; Li et al., 2011; Zhang et al., 2016; Qiu et al., 2019). Lin (2005)
analyzed the seasonal variability of number, lifespan, radius and
speed of mesoscale eddies in the NWP and the SCS using satel-
lite altimeter sea level anomaly (SLA) data from 1993 to 2001.
Zheng et al. (2014) analyzed statistical features of mesoscale
eddies in the North Pacific. Zheng et al. (2017) reviewed progress
in the research of mesoscale eddies in the SCS over past 60 a. In
addition to the surface-intensified ones, subsurface (or subther-
mocline) eddies that have cores and transports in the subsurface
layer have also been recognized (e.g., Zhang et al., 2015, 2019; Li
et al., 2017; Nan et al., 2019; Xu et al., 2019).

The Indonesian seas are an important channel for water
exchange between the Pacific and the Indian Ocean (Wang et al.,
2016b; Wang et al., 2018). The Indonesian Throughflow (ITF)
flowing through this channel is a key link in the thermohaline cir-
culation (Broecker, 1991; Gordon, 2005) and plays an important
role in the global climate change (Du and Fang, 2011; Sprintall et  
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al., 2014). The Banda Sea located at 4°–8°S, 123°–132°E in the
southeastern Indonesian seas is an important channel for the ITF
as shown in Fig. 1. It is a deep basin with a total area of 470 000 km2,
an average depth of 3 064 m and the deepest depth of 7 440 m. It

connects to the Molukka Sea and is a key ocean area for the eas-
tern pathway of the ITF, where the larger uncertainty of transport
exists (Talley and Sprintall, 2005; Van Aken et al., 2009; Wang et
al., 2019).

The circulation and mesoscale eddies in the Banda Sea are
important for understanding the variability of the mass and heat
transports of the ITF (Gordon and Susanto, 2001; Feng and Wijf-
fels, 2002; Wang et al., 2019). Previous studies have investigated
the basin circulation in the Banda Sea through numerical simula-
tion and found that the climatological circulation is clockwise in
the surface and bottom layers and counterclockwise in the
middle layer (Liang et al., 2019). Gordon and Susanto (2001) in-
vestigated the seasonal variability of the sea surface temperature
(SST) in the Banda Sea and found SST is lower in boreal summer
than that in boreal winter. The sea level also has a great seasonal
variability, higher in winter and spring and lower in summer and
autumn, with an annual variation range reaching 16.5 cm
(Wang et al., 2016a). However, the characteristics of mesoscale
eddies and their seasonal variability remain unclear.

This study aims to exploring the statistical characteristics of
surface-intensified mesoscale eddies (mesoscale eddies for short,
hereafter) in the Banda Sea using 24 a global mesoscale eddy tra-
jectory product derived from the satellite altimeter data. Mean-
while, the mechanisms for seasonal polarity distribution reversal
(PDR) phenomenon of mesoscale eddies are examined with
reanalysis data of ocean currents and winds. It is expected that
the results of this study can help understanding the dynamic pro-
cesses of the ITF and the biogeochemical processes in the Banda
Sea.

2  Data and methods

2.1  Data set
The global mesoscale eddy trajectory atlas product derived

from satellite altimeter absolute dynamic topography (ADT) and
sea level anomaly (SLA) data are used as a baseline for this study.
The dataset is provided by Archiving, Validation and Interpreta-
tion of Satellite Oceanography Data (AVISO) (https://www.aviso.
altimetry.fr/es/data/products/value-added-products/global-
mesoscale-eddy-trajectory-product.html). The dataset includes 7
parameters of eddies, i.e., the tracking number of eddies, center

position (longitude and latitude), tracking days, propagation
speed, rotational speed, radius, amplitude and polarity of eddies.
The time span is from 1 January 1993 to 18 January 2017 and the
time resolution is 1 d. The spatial resolution is 0.25° × 0.25°.
Eddies in this product are identified by the growing method. In
this method, they find anticyclonic eddies by starting with the
pixel (grid piont) at a local maximum of sea surface heigth (SSH)
and successively finding all neighboring pixels whose SSH values
lie above a sequence of successively decreasing thresholds. This
“growth” of the eddy interior is continued until any one of five
criteria is violated. Cyclonic eddies are defined by using the neg-
ative of the SSH field and proceeding likewise. The five criteria in-
cludes:

(1) The number of connected pixels n≤nmax (a specified max-
imum number);

(2) n≥2, a minimum of two interior pixels in an eddy;
(3) no pixel in an eddy can have a neighbor pixel that belongs

to another eddy;
(4) the pixels in the eddy are simply connects, i.e., there is no

“holes” in the eddy;
(5) the distance between the extremum pixel and pixels in the

eddy has a maximum value dmax.
The five criteria were chosen to yield eddies that are statisti-

cally similar to those using the method of Chelton et al. (2011).
For the AVISO SSH field, nmax is chosen to be 2 000. dmax is 400 km
at mid latitudes and 700 km in equator. An additional constrain
that eddies must have amplitude A≥1 cm was also imposed. De-
tails on the detection algorithm can be found in Schlax and
Chelton (2016).

Previous investigators have used similar satellite altimeter
data products for studies of dynamic processes in the Banda Sea.
For examples, Gordon and Susanto (2001) used the altimeter
data derived from combined TOPEX Poseidon (T/P) and
European Research Satellite (ERS) sea-level anomaly (SLA)
products to analyze the Banda Sea surface-layer divergence.
Wang et al. (2016a) analyzed the seasonal and interannual varia-
tions of the sea level height in the Banda Sea based on combined
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Fig. 1.   Map of the Banda Sea and adjacent Indonesian seas. Green, red and yellow arrow lines represent the west, central and east
pathways of the ITF, respectively.
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T/P, Janson-1/2 and ERS-1/2 satellite altimeter absolute dynam-
ic topography (ADT) products. Thus, the validated global meso-
scale eddy trajectory atlas product should be suitable or even
better for analyzing mesoscale eddies in the Banda Sea.

The ocean current data sets used are the Simple Ocean Data
Assimilation (SODA v3.3.1) reanalysis monthly average data
(http://www.atmos.umd.edu/~ocean/index_files/soda3.3.1_mn_
download.htm). The data cover the global oceans with a hori-
zontal resolution of 0.5°×0.5°, a total of 50 levels in the vertical
direction, a depth range of 5 m to 5 390 m and a time span from
1980 to 2015. We compare the SODA surface velocity and SSH to
the AVISO surface absolute geostrophic velocity and dynamic to-
pography, respectively. The results show that the seasonal mean
patterns of the two dataset are similar though the values of SODA
data are a little smaller than that of the AVISO data (figures are
not shown).

This study also uses the ERA-Interim numerical forecast
reanalyzed monthly average 10 m winds downloaded from the
European Centre for Medium-Range Weather Forecasts (ECM-
WF) (https://apps.ecmwf.int/datasets/data/interim-full-moda/
levtype=sfc/). The horizontal resolution is 0.75° × 0.75°. The time
span is from 1979 to 2019.

2.2  Data analysis
From global mesoscale eddy dataset, eddies in the Banda Sea

from 1 January 1993 to 31 December 2016 are selected. For the
statistical analysis, eddies are grouped into four boreal seasons,
i.e., winter (December–February), spring (March–May), summer
(June–August) and autumn (September–November). The aver-
age position of eddy is defined as the average latitude and longi-
tude during its survival time. The propagation speed of eddy is
calculated by the distance that eddy moves per day.

ζ=∇×−→v =
∂v

∂x
− ∂u

∂y

ζy=
∂ζ

∂y

The seasonal mean ocean currents are calculated from the
monthly average ocean current data of SODA from 1993 to 2015.
The seasonal mean vorticity is calculated from the seasonal

mean ocean current velocity as , where u

and v are the zonal and meridional components of the ocean cur-
rent velocity. The meridional gradient of the vorticity gradient is

then calculated from the vorticity as .

∇ ×−→τ
−→τ ρairCd

∣∣∣−→U−−→v
∣∣∣ (−→U−−→v )

ρair Cd−→
U −→v

The seasonal mean winds are calculated using the same
methods. The seasonal wind stress curl is calculated by ,

here  is the wind stress calculated by ,

in which  is the atmospheric density (1.25 kg/m3),  is the
drag coefficient (2.6×10–3),  is the wind velocity at 10 m,  is
the ocean surface velocity.

3  Statistical characteristics of mesoscale eddies in the Banda
Sea

3.1  General characteristics
Figure 2 shows the average positions of mesoscale eddies in

the Banda Sea from 1993 to 2016. During the 24 years, there were
147 mesoscale eddies occurred, of which 137 eddies were locally
generated and 10 originated from outside. The total number of

cyclonic eddies (CEs, clockwise in the southern hemisphere), 76,
is close to 71 of anticyclonic eddies (AEs, anticlockwise in the
southern hemisphere). Figure 2 indicates that eddies are concen-
trated gradually from the northern to the southern Banda Sea.
CEs and AEs have similar distribution patterns.

Table 1 lists statistics of kinematic parameters of eddies in the
Banda Sea. One can see that the average survival time of AEs is
40 d and that of CEs is 41 d. The average radius is 116 km. The
average SLA amplitude (magnitude of the height difference
between the extremum of SLA within the eddy and the SLA
around the contour defining the eddy perimeter) is 4.1 cm. The
average rotation speed is 40.8 cm/s. CEs with the average amp-
litude of 4.5 cm and the average rotation speed of 43.5 cm/s are
stronger than 3.7 cm and 38.0 cm/s of AEs. The average propaga-
tion speeds are 16.8 cm/s for the total, 16.0 cm/s for CEs and 17.5 cm/s
for AEs. The total AEs and CEs generally have similar properties
except that the amplitude and rotating speed of the CEs are 20%
stronger and the propagation speed is 9% slower.

3.2  Seasonal variability of eddy parameters
Tables 2 and 3 list the seasonal variability of eddy parameters

in the Banda Sea, show that the total number of mesoscale
eddies in the Banda Sea is 56 in winter and 60 in spring and
decreases to 42 in summer and autumn. In winter, the number of
CEs is 39, about 2.3 times 17 of AEs. In contrast, in summer, the
number of AEs is 30, about 2.5 times 12 of CEs. Though the total
numbers of AEs and CEs are similar (Table 1), the seasonal distri-
bution of AEs and CEs are completely reversal.

The seasonal average survival time of mesoscale eddies
reaches a maximum of 31 d in winter, and gradually reduces to 27 d
in autumn. It is 32 d in winter, spring, and summer, and reduces
to 25 d in autumn for CEs. The value of AEs is 29 d in winter and
spring, 28 d in autumn, and 26 d in summer, respectively. The
seasonal average survival time of CEs is 2 d longer than that of
AEs. The seasonal average survival time is 10 d shorter than the
total survival time, indicating that some eddies are generated in
one season but dissipated in another season.

The total mean radius of mesoscale eddies in the Banda Sea is
115 km and the seasonal variation is small with standard devia-
tion (STD) less than 3%. The radius of the AEs has a relatively la-
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Fig. 2.   Distribution of mesoscale eddies in the Banda Sea from
1993 to 2016.  Blue and red circles represent AEs and CEs,  re-
spectively.

Table 1.   Statistics of kinematic parameters of mesoscale eddies in the Banda Sea
Number Survival time/d Amplitude/cm Radius/km Propagation speed/cm·s–1 Rotation speed/cm·s–1

CEs (clockwise) 76 41 4.5 116 16.0 43.5

AEs (anticlockwise) 71 40 3.7 116 17.5 38.0

Total 147   40 4.1 116 16.8 40.8
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ger STD of 8%. The average SLA amplitude of eddies is the largest
4.6 cm in winter, and gradually decreases to 3.5 cm in autumn.
The average SLA amplitude of CEs reaches the maximum 5.2 cm
in winter, while that of AEs reaches the minimum 3.2 cm. In sum-
mer, the average SLA amplitude of AEs reaches the highest 3.9 cm,
while that CEs is the minimum 3.1 cm. The CEs are the strongest
in winter and the weakest in summer, while the situation is
reversal for the AEs.

The average propagation speed of eddies in the Banda Sea in-
creases from 15.4 cm/s in winter to 18.3 cm/s in autumn, and the
maximum propagation speed of AEs and CEs, 19.0 cm/s appear
in spring and summer, respectively. The propagation speeds in
summer for both the CEs and AEs are higher than that in winter.
In contrast to the propagation speed, the average rotation speed
of eddies in the Banda Sea is 40.2 cm/s with a decrease trend
from winter to autumn. The average rotation speed of CEs is 42.8 cm/s,
13% greater than 37.8 cm/s of AEs.

In summary, the number of mesoscale eddies in the Banda
Sea has remarkable seasonal variability with a STD of 20%, espe-
cially that the number of CEs has STD of 44%. The average surviv-
al time of about one month varies little in all seasons. The total
average SLA amplitude is 4.0 cm with STD of 12%, and the STD of
the average SLA amplitude of CEs reaches 24%. The average radi-
us is 115 km with little change in all seasons. The average propaga-
tion speed of AEs is 17.3 cm/s, 3% faster than 16.8 cm/s of CEs,
while the average rotation speed of CEs is 42.8 cm/s, 13% faster
than 37.8 cm/s of the AEs. Most characteristics of the CEs have
larger seasonal variation than that of the AEs.

3.3  Seasonal changes in eddy positions
Figure 3 shows the spatial distribution of mesoscale eddies

and the sketch of ocean currents in different seasons in the
Banda Sea. One can see that in winter 90% of CEs are distributed
in the southern basin south of 6°S, and 76% of AEs in the central
and northern basin. In summer, the reversed patterns happen,
i.e., 83% of AEs are distributed in the southern basin and 90% of
CEs in the northern basin. Spring and summer show transition
distribution patterns. This is the PDR phenomenon of AEs and
CEs in the Banda Sea. The sketches of ocean currents show the
opposite directions, i.e., eastward in winter and westward in
summer. The currents in spring and autumn are both westward

and weaker than that in winter and summer. The seasonally re-
versed ocean currents may be a reason responsible for the PDR.

4  Polarity distribution reversal analysis

4.1  Polarity distribution reversal phenomenon
In order to show the seasonal PDR phenomenon of meso-

scale eddies in the Banda Sea more clearly, we further show the
spatial distribution patterns of the daily positions of mesoscale
eddies in four seasons in Fig. 4. One can see that concentration of
CEs and AEs alternate north-southward with changes in seasons,
i.e., CEs in the south and AEs in the north in winter and spring,
while CEs are in the north and the AEs are in the south in sum-
mer and autumn. This shows that the eddy polarities at the same
location are reversed.

4.2  Mechanisms of Polarity distribution reversal

4.2.1  Reversal of ocean current and surface wind
Figure 5 shows climatologically seasonal distribution of the

upper ocean (5 m) currents and the relative vorticity of the hori-
zontal current in the Banda Sea derived from the SODA data. One
can see that in winter the ocean currents, especially in the south
of 6°S, are dominated by the eastward flows, and the relative vor-
ticity of the horizontal current shows north-south distribution
patterns, i.e., negative in the south and positive in the north. The
vorticity distribution patterns are generally consistent with the
CE (negative vorticity) and AE (positive vorticity) distribution
patterns as shown in Fig. 4. In spring, the currents in the south
are still eastward, while that in the north of 5°S change to west-
ward flows. In summer, the currents completely reverse from that
in winter and the relative vorticity of the horizontal current distri-
bution patterns in the south and the north also show an opposite
situation, i.e., positive in the south and negative in the north. The
vorticity distribution patterns are also closely related to the distri-
bution patterns of CEs and AEs as shown in Fig. 4. In autumn, the
currents are generally westward and the velocity in the central
basin is weakened. In summary, the circulation patterns and flow
directions in the Banda Sea reverse with the season, as well as the
relative vorticity distribution patterns.

Figure 6 further shows the seasonal variability of the wind

Table 2.   Seasonal variability of total average kinematic parameters of eddies in the Banda Sea
Number Seasonal survival time/d Amplitude/cm Radius/km Propagation speed/cm·s–1 Rotation speed/cm·s–1

Winter 56 31 4.6 115 15.4 44.2

Spring 60 30 4.3 120 16.3 41.4

Summer 42 28 3.6 112 17.5 38.8

Autumn 42 27 3.5 114 18.3 36.3

Average 50 29 4.0 115 16.9 40.2

STD ±10   ±2 ±0.5     ±3 ±1.3 ±3.4

  ±20%   ±7% ±12%            ±3%   8%   8%

Table 3.   Seasonal variability of average kinematic parameters of AEs (CEs) in the Banda Sea
Number Seasonal survival time/d Amplitude/cm Radius/km Propagation speed/cm·s–1 Rotation speed/cm·s–1

Winter 17 (39) 29 (32) 3.2 (5.2) 103 (120) 15.6 (15.3) 41.3 (45.7)

Spring 33 (27) 29 (32) 3.9 (4.8) 124 (115) 19.0 (14.0) 39.6 (43.3)

Summer 30 (12) 26 (32) 3.9 (3.1) 113 (112) 16.7 (19.0) 36.9 (42.8)

Autumn 20 (22) 28 (25) 3.5 (3.5) 117 (110) 17.9 (18.9) 33.5 (39.4)

Average 25 (25) 28 (30) 3.6 (4.2) 114 (114) 17.3 (16.8) 37.8 (42.8)

STD   ±8 (±11) ±1 (±4) ±0.3 (±1.0) ±9 (±4) ±1.5 (±2.5) ±3.4 (±2.6)

32% (44%)   4% (13%)   8% (24%) 8% (4%)   9% (15%) 9% (6%)
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vectors and the wind stress curl in the Banda Sea derived from

the ECMWF wind data. One can see that the wind vectors are

mainly westerly in winter, and the wind stress curl shows north-

south distribution patterns, i.e., negative in the south and posit-

ive in the north. The distribution patterns of the wind stress curl

are consistent with that of CEs in the south and AEs in the north

in winter as shown in Fig. 4. In summer, the easterly wind vec-

tors prevail, and the wind stress curl distribution patterns in the
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Fig. 3.     Seasonal distribution patterns of average positions of eddies in the Banda Sea, in winter (a), spring (b), summer (c) and
autumn (d). Blue and red circles represent AEs and CEs, respectively. Black arrows represent the sketches of ocean currents.
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Fig. 4.   Seasonal distribution of daily positions of eddies in the Banda Sea, in winter (a), spring (b), summer (c) and autumn (d). Blue
and red circles represent AEs and CEs, respectively. Black arrows represent the sketches of ocean currents. Yellow “+” and “–” signs
represent the sketches of positive vorticity and negative vorticity, respectively.
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south and north also show an opposite situation, i.e., positive in
the south and negative in the north. One can see that the wind
stress curl distribution patterns show a close relation to that of
mesoscale eddies in summer as shown in Fig. 4. The intensity of
wind stress curl in winter and summer is greater than that in

spring and autumn, meanwhile that in summer is greater than
that in winter. The westerly wind vectors are the strongest in
winter. The wind stress curl in the southern basin becomes posi-
tive in spring and gradually develops to the patterns in summer.
In autumn, the wind stress curl in the whole basin begins to de-
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Fig. 5.   Seasonal variability of ocean current vectors (arrows) and vorticity fields (color shading) in the Banda Sea derived from SODA
data in winter (a), spring (b), summer (c) and autumn (d).
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Fig. 6.   Seasonal variability of wind vectors (arrows) and wind stress curl (color shading) in the Banda Sea derived from ECMWF wind
data in winter (a), spring (b), summer (c) and autumn (d).

16 Chen Baiyang et al. Acta Oceanol. Sin., 2020, Vol. 39, No. 12, P. 11–20  



crease, and transforms into the patterns in winter, forming an an-
nual cycle. One can see that the wind vectors and the variability
of the wind stress curl are similar to the ocean current vectors
and the relative vorticity of the horizontal current. Probably, it is
the seasonal-reversal wind stress curl drives the seasonal-
reversal basin-scale circulation, and then generates the PDR
of mesoscale eddies in the Banda Sea.

4.2.2  Reversal of meridional shear of zonal flow
As shown in Fig. 5, the Banda Sea currents have three dis-

tinctive features: (1) zonal flows are dominant in all seasons; (2)
the direction of the zonal flow reverses with the season; (3) the
relative vorticity (dominated by the meridional shear of zonal
flow as described later) in the northern and southern basin re-
verse with the seasons.

Shi et al. (2018) proposed a solitary (eddy) solution based on
an asymptotic expansion of the nonlinear potential vorticity
equation with a constant meridional shear of zonal current. The
used nondimensional potential vorticity equation is:

∂

∂t

(
∇ψ − Fψ

)
+ J

(
ψ,∇ψ

)
+ β ∂

ψ

∂x
= , (1)

ψ
where F= L2/R2 d, L is a characteristic length scale of the motion,
Rd is the Rossby deformation radius,  is the stream function, β =
β*L2/U is the dimensionless gradient of Coriolis parameter, and U
is the characteristic horizontal velocity scale of the motion. At
last, the width of the solitary Rossby wave (i.e., the eddy) ω is ob-
tained:

ω ≈ m |β+ Fu|
(n π + F)

√
ε

√[
− (−)n

]
n π

√
Aδ

, (2)

where m represents the modulus of Jacobi elliptic function, n is
the mode number of Rossby wave, u0 is the mean of zonal flow, δ
represents the flow shear strength, and A0 is the amplitude of the
solitary waves (i.e., eddies). This implies the width of the solitary
wave is inversely proportional to the flow shear strength |δ|, and
that (A0δ) must be positive to keep this width physical meaning-
ful. In other words, if the background flow shear is positive (δ>0),
A0 must be positive too. Positive A0 means there are anticyclonic
(cyclonic) solitary Rossby waves (A0>0, n=1) in the Northern
(Southern) Hemisphere. On the other hand, if it is negative (δ<0),
there are cyclonic (anticyclonic) solitary Rossby waves (A0<0,
n=1) in the Northern (Southern) Hemisphere.

(
ζ=

∂v

∂x
− ∂u

∂y
=

−du
dy

)

According to the above analysis, cyclonic (anticyclonic)
eddies can be generated by the positive (negative) shear of the
zonal current in the Banda Sea. For zonal current v=0, the meri-

dional shear just equals the minus of the vorticity 

. Thus, the vorticity shown in Fig. 5, which is dominant by

the meridional shear of the zonal current, can also be used to
refer the eddy distribution. In winter, there is positive vorticity
(negative meridional shear) in the north (Fig. 5), thus, AEs ap-
pear (Fig. 4), and negative vorticity and CEs in the south. The
situation reverses in summer as the vorticity reverses.

Furthermore, the distribution patterns of the ocean current
vorticity (Fig. 5) and wind stress curl (Fig. 6) are consistent with
that of CEs in the south and AEs in the north in winter as shown
in Fig. 4, while there is an opposite situation in summer. One can
see that the reversed wind stress curl and the corresponding re-

versal of basin-scale ocean current vorticity and meridional shear
are possible mechanisms affecting the PDR.

4.3  Generation mechanisms of mesoscale eddies
Previous studies have shown that barotropic instability, baro-

clinic instability, and wind forcing are the main mechanisms for
generating mesoscale eddies in the ocean (Gill et al., 1974;
Frankignoul and Müller, 1979; Richardson, 1983; Pedlosky, 1987;
Qiu et al., 2009; Zhang, 2014).

To clarify the dominant energy source for eddies in the Banda
Sea, we investigate the composite baroclinic (BC) and barotropic
(BT) eddy energy conversion rates and rate of wind stress work
(WW). Here, BC, BT, and WW are defined, following that by
Zhang et al. (2017)

BC = −
∫

g

ρN
v′ρ′ · ∇h

−
ρ dz, (3)

BT = −
∫
ρ
∂

−
ui

∂xi
u′
iu

′
jdz, (4)

and

WW = τwv′, (5)

∇h

τw v
ρ

where overbars and prime' denote time mean (12 months) and
monthly anomalies from the climatologically time mean, g is the
gravitational acceleration, N is the buoyancy frequency,  rep-
resents the horizontal gradient,  and  represent the wind
stress and surface horizontal velocity, =1 030 kg/m3 is the mean
seawater density, summations over the repeated indices i and j
are used in BT, and the other symbols and notations are stand-
ard. The depth integrals for BC and BT are from 600 m (the depth
with velocity larger than 0.02 m/s) to the sea surface. Physically, a
positive BC (BT) means mean potential energy (kinetic energy)
transferring to eddy potential energy (kinetic energy) and is the
cause for baroclinic (barotropic) instability.

Figure 7 shows the time series of the spatial averaged BC, BT
and WW in the south (6°–8°S) and north (4°–6°S) of the basin.
One can see that in the southern basin, positive BCs are larger
than BTs in winter and summer months, while BTs are greater
than BCs in spring and autumn. In the northern basin, however,
BCs are negative in most months except for summer. BTs domi-
nate the eddy energy in the northern basin in winter, and also
have at least half contribution in summer. The variability of WW
in the southern and the northern basins are essentially the same,
i.e., in most months are positive and the values in winter and
summer are greater than that in spring and autumn, except the
values in the southern basin are greater than that in the northern
basin. The results in Fig. 7 suggest that in winter and summer, the
energy sources for eddies are from wind forcing, barotropic in-
stability and baroclinic instability of the mean flow in the south-
ern basin, and mainly from wind forcing. In the northern basin,
the energy sources in winter are from wind forcing and barotrop-
ic instability of the mean flow, while in summer from wind for-
cing, barotropic instability and baroclinic instability of the mean
flow and primarily from wind forcing.

5  Discussion
Previous studies have shown that the eddies in the South

China Sea (SCS) are affected by ENSO (Chu et al., 2014, 2017).
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Both the Banda Sea and the SCS are important sea areas through
which ITF flows, and ENSO is closely related to ITF. Thus, eddies
in the Banda Sea may be affected by ENSO. To test this scenario,
we compare ocean currents and daily eddy positions in the
Banda Sea during the El Niño event from May 1997 to May 1998,
and the La Niña from July 1998 to July 1999. The results are
shown in Fig. 8. One can see that during the El Niño event the
ocean currents flowed anticlockwise in the western basin and

most eddies were distributed on the south and the east sides of
the circulation, while during the La Niña event, the ocean cur-
rents flowed anticlockwise in the western basin, but clockwise in
the eastern basin and eddies were distributed along the circula-
tion. This indicates that the eddy distribution patterns are re-
markable different during the El Niño and the La Niña events.
This phenomenon is worth pursuing for the future efforts.
 

6  Conclusions
Using the global mesoscale eddy trajectory product derived

from satellite altimeter data from 1993 to 2016, this study analy-
zes statistical characteristics and the seasonal PDR phenomenon
of mesoscale eddies in the Banda Sea. The major conclusions are
summarized as follows:

(1) During the 24 years, there were 147 mesoscale eddies (76
CEs and 71 AEs) observed. Among them 137 mesoscale eddies
(93%) were generated inside the sea, and 10 of them (7%) origi-
nated outside the sea. The statistical means of eddies are as fol-
lows: the survival time of 40 d, the radius of 116 km, the SLA amp-
litude of 4.1 cm, the propagation speed of 16.8 cm/s, and the ro-
tation speed of 40.8 cm/s. The survival time, amplitude and rota-
tion speed of CEs are slightly greater than that of AEs, and the
other properties are generally the same.

(2) There is the seasonal variability of mesoscale eddy proper-

ties. The number of eddies changes 20%, the average survival
time, amplitude, and rotation speed gradually decrease from 7%
to 12% from winter to autumn, and the propagation speed in-
creases by 7%. There are significant differences between CE and
AE characteristics in winter and summer. In winter, the number
of CEs is 2.3 times that of AEs and the SLA amplitude is 1.6 times
higher, while in summer, the number of AEs is 2.5 times that of
CEs and the amplitude is 1.3 times. In winter and summer, the
polarities of mesoscale eddies at the same location reverse. Simi-
lar phenomenon occurs in spring and autumn, but not as remar-
kable as in winter and summer.

(3) The analysis of background ocean currents and the winds
reveals that the ocean currents of the Banda Sea may be driven
by the wind stress curl. The ocean currents are dominated by the
zonal currents. The directions of upper ocean currents and the
vorticity polarities reverse in winter and summer. The wind vec-
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Fig. 7.     Composite BC and BT in the southern basin (a) and the northern basin (b), and composite WW in the southern and the
northern basins (c). Depth integrals are from 600 m to the sea surface. S and N mean in the southern and northern basin, respectively.
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Fig. 8.   Ocean current vectors (arrows) and daily positions of eddies in the Banda Sea during the El Niño event of 1997–1998 (a) and
the La Niña event of 1998–1999 (b). Blue and red circles represent AEs and CEs, respectively.
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tors reverse in winter and summer, and the wind stress curl in the
northern and the southern basins also reverse.

(4) The dynamic analysis indicates that wind forcing is the
main mechanism for the eddy generation in the Banda Sea, while
barotropic instability and baroclinic instability are also exist. The
seasonal reversal of the meridional shear, basin-scale vorticity,
and wind stress curl are possible mechanisms affecting the PDR.
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