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Abstract

The statistical characteristics and vertical thermohaline properties of mesoscale eddies in the Bay of Bengal are
studied from the view of satellite altimetry data and Argo profiles. Eddy propagation preferences in different
lifetimes, eddy evolution process, and geographical distribution of eddy kinetic properties are analyzed in this
area. Eddies exist principally in the western Bay of Bengal, and most of them propagate westward. There is a clear
southward (equatorward) preference for eddies with long lifetimes, especially for cyclones. Moreover, the eddies
in different areas of the bay show different north-southward preferences. Evolution of eddy kinetic properties with
lifetime shows that eddies have the significant three-stage feature: the growth period in the former one-fifth
lifetime, the stable period in the middle two-fifth to four-fifth lifetime, and the dying period in the last one-fifth
lifetime. Large-amplitude and high-intensity eddies occur only in the relatively confined regions of highly
unstable currents, such as the East Indian Coastal Current and eastern Sri Lanka. Based on Argo profile data and
climatology data, the eddy synthesis method was used to construct three-dimensional temperature and salt
structures of eddies in this area. The mean temperature anomaly is negative/positive to the cyclonic/anticyclonic
eddies in the upper 300x104 Pa, and below this depth, the anomaly becomes weak. The salinity structures of
positive anomalies inside cyclonic eddies and negative anomalies inside anticyclonic eddies in the Bay of Bengal
are not consistent with other regions. Due to the special characteristics of the water mass in the bay, especially
under the control of the low-salinity Bay of Bengal water at the surface and the Indian equatorial water in the deep
ocean, the salinity of seawater shows a monotonic increase with depth. For regional varieties of temperature and
salinity structures, as the eddies move westward, the temperature anomaly induced by the eddies increases, the
effecting depth of the eddies deepens, and the salinity structures are more affected by inflows. In the north-south
direction, the salinity structures of the eddies are associated with the local water masses, which comprise low-
salinity water in the northern bay due to the inflow of freshwater from rivers and salty water in the southern bay

due to the invasion of Arabian Sea high-salinity water from the north Indian Ocean.
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1 Introduction

Oceanic vortices are ubiquitous in the ocean, and their dy-
namics are key components in the evolution of water column
properties. Mesoscale eddies are rotating coherent structures of
ocean currents, which generally refer to ocean signals with spa-
tial scales from tens to hundreds of kilometers and time scales
from days to months (Robinson, 2010). Combination altimetry
data (since the launch of the TOPEX/Poseidon in 1992) with oth-
er satellite missions, in situ measurement data and an ocean
model is used frequently in modern ocean research (Le Traon et
al., 2003; Pascual et al., 2006; Lou et al., 2011), and has provided a
significant contribution for mesoscale eddy observations (Cui et
al., 2019; Le Traon and Dibarboure, 2004; Thompson et al., 2014).
Over recent decades, mesoscale eddies have been found to exist
nearly everywhere in the world’s oceans (Chelton et al., 2011b;
Xu et al., 2011; Fu, 2009), and they impact biological activities,

tracer transport, and water column properties (Chelton et al.,
2011a; Dong et al., 2014; Zhang et al., 2014). By combining satel-
lite altimetry and Argo profiling float data, the analysis of eddy
three-dimensional structure becomes an important part of study-
ing the oceanic eddy (Chaigneau et al., 2011; Liu et al., 2012; Yang
etal., 2013; Amores et al., 2017).

The Bay of Bengal, the largest bay in the world, forms the
northeastern part of the Indian Ocean. As these bathymetric con-
straints, the local ocean dynamics is complex, with a broad spec-
trum of processes, from a seasonal reversing monsoon, cyclonic
storms, small-scale river plumes, instabilities generated near the
continental slope, eddies and large-scale circulation (Eigenheer
and Quadfasel, 2000; Vinayachandran et al., 1999). Overall, the
southwest monsoon prevails over the Bay of Bengal in summer,
and alternate cyclonic and anticyclonic circulation cells pre-
vailed in the western bay; cyclone-like circulation at the basin-
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scale during the fall monsoon transition; whereas a stronger
northeast monsoon dominates the bay in winter, and the upper
layer circulation presents large anticyclonic flow during winter;
and then the intense winter cyclonic gyre was embedded as cyc-
lonic eddy between two anticyclonic cells in the following spring
(Somayajulu et al., 2003; Hacker et al., 1998; Chen et al., 2012).
Legeckis (1987) established the possibility of a western boundary
current (the East Indian Coastal Current, EICC) in the Bay of
Bengal. The EICC reverses direction twice a year, flowing north-
eastward from February until September and southwestward
from October to January (Schott and McCreary, 2001). Affected
by complex exogenous effects such as the local monsoon, equat-
orial remote forcing, and seasonal changes in river runoff, the cir-
culation of the Bay of Bengal has obvious seasonal variation; and
studies show that there are abundant mesoscale eddy accompa-
nying these seasonally changing circulations in the Bay of Bengal
(Babu et al., 1991; Sarma et al., 1999; Chen et al., 2012; Cheng et
al., 2013; Cui et al., 2016).

Many studies on the Bay of Bengal have shown that most ed-
dies exist around EICC (Babu et al., 2003; Cui et al., 2016; Chen et
al., 2012, 2018; Cheng et al., 2018). As noted by Somayajulu et al.
(2003), the monsoon conversion, EICC instability and energy
transmission of westward Rossby waves are the main reasons for
the high occurrence of eddies around the western Bay of Bengal.
Chen et al. (2012) analyzed the genesis, propagation, mean prop-
erties and the spatiotemporal variability of eddies in the bay, and
found that the interannual variability of the mesoscale eddies is
sensitive to the baroclinic instability of the background flow.
Chen et al. (2018) suggested that a complicated mechanism in-
volving both local and remote wind forcing and ocean internal
instability is responsible for the generation and modulation of
eddy kinetic energy in this region. Cheng et al. (2013) found that
eddy activities contribute considerably to the strong sea surface
height intraseasonal variability in the central bay and that the
high total eddy energy in the western bay is due to the barotrop-
ic/baroclinic instability of the mean current.

The three-dimensional structures and heat-salt transport
characteristics of mesoscale eddies in the Bay of Bengal can be
investigated by the combined use of satellite altimetry and Argo
floats. Dandapat and Chakraborty (2016) presented three-dimen-
sional properties of the mesoscale eddies in the western Bay of
Bengal and found the cyclonic eddies are generally intensified in
the subsurface depths in the western bay. Lin et al. (2019)
showed that eddy-induced ocean anomalies are mainly confined
to the upper 300 m depth and eddy thermohaline structure has a
seasonal character. Gulakaram et al. (2020) quantified the three-
dimensional eddy structures in the Bay of Bengal, and the sur-
face eddy centric composite analysis reveals the existence of
warm (cold) and diverse SSS anomalies for anticyclonic (cyclon-
ic) eddies. Based on vertical thermohaline data provided by Argo,
Gonaduwage et al. (2019) investigated the meridional and zonal
eddy-induced heat and salt transport in the Bay of Bengal and
their seasonal modulation, and they found that the local wind-
stress curl and remote forcing from the equator partly influences
the thermocline motion.

Although there have been many analyses of eddies on the
surface and some studies of the three-dimensional eddy proper-
ties in the Bay of Bengal, the eddy propagation preferences in dif-
ferent lifetimes, eddy evolution process, and geographical distri-
bution of eddy kinetic properties are not well analyzed; in addi-
tion, the causes of three-dimensional thermohaline properties of
eddies and their regional varieties have not been studied. In this
paper, we analyze the statistical characteristics of mesoscale ed-

dies in the Bay of Bengal based on merged satellite altimetry data
as well as Argo profile data. First, based on satellite altimeter
data, the automatic identification method was used to extract the
position and shape information of the mesoscale vortices. Then,
a series of statistical analysis methods were used to study the
statistical characteristics of the mesoscale eddies in the area, e.g.,
eddy trajectories and propagation directions, evolution of eddy
kinetic properties, and geographical distribution of eddy kinetic
properties. Finally, based on Argo profile data and climatology
data, the eddy synthesis method was used to construct the three-
dimensional temperature and salt structures of eddies in this
area, and the thermohaline properties of eddies and their region-
al varieties were analyzed.

The rest of the paper is organized as follows: Section 2 de-
scribes the altimetry and Argo data, as well as the eddy detection
methodology. Section 3 presents the census statistics of meso-
scale eddy characteristics, including eddy trajectories and
propagation directions, evolution of eddy kinetic properties, and
geographical distribution of eddy kinetic properties. Section 4
analyzes the three-dimensional temperature and salt structures
of eddies and their regional varieties in this area. Finally, the
summary and conclusions are given in Section 5.

2 Data and methods

2.1 Satellite altimeter data and Argo profiles

The presence and positions of mesoscale eddies were de-
termined by analyzing sea level anomaly (SLA) fields, merged
and gridded multimission altimeter products (SEALEVEL_GLO_
PHY_L4_REP_OBSERVATION_008_47), which are distributed by
the European Copernicus Marine Environment Monitoring Ser-
vice (CMEMS, marine.copernicus.eu). The daily SLA fields with a
spatial resolution of 0.25° spanned a 24-year period from January
1993 through February 2017.

The vertical structures and the effect of eddies on the subsur-
face temperature and salinity were studied using available Argo
profiles in the Bay of Bengal, provided by the Coriolis Global Data
Acquisition Center of France through the website http://www.
coriolis.eu.org. In our analysis, we have taken pressure, temper-
ature, and salinity profiles with quality flag 1, and have followed
Chaigneau et al. (2011) for the selection of the profiles from 2001
to 2017. The final dataset include total 17 945 available profiles in
our study region. Potential temperature § and salinity S data in
each profile were linearly interpolated onto 101 vertical levels
from the surface to 1 000x10* Pa with an interval of 10x10% Pa us-
ing the Akima spline method.

To get the thermohaline structures of mesoscale eddies, po-
tential temperature anomaly &', and salinity anomaly S’ of Argo
profiles were computed by removing climatologic profiles. In our
study, the climatologic /S profiles were obtained by interpolat-
ing the 0.5°x0.5° standard-level climatologic fields of CSIRO Atlas
of Regional Seas 2009 (CARS 2009) linearly onto 0.1°x0.1° fields to
get a more accurate match with the Argo profile locations.

2.2 SLA-based eddy identification and tracking

Oceanic mesoscale eddies can generally be identified as re-
gions enclosed by SLA contours within which water slugs of
unique characteristics are trapped and subsequently translated.
A purely geometric algorithm for eddy identification based on the
outermost closed contour of an SLA has been proposed by
Chelton et al. (2011b). After the identification, we computed an
estimate of different eddy characteristics. The amplitude AM of
an eddy is defined as the absolute value of the SLA difference
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between the eddy center and its edge. The eddy size is represen-
ted by the eddy area A, which is delimited by the outermost-
closed eddy boundary. The eddy scale/radius R corresponds to
the equivalent radius of a circle that has the same area as the re-
gion within the eddy perimeter. The eddy intensity or eddy en-
ergy can be quantified through the eddy kinetic energy (EKE)

1 . /
over the eddy area, EKE = E(u 2 + v?)and v’ and v’ are the zon-

al and meridional geostrophic velocity components, respectively.
The maximum rotational speed U, ,, of an eddy corresponds to
the speed of that enclosed by the contour with maximum circum-
average geostrophic velocity.

The eddy trajectory can be tracked by comparing the centers
and other characteristics in the continuous time series of the SLA
fields (Chaigneau et al., 2008; Henson and Thomas, 2008; Nenci-
oli et al., 2010; Souza et al., 2011). In the tracking procedure, the
trajectory of a given eddy at the time step n is identified by
searching the most similar eddy at the subsequent time step n+1
in terms of the type (cyclonic/anticyclonic) and eddy character-
istics in a restricted region around the eddy center at the time
step n (Chaigneau et al., 2008; Chen et al., 2012). The lifetime of
an eddy represents the duration of an eddy from its generation to
its termination, and the propagation distance of an eddy is rep-
resented by the relative spatial displacement of the eddy
throughout its lifetime.

2.3 Composite eddy reconstruction

In order to study the three-dimensional thermohaline prop-
erties of mesoscale eddies in the Bay of Bengal, it is important to
relate Argo 6/S data with the eddy signals at the sea surface de-
tected by AVISO altimeters. In this study, all the eddies with life-
time no less than 30 d are used for eddy composition. Following
Chaigneau et al. (2011), three-dimensional structures of eddies
were constructed by surfacing the Argo float profiles into SLA-
based eddy areas. For each eddy, we searched the Argo float pro-
files located in its edge and calculated the relative AX and AY cor-
responding to the eddy center at AX=AY=0 for each Argo float
profile. We matched the cyclonic and anticyclonic eddies ob-
served by the satellite altimeter with the corresponding Argo pro-
files for the same day and selected the Argo profiles within ed-
dies or outside eddies but not beyond 1.5 times the eddy radius
for composite eddy reconstruction. Thus, the 17 945 Argo pro-
files are classified into three categories: a total of 2 389 Argo pro-
files are used for anticyclonic eddy reconstruction, of which 1 142
are inside cyclones; a total of 2 346 Argo profiles are used for anti-
cyclonic eddy reconstruction, of which 1 249 are inside anticyc-
lones; and 13 210 are outside eddies in this region.

For each Argo profile matched by an eddy, we calculated the
normalized position (Ax, Ay) relative to the eddy radius, which is
calculated by (AX, AY) divided by the eddy radius R. For the Argo
profiles, &', §' profiles are computed by removing daily mean cli-
matologic profiles of CARS 2009. Then, all 4, S and &', S’ data are
transformed into normalized eddy-coordinate space (Ax, Ay) and
mapped onto 0.1x0.1 grids by inversed distance weighting inter-
polation.

3 Statistical eddy characteristics

A statistical analysis of the eddies detected by the automated
tracking procedure from January 1993 to February 2017 in the
Bay of Bengal is presented in this section. As a result, 1 089 ed-
dies, which include 583 cyclones (36 065 independent eddy) and
506 anticyclones (29 547 independent eddy), with lifetimes =30 d
are detected in the eddy tracking procedure, and a regional
census statistic is performed on 1 089 eddies.

3.1 Eddy trajectories and propagation directions

The propagation directions and movement characteristics of
eddies in the Bay of Bengal can be displayed by analyzing the
eddy trajectories. Most mesoscale eddies (approximately 90%
cyclones and 93% anticyclones) propagate westward in the Bay of
Bengal, which consistent with previous studies (Chen et al., 2012;
Cui et al., 2016; Lin et al., 2019). Conversely, less eddies have net
eastward displacement, and they have much smaller lifetimes
and much shorter propagation distances than the westward ed-
dies. These eastward eddies mostly propagate eastward with the
action of some strong currents and the effects of strong mon-
soons, especially the eddies restricted to near EICC can be expec-
ted from advection of the eddies by the seasonal northeast cur-
rents (Cui et al., 2016; Kumar and Chakraborty, 2011). Short-lived
eastward eddies are closely associated with strong current vari-
ations and complicated dynamic processes because of air-sea in-
teractions (Chen et al., 2012).

The analysis of these trajectories with lifetimes =30 d in the
Bay of Bengal shows that 53% cyclones and 55% anticyclones
propagate southward (equatorward), with eddy lifetime increas-
ing to 60 d, 90 d, 120 d, the ratios turn into 63% and 60%, 69% and
64%, 78% and 70% (Table 1), respectively. With the increasing
lifetime, the difference in the number of northward eddies and
southward eddies becomes more and more obvious: for eddies
with lifetimes =90 d, the number of southward eddies is double
the number of northward eddies (67%:33%); for eddies with life-
times=120 d, the number of south-north eddies differs by three
times (75%:25%). The result reveals that there is a clear south-
ward (equatorward) preference for eddies with long lifetimes in
the Bay of Bengal, especially cyclones.

The eddies in different areas of the Bay of Bengal show differ-
ent north-southward preferences (Fig. 1). In terms of the north-
ward and southward eddies with lifetimes =60 d, the northward
eddies are mainly distributed in the southern bay, while the
southward eddies are mainly located in the middle and northern
bay. It can be clearly seen that at the dividing line of 12°N, the ed-
dies to the south of the line mostly propagate northwestward,
and the eddies to the north of the line mostly propagate south-
westward. The meridional eddy movement pattern was like that
found in Chen et al. (2012) and Lin et al. (2019). Most of the
northward eddies originate mainly outside the bay and in the
southern bay (south of 12°N), and then propagate into the west-
ern bay along the southwest monsoon current; there are also
some eddies formed in the southwestern bay that will enter the
western bay from advection of the northward EICC (Fig. 1a). The
eddies generated in the northern and middle bay (north of 12°N)

Table 1. The number of southward and northward eddies with different lifetimes, and their proportion (southward/northward)

Lifetime=90d Lifetime=120d

Lifetime=30d Lifetime=60 d
Southward 586 (CE: 307; AE: 279) 281(CE: 147; AE: 134)
Northward 503(CE: 276; AE: 227) 176 (CE: 88; AE: 88)
Proportion  54:46(CE: 53:47; AE: 55:45) 61:39 (CE: 63:37; AE: 60:40)

136(CE: 78; AE: 58)
68 (CE: 35; AE: 33)
67:33 (CE: 69:31; AE: 64:36)

77 (CE: 46; AE: 31)
26(CE: 13; AE: 13)
75:25 (CE: 78:22; AE: 70:30)

Note: Bold numbers represent all eddies; CE and AE mean cyclonic and anticyclonic eddies, respectively.
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mostly propagate southwest due to topographical constraints,
and in the southern bay, few eddies propagate south to the area
outside the bay (Fig. 1b). Cheng et al. (2018) suggested that when
equatorial wind-driven downwelling (upwelling) Kelvin waves
propagate to the tip of the Irrawaddy Delta off Myanmar, eddies
in the central bay are generated there with periods of 30-120 d
that subsequently propagate southwestward. The eddies with dif-
ferent propagation preferences in the northern and southern bay
are very important for water transport in the Bay of Bengal. For
example, eddies to the south of 12°N mostly propagate north-
ward and disappear in the background field in the western bay,
and they will transport the Arabian Sea High-Salinity Water
(ASHSW, Fig. 4) near the equator into the western Bay of Bengal.
These high-temperature and high-salt waters will continue to be
transported to the northern bay along with the northward EICC
and even affect the temperature and salt structure in the whole
bay. In contrast, eddies to the north of 12°N mostly propagate
southward and will carry low-temperature, low-salt, and low-
density waters from river runoff and net precipitation to the
middle and southern bay, which will affect the temperature and
salinity and circulation structure of the entire Bay of Bengal.

3.2 Evolution of eddy kinetic properties

The averaged kinetic properties of eddies in different life-
times show that the eddies with longer lifetime have the stronger
kinetic properties in the Bay of Bengal. That is to say, the stronger
eddies can maintain a more stable and uniform rotational struc-
ture to ensure that they can last a longer lifetime in the ocean.
The changes of eddy kinetic properties during the evolution of
eddies with different lifetimes are shown in Figs 2a-c. Eddy prop-
erties are generally low in the eddy generation and disappear-
ance stages, and eddy properties are generally high in the middle
maturation stage of the eddy lifetime. The kinetic properties of all
eddies exhibit symmetrical and parabolic changes with the eddy
evolution in the complete lifetime. Moreover, the eddy proper-
ties in different lifetimes are basically same in the eddy genera-

80° 84° 88° 92°

96°E

northward

0°

tion and disappearance stages. On average, no matter eddies
with what longer lifetime in the Bay of Bengal, eddies generally
have an amplitude of 4 cm, a radius of 75 km, and an EKE of
1x10% cm?/s? when they appear or disappear in the ocean. The
eddy properties in different lifetimes have the largest difference
in the middle maturation stage of the eddy lifetime. The max
amplitude of eddies with lifetimes of 30-60 d generally does not
exceed 8 cm, while the max amplitude of eddies with lifetimes
= 150 d can reach 16 cm in the middle lifetime stage. Generally
speaking, in the stable and mature stage of eddy evolution, the
eddies with longer lifetime have the stronger kinetic properties;
while in the eddy generation and disappearance stages, the ed-
dies with different lifetimes have the similar kinetic properties.

The relative changes of eddy kinetic properties during the
lifetime evolution are shown in Figs 2d-f. From the figure, it can
be clearly seen that the eddy properties increase significantly in
the former one-fifth stage of the lifetime, in which the eddy amp-
litude increase by more than 1 times, the EKE increase by more
than 4 times, and the eddy radius also increase significantly. The
middle 2/5 to 4/5 of lifetime is the stable and mature stage of ed-
dies. At this stage, eddy properties are relatively stable, and the
eddy energy density is very concentrated; the eddy amplitude
and radius are both at 90% of the maximum value. The last 1/5
stage of the lifetime is the dying period of eddies, which is exactly
the opposite of the first 1/5 stage of lifetime. During this period,
the eddy kinetic properties decrease rapidly, and finally the eddy
disappears in the ocean.

3.3 Geographical distribution of eddy kinetic properties

The automated eddy identification provides the estimates of
the eddy amplitude, radius scale and EKE as defined in Section
2.2. These kinetic properties of eddies with lifetimes =30 d over a
24-year period are analyzed here. There are some differences
between the average properties of cyclones and anticyclones in
the Bay of Bengal (Table 2). Specifically, the average amplitude
and radius of cyclonic eddies are 9.7 cm and 116 km, and that of
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Fig. 1. The northward (a) and southward (b) propagation trajectories of the cyclonic (blue lines) and anticyclonic (red lines) eddies

with lifetimes =60 d.
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c. The changes of eddy kinetic properties during the evolution of

eddies with different lifetimes. The eddies with different lifetimes are divided into five categories: [30, 60) d, [60, 90) d, [90, 120) d, [120,
150) d, and langer than 150 d (the numbers of cyclonic and anticyclonnic eddies are: 348 and 284, 122 and 131, 54 and 47, 20 and 22, 39
and 22, respectively). Here cyclonic and anticyclonic eddies are considered together, and the eddy lifetime has been normalized. d-f.
The normalized relative properties of all cyclonic (blue line) and anticyclonic (red line) eddies with lifetime =30 d evolve with the

normalized lifetime.

Table 2. Average kinetic properties of eddies with lifetimes=

30 d in the Bay of Bengal
AM/cm  R/km  EKE/(cm?s2) Up,/(cm-s1)
Cyclones 9.70 116 4.70x104 41.5
Anticyclones 9.00 122 3.78x104 36.4

anticyclonic eddies are 9.0 cm and 122 km. The average amp-
litude intensity of anticyclonic eddies is smaller than that of cyc-
lones, but the spatial scale is larger than that of cyclones. Al-
though the radius of cyclonic eddies is small, their average eddy
kinetic energy EKE (4.7x10% cm?/s?) is significantly larger than
that of anticyclones (3.78x10* cm?/s2), indicating that the ocean
kinetic energy carried by cyclonic eddies is more concentrated
(higher eddy energy density). Of course, the magnitude of eddy
energy is more intuitively reflected in the rotational speed of ed-
dies. In terms of the maximum rotational speed U,,,,, cyclonic
eddies (41.5 cm/s) are significantly larger than anticyclonic ed-
dies (36.4 cm/s), indicating that the cyclonic eddies rotate faster
than the anticyclones in the Bay of Bengal. This outcome is likely
related to the intrusion of the offshore monsoon current caused
by the summer southwest monsoon in the southwestern bay.
During this period, many intense cyclonic eddies are generated
in the eastern region of Sri Lanka, and the cyclones generally ro-
tate very fast with the intrusion of the monsoon current (Nuncio
and Kumar, 2012; Chen et al., 2018). In general, cyclonic eddies
are stronger than anticyclones in terms of eddy amplitude, EKE,
and maximum rotational speed, but the spatial scale of cyclones
is smaller than that of anticyclones, which means that cyclones
have a higher eddy energy density than anticyclones.

The numbers of eddy occurrences for cyclonic and anticyc-
lonic eddies are shown in Figs 3a and b. Although the Bay of
Bengal region is not large enough for longer lifetime eddies due
to the topography constraints, there are also abundant meso-
scale eddies in the bay similar to the world’s oceans (Chelton et

al., 2011b). Especially, eddies are concentrated in the northwest-
ern bay, where the seasonal western boundary current EICC ex-
ists. An important reason for the distribution is the baroclinic in-
stability of the EICC induced by a middle topography mutation of
the western bay and by the local monsoon conversion (Babu et
al., 1991; Hacker et al., 1998; Cui et al., 2016; Chen et al., 2012,
2018). From the polarity geographical distribution (Fig. 3c), it can
be seen that the preferences of cyclones or anticyclones are indis-
tinctive (values of P are near 0) in most regions of the Bay of
Bengal, e.g., in the northern, central and southern bay where
there are similar numbers of cyclones and anticyclones.
However, there are still slight preferences in some local regions.
Separately, the western bay and the southern region outside the
bay tend to the occurrence of cyclonic eddies, while in the east-
ern bay (specifically, the region of 12°-16°N, 88°-94°E) there is a
slight preference for the anticyclonic eddy occurrences. It is
worth noting that near the southeastern region outside the bay
(the northwest of Sumatra), the eddy polarity P shows significant
negative values, indicating that the number of cyclones is signi-
ficantly greater than that of anticyclones. This outcome occurs
because a large number of cyclonic eddies often occur near the
eastern region of Sumatra Island (5°N, 93°E), and they gradually
move northwest into the Bay of Bengal or disappear into the
southern bay mouth (Fig. 1a). Chen et al. (2017) show that in ad-
dition to local wind and current instability, parts of eddy energy
in the Bay of Bengal originates from the equator. Equatorial-ori-
gin wave signals significantly enhance the EKE levels in the
northwest of Sumatra, in the form of reflected Rossby waves and
coastal Kelvin waves, respectively (Chen et al., 2018).

The maps of the mean amplitude (Figs 3d and e), radius
(Figs 3g and h), and EKE (Figs 3j and k) of cyclonic and anticyc-
lonic eddies are shown in Fig. 3, and their variations with latit-
ude are also shown in Figs 3f, i, and l. In terms of eddy amplitude,
approximately two thirds of all detected eddies have amplitudes
<10 cm, and 15% have amplitudes >15 cm in the Bay of Bengal,
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which consistent with Cui et al. (2016) and Lin et al. (2019). From
the maps of mean eddy amplitude (Figs 3d and e), eddies with
large amplitudes occur only in the relatively confined regions of
highly unstable currents, such as the EICC and eastern Sri Lanka
where eddies have amplitudes>12 cm (especially, near the EICC
amplitudes>15 cm); over the rest of the bay, the mean eddy amp-
litudes are generally less than 10 cm. The large-amplitude eddies
most likely form as meanders that pinch off the western bound-
ary currents, or from baroclinic instability in the regions of strong
and unstable currents. Chen et al. (2012) suggested that when the
baroclinic instability is stronger, more energy from the mean is
converted to the eddy energy, which makes eddies stronger and
more stable but fewer in number. Moreover, the EICC is a very
obvious seasonally changing current, and during the southwest
monsoon in summer and the northeast monsoon in winter, the
flow direction is completely opposite. Therefore, during the turn
of the current, more large-amplitude eddies are more likely to be
generated due to the instability of the EICC (Cheng et al., 2013;
Chen et al., 2018). In eastern Sri Lanka, due to the intrusion of the
southwest monsoon current and the effect of negative wind stress
curl, there are often eddy-train structures in which strong cyc-
lones and anticyclones alternately move northwest into the west-
ern bay in summer and autumn (Cui et al., 2016; Kumar and
Chakraborty, 2011; Vinayachandran et al., 1999). Therefore, the
eddy amplitudes are also high in eastern Sri Lanka. Generally,
compared with eddy amplitudes in the regions of strong western
boundary currents (e.g., the Gulf Stream and Kuroshio exten-
sions; Cui et al., 2017; Fu, 2009; Chelton et al., 2011b), the mean
eddy amplitude in the Bay of Bengal is lower, and the number of
large-amplitude eddies is fewer. This outcome occurs mainly be-
cause the Bay of Bengal has only a seasonal western boundary
current EICC that changes with the monsoon, and its velocity
and intensity are not as strong as other western boundary cur-
rents in the world’s oceans (Cheng et al., 2013).

The eddy radii are mainly scattered in 50-150 km for approx-
imately 80% eddies in the Bay of Bengal. This latitudinal depend-
ence of eddy scale is evident from the geographical distributions
of the mean radius of cyclonic and anticyclonic eddies (Figs 3g

and h), which are characterized as an essentially monotonic in-
crease from approximately 60 km at 20° latitude to approxim-
ately 160 km in the near-equatorial regions (Fig. 3i). This latitud-
inal dependence of eddy scale is closely related to the Rossby ra-
dius of deformation (Chen et al., 2012; Lin et al., 2019). The eddy
radii in the central of the bay are greater than that in the
nearshore area. In terms of eddy polarity, the radii of anticyclon-
ic eddies are larger than those of cyclones at most latitudes, espe-
cially in the western and central bay which similar to the result of
Lin et al. (2019); while radii of cyclonic and anticyclonic eddies
are not much different in the low-latitude regions (Fig. 3i). It
shows that the eddy scale difference between the cyclones and
anticyclones is limited to the interior of the bay.

The geographical distributions of the mean EKE (Figs 3j and
k) are consistent with the eddy scale. Although the mean scale of
anticyclonic eddies is larger than that of cyclones, the latter car-
ries more energy than the former, which is consistent with their
amplitudes. Clear high EKE distributions are shown in eastern Sri
Lanka, especially for cyclonic eddies (Fig. 3j). The high-intensity
eddies here are closely related to the southwest monsoon cur-
rent invading the Bay of Bengal in summer. Generally, due to the
southwest monsoon prevailing over the entire North Indian
Ocean in summer, the low-latitude equatorial region produces a
strong and fast-flowing southwest monsoon current, which
enters the Bay of Bengal at a very fast flow rate. Under the influ-
ence of the southwest monsoon and the barrier of the Sri Lankan
Islands, a significant negative wind stress vorticity occurs in the
eastern seas, and a cyclonic eddy often appears here (Dandapat
and Chakraborty, 2016). Then, the eddy often interacts with the
southwest monsoon current, which makes the eddy rotational
speed and eddy intensity significantly stronger (Patnaik et al.,
2014). In terms of eddy rotational speed, its maximum value can
reach nearly 1 m/s, which is equivalent to the flow velocity of the
intrusion current. Therefore, high EKE distributions of cyclonic
eddies appear in this area. After that, the cyclonic eddy gradually
moves northwest to the western bay, and a compensatory anti-
cyclonic eddy is generated here in autumn (Cui et al., 2016).
However, the strength of the anticyclonic eddy is weakened, but
its rotational speed is still fast and just slightly lower than that of
the cyclone; therefore, there is also a significant EKE distribution
of anticyclonic eddies in eastern Sri Lanka. As far as the interior
bay, the high EKE is still concentrated in the northwestern bay;
that is, eddies accompanying the western boundary current EICC
often carry more ocean energy than the eddies in other regions of
the bay. At the same time, the mean zonal EKE shows the differ-
ence between the cyclonic and anticyclonic eddies in the bay is
not significant (Fig. 31), and the two have obvious EKE difference
only in the low-latitude region outside the bay.

4 Three-dimensional thermohaline properties

Before analyzing the three-dimensional thermohaline prop-
erties of eddies in the Bay of Bengal, it is necessary to describe of
the main water masses in this area. The stratification of water
masses plays a vital role in the abnormal temperature and salin-
ity structures caused by eddies. We divided the Bay of Bengal
from south to north (0°-20°N) into 10 subregions at intervals of 2°
and calculated the average potential temperature and salinity
profiles based on all Argo /S data in each subregion (Fig. 4). At
the surface of the ocean, changes in the water masses of the Bay
of Bengal can be clearly seen from south to north. In the low-lat-
itude equatorial area (south of 6°N) outside the bay, the Arabian
Sea High-Salinity Water (ASHSW), has a general temperature of
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24-30°C and salinity of 34.5-36 and flows to the equator and the
Bay of Bengal with seasonal circulation (Emery and Meincke,
1986). In the bay (north of 6°N), the surface salinity decreases
from south to north, which represents the surface Bay of Bengal
Water (BBW). BBW with a temperature of 25-29°C and salinity of
less than 34 presents an obvious surface low-salt property and is
mainly formed by abundant precipitation, abundant river injec-
tion, and weaker sea surface evaporation in the bay (Emery and
Meincke, 1986; Sardessai et al., 2010). Below the surface, water
masses present distinct characteristics of Indian Equatorial Wa-
ter (IEW), with a temperature ranging from 8-23°C and salinity
from 34.5-35 (Stramma et al., 1996). It is formed by slowly mix-
ing the ASHSW and deep water and some Indian Central Water
(ICW). The mean temperature and salinity profile in the bay
(black dotted line in Fig. 4) shows obvious BBW low salinity fea-
tures on the surface layer and IEW features below the surface lay-
er. To focus on the area within the Bay of Bengal and to exclude
the influence of the average climate state of Argo data in low-lat-
itude regions outside the bay, the composition of the three-di-
mensional eddy structure is limited to the region of 4°-20°N,
80°-94°E.

4.1 Temperature structures

Mean potential temperature anomaly 6’ diagrams of the com-
posite eddies in the Bay of Bengal are shown in Fig. 5a. Mean ¢’
caused by eddies can reach 2°C in the thermocline, which is
much larger than the Argo-CARS discrepancy quantified by the
mean profiles outside eddies (green curve). Compared to the
CARS climatology data, the mean profiles outside eddies show
vertically averaged temperature biases of 0.14°C. The Argo-CARS
systematical bias can reach 0.4°C in the top 100x10% Pa. Due to
the spatial smoothing, the warm tropical water transported by In-
dian Ocean circulation is under reflected in the CARS climato-
logy. Therefore, the Argo-CARS systematical bias should to be re-
moved from the mean ' diagrams. Mean 6’ is negative/positive
to the cyclonic/anticyclonic eddies in the upper 300x10* Pa (Fig. 5a),
and below this depth, ' becomes weak (less than +0.3°C). In the
upper thermocline, negative ¢’ for cyclonic eddies indicates that
the cyclones cool the upper ocean and make a shallow thermo-
cline due to divergence and upwelling. In contrast, anticyclonic
eddies with positive 8’ tend to warm the subsurface and suppress
the thermocline due to convergence and downwelling. The max-
imum ¢’ of cyclonic eddies is nearly -2°C at approximately
100x10* Pa depth, while the anticyclonic eddies show a maxim-
um &' of nearly 2°C at 120x10% Pa. The results are similar to
Gonaduwage et al. (2019) and Gulakaram et al. (2020), but larger
than results of Lin et al. (2019). In Lin et al. (2019), they selected
Argo profiles within a range of twice eddy radius used to recon-
struct the three-dimensional thermohaline structures, so eddy
temperature signals may be obscured by Argo profiles that are
too far away from the eddy core (Fig. 5 in Lin et al. (2019)). The
mean & patterns of both eddies exhibit single core vertical struc-
tures, and the core of the eddies is located at a depth of approx-
imately 100x104-120x104 Pa. This outcome occurs mainly be-
cause the BBW shows a monotonic and rapid decrease from sur-
face to bottom in the main thermocline (50x104-200x10* Pa), and
there is no double thermocline structure similar to the North Pa-
cific (Yang et al., 2013).

Mean ¢’ vertical sections of the composite cyclonic and anti-
cyclonic eddies are shown in Figs 5b and c. It can be clearly seen
that ' gradually decreases from the eddy center to the eddy
boundary and still reaches a significant signal at the boundary

(Ax =%1), even at a distance of 1.5 times the radius (e.g., +0.5°C in
the thermocline layer at Ax =+1.5). This outcome shows that the
range of the temperature change caused by eddies is wider than
the eddy boundary we identified; however, this spatial range may
have exceeded the range of water captured by eddies. In addi-
tion, in very shallow surface layers (upper 30x104 Pa), the tem-
perature change caused by eddies is not obvious, and ¢’ is basic-
ally less than +0.1°C. Especially at the sea surface, the temperat-
ure anomaly signal is relatively disordered and does not show the
same temperature change consistent with the eddy polarity. This
outcome may be related to the influence of inflows from the
northern Indian Ocean, abundant precipitation and river injec-
tion on surface waters in the Bay of Bengal.

Compared with the three-dimensional structure of eddies in
other regions, the influence depth of eddies in the Bay of Bengal
is relatively shallow and is limited in the upper 300x10* Pa. Like
some western boundary current regions and the Mediterranean
region, the eddy influence depth can reach more than 1 000x10*
Pa (Chaigneau et al., 2011; Zhang et al., 2016; Hu et al., 2017;
Yang et al., 2013). The reason for the shallow influence depth of
eddies in the Bay of Bengal is that there are fewer high-intensity
eddies that often occur in regions such as the western boundary
currents or other strong currents (some eddies with 1 m amp-
litude occur in the Kuroshio and Gulf Stream regions). The effect
of weaker eddies on water cannot reach deep into the ocean.
Second, the stratification of the surface waters in the Bay of
Bengal is very obvious, which makes the ocean in the bay in a
stable stratified state. Especially in summer, because the precipit-
ation greatly exceeds the evaporation and abundant freshwater
injection, the surface stratification in the whole northern bay is
very obvious, forming a barrier layer at the sea surface, which
makes it difficult for eddies to affect the deep ocean.

4.2 Salinity structures

The salinity structures inside eddies and outside eddies are
given in Fig. 5d. The Argo-CARS salinity bias (green curve) is neg-
ative in the upper 100x10% Pa of the ocean and is removed from
the mean salinity anomaly S’ diagrams. The mean salinity anom-
aly §' inside the cyclonic and anticyclonic eddies from the Argo
data also reflect the downwelling/upwelling signal in the Bay of
Bengal. The anticyclonic eddies tend to induce a maximum neg-
ative salinity anomaly (nearly -0.25) at the subsurface during
downwelling due to the sinking of less saline water, while cyclon-
ic eddies prefer to induce a maximum positive salinity anomaly
(0.2) due to the advection of more saline water to the surface by
upwelling. Generally, a negative perturbation of the salinity an-
omaly at the surface is observed for the cyclonic eddies, and §'
becomes positive below 30x104 Pa depth. The mean S’ vertical
sections of the composite cyclonic and anticyclonic eddies are
shown in Figs 5e and f. It can be seen that the surface shallower
than 30x10* Pa of the cyclonic eddy is covered with negative low-
salinity water, and the subsurface of 50x104-100 x10* Pa presents
an obvious positive salinity anomaly. For the anticyclonic eddy,
there are some messy positive S’ signals in the very shallow sur-
face; however, below this, there is a very obvious negative §'.
Generally, the effect of eddies on salinity in the Bay of Bengal is
concentrated in the upper ocean shallower than 200 x10 Pa, and
the disturbed S’ signals in the very shallow surface are related to
the influence of inflows from the north Indian Ocean and river
injections. Similarly, Lin et al. (2019) and Gulakaram et al. (2020)
also showed that the spatial structure of eddy-induced salinity
perturbations is characterized by a dominant dipole structure in
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Fig. 5. Mean vertical diagrams of potential temperature anomaly ' (a) and salinity anomaly S’ (d) from Argo profiles as a function of
depth inside eddies and outside eddies, mean vertical sections of the potential temperature anomaly ¢’ (b and c), and salinity anomaly
S’ (e and f) of the composite cyclonic and anticyclonic eddies at section Ay=0 in the Bay of Bengal (4°-20°N, 80°-94°E), the dashed line
indicates the depth of the max ¢’ and §'. In a and d, the dashed curves indicate the value of the Argo profiles inside eddies minus the
CARS climatology, and the green solid curves indicate the mean anomalies that were computed from Argo profiles outside eddies
relative to the CARS climatology; the blue and red solid curves correspond to dashed curves that removed the mean anomaly (green
solid curves); the shading indicates one standard deviation value range.

the near surface layer. But, in Gonaduwage et al. (2019), the sa-
linity perturbations in surface are not obvious based on all Argo
profiles.

Note the salinity structures of positive S’ inside cyclonic ed-
dies and negative S’ inside anticyclonic eddies in the Bay of
Bengal, which are not consistent with other regions. In the north-
western subtropical Pacific Ocean (Yang et al., 2013), the Kurosh-
io extension region (Dong et al., 2017) and the south Indian
Ocean (Hu et al., 2017), cyclonic/anticyclonic eddies predomin-
antly have subsurface (near-surface) intensified negative/posit-
ive salinity anomalies. However, the uplifting effect of cyclonic
eddies due to divergence and the sinking effect of anticyclonic
eddies due to convergence in the Bay of Bengal are obvious. Due
to the special characteristics of the water mass in the bay, espe-
cially under the control of the low-salinity BBW at the surface and
the IEW in the deep ocean, the salinity of seawater shows a
monotonic increase with depth. The Bay of Bengal does not have
high-salt water masses such as the North Pacific Tropical Water
(NPTW) at the subsurface or low-salt water masses such as the
North Pacific Intermediate Water (NPIW) in the deep ocean.

Therefore, salinity changes caused by eddies in the Bay of Bengal
are mainly concentrated in the upper layer and the thermocline,
and the salinity changes are relatively monotonic with depth.

4.3 Regional variety of temperature and salinity structures

To observe the eddy temperature and salinity structures of
cyclones and anticyclones at different longitudes in the Bay of
Bengal, we divided the bay from east to west into 14 subregions at
1° longitude intervals and calculated the mean temperature an-
omaly 0" and salinity anomaly S’ profiles in each subregion. In
this way, the three-dimensional temperature and salinity struc-
tures during the eddy evolution from east to west can be ana-
lyzed. The temperature and salinity structures of eddies at differ-
ent longitudes are shown in longitude-pressure plots of ¢ and §',
respectively (Fig. 6). It is noted that ' and S’ outside eddies at dif-
ferent longitudes show obvious differences (Figs 6¢ and f), which
indicates Argo-CARS systematical biases at different longitudes.
Therefore, when analyzing ¢’ and S’ in eddies at different longit-
udes, the Argo-CARS biases in this area need to be removed.

Clear images of the gradual eddy structure evolutions are
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deviation of its corresponding longitude.

shown in longitude-pressure plots of &' (Figs 6a and b). The most
striking feature is the westward strengthening of eddy signals in
both # magnitude and effecting depth. For cyclonic or anticyc-
lonic eddies, max ¢’ values in the eastern bay are approximately
-1°C or 1°C at 100x10* Pa, but near the western boundary (longit-
udes less than 86°) the max ¢’ values can reach -2°C or 2°C at ap-
proximately 100x10* Pa. As the eddies move westward, ¢’ in-
duced by the eddies increases, and the effecting depth of the ed-
dies deepens. The strengthening is most prominent at
50x104-200x10% Pa. In other words, the water at the same tem-
perature in the cyclone/anticyclone is shallower/deeper in the
western bay than in the eastern bay, which implies that the uplift
(sinking) of eddies in the western bay is more obvious. At the
same time, it also shows that the eddy intensity is constantly in-
creasing during the westward propagation, which is consistent
with the statistical results of eddy kinetic properties in Section
3.3.

Salinity structures S’ of cyclonic and anticyclonic eddies at
different longitudes present more complex changes, which are
shown in Figs 6d and e. Comparing with S’ outside eddies (Fig. 6f),
the cyclonic eddies generally induce negative anomalies at the
surface in the western and central bay and positive anomalies at
the subsurface in the whole bay, while the anticyclonic eddies in-
duce positive anomalies at the surface in the western bay and
negative anomalies in central and eastern bay. As the eddies
move westward, the salinity structures are more affected by in-
flows from the North Indian Ocean that result in weakened salin-
ity signals at the subsurface and even opposite signals at the sur-
face in the western bay. The S’ of eddies in the upper 50x10* Pa is
more relevant to the characteristics of the local water mass. The
maximum positive S’ of the cyclone on the easternmost side of
the bay (approximately 93°E) appears on the sea surface, which
can even exceed 0.3. Here, low-salinity surface water is formed,
which is related to the inflow of freshwater from rivers into the
northeast of the bay, such as the Ganges, Bromaputra, and Ir-

rawaddy. Moreover, the salinity S of the surface water gradually
decreases from west to east, and the S gradient with pressure be-
comes larger. Therefore, cyclonic eddies carrying salty water
from the subsurface to the surface will cause significant positive
salinity anomalies in eastern bay. From the east to the west of the
bay, the S’ of cyclonic eddies at the surface gradually decreases
from positive anomalies to negative anomalies and shows a neg-
ative extremum in the western bay. This negative surface S' in the
western region may be related to the inflow of high-salinity ASH-
SW from the North Indian Ocean into the Bay of Bengal during
the southwest monsoon in summer and autumn. Especially with
the flow of EICC, the high-salinity surface water can basically fill
the entire western bay. That is, the west side of the bay is covered
with a thin layer of high saline water over the original water mass
at a very shallow surface. The cyclonic eddy brings the original
low saline water back into the surface due to its lifting effect, so
the water mass in the cyclone produces significant negative salin-
ity anomalies. The §' structure of anticyclonic eddies in the west-
ern bay also shows the corresponding distribution characterist-
ics. The anticyclonic eddy causes downwelling and the sinking of
high saline water at the surface due to convergence, which res-
ults in positive salinity anomalies appearing in the upper 50x10*
Pa in the western bay.

Similarly, the temperature and salinity structures of eddies at
different latitudes are shown in Fig. 7. In the north-south direc-
tion, the effecting depth of eddies on temperature gradually be-
comes shallower from north to south (Figs 7a and b). The tem-
perature anomaly ¢’ in the northern bay is basically at a depth of
50x104-200 x10* Pa and gradually becomes shallower to a depth
of 50x104-150 x10* Pa south of 12°N due to the shallower thermo-
cline in the southern bay. At the same time, it was noted that the
¢ extrema of cyclonic and anticyclonic eddies are basically con-
centrated in the areas north of 14°N and south of 10°N, while &' in
the central region of 10°-14°N are generally small. The meridion-
al distribution of this eddy-induced temperature anomaly is not
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Fig. 7. The potential temperature anomaly ¢’ (upper panels) and the salinity anomaly S’ (bottom panels) of cyclonic (a and d),
anticyclonic (b and e) eddies and outside eddies (c and f) at different longitudes. " and S’ in the eddy removed the Argo-CARS

systemdeviation of its corresponding latitudes.

only related to the properties of the water mass, but also related
to the eddy intensity of the Bay of Bengal. In the northwestern
bay at approximately 14°N, where the EICC occurs seasonally,
some high-intensity eddies are more likely to be generated due to
the instability of the EICC (see Section 3.3). These high-intensity
eddies have more obvious effects on the temperature of the in-
ternal water inside eddies, so they can cause large temperature
anomalies in the northern bay. The ¢’ extrema at the latitudes of
approximately 8°N are related to the large amplitude and high
EKE eddies that often occur during the southwest monsoon in
the eastern part of Sri Lanka.

For eddy salinity structures S’ at different latitudes (Figs 7c
and d), it can be seen that the cyclonic eddies in the northern bay
have significant positive S’ at the subsurface, and the maximum
value can reach 0.35, while the anticyclonic eddies in the north-
ern bay have significant negative S’ at the subsurface, and the ex-
tremum can reach -0.5. Certainly, this is related to the strong ed-
dies that often occur there. More importantly, the water masses
at the surface present obvious characteristics of low saline water
due to the inflow of freshwater from rivers into the northeast of
the bay. The uplift or sinking of the surface water masses caused
by eddies will cause obvious changes in the salinity of the subsur-
face water masses there. Therefore, once an eddy occurs, it will
have obvious salinity anomaly structures. Generally, the halo-
cline of the Bay of Bengal gradually weakens from north to south
(Fig. 4), which also causes the value of S in the halocline to de-
crease from north to south. Positive S’ signals of cyclonic eddies
at the subsurface can reach the southernmost side of the bay (ap-
proximately 6°N), while negative S’ signals of anticyclonic eddies
can only reach approximately 10°N. Eddy S’ signals at the surface
(upper 30x10% Pa) show opposite values to the halocline. In terms
of cyclonic eddies, the entire surface of the bay presents negative
salinity anomalies, especially for the water masses outside the
bay (south of 6°N). This is related to the invasion of high-salinity
ASHSW from the north Indian Ocean, resulting in a thin layer of
high saline water covering the surface in the southern bay, and it

will enter the bay with the northward EICC. This phenomenon is
more obvious for §' signals of anticyclonic eddies at the surface.
The surface upper 50x10% Pa in the regions of 6°~10°N corres-
ponds to a significant positive §’, which indicates that anticyclon-
ic eddies cause the high-salinity ASHSW to sink below the sur-
face due to convergence.

5 Conclusions

This study analyzes the statistical characteristics and three-
dimensional thermohaline properties of mesoscale eddies with a
lifetime that exceeds 30 d in the Bay of Bengal. The AVISO alti-
meter data from January 1993 to February 2017 are used to
identify mesoscale eddies using SLA-based eddy identification,
track their trajectories, analyze their propagation directions, and
characterize their properties. Then, based on Argo profile data
and climatology data, the eddy synthesis method was used to
construct the three-dimensional temperature and salt structures
of the eddies in this area.

Statistical analysis shows most mesoscale eddies propagate
westward, while less eddies propagate eastward and occur
mainly in the area near the EICC. There is a clear southward
(equatorward) preference for eddies with long lifetimes in the
Bay of Bengal, especially for cyclones. Moreover, the eddies in
different areas of the Bay of Bengal show different north-south-
ward preferences. In terms of eddies with long lifetimes, at the di-
viding line of 12°N, the eddies in the southern bay mostly propag-
ate northwestward, while the eddies in the middle and northern
bay mostly propagate southwestward. The eddies with different
propagation preferences in the northern and southern bay are
very important for water transport in the Bay of Bengal. In addi-
tion, evolution of eddy kinetic properties with lifetime shows that
eddies have the significant three-stage feature: the growth period
in the former 1/5 of lifetime, the stable period in the middle 2/5
to 4/5 of lifetime, and the dying period in the last 1/5 of lifetime.
The census statistics of eddy kinetic properties show that cyclon-
ic eddies are stronger than anticyclones in terms of eddy amp-
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litude, EKE, and maximum rotational speed. Clear high EKE dis-
tributions are shown in eastern Sri Lanka, especially for cyclonic
eddies, which are closely related to the southwest monsoon cur-
rent invading the Bay of Bengal in summer. Generally, compared
with eddies in the regions of strong western boundary currents
(e.g., the Gulf Stream and Kuroshio extensions), the mean eddy
amplitude in the Bay of Bengal is lower, with fewer large-amp-
litude eddies. This outcome occurs mainly because the Bay of
Bengal has only a seasonal western boundary current EICC that
changes with the monsoon, and its velocity and intensity are not
as strong as other western boundary currents in the world’s
oceans.

An investigation of the three-dimensional thermohaline
properties of the eddies shows that the mean temperature anom-
aly ¢’ is negative/positive to the cyclonic/anticyclonic eddies in
the upper 30010 Pa due to upwelling/downwelling, and below
this depth, 8’ becomes weak. The mainly reason for the shallow
influence depth of eddies in the Bay of Bengal is that the stratific-
ation of the surface waters in the bay is very obvious, forming a
barrier layer at the sea surface which makes it difficult for eddies
to affect the deep ocean. At the sea surface, the temperature an-
omaly signal is relatively disordered and does not show the same
temperature change consistent with the eddy polarity due to the
influence of inflows from the northern Indian Ocean, abundant
precipitation and river injection on surface waters in the Bay of
Bengal. The salinity profiles inside eddies also reflect the signal of
vertical motion. The cyclonic eddies prefer to induce a positive
salinity anomaly at the subsurface due to the uplift of more sa-
line water by upwelling, while anticyclonic eddies tend to induce
a negative salinity anomaly due to the sinking of less saline water
by downwelling. A negative perturbation of salinity anomaly at
the surface is observed for the cyclonic eddies. The salinity struc-
tures of positive S’ inside cyclonic eddies and negative S’ inside
anticyclonic eddies in the Bay of Bengal, which are not consist-
ent with other regions. Due to the special characteristics of the
water mass in the bay, especially under the control of the low-sa-
linity BBW at the surface and the IEW in the deep ocean, the sa-
linity of seawater shows a monotonic increase with depth.

The temperature structures of cyclonic and anticyclonic ed-
dies at different longitudes in the Bay of Bengal show the west-
ward strengthening of eddy signals in both §’ magnitude and ef-
fecting depth. As the eddies move westward, ¢’ induced by the
eddies increases, and the effecting depth of the eddies deepens.
From the east to the west of the bay, the salinity structures are
more affected by inflows from the North Indian Ocean that result
in weakened salinity signals at the subsurface even opposite sig-
nals at the surface in the western bay. This negative surface S’ of
cyclonic eddies in the western is related to the inflow of high-sa-
linity ASHSW from the north Indian Ocean into the Bay of Bengal
during the southwest monsoon in summer and autumn. That is,
the west side of the bay is covered with a thin layer of high saline
water over the original water mass at a very shallow surface. In
the north-south direction, the effecting depth of eddies on tem-
perature gradually becomes shallower from north to south due to
shallower thermocline in the southern bay. The ¢’ extrema of cyc-
lonic and anticyclonic eddies are basically concentrated in the
areas north of 14°N and south of 10°N. The meridional distribu-
tion of this eddy-induced temperature anomaly is not only re-
lated to the properties of the water mass, but also related to the
eddy intensity of the Bay of Bengal. In the northern bay, the cyc-
lonic eddies have max positive S’ at the subsurface and the anti-
cyclonic eddies have max negative S’ at the subsurface. The wa-
ter masses at the surface present obvious characteristics of low

saline water due to the inflow of freshwater from rivers into the
northeast of the bay. The uplift or sinking of the surface water
masses caused by eddies will cause obvious changes in the salin-
ity of the subsurface water masses there. Eddy S’ signals at the
surface (upper 30 x10* Pa) show opposite values to the halocline.
In terms of cyclonic eddies, the entire surface of the bay presents
negative salinity anomalies. This is related to the invasion of
high-salinity ASHSW from the north Indian Ocean, resulting in a
thin layer of high saline water covering the surface in the south-
ern bay, and it will enter the bay with the northward EICC. This
phenomenon is more obvious for positive S’ signals of anticyc-
lonic eddies at the surface.
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