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Abstract

We identify loops and eddies from the trajectories of the drifters in the North Indian Ocean (N1O) from
October 1985 to March 2019. We use geometric identification method for loops and eddies and
compare them with the loops identified from loopers provided by Lumpkin (2016). In N1O, the number
of loops estimated from loopers is less than the number of loops and eddies identified by the geometric
identification method. A total of 761 loops are identified, of which 346 are eddies, whereas the loops
identified from loopers are only 149. Larger radii loops and eddies are observed in the western and
central Bay of Bengal (BoB) and the southwestern part of the Arabian Sea (AS). Temporal variation
of loops and eddies shows a peak during April-May in the AS and September-October in the BoB. In
the BoB, the temporal variation of cyclonic eddies matches with the variation in chlorophyill.
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1.Introduction

North Indian Ocean (NIO), owing to the closed boundary in the north, possesses a unique circulation
pattern. The seasonal reversal of winds and the associated changes in the seasonal circulation patterns
in the NIO have become an interesting topic for many researchers. Most studies encompassing surface
circulation in the NIO are either based on satellite data products (Peng et al., 2015; Raj, 2017) or the
numerical models (Kantha et al., 2008; Sengupta et al., 2007; Vinayachandran and Kurian, 2008) or
both (Shankar et al., 2002). Very few studies have incorporated drifters to study surface circulation in
the NIO. Unlike model or satellite-based data products that are gridded and have continuous time-
series, drifter data are patchy and lack continuity at a particular location as the location of the drifters
change with time. Hence, there are fewer studies using drifters compared to other datasets. A few of
the early studies using drifter's data were carried out by Molinari et al. (1990); Shenoi et al. (1999) to
study the surface circulation in the tropical Indian Ocean. Beal et al. (2013) used both satellite and
drifter's data to study the response of the Surface Circulation of the Arabian Sea (AS) to monsoonal
forcing. Recently, Hormann et al. (2016) deployed an array of drifters to study the horizontal advection
of freshwater at various spatio-temporal scales in the northern Bay of Bengal (BoB). Further, Hormann
et al. (2019) used drifter and Argo float observations data to study freshwater export pathways from
BoB into the Indian Ocean and the Arabian Sea. In another study using drifter's data, Dora et al. (2020)
described the flow characteristics from the trajectories of three drifters deployed simultaneously at the

same location in the northeastern AS.

The trajectories of the drifters have also been used in the study of oil spills (Liu et al., 2011; Price et
al., 2006) and particle tracking technigues (Putman and He, 2013). Since the drifters follow the nature
of ocean flow, their trajectories undergo loops and turns depending on the instantaneous magnitude
and direction of the current. For example, when a drifter is trapped in an eddy, it makes either a
cycloidal or a looping trajectory; these loops can be associated with eddies. The eddies smaller than
40 km are difficult to be identified from satellite-derived sea level fields. These sub-mesoscale eddies
also play a key role in biogeochemical budgets through intense upwelling of nutrients, subduction of
plankton, and horizontal stirring (Ledwell et al., 1993; Lévy and Klein, 2004; Zheng et al., 2015).

Various studies have used loops from trajectories of the drifters to study eddy characteristics. Loops
are identified as the closed or near closed segments in the trajectories. One of the most common
techniques to identify loops is the geometric identification method (Li et al., 2011; Zheng et al., 2015).
In this method, the closed or near closed segments in the drifter trajectories are identified as loops. Not
all loops are eddies, and a loop is considered to be an eddy only if two or more consecutive loops with

the same polarity are observed along the same drifter’s trajectory. Li et al. (2011) studied the eddies in



the South China Sea (SCS) and observed that around 70 % of the observed eddies are anticyclonic.
They also identified that the temporal distribution of the number of eddies in the northern SCS has a
close relationship with the Asian monsoon. Zheng et al. (2015) have statistically investigated the
cyclonic and anticyclonic eddies from sub-mesoscale to mesoscale in the South Indian Ocean (S10).
They found that of the total eddies identified in the SIO, 60 % were anticyclonic and inferred that the

mesoscale eddies showed significant seasonal variability.

Dong et al. (2011) have applied an additional criterion for a loop to be eddy. They rejected all the loops
that have periodicities beyond 1-90 days. Based on this additional criterion, eddies are identified from
the set of loops. Dong et al. (2011) in the Kuroshio extension region showed that 52 % of the total
eddies identified are anticyclonic eddies. The spatial distribution of these eddies suggests that eddy
abundance is highest along the Kuroshio path. Recently, Lumpkin (2016) has suggested that the
methodology adopted by Dong et al. (2011) identifies any closed trajectory segments as loops,
regardless of how irregular the trajectory is during that segment. Lumpkin (2016) identifies the loopers
consisting of two or more loops using a methodology that would detect segments of drifter trajectories
that exhibit sustained looping with a particular spin. He identified the loopers in the world basins and
associated them with eddies identified by the satellite altimetry.

The method followed by Lumpkin (2016) is more stringent for the circular path to be identified as a
looper and then as an eddy. In the Kuroshio extension region, Dong et al. (2011) identified 1808 eddies
using drifter trajectories during 1979-2009, whereas 682 loops (drogued and undrogued) were
identified from loopers provided by Lumpkin (2016) for a much longer period 1979-2019.

Do such differences in statistics between the two methods are confined only to a particular region? Do
these two methods show different statistics of eddies in the NIO also? Are these loops and eddies
uniformly distributed over the entire basin? Does the number of loops and eddies have a seasonal
variation? The number of eddies in the NIO is reported to vary in space and time. The spatio-temporal
variability of eddies in the NIO is studied by various authors. For example, Trott et al. (2018) showed
that the number of cyclonic and anticyclonic eddies peak during pre-monsoon in the western AS.
During the winter monsoon, weaker eddy activity is observed. Cheng et al. (2013) identified eddies
using the satellite sea-level data and detected two distinct bands of high eddy activity region in western
and central BoB. Another study by Mukherjee et al. (2019) in the BoB showed that during spring, the
eddy activity is weaker in the BoB compared to summer and winter. However, all the above studies
on spatio-temporal variability are either based on satellite altimetry and/or model studies. Do the loops

and eddies identified using the drifters' trajectories also show a similar trend?



To answer the above questions, in the present study, we identify loops from the drifter trajectories in
the NI1O, following the method of Dong et al. (2011), and compare them with the loops estimated from
loopers identified by Lumpkin (2016) in the NIO. Furthermore, we compare the statistics and the
characteristics of these loops with that of eddies in the NIO. We also describe the spatio-temporal
characteristics of the loops and eddies identified from both the methods and compare them with the

earlier studies, which were based on the satellite data and model outputs.
2. Data and methods

We used satellite-tracked drifter data in the NI1O for the period October 1985 to March 2019. The total
number of observations is shown in Figure 1. Quality controlled 6-hourly interpolated positions
(Hansen and Poulain, 1996; Lumpkin and Centurioni, 2019) of drogued drifters are downloaded from
https://www.aoml.noaa.gov/phod/gdp/interpolated/data/subset.php. The data availability during 1985-
2019 in the grid size of 0.25° x 0.25° is shown in Figure 1. Rossby radius of deformation values were
taken as per Chelton et al. (1998) and downloaded from  http://www-
po.coas.oregonstate.edu/research/po/research/rossby_radius/. In the present study, the drifters west of

78°E are considered to be in the AS, and the drifters east of 78°E are considered to be in the BoB.
2.1. Identification of Loops (L1)

We followed Dong et al. (2011) in identifying a loop segment from a drifter trajectory. A schematic
representation of this method to estimate a loop from the trajectory is shown in Figure 2a. Consider a
point A in the trajectory at time to, and let Q be the location of the drifter after some cut-off time step,
say t1. The distance between point A and all other points on the trajectory from Q is calculated. If the
trajectory forms a loop, then at a particular time, say t, on n' day, the drifter location (at point B) would
be close to the point A. Consider a series of points in the drifter trajectory S(i), where i=1, 2, 3..., M;
M is the total number of points in the drifter trajectory. At any given point S(i), say point A along the
drifter trajectory, the identification of the loop segment starts with estimating the distance D(i, k)
between point S(i) and the successive points S(k). If the trajectory contains a loop, then at a particular
time, D(i, k) will be less than the threshold distance Do . For example, when iteration starts at point A,
the distance is calculated from point A to all succeeding points after point Q in the trajectory. Say at
point B, the distance is less than the threshold, then all the points from point A to B is considered to be
in a loop. The threshold distance is to mark the distance when the drifter is returning to its former

location.

Apart from the distance, we put a condition on the minimum and maximum time period during the

trajectory that should have made a loop. The searching range is [i + 7, min(i + N, M)], where 7 is the
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cut-off time step, and N is the maximum time limit to search a loop. Thus, for the first part of loop

identification, the following conditions should satisfy:
D(i, k) < Do
i +7<k<min(i + N, M)

If these two conditions are not satisfied at point S(i), then the iteration moves to the next step S(i+1),
and the search goes on. And if a loop segment is identified, the next iteration starts from the point
succeeding the last point of the loop segment. In this study, for identifying loops, we have chosen the
cut-off period (z) of 6 days for initiation of search and the maximum search time of 90 days. The lower
cut-off of 6 days is chosen to filter out the inertial oscillations. The inertial time period, T is given by
2n/f, where the local inertial frequency f = 2Q sin(A), A is the latitude, and Q is the earth rotating
frequency. For latitudes 5°N to 25°N, T varies from ~5.7 days to ~1.2 days. Hence the lower cut-off
is chosen as 6 days. The higher cut-off for the search is chosen as 90 days following Dong et al. (2011),
a longer search time might result in a trajectory segment of a flow gyre that is taken as an eddy; a
shorter search time might exclude some eddies that have a long rotating period. These cut-offs will
exclude loops with periods shorter than that of the local inertial periods and longer than intra-seasonal

periods.

The threshold distance (Do) is taken as 5 km; reducing the threshold distance reduces the number of
loops. A threshold distance of 10 km, 5 km, and 3 km gave 876, 761, and 608 loops respectively in the
NIO.

The next step is the determination of the rotating angle #, and the polarity of the loop segment. The
polarity of the loops is used to identify cyclonic and anticyclonic loops. Both rotating angle and
polarity are determined using the loop center. Once the loop is identified, the loop center is estimated
by averaging all the points consisting of latitudes and longitudes in the drifter loop trajectory. Angle
is then calculated between the adjacent points from the loop center to determine the rotating angle, 6
(Figure 2a). Ideally, the total rotating angle & should be close to 360°. The looping segment can finally
be considered to be a loop when & is greater than 6o (~ 300°). Polarity is determined by the sign of the
angle. For the northern hemisphere, a cyclonic loop traverses anticlockwise (positive), and an
anticyclonic loop follows the clockwise direction (negative). So, the segment that satisfies the three
criteria i.e., the minimum threshold distance, searching time period, and rotating angle, can be
considered as a loop. The loop radius is given as the mean distance between all the loop points from
the loop center. Mean tangential velocity for the loop was determined by averaging current along all

the points in the loop. For our study, we have taken the region north of the equator as the area of



interest. So, the loops with center points that are above the equator are taken into account. We shall be

using the term "L1" for all the loops identified (Figure 3a).
2.2. ldentification of Eddies (E1)

Not all the L1 loops are associated with eddy flow. So, two or more loops are deemed eddy only if
they are within advection distance and have the same polarity (Dong et al., 2011). The distance
between the loop centers of the two loops Dicopcenter, Should always be less than the net advection
distance Dagv, Which is estimated using the average current along two loops and time interval between

two loops.

Dloopcenter < Dagv

For example, in Figure 2b, only a single loop is observed in the trajectory of the drifter with DAC No.
27051 and WMO Id. 2300507 (DAC Nos. and WMO 1Ids. are identification numbers assigned to each
drifter at Atlantic Oceanographic and Meteorological Laboratory (AOML), under the guidance of the
World Meteorological Organization (WMO)). Hence, by definition, this loop shown in Figure 2b is
not considered as an eddy. Figure 2c shows that the trajectory of the drifter (DAC No. 2134711 and
WMO Id. 2300643) traces three loops. The centers of the three loops are within the limit of the
advection distance. Hence it is considered as an eddy by definition. Since all the three loops are within

the advection distance, statistically, these are considered as three eddies. We name these loops as "E1".
2.3. Loopers (L2)

Loopers i.e., looping segments in the drifter trajectory, are identified by Automatic Looper Detection.
This method would detect trajectories of drifters which exhibited sustained looping with a particular
spin. For more details see Lumpkin (2016). Loopers are looping segments that have completed two or
more  orbits in the drifter trajectory. Loopers data is downloaded from
https://www.aoml.noaa.gov/phod/loopers/. We identified loops from these looper trajectories using the
geometric identification method and termed it as “L2”. Since loopers exhibit coherent vortices, any
loop identified in the looping trajectory is considered as an eddy. The trajectory shown in Figure 2c

satisfies the criteria for all the cases; it is a loop (L1), an eddy (E1), and also a loop from looper (L2).
2.4. Comparison of the methods

The loopers have stringent identification condition and hence are very less in number compared to
loops and eddies identified by the geometric identification method. Since the direction of the spin does
not change in the trajectory, loopers are smoother in shape compared to the loops and eddies. For
example, the trajectory of the drifter (DAC No. 15710, WMO Id. 2300593) shown in Figure 4 is
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identified as a loop L1 and also as an eddy E1, but not as L2. The drifter was deployed on 28 September
2002, and during the period of around 9 months, it traced two different eddies, as shown in the sea-
level field. At the location 16°N and 89°E (given by an arrow), the direction of the rotation in the
trajectory changes, which could be the possible reason for not being detected as a looper. However,
even though it is identified as a loop and an eddy, the actual trajectory is because of the two circulation
features as shown by the sea level and not a single eddy. In such cases, all the three methods have a
drawback, that the first two methods identified a single loop and an eddy in the trajectory, though they
are two different loops. It is not considered as a looper, as by definition, it requires at least two or more
loops to be identified as a looper. The trajectory shown in Figure 2b is a loop but not an eddy, as it is
not associated with a second loop within the advection distance. The sea-level field also shows a single
circulating feature in this trajectory (Figure not shown). The loops, eddies, and the loopers identified
from the trajectories correlate with the sea-level field, suggesting the robustness of these methods. The
major advantage of these methods is the eddies with smaller radii or size that could not be identified

in the sea-level field can be identified in the trajectories.
3. Results

Loops (L1), eddies (E1) are identified from the drifter trajectory for the period 1985-2019 following
Dong et al. (2011). Loops (L2) are identified from looper trajectories downloaded from
https://www.aoml.noaa.gov/phod/loopers/ . In this section, we describe the statistics of L1, E1, and L2
in the NI1O.

3.1. Statistics of loops

A total of 761 loops (L1) are identified from drifter trajectories in the NIO, with loop centers above
the equator. Of the 761 L1 loops, 322 loops are in the BoB and 439 loops in the AS (Figure 3a). The
loops (L1) are clustered around the western BoB and southwestern AS. The eastern AS (along the west
coast of India) is nearly devoid of loops. The cyclonic and anticyclonic loops (L1) appear to be
distributed equally in space, but the number of anticyclonic loops is slightly higher than that of cyclonic
loops. Out of 761 loops (L1) in the NIO, 404 are anticyclonic, and 357 are cyclonic. In the AS,
anticyclonic and cyclonic loops (L1) are 240 (55 %) and 199 (45 %), respectively. The numbers are
not very different for the BoB, with 164 (51 %) anticyclonic and 158 (49 %) cyclonic loops.

The eddies (E1) are consecutive loops from the same drifter trajectory that satisfied two additional
conditions (i) same polarity and (ii) advection distance between the two loop centers is less than the
average distance covered by the loops and are shown in Figure 3b. The number of eddies reduced
nearly to half of the L1 loops. There are 346 eddies (E1) in the NIO, of which 191 are anticyclonic and
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155 are cyclonic respectively. There are 222 eddies in the AS with 130 (59 %) anticyclonic and 92
(41 %) cyclonic eddies. For the BoB, the number of eddies is 124, with 61 (49 %) anticyclonic and 63
(51 %) cyclonic eddies.

The L2 loops estimated from loopers identified by Lumpkin (2016) are very less in number compared
to L1 loops and E2 eddies (Figure 3c). In total, 170 loopers were identified in the NIO, of which only
102 loopers were drogued. 149 loops were identified from drogued loopers using same condition as
L1. Since each looper contains two or more loops, the total number of loops (L2) in the NIO is more
than the number of loopers. Out of these 149 loops (L2), 100 (67.1 %) were cyclonic and 49 (32.9 %)

were anticyclonic loops.
3.2. Size of the loops

The histogram of the loop radii for the NIO, AS, and the BoB is shown in Figure 5. It can be observed
that drifters have the ability to characterize the sub-mesoscale eddies and loops that are unresolved by
satellite altimeter data. The loops (L1) with radii less than 20 km are much higher in number than the
loops with larger radii (Figures 5a, b, ¢). The mean radii of the anticyclonic loops (L1) for the NIO,
AS, and the BoB are 61 km, 60.1 km, and 62.4 km respectively. The mean radii of the cyclonic loops
(L1) for the NIO, AS and the BoB are 56.4 km, 54.9 km, and 58.3 km, respectively, and are shown in

Table 1. The L1 loops in the AS have lower mean radii compared to the BoB.

The mean radii of the eddies (E1) also show similar trends; the eddies (E1) with smaller radii are higher
in number (Figures 5d, e, f). The mean radii of the eddies for the N1O, AS and the BoB are 56 km,
55.5 km, and 56.7 km respectively. The mean radii of the cyclonic eddies (E1) for the NIO, AS and
the BoB are 51.8 km, 50.6 km, and 53.6 km respectively. The mean radii of the anticyclonic eddies
(E1) for the NIO, AS and the BoB are 59.4 km, 59.1 km, and 59.9 km respectively, and are shown in
Table 1. The radius of the loop gives an indication of the size of the loop or an eddy. The eddy sizes
are underestimated as drifter may be trapped in a part of an eddy. As discussed in Chaigneau and
Pizarro (2005); Li et al. (2011), if drifters are statistically evenly distributed over an eddy of radius R,
the probability density p(r, 8) of finding the drifter at a radius r and direction 6 relative to the eddy

center is constant. So,

1 1

p(r,0) = P raras TR

The mean distance R;, or the expectation

E(r) = fOR foznrzp(r, 0)drde



of the drifter from the eddy center is given by R, = 2R/3. The mean radius R, for all E1 eddies in the
NIO, AS, and the BoB is 56 km, 55.5 km, and 56.7 respectively. So, on an average, an eddy of 56 km
radius identified from the drifter loop is associated with an eddy radius of 84 km. The average radii of
eddies in the BoB is reported to be around 90 km (Cui et al., 2016). It is slightly larger than the mean
radii estimated from the drifter trajectories. This average by Cui et al. (2016) is based on the satellite-
derived data that can detect the eddies that are greater than 30-40 km radii. Similarly, Chen et al. (2012)
observed that the radii of the eddies identified using the satellite data is larger than the Rossby radius
of deformation. This is well expected as the radius of the eddies identified using drifter is smaller
compared to the eddies identified by the satellite data. Li et al. (2011) have observed that in the South
China Sea (SCS), the eddy radius (estimated using drifter data) is an order of magnitude lower than
the Rossby radius of deformation. We also observe the eddy radius south of 14°N is lower than the
Rossby radius of deformation, as the Rossby radius of deformation increases rapidly towards the
equator (Figure 6). At latitude 16°N (21-24°N), the eddy radius is slightly larger than the Rossby radius
in the BoB (NIO and AS). The Rossby radius of deformation is often associated with the eddy size to
understand the eddy dynamics (Chelton et al., 2007; Chen et al., 2012).

The L2 loops are very less in number. The loops (L2) with radii less than 20 km are much higher in
number compared to the loops with larger radii (Figures 5g, h, 1). The mean radii of the anticyclonic
L2 loops for the NIO, AS, and the BoB are 41.46 km, 41.1 km, and 41.6 km respectively. The mean
radii of the cyclonic L2 loops for the NIO, AS, and the BoB are 22.8 km, 20.4 km, and 25.1 km
respectively, with mean radii of the cyclonic L2 loops for NIO, AS, and BoB being 41.4 km, 41.1 km,
and 41.6 km and are shown in Table 1.

3.3. Spatio-temporal variability of loops and eddies

Figure 7 shows the spatial distribution of cyclonic and anticyclonic L1 loops and E1 eddies in the NIO.
The loops and eddies are shown in circles corresponding to their radii. Thus, different sizes of circles
show variable radii, with larger loops/eddies corresponding to larger radii and vice-versa. The density
of the larger radii loops (L1) and eddies (E1) is higher in the western and central BoB. In the AS, most
of the larger radii loops are seen in the southwestern part of the AS. The number of eddies is higher

along the western and northern BoB compared to southern BoB.

There are no eddies observed in the eastern BoB (Figure 8). The eastern AS as well is nearly devoid
of eddies. In both regions, the number of anticyclonic eddies is more than the cyclonic eddies. Not
only the spatial variability but the number of the loops also vary with seasons and respond to the

seasonal changes that occur in the NIO. To understand the seasonal changes in loops and eddies, we



analyzed our results for two seasons Summer Monsoon (June—September) and Winter Monsoon
(November—February). There is a striking difference in the variation of loops and eddies in the northern
and southern BoB; hence we looked into seasonal variation in the northern and southern bay. The
region north of 16°N in the BoB is considered as northern BoB (NBoB) and the region south of 16°N
is considered as southern BoB (SBoB). Figure 9 shows the histogram of the number of the loops and
eddies during Summer Monsoon (SM) and Winter Monsoon (WM). During SM, anticyclonic eddies
are higher compared to WM in the AS, BoB, and the SBoB. In the NBoB, the anticyclonic loops and
eddies are high during WM. The number of anticyclonic loops and eddies is higher than the cyclonic
loops and eddies during SM in the AS. A similar trend is observed for the SBoB, however in the NBoB;

the cyclonic are higher than the anticyclonic eddies during SM.

The cyclonic loops and eddies are known to be highly productive and are likely to be generated by
positive wind stress curl. Hence, we look into the variability of loops and eddies in association with
variation in chlorophyll and wind stress curl. The number of cyclonic loops is high in the northwestern
and central BoB (Figure 10a, b), both during SM and WM. The positive wind stress curl (favorable
for cyclonic eddies) is observed along the northwest BoB during SM (Figure 10g). The chlorophyll in
these regions is also high compared to the central BoB during SM (Figure 10e). The Gulf of Aden in
the western AS is dominant with cyclonic loops during SM, where high chlorophyll and positive wind
stress curl is observed. Southern (Northern) AS has more cyclonic loops during summer (winter)
monsoons. The number of eddies is less compared to the number of loops in both the AS and the BoB.
However, this decrease in the number is more prominent in the AS. During WM, the wind stress curl
is negative (not favorable for cyclonic eddies) though a high number of cyclonic loops and eddies are
observed along the northwestern BoB (Figure 10b, h), and also high chlorophyll is observed along the
northwestern BoB (Figure 10h).

3.3.1 Temporal variability

A seasonal cycle is observed in the number of loops and eddies in the NIO. During April-May, the
loops (L1) and eddies (E1) show a peak in the NIO (Figure 11a, f) and AS (Figure 11b, g). A minor
peak is observed during September. In the AS, a third peak is observed during November—December
(Figure 11g). The anticyclonic loops show a pattern similar to the total number of loops; however, the
cyclonic loops and eddies remain nearly invariant in the NIO and the AS. BoB has a slightly different
pattern from the N1O and the AS; the major peak is observed during September-October in both loops
and eddies (Figure 11c, h), and the minor peak is observed during December-January in eddies (Figure
11h). But the number of L1 loops and E1 eddies show a dip during February in the NIO, AS, and the
BoB. The seasonal variation in L1 and E1 is nearly the same, except that the number of eddies is less
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than the number of loops. However, the loops (L2) differ in seasonal variation. They show a peak
during December—January in all the regions N1O, AS, and the BoB (Figure 11k, I, m). The number of
loops (L2) during June—September almost remains invariant. In the SBoB, the major peak in loops and
eddies is observed during August—September, and the minor peak is observed during December—
January (Figure 11e, j). In the NBoB, a sharp peak is observed during September (Figure 11d, i). Since
cyclonic eddies are known to enhance chlorophyll, thereby production in the BoB (Prasanna et al.,

2004), we look for the seasonal cycle of the number of cyclonic eddies and chlorophyll.

The temporal variation of the number of cyclonic eddies in the BoB matches the temporal variation of
chlorophyll (Figure 12). The number of eddies and the chlorophyll have lower values during February—
May compared to June-September. The number of eddies and the chlorophyll values show an
increasing trend from June. A dip is observed in both chlorophyll and the number of eddies during
October-November. The correlation coefficient is 0.52 and is significant at a 90 % confidence level.
Inthe AS, such a match between the number of eddies and the chlorophyll is not observed. The possible
reason could be that the chlorophyll in the AS is majorly determined by the upwelling phenomenon
(Hood et al., 2017), whereas the BoB is an eddy dominant region; hence the chlorophyll in the the BoB
is better correlated (Singh et al., 2015).

4. Discussion and Summary

Trajectories of drifters are in general associated with the instantaneous flow characteristics i.e., they
are dependent on the instantaneous current at a particular location and time, and hence their trajectories
possess an irregular shape. However, when analyzed over a larger period of time, the trajectories of
some of the drifters follow a particular pattern; for example, when they are trapped in cyclonic or
anticyclonic circulation features, they form a loop. Hence the trajectories of these drifters are used to

study the loops and eddies in the oceans.

In the present study, we identify loops (L1) following Dong et al. (2011). Some of these loops satisfy
the criteria suggested by Dong et al. (2011) to be eddies (E1). These criteria are listed in Table 1. Using
a different method, Lumpkin (2016) identified loopers trajectories in which more than one loop are

present. We extracted the loops L2 from these loopers using the geometric identification method.

More importantly, the statistics shown in Figure 5 shows that the smaller sized loops and eddies are
much more in number compared to the larger radii loops and eddies. Though the drifters are not
uniformly distributed in time and space, their data are available for more than 4 decades, which enables
us to study such small size eddies/loops, which otherwise cannot be identified using satellite-based

data products.
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Our study shows that the loops and eddies show a strong seasonal cycle; they peak during the pre-
monsoon season in the AS, a similar result was observed by Trott et al. (2018). They attributed this
peak in the number of eddies to the wind-driven instability. The wind-stress curl during this season is
negative in most of the AS basin. During SM, cyclonic loops in the northwestern part of the AS is
associated with positive wind stress curl and high chlorophyll. This positive wind stress curl observed
during SM s associated with the Findlater jet (Beal et al., 2013). Eddies with larger sizes tend to
feature in the regions with large eddy kinetic energy (EKE) (Zheng et al., 2015). Our study shows that
the Somalia region has larger radii eddies, which implies that the Somalia region should have high
EKE. Sharma et al. (1999) has shown that the Somalia region has high EKE compared to the other
regions in the AS.

In the BoB, the western bay is dominated by more eddies and larger radii. Cheng et al. (2013)
highlighted two distinct bands of high eddy activity region in the western and central BoB. A similar
result was earlier reported by Kurien et al. (2010). They attributed a high number of eddies to the
baroclinic instability in the western BoB. Mukherjee et al. (2019) observed that region lying between
85-90°E and 18-21°N (defined as the NWBo0B) has more eddies compared to the region 80-85°E and
10-13°N (defined as the SWBo0B). Our study also shows that the NWBo0B has more eddies than the
SBoB. They observed that the number of cyclonic eddies is more compared to the anticyclonic eddies,
but Dandapat and Chakraborty (2016); Roman-Stork et al. (2019) observed that in the BoB,
anticyclonic eddies are more than cyclonic eddies. Though all the three studies are based on satellite
data, they have used different methods of eddy identification and during different time periods. Our
study shows that in the NIO, AS, and the BoB, anticyclonic eddies are more than cyclonic eddies.
During SM, positive wind-stress curl is observed in the northwestern part of BoB, and so also the
cyclonic eddies/loops associated with high chlorophyll. A similar result was observed by Dandapat
and Chakraborty (2016). However, during certain times, though negative wind stress curl was
observed, the cyclonic eddies were present. For example, in Figure 10, during WM, though negative
wind stress curl is seen, along the western BoB, the cyclonic eddies are also present. This is because
the wind stress curl is not the only reason for eddy generation. Roman-Stork et al. (2019) observed
that high eddy generation in the eastern BoB is associated with instability induced by coastal Kelvin

waves and the westward propagating Rossby waves.

In summary, we identify the loops and eddies from the trajectories of the drifters in the NI1O using two
different methods. Depending on the method used, there were slight changes observed in the statistics
of the loops and eddies. The statistics and spatio-temporal variability of loops and eddies identified in

this study match well with earlier reported studies, suggesting that these methods are reliable and can

12



be used for characterizing the eddies in the region. The comparison with the satellite-based studies is
important for this study, as the drifter's data is not evenly distributed in space and time. In spite of
being non-uniform distribution, the drifter data has a unique advantage over the satellite-based studies
is that the loops and eddies of smaller sizes (< 40 km) can also be identified along with the larger radii.
Spatio-temporal variability studies of the loops/eddies of such smaller sizes were not done earlier in
the NIO for such a long time period. However, the unequal distribution would remain as a lacuna for
any studies using the drifter data. It would always remain as a drawback for such studies and would

pose a challenge working with these data sets.
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Table 1: Number and Radius of L1 and L2 loops, and E1 eddies. Total refers to total (combined cyclonic and anticyclonic) loops/eddies. Cyc and Anti
refers to cyclonic and anticyclonic loops/eddies respectively.

Numbers Radius (km)
Conditions to be satisfied NIO AS BoB NIO AS BoB
Total | Anti | Cyc | Total | Anti | Cyc | Total | Anti| Cyc | Total | Anti| Cyc | Total | Anti | Cyc | Total | Anti | Cyc

L1 |(i) Closed or near-closed loops 761 | 404 | 357 439 | 240 199 | 322 1164|158 | 58.9 61 | 56.4 57.8 |60.1|54.9|60.4 |62.4|58.3

(i) Threshold distance < 5km

(iii) Rotating angle (8) > 300°
E1 [(i) Two or more L1 loops 346 | 191 |155| 222 | 130 92 | 124 | 61 | 63 | 56 |59.4|51.8|55.5 59.1|50.6 | 56.7 |59.9|53.6

(if) Same polarity

(III) Dloopcenter < Daav
L2 |(i) Loops extracted from loopers | 149 | 49 |100 90 | 33 | 57 | 59 | 16 | 43 | 32.1 414 228 30.8 41.1 204 334 (416|251
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Figure 1. Number of 6-hourly observations of drifter locations during 1985-2019 in 0.25° x 0.25°
spatial grids. Region to the west of 78°E represents Arabian Sea (AS) and that to the right represents
Bay of Bengal (BoB). The red line at 16°N divides the BoB into two regions (i) northern BoB (NBoB,
north of 16°N) and (ii) southern BoB (SBoB, south of 16°N).
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Figure 2. (a) A schematic representation for identifying a loop from the drifter trajectory, using the
method of Dong et al. (2011). The point C is the loop center, r is the distance between center of loop
to drifter positions, € is rotating angle. A and B are starting and ending positions of the loop
respectively and the distance between them is denoted by D. Do refers to threshold distance. Q is the
position of the drifter after the cutoff period. (b) Trajectory of drifter (with DAC No. 27051 and WMO
Id. 2300507) in which a L1 loop is identified. (c) Trajectory of drifter (with DAC No. 2134711 and
WMO Id. 2300643) which shows L1, L2 loops and E1 eddies.
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Figure 3. Trajectories of (a) L1 loops, (b) E1 eddies, and (c) L2 loops identified from loopers data
provided by Lumpkin (2016). Blue and red color represents anticyclonic and cyclonic loops/eddies

respectively.
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Figure 4. Trajectory of drifter with DAC No. 15710 and WMO id 2300593. Green cross provides the
date of the position of the drifter in the trajectory, corresponding date and month of the position are
also mentioned. An anticyclonic loop (L1) and an eddy (E1) are identified from this trajectory. Arrow
in (a) points to location 16°N and 89°E, where the direction of rotation is changed. The colour panel
shows the sea-level in cm on (a) 11 February 2003 (b) 3 March 2003 (c) 22 April 2003 (d) 17 May
2003.
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Figure 5. Histogram of radii for L1 loops for (a) NIO, (b) AS, and (c) BoB; E1 eddies for (d) NIO,
(e) AS, and (f) BoB; L2 loops for (g) NIO, (h) AS, and (i) BoB. X axis denotes radii sizes in km and
Y axis denotes number of loops/eddies. Blue and red color represents anticyclonic and cyclonic

loops/eddies respectively. The black line at 40 km denote the approximate limit of satellite detection

of eddies from sea—level.
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Figure 7. Spatial distribution of (a) L1 loops and (b) E1 eddies. Blue and red circles represents
anticyclonic and cyclonic loops/eddies. The unit loop with 100 km radii is shown in black colour. All
the other loops and eddies are plotted with reference to this unit loop.
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Figure 8. The number of eddy occurrences for (a) cyclonic, (b) anticyclonic, and (c) total (total of
cyclonic and anticyclonic) eddies.
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Figure 11. Temporal distribution of L1 loops for (a) NIO, (b) AS, (c) BoB, (d) NBoB and (e) SBoB;
E1 eddies for (f) NIO, (g) AS, (h) BoB, (i) NBoB and (j) SBoB; L2 loops for (k) NI1O, (I) AS, and
(m) BoB. Here NBoB and SBoB refers to north and south of 16°N in BoB. Black, blue and red lines
represents total (total of cyclonic and anticyclonic), anticyclonic and cyclonic loops/eddies

respectively. The abscissa is taken from January to March for continuity.
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Figure 12. Temporal variability of cyclonic E1 eddies (solid lines) on the left Y-Axis. The right Y-
axis shows the chlorophyll (dashed lines) in mg m= for AS and BoB in black, and blue respectively.
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