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Abstract

Freshwater from rivers influences Indian summer monsoon rainfall and tropical cyclones by stratifying the upper layer and

warming the subsurface ocean in the Bay of Bengal. Here, we use {\it in situ} and satellite data with reanalysis to showcase

how river water experiences a significant increase in salinity on sub-seasonal timescales. This involves the trapping and homog-

enization of freshwater by a cyclonic eddy in the Bay. Using a specific example from 2015, river water is shown to enter an

eddy along its attracting manifolds within a period of two weeks. This leads to the formation of a highly stratified subsurface

layer within the eddy. When freshest, the eddy has the largest sea-level anomaly, spins fastest, and supports strong lateral

gradients in salinity. Subsequently, observations reveal a progressive increase in salinity inside the eddy within a month. In

particular, salty water spirals in, and freshwater is pulled out across the eddy boundary. Lagrangian experiments elucidate this

process, whereby horizontal chaotic mixing provides a mechanism for the rapid increase in surface salinity. A salinity budget

also suggests that horizontal advection explains much of the change in mixed layer salinity. Further, the adjustment of this

freshwater eddy triggers submesoscale dynamics which appear to be an integral part of the process of salinity homogenization.

This pathway is distinct from vertical diffusive mixing and is likely to be important for the evolution of salinity in the Bay of

Bengal.
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Abstract
Using in situ and satellite data with reanalysis to showcase how
river water experiences a significant increase in salinity on sub-
seasonal timescales in the Bay of Bengal. This involves the trap-
ping and homogenization of freshwater by a cyclonic eddy in the
Bay. In particular, salty water spirals in, and freshwater is pulled
out across the eddy boundary. Lagrangian experiments eluci-
date this process, whereby horizontal chaotic mixing provides a
mechanism for the rapid increase in surface salinity. A salinity
budget also suggests that horizontal advection explains much of
the change in mixed layer salinity. Further, the adjustment of this
freshwater eddy triggers submesoscale dynamics which appear
to be an integral part of the process of salinity homogenization.

Problem Statement
The Bay of Bengal is the freshest marginal sea in the tropical
oceans with the lowest sea-surface salinity values (24-32 psu)
during September-November due to post-monsoon river dis-
charge. Eddies play a crucial role in the stirring of passive fields
[3], in the transport of salt and heat, enhancing biological pro-
ductivity and chlorophyll concentration, and is well-represented
at the mesoscale, and the issue is whether unbalanced subme-
soscale dynamics are implicated in the evolution of the salinity
field. Here, we address these issues by presenting freshwater
evolution in a specific long-lived cyclonic eddy in the BoB dur-
ing the post-monsoon period October-November of 2015.

The Eddy and the Entry of Freshwater

Figure 1: (a)-(i) Mean sea level anomaly (SLA) contours with geostrophic
velocity quivers overlaid on 1st day of the month for May, July, September,
October, November, December 2015, and February, April, June 2016. The
track of the cyclonic eddy is shown with “star” indicating the SLA minimum
of the eddy (centre) and “dot” denoting the position in preceding months from
its origin.

Backward-Finite Time Lyapunov Exponents (b-FTLEs)

dϕ

dt
=

u(ϕ, λ, t)

R cos(λ)
,
dλ

dt
=

v(ϕ, λ, t)

R
. (1)

Here, ϕ, λ, u and v are the latitude, longitude, zonal and merid-
ional velocity, respectively. R is the radius of the earth. The nu-
merical method employed is the 4th order Runge-Kutta scheme
for advection. We then compute the right Cauchy-Green La-
grange tensor Ct

t0
associated with the flow map F t

t0
(x0), which

is defined as,

Ct
t0(x0) = (∇F t

t0(x0))
T∇F t

t0(x0) = λiξi, 0 < λ1 ≤ λ2, i = 1, 2..

(2)

λτ (x0) = − 1

|t− t0|
log(

√
λmax[Ct

t0
(x0)]). (3)

Figure 2: (a) Sea Surface Salinity (SSS) with BoBcat current quivers on
01/10, 07/10, 13/10, 21/10, respectively. (b) Advected passive scalar maps
with tracer initialized to SSS< 28 psu on 01/10 for days as in (a). In addition,
attracting Lagrangian Coherent Structures (a-LCS) or b-FTLE computed by
integrating backward for 20 days are shown on the top of the tracer field.
Only values above 0.1 day−1 (stronger stable manifolds) are shown.

Homogenization of Freshwater Within the Eddy

Figure 3: (a)(i)-(vi) shows Sea Surface Salinity (SSS) with BoBcat current
quivers on 22/10, 30/10, 03/11, 07/11, 14/11, 20/11, respectively. Star marks
the center of the eddy. (b) Tracers with SSS ≤ 28 (>28) psu initialized on
22/10/2015 are marked in violet (red) colors. These are advected forward in
time by BoBcat currents and shown for 22/10, 03/11, and 20/11 of 2015 with
contours of SLA (contours in color ‘cyan’) overlaid on the top.

Figure 4: (a)(i), (ii) and (iii) show S (psu), θ (◦ C) and N2 (s−2) with depth for
upper 60 m on 24/10, 18/11 and 14/12 from Argo AOML-5904302, respec-
tively. (b) Daily time series of (i) mean θ, SSS (with straight lines to guide
the eye), and (ii) maximum current speed and minima of SLA over a circle
of diameter 300 km around the eddy center from 01/10/2015 to 31/12/2015.

Figure 5: (i), (ii) and (iii) show SLA, θ and SSS cross-sections through the
center of the eddy (defined by the minima of SLA) on 01/10, 31/10, and
15/12 representing pre-freshening, freshening, and post-freshening days, re-
spectively.

Mixed Layer Salinity Budget During Trapping
Event From Ocean Reanalysis Data

Figure 6: (i)-(iv) SSS (psu) (with contours) at 0.5 m from NEMO reanalysis
from 28/10 to 21/11 (freshwater trapping days) with an 8-day interval. AB
denotes the cross-section of the eddy from 83◦E-89◦E shown in subpanel (i).

Figure 7: (a) Mean meridional velocity profile along the longitudinal section
AB of the eddy up to a depth of 350 m shown in Figure 7(i) averaged over
freshwater trapping days (28/10–21/11) from NEMO reanalysis data. The
vertical black lines indicate the contours of maximum speed on each side of
the lobes of the eddy. (b) Variation of mean potential temperature (θ) (upper
panel) and mean salinity (lower panel) within upper 50 m of the eddy aver-
aged for the same section and time period as in (a).

∂S

∂t
= −(u

∂S

∂x
+ v

∂S

∂y
) +

S0(E − P )

h
+ ϵ. (4)

Here, S is the mixed layer salinity (based on density-based cri-
teria, i.e., δρ ≈ 0.125 kgm−3 from the depth z = −0.41 m), u
and v are the zonal and meridional velocities in the mixed-layer.
S0 is the salinity at a depth of −0.41 m from the ocean surface.
E and P are the evaporation and precipitation rates. h is the
mixed layer depth and ϵ is the contribution of vertical advection,
entrainment as well as mixing.

Figure 8: (a) ∂S/∂t (b) −[u∂S/∂x+v∂S/∂y]+[S0(E−P )/h]. Mixed layer
salinity budget as per Equation 4 from NEMO reanalysis for the freshwater
trapping event on 28/10, 05/11, 13/11 and 21/11, respectively.

Figure 9: (a) SSS with BoBcat quiver (b) AVHRR-METOP2 SST on
13/11/2015, respectively.

Conclusion and Discussion

• Freshwater from rivers is trapped in a long-lived cyclonic
eddy in the north Bay of Bengal during the postmonsoon sea-
son.

• Observations show a substantial increase in sea surface salin-
ity of trapped freshwater on the timescale of a month.

• Lagrangian tracer advection elucidates horizontal mixing
across the eddy boundary.

• The adjustment of the freshwater eddy triggers mesoscale and
submesoscale dynamics across the edges [4, 2].

• The “wavy” disturbances generated on the eddy boundary can
perhaps even induce ageostrophic secondary circulations via
baroclinic and barotropic instabilities [1].

Forthcoming Research

Simulation and understanding the process of homogenization of
freshwater in the mesoscale eddy via Regional Ocean Modelling
System (ROMS) in the Bay of Bengal (To be submitted).
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Figure S1. Sea level anomaly (SLA) contours with geostrophic quiver on 1st day of month for

February (a), March (b) and April (c), 2015. The contours of SLA are in the range of -25 cm to 25 cm

with an interval of 5 cm. The centre of the eddy (defined by minimum of SLA within the periphery of

the eddy) is marked by the symbol “star” in (c).
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Figure S2. (a) Hovmöller diagram of Rossby number (ξ/f ) computed from geostrophic currents

averaged over 16.625◦N-17.625◦N shown for the year 2015-2016. (b) Track of Argo float (AOML-

5904302) and trajectories of Surface Velocity Program (SVP) “drifters” (drouged at 15 m depth) within

the eddy from 01/10 to 31/12 of 2015 and entire track of eddy in inset from the first day of April 2015

to June 2016 in an interval of a month.
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Figure S3. (i) Potential temperature (θ), (ii) salinity (S), (iii) potential density (σθ) and (iv) squared

Brunt-väisälä frequency (N2), respectively with depth using Argo AOML-5904302 data for the upper

50 m from October to December, 2015.
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Figure S4. Evolution of contribution to mixed layer salinity change by E − P (Evaporation- Precipi-

tation rates).
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Figure S5. (i)-(vi) SSS with geostrophic current quivers from 1st September 2017 to 15th November

2017 in intervals of 15 days. “star” indicates the eddy’s SLA minimum (centre).
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Figure S6. (i)-(iii) SSS with geostrophic current quivers from 1st September 2020 to 15th November

2020 in intervals of 15 days. “star” indicates the eddy’s SLA minimum (centre). The entry of freshwater

takes place within 10 days as can be seen by comparing (i) and (ii).

Figure S7. (i)-(iii) SSS with geostrophic current quivers from 8th September 2020 to 28th September

2020 in intervals of 10 days. “star” indicates the eddy’s SLA minimum (centre).
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Figure S8. (a) SSS with contours with an interval of 1 psu (b) vorticity with surface current quivers

(c) SST with contours with an interval of 0.2◦C at 0.5 m depth on 13/11/2015 from NEMO reanalysis

data.
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Figure S9. The magnitude of the gradient of METOP2-AVHRR SST (◦ C/km) on 13/11/2015. The

four arrows point to thermal fronts (|∇SST | > 0.1◦C/Km) around the periphery of the eddy.
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Lyapunov Exponents (b-FTLEs): The mixing of freshwater is characterized from a La-9

grangian perspective via so-called backward Finite Time Lyapunov Exponents (b-FTLEs)10

(Wiggins, 2005). These are ridges that represent attracting Lagrangian coherent structures in11

a flow (Haller, 2002). To compute the b-FTLEs, we first advect fluid parcel by integrating the12

following equations backward in time,13

dϕ

dt
=

u(ϕ, λ, t)

R cos(λ)
,
dλ

dt
=

v(ϕ, λ, t)

R
. (1)

Here, ϕ, λ, u and v are the latitude, longitude, zonal and meridional velocity, respectively. R14

is the radius of the earth. The time span is t = t0 to t = to − τ and the numerical method15
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employed is the 4th order Runge-Kutta scheme. The velocity data (u, v) is given on a fixed16

grid and the flow has been interpolated by a bilinear interpolation scheme. We then compute17

the right Cauchy-Green Lagrange tensor Ct
t0

associated with the flow map F t
t0
(x0), which is18

defined as,19

Ct
t0
(x0) = (∇F t

t0
(x0))

T∇F t
t0
(x0). (2)

F t
t0
(x0) denotes the position of a parcel at time t backward in time, advected by the flow from20

an initial time and position (t0,x0). Ct
t0
(x0) is symmetric and positive definite, its eigenvalues21

(λ′s) and eigenvectors (ξ′s) can be written as,22

Ct
t0
(x0) = λiξi, 0 < λ1 ≤ λ2, i = 1, 2. (3)

The gradient of the flow map ∇F t
t0
(x0) is computed using an auxiliary grid about the reference23

point (Onu et al., 2015), and can be written as,24

∇F t
t0
(x0) ≈

(
α11 α12

α21 α22

)
, (4)

where,25

αi,j ≡
xi(t; t0, x0 + δxj)− xi(t; t0, x0 − δxj)

2|δxj|
. (5)

Finally, the largest b-FTLE (Haller, 2002; Haller & Sapsis, 2011; Mathur et al., 2019) associated26

with the trajectory x(t, t0,x0) over the time interval [t0, t] is defined as,27
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λτ (x0) = − 1

|t− t0|
log

(√
λmax[Ct

t0(x0)]

)
. (6)

The backward integration time |τ | = |t− t0| has been taken as 20 days and computed on a finer28

grid resolution 0.01◦ × 0.01◦.29
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