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Abstract
Large freshwater fluxes into the Bay of Bengal by rainfall and river discharges result in strong salinity fronts in the bay. In this study, a
high-resolution coupled atmosphere-ocean-wave model with comprehensive physics is used to model the weather, ocean circulation,
and wave field in the Bay of Bengal. Our objective is to explore the submesoscale activity that occurs in a realistic coupled model that
resolves mesoscales and allows part of the submesoscale field. Horizontal resolution in the atmosphere varies from 2 to 6 km and is
13 km for surface waves, while the oceanmodel is submesoscale permittingwith resolutions as high as 1.5 km and a vertical resolution
of 0.5 m in the upper 10 m. In this paper, three different cases of oceanic submesoscale features are discussed. In the first case, heavy
rainfall and intense downdrafts produced by atmospheric convection are found to force submesoscale currents, temperature, and
salinity anomalies in the oceanic mixed layer and impact the mesoscale flow. In a second case, strong solitary-like waves are generated
by semidiurnal tides in the Andaman Sea and interact with mesoscale flows and fronts and affect submesoscale features generated
along fronts. A third source of submesoscale variability is found further north in the Bay of Bengal where river outflows help maintain
strong salinity gradients throughout the year. For that case, a comparisonwith satellite observations of sea surface height anomalies, sea
surface temperature, and chlorophyll shows that the model captures the observed mesoscale eddy features of the flow field, but in
addition, submesoscale upwelling and downwelling patterns associated with ageostrophic secondary circulations along density fronts
are also captured by the model.
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1 Introduction

Ocean color images from space have revealed the existence of
submesoscale variability characterized by spiral eddies, squirts,
cusps, and filaments. They occur in zones of strong current shear,
in island wakes, and in regions with strong tides. Ocean gliders,
which measure vertical profiles of the upper ocean temperature
and salinity every few hours along transects that can extend

hundreds of kilometers, have revealed substantial variability at
submesoscales wherever they are deployed.

Submesoscale variability grows rapidly in cases where local
winds are alignedwith currents along a density front. In that case,
submesoscale motions lead to frontogenesis or, through mixed
layer instabilities, to restratification of the upper ocean depending
on local wind direction relative to density gradients (Thomas
et al. 2008). Restratification tends to leave density-compensated
fronts behind and reduces the observed mixed layer depth, an
effect that only is captured in models that resolve or parameterize
submesoscale motions (Lévy et al. 2010). Submesoscale eddies
have much stronger spatial gradients and much larger vertical
velocities than mesoscale fronts (e.g., Mahadevan and Tandon
2006; Thomas et al. 2008; Sarkar et al. 2016). As a result, the
submesoscale features have enhanced stirring which suggests
there is more mixing than at mesoscales (D’Asaro et al. 2011).

Just a decade ago, basin-scale ocean circulation models
only had sufficient resolution to permit mesoscale eddies
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and subgrid scale parameterizations specific for mesoscale
flows, and submesoscale flows were only studied in idealized
models. In contrast, modern regional coupled atmosphere-
ocean models can now be used at high resolutions that permit
inclusion of at least part of the submesoscale flows and scalar
quantities as will be demonstrated in this work. In a fully
coupled atmosphere-ocean system simulation of a realistic
geographical region, we can expect the interaction between
the air and sea to increase the submesoscale energy compared
to an uncoupled ocean forced by surface fluxes with low tem-
poral and spatial resolution. In this study, it is the objective to
show illustrative examples of the submesoscale processes that
can be found when a submesoscale permitting ocean model is
coupled directly to a high-resolution atmospheric model and
wave model in order to give the reader an idea of rich phe-
nomena that can be found and of the potential for future re-
search on submesoscale air-sea interaction in realistic models.

An important phenomenon discovered in satellite
scatterometer observations within the last few decades is a
strong positive correlation between wind speed and SST on
mesoscales (e.g., Chelton et al. 2004). High local SSTs lead to
high local wind speeds due to reduced stability of the atmo-
spheric boundary layer. In the vicinity of a SST front (i.e.,
warmer and cooler SSTs are on each side of the front causing
a density gradient), this mechanism leads to both wind stress
curl and divergence, which in turn affects the front by hori-
zontal and vertical advection. In contrast, if the same ocean
density front is due to salinity differences, then no feedback to
the atmosphere occurs. The air-sea interaction on
submesoscales is likely similar to the coupling on mesoscales
although that remains to be demonstrated.

Also, locally generated waves on each side of a SST front
will experience different wind forcing and have different wave
heights and, hence, a different roughness across the front pro-
viding a different feedback to the submesoscale motions. The
oceanic spatial submesoscales are of the same order as con-
vective cumulus clusters and squall lines, which allow for
strong air-sea interactions.

Consequently, in order to simulate scales ranging from a
few kilometers to a few tens of kilometers, a high-resolution
modeling system that includes air-sea interaction through cou-
pling as well as surface waves is required. Increased capability
in computing resources is now allowing Bsubmesoscale
permitting^ coupled models of regional seas. To our knowl-
edge, previous work has not been done using a fully coupled
atmosphere-ocean-wave model to investigate the interaction
of oceanic submesoscale features with wind waves, tides, me-
soscale mixed layer currents, and the feedback to the local
wind and atmospheric boundary layer. As stated above, the
aim of this paper is to explore some of the oceanic features that
can be simulated in such a coupled model rather than provide
a comprehensive study. In spite of the smaller spatial scales
and large vertical motions, hydrostatic models with

resolutions of 500 m to 1 km are adequate to realistically
model many of these features, specifically the vertical heat
and salinity flux in the upper ocean (e.g., Mahadevan 2006).
Advances in computational resources and state-of-the-art
coupled models like COAMPS make it possible to address
these issues for the first time.

1.1 The Bay of Bengal

It was noted above that oceanic density fronts often are subject
to submesoscale activity. Over the Bay of Bengal (BoB), the
local precipitation is large, about 1100 km3 per year as is the
runoff from surrounding land areas. Including the major rivers
Brahmaputra, Ganges, and Irrawaddy, the total freshwater in-
put is 4050 km3 annually (e.g., Sengupta et al. 2006; Jensen
et al. 2016). The large freshwater source results in a shallow
low-salinity surface layer imbedded in a mixed layer with
higher salinity below. The outflow of low-salinity water near
the surface must be balanced over longer time scales by a
subsurface inflow of high-salinity water into the southern
Bay of Bengal with large annual exchange rates depending
on the monsoon season (e.g., Jensen 2001; Wijesekera et al.
2015; Jensen et al. 2016). This results in the occurrence of
numerous very sharp salinity fronts throughout the bay, and
as recently observed using profiling wire-walkers, these salin-
ity fronts induce large variability of the upper ocean on spatial
submesoscales (Lucas et al. 2016). The focus of this paper will
be on the role of low-salinity water and salinity fronts on
submesoscales in the ocean-atmosphere system in the Bay of
Bengal. A comprehensive overview of the oceanography and
air-sea interaction in the Bay of Bengal can be found in Schott
and McCreary (2001) and Schott et al. (2009). A recent spe-
cial issue of Oceanography (e.g., Mahadevan et al. 2016)
includes observations and idealized modeling studies of
submesoscale activity in the Bay of Bengal.

2 Methods

2.1 Coupled atmosphere-ocean modeling

The coupled modeling system consists of three modeling
modules: the Coupled Ocean-Atmosphere Mesoscale
Prediction System (COAMPS), the Navy Coastal Ocean
Model (NCOM), and Simulating Waves Nearshore (SWAN)
system. The methodology to couple the three modules was
developed at the Naval Research Laboratory (NRL).
COAMPS-NCOM-SWAN provides ocean simulations that
are fully coupled (or uncoupled) where the ocean circulation
is forced by surface fluxes that feed back to the atmospheric
boundary layer and includes the effects of surface waves. The
air-sea coupling is needed to provide realistic and consistent
high-frequency and high wavenumber ocean surface forcing.
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In the model simulations included in this paper, COAMPS
is applied with a number of nested grids with different reso-
lutions. COAMPS has been used and validated over for the
Indian Ocean during MJO events in boreal spring of 2009
(Shinoda et al. 2013) and during boreal fall of 2011 during
the Dynamics of the Madden-Julian Oscillation (DYNAMO)
experiment (Chen et al. 2016; Jensen et al. 2015).

2.2 Atmospheric model

Until recently, COAMPS referred to a limited area atmospher-
ic model used for research and operational forecasts by the
U.S. Navy (Hodur 1997; Chen et al. 2003). The system in-
cludes a comprehensive atmospheric analysis system (Goerss
and Phoebus 1992) that employs the NRL Atmospheric
Variational Data Assimilation System (NAVDAS) to assimi-
late a wide range of surface, radiosonde, and satellite meteo-
rological observations (Langland and Baker 2004). The data
assimilation ensures an atmosphere-ocean state where the
large-scale and mesoscale circulation and vertical temperature
and moisture profiles are close to reality during the model
integration.

The analysis uses a 0.5o × 0.5o grid and 30 vertical levels.
COAMPS was set up as described below. The atmospheric
model covers the Bay of Bengal region over an area of about
5400 km × 2700 km using a Mercator projection centered on
90° E, 0° N, extending from 66° E to 102° E and from about
2° S to 26° N. The model uses up to three atmospheric grids
with two-way nesting. The resolution is 18 km on the coarse
grid (208 × 168 grid points). An inner nest covering 69° E to
99° E, 1° S to 23° N has a resolution of 6 km (502 × 424 grid
points); in one case, an inner 2 km nest is used. All atmospher-
ic grids use 60 levels in the vertical and the time step is 40 s for
the coarser grid.

2.3 The ocean model

NCOM was developed at NRL by Martin (2000). The model
has a hybrid sigma-z vertical coordinate and a free surface. It
was originally based on the Princeton OceanModel (POM) by
Blumberg and Mellor (1987) and has many aspects common
with POM. For instance, it is using the same C-grid layout, the
same equation of state (Mellor 1991), and the same 2.5 level
turbulent closure scheme for vertical mixing (Mellor and
Yamada 1982) modified by Kantha and Clayson (2004) to
include Stokes drift from the surface wave model. A notable
difference is the treatment of the barotropic mode. NCOM
employs a semi-implicit scheme that uses a preconditioned
conjugate gradient solver for the resulting elliptic equation,
whereas POM uses an explicit scheme with time-splitting.
NCOM is also using improved numerical schemes such as
fourth-order calculation of Coriolis and pressure gradients
and third-order advection (Holland et al. 1998). The model

includes monthly climatological river runoff (Barron and
Smedstad 2002) with 41 discharge locations in the Bay of
Bengal and around Sri Lanka and 8 major diurnal and semi-
diurnal tidal constituents (K1, O1, P1, Q1, K2, M2, N2, and
S2) based on the methodology of Egbert et al. (1994) and
Egbert and Erofeeva (2002). Surface wave radiation stress is
included from the wave model. A single grid covers the ocean
model on a spherical grid using a resolution of 1/54° on a
1600 × 1320 grid with a time step of 30 s. There are 60 vertical
levels: 45 sigma levels with 15 z-levels below depths of
330 m.

2.4 SWAN spectral wave model

The SWAN wave model covers the same area as the ocean
model, but with 1/8° spatial resolution using 33 frequency
bands for wave periods between 1 and 24 s and an angular
resolution of 7.5°, i.e., 48 wave directions. The time step is
60 s.We use third-generationmodewave physics with Komen
linear wave growth model including the Cavaleri and
Malanotte-Rizzoli (1981) growth term, quadruplet interaction,
and whitecapping (Komen et al. 1984), with the formulation
of wave dissipation by Rogers et al. (2012). To reduce the
garden-sprinkler effect (e.g., Booij and Holthuijsen 1987),
which is associated with the finite spectral resolution, a diffu-
sive wave age time scale of 12 h is applied. Forcing is 10 m
wind from the atmosphere model and the free surface currents
(0 m depth) from the ocean model.

2.5 Initial conditions and boundary conditions

The regional atmospheric model gets its initial and boundary
conditions from the global atmospheric models, either the
Navy Operational Global Atmospheric Prediction System
(NOGAPS) for dates before April 1, 2013, or the Navy
Global Environmental Model (NAVGEM) after that date and
from observations available at The Fleet Numerical
Meteorology and Oceanography Center (FNMOC). The at-
mospheric model is initialized using quality-controlled obser-
vations from surface stations, ships, radiosondes, aircraft, and
satellites and from a 12-h global forecast with a spatial reso-
lution of 0.5° × 0.5° available at FNMOC. The observations
and the global forecasts are analyzed using NAVDAS and
projected onto the atmospheric forecast model grids. The
boundary conditions provided by the global atmosphere mod-
el are updated every 6 h.

The ocean model is initialized and its boundaries are forced
every 6 h by output from the 1/8° global NCOM with 40
vertical levels (Barron et al. 2006) for runs before 2013 and
by output from the 1/12° global Hybrid Coordinate Ocean
Model (HYCOM) for recent model runs (Metzger et al.
2014). Outside the active ocean model area, the SST used to
compute fluxes to the atmosphere model is from the Navy
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Coupled Ocean Data Assimilation (NCODA) analysis
(Cummings 2005). This is standard setup for COAMPS when
run without an active ocean.

2.6 Coupling between atmosphere and ocean
in COAMPS

Surface fluxes are computed in the atmospheric model and the
two model components exchange flux information using the
Earth System Modeling Framework (ESMF, www.
earthsystemmodeling.org) software infrastructure developed by
the National Center for Atmospheric Research (NCAR). Sea
surface temperature is passed from the ocean model to the
atmosphere model, and forcings to the ocean model are wind
stress components, precipitation, net surface heat flux, and
short wave radiation. The latter is provided independently to
compute penetrative radiation into the ocean. All fluxes are
interpolated to the coarsest ocean grid. The ocean model SST is
used by the atmospheric model to calculate upward long wave
radiation, sensible heat flux, and latent heat flux. A bulk
parameterization using the boundary layer formulation by
Louis (1979) is used. For additional details see Jensen et al.
(2011). A coupling interval of 6 min was used for the coupled
model runs presented here. Figure 1 illustrates the communica-
tion between the different model components. The atmosphere
forecast model and ocean model codes used domain decompo-
sition and run in parallel using the message passing interface
(MPI), which makes the couple model system run fast and effi-
cient on distributed memory computer architectures.

The coupledmodel is run with a 12-h update cycle. The result
of an atmospheric and ocean analysis that includes data assimi-
lation is used as initial condition for a 12-h forecast. For subse-
quent forecasts, the analysis uses the previous forecast as a first
guess for the analysis, i.e., the atmospheric state will assimilate
new observations into a model/data synthesis before the next
12 h forecast. The oceanmodel is not using any data assimilation
in the interior, but along the boundaries through the data assim-
ilation employed by global NCOM or HYCOM.

2.7 Satellite observations

A Group for High Resolution Sea Surface Temperature
(GHRSST) level 4 daily data are produced daily on an opera-
tional basis by the Naval Oceanographic Office (NAVOCENO),
with ~ 10 km resolution. This global SST analysis uses multiple
satellite data and in situ data from drifting and moored buoys.
GHRSST data are downloaded from ftp://podaac-ftp.jpl.nasa.
gov/OceanTemperature/ghrsst/data/L4/GLOB/NAVO/K10_
SST/.

Level-1B imagery from the Suomi National Polar-orbiting
Partnership (SNPP) Visible Infrared Imaging Radiometer
Suite (VIIRS) was processed to level 2 (sensor grid), 3
(mapped grid), and 4 (composites) using the Naval Research

Lab’s Automated Processing System (APS) (http://www7333.
nrlssc.navy.mil/docs/aps_v6.4/html/user/aps.xhtml). APS
estimates chlorophyll-a by the OCI algorithm (Hu et al.
2012) at 0.75 km pixel resolution. The diffuse attenuation
coefficient Kd (488) was estimated in accord with (Lee et al.
2005). The Kd (488) was used to estimate the euphotic depth
(noted Eu); the Eu was estimated as the depth where photo-
synthetic available radiation (PAR) is 1% of its surface value
(Lee et al. 2007):

Eu ¼ −ln 0:01ð Þ=Kd 488ð Þ

The merged all satellite global ocean gridded sea level
anomalies (SLA) L4 data is downloaded from the
Copernicus Marine Environment Monitoring Service (http://
marine.copernicus.eu/services-portfolio/access-to products/?
option=com_csw&view=details&product_id=SEALEVEL_
GLO_SLA_MAP_L4_NRT_OBSERVATIONS_008_026).
Each SLA level 4 gridded data product is collected over a 7-
day period and the spatial resolution is 0.25° × 0.25°.

3 Results

3.1 Submesoscale generation by precipitation

Observations of the effect of tropical rainfall in the Western
Pacific have been investigated in previous research (Smyth
et al. 1996a, b; Wijesekera and Gregg 1996; Wijesekera
et al. 1999) and by idealized modeling studies (Wijesekera
et al. 2003). In the modeling work, it was demonstrated that
surface trapping of momentum and inhibition of turbulence
below the freshwater lens occurred, and upwelling and
downwelling occurred along the upwind and downwind edges
of the salinity anomaly, respectively. The scale of the rain
event was 30 km resulting in mesoscale currents. In this work,
similar tropical rain events are examined, but under more re-
alistic conditions simulated in a coupled atmosphere-ocean
model.

In COAMPS, the atmospheric forcing over the ocean
changes every 6 min, and the length scales in the atmospheric
boundary layer are small. In this simulation, three atmospheric
nests are used: 18, 6, and 2 km. In particular, convective sys-
tems are explicitly modeled, although not well resolved.
Strong downdrafts result in strong divergent winds, and asso-
ciated heavy precipitation occurs on the grid scale in the at-
mospheric model and is able to generate submesoscale motion
in the ocean. The ocean model has a 4.5-km grid and a 1.5-km
inner nest allowing the latter to resolve submesoscales.
Figure 2, left panel, shows the 10-m wind associated with an
intense rain event over a location in the southern part of the
Bay of Bengal. The figure shows the wind field in every third
grid point in each direction after 9 h of the forecast started at

394 Ocean Dynamics (2018) 68:391–410

http://www.earthsystemmodeling.org
http://www.earthsystemmodeling.org
ftp://podaac-ftp.jpl.nasa.gov/OceanTemperature/ghrsst/data/L4/GLOB/NAVO/K10_SST/
ftp://podaac-ftp.jpl.nasa.gov/OceanTemperature/ghrsst/data/L4/GLOB/NAVO/K10_SST/
ftp://podaac-ftp.jpl.nasa.gov/OceanTemperature/ghrsst/data/L4/GLOB/NAVO/K10_SST/
http://www7333.nrlssc.navy.mil/docs/aps_v6.4/html/user/aps.xhtml
http://www7333.nrlssc.navy.mil/docs/aps_v6.4/html/user/aps.xhtml
http://marine.copernicus.eu/services-portfolio/access-to%20products/?option=com_csw&view=details&product_id=SEALEVEL_GLO_SLA_MAP_L4_NRT_OBSERVATIONS_008_026
http://marine.copernicus.eu/services-portfolio/access-to%20products/?option=com_csw&view=details&product_id=SEALEVEL_GLO_SLA_MAP_L4_NRT_OBSERVATIONS_008_026
http://marine.copernicus.eu/services-portfolio/access-to%20products/?option=com_csw&view=details&product_id=SEALEVEL_GLO_SLA_MAP_L4_NRT_OBSERVATIONS_008_026
http://marine.copernicus.eu/services-portfolio/access-to%20products/?option=com_csw&view=details&product_id=SEALEVEL_GLO_SLA_MAP_L4_NRT_OBSERVATIONS_008_026


April 1, 1200 UTC. Forecast hours mentioned below are
counted from that time. Before the onset of the storm, the
mean surface wind is northeasterly and remains in that direc-
tion north of 7.5° N. South of that is an area of convective
clouds where heavy rain and strong downdrafts develop.
Local winds exceed 12 m/s and the total rainfall over a 12-h
period exceeds 100 mm (Fig. 2, right panel). The convective
rain is moving into the area from the northwest with heavy
rainfall 8 h into the forecast. Several distinct precipitating cells
in the interior of the area lower the surface salinity and drive

divergent surface currents. Figure 3 shows the response hour
by hour in the ocean, starting at 1800 UTC, or 6 h into the
forecast (Fig. 3a). The initial surface currents are westward. At
2100 UTC, a wake is generated behind the main center of
precipitation (Fig. 3d). The northwestward current developing
during 1900–2000 UTC (Fig. 3b, c) does not appear to be
directly wind driven but suggestively looks like a wake behind
the low-salinity lens. After 2100UTC (Fig. 3d), the first major
rain event is over, and the freshwater lens is diluted bymixing.
At hour 2300 UTC, 11 h into the forecast (Fig. 3f), a new

Fig. 2 Vectors of 10-mwinds and wind speed (color) on April 1 at 2100 UTC (left); 10-mwind vectors and 12 h accumulated precipitation on April 2 at
0000 UTC (right)
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major rain event develops to the northeast. These
submesoscale and mesoscale currents are intermittent, last
several hours after each precipitation event stops, but subse-
quent convective clusters force new current systems on the
scales of the atmospheric convection. Vertical cross sections
(Fig. 4) along 84.1° E are through the center of the largest
freshwater lens. Figure 4, top, shows the salinity and meridi-
onal velocity component on the 1.5-km ocean grid and on the

4.5-km ocean grid (Fig. 4, bottom). The solutions on both
grids show spreading of the freshwater anomaly with advec-
tion away for the center of the lens, i.e., northward advection
on the northern edge and southward advection on the southern
edge. The divergent currents cause upwelling under the fresh-
water lens and downwelling associated with the spreading
freshwater front. During the storm, an intensified northeaster-
ly local wind north of 7.5° N drives a predominantly south-

Fig. 3 a−f Hourly surface
currents and surface salinity from
a rain event over the southern Bay
of Bengal starting on April 1 at
1800 UTC, 2005
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westward local current, opposing the northward advection
north of the lens and enhances the southward freshwater ad-
vection to the south. A day later, the salinity in the center of
the freshwater lens has mixed with upwelling salinity water,
resulting in a local salinity maximum. This can be seen in
Fig. 5 that shows the currents and salinity at 15 m on April
3, at 0900 UTC. While not needed to see the local salinity
maximum, a spatial high-pass filter has been applied to re-
move large-scale features so the difference between the 1.5-
km ocean grid (Fig. 5, top) and the 4.5-km grid (Fig. 5,
bottom) is more clearly seen. The high-pass-filtered field is
the difference between the original field and the low-pass
smoothed field using a simple spatial moving average over
15 grid points in east-west and over 15 grid points in the
north-south directions.

Before the rainfall event, the mesoscale dynamics are very
similar for both ocean nests. The 1.5-km nest shows larger ver-
tical halocline displacements and that smaller horizontal scales
are present compared to the 4.5-km solution (Figs. 4 and 5). The
overall effect of the higher resolution at this time is small, except
that instability develops along a salinity front near 85° E, 6° N.

The early mesoscale response to the two first rain events
is very similar for the two ocean grids (Fig. 4). However,
after 10 days with five major rain events, a drop in salinity
of about 0.2 psu in the upper 25–30 m north of 6.7° N are
seen in both model solutions. The high-resolution 1.5-km
nest (Fig. 6, upper panel) has significantly higher larger
spatial variations in halocline depth and shows an in-
creased thickness of the upper low-salinity layer.
Between 6.4° N and 6.7° N, the salinity in the mixed layer
is significantly lower in the 1.5-km grid (nest 2) than in the
4.5-km grid solution (Fig. 6, lower panel). That is due to
eastward advection of low-salinity water in nest 2, a fea-
ture that is absent in the coarser nest. It is also noteworthy
that the salinity gradient in the upper 20 m near 6.5° N is
significantly stronger in the 1.5-km grid solution (Fig. 6,
top) with a meridional velocity in excess of 0.45 m/s. In the
4.5-km grid solution (Fig. 6, bottom), the front is weaker
and meridional currents are less than 0.2 m/s.

The ability to model the collective effect of successive
rainfall events in a realistic system is the main advantage using
a fully coupled modeling system, and using an ocean model

Fig. 4 Vertical section of salinity
(color) and meridional velocity
(contours) on April 2 at 0300
UTC, 2005, from 1.5 km ocean
model grid (top) and 4.5 km
ocean model (bottom). Contour
interval is 0.05 m/s. Negative
contours are dashed, positive
contours are solid lines. Zero
contour is white. The horizontal
gray lines show the location of the
vertical grid in the model

Ocean Dynamics (2018) 68:391–410 397



that permits submesoscale oceanic scales can have an impact
on the mesoscales as shown here.

3.2 Submesoscale generation near fronts

Barotropic tides generally have large scales in the open ocean;
however, interaction with bottom topography produces inter-
nal tides and internal waves with tidal periods. A prime exam-
ple of this mechanism is found in the Andaman Sea (e.g.,
Jackson 2004, 2007). For this case, the horizontal resolutions
in the atmosphere and ocean models are 6 and 2 km, respec-
tively. Surface waves are included with a resolution of 13 km.
The model experiment was done as follows. A fully coupled

run was performed using a 6-min coupling interval with diur-
nal and semidiurnal tides included, and the surface meteorol-
ogy and surface fluxes were stored at hourly intervals. This
surface forcing was then used to run two coupled ocean-wave
model simulations. One included tides, the other did not. It
was necessary to run an uncoupled run to isolate the effects of
tides. Running a fully coupled model with and without tides
will lead to two different atmospheric feedback scenarios
within a few days, and the forcing of the ocean will differ
due to different air-sea interactions.

Figure 7 shows the zonal currents in the Bay of Bengal with
distinct divergence and convergence patterns from semidiur-
nal solitary internal waves radiating from the gaps in the

Fig. 5 High-pass-filtered currents
and salinity at 15 m on April 3
0900 UTC on the 1.5-km ocean
grid (top) and on the 4.5-km
ocean grid (bottom)
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Andaman Sea Archipelago where the waves are generated by
flow over the sills (Jackson et al. 2012). The waves can prop-
agate over long distances with little interference with the
large-scale mean flow. However, they can interact with
submesoscale flow anomalies and modify flow on small
scales as demonstrated in this section. The distance between
wave fronts is about 100 km and a new wave arrives every
12.4 h at a given location. The semidiurnal waves have been
found in recent observations of temperature salinity and chlo-
rophyll in the Bay of Bengal (e.g., Lucas et al. 2016). The
width of a front is about 6 km in the model, which is the same
scale as the resolved submesoscale features.

High-salinity water is flowing from the Arabian Sea into
the Bay of Bengal as a strong eastward flow past the southern
tip of Sri Lanka during the southwest monsoon (Fig. 7).
Surface currents exceed 1 m/s and there is a strong lateral
current shear along sharp density fronts along the northern
edge of the intrusion (e.g., Wijesekera et al. 2015; Jensen
et al. 2016). The daily average wind speed in the area is above
9 m/s and persistently from the southwest. The pattern of
convergence and divergence in the zonal velocity field is

produced by the semidiurnal solitary waves emanating from
the Andaman Sea.

Interference between these waves and the northern front of
the intruding Arabian Sea water will be examined in this
section.

Figure 8 (top panel) shows the zonal current component
(color shading) and sea surface salinity contours along the
northern salinity front. It is from a model run without tides.
Frontal instability is a generation mechanism for
submesoscale features along fronts (e.g., Mahadevan and
Tandon 2006; Thomas et al. 2008). The front in Fig. 8 is
subject to submesoscale velocity and salinity perturbations
as is evident in the figure. The mean current at the surface is
from the south and is advecting denser, high-salinity water
toward the front (Fig. 8, top). It is also seen that there is
convergence along the front, an indication that the higher sa-
linity water is subject to subduction along the front. This was
confirmed by examining vertical sections across the front as
shown below.

The two lower panels show the flow anomalies and salinity
anomalies on small scales after the large spatial scales have

Fig. 6 Vertical section of salinity
(color) and meridional velocity
(contours) on April 10 at 0000
UTC, 2005. Solutions are shown
on the 1.5-km ocean grid (top)
and on the 4.5-km ocean grid
(bottom). Contour interval is
0.05 m/s. Negative contours are
dashed, positive contours are sol-
id lines. Zero contour is white.
The horizontal gray lines show
the location of the vertical grid in
the model
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been removed. A 15-point wide spatial running average is
done both in east-west and in north-south directions to pro-
duce large-scale fields of velocity components and salinity.
The high-pass spatial component of each variable is produced
by subtraction the smoothed field from the original field.

The center panel shows the small-scale spatial anomalies of
the flow and salinity in the upper panel. There are cyclonic
eddy anomalies along the front with a diameter of about
10 km. The small-scale flow along the northern edge of the
front is against the wind with a tendency to advect lower
salinity water toward the front. In the solution shown in the
top and center panels, the tides were not active, so the semi-
diurnal solitary waves seen in Fig. 7 are not present in the
model solution. Figure 8, bottom panel, shows the filtered
solution when tides are included. Enhanced westward zonal
flow anomalies seen near 84.8° E and 85.9° E are aligned
south to north and are due to the solitary waves. The vertical
structure of the meridional current and salinity across the an-
ticyclonic anomaly flow from Fig. 8 (bottom panel) is shown
in Fig. 9. The upper panel shows the unfiltered meridional
velocity component and salinity with the main front located
at 8.5° N. Low-salinity water is to the north, extending from
the surface to a depth of about 20 m. The lower panel shows
the anomaly fields after removing the large horizontal scales.
Note that there is convergence in the mixed layer and diver-
gence along the base of the mixed layer (Fig. 9, lower panel).
The contours for salinity (Fig. 9, top) also indicate subduction

on the south side of the front. Using the velocity convergence
rates and scales in Fig. 9, an estimate of subduction of 40 m/
day is found. A very similar subduction scenario has been
simulated in an idealized shallow salinity front using stratifi-
cation and forcing from the Bay of Bengal (see Fig. 6 in Sarkar
et al. 2016). The role of the submesoscale anomaly circulation
is a cross-front transport of freshwater and salt: It enhances
subduction and northward flow of high salinity below the
halocline to the north of the front and southward transport of
negative salinity anomalies to the south.

Compared to the case without tides, the submesoscale
eddies along the front are intensified in the tidal case and the
front is weaker than without tides. The solitary waves have
strong convergence and divergence patterns on a small scale
as seen in Fig. 7. This scale is on the same order as the
submesoscale meanders along the front and modulates the
cyclonic eddymotion along the front. The daily averaged flow
fields look very similar to the instantaneous fields in Fig. 8.
Computations of 3-day averages show that when tides are
included, the salinity front is weaker than in the case without
tides, implying a stronger cross-frontal salinity transport. In
Fig. 10, upper panel, that shows the model solution without
tides, a coherent area with salinity anomalies above 0.1 psu is
seen along the front between 84.1° E and 84.8° E. The cy-
clonic motion generated by the submesoscale instability is
present after 3 days averaging both with and without tides,
but stronger with tides present (Fig. 10, lower panel).

Fig. 7 Instantaneous surface
currents (vectors) and zonal ve-
locity component (color) on
September 1, 2011, at 0000 UTC.
The color scale is chosen to em-
phasize a change in the sign in the
zonal velocity component.
Solitary waves are generated as
the semidiurnal tides flow over
the relatively shallow sills in the
Andaman Sea Archipelago
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3.3 Dynamics of observed submesoscale filaments
with elevated chlorophyll content

In previous studies (Shulman et al. 2015), it was demon-
strated that submesoscale processes supported and modu-
lated the development of satellite-observed submesoscale
chlorophyll-a filaments in the areas of interaction between
cold upwelled water and warm offshore anticyclonic circu-
lation. Similar elevated chlorophyll-a submesoscale fila-
ments extending offshore of the Godavari River delta are
present in the satellite ocean color imagery in the western
part of the Bay of Bengal (Fig. 11). Our objective is to
investigate whether submesoscale processes contributed
to the local processes that maintained the observed streaky
chlorophyll-a filaments offshore of the Godavari River for
more than 2 weeks.

On April 10, the elevated chlorophyll-a filament extends
offshore for more than 3° of longitude from the delta of the
Godavari River. The filament is about 10–20 km across, and it
follows the northern edge of the warm anticyclonic circulation
as seen in the GHRSST image for April 10 of 2016 (Fig. 12).
This warm anticyclonic circulation is formed by the East India
Coastal Current (EICC) flowing along the coast and offshore
and bringing warmer water from the south during the pre-
Southwest monsoon (March–April, see Shetye et al. 1993;
Gomes et al. 2000). Nine days later, on April 19, the
chlorophyll-a filament (Fig. 11) again follows the edge of
the warm and more defined anticyclonic circulation (which
penetrates deeper offshore) (Fig. 12). Then, the filament turns
around offshore and moves onshore along the edge of another
warm anticyclonic circulation to the north, as seen in the
GHRSST image (Fig. 12). Remarkably, the filament persists

Fig. 8 Surface current vectors
and magnitude of zonal current
velocity (color) and salinity
(contours) of the unfiltered flow
on August 29 at 1800 UTC (top).
The contour interval is 0.1 psu
with alternating full and dashed
contour lines. Anomalies of the
same quantities of the spatial high
band pass-filtered flow from a run
without tides (center). The bottom
panel shows the filtered solution
with tides included. Contour in-
terval 0.05 psu for filtered results
and dashed/full lines for negative/
positive values
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in the VIIRS images a week later, during April 25–28.
Satellite GHRSSTs (Fig. 11) and the SLA maps (Fig. 12)
show that the filament follows the edges of two warm anticy-
clonic circulations with cyclonic circulation between them.
The SLA maps in Fig. 13 are based on 7-day observation
periods and are downloaded from Copernicus Marine
Environment Monitoring Service.

Figure 11 shows that the filament is connected to the high
chlorophyll water masses close to the coast, and it is likely that
the advection of relatively high chlorophyll water masses from
the area close to the coast along the edge of the warm anticy-
clonic circulation contributed to the development of the ob-
served submesoscale filament. However, the filament with
elevated chlorophyll-a content persists for more than 2 weeks,
and it extends offshore for more than 300–400 km. In this
situation, it is likely that processes local to the filament con-
tribute to the growth and maintenance of the phytoplankton
population and elevated chlorophyll-a values for such an ex-
tended time. As demonstrated above, the filament is located in
the frontal areas between mesoscale features: warmer meso-
scale anticyclonic circulations interacting with the colder in-
shore water and with meandering along the coast and offshore

EICC current. In such cases, it is known that submesoscale
processes can contribute to the development and maintenance
of narrow, streaky chlorophyll filaments (Lévy et al. 2012;
Mahadevan and Archer 2000; Mahadevan and Tandon 2006;
Calil and Richards 2010; Shulman et al. 2015).

To investigate if submesoscale processes contributed to the
maintenance and development of the observed filament, we
use COAMPS with horizontal resolutions of 6 km in the at-
mosphere and 2 km in the ocean, respectively. Both surface
waves and tides are included as well.

Figures 14, 15, and 16 show the model daily averaged
SSTs, SSH, and currents fields during the considered time
frame. Visual comparisons of observations (Figs. 12 and 13)
and model results (Figs. 13 and 14) show that the model in-
cludes the major mesoscale features presented in satellite ob-
servations: meandering along the coast and offshore current
(resembling EICC current); this current brings warmer water
from the south and forms the warm anticyclonic circulation;
there is development of the second warm anticyclonic circu-
lation to the north. As a result of assimilation of SSTs from
multiple satellites, the model SSTs (Fig. 14) resemble
GHRSSTs (Fig. 12) well. There is a very good match between

Fig. 9 Vertical cross section
along 84.9° E the meridional
current velocity (color, unit m/s)
and salinity (contour) for the run
with tides on August 29 at 0900
UTC. Contour interval is 0.1 psu
with dashed line < 34.5 and solid
lines above. White contour indi-
cates 35.0 psu (top). Lower panel
shows the meridional velocity
anomaly (color) and salinity
anomaly (contours) near the
strong salinity front after filtering
out the large horizontal scales.
Contour interval for salinity is
0.05 psu. Note the difference in
latitude range and depth range
between the two panels
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model and observations at the location of the edge of the warm
anticyclonic circulation close to the Godavari River delta (or
the match in location of the EICC current flowing offshore of
the Godavari River delta). However, this warm eddy (or EICC
current) penetrates much further offshore in the observations
than in the model results on April 20 and 26. The center of the
cyclonic eddy (between two anticyclonic circulations, Fig. 13)
and the interaction with the warmer eddy to the north are
further offshore in observations than in the model. As a result,
the location of the observed filament matches the inshore lo-
cation of the warm eddy edge in the model. However, the

observed offshore turn of the filament and migration onshore
does not match the location of mesoscale features in the mod-
el. In spite of differences in positioning of mesoscale features
in the model, the presence of the major observed mesoscale
and frontal structures in model predictions provides the pos-
sibility to evaluate interaction of these features and the contri-
bution of submesoscale processes to maintaining the observed
elevated chlorophyll-a filament, especially in areas where the
model features match the observed.

Interaction of the warm anticyclonic circulation with the
colder upwelled inshore water leads to the development of

Fig. 10 Filtered surface current
vectors and magnitude of zonal
current velocity (color) and salin-
ity (contours) averaged over 72 h
from August 28 through August
30 for the case without tides (top)
and the case with tides (bottom).
Note that the scales of the vectors
and the color scale are different
than in Fig. 8. Contour interval is
0.05 psu with dashed/full lines for
negative/positive values. The zero
contour is not shown

Fig. 11 Chlorophyll-a based on
satellite VIIRS ocean color
imagery with locations of sections
A and B on selected days in April
2016. Unit is milligrams per liter
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the surface frontogenesis with ageostrophic secondary circu-
lation (ASC) cells generated in the plane perpendicular to the
density front with upwelling on the light side of the front and
downwelling on the dense site of the front (Hoskins 1982;
Lévy et al. 2012; Calil and Richards 2010; Shulman et al.
2015).

In Hoskins (1982), the vector Q1 is used to qualitatively
diagnose ageostrophic vertical motion due to frontogenesis:

Q1 ¼ −
∂ug
∂x

∂b
∂x

−
∂vg
∂x

∂b
∂y

;−
∂ug
∂y

∂b
∂x

−
∂vg
∂y

∂b
∂y

� �
ð1Þ

Where ugand vg are the horizontal geostrophic velocities,
and ∂b

∂x and
∂b
∂y are the horizontal gradients of buoyancy:

b ¼ −g
ρ*

ρ0
ð2Þ

with ρ∗ being the deviation from the reference density ρ0, and
g is the acceleration due to gravity. The local maximum of Q1

creates a vertical circulation with associated upwelling/
downwelling ASC cells.

Figure 17 shows the observed andmodeled-predicted prop-
erties plotted along the sections crossing the submesoscale
filament (Fig. 11). The isothermal layer depth (ITLD) is com-
puted as the depth at which temperature deviates by 0.3 °C
from the temperature at the 2-m reference level.
Correspondingly, the isopycnal layer depth (IPLD), which
we also call the mixed layer depth (MLD), is defined as the
depth where a density change corresponds to 0.3 °C temper-
ature change. Our sensitivity studies of ITLD and IPLD esti-
mations by using different values for the reference level (5 or
10 m) and with a temperature difference of 0.2 °C produced

results similar to the case when the reference level is 2 m and
the temperature difference is 0.3 °C. The barrier-layer thick-
ness (BRLD) is computed as the difference between the ITLD
and IPLD, BRLD= ITLD − IPLD.

In Fig. 17a, the observed VIIRS chlorophyll-a, ITLD,
IPLD, BRLD, euphotic depth (Eu), and the vector Q1 mag-
nitude (1) are shown along section A crossing the filament
(Fig. 11). The values of ITLD, IPLD, BRLD, and Q1 were
estimated based on the 48-h averaged model fields of tem-
perature, salinity, and velocity, centered on April 10 00Z.
Estimated values of Q1 were averaged over the top 50-m
depth. There is well-defined local maximum in the magni-
tude of the vector Q1, which is shifted to less than 0.2°
(20 km) from the observed location of the submesoscale
filament (chlorophyll maximum on Fig. 17a). This can
probably be explained by the before mentioned fact that
the locations of major mesoscale features (like edges of
warm anticyclonic circulation and position of EICC) are
shifted in the model (Figs. 14 and 15) in comparison to
the observed locations (Figs. 12 and 13). The local maxi-
mum of Q1 magnitudes creates a vertical circulation with
associated upwelling/downwelling ASC cells (Hoskins
1982). ASC cells are upward (upwelling) on the light
(warm anticyclonic) side of the front and downward on
the dense side of the front. Figure 17a indicates that the
ITLD and IPLD are shallower than the estimated euphotic
depth (Eu). In this case, the developed ASC cells kept
phytoplankton in the lighted area and supported photosyn-
thesis and phytoplankton growth. Also, the BRLD layer is
very thin (almost equals to 0, Fig. 17a) in the area of fila-
ment; therefore, there is no salinity layer preventing ASC
cells in providing injections and cycling of nutrients into
the euphotic area and facilitating the consumption of

Fig. 12 Satellite GHRSST on
April 10 (left), April 20 (center),
and April 26, 2016 (right). Unit is
degree Celsius. Locations of
submesoscale filaments are
shown in black

Fig. 13 Observed mean sea level
anomaly over 7-day periods from
merged global ocean altimeter
data. Each 7-day observation pe-
riod is ending on April 16 (left),
April 25 (center), and May 5,
2016 (right). Locations of
submesoscale filaments are
shown in black

404 Ocean Dynamics (2018) 68:391–410



nutrients (however, we do not have observations
supporting this).

On April 26th, Fig. 17b, c shows a good match in locations
of the local maximum ofQ1 with the chlorophyll-a maximum
along section A and at the first inshore crossing of the filament
by section B (Fig. 11). The coincidence ofQ1 and chlorophyll
maxima together with the presence of very shallow BRLD
layers in the area of chlorophyll maxima, and with the fact
that IPLD and ITLD are shallower than the euphotic layer
depths around the filament, supports the conclusion that the
surface frontogenesis modulated phytoplankton growth in the
observed submesoscale filament.

Figure 16 (right panel) shows a mismatch between the lo-
cation of the second maximum in Q1 and the location of the
second chlorophyll maximum at the second (more offshore)
crossing of the filament by section B (Fig. 11). This is a result
of the before discussed mismatches in offshore locations of
observed and model-predicted mesoscale features.

In the area of EICC, currents are ~ 1.5 m/s (Fig. 16). With a
horizontal scale of filament ~ 300 km, the scale of advection is
~ 2.3 days. MLD in the model is ~ 25–30 m (Fig. 17), and
with the model vertical velocity ~ 10−4 m/s (Figs. 18 and 19),
the scale of ASC cells is ~ 3 days. Therefore, advection and
ASC cells had similar time scales during the observed
submesoscale filament.

Figure 18 (bottom) shows the vertical velocity at 20 m
depth on April 26, 2016. The intense eastward flow around
16° N of the southern anticyclonic eddy turns sharply south-
ward as it reaches a north-south-aligned salinity front near
84.5° E (Fig. 18, top). At the front, large downward vertical
velocities are found (Fig. 18, bottom panel). The convergence
is also evident from the currents in the salinity plot in the
upper panel in the same figure. Salinity water of about

33.5 psu is subducting under lower salinity water of about
32.5 psu. Cross sections of 24 h averaged vertical velocity
along 16° N and 16.5° N (Fig. 19) show that there is subduc-
tion at the front in an area near 84° E, 16° N to at least 100 m
while upwelling is seen in an area at the front around 84.5° E,
16.5° N. These vertical velocities are consistent with the sur-
face currents in Fig. 18 (top) that show convergence and di-
vergence, respectively, at those two locations. The presence of
the vertical motion to depths of 100 m and deeper along the
frontal zone is of significant importance for vertical mixing in
the Bay of Bengal.

Feedback to the atmosphere from the ocean is included on
mesoscales. Figure 20 shows the heat surface heat flux on
April 10, 2016, and the surface wind stress. When compared
to SST (Fig. 14), it is seen that the ocean is gaining heat over
cold anomalies and being cooled over warm SST. The effect
of SST and wind stress on mesoscales as reported by Chelton
et al. (2004) can be seen in Fig. 20 as well. The wind stress has
a local minimum over the cold SSTand the heat flux is down-
ward. The atmospheric model resolution is 6 km and does not
resolve the oceanic submesoscales so it is unknown if the
same feedback mechanism is active on that scale.

3.4 Summary and conclusions

The simulation of the ocean circulation of the Bay of Bengal
by COAMPS resolves mesoscale features and is also able to
capture part of the submesoscale phenomena in its ocean mod-
el component. It was demonstrated that precipitation from
convective cumulus in the atmospheric model directly can
force submesoscale flows in the upper ocean. Localized rain-
fall and associated convection and strong downdrafts are usu-
ally not available when prescribed atmospheric forcing is used

Fig. 14 Sea surface temperature
from COAMPS on April 10 (left),
April 20 (center), and April 26,
2016 (right). Unit is degree
Celsius. Locations of
submesoscale filaments in the
observations are shown in black

Fig. 15 Sea surface height from
COAMPS on April 10 (left),
April 20 (center), and April 26,
2016 (right), computed as a 25-h
average. Locations of observed
submesoscale filaments are
shown in black
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for ocean models, but are readily available in a coupled system
with frequent air-sea coupling. Consequently, a coupled mod-
el has the potential for generation of more submesoscale fea-
tures. The low-salinity lenses typically last for several hours
and, under calm conditions, for longer than a day. The hori-
zontal spreading of the low-salinity water lenses induces a
vertical circulation that reaches the base of the mixed layer.
In our case study, the cumulative effect of convective rain on

the ocean is a deepening of the mixed layer and lowering its
salinity. We found that vertical displacements of the halocline
had larger amplitudes and had smaller spatial scales in the 1.5-
km ocean model compared to the 4.5-km ocean model and
fronts were sharper. That can be expected given the increased
resolution. The reason for increased vertical mixing with
higher horizontal resolution is not clear. The subsurface ocean
model output was saved in 3-hourly snapshots, so a careful

Fig. 17 Observed and model-
predicted properties plotted along
sections crossing the
submesoscale filaments (Fig. 11):
a section A on April 10, b section
A on April 26, and c section B on
April 26. Top panels: VIIRS
chlorophyll-a along the section;
middle panels: euphotic depth
(black), isopycnal layer depth
(IPLD; magenta), isothermal lay-
er depth (ITLD; green), and bar-
rier layer thickness (BRLD; red);
bottom panels: magnitude of the
Q1 vector

Fig. 16 Surface currents from
COAMPS on April 10 (left),
April 20 (center), and April 26,
2016 (right), computed as a 49-h
average. Locations of observed
submesoscale filaments are
shown in black
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Fig. 18 Surface current and
surface salinity (top) and 20-m
current and vertical velocity
(bottom) averaged over 24 h on
April 26, 2016. Unit is psu for
salinity and 10−3 m/s for vertical
velocity

Fig. 19 Vertical velocity on April
26, 2016, average over 24 h along
16.5° N (top) and along 16.0° N
(bottom). Unit is 10−3 m/s
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analysis cannot be made, but we speculate that there is more
internal wave activity in the high-resolution case. An exami-
nation of the 3-hourly model output persistently shows larger
vertical halocline displacements and variability on the 1.5-km
grid (e.g., Figs. 4 and 6) and seems to be consistent with
internal waves. However, the ocean model is hydrostatic,
which prevents internal waves to break, so mixing from inter-
nal waves depends on the vertical mixing scheme and the
numerical diffusion in the model.

The cumulative effect of higher resolution that permits
submesoscale motion was shown to significantly impact the
mesoscale flow. In this case, in addition to a lower salinity in
the mixed layer, a near-surface front was stronger and the
maximum meridional flow was increased by a factor of 2.

The ocean model resolution of 1.5 to 2 km is rather coarse
for submesoscales, but the model does develop submesoscale
meanders and eddies along fronts. It was found that semidiur-
nal solitary waves can interact with eddies at this scale and
contribute to enhanced submesoscale variability. A spatial
high-pass filter reveals coherent submesoscale flows along
salinity gradients than enhanced salinity transports across the
front. The intermittent submesoscale surface flow has very
strong divergence and convergence, and it is shown that
downwelling and upwelling along a strong salinity front is
enhanced when both submesoscale flow and tidally induced
solitary waves are included.

Satellite images of chlorophyll-a showed a persistent
submesoscale filament in the vicinity of the Godavari River.
An analysis of the observations and the model flow field and
density field show that the model captures the mesoscale
eddies—although displaced compared to eddies observed in
altimetry. Based on an analysis of the ageostrophic secondary
circulation and the vertical velocity field in the model, the
results suggest that surface frontogenesis enabled sustained

phytoplankton growth in an observed long-l ived
submesoscale filament.

The results from the three case studies shown in this work
suggest a potential for more submesoscale activity than in an
uncoupled model, primarily because of more temporal and
spatial variability in the forcing from an atmosphere that is
coupled very frequently to the ocean. We cannot access the
feedback to the atmosphere from submesoscale oceanic tem-
perature anomalies since the resolution in the atmospheric
model is too low. It will be a topic we hope to address in the
near future.
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