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Abstract: We have investigated the surface and subsurface submesoscale dynamics in the Gulf
of Aden and the Gulf of Oman. Our results are based on the analyses of regional numerical
simulations performed with a primitive equation model (HYCOM) at submesoscale permitting
horizontal resolution. A model zoom for each gulf was embedded in a regional mesoscale-resolving
simulation. In the Gulf of Aden and the Gulf of Oman, the interactions of mesoscale structures and
fronts instabilities form submesoscale eddies and filaments. Rotational energy spectra show that
the Gulf of Aden has a higher ratio of submesoscale to mesocale energy than the Gulf of Oman.
Fast waves (internal gravity waves, tidal waves, Kelvin waves) and slow waves (Rossby waves)
were characterized via energy spectra of the divergent velocity. Local upwelling systems which
shed cold filaments, coastal current instabilities at the surface, and baroclinic instability at capes
in subsurface were identified as generators of submesocale structures. In particular, the Ras al
Hamra and Ras al Hadd capes in the Gulf of Oman, and the Cape of Berbera in the Gulf of Aden,
are loci of submesoscale eddy generation. To determine the instability mechanisms involved in
these generations, we diagnosed the Ertel potential vorticity and the energy conversion terms: the
horizontal and vertical Reynolds stresses and the vertical buoyancy flux. Finally, the impacts of the
subsurface submesoscale eddy production at capes on the diffusion and fate of the Red Sea Water
(in the Gulf of Aden) and the Persian Gulf Water (in the Gulf of Oman) are highlighted.

Keywords: submesoscale instabilities; eddies and waves; upwelling fronts

1. Introduction

The Gulf of Oman and the Gulf of Aden, located on the western side of the Arabian Sea, are two
semi enclosed basins receiving the warm and salty waters produced respectively in the Persian Gulf
and the Red Sea, namely, PGW and RSW (Persian Gulf Water and Red Sea Water) [1]. PGW and RSW
enter the Gulf of Oman and the Gulf of Aden via the Strait of Hormuz and the Strait of Bab el Mandeb.
They cascade over the sloping topography down to their neutral buoyancy 252.2 level. PGW and RSW
settle at 250-300 and 600-1000 m depths respectively [2,3].

The fate of PGW and RSW is governed by the deep-reaching influence of surface mesoscale
eddies with radii 50-100 km [4,5]. The dynamical influence of these eddies can reach 1000 m depth.
Mesoscale eddies can interact with each other, or become unstable, subsequently forming smaller-scale
structures [6,7]. In the Gulf of Aden, alternatively signed mesoscale eddies propagate westward at
the speed of the long Rossby waves [8] all through the year. In the Gulf of Oman, a mesoscale dipole
has been observed in spring near the Cape of Ra’s al Hamra [9]. PGW and RSW spread into the Gulf

Fluids 2020, 5, 146; d0i:10.3390/fluids5030146 www.mdpi.com/journal/fluids


http://www.mdpi.com/journal/fluids
http://www.mdpi.com
https://orcid.org/0000-0001-9642-8228
https://orcid.org/0000-0002-7849-6611
http://dx.doi.org/10.3390/fluids5030146
http://www.mdpi.com/journal/fluids
https://www.mdpi.com/2311-5521/5/3/146?type=check_update&version=2

Fluids 2020, 5, 146 20f19

of Oman and the Gulf of Aden at intermediate depths under the influence of these mesoscale eddies.
These outflows form filaments which eventually break into submesoscale eddies [O(0.1-20) km]
(i.e., eddies with radii smaller than the deformation radius). The estimates of the deformation radii
(Ry) from [10] are about 40 and 50 km in the Gulf of Oman and the Gulf of Aden respectively
(see [11,12]). Submesoscale eddies have been observed and sampled in the oceans for decades:
Meddies in the Western Atlantic ocean [13], small-scale and intense vortices in the Beaufort Gyre [14],
submesoscale coherent vortices in the north-western Mediterranean Sea [15], Cuddies in the Carlifornia
Current System [16], and submesoscale coherent vortices in the Gulf Stream [17]. In the Arabian Sea,
submesoscale eddies have been observed much less frequently. A submesoscale eddy, containing PGW,
was observed off the southern Omani coast in spring 2011 by [18]. Previously, deep and small eddies
of RSW were sampled in the eastern Arabian Sea [19,20]. Recently, a submesoscale cyclone of RSW
was observed and reported by [21].

Mesoscale eddies can generate submesoscale eddies via frontal instabilities [22-24]. Submesoscale
eddies can also originate from the interaction of mesoscale eddies with the sloping topography through
the bottom boundary layer [11,25-27]. Baroclinic instability of the bottom density current of outflow
water flowing over the sloping topography can generate submesoscale eddies [28]. The Rossby number
of such submesoscale eddies is usually not small [29].

In this paper, we investigate the submesoscale dynamics in the Gulf of Oman and the
Gulf of Aden by analysing regional numerical simulations performed with a primitive equations
model at submesoscale resolution. At the surface, a substantial part of the kinetic energy is
induced by the mesoscale and submesoscale eddies. Internal-gravity waves and tides are also
generated in both gulfs, mostly counting in the non-balanced part of the flow in the super-inertial
and submesoscale range. Baroclinic, horizontal shear, and frontal instabilities generate surface
submesoscale eddies. Depending on the generation mechanism, submesoscale eddies lie at the
surface or at depth. Submesoscale eddies are also found below the pycnocline at intermediate depths,
evolving the fate of PGW and RSW.

The paper is organized as follows: the model set-up and methods are described in Section 2,
the results are shown in Section 3, and the conclusions are drawn in Section 4.

2. Model Set-Up and Methods

2.1. Model Set-Up

We performed regional realistic numerical simulations with the HYbrid Coordinate Ocean Model
(HYCOM, [30]), with local zooms. Local zooms are 1-way nest integrations based on the Agrif
method [31]. The parent simulation solved the primitive equations” mesoscale resolution (about 5 km
on the horizontal). The parent domain covered the Arabian Sea and the evaporation basins, viz,
the Red Sea and the Persian Gulf, as shown in Figure 1a. The initialization and surface and boundary
forcings used in the parent simulation are described in [32]. Then, two Agrif zooms were performed at
submesoscale resolution (about 1.5 km on the horizontal) over the Red Sea and the Gulf of Aden on the
one hand (see Figure 1b), and the Gulf of Oman on the other hand (see Figure 1c). Both Agrif zoomed
simulations were run over the year 2011. The baroclinic and barotropic time steps were respectively
40 and 1 s. The two-dimensional surface data were saved hourly, while the three-dimensional data
from surface to bottom, were saved daily. In the vertical dimension, 40 levels were used. They were
distributed as follows: 20 levels in z-coordinates discretized the upper layer from the surface to
100 m depth; below, 20 levels in isopycnic coordinates sampled the rest of the water column (see [32]
for details). The ocean surface was forced with re-analyses of hourly atmospheric forcing from the
French meteorological office (Météo France) at 0.25° x 0.25° resolution. The boundaries were forced
by the parent simulation including tides from TOPEX data (8 tide modes). The vertical mixing was
parameterized with a KPP-scheme [33]. Model viscosity was kept to a minimum compatible with
numerical stability.
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Figure 1. Bathymetry of the Arabian Sea (a). The domains used for the two AGRIF zooms are displayed
in dashed black lines (b,c).
2.2. Methods

We highlight the presence of submesoscale structures as eddies, filaments, and fronts by
diagnosing the vertical relative vorticity:

=V xu, (1)

with u, the velocity vector. When normalized by the areal average of the Coriolis frequency (fy) over
the local domain, relative vorticity provides information on the dynamical regimes and force balances
which govern the flow.

The Ertel potential vorticity (EPV) is also computed:

Q=(f+0z-Vb, @

with f the Coriolis frequency varying with latitudes, and b the buoyancy acceleration. The Ertel
potential vorticity is conserved materially in the absence of forcing and of dissipation, and its horizontal
integral between two isopycnals is conserved in the absence of diapycnal mixing, surface forcing,
and lateral mixing at the boundaries (Haynes and McIntyre impermeability theorem [34]).

Flow instabilities were characterized by computing the energy conversions terms as defined
in [35] as:

HRS = —u/v’ - 9y5i — w'u/ - 0,1 ; (3)
VRS = —v'w' - 9,u; 4)
VBF = w'l’; (5)

where means a time average and ’ the deviation from the time average. The horizontal and
vertical Reynolds stresses (HRS and VRS) are related to the horizontal and vertical shear instabilities
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respectively. They transfer mean kinetics to eddy kinetic energy. The vertical buoyancy flux (VBF)
indicates eddy potential to eddy kinetic energy conversions. It characterizes baroclinic instability.

3. Results

3.1. Surface Submesoscale Dynamics

At mesoscale resolution, regional numerical simulations have shown that the surface mesoscale
circulation is dominated by eddies in the Gulf of Oman [36] and in the Gulf Aden [32]. By increasing
the horizontal grid resolution up to submesoscales, the recurrent mesoscale dynamical structures and
processes, for instance, the westward propagation of anticyclones in the Gulf of Aden, and the Ra’s al
Hadd jet at the mouth of the Gulf of Oman, were well reproduced. Furthermore, at high resolution,
smaller structures, such as eddies and filaments, appeared with finite values of the dynamical Rossby
numbers ({/ fo), as shown in Figure 2. Structures with the highest {/ fy values arose as soon as
mesoscale currents or eddies flowed close to the coast. For instance, during the winter monsoon, in the
Gulf of Oman, at submesoscale, cyclonic eddies were formed at the cape of Ra’s al Hamra and near
the Cape of Ra’s al Hadd (see Figure 2, 1st row, 1st column). During the summer monsoon an intense
submesoscale anticyclonic eddy was located in the southeastern Gulf of Aden (see Figure 2, 2nd row,
3rd column). Filaments of intense relative vorticity were also observed at the surface. In the Gulf of
Oman, during the summer monsoon a coastal cyclonic filament was located along the northern coast
(see Figure 2, 1st row, 3rd column). During the fall intermonsoon, cyclonic filaments were also present
in the center of the Gulf of Aden (see Figure 2, 2nd row, 4st column).
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Figure 2. Snapshots of surface vertical relative vorticity normalized by the areal mean Coriolis
frequency (fp), (1st row) in the Gulf of Oman, and (2nd row) in the Gulf of Aden representative
of the surface dynamics during (1st column) the North-East Monsoon (NEM), (2nd column) the Spring
Inter-Monsoon (SIM), (3rd column) the South-Western Monsoon (SWM), and (4st column) the Fall
Inter-Monsoon (FIM). Black arrows stand for the surface velocity vectors.

The Power Spectrum Densities (PSDs) of surface horizontal velocities highlight the seasonal
variability of the submesoscale activity, as shown in Figure 3. A Hanning windowing function was
applied in the real space before going through the spectral space. In the Gulf of Oman, the spectral
slope is shallower between R;/2 ~ 20km and R;/10 ~ 4km corresponding to the submesoscale
range. Indeed, the steep spectra are due to dominant mesoscale activity for scales longer than
R;/2, and due to viscous effects for scales shorter than R;/10. The submesoscale energy amplitude
is maximal during the North-East Monsoon (NEM) with a k=2 spectral slope. During the Spring
Inter-Monsoon (SIM), the submesoscale spectral amplitude weakens and the slope by close to k.
The smaller submesoscale spectral amplitudes can be found during the South-West Monsoon (SWM)
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and the Fall Inter-Monsoon (FIM) with slopes close to k~*. During these periods, intense mesoscale
eddies (at the scale of the Gulf of Aden or of the Gulf of Oman) dominate the regional flow. The k2
slope indicates an active submesoscale activity during NEM in comparison with the other seasons [22].
During the NEM, the wind stress is not as strong as during the SWM, but mesoscale eddies are seldom
present; the circulation is mostly cyclonic (and alongshore) at the scale of the Gulf.

In the Gulf of Aden, the spectral slopes seem to vary less in the submesoscale range (between
R;3/2 ~ 25km and R;/10 ~ 5km), than in the Gulf of Oman. Note that they are also shallower in this
range than in the mesoscale range, where they are close to k—* whatever the season. In fact, there is
more mesoscale energy in the Gulf of Aden. Indeed, all year long, the surface flow field of the Gulf of
Aden is dominated by alternatively signed mesoscale eddies with diameters about 100-200 km, that is,
half the gulf width to the full gulf width [32].
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Figure 3. Power Spectrum Densities (PSDs) of horizontal surface velocities computed (a) in the
Gulf of Oman, and (b) in the Gulf of Aden (see square boxes drawn in insets for the computional
domains). PSDs are timely averaged for (gray) the North-East Monsoon (NEM), (blue) the Spring
Inter-Monsoon (SIM), (orange) the South-West Monsoon (SWM), and (red) the Fall Inter-Monsoon
(FIM). Solid black lines stand for benchmarks of power laws, and information about the deformation
radii and wavelengths (i.e., Ry, R;/2, and R;/10) is indicated in dashed black lines.

At submesocale, many physical processes can occur. Eddies and filaments are balanced motions
for their main velocity components; and they have non zero potential vorticity anomaly (with respect
to the environment), contrary to internal, coastal (Kelvin), or internal inertial waves which either are
imbalanced motions or have zero potential vorticity anomaly. Still, all these motions are reflected in
the Sea Surface Height (SSH) variations. The SSH distributions in the two-dimensional space (k, w)
Fourier space are shown in Figure 4 for Figure 4a the Gulf of Oman and Figure 4c the Gulf of Aden
with k the isotropic wave number and w, the frequency. The SSH spectral signals are most energetic
at mesoscale and submesoscale, and at low frequency in the Gulf of Oman and the Gulf of Aden.
At higher frequency, the larger discontinuous amplitudes correspond essentially to flows forced by
atmosphere (w = dayfl) and the tide (w = M2, the semi-diurnal tide) and its harmonics.
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Figure 4. Power Spectrum Densities (PSD) of Sea Surface Height (SSH) computed (a) in the Gulf of
Oman and (c) in the Gulf of Aden. The deformation radii (in gray) and benchmark wavelengths (in
white) are indicated in vertical solid lines. Benchmark periods are indicated in horizontal white lines.
Ratio of the PSD of the kinetic energy of the rotational part of the flow over the PSD of the kinetic
energy of the divergent part computed (b) in the Gulf of Oman, and (d) in the Gulf of Aden. Dispersion
relations of inertia-gravity waves of the second (IGW;) and the tenth (IGW1() modes of Kelvin Waves
of the second (KW;) and the tenth (KWjy) modes, and of Rossby Waves (RW), are drawn as solid
black lines.

To determine the processes which dominate the submesoscale range, we decompose the flow in a
rotational and a divergent parts (Helmholtz decomposition), as :

U= Ut + gy =k X Vip+ V. (6)

Equation (6) was solved using a multigrid solver with Dirichlet boundary conditions.
Reference [37] discussed the partitioning of the flow into balanced motions and internal gravity
waves through this method. Their results indicate that this method is accurate in summer. In winter,
it must be used with caution. However, the rotational part is related to the relative vorticity which is
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high in small eddies and in filaments which represent an important part of the submesoscale energy
in the regions of interest. Indeed, vertical velocities are high in the submesoscale filaments, so that
the divergent part represents in part the submesoscale filaments. However, the divergent part also
characterizes gravity waves the evolution of which is based on the local convergence and divergence
of water masses. We can identify these wave via their dispersion relations. The ratios of the PSD
of surface horizontal rotational velocity over the PSD of surface horizontal divergent velocity are
shown in Figure 4b for the Gulf of Oman and Figure 4d for the Gulf of Aden. Below w = day !,
the kinetic energy is mostly due to the rotational part of the flow (red patches). This is the signature of
the mesoscale and submesoscale eddies as well as filaments. As shown in [32,36] the surface dynamics
are dominated by mesoscale eddies. Furthermore, continuous blue rays in the submesoscale range
indicate fast wave propagation (w > day~'). This is the signature of internal Kelvin waves whose

dispersion relation is:
NH
= —k 7
wkw; = 5=k, )

with N being the stratification frequency equal to 2.1 x 1073 s~ ! in the Gulf of Oman and 1.6 x 10351
in the Gulf of Aden. H is the depth averaged over the computational domains about 2500 m in
the Gulf of Oman and 2750m in the Gulf of Aden. i is an integer representing the baroclinic
mode considered. Our results indicate that in semi-enclosed basins such as the Gulf of Oman
and the Gulf of Aden, Kelvin waves capture large parts of the energy in the submesoscale and
high frequency ranges. In addition to [37,38] who worked on the open ocean region, this result
can also be of great importance for the future space missions in order to characterize the ocean
motions in coastal regions. The dispersion relation of inertia-gravity waves (IGW) are also indicated

(wIGW =\/wiy + fg) . Note that the magnitude of the PSD ratio dramatically increases at the finest
scales due to aliasing.

3.2. Submesoscale Fronts from Coastal Upwelling

In the Gulf of Aden, during the SWM, the wind stress is favorable to upwelling at the northern
coast. A sea surface temperature anomaly (with respect to a mean) is shown in Figure 5a. A negative
temperature anomaly, in the form of a filament, was located in the western Gulf of Aden, extending
offshore unto the center of the gulf. It splits into two branches under the influence of two anticyclonic
eddies. This filament is associated with two submesoscale temperature fronts offshore, and it is
connected to the upwelling front at the coast. The upwelling affects the first hundred meters of the
ocean, vertically, as shown in Figure 5b. Even below the pycnocline, the density contours gradually
tilt upwards. The submesoscale front is associated with large positive relative vorticity ({/fy > 1),
as shown in Figure 5c, which generates up- and downwelling via the ageostrophic circulation.
The section of fQ (potential vorticity multiplied by Coriolis frequency) across the filament indicates
a change in sign at both fronts (see Figure 5d) . fQ < 0is a criterion for symmetric instability [39],
in this case, confined in the surface mixed layer. Subsequent submesoscale eddies may be formed.
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Figure 5. (a) Surface temperature anomaly in the Gulf of Aden. Arrows stand for the surface
velocity vectors. (b) Vertical slice of temperature in the Gulf of Aden. The location of the section is
drawn as a black solid line in (a). Density contours (kg m3) are drawn as white solid lines. (c) Surface
relative vorticity normalized by the aeral average of the Coriolis frequency (see black square box in (a)
for location). Black contours stand for the surface temperature anomaly. Arrows stand for the surface
velocity vectors. (d) Vertical slice of PV.Density contours (kg m—3) are drawn as black solid lines.

In the same manner, a submesoscale cold filament is located in the western Gulf of Oman along
the northern coast (see Figure 6a). The vertical cross-filament section (see Figure 6b) indicates that an
upwelling process affecting the first hundred meters depth is at play. The sharp coastal density gradient
is associated with high relative vorticity value (see Figure 6¢). As in the Gulf of Aden, the potential
vorticity multiplied by the Coriolis frequency changes sign at the two sides of the front (see Figure 6d),
again indicating a possible centrifugal instability in the surface mixed layer. The subsequent generation
of submesoscale eddies might be captured with a higher horizontal resolution model configuration.
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Figure 6. (a) Surface temperature anomaly in the Gulf of Oman. Arrows stand for the surface
velocity vectors. (b) Vertical slice of temperature in the Gulf of Oman. The location of the section is
drawn as a black solid line in (a). Density contours (kg m—3) are drawn as white solid lines. (c) Surface
relative vorticity normalized by the areal average of the Coriolis frequency (see black square box in (a)
for location). Black contours stand for the surface temperature anomaly. Arrows stand for the surface
velocity vectors. (d) Vertical slice of PV. Density contours (kg m—3) are drawn as black solid lines.

3.3. Coastal Submesoscale Eddies

As mentioned in the Section 3.1, an intense submesoscale anticyclone is located in the eastern
Gulf of Aden along the southern coast. A snapshot of the relative vorticity normalized by the areal
average of the Coriolis frequency is shown in Figure 7a. The submesoscale eddy under consideration
is located in the square box. To gain insight about its formation, we computed the energy conversions
(HRS, VRS, and VBF) and integrated them from the surface down to 100 meters depth, along the
section shown in Figure 7a. The energy conversion terms were averaged over 10 days prior to the
date indicated in Figure 7a. The magnitude of the vertical buoyancy flux (VBF) prevailed over the two
other terms (i.e., HRS and VRS; see Figure 7b (top)). Near the coast, the horizontal shear of the flow is
intense compared to offshore, and the potential vorticity is close to zero. This indicates a conversion of
mean kinetic energy to eddy kinetic energy via horizontal shear instability along the coast. There VBF
is negative, whereas it is positive offshore. The vertical section of the Ertel potential vorticity shows
vertical changes of its horizontal gradient. This a necessary condition for baroclinic instability to occur
(see Figure 7b (bottom)). The resulting submesoscale eddy is intense ({/ fy ~ —1) and its radius is
about 30 km (see Figure 7c). Note that VBF changes sign along the section meaning that eddy potential
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energy is converted into eddy kinetic energy in some other places. Though their magnitudes are small
compared to VBE, HRS, and VRS are negative along the section which indicates a conversion of mean
kinetic to eddy kinetic energy. Note that EPV multiplied by the Coriolis parameter is negative in a
thin layer over the sloping topography, possibly due to vertical mixing. Nonlinear advection terms are
likely responsible for the high relative vorticity below this layer. The vertical section of the velocity
component normal to the section (figure 7c), and the density contours, indicate that the submesoscale
anticyclone is confined in the surface mixed layer, here the upper 40-50 m of the ocean.
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Figure 7. (a) Instantaneous surface vertical relative vorticity normalized by the areal average of the
Coriolis frequency (fp) in the Gulf of Aden. (b, top) Energy conversion terms integrated from the
surface down to 100 m depth, and timely averaged over the 10 days before the date indicated in
(a): horizontal Reynolds stress (HRS, in blue), vertical Reynolds stress (VRS, in orange), and vertical
buoyancy flux (VBE, in green) in the along-section direction (see solid black line in (a) for location).
(b, bottom) Vertical slice of the potential vorticity (Q) multiplied by the Coriolis frequency (f) (see
solid black line in (a) for location) timely averaged over the 10 days before the date indicated in (a).
Density contours are represented as solid black lines. (¢) Zoom in the Gulf of Aden (see black squared
box in (a) for location) over a submesoscale anticyclone near the southern coast. (d) Vertical slice of the
normal velocity (see solid black line in (c) for location). Density contours are represented as solid black
lines).

In the Gulf of Oman, intense submesoscale filaments are generated at the Cape of Ra’s al Hamra
and at the Cape of Ra’s al Hadd in February, as shown in Figure 8a. The high relative vorticity
(C/ fo ~ 1) indicates a strong horizontal shear of the structure. The generation of this submesoscale
filament is associated with mean flow interaction with the topography, and detachment from the cape.
The submesoscale filaments are also associated with a density front in the upper layer, as shown
by the density contours in Figure 8b (bottom). This filament undergoes instabilities, the energy
sources of which are the horizontal velocity shear and the vertical buoyancy flux, HRS and VBF,
which are of the same order of magnitude, and which prevail on VRS. Thus, the submesoscale
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eddy generated downstream cape emanates from a mixed barotropic/baroclinic instability. Indeed,
baroclinic instability of the filament can be related to its frontal structure, and barotropic instability
to the gulf-scaled flow interaction with the sloping topography near the coast. The vertical section
of the Ertel potential vorticity corroborates this result. The EPV gradient changes sign vertically
near the surface while horizontal changes in sign of the EPV gradient occur below. The unstable
submesoscale filaments generate a street of submesoscale cyclonic eddies which merge and form
the cyclone shown in Figure 8c. The resulting cyclone is 25 km in radius and has a deep dynamical
influence (see Figure 8d). The cross-section component of the horizontal velocity decreases gradually
down to about 1000 m. The velocity of the submesoscale cyclone is intensified in the upper 300 m of
the gulf.
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Figure 8. (a) Instantaneous surface vertical relative vorticity normalized by the areal average of the
Coriolis frequency (fp) in the Gulf of Oman. (b, top) Energy conversion terms integrated from the
surface down to 100 m depth, and timely averaged over the 10 days before the date indicated in
(a): horizontal Reynolds stress (HRS, in blue), vertical Reynolds stress (VRS, in orange), and vertical
buoyancy flux (VBE, in green) in the along-section direction (see solid black line in (a) for location).
(b, bottom) Vertical slice of the potential vorticity (Q) multiplied by the Coriolis frequency (f) (see solid
black line in (a) for location) timely averaged over the 10 days before the date indicated in (a). Density
contours are represented as solid black lines. (¢) Zoom in the Gulf of Oman (see black squared box in
(a) for location) over a submesoscale anticyclone near the southern coast. (d) Vertical slice of the normal
velocity (see solid black line in (c) for location). Density contours are represented as solid black lines).
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3.4. Deep Influences of Submesoscale Structures

As mentioned in Section 1, the mesoscale eddies often drive the circulation in the Gulf of Oman
and the Gulf of Aden. The velocity field associated with these eddies can reach 1000m depth.
Therefore, mesoscale eddies represent a large part of the barotropic component of the flow field
in both gulfs. In Figure 9, we show the distribution of the enstrophy in the two-dimensional (k,m)
Fourier space, where k and m are respectively the isotropic horizontal and vertical wave numbers.
The enstrophy spectra show the strong barotropic component (m < 5 x 1073 cpm) of the flow at larger
scale (k < R}l). This is the signature of the above-mentioned mesoscale eddies. Below the deformation
radius, the submesoscale enstrophy spectra are different depending on the gulf considered. In the Gulf
Oman, we identified a peak centered at k ~ 1 x 10~! cpkm and m ~ 1 x 1072 cpm. In the Gulf of Aden,
the enstrophy spectrum exhibits two peaks. The first one is centered at the scale of the deformation
radius, the second one at k ~ 1 x 10~ ! cpkm. The vertical wave number associated with these two
peaks is m ~ 1 x 1072cpm. The Gulf of Oman has more enstrophy at basin scale (related to the
cyclonic circulation at gulf scale in winter) and the Gulf of Aden shows a distinct peak at submesoscale,
related to the eddies that we have described earlier.

PSD(Enstrophy) PSD(Enstrophy)
[s72/(cpkm x cpm)] [s72/(cpkm x cpm)]

108 1010 1012 108 1010 10!2 104

1071

1072 1072

m[cpm]
[wdd]w

1073 ] 1073

1072 107! 1072 107!
k[cpkm] k[cpkm]

Figure 9. Power Spectrum Densities (PSDs) of enstrophy computed (a) in the Gulf of Oman, and (b) in
the Gulf of Aden. The deformation radius is indicated in vertical solid white lines.

3.5. Subsurface Submesoscale Eddies

RSW and PGW spread at intermediate depth respectively in the Gulf of Oman and the
Gulf of Aden.

RSW stabilizes on the 27.0kgm~3 isopycnal between 400 and 800m depth. We show an
instantaneous view of the salinity on this isopycnic surface in Figure 10a. The RSW flows out of
the Red Sea following the southern coast of the Gulf of Aden. As this outflow reaches the Cape of
Berbera, submesoscale eddies are generated. Upstream of the cape, the vertical buoyancy flux prevails
on the horizontal and vertical Reynolds stress, for the energy transfers, as shown in Figure 10b (top).
Therefore, the RSW outflow is baroclinically unstable. The salinity maximum is found at 400 m
depth on the 27.0kgm~2 isopycnal. The salty water vein extends from 200 down to 1000 m depth
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(see Figure 10b (bottom)). Downstream of the cape, a dipolar vortex is generated. The relative vorticity
of the cyclonic part of this dipole is shown in Figure 10c. It has a complex structure. Indeed, the cyclone
(anticyclone) results from the merger of submesoscale eddies successively generated at the cape.
The vertical section of the cross component of the velocity (see Figure 10d) shows that the cyclone
velocity is indeed intensified deeper than those of anticyclones usually found in the gulf, i.e., here at
about 550 m depth. This is also a clue that baroclinic instability occurs, as heton like eddies are formed,
in agreement with the idealized experiments described in [28]. The radius of the submesoscale cyclone
is about 15km and its vertical extent is about 400 m.
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Figure 10. (a) Instantaneous salinity interpolated on the oy = 27.0kg m~3 density level in the Gulf of
Aden. Arrows stand for the velocity vectors interpolated on the same density level. (b, top) Energy
conversion terms integrated from the surface down to 100 m depth, and timely averaged over 20 days
centered at the date indicated in (a): horizontal Reynolds stress (HRS, in blue), vertical Reynolds
stress (VRS, in orange), and vertical buoyancy flux (VBF, in green) in the along-section direction
(see solid black line in (a) for location). (b, bottom) Vertical slice of salinity (see solid black line in (a) for
location). Density contours are represented as solid black lines. (¢) Zoom in the Gulf of Aden (see black
squared box in (a) for location) over a submesoscale anticyclone near the southern coast. Vertical
relative vorticity normalized by the Coriolis frequency averaged over the region (f) interpolated on
the oy = 27.0kgm~—3 density level. Arrows stand for the velocity vectors interpolated on the same
density level. (d) Vertical slice of the normal velocity (see solid black line in (c) for location). Density
contours are represented as solid black lines).

In the Gulf of Oman, PGW stabilizes on the 26.5 kg m 2 isopycnic level between 150 and 300 m
depth. The salinity interpolated on this isopycnic surface is shown in Figure 11a. At the Cape of
Ra’s al Hamra, submesoscale eddies of PGW are generated. Indeed, upstream of the cape, the PGW
outflow is baroclinically unstable since the vertical buoyancy flux is larger than the horizontal and the
vertical shear production (see Figure 10b (top). Conversion from eddy potential to eddy kinetic energy
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thus accompanies the formation of submesoscale eddies. The salty PGW vein extends from 150 down
to 300 m depth as shown in Figure 11b (bottom). Now, we zoom on one submesoscale anticyclone
(see Figure 11c). Its relative vorticity is less intense (in norm) than that of the submesoscale eddy found
in the Gulf of Aden, and described above. Two successively generated submesoscale eddies of PGW
can be observed along the Omani coast. Thus the baroclinic instability of the PGW outflow is long
lasting, and the PGW outflow can generate several submesoscale eddies. But, contrary to those in
the Gulf of Aden, submesoscale eddies do not interact with each other and merge, here. They drift
along the Omani coast. Thus the advecting current due to the mesoscale eddies is fast enough to
separate them. This can be related to the high energy found at mesoscale in the spectra (shown above).
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Figure 11. (a) Instantaneous salinity interpolated on the oy = 26.5kg m~3 density level in the Gulf of
Oman. Arrows stand for the velocity vectors interpolated on the same density level. (b, top) Energy
conversion terms integrated from the surface down to 100 m depth, and timely averaged over 20 days
centered at the date indicated in (a): horizontal Reynolds stress (HRS, in blue), vertical Reynolds
stress (VRS, in orange), and vertical buoyancy flux (VBE, in green) in the along-section direction (see
solid black line in (a) for location). (b, bottom) Vertical slice of salinity (see solid black line in (a) for
location). Density contours are represented as solid black lines. (¢) Zoom in the Gulf of Oman (see black
squared box in (a) for location) over a submesoscale anticyclone near the southern coast. Vertical
relative vorticity normalized by the Coriolis frequency averaged over the region (f) interpolated on
the 0y = 26.5kgm~3 density level. Arrows stand for the velocity vectors interpolated on the same
density level. (d) Vertical slice of the normal velocity (see solid black line in (c) for location). Density
contours are represented as solid black lines).
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This rapid advection could also explain the observation of a lens of PGW south-east of Ras
al Hadd, by [18] at the same period of year 2011. This small anticyclone had certainly been advected
around a mesoscale surface anticyclone, since the lens had thermohaline characteristics of PGW at Ras
al Hamra (far upstream of Ras al Hadd).

Here, from the vertical section of the cross component of the horizontal velocity (see Figure 11d),
the radius of this submesoscale eddy is about 15km and the vertical extent of the submesoscale
anticyclone is about 200 m.

The submesoscale eddy production has implications on the spreading and diffusion of RSW and
PGW. The distributions of salinity in the one-dimensional (k) Fourier space, upstream and downstream
of the capes, are shown in Figure 12. By comparing the slopes at meso- and submesoscale, it results
that the flattest spectra appear downstream of the capes. This reflects an active submesoscale eddy
field there, driving the fate of PGW and RSW. The horizontal maps of salinity interpolated on the
neutral density in the Gulf of Aden and the Gulf of Oman (see respectively Figure 10a and Figure 11a)
show that RSW and PGW are transported by submesoscale eddies. We also compare the T/S diagram
upstream and downstream of the capes in Figure 13. Upstream of the cape, the highest salinity
value of RSW (PGW) is about 38 (39) psu. Downstream of the cape, RSW (PGW) has mixed with the
surrounding water masses. The maximal value of RSW (PGW) reduces to 36 (37) psu.
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Figure 12. Power Spectral Densities of salinity (left) in the Gulf of Aden and (right) in the Gulf of
Oman, (orange) upstream and (blue) downstream of the capes.
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Figure 13. T/S diagram (left) in the Gulf of Aden and (right) in the Gulf of Oman, (top) upstream
and (bottom) downstream of the cape. Density contours are drawn as solid gray lines.

4. Summary and Conclusions

This paper has focused on the submesoscale dynamics both at the surface and subsurface in
the Gulf of Aden and in the Gulf of Oman by analysing outputs of regional numerical simulations
performed with a primitive equation model at submesoscale resolution. The dynamics in the gulfs
have been identified as the interactions of mesoscale and submesoscale eddies and filaments,
fronts instabilities, and fast waves.

We have shown that submesoscale eddies and filaments are the results of several physical
phenomena, such as local upwelling systems and coastal current instabilities at the surface,
and baroclinic instability at capes subsurface. In the Gulf of Oman, submesoscale eddies appear near
Ras al Hamra and Ras al Hadd but mesoscale eddies prevail. In the Gulf of Aden, submesoscale eddies
are formed near the Cape of Berbera and via the shear instability of upwelling filaments. The presence
of these small eddies is reflected by flatter slopes of energy (or enstrophy) spectra. These spectra clearly
help identify the horizontal and vertical scales of both mesoscale and submesoscale eddies which are
seen also in horizontal maps of vertical relative vorticity and in temperature or salinity maps. The 3D
structure of these small eddies was also presented from the model results.

Spectra also helped identify the different waves in the two gulfs: The rotational spectra had the
signature of long baroclinic Rossby waves which advect mesoscale eddies westward in the Gulf of
Aden. The divergent spectrum is marked by the internal Kelvin waves, the inertia-gravity waves,
and the tidal waves.

Finally, the subsurface submesoscale eddies formed at capes impact the RSW and the PGW
by carrying and then mixing these salty waters with surrounding water masses. The correlation
between salinity and vorticity peaks at the level of the outflows is clearly seen in isopycnic maps.
The temperature—salinity diagrams for upstream and downstream of the capes where these small
eddies form also show the enhanced diffusion of heat and salt at these locations.

This paper has provided a first glimpse at submesocale dynamics in these two gulfs. Still, a finer
resolution model would be necessary to fully grasp the richness of submesocale dynamics in this region.
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Many questions are also left open: How do surface and sub-surface submesoscale features interact?
Can the submesoscale lenses of RSW escape the Gulf of Aden and reach the longitude where a few of
them were observed in the early 1980s? Conversely, can submesoscale surface eddies, formed in the
Arabian Sea, enter these gulfs, and participate in the larger-scale conversion of water masses, to which
the lenses of PGW or of RSW contribute? Indeed, it is known that the marginal seas convert fresher
inflows into salty outflows. Previously, it was thought that these inflows and outflows contained only
coastal and slope currents and mesoscale eddies. This study opens the door to a non negligible role of
submesoscale features in this specific large-scale exchange. This contribution remains to be quantified
more precisely. Finally, what are the roles of these submesoscale eddies and filaments in the regional
marine biology and biogeochemistry? These questions are left for further studies.
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