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Abstract Recent oceanographic field measurements and
high-resolution numerical modelling studies have revealed
intense, transient, submesoscale motions characterised by
a horizontal length scale of 100–10,000 m. This subme-
soscale activity increases in the fall and winter when the
mixed layer (ML) depth is at its maximum. In this study,
the submesoscale motions associated with a large-scale
anticyclonic gyre in the central Gulf of Taranto were exam-
ined using realistic submesoscale-permitting simulations.
We used realistic flow field initial conditions and multi-
ple nesting techniques to perform realistic simulations, with
very-high horizontal resolutions (> 200 m) in areas with
submesoscale variability. Multiple downscaling was used
to increase resolution in areas where instability was active
enough to develop multi-scale interactions and produce 5-
km-diameter eddies. To generate a submesoscale eddy, a
200-m resolution was required. The submesoscale eddy was
formed through small-scale baroclinic instability in the rim
of a large-scale anticyclonic gyre leading to large vertical
velocities and rapid restratification of theML in a time-scale
of days. The submesoscale eddy was confirmed by obser-
vational data from the area and we can say that for the first
time we have a proof that the model reproduces a realistic
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submesoscale vortex, similar in shape and location to the
observed one.
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1 Introduction

Ocean circulation is highly turbulent and occurs over a very
wide range of scales, ranging from a few centimetres to
thousands of kilometres. As such, it is driven by nonlin-
ear scale interactions that can transfer energy upscale or
downscale. Most of the total kinetic energy in the ocean
is contained in “mesoscale eddies” (Ferrari and Wunsch
2009), which range from 10 to 300 km in size. Mesoscale
flow fields play an important role in the transport and mix-
ing of momentum and tracers across the planet’s oceans.
Mesoscale ocean eddies are monitored from space using
satellite altimeters (Pujol et al. 2012) and are also explicitly
resolved in ocean numerical simulations.

New high-resolution oceanographic field measurements
and numerical simulations have revealed intense, tran-
sient, submesoscale motions characterised by a horizontal
length scale of 100–10,000 m. Resolving these subme-
soscale motions in ocean numerical simulations requires
horizontal grid resolutions of O(1 km). Recent very-high
resolution models capable of directly resolving subme-
soscale features have shown significant deviation from
eddy-resolving experiments, particularly in terms of the
formation of numerous submesoscale eddies, fronts and fil-
amental structures (Mensa et al. 2013; Sasaki et al. 2014;
Gula et al. 2016). These experiments suggest that sub-
mesoscale physics is an important element in large-scale

http://crossmark.crossref.org/dialog/?doi=10.1007/s10236-017-1110-z&domain=pdf
http://orcid.org/0000-0002-0701-7273
mailto:francesco.trotta4@unibo.it


1610 Ocean Dynamics (2017) 67:1609–1625

oceanic circulation. The important contribution of subme-
soscale processes to the vertical flux of both physical and
biogeochemical tracers in the upper ocean has been illus-
trated by Capet et al. (2008), Thomas et al. (2008), and
Lévy et al. (2012). In addition, the stratification of the upper
layers by submesoscale processes and the enhancement of
connections between the surface and the interior have been
demonstrated by Fox-Kemper et al. (2008) and Klein et al.
(2008).

In the last two decades, high-resolution numerical mod-
els have been used in idealized simulations to analyze
submesoscale flow fields (Boccaletti et al. 2007; Lévy et al.
2010; Hamlington et al. 2014). The original idea was to use
a 3D high-resolution submesoscale model with highly sim-
plified initial and boundary conditions in order to investigate
the impact of different physical processes and their param-
eterizations on the development of submesoscale structures.
Realistic submesoscale-permitting high-resolution simula-
tions have also been carried out in different areas of the
ocean (see Table 1). Capet et al. (2008) investigated subme-
soscale activity in the California Current System using a set
of single-nested model simulations with increasing horizon-
tal resolution from 6 km to 750 m. Shcherbina et al. (2013)
compared submesoscale statistics from observations with a
multiple-nested simulation with up to 500 m resolution in
the North Atlantic. Poje et al. (2014) studied submesoscale
surface velocity fluctuations in the northern Gulf of Mexico
from drifter measurements, including a direct comparison
to a realistic model. Haza et al. (2016) analyzed the role
of submesoscale motions on Lagrangian transport using a
simulation of the Gulf of Mexico circulation with a hori-
zontal resolution of 800m. Jacobs et al. (2016) performed a

triple-nested model experiment in the Gulf of Mexico down-
scaling from 1 km down to 50 m.

In this study, we used realistic flow field initial condi-
tions and a multiple nesting approach to achieve an open
ocean horizontal resolution of 200 m, which is suitable
for resolving submesoscale processes in this region and
we used CTD measurements to confirm our submesoscale-
permitting model predictions. This innovative approach will
enhance our understanding of submesoscale eddy develop-
ment and their dynamics.

Pinardi et al. (2016) found observational evidence of
intense mesoscale and submesoscale variability at the rim of
a large scale, semi-permanent gyre in the Gulf of Taranto,
Northern Ionian Sea, in the eastern Mediterranean (Fig. 1).
The flow field showed a large-scale anticyclonic rim cur-
rent with intensified jets along the border and an intense
mesoscale cyclonic eddy on the eastward side of the gyre.
Seven days later, the mesoscale eddy had disappeared and
another eddy with a radius of approximately 10 km had
formed in the north-western region. In this study, we used
our realistic high-resolution model to explore the dynamics
of the potentially submesoscale eddy on the eastern cor-
ner of the large-scale gyre velocity field over a one week
timescale (mettere il periodo).

The paper is organized as follows. Section 2 briefly
describes the structured grid component of the SURF plat-
form and the related multi-nesting procedures. Section 3
presents the SURF implementation in the Gulf of Taranto
and the main model parameters. The model validation is
presented in Section 4. In Section 5, the emergent subme-
soscale substructures of the anticyclonic gyre are analyzed.
The conclusions are presented and discussed in Section 8.

Table 1 Multi-nest high-resolution model studies for realistic submesoscale-permitting simulations

Multi-nest Study Simulation Ocean Large-scale model Number Horizontal grid

model studies Region period model (First Father) nesting resolutions

Capet X. California Climatology ROMS USWC (ROMS) 1 12,000 → 6000

et al. (2008) Coast (12km) 12,000 → 3000

12,000 → 1500

12,000 → 750

Shcherbina A. North March ROMS ATL (ROMS) 2 6000 → 1800

et al. (2013) Atlantic 2012 (5–7 km) → 500

Poje A.C. Gulf of July NCOM Global (NCOM) 1 14,000 → 3000

at al. (2014) Mexico 2012 (14 km)

Haza A.C. Gulf of January HYCOM ATL (HYCOM) 1 7000 → 800

et al. (2016) Mexico 2010 (7 km)

Gregg A. Jacobs Gulf of December NCOM GoM (NCOM) 2 1000 → 250

et al. (2016) Mexico 2013 (1 km) → 50

Trotta F. Gulf of October NEMO MFS (NEMO) 3 6000 → 2000

et al. (2016) Taranto 2016 (6 km) → 700 → 200
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Fig. 1 Geostrophic currents
from dynamic heights mapped
using objective analysis of
conductivity-temperature-depth
(CTD) data for 2 October 2014
(Large Scale 1; LS1) and 9
October 2014 (LS2; Pinardi et
al. 2016). In the right-hand
panel, ‘S’ denotes a
submesoscale feature at
approximately 40◦16′N and
longitude of 17◦8′ E

2 Nested-grid ocean circulation modelling system

The structured grid limited-area model implemented in this
study was part of the Structured and Unstructured grid Relo-
catable ocean platform for Forcasting (SURF; Trotta et al.
2016). SURF provides a numerical platform for the short-
time forecasts of hydrodynamic and thermodynamic fields
at high spatial and temporal resolutions. It is designed to
be embedded in any region of a large-scale ocean predic-
tion systems via downscaling and has been coupled with
the large-scale Mediterranean Forecasting System (MFS;
Pinardi and Coppini 2010). The platform includes multiple
nesting (i.e. consecutive nested models can be implemented
with increasing grid resolutions), starting with the first
nesting in the MFS model and reaching horizontal grid res-
olutions of a few hundred metres. For each nesting, the
parent coarse-grid model provides initial and lateral bound-
ary conditions for the SURF child components. The SURF
workflow connects numerical integration codes to several
pre- and post-processing procedures, making each platform
component easy to deploy in a limited region which is part
of the parent model domain where SURF is nested.

The structured grid NEMO component of the SURF
platform is based on the finite differences hydrodynamic
code (Madec 2008). It includes a three-dimensional (3D)
primitive free-surface ocean equation under hydrostatic and
Boussinesq approximations along with turbulence closure
schemes and a nonlinear equation of state, which cou-
ples the two active tracers (temperature and salinity) to the
fluid velocity. The 3D space domain is discretised by an
Arakawa-C grid where the model state variables are hori-
zontally and vertically staggered. In the vertical direction,
we used stretched z-coordinates distributed along the water
column, with appropriate thinning designed to better resolve
the surface and intermediate layers. Partial cell parameteri-
sation was used (i.e. the bottom layer thickness varied as a
function of position) in order to fit the real bathymetry.

Densitywas computed according to Jackett andMcDougall’s
nonlinear equation of state (Jackett and Mcdougall 1995).
A horizontal biharmonic operator was used for the param-
eterisation of lateral subgrid-scale mixing for both tracers
and momentum. The horizontal eddy diffusivity and vis-
cosity coefficients were parameterised as a function of the
parent coarse resolution model. If a0 is the parent viscos-
ity or diffusivity, the nested model equivalent coefficient
was a = a0(�xF /�xL)4 , where �xF is the nested grid
spacing and �xL is the large-scale model grid resolution.
The vertical eddy viscosity and diffusivity coefficients
were computed following the Pacanowsky and Philander’s
Richardson number-dependent scheme (Pacanowski and
Philander 1981). For cases where unstable stratification
was a possibility, a higher value (10 m2/s) was used for
both the viscosity and diffusivity coefficients.

The Monotonic Upstream Scheme for Conservation
Laws (MUSCL) was used for the tracer advection and the
Energy and Enstrophy conservative (EEN) scheme was used
for the momentum advection (Arakawa and Lamb 1981;
Barnier et al. 2006). No-slip conditions on closed lateral
boundaries were applied and the bottom friction was param-
eterised by a quadratic function. To evaluate the surface heat
balance, atmospheric fluxes were computed through bulk
formulas implemented in MFS (Pettenuzzo et al. 2010).

Two different numerical algorithms were adopted for
the open boundary conditions depending on the prognos-
tic simulated variables. For barotropic velocities, the Flather
scheme (Oddo and Pinardi 2008) was used, while for baro-
clinic velocities, active tracers, and sea surface height, the
flow relaxation scheme was used Engerdahl (1995). As
the parent coarse resolution model only provided the total
velocity field, the interpolated total velocity field into the
child grid was split into barotropic and baroclinic compo-
nents. In order to preserve the total transport after interpo-
lation, an integral constraint method was imposed (Pinardi
et al. 2003).
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Fig. 2 Area of the MREA14 experiment performed by Pinardi et al.
(2016). Red, green and yellow polygons denote respectively the
areas of the large scale (LS), shelf-coastal scale (SC) and coastal-
harbour scale (CH) conductivity-temperature-depth (CTD) surveys.
Dots denote CTD station locations. Blue rectangles delineate the
boundaries of the three consecutive nested domains with increasing
grid resolutions of 2000, 700 and 200 m (from the outer to the inner
domains)

3 Gulf of Taranto model implementation

The model was implemented in the Gulf of Taranto (Fig. 2). A
multi-scale conductivity-temperature-depth (CTD) oceano-
graphic campaign was carried out from 1 to 11 October
2014 (Pinardi et al. 2016). The first survey was carried out
between 1 and 3 October 2014, during which CTDs were
acquired at a large scale (LS1). A second set of surveys on
8 October 2014 and between 8 and 11 October 2014 were
conduced at a shelf-coastal scale (SC) and large-scale (LS2),
respectively.

3.1 Model set-up

A triple nested models experiment was performed (NEST1,
NEST2, and NEST3; Table 2). For each nesting, we set
the grid spacing ratio to 3, so that the child domain had
a grid spacing that was one third of the size of the parent
domain. Parent and child models were linked by the initial
and lateral boundary conditions. To reduce errors associ-
ated with the interpolation procedure, each nested domain
was placed within the parent domain such that nested grid
cells exactly overlapped the parent cells at coincident cell
boundaries. The NEST1 model domain covered an area of

Table 2 SURF model free-parameters characterising the reference experiment setting

Parameter groups Parameters FATHER NEST1 NEST2 NEST3

Horizontal grid No. of grid points (nλ, nφ) 821 × 253 94 × 79 230 × 160 327 × 269

Grid sizes (�λ, �φ) 1/16◦ 1/48◦ 1/144◦ 1/432◦

Grid sizes (�x )[m] 6114 2038 680 227

Vertical grid No. of levels (nz) 72 120 120 120

Stretching factor (hcr ) 30.0 30. 30. 30.

Level with max. stretching (hth) 101.83 100. 100. 100.

Thickness of the top ’w’ layer (dzmin) 2.88902 2.8 2.8 2.8

[Depth of the bottom ’w’ level (hmax )] 5168.327 2900. 2900. 2900.

Horizontal subgrid Horiz. bilap eddy diffusivity (AlT ) −6.e8 −7.4e + 06 −91449.5 −1129.01

-Scale Processes Horiz. bilap eddy viscosity (Alm) −1.e9 −1.23e + 07 −152416 −1881.68

[Prandtl number (Pr)] 1.66 1.66 1.66 1.66

Vertical subgrid Vert. turbulence scheme (turb) PP PP PP PP

-Scale processes Vert. backgr. eddy viscosity (Avm
b ) 1.2e − 05 1.2e − 05 1.2e − 05 1.2e − 05

Vert. backgr. eddy diffusivity (AvT
b ) 1.2e − 06 1.2e − 06 1.2e − 06 1.2e − 06

EVD mixing coeff. (Aevd ) 10 10 10 10

Bottom friction Bottom drag coeff. (CD) 0.001 0.001 0.001 0.001

Bottom turb. kinetic energy (eb) 0.0025 0.0025 0.0025 0.0025

Time/Data Start simulation Time (from 00 00 ) x 20141003 20141004 20141005

No. days of simulation (nday ) x 5 4 3

Spin-up time (tspinup) x 1 1 1

Time step (�t ) 200 150 72 36

No. barotr. Time step (nbaro) 100 100 100 100

[No. interaction (niter )] x 2880 4800 7200
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approximately 167 km in longitude by 183 km in latitude,
extending from 16.4375◦ E to 18.375◦ E and from 38.9375◦
N to 40.5625◦ N. It consisted of 94 x 79 grid points in the
horizontal plane with a resolution of 1/48◦ (∼ 2038 m). The
NEST2 domain extended approximately 136 × 123.5 km
from 16.4792◦ E to 18.0694◦ E and from 39.4375◦ N to
40.5417◦ N. It consisted of 230 x 160 grid points with a res-
olution of 1/144◦ (∼ 680 m). The NEST3 domain covered
an area of approximately 64 × 69.2 km from 16.5764◦ E
to 17.331◦ E, and from 39.9097◦ N to 40.5301◦ N. It con-
sisted of 327 x 269 grid points with a resolution of 1/432◦
(∼ 227 m).

On the vertical axis, each of the nested domain levels
were the same and consisted of 120 z-levels with a stretch-
ing factor of hcr = 30 and a model level with maximum
stretching of hth = 100. The locations of the vertical levels
were smoothly distributed from 1.4 m to a maximum depth
of 2945 m and had level thicknesses that increased with
depth from approximately 2.8–90m. The vertical coordinate
was defined from the reference coordinate transformation
z(k) given by:

z(k) = hsur − h0k − h1log[cosh((k − hth)hcr )] (1)

where the coefficients hsur , h0, h1, hth and hcr are free
parameters to be specified (see Madec et al. 2008 for
details).

Bathymetry was obtained from the General Bathymetric
Chart of the Oceans (GEBCO) datasets by linear interpola-
tion of depth data into the SURF model grid. This dataset
contains ocean depths (in metres) at a 30 arc seconds reso-
lution defined on a regular horizontal grid and covering the
whole globe.

The initial and lateral boundary conditions for the nested
model experiment were extracted from MFS daily mean
datasets, which contain temperature, salinity, sea surface
height (η) and total velocity (U,V) fields. The MFS model
has a horizontal resolution of 1/16◦, contains 72 unevenly
distributed layers in the vertical direction (Oddo et al. 2014)
and includes a variational assimilation scheme based on the
3D-VAR method of Dobricic and Pinardi (2008). We used
MFS data where only the LS1 observations were assimilated
by the 3D-VAR scheme.

The atmospheric fields used to force the three con-
secutive nested models contained wind velocity at 10 m,
temperature and humidity at 2 m, as well as total cloud
cover and surface pressure from the European Center for
Medium-Range Weather Forecasts (ECMWF) operational
analyses, which have a 6-h frequency and spatial reso-
lution of 0.125◦. Instantaneous precipitation values were
computed from ECMWF operational forecast accumulated
precipitations at a frequency of 3 h and a spatial resolution
of 0.25◦.

3.2 Multi-nesting time concatenation and model spin-up
time

Limited area ocean models require an initial spin-up time
in order to produce dynamically adjusted fields after ini-
tialization from the interpolation of coarser ocean model
fields (Simoncelli et al. 2011). We set two goals to define
the spin-up time and design the multi-nesting time concate-
nation. On the one hand, we wanted to provide a realistic
initial flow field for the model simulation. However, we also
wanted to provide a forecast at different spatial resolutions
for the period 9–11 October 2014 (i.e. corresponding to the
LS2-CTD data collection days).

To attain both of these goals, the first nesting simula-
tion started on 5 October 2014 at 00:00 and ran until 12
October 2014 at 24:00 (Fig. 3). The initial interpolated
flow fields for this simulation were provided by the MFS
model with LS1-CTD data assimilated. The second and
third nesting simulations started at 00:00 on 6 and 7 October
2014, respectively, and ran until 12 October 2014 at 24:00.
They were initialised from the interpolation of the parent
coarse-grid model fields (the NEST1 and NEST2 models,
respectively) after a spin-up time of one day. This multi-
nesting time concatenation produced dynamically adjusted
fields to the higher-resolution nested grid models within the
time period of LS2 CTD data collection (i.e. 9–11 October
2014).

3.3 Horizontal smoothing with a Shapiro filter

After the first nesting, we found that the model gener-
ated gridpoint-scale noise. This consisted of oscillations

Fig. 3 Multi-nesting time concatenations adopted by the structured and unstructured grid relocatable ocean platform for Forecasting (SURF)
model in the MREA experiment. LS1 and LS2 denote the periods of the first and second large-scale surveys. CS denotes the data collection period
for the coastal survey
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of the same magnitude as the background flow which
appeared sporadically in many areas of the model domain
and grew to large amplitudes in less than one day (Fig. 4).
Numerical diffusion can be used to suppress these unphys-
ical gridpoint-scale oscillations in models and is achieved
by applying a spatial filter to the fields (i.e. a diffusive
term that is applied separately to the variable each N time
steps). Previous computational ocean dynamics studies have
implemented the Shapiro filter to control the gridpoint-
scale numerical oscillations (e.g. Shops and Loughe 1995;
Klinger et al. 2006). This filter was introduced in the 1970s
by Shapiro (1970) and Shapiro (1975). It is a high order

linear filter that efficiently removes gridpoint-scale noise
without affecting the physical structures of a field. The
Shapiro filter of the 2N accuracy order applied to a variable
based on the expression:

w̃i = F 2N(wi) =
[
I + (−1)N−1 δ2N

22N

]
(wi)

= wi + (−1)N−1 δ2Nwi

22N
(2)

where w̃i is the filtered value of variable w at point xi ,
I is the identity operator and δ2N is the even composition

Fig. 4 Surface zonal velocity
component after 1 day without
(left-panels) and with a Shapiro
filter (right-panels). NEST1
results are shown in the top
panels (00:00 on 6 October 2014
after 576 iterations), NEST2
results in the central panels
(00:00 on 7 October 2014 after
1200 iterations), and NEST3
results in the bottom panels
(00:00 on 8 October 2014 after
2400 iterations)
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of the standard difference operator δ (Richtmyer 1957).
This filter is a discrete symmetric operator with a (2N +
1) point stencil. It acts as a low-pass filter that preserves
the low frequency content (i.e. largest wavelengths) and
totally dissipates the high frequency content (i.e. shortest
wavelengths) from the the original field.

In our triple nested models, a 4th order Shapiro filter
(N = 2) was applied at all grid points and to the temper-
ature, salinity, sea surface height and 3D velocity fields.
The filter was applied separately to each layer. We adopted
the simplest technique where fields were extrapolated to
land before applying the one-dimensional (1D) filter in the
zonal direction followed by another filter in the meridional
direction. The filter involved was implemented ten times,
once per day, which successfully eliminated the unwanted
2�x waves and significantly reduced the amplitudes of
other poorly-resolved short waves, especially the 3�x and
4�x waves that tended to accumulate energy during model
integration.

4 Validation of model predictions with CTD data

In order to test and quantify the improvement obtained by
the higher resolution child model compared with the coarse
resolution parent model, we evaluated the root mean square
error (RMSE) between the quantities simulated by each
nested model ψm and the observed quantities ψo, defined
by:

RMSE =
√√√√ 1

N

N∑
i

(ψm − ψo)2 (3)

where N is the total number of CTD data points confined
within the nested model domain andψ stands for either tem-
perature or salinity. For each nesting, we interpolate both
child and father results over the CTD data depths and then
computed the RMSE between data and simulations at 5-m
intervals along each CTD cast. The RMSE resulting from
the comparison between SURF results at different depths
and CTD data is shown in Fig. 5 for NEST1 (top pan-
els), NEST2 (second row), and NEST3 (bottom panels).
Left panels display the results obtained by comparing model
outputs with CTD temperature measurements, while the
salinity comparison is shown in the panels on the right. Red
dots denote RMSE values obtained from the child model
results, while blue dots are the father RMSE values. For
the NEST1 simulation, the temperature and salinity RMSE
profiles showed a slight improvement at the surface and in
the mixing layer with respect to MFS. The NEST1 maxi-
mum error for both temperature and salinity is achieved in
the thermocline layers (between 30 and 70 m). The RMSE

estimates for the second and third nesting simulations are
comparable between child and father solutions. The aver-
age temperature RMSE in the first 30m is 0.5 ◦C, from
30 to 70 m is 1 ◦C and from 70 to 150 m is approxi-
mately 0.2 ◦C for the MFS-father solution and similarly
for the nested models. The average salinity RMSE values
are approximately 0.2 PSU in the mixed layer, 0.15 PSU
in the thermocline and 0.07–0.09 in the deep waters for
MFS and the nested models. These values are comparable
to those obtained by Tonani et al. (2009) for the RMSE of
MFS analyses and they are within the present day values of
RMSE of other analysis systems (Brassington 2017). The
NEST1, NEST2 and NEST3 RMSE values for temperature
peak in the thermocline probably due to the uncertainty in
the mixing parameterizations and surface atmospheric forc-
ing. The salinity errors are actually lower than previously
documented by Tonani et al. (2009).

In order to demonstrate the similarity between the mea-
sured currents (Fig. 1) and the model results, we computed
geostrophic velocities at 10 m depth for the NEST3 model.
The geostrophic velocities are obtained from the dynamic
height computed using the model temperature and salinity
fields at 00:00 on 11 October 2014 (Fig. 6) and 100 m refer-
ence level. The geostrophic flow field shows a submesoscale
cyclonic vortex with a diameter of ∼ 4 km in the northwest-
ern border of the anticyclonic gyre. With respect to Pinardi
et al. (2016), the center of the small-scale vortex in the
NEST3 is shifted northward and eastward by approximately
5 km. Its diameter might seem slightly smaller than in Fig. 1
but the experimental submesoscale has been mapped only
by one CTD station and its observational size depends on
the objective analysis correlation length scale. We argue
that this comparison demonstrates that the model is capa-
ble to reproduce the observed submesoscale to a degree of
accuracy that has not been demonstrated before.

5 Submesoscale features associated
with the anticyclonic gyre circulation

In this section, we analyze the emergent submesoscale
structures of the central anticyclonic gyre of the Gulf of
Taranto. The submesoscale dynamics are examined through
a comparison of the various horizontal resolution model pre-
dictions from the coarser resolution ‘eddy-resolving’ MFS
(�x ∼ 6 km) model in which submesoscale motions are
not resolved, to the NEST1 (�x ∼ 2 km) and NEST2
(�x ∼ 0.7 km) models. The later are able to resolve the full
range of mesoscale dynamics and part of the submesoscale
regime, up to the finer resolution ‘sub-mesoscale resolving’
NEST3 (�x ∼ 0.2 km) model which is able to resolve
almost the full range of spatial scales of the submesoscale
dynamics.
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Fig. 5 Root mean square error
(RMSE) between the structured
and unstructured grid relocatable
ocean platform for forecasting
(SURF)-child solutions and
conductivity-temperature-depth
(CTD) data (red dots) and
between SURF-father results
and CTD data (blue dots) for
temperature (◦C; left panels) and
salinity (psu; right panels) as a
function of depth. The top
panels show the large-scale
Mediterranean Forecasting
System vs. NEST1. Central
panels show NEST1 vs. NEST2.
Bottom panels show NEST2 vs.
NEST3

5.1 Submesoscale structures in the anticyclone gyre border

To illustrate the effects of increased resolution, we consid-
ered horizontal sections at a 10 m depth of instantaneous
temperature and current (Fig. 7), relative vorticity (Fig. 8),
and vertical velocity together with potential density fields
(Fig. 9) at 00:00 on 11 October 2014 for the three embedded
nests. Our goal was to detect the small, O(5) km subme-
soscale eddy in Fig. 1 in some of our nested model grids.

We found that at 5, 4, and 3 days after initial conditions
for the NEST1, NEST2, and NEST3, respectively, the dom-
inant mesoscale patterns could be recognised across all
solutions. However, additional features emerged at smaller
scales when permitted by increases in the grid resolution. In
the MFS model (Figs. 7–9, top-left panels), the flow field
showed a large-scale anticyclonic rim current with intensi-
fied jets along the border. The NEST1 model (Figs. 7–9,
top-right panels) showed a density distribution with sharper
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Fig. 6 Geostrophic current at 10 m depth based on dynamic heights
using temperature and salinity fields from NEST3 model at 00:00 on
11 October 2014. ‘S’ denotes the position of the submesoscale eddy

gradients then the parent MFS model. In addition, smaller-
scale temperature patterns were visible along the border of
the anticyclonic gyre, which were not present in the parent
model. At this horizontal resolution, the model was not able
to resolve most of the submesoscale regime, and subme-
soscale activity was absent. As the resolution was increased
to 700 m (NEST2 - Figs. 7, 8, and 9, central-right pan-
els) and 200 m (NEST3 - Figs. 7, 8, and 9, bottom-right
panels), coherent eddies emerged leading to a denser and
well-defined vortex population, covering a wide range of
scales. A submesoscale cyclonic vortex with a diameter of
4 km was found in the northwest region of the central anti-
cyclonic gyre located at 40◦17′ N, 17◦4′ E for both NEST2
and NEST3, which was much weaker in the first, and well
defined in the latter. This submesoscale vortex was confirmed
by observational data collected in the study area (Fig. 1).

The similar but different structure of the vorticity, den-
sity, and velocity fields in the area of the submesoscale in
NEST2 and NEST3 is interesting. Starting with NEST2,
the vorticity field (Fig. 8) became generally filamentous but
particularly in the area of the unstable rim current. The latter

Fig. 7 Horizontal sections of
temperature (◦C) at 10 m depth
in consecutive nested models
with increasing resolution (from
6000 to 200 m) in the Gulf of
Taranto at 00:00 on 11 October
2014. The top panels show the
large-scale Mediterranean
Forecasting System vs. NEST1.
Central panels show NEST1 vs.
NEST2. Bottom panels show
NEST2 vs. NEST3. ‘S’ denotes
the position of the submesoscale
eddy. Black arrows, whose
length is proportional to
velocity, denote the ocean
current direction
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Fig. 8 Horizontal sections of
relative vorticity (s−1) at 10 m
depth in consecutive nested
models with increasing
resolution (from 6000 to 200 m)
in the Gulf of Taranto at 00:00
on 11 October 2014. The top
panels show the large-scale
Mediterranean Forecasting
System vs. NEST1. Central
panels show NEST1 vs. NEST2.
Bottom panels show NEST2 vs.
NEST3. ‘S’ denotes the position
of the submesoscale eddy

split upstream of the submesoscale (Fig. 7) generating an
intensified convergence downstream of the split, where the
submesoscale forms. The main difference between the flow
field in NEST2 and NEST3 was the intensity of the rim split
jet and the secondary jet that only formed in NEST3. With
respect to vorticity, in NEST2, the vorticity was thread-
like, while in NEST3 the vorticity threads thickened, at
the location of the submesoscales and in convergent areas.
Overall, the complexity and scales of the vorticity in NEST3
were unique with respect to the other resolutions, showing
that the 200 m grid spacing gives a dynamically different
regime. Regarding the density and vertical velocity field,
NEST2 and NEST3 were again structurally different from
the other nestings and MFS, as shown in Fig. 9. Sharper
fronts and larger vertical velocity areas developed along
the unstable rim current, and in the case of NEST3, the
isopycnal surfaces with a cold density anomaly contour
detachment folded at the location of the submesoscale. In
NEST3, the vertical velocity amplitude in the submesoscale
frontal regions reached values of 90 m day−1.

5.2 Evolution of submesoscale structures

The submesoscale structure that formed along the north-
western region of the central anticyclonic gyre is illustrated
in Fig. 10. This figure shows the sequence of snapshots of
the horizontal distribution of temperature (left panels), rel-
ative vorticity (central panels), and vertical velocity (right
panels) at a 10 m depth every 6 h from October 10 2014
00:00 (top panels) to October 10 2014 18:00 (bottom pan-
els). A meander visible initially at 40◦15′ N, 16◦55′ E on the
northwestern border of the central gyre was formed by split-
ting the rim current into two jets that re-join after a few tens
of kilometers, forming a large meander. In the downstream
region of the split, a convergence zone had been created,
indicated by larger areas of downwelling vertical velocities
and a region of high density intrusion (26.3 entrapped den-
sity versus 26.1 sigma along the rim current). After 12 h,
the positive vorticity thread evolved into patches that define
the cyclonic sub-mesoscale. The vorticity signature of the
submesoscale was non-symmetric with a larger positive
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Fig. 9 Horizontal sections of
vertical velocity (m/day) at 10 m
depth in consecutive nested
models with increasing
resolution (from 6000 to 200 m)
in the Gulf of Taranto at 00:00
on 11 October 2014. The top
panels show the large-scale
Mediterranean Forecasting
System vs. NEST1. Central
panels show NEST1 vs. NEST2.
Bottom panels show NEST2 vs.
NEST3. ‘S’ denotes the position
of the submesoscale eddy. The
contour lines show the potential
density. Contour intervals are
0.1 kg m−3

vorticity area at the interface with the main rim current. After
18 h, a 26.3 density patch had detached from the previous
high density intrusion and larger upwelling velocities had
developed near the cyclonic submesoscale eddy center. To sum
up, the birth of a submesoscale seems to be the small-scale
equivalent of a meandering mesoscale jet and eddy forma-
tion which occurs at an accelerated rate in several hours and
over space scales of a few tens of kilometres. The dimen-
sions of the detached density patches and of the vorticity
threads were in the order of a few kilometres, and vertical
velocities were larger than in the mesoscale equivalent
cases (Robinson et al. 1988; Ikeda et al. 1989; Stern 1989).

5.3 Surface mixed-layer

The submesoscale activity was associated with an intense
vertical velocity in the upper ocean which increased with
the increasing resolution (Fig. 11). The longitude cross-
section was taken along latitudes 40◦16′48′′ N, see section
indicated in Fig. 10, where the small-scale meandering

perturbations evolve into submesoscale vortices, as disussed
in Section 5.2. The NEST1 model showed vertical velocities
of an order of a few meters per day, typical of eddy-
resolving models. As the resolution was increased to 700 m
(NEST2) and 200 m (NEST3), intense vertical velocities
developed in the upper ocean up to ∼ 100 m day−1, which
are typically one order of magnitude larger than those asso-
ciated with the mesoscale. The vertical velocity distributions
also showed alternate upwelling and downwelling regions
alternately, and high vertical velocities values were found in
the proximity of the vortices. The intense vertical velocities
in the mixed layer may communicate with the mesoscale up-
and down-welling associated with the geostrophic frontal
meander scale. Thus, submesoscale processes are instru-
mental in transferring properties and tracers, vertically,
between the surface ocean and the interior. They enhance,
for example, the nutrient supply and the exchange of dis-
solved gases with the atmosphere (Brannigan 2016).

Another impact of submesoscale activity was the restrat-
ification of the mixed layer (ML). The contour lines in
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Fig. 10 Submesoscale structures in NEST3 temperature (◦C) and cur-
rent data (left panels), relative vorticity (s−1; central panels), and
vertical velocity (m/day) together with contour lines of potential den-
sity (contour intervals are 0.1kg m−3; right panels) at z = 10 m. The
time interval between consecutive rows is 6 hours starting from 00:00

on 10 October 2014 (top panels) and ending at 18:00 on 10 October
2014 (bottom panels). ‘S’ denotes the position of submesoscale fea-
tures. Black arrows, whose length is proportional to velocity, denote
the ocean current direction

Fig. 11 represent the evolution of the potential density for
various horizontal resolutions. At 00:00 on 10 October 2014
(top panels), the ML was weakly stratified with numerous

lateral density gradients. During the course of the simula-
tion, we observed a reduction in the strength of the lateral
density gradient, highlighting that submesoscale turbulence
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Fig. 11 Vertical velocity (m/day) along latitude 40◦16′48′′ N in the
NEST1 (left panels), NEST2 (central panels), and NEST3 (right pan-
els) models. The time interval between consecutive rows is 6 h starting

from 00:00 on 10 October 2014 (top panels) and ending at 18:00 on 10
October 2014 (bottom panels). Contour lines show potential density,
with contour intervals of 0.25 kg m−3
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contributes to a rapid restratification by the slumping of the
horizontal density gradient in the ML. The 2-km resolution
model failed to contain the influence of the submesoscale
dynamics on the restratification of the ML. However, as
the horizontal resolution increased from 700 to 200 m, an
increase in the restratification rate was clearly observed,
reconfirming the importance of submesoscale dynamics in
the restratification phase.

6 Discussion: submesoscale eddy generation

It has been suggested that mesoscale-driven surface fronto-
genesis energizes submesoscale flows (Lapeyre and Klein
2006; Roullet et al. 2012). The theory of frontogenesis at the
ocean surface is well understood and the essential physics
can be understood with quasi-geostrophic (QG) dynam-
ics (Stone 1966). A mesoscale strain field sharpens lateral
buoyancy gradients at the surface more effectively than in
the interior of the ocean. Ageostrophic circulation develops
in response to the increasing lateral buoyancy gradient, as
described by the omega equation (e.g. Hoskins et al. 1978).
In the interior, this circulation weakens the lateral buoy-
ancy gradient and consequently light water downwells on
the dense side and dense water upwells on the light side
of the gradient. However, at the surface, vertical velocity
disappears and ageostrophic circulation cannot counteract
the increase in the lateral buoyancy gradient. Therefore,
the mesoscale strain field is left unopposed, leading to the
formation of strong submesoscale surface fronts.

Another mechanism that may energize submesoscale
flows in the ML are the small-scale baroclinic or frontal
instabilities, sometimes called ‘mixed-layer instabilities’.
These instabilities allow perturbations to extract the potential
energy stored in the lateral buoyancy gradients generated
by mesoscale stirring or by spatial variations in atmospheric
forcing. In idealised ML models, where ML modes grow
on a prescribed front (Boccaletti et al. 2007; Fox-Kemper
et al. 2008), at a few hundred metres of depth, ML distur-
bances grow on horizontal scales to an order of 1–10 km and
over timescales of 1 day. In the real ocean, ML instabilities
occur in the presence of energetic mesoscale eddy fields.
ML modes can therefore grow on mesoscale buoyancy gra-
dients and can be shared by mesoscale strain fields. Eddy
edge waves can propagate both along the surface and along
the sharp increase in stratification at the base of the ML.

These two mechanisms produce distinct submesoscale
flow characteristics and vertical fluxes (Callies et al. 2016).
The main differences compared with mesoscale-driven sur-
face frontogenesis are that ML instabilities energize the

entire depth of the ML and produce larger vertical veloci-
ties. The net relative vorticity small scale increases could be
in line with the development of MLIs, which release subme-
soscale eddy kinetic energy (EKE) extracted from available
potential energy (APE) through slumping of the isopycnals,
which contributes to rapid restratification.

The submesoscale eddy generation mechanism involves
both of the above mentioned processes during part of the
submesoscale formation period. The formation of the sub-
mesoscale in this paper was generated by baroclinic instabil-
ity of the rim current of a large scale anticyclonic gyre (also
indicated as frontogenesis). This instability leads to regions
of strain which sharpened lateral buoyancy gradients. As
a consequence, sharp density fronts (Fig. 9) and vorticity
threads or filaments (Fig. 8) are produced. In this paper, we
document for the first time the single submesoscale eddy
generation mechanism because we have observational data
at the local scale. It is shown that the rim current becomes
unstable and splits into two jets. A sharp front develops where
the submesoscale eddy is generated (Fig. 10), probably due to
the secondary instability of the split jet (local frontogenesis). A
density patch occlusion occurred which forms the cyclonic
submesoscale eddy with large downwelling/upwelling veloc-
ities and thickening of the vorticity threads.

7 Comparison with previous studies

Several studies have been carried out in the last few years to
analyze submesoscale appearance using realistic very high-
resolution simulations as listed in Table 1. These studies
have been performed in several areas of the ocean and they
differ from the present study partly in terms of their research
questions and scope but they are a useful benchmark to
compare with our results.

Capet et al. (2008) investigated the submesoscales in
the California Current System. They used realistic high-
resolution simulations with the Regional Oceanic Modeling
System (ROMS). They used an off-line, one-way nesting
technique to downscale from the large-scale ROMS con-
figuration (USW12) with 12-km horizontal grid spacing to
different resolution up to 0.75 km horizontal resolution.
They demonstrated that a regime transition occurs at the 1.5
to 0.75 km resolution, looking at the change in the spectrum
slopes with varying resolution. The key process that gener-
ated the submesoscales was found to be frontogenesis which
sharpens surface density fronts down to a horizontal scale
of few kilometers making them baroclinically unstable. The
fronts exhibit small-scale meanders indicative of submesoscale
frontal instability process occurring in the surface layer.
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Shcherbina et al. (2013) presented vorticity, divergence,
and strain rate statistics of submesoscale turbulence in the
North Atlantic Mode Water region using current velocity data
obtained with synchronous ADCP sampling. The observations
were statistically compared with numerical model predic-
tions in this region using multiple-nested realistic ROMS
simulations, from about 6 km resolution down to 0.5 km.
They confirmed that submesoscales are more often cyclonic
as it is the case of our vortex. Furthermore they also indicate
the atmospheric forcing as responsible for the initiation of
submesoscale activity which might be also our case. Pinardi
et al. (2016) document that the week before the subme-
soscale was found in the observational data, a large wind
and precipitation event occurred, probably enhancing fron-
togenesis of the Gulf of Taranto temperature gradients. In
addition, here we show that the submesoscale eddy is con-
nected instability of the Gulf of Taranto gyre border which
might be what Shcherbina et al. [2013] mention as an impor-
tant source of submesoscale turbulence in terms of nonlinear
mesoscale eddies interactions.

Poje et al. (2014) studied the structure of submesoscale
surface velocity fluctuations in the northern Gulf of Mexico
using high-frequency position data provided by the near-
simultaneous release of 300 surface drifters. Their data
showed that the submesoscale fluctuations were setting the
local dispersion properties for drifter clusters at 100 m
scales, not captured by the large scale eddy-resolving data
assimilating models. Our results show the localization of the
submesoscale turbulence along the gyre border at 200 m res-
olution and this might indicate a general agreement with the
drifter data experiment.

Haza et al. (2016) and Jacobs et al. (2016) analyzed the
role of submesoscale motions on Lagrangian transport in
the Gulf of Mexico circulation. They used realistic high-
resolution simulations with the HYbrid Coordinate Ocean
Model (HYCOM). They showed that the main processes
affecting the drifter clustering include mesoscale frontoge-
nesis which is also our case. Furthermore, they found that
drifters released inside a mesoscale vortex could leak out of
it by the submesoscale turbulence that might be also true for
our case as shown by the vertical velocity inside the sub-
mesoscale that is indicative of horizontal divergence in the
surface velocity field.

More investigations are needed to understand the role of
submesoscale eddies and their formation. In our paper, we
show for the first time that a realistic single submesoscale
vortex is generated via a frontogenetic process at the border
of a gyre/mesoscale eddy vortex as probably documented
by the previous literature but non shown at the local, single
submesoscale eddy process.

8 Summary and conclusions

In this study, the submesoscale motions associated with a
large-scale anticyclonic gyre in the central Gulf of Taranto
were examined using submesoscale-permitting simulations
with realistic flow field initial conditions and multiple nest-
ing techniques. The hierarchy of nested models highlighted
one-way consecutive horizontal grid nesting from a parent
grid with a resolution of �x ∼ 6000 m, and with child grids
at �x ∼ 2000 m, �x ∼ 700 m, and �x ∼ 200 m.

The flow field showed a large-scale anticyclonic rim
current with intensified jets and additional structural com-
plexity (e.g. elongated filaments and small-scale cyclonic
vortices) emerging in higher resolution nests. To generate
submesoscale eddies, a 200-m resolution was required. A
submesoscale cyclonic vortex with a diameter of 4 km was
found in the northwest region of the central anticyclonic
gyre located at 40◦17′ N, 17◦4′. This eddy was confirmed
by observational data collected in the study area. Increasing
the resolution highlighted an increase in the vertical veloc-
ity field of up to 100 m/day near the surface, confirming
that submesoscale turbulence is associated with intense ver-
tical movements in the upper ocean. During the course of
the simulation, in higher resolution nests, a reduction in the
strength of the lateral density gradient was observed, high-
lighting that submesoscale turbulence contributes to a rapid
restratification by slumping the horizontal density gradient
in the ML.

Our submesoscale eddy generation mechanism was prob-
ably due to the instability of the rim current of a large-scale
anticyclonic gyre where both the density front sharpening
and vorticity threads or filaments are produced. The rim cur-
rent split as in a typical mixed barotropic/baroclinic insta-
bility process. The development of MLIs produced larger
vertical velocities and rapid restratification by slumping the
horizontal density gradient.

We believe that this work is original because we show
the growth of submesoscale structures around an anticy-
clonic gyre that dominates the circulation in the Gulf of
Taranto. Submesoscale activities in this region have never
been investigated before with realistic very high-resolution
simulations. In addition, the stratification of this region
produces a small Rossby deformation radius of 10–12 km
which is different from that of the Atlantic (40–50 km). We
directly compared our high resolution geostrophic current
with the observational evidence and the comparison results
in a major validation of our model output. Thus, we can say
that for the first time we have a proof that the model repro-
duces a realistic submesoscale vortex, similar in shape and
location to the observed one.
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