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An improved estimation of the surface currents in the Levantine Basin of the Mediterranean sea is crucial for
a wide range of applications, including pollutants transport and nutrients distribution. This estimation remains
challenging due to the scarcity or shortcomings of various data types used for this purpose. In this paper, we
present an objective validation of a variational assimilation algorithm that blends geostrophic velocities derived
from altimetry, wind-induced velocities, and drifter positions, to continuously obtain velocity corrections. The
assessment of the validation impact was based on available independent in-situ data (current meters, gliders,

and independent drifters) and satellite ocean color images. In all cases, the improvement was shown either
qualitatively (position of the eddies) or quantitatively.

1. Introduction

The surface circulation in the southern part of the Mediterranean
sea along the North African coasts is characterized by the presence of
unstable currents that generate mesoscale eddies (see, e.g, Robinson
et al. (1992), Millot and Taupier-Letage (2005), Amitai et al. (2010)
and Schroeder et al. (2012)). These eddies have diameters of 10-100
km and lifetimes that can span several months to years (see, e.g, Puillat
et al. (2002), Hamad et al. (2006), Mkhinini et al. (2014) and Pessini
et al. (2020)). Mesoscale activity in the Eastern Mediterranean is in-
tense with high eddy kinetic energy (more than 700 cm?/s?) recorded
historically (see, e.g, Robinson et al. (1992), Pujol and Larnicol (2005)
and Gerin et al. (2009)). Mesoscale eddies can interact, split or merge,
and induce smaller-scale structures (shear-eddies and filaments). Thus
tracking them is a real challenge (see, e.g, Taupier-Letage et al. (2003),
d’Ovidio et al. (2004), Laxenaire et al. (2018) and Le Vu et al. (2018)).
All these structures can transport coastal waters, trap and advect on
large distances tracer anomalies. Such activity has a continuous and
direct impact on biogeochemical water properties, especially in the
redistribution of nutrient-rich coastal waters into the oligotrophic open

sea (see, e.g, Taupier-Letage et al. (2003), Lehahn et al. (2007), Levy
and Martin (2013) and Escudier et al. (2016)) and the dispersion of
pollutants. An accurate and continuous estimation of surface circulation
is therefore needed, but remains challenging.

Even though more and more data, in particular, operational prod-
ucts from the Copernicus Marine Service (marine.copernicus.eu) are
available for estimating surface currents at (sub)mesoscale, each on
their own, have their limitations. A powerful tool that is widely used to
describe the mesoscale features of surface circulation is the state of the
art satellite altimetry. Multi-mission gridded altimeter products origi-
nated from Copernicus Marine Service have the advantage of providing
uninterrupted and continuous global surface velocities (Caballero et al.,
2013). Nevertheless, there are still uncertainties associated with these
products: relative low spatial resolution of current radar altimetry;
satellite information is degraded near the coastal areas within 20-
50 km from land (Cipollini et al., 2010); incorrect removal of high-
frequency atmospheric effects that exist at the sea surface (Caballero
et al., 2013), Mean Dynamic Topography (MDT) is not always pre-
cisely known in the basin. Moreover, the problem accentuates in the
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Mediterranean Sea where a precise knowledge of MDT is still an
issue, due to the presence of narrow straits and a high number of
islands, and the small Rossby radius of deformation of around 10 km
that makes the altimeter-resolution insufficient to capture the small
details (Rio et al., 2014). Due to the coarse resolution in both space and
time of the altimeters, and to the fact that mesoscale structures move
continuously, eddies can be missed, artificially created, smoothed or
misplaced (Mkhinini et al., 2014; Ioannou et al., 2017). Characterizing
eddies using altimetry can lead to an underestimation of the eddies’
density, especially the small ones. These eddies may be not captured
by altimetry or tend to be aliased into larger structures compared to
the true eddies (Amores et al., 2018).

In-situ observations are used as a tool to complement and/or val-
idate altimetry (Le Traon and Hernandez, 1992). Drifters have the
advantage of being autonomous and relatively inexpensive. They are
in-situ Lagrangian tools following the ocean current once they are
released and adequately equipped with a drogue (Poulain et al., 2012).
Characterized by positive buoyancy, this restrains them along with
the two-dimensional flow at the surface or near-surface of the ocean.
Even though they help in providing a precise description of the sur-
face circulation, their spatio-temporal distribution is not continuous,
because they are typically short-lived and their spatial distribution is
intrinsically uneven.

When large data sets are available, combining altimetric and drifter
data can be done using statistical approaches (see, e.g, Niiler (2003),
Uchida and Imawaki (2003), Poulain et al. (2009), Maximenko et al.
(2009), Poulain et al. (2012), Menna et al. (2012) and Stanichny et al.
(2016)). Alternatively, data can be assimilated in a variational ap-
proach in which corrections of the velocity are obtained by minimizing
an objective function measuring the difference between observations
and their corresponding model variables. Variational methods that take
into account the temporal variation within the optimization are called
4D-Var (Kamachi and O’Brien, 1995; Mead, 2005; Nodet, 2006; Carrier
et al., 2014; Muscarella et al., 2015). A more detailed review of various
assimilation methodologies can be found in Issa et al. (2016).

From the application point of view, merging altimetry and in-situ
data for a better estimation of the sea surface circulation has previ-
ously had several successful applications: for example in the Gulf of
Mexico (Carrier et al., 2014; Muscarella et al., 2015; Berta et al., 2015),
the Black Sea (Kubryakov and Stanichny, 2011; Stanichny et al., 2016),
the North Pacific (Uchida and Imawaki, 2003), and the Mediterranean
Sea (Taillandier et al., 2006; Menna et al., 2012; Issa et al., 2016), each
of them using different methodologies for merging.

Validating these merged data sets using in-situ current meter data
was done in Taillandier et al. (2006), where the comparison focused
on the net transport time series representing the total volume flux over
a selected area. Referring to long-term current meter measurements
available across the Corsica Channel, the assimilation showed a 10% in-
crease of the estimated net transport leading to instantaneous transport
values that are closer to those observed by the current meter.

The variational assimilation algorithm used by Issa et al. (2016)
proved its efficiency in the Eastern Levantine Mediterranean region,
specifically along the Lebanese coast and in the region between
Lebanon and Cyprus. Sensitivity analyses showed that the velocity es-
timation can be improved significantly even with only a small number
of drifters. The algorithm that was developed relies on continuously
correcting the altimetry-derived velocity by matching the observed
drifters positions with those predicted by an advection model, taking
into account the wind effect and imposing a divergence-free condi-
tion on the correction. The algorithm needed very few computational
resources and converged quickly.

The contribution of the current work is two-fold: (i) a further
extension of the application of the previous algorithm by Issa et al.
(2016) in the Levantine Mediterranean and (ii) an objective validation
of the algorithm, using reliable tools/data independent of the algorithm
itself. In particular, we use four different types of independent data:

first, a current meter moored off Libya is used to validate the algo-
rithm results in terms of velocity intensity and direction. Second, a
glider-derived near-surface absolute geostrophic velocity perpendicular
to its trajectory is compared with the projected velocities obtained
after assimilation. Third, we reproduce the path of a non-assimilated
drifter by the simulation of its position using velocities obtained by
the assimilation of two other drifters. Finally, we compare streamlines
of the corrected velocity field with the shape of an eddy obtained
by an ocean color satellite image. This offers a qualitative but useful
comparison. Except for products from Copernicus operational forecast
models or reanalysis, we believe that no other surface current data are
available in the Levantine region for such a comparison.

The paper is structured as follows: we introduce the data used in
the assimilation and validation in Section 2. In Section 3, we provide
a brief recap of the algorithm used for the assimilation, as well as the
sensitivity test done to optimally choose the parameters. In Section 4,
we present the metrics used for validation. Finally, in Section 5, we
show the results of the assimilation experiments, as compared with in-
situ current meter data, ocean color satellite images, gliders. We also
show the results of the independent drifters experiment.

2. Data

The study focuses on the Eastern part of the Mediterranean, that
is less investigated than its western counterpart, more specifically
on the Levantine basin. The data used for this study are listed in
Sections 2.1-2.7:

2.1. Drifters data

The EGYPT/EGITTO program (Eddies and Gyres Paths Tracking,
Taupier-Letage et al. (2007)) focused on the Eastern Mediterranean
southern part spanning the period 2005-2007. It provided an ex-
tensive deployment of satellite-tracked drifters which helps in char-
acterizing mesoscale and sub-mesoscale structures. (see the ~2-years
trajectories animation on southeastern Mediterranean surface drifter
database: nettuno.ogs.trieste.it/doga/sire/egitto/database_egitto/movi
es/sep05-oct07.avi). These drifters were tracked by the global Argos
System. Their time series were interpolated at 0.5 h (Poulain et al.,
2013). Data were then low-pass filtered using a Hamming filter with a
cut-off period at 36 h to eliminate high-frequency current components
(tidal and inertial currents).

In addition to those, we used drifters from the Surface Circulation in
the Northeastern Mediterranean (NEMED) project from 2009 to 2010.
NEMED is an observational program releasing drifters between Cyprus
and the Middle East. Drifters time series were interpolated at 6 h.
From this large drifters data set (97 drifters from EGYPT/EGITTO and
31 drifters from NEMED) (Menna et al., 2018), we selected drifters
depending on each validation experiment. All drifters used in the
assimilation are equipped with a positioned drogue located at 15 m
depth, which reduces the wind forcing impact.

2.2. Altimetry data

Geostrophic surface velocity fields are processed by the DUACS
(Data Unification and Altimeter Combination System) multi-mission
altimeter data processing system and distributed by E.U. Copernicus
Marine Service Information (CMEMS). The SLA computation provides
the Absolute Dynamic Topography (ADT) and geostrophic currents. The
gridded products are estimated by an optimal interpolation that merges
measurements from several altimeter missions: HY-2 A, Jason-2, Jason-
1, T/P, ENVISAT, GFO, ERS1/2. The interpolation provides a consistent
and homogeneous database. Data were daily mapped at a resolution of
1/8°.
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Fig. 1. A schematic representation of the main current structures based on the observations of Gerin et al. (2009) and Menna et al. (2012) in the Levantine basin (RG: Rhodes
gyre, IE: lerapetra eddy, LE: Libyan eddies, EE: Egyptian eddies, LEC: Libyo-Egyptian current, MME: Mersa-Matruh eddies (also known as Herodotus trough eddies), CE: Cyprus
eddies, ShE: Shikmona eddies, LTE: Lattakia eddy). The location of the in-situ data used for validation is compared to these structures. The red star represents the mooring C;
location off the Libyo-Egyptian coasts, during the EGYPT/EGITTO program, supporting the 60m-deep current meter used for the validation. The red dashed line south of Cyprus

represents the glider trajectory. All is overlayed on a bathymetry map.
2.3. Wind data

Six-hourly wind data were obtained from ECMWF ERA-Interim
products (Dee et al., 2011) at 10 m above the surface. Data was re-
sampled on a half an hour time step. The product spatial resolution
is approximately 0.7 degrees. Wind velocities were interpolated at a
resolution of 1/8° at the same grid point as the AVISO background data
although the actual resolution is much coarser.

2.4. Current meter

The first comparison focused on the area of the Libyo-Egyptian
coast, where the anticyclonic eddies generated by the Libyo-Egyptian
Current move offshore (Hamad et al., 2006). Between April 2006 and
April 2007, 7 moorings each equipped with current meters were de-
ployed off Libya during the EGYPT/EGITTO program (Taupier-Letage
et al.,, 2007) to provide information on the circulation of the water
masses. However, since only sub-surface moorings could be used be-
cause of safety issues, the surface layer of Atlantic Water was sampled
at 60-100 m deep, and used to compare with the drifter (~15 m deep).

We selected the current meter that met the following criteria: a long
record (since some moorings have been cut accidentally), fixed at ~60-
100 m deep, and located on a mooring with a contemporary drifter
passage. The shallowest current meter of the C; mooring (see Fig. 1)
was the only one to meet all the criteria, as the mooring C3 was located
near the passage path of the 1st selected drifter (Argos number: 57306)
and providing data at less than 100 m depth.

2.5. Mediterranean Forecasting system (MFS)

The Mediterranean Forecasting System is a coupled hydrodynamic
(from NEMO v3.6) and wave (provided by WaveWatch-III) model with
data assimilation components implemented over the Mediterranean
Basin. In-situ vertical profiles of temperature and salinity (from XBT,
CTD, Argo floats) are assimilated with satellite Sea Level Anomaly
along-track data (from Jasonl&2, Cryosat, Envisat, Altika). The prod-
uct quality assessment is done by comparing with quasi-independent
satellite and in-situ observations. The model spatial resolution is 1/16°,
and the product is computed on 72 unevenly-spaced vertical levels. The
depths levels are unevenly spaced and the thickness varies from 3 m at
the surface to 300 m at the bottom. The first level depth is at 1.5 m
while the deepest one is at 5000 m (Tonani et al., 2008). The model
outputs were used to evaluate the comparability between the current
vector velocity fields at the current meter and the drifters depth as
detailed in Section 4.1.

2.6. Gliders

Gliders are a type of robotic underwater vehicle that perform saw-
tooth trajectories (Testor et al., 2019). The movement of the internal
weights allows the glider to change its buoyancy. Thus, it dives or
climbs in the water column. Moreover, the lift generated by the wings
moving through the water converts vertical force into forwarding mo-
tion. In the context of the “Eye of the Levantine” experiment, gliders
were deployed south of Cyprus in November and December 2010.
Targeting the Cyprus warm core eddy, the transects followed a butterfly
pattern near the Eratosthenes Seamount, extending to a maximum
depth of 1000 m, collecting seawater characteristics such as temper-
ature and salinity (Hayes et al., 2011). The water density sections
and the depth-averaged current data derived from these glider po-
sitions are used to estimate profiles of absolute geostrophic velocity
perpendicular to their trajectories (Eriksen et al., 2001). During the
campaign, six gliders were deployed off Limassol towards the Cyprus
eddy. From these gliders, we used the geostrophic velocities from the
named “TRIESTE-1” glider. It was a coastal glider that dived at 200 m
depth maximum and was circulating close to a drifter (Argos number:
92060). The obtained velocities used for the comparison corresponded
to the near-surface absolute geostrophic velocities perpendicular to the
glider track and averaged in the upper 20 m. The glider sampled the
upper 200 m, and geostrophic shear was integrated to the surface from
a low-pass filtered density section, where variability smaller than 15
km corresponding to unbalanced isopycnal displacement was removed
by a moving average. This approach was applied in numerous studies
in the past (see e.g. Bosse and Fer (2019)).

2.7. Ocean color

Eddies are oceanic structures with high vorticity able to modify the
seawater physical distribution properties, thus affecting the distribution
of marine phytoplankton communities (McGillicuddy Jr, 2016). Pre-
vious high-resolution chlorophyll images have shown that even small
swirling and filamentary patterns of chlorophyll could be determined
from satellite imagery. Therefore high resolution ocean color images
could be an efficient tool for mesoscale features monitoring such as
eddies. Their shape and location could be detected from chlorophyll-
a concentration images, leading to a better understanding of these
physical processes (Sarangi, 2012). These chlorophyll-a images de-
tected the shape of an eddy trapping a contemporary drifter (Argos
number: 57307). MODIS-Aqua chlorophyll level-2 data, at 1 km spatial
resolution, corresponding to the days of assimilation for comparison
were acquired from GSFC-NASA.



3. Assimilation algorithm

The correction is based on a variational assimilation method de-
scribed in Issa et al. (2016). Observations of drifter’s positions are
available every Ar. We denote the background surface velocity field by

ub =ub(man, m=1,2,.... M, €h)

where this field is two dimensional u® = (u®,1?), and where m is the
integer time index. This field is corrected by matching observed drifter’s
positions with those predicted by an advection model.

The background velocity field (u®) used is the sum of a geostrophic
component provided by altimetry (u**) and an ageostrophic compo-

nent accounting for the effect induced by the wind (u}in9)

b _ 8808 wind
w =ul” +u 2)

This wind-induced velocity is computed by the equation of Poulain
et al. (2009) (for drifters that are attached with a drogue).

Ui = 0.007 exp(—27°) X UL (3)

where Uwind = ywind 4 jpwind g the drifter velocity due to the wind
effect, and U!0 = u!0 + iv!0 represents the wind velocity at 10 m above
the surface. Both are expressed as complex numbers. The wind speed
above the sea surface varies considerably at a very short time scale.
Thus the wind-induced velocity field contribution to the total velocity
depends on the varying weathering conditions.

An incremental approach (Talagrand and Courtier, 1987) is used
so that the minimization is done for the incremental corrections éu
invariant in time within the time window of size T,,. The objective
function to be minimized is:

Ny (T /41) 5
Jew=y Y ”rib(ufn )+ 8r,(5u) — 1%
=l m=1
+a loully + o Y (V- su), &)
ok

where N s is the number of drifters, i is the index of the drifter and At
is the sampling time of the observations. r;f?"s represents the observed
position of drifter i at time mAtr. The term r[’] (resp. ér;) is the position
of the drifter i estimated by an advection model calculated from the
background field ufn (resp. from the incremental correction éu). The
advection model consists of a numerical integration of the advection
equation, for example, using an Euler scheme. The first term measures
the misfit between the observations and the positions of drifters simu-
lated considering the advection by the surface velocity field. The second
component requires the corrected field to stay close to the background
velocity. Here the B-norm is defined as ||yl = wTB~ly, where B is
the error covariance matrix. The error covariance matrix B is obtained
using the diffusion filter method of Weaver and Courtier (2001). The
choice of the length scale R of the correction that enters in the error
covariance matrix can be done in the context of the sensitivity analyses.
The last component is a constraint on the geostrophic part of the
velocity, required to stay divergence free. This term is added to ensure
a physical correction, avoiding artifacts especially near the coasts. The
weights a; and a, correspond to the confidence given to the respective
terms of the cost function, relative to the observation error term.
Because the cost function is defined within a multiplicative constant,
it is safe to set a standard confidence of one to the observation error
term, assuming that each observation error is equal and de-correlated
from the other. The relative confidence in the background «,, and in the
non-divergent constraint a, cannot be objectively determined. So they
are determined empirically using sensitivity analyses (see Section 3.1).
After the minimization, we compute a corrected velocity field:

e = vl +5u ()

Because u is constant inside a time window and to obtain a smooth,
time-dependent velocity field, a sliding window T, of time shift ¢ is
used to obtain smoother corrections in time. A detailed description of
the algorithm is found in Issa et al. (2016).
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Fig. 2. Distance variation d(r) as in Eq. (6) between the simulated positions and real
observations. The red lines represent the simulations after assimilation using a temporal
window size T, of one, two, and three days. The blue line represents the distance
between the observed drifter and the one simulated by the background velocity field.

3.1. Sensitivity tests

Sensitivity tests allow to tune the following parameters of the algo-
rithm: the temporal size of the window (T,,), the divergence coefficient
(a,) and the length scale R of the correction that enters in the error
covariance matrix. In Fig. 10, we show the setup of the sensitivity
experiment: three drifters were circulating close to each other near the
Libyan coast. Two drifters, shown in colors, are assimilated to produce
a corrected velocity field. The resulting corrected velocity field is used
to simulate the trajectory of the third independent drifter (shown in
black). The metric used is the mean separation distance between the
simulated and observed trajectories:

Ny,
d(r) = Ni Z‘T e, = £ )1, ©®)
) iz

where N, is the number of windows used during the simulation.

Temporal window sizes T, of 1, 2, and 3 days were compared. Fig. 2
reveals that a window size of 2 days maximally reduces distances. The
improvement reaches around 70% compared to the background, 5%
and 9% more when compared to T,, of 1 and 3 days respectively. To
produce a smooth time-dependent velocity, we use a sliding window of
time-shift . We opted for ¢ of half a day to have a smoother correction.

The other two parameters seem not to have a significant impact on
the assimilation. For example, if the value of «, is changed from 5x107¢
to null, the solution is modified by only around 0.7%. For the length
scale parameter, varying R from 20 to 30 km improves the correction
by around 3% only.

Consequently, in the further experiments we apply the algorithm
with the following parameters: T, = 2 days, ¢ = half-day, a, = 5x107°,
and R = 30 km.

4, Validation method
4.1. Current meter

On the 1st of June 2006, the 1st selected drifter (OGS drifter iden-
tification number: 3627) circulated near the C; mooring at a distance
shorter than 30 km. This passage allows us to apply the algorithm to the
area containing C;. The drifter trajectory is assimilated starting from
this day, denoted by D,,. The experiment extends until the 14th of June
(Dy3).

The current meter was fluctuating around 73 m deep during the
drifter passage, as is revealed by its pressure reading. On the other
hand, drifters track the current at ~15 m. To assess the validity of the
comparison with these two different depths, we computed the temporal
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variation of the velocity field (intensity and angle) at both depths using
the products derived from the Mediterranean Forecasting System.

The variation of the intensity and direction of the current in the
year 2006 is presented in Fig. 3 at 15 m and 74 m depth. It includes
the days of the experiments dating from the 1st and the 14th of June.
The jumps in the direction (from mid-June, until mid-July) are due
to the periodic definition of the direction. During the experiment, the
difference between the velocities at the two depths is 0.033 m/s on
average (with a standard deviation of 0.074 m/s); the difference in the
direction is ~ 0.3° on average (with a standard deviation of 37°). These
differences are small compared with the natural variability of the signal
(standard deviation of 0.23 m/s for the velocity and 97° for the angle).
Moreover, there is a high correlation existing between both levels, with
a correlation of 0.93 for the direction and 0.86 for the intensity.

It should be mentioned that the mixed layer was not deep enough to
include the current meter ~ 70 m depth, so the comparison between the
drifter and the current meter underneath could induce a bias. However,
as discussed above, the MFS results show the currents at the two
different depths agree well in terms of direction and intensity during
the time of the experiment. Thus, the current meter measurements at
73 m depth can still be used to validate the corrected surface velocity
estimated at 15 m depth.

Let us denote the current meter velocity by u™®, and use u,, for
the fields associated with the assimilation experiment (either the back-
ground or the corrected one). The zonal and meridional components
are: w = (', ), and u,, = (u,,,v,,). Similarly, we use ¢ for the

current-meter velocity angle variation and 6 for either the background
or the corrected velocities.

For an overall quantification of the assimilation impact, we calcu-
lated the L, norm error between u'* and u,, velocity fields.

E, = \/(u;ff —u,)?+ (U{ﬂef — 0,2 @

Low values of E2 reveal a similarity in both intensity and direction
between the compared vectors.

4.2. Comparison with glider

A drifter from the NEMED project was circulating close to a glider
providing geostrophic velocities perpendicular to its trajectories. We
use the glider-derived velocities (u;ff), averaged between 0 and 20 m,
as observations to be compared with the experimented velocity fields
(u,,). The experimented velocities are interpolated and orthogonally
projected to the glider trajectory as explained in the data section.

To assess the assimilation efficiency, we compute the average error
(E,) between the projected experimented velocities and the glider-
derived velocities.

=M. r
S |l = )
Ea = ML< = m=M’,ﬂ ref - ) x 100’ (8)
D e el

where M, represents the total glider positions used for comparison,
lu,|l the norm of the background and assimilated projected veloci-
ties at each glider position and ||u,',,ef || represents the glider-derived
velocities norm at each position.
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Fig. 4. The upper panel shows the distance evolution between the drifter and the
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(dashed) adding the ageostrophic component during the assimilation. The lower panel
represents the time series of the current direction as derived from the current meter
C; (black line), the background (blue line), and the corrected (red line) currents.

4.3. Comparison with ocean color data

A drifter that was circulating in a high vorticity area is assimilated
from the 1st of February 2006 until 28th of June 2006. The mesoscale
structure trapping the drifter was also well defined in terms of shape
and location by a contemporary chlorophyll image. A visual observa-
tion of the eddy is possible by drawing the streamlines resulting from
the background and assimilated velocity fields. So the eddy shape could
be represented by the flow lines of the resulting velocity fields. A better
agreement with the eddy as observed from the chlorophyll image is
expected after correction (in terms of shape and location).

5. Results

In this section we show all the results of the comparisons from the
background, the corrected velocity field and the independent current
measurements derived from different sources (current meter, glider,
ocean color, drifters).

5.1. Comparison with current meter

The first comparison focused on the area off the Libyo-Egyptian
coast (see Fig. 1).

In the period between the 1st (DO) and the 14th (D13) of June
2006, the drifter 57306 (Argos number), that collects data close to and
concurrently to the C3 current meter, is selected for the assimilation.

Fig. 4c shows the temporal variation of the current direction as
recorded by Cj;. This change in the angle current direction of Cj
was then compared to the variations of the background and corrected

velocity fields. Significant improvements are seen starting from D,, until
D,,. During this period, the direction of the corrected velocity is close
to the one measured by C;. Furthermore, the improvement in direction
reaches more than 40 degrees after correction, especially between D,
and Dg. A significant shift in the current direction is detected between
D, and D,, varying from 60 to 140 degrees within only a few hours
during these dates. This adjustment corresponds to the time when the
drifter gets closer to C;, from ~ 40 to ~ 30 km (see Fig. 4a).

Fig. 4b confirms the previous results and demonstrates how the
assimilation reduces the overall L, error. This error is reduced after
correction starting from D,. During D,, and Ds, the largest improve-
ment from the background is observed. In fact, the amplitude of the
corrections depends on two main factors: the initial error of the back-
ground and the distance between the drifter and the point of interest
(here the C; location). The difference between the background and the
corrected velocity field increases with decreasing distances. When the
drifter gets far away again (>30 km), the impact of the assimilation
diminishes progressively.

Excluding the ageostrophic component from the background during
the assimilation does not have a significant impact on the resulting cor-
rected velocity field. As Fig. 4b shows, adding the wind component to
the background velocity slightly reduces the overall L2 error between
the corrected and current-meter velocity fields. During the experiment,
the wind forcing was oriented towards the South-Southeast and had an
average speed of 7 m/s.

The average velocity field during the days of the experiments (from
D, until D,,) is presented in Fig. 5. After the drifter passage, the
resulting assimilated velocity vectors (red vectors) are modified in a
way that is consistent with the mean-field recorded by the current
meter (dark vector).

Fig. 6 shows the daily average velocity field on the 4"*(D;), 6"*(Ds),
8(D,;), 12'"(D,,) of June 2006. On D;, when the circulating drifter
is still far from the current meter location, the corrected velocity field
near C; is close to the background. Both velocity fields are different
from the current meter. The average current as recorded by C; is
oriented to the North-Northwest, while both velocity fields are oriented
North-Northeast. In D5 when the drifter gets closer to C;, an important
shift of the corrected velocity field vectors is noticed. The agreement
between the C; and the corrected current vectors improves, up to the
best match on D;. In D,;, when the drifter becomes distant, there is
no more impact of the correction on the velocity field around Cj. As
a result, the background and the assimilated velocity fields are again
similar.

5.2. Comparison with glider

We targeted a drifter from the Surface Circulation in the Northeast-
ern Mediterranean (NEMED) project releasing drifters between Cyprus
and the Middle East from summer 2009 to spring 2010.

Fig. 7a shows that starting from December 3rd (the glider de-
ployment date) and until the 21st of December 2006, there was a
drifter circulating near the deployment location in the South of Cyprus.
Although they were many intersections between the glider and drifter
trajectories, most of these intersections occurred at different times.
Only between the 10th and 11th of December 2009, the TRIESTE-
1 glider circulated at a distance less than 30 km with the drifter
92060 (see red square). We assimilate the latter, and obtain corrected
velocities around the glider location.

The glider surfaces approximately every hour, with three obser-
vations starting from 7 pm on the 10th and seventeen observations
on the 11th. That is a total of twenty observations during these two
days (Fig. 7b). The background and the assimilated velocity fields are
then interpolated at these glider positions (P). Because the derived
geostrophic velocities are perpendicular to the glider trajectory, the
interpolated background and assimilation are orthogonally projected
onto the glider trajectory.



Fig. 5. Average velocity field during the 14 days of the experiment between the 1st and the 14th of June 2006. The drifter trajectory is represented by the solid black line moving
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Fig. 6. The daily average velocity field on the 4th, 6th, 8th, 12th of June 2006 of the current meter C; (black), the background (blue) and the corrected (red) together with the
drifter trajectory (black curve).

to underestimate the intensity with a maximum value reaching 0.08
m/s. After correction, the resulting velocity norm increases. When we
compare it with the glider results (around 0.14 m/s), the corrected

In Fig. 7c, we show the background and corrected fields, together
with the velocity computed using the glider data. It can be seen
that the projected velocity norm shows how the background tends
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values are closer (0.12 m/s) than the background values (0.08 m/s).
The overall error E, has been reduced by more than 20% by the
assimilation. This improvement is important despite two factors that
could tend to penalize the assimilation. First, the different time scale of
observation, where the sampling time of the gliders is hourly while the
sampling frequency of the drifter is every six hours. The second factor
is the distance between the assimilated drifter and the observed glider
positions (P). The distance between the nearest sample drifter position
and P1 is more than 25 km. This distance increases continuously and
reduces the correction impact.

5.3. Comparison with high resolution ocean color images

We targeted a drifter (Argos number: 57307) that was released in
20.85°E, 33.055°N from the 1st of February 2006 until 28th of June
2006. This drifter was stuck in one of the highly active eddies off the
Egyptian coasts (see Fig. 8) for several weeks starting May 17, 2006.
A contemporary chlorophyll image was available during this period,
specifically on May 20, showing the eddy shape and location.

The assimilation experiment was done for 6 days, starting from
the 17th of May. The streamlines of the velocity fields before and
after correction were compared with the simultaneous chlorophyll-a
concentration image in Fig. 9. The observed streamlines of the velocity
field after correction (red) are close to the chlorophyll-a image in terms
of shape and location, while the background velocity field presents a
shift in location and difference in size. The latter reveals an extension
of the eddy towards the southeast.

5.4. Reconstruction of independent drifter trajectory

As explained in Section 3.1, we used three drifters trapped in the
anticyclone noted LE1 off Libya (see Figs. 2 and 5 in Gerin et al. (2009);
see also Fig. 1 in Sutyrin et al. (2009)). Between the 8th and the 27th
of May 2006, we assimilated the positions of the Argo numbers 59777
and 59774 to simulate the position evolution of the third one (57312)
based on the surrounding velocity field (see Fig. 10).

The prediction of the future drifter positions after correcting the
velocity field is closer to the real trajectory during the 20 days of the
experiment (as shown in Fig. 11). Predicted positions after correction
(in red) reveal trends that are similar to the real ones. On the other
hand, predictions based on the background velocities differ from the
real observations as they do not show circular patterns.

The lower panel presents the evolution in time of the distance
d(t) as in Eq. (6), between the observed position and the simulated
position of the independent drifter before and after correction. The
simulated drifter position is reinitialized every 2 days to the position
of the real drifter. The distance is computed for each of these 2 days
windows (7},)) and then averaged to produce the average position error
in time. Fig. 11 shows a decrease of this error after the correction.
The distance between the expected and the real observation reaches
around 40 km using the background velocities. The assimilation re-
duces these distances to less than 9 km. Moreover, the correction lowers
the uncertainties (standard deviation of the error over each of the 10
windows) as compared to those of the background (see Fig. 11). The
standard deviation of the background distances increases continuously
with time reaching more than 19 km at the end of the window after two
days. After correction, these variations are significantly reduced and
barely increase with time, and do not exceed 3.7 km. In other words, on
average, the assimilation allows us to reduce the error from 40 to less
than 9 km after two days when simulating the positions of independent
drifter not included in the assimilation.

6. Perspectives

When in-situ drifters data are available, the assimilation could be
applied on a larger spatio-temporal scale. From all the 97 drifters of
the EGYPT/EGITTO campaign, 29 drifters covering the area between
the Libyo-Egyptian coasts and Crete (between ~21° to ~31°E, and
~30° to ~36°N in 2006 have been assimilated. In general, altimetry
strongly underestimates the Mean Kinetic energy (MKE) and Eddy
Kinetic Energy (EKE) of the velocity field (Pujol and Larnicol, 2005;
Gerin et al., 2009; Poulain et al., 2012). So we expect the assimilation
to improve those estimates obtained from altimetry. Fig. 12 reveals that
the MKE increases after assimilation, especially when targeting a main
regional mesoscale feature such as Ierapetra eddy (IE) (Amitai et al.,
2010; Ioannou et al., 2017). After correction, the MKE in IE is more
than 700 cm?/s? on all sides with a maximum of ~760 cm?/s?. For the
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background, MKE reaches a maximum of ~630 cm? /s> but only locally.
The eastern and the western sides of the eddy have low values of MKE
as they do not exceed ~350 cm?/s2.

Moreover, EKE (see Fig. 13) reveals a higher variability after assim-
ilation, especially in the Ierapetra area and near the Libyan coast. After
assimilation, all sides of the IE structure reach more than 500 cm?/s?
with a maximum of ~1100 cm?/s?. For the background, values over
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500 cm?/s? are limited to the southern part of IE with a maximum of
~860 cm? /s

The differences in MKE and EKE reveal that the algorithm can help
in revising the quantification of surface velocity features, mainly in
the Ierapetra area and off the Libyan coast, where intense mesoscale
features are found permanently. A further detailed study of these areas
based on this method could help investigate some oceanographic ques-
tions that are unclear, especially off Libya where the Libyo-Egyptian
Current generates instabilities and thus a very high variability which
paves the way to differing interpretations.
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7. Conclusion

This paper has extended the application and objectively validated
the assimilation algorithm developed in Issa et al. (2016). When com-
pared with in-situ contemporary current meter data located in the
assimilated area, the modified velocity field is in better agreement with



the current meter records. Significant improvements are seen when
the assimilated drifter reaches a distance less than 30 km from the
current meter location. This spatial extension of correction is larger
than the internal Rossby radius in the Mediterranean that is on the
order of 10-14 km (Robinson et al., 2001). We have shown that the
corrected velocity field is closer to current meter data in both direction
and intensity.

The application of the assimilation in high vorticity areas gives
more realistic results than the altimetric product. After assimilating
drifter positions trapped in an eddy detected at the same time from
high-resolution chlorophyll images, the resulting streamlines from the
corrected velocity field are consistent with the eddy shape and location,
as shown by the ocean color image.

To quantify the assimilation efficiency, we showed that the er-
ror between the real and simulated drifter positions decreases after
assimilation, from 40 km without assimilation to less than 10 km
with assimilation after two days. Also, the correction reduces the
uncertainties during all the experiments.

Further to the East, gliders from the “Eye of the Levantine” cam-
paign deployed in the south of Cyprus were used for further validation.
The resulting perpendicular velocity norm has values closer to the
glider-derived velocities after assimilation. Despite the difference in the
sampling time-scale and the considerable distances, the assimilation
was able to reduce the error by more than 20%.

The results obtained pave the way for further investigations and
larger spatio-temporal applications in the Eastern Mediterranean,
where many drifter positions are available. This application can provide
a precise and detailed description, improving the understanding of the
mesoscale and sub-mesoscale activity.
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Appendix

If u and v are the zonal and meridional velocities respectively, the
Mean Kinetic Energy (MKE, cm?/s?) is computed:

MKE = %(|u|2 + |v|2)

where | | is the time averaging of the component in a given bin.
The Eddy Kinetic Energy (EKE) is:

EKE = %<|u’u'| + |U’v’|)

|W'v'| and |v'0'| are the variances in the zonal and meridional
directions, respectively.
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