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431. Introduction

44 Coastal regions are characterized by a complex dynamics, often dominated by small,
45rapidly evolving structures at the mesoscale. In the open ocean, mesoscale dynamics plays a
46key role in modulating large-scale circulation and heat fluxes as well as in enhancing primary
47production (McGillicuddy et al., 2007). Such hydrodynamic processes are also crucial at
48coastal scales, where the associated currents are known to significantly influence water-mass
49mixing and exchanges between the continental shelf and the open ocean (Huthnance, 1995).

50 The high spatial/temporal variability and complexity associated with coastal
51mesoscale processes make them difficult to be studied with sparse in situ observations.
52Alternative options rely on exploiting satellite data specifically adapted to the coastal domain.
53Satellite altimeters are well adapted to observe open-ocean mesoscale structures (Fu et al.,
542010) and represent an invaluable source of data that provides repetitive views of phenomena
55unachievable by other means (Fu and Chelton, 2001). Characterizing the influence of
56mesoscale dynamics on water-mass stirring, mixing and tracer transport based on satellite
57observations is still a challenging issue, and requires the development of diagnostics that
58combine 2D current fields coupled with Lagrangian tools.

59 Optimal interpolation of along-track altimetry Sea Level Anomaly (SLA) into 2D
60fields was originally based on the combination of 2 altimeter missions, which could not fully
61resolve dynamical features at scales of 10-100 km (Le Traon and Dibarboure, 2004).
62Nowadays, despite using 4 altimetry missions, the resulting AVISO regional maps (SSALTO
63-DUACS, 2006) may still smooth a large part of mesoscale signals, especially in the coastal
64domain where the spatial horizontal scales are known to be smaller and more anisotropic than
65in the open ocean.

66 This has been confirmed by recent studies which evidenced that Map of SLA
67(hereafter (M)SLA) still lack enough of the temporal and spatial resolution and/or accuracy
68required for the detection of small mesoscale features (horizontal scales of less than 50 km;
69Bouffard et al., 2012). Furthermore, Nencioli et al. (2011) have identified inconsistencies
70between surface transport patterns derived from altimetry in the western Gulf of Lion and the
71in situ structures detected through an adaptative sampling strategy, which combined ship-
72based ADCP velocities and Lagrangian drifter trajectories. Finally, using glider
73measurements, Pascual et al. (2010) as well as Bouffard et al. (2010) also highlighted
74limitations of standard AVISO gridded fields in characterizing coastal mesoscale dynamics.

75 In order to improve altimetry gridded fields, a series of alternative methods have been
76recently developed. For example, Gaultier et al. (2013) have exploited the information from
770ceanic submesoscale structures retrieved from tracer observations of sea surface temperature,
78in order to improve the characterization of mesoscale dynamics from altimetric (M)SLA.
79Dussurget et al. (2011) successfully applied another technique consisting in removing the
80large scale signals (~100 km) from along track altimetric data and then mapping and adding
81the residual with an Optimal Interpolation (OI) with regionally adjusted correlation scales.

82 Another critical aspect for the reconstruction of coastal mesoscale dynamics may
83concern the inaccuracies of the Mean Dynamic Topography (hereafter MDT) associated with
84the marine geoid. Although the marine geoid component dominates the altimetry signal, it is
85not known well enough to be removed independently. Therefore, a temporal mean altimeter
86height is usually constructed from several year-long time series and subtracted to eliminate
87the geoid component. This procedure removes not only the geoid component but also any
88current component with a non-zero mean. So, a MDT, i.e. the non static component of the
89stationary sea surface height, is generally added to the (M)SLA in order to derive absolute
90geostrophic currents. The AVISO products in the Mediterranean Sea typically use the MDT
91from Rio et al. (2007).
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92 The analysis of satellite-based mesoscale dynamics and its impact on horizontal
93mixing and transport properties in the coastal domain requires not only the use of new
94satellite-derived fields but also relevant diagnostics in order to evaluate them. None of the
95previous studies (Dussurget et al., 2011; Gaultier et al., 2013; Escudier et al., 2013) have
96focused on the quantification of the impact of different OI methods and MDT products on
97altimetry-based approaches. This paper addresses this issue by applying an improved
98Lagrangian diagnostics to several satellite-derived velocity fields, regionally adapted to the
99North Western Mediterranean basin.

100 The major dynamical feature of the North Western Mediterranean (hereafter NWMed)
101is the so-called “Northern Current” (hereafter NC). As shown on Figure 1, this density current
102arises from the junction of the Eastern and Western Corsica Current (respectively ECC and
103WCC on Figure 1) and flows westward initially along the coast of the Ligurian Sea, and then
104along the continental slope of the Gulf of Lion, until it reaches the Balearic Sea (Millot,
1051991). The NC is marked by a strong seasonal variability (Gostan, 1967). Over the Gulf of
106Lion (hereafter GoL), NC intrusions can bring open Mediterranean water onto the continental
107shelf, depending on the stratification and wind conditions (Millot, 1990; Gatti, 2008; Petrenko
108et al. 2005, 2008; Poulain et al.,, 2012b). Another key aspect related to the NC dynamics
109concerns the development of baroclinic and barotropic instabilities. These favor the
110development of coastal mesoscale structures such as meanders and eddies arising along the
111NC external and internal border, forced by strong wind events and/or bottom topography
112irregularities (Millot, 1991).

113

114 Figure 1

115

116 The NC mean position is within 50 km off the coast (Petrenko et al., 2003), where

117radiometer and altimeter footprints may encounter the coastline and corrupt the raw along-
118track remote-sensed signals (Anzenhofer et al., 1999; Strub, 2001). However, recent advances
119in altimetry data processing can be used to characterize small scale signals in coastal regions,
120specifically over the NWMed (Vignudelli et al., 2003; 2005; Bouffard et al., 2008a,b; 2010;
1212011, 2012). Birol et al. (2010) analyzed ADCP current measurements and satellite across-
122track current anomalies at different locations on the NWMed shelf edge. The results indicated
123good altimeter performances at seasonal time scales, confirming that improved coastal along-
124track altimetry is reliable to observe low frequency variations of the NC dynamics. Along-
125track data have also allowed to observe the NC intrusions over the GoL continental shelf for
126the first time (Bouffard et al., 2011) and to characterize the inter-annual (Bouffard, 2007;
127Birol et al., 2010) and intra seasonal (Bouffard et al., 2008b) variability of coastal currents.

128 Despite such major advances in coastal altimetry (in the NWMed as well as in many
129other areas; refer to Vignudelli et al., 2011 for an exhaustive review), most of the studies were
130based on Eulerian analysis of along-track altimetric measurements from which it is impossible
131to precisely identify and monitor in space and time coherent mesoscale features. The main
1320bjective of this study is therefore to evaluate the improvements in new coastal gridded
133currents through Lagrangian analysis. In particular, this work aims at assessing, for the first
134time, the impact of different OI methods combined with mean currents from different MDT
135products. This is achieved by comparing the real trajectories of drifters launched in the
136summers 2008, 2009 and 2010 with clusters of virtual particles advected by the different
137velocity fields.

138 The paper is organized as follow: Firstly, we present the different datasets (altimetry
139and drifters) and the metrics used to compute the Lagrangian trajectories from the altimetry
140products. Secondly, the trajectories are used to derive a Lagrangian diagnostics, whose
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141statistics are analyzed over the NWMed basins, with a specific focus over the GoL. continental
142shelf. Then, we discuss the ability of optimized altimetric gridded fields to reproduce specific
143mesoscale features identified by in situ observations and model results but not by standard
144AVISO velocity fields.

145
1461. Material and methods

1472.1  Altimetric geostrophic current anomalies

148 In this paper, two kinds of (M)SLA products derived from different OI methods are
149used and evaluated :

150 - The AVISO (M)SLA from Pujol and Larnicol (2005); hereafter AVISO

151 - The High Resolution (M)SLA with bathymetric constraint described in Escudier et al.
152 (2013) ; hereafter HR+Bathy

153 The AVISO fields are a specific product for the Mediterranean Sea, obtained by

154merging delayed-time "Updated" along track altimetry (SSALTO-DUACS, 2006). They are
155computed weekly on a 1/8° x 1/8° Mercator grid. The spatial and temporal correlation scales
156used to obtain this altimetry fields are, respectively, 100 km and 10 days.

157 The more recent HR+Bathy fields are computed by interpolating the same along-track
158altimetry data but by adding smaller spatial and temporal correlation scales in the OI scheme
159(30 km and 3 days). For the AVISO field the spatial correlation is assumed to be isotropic.
160However, dynamical structures in the coastal zone are known to be anisotropic due to the
161strong bathymetry constraint (Liu and Weisberg, 2005). The HR+Bathy fields are thus
162computed modifying the correlation scales of OI in order to better take into account the shape
163and propagation of coastal features. The reader specifically interested in the details of the 2D
164mapping procedures can refer to each of the associated references.

165 In this study, the AVISO and HR+Bathy (M)SLA are spatially interpolated on a
166common horizontal grid of 1/8 x 1/8°. The AVISO maps are available only on a weekly
167basis, whereas the HR+Bathy maps are computed each day. Hence a daily AVISO (M)SLA is
168created by linear interpolation in time. The daily geostrophic current anomaly fields are then
169derived by applying the geostrophic balance equation.

170

1712.2 Mean currents

172 As previously reminded, the long term mean (1993-1999) of the altimeter Sea Surface
173Height (SSH = (M)SLA+ MDT + Geoid = MDT + Geoid ) is subtracted from SSH

174observations to remove the geoid contribution. However, this procedure also removes the
175contribution due to the MDT. Therefore, mean currents have to be estimated from an
176independent source and added to the (M)SLA-derived anomaly currents in order to obtain the
177absolute geostrophic currents. In this paper, two kinds of mean currents specifically
178computed for the Mediterranean Sea (see Figure 2) are used and evaluated:

179 - The mean geostrophic currents derived from the MDT of Rio et al. (2007); hereafter
180 Rio07

181 - The mean geostrophic currents derived from the MDT of Dobricic (2005); hereafter
182 Dobricic05

183 The standard MDT from Rio et al. (2007) is built from the results of the 1/8° x 1/8¢

184Mediterranean Forecasting System model (MFS, Pinardi et al., 2003) for the period 1993—
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1851999 (see Figure 2a). The MFS does not directly apply data assimilation. However, this MDT
186includes corrections from drifter velocities and altimetric SLA. These data are combined
187together to obtain local estimates of the mean geostrophic circulation. These estimates are
188then used in an inverse technique to improve the MDT computed from the model (which is
189used as a first guess).

190 The MDT from Dobricic (2005) (see Figure 2b) is also estimated from the MFS
191model for the 1993-1999 periods, but with the assimilation of temperature from XBT
1920bservations and altimetric SLA. The MDT computation is mainly based on the assumption
193that the error in the MDT field appears in the assimilation system as a temporally constant but
194spatially variable observational bias. This error can thus be reduced by subtracting the long
195term average of the dynamic topography departures from the MDT first guess.

196 From Figure 2, it follows that the two mean current fields show maximum intensity
197along the NC, confirming that this structure is the dominant dynamical feature of the
198NWMed (refer to section 1). Depending on the considered field, regional differences in terms
1990f current magnitude and direction can however be observed.

200
201 Figure 2
202

2032.3 Insitu data

204 The 16 drifter trajectories used for validation (see table 1) were launched within the
205framework of the LAgrangian Transport EXperiments (LATEX) conducted in summer 2008,
2062009 and 2010 by the Mediterranean Institute of Oceanography (M.I.O.) in order to study the
207influence of mesoscale structures on both physics and biochemistry in the western GoL. Each
208drifter was tethered to a holey-sock drogue centred at 15 m. In 2008 and 2010, the drifters
209trajectories are exploited in our analysis for a period of 60 days after their launch (To), during
210which the drifters did not strand ashore and remained inside our study area (see Figure 3). In
2112009, trajectories were exploited (Figure 3b) for only 20 days, the maximum period of
212available data, before two of the three drifters launched were lost.

213

214 Table 1

215

216 Until the present study, altimetry data have not yet been analyzed within the

217framework of Latex08 and Latex09 campaigns. On the other hand, the near real time AVISO
218data showed inconsistencies with respect to the drifter trajectories of Latex10, especially close
219to the GoL coast (Nencioli et al., 2011). Thus, the comparison between altimetry and drifters
220trajectories from Latex08, Latex09 and Latex10 gives a good opportunity to evaluate the
221relative performances of new altimetry products in the NWMed.

222
223 Figure 3
224

2252.4 Methods of validation

226 Our method is principally inspired by the one of Liu and Weisberg (2011) initially
227developed for the evaluation of modeled trajectories over the Gulf of Mexico and successfully
228applied to the Norway Coast (Rohrs et al., 2012). Here, our main purpose is to diagnose the
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2209relative performances of the different combinations of OI scheme (section 2.1) and mean
230current (section 2.2) for computing absolute geostrophic currents. Our improved method,
231which aims at computing a Lagrangian skill score, consists of three steps:

232 1) For each drifter, each day, N virtual particles (336) are launched in a square
233centered on the drifter initial position (grey squares on Figure 4a, 4b). The square is set to a
234width of 30 km corresponding to the spatial correlation scale from Escudier et al. (2013). The
235initial intergrid spacing between each particle is about 1.5 km which is similar to previous
236Lagrangian-based studies over the Mediterranean Sea (e.g. D’Ovidio et al., 2004; Lehan et al.,
2372007; Nencioli et al., 2011).

238 2) Every day, the virtual particles are advected for a given time interval T using each
2390f the 4 altimetry-derived currents (combinations of 2 OI methods and 2 mean currents).The
240advection scheme is a fourth-order Runge-Kutta integrator (see d’Ovidio et al. 2004) with a
241time-step of 3 hours. The velocities are interpolated bi-linearly in space and linearly in time.
242The chosen time interval for advection is either T=10 days (temporal correlation scale of the
243AVISO OI scheme) or T=3 days (temporal correlation scale from Escudier et al., 2013). An
244illustration is provided on Figure 4 and shows the virtual particle dispersion after 10-day
245advection.

246

247 Figure 4

248

249 3) For each particle p and drifter D, we then compute the normalized cumulative

250separation distance sp, defined in Liu and Weisberg (2011) as:

T

Y

2515, (t,x) = -

T
Y

252with d; the distance between the virtual particle p and the in situ drifter positions and [; the
253length of the drifter trajectory after a time i of advection from the drifter initial position. sp,,
254scores are then computed every day t and position x (x,y).The procedure to compute sp, is
255repeated each day for all the virtual particles launched around a given drifter D. For each
256drifter D, the daily values of sp, can be averaged together to obtain the mean score Sp (t,x)
257defined as:

(Eq. 1)

N
2585, (t,x) = lZsD’p(t,x) (Eq. 2)
N =
259 Among the virtual particles released, only the N ones (N <336) which are not

260stranded ashore are used in the average computation (Eq. 2). Based on this definition, the
261smaller the value of Sp, the more accurate the altimetry absolute velocity field. To avoid any
262confusion, it is important to note that this score is similar to the "normalized cumulative sep-
263aration distance" defined in Eq.1 in Liu and Weisberg (2011) but generalized to particle
264clusters (and thus not the “skill score” defined in Eq. 2-3 of the same paper).

265 The use of particle clusters is preferred over single particles as in Liu and Weisberg
266(2011) since it ensures more robust statistical results (Shroeder et al., 2012). As expected,
267experiments using a single synthetic trajectory (N=1) showed noisier results than for an

268ensemble of synthetic trajectories (N=336) with S, standard deviations about 20 % higher
269(with T=10 days for the whole drifters and periods). Several sensitivity tests with different
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270number of particles were performed (not shown since the results did not provide additional
271linformation to the present ones). As mentioned before, the number of 336 particles was
272chosen since it provided an initial particle spacing of the order 1.5 km, in the range of
273previous studies.

274 By averaging together the Sp values of each drifter D, it is possible to compute the
275temporal mean score S, for the period T, (60-day mean for Latex08 and Latex10, 20-day
276mean for Latex09).

— 1 Ty
27750 = — Y S, (t,%) (Eq. 3)
To t=1
278 Finally, by computing the average of every drifter we can retrieve S , the ensemble

279mean per LATEX experiment.

280 Figure 5 shows the temporal evolution of Sp-; (drifter 1) and Sp-, (drifter 9) between
281September and November 2010 (see Figure 4 for their respective trajectories), in a case where
282the velocity field products do not show strong S differences (<1). These curves, computed
283with 3-day and 10-day advection, are mostly used to illustrate the variation of Sp with respect
284to the time of advection. For a same product, the curves show similar patterns but differences
285in the amplitude: the longer the time integration, the larger the score. Sp is indeed higher for
28610-day advection than for the 3-day. This result, confirmed by experiments done with 60-days
287advection (not shown), is in agreement with Lagrangian theory and chaotic transport showing
288that the separation rate between two trajectories will increase exponentially for spatial scales
289less than the deformation radius (Garrett, 1983) or linearly at greater scales, after 10-60 days
290advection (Nilsson et al., 2013)

291 However, the increase of the score with larger T (as observed on Figure 5), depends
292not only on the accuracy of the velocity field, but also on the local kinematic properties of the
293flow itself. In other words, since the score is computed using a cluster of particles, for a same
294time advection T, score differences between two products can be due to their respective
295accuracy, but also due to the dispersive characteristics of the velocity fields. In order to
296evaluate the dispersion rate associated with each product, we have computed the local strain
297rate (y, see Eq. 4) at all virtual particle positions.

du v Y v ou )
2989/D"’(t’x)_(8x_ay] +(ax+ayj (Eq.4)
299 Analogously to Lagrangian diagnostics such as the Finite Time/Size Lyapunov

300Exponent, the strain rate is an Eulerian diagnostic that quantifies the tendency of the flow
301field to disperse initially close particle trajectories (e.g. Waugh et al.,, 2005). The same

302average procedures done for sp, are applied to yp, in order to make the mean strain rate Y

303directly comparable with S and therefore evaluate the scores of different velocity fields also
304in the light of their respective dispersion rate.

305 This point is addressed in section 3.1 by focusing on the 2 altimetric current products
306which show the most statistically different results. In a second step, statistics are presented
307regionally, aiming at discriminating the relative influence of mean currents and OI methods
308(section 3.2).

309
310 Figure 5
311



3122. Results

3133.1 Comparisons of current fields
314 2.1.1. Statistics at the basin scale

315 In this section we focus on the comparison between 2 of the products presented in
316section 2: The first one (hereafter called standard) is the standard regional AVISO gridded
317field combining standard AVISO (M)SLA with geostrophic mean current derived from
318Rio07. The second one (hereafter called new) is an alternative current field which consists of
319the combination of geostrophic currents derived from HR+Bathy (M)SLA (Escudier et al.,
3202013) with the MDT Dobricic05. For the three LATEX experiments (see table 1), the mean
321strain rate of the new product (0,70 day™) is higher than the standard one (0.61 day™),
322showing equivalent space-time variations (mean STD differences <8%). Thus, the new
323product is on average slightly more dispersive than the standard one.

324 The main statistical results obtained at drifters positions are summarized in table 2 and
325show that the new surface gridded field has smaller S both with 10- and 3-day advection

326(less pronounced with 3 days) although its strain rate is higher: the average S scores (;’ )

327with 10-day advection for all the drifters and the three LATEX periods is of 4.3 (0.62 day™)
328and 3.7 (0.75 day™) for respectively the standard and new gridded geostrophic currents. This
329represents a mean improvement for the new product with respect to the standard one despite a
330larger mean strain rate.

331 When we look at the scatterplots of S and 7 values (Fig.6), it appears that there is no
332clear relation between these two quantities. Indeed, for the standard product (Fig.6a) some
333strong S values (>10, see red square) are associated with low 7 (< 0.75 day ) whereas for
334the new product (Fig.6b) some relatively low S values (<5, see blue square) can correspond to
335high 7 (> 1 day ™). This means that even if a stronger strain rate tends to increase S by
336increasing the dispersion rate of the virtual particles, this could be compensated by a more
337accurate velocity field decreasing the average distance between the drifter and the virtual
338particles.

339

340 Figure 6

341

342 Having evidenced that S is more representative of the velocity field quality than of its

343Lagrangian dispersion (especially for high S score), we can now analyze in details the
344trajectories and the associated spatial distribution of Sp for 2 drifters (drifters 4 and 6 of
345Latex10) showing strong Sp values for a relatively low strain rate (inside the red square of
346Fig.6a).

347
348 2.1.2. Regional differences
349 Both for drifter 4 and drifter 6, the worst Sp-, and Sp-s are obtained between the last

350week of September and the first week of October. This period corresponds to a northward
351drifter migration not well reproduced by altimetry-derived currents despite results being
352significantly better with the new field (black curves on Fig.7). Indeed, as observed in Nencioli
353et al. (2011), these two drifters - launched at the same time - are first advected in a shallow
354coastal area north of the GoL where the circulation dynamics might be partially ageostrophic
355because of intense wind and/or bathymetric effects. Other than over these particular zones,
356drifters 4 and 6 show relative low Sp scores (< 4), especially for the new fields, when the

8 8



357drifters started to be advected southwards along the coastal corridor identified by Nencioli et
358al. (2011) in the south-western part of the GoL (see Figure 1).

359

360 Figure 7

361

362 The analysis of Sp-, and Sp-s highlights significant differences between the standard

363and new satellite-derived velocity fields. We therefore further investigate these differences by
364analyzing the daily Spscore along all drifter trajectories from the LATEX experiments, and
365focusing in particular on its spatial distribution. For clarity we only discuss the Sp scores with
36610-day advection for Latex10 and Latex08, since they are characterized by longer drifter
367trajectories (conclusions for Latex09 and with 3 days advection are however similar).

368 The southern parts of the GoL. show relative good statistics with relative small Sp
369scores (<3 for Latex08 and Latex10) for both new (Figure 8 b,e) and standard (Figure 8a, 8d)
370fields (for all drifters/times). This is true even very close to the coast, along the coastal
371corridor (Figure 1) described in Nencioli et al. (2011) suggesting that the dynamics over this
372area is quite stable and geostrophic.

373 Figures 8c and 8f highlight the Sp difference between standard and new surface
374gridded currents respectively for 2008 and 2010. Except in the Catalan Sea and near the west
375Corsica and Sardinia coasts, the new fields are characterized by better statistics. The major
376differences are observed over the GoL. continental shelf where the new velocity field shows
377lower Sp (difference > 2) for both Latex08 and Latex10.

378 In the north-western part of this area, high Sp scores were previously observed for
379drifter 4 and drifter 6 but not for all the Latex10 drifters reaching this region. There are three
380possible reasons (or a combination of them): 1) the dynamical structures are maybe too small
381or close to the coast to be captured by the conventional along-track measurements (instrument
382limitation); 2) the OI methods smooth a large part of the altimetry signal even with smaller
383and bathymetry-constrained correlation scales (methodology limitation); 3) Episodic and
384small-scale ageostrophic dynamics may dominate the surface signals (see introduction and
385associated references).

386

387 Figure 8

388

389 Considering all the drifters and all the Latex periods, the mean S scores over the GoL

390is 3.6 against 4.5 for respectively the new and standard velocity fields. This represents a
391stronger regional improvement of the new product (> 20 %) with respect to result obtained
392over the entire NWMed domain (~15%, see section 3.1.1). Sp along the continental shelf slope
393is relatively good (<3), especially for Latex 2008. There, stable dynamical features may be
394influenced by bathymetry and altimetry appears to be well adapted to resolve the associated
395geostrophic dynamics. This seems not to be always the case in shallower regions in the north-
396western part of the GoL, as observed during the Latex10 experiment. In order to address this
397issue, we now focus on a specifics event occurring at the beginning of Latex08.

398
399 2.1.3. Focus on a coastal eddy

400 Numerous numerical simulations and analysis of multi-source data from Latex08 and
401Latex09 have already identified the recurrent presence in summer of an intense anticyclonic
402eddy of about 20 km radius in the western side of the GoL. (Hu et al, 2009; Kersalé et al.,
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4032013). It is clearly depicted in drifter trajectories of Figure 3a and Figure 3b. In 2001, one
404such eddy was also modeled both physically (Hu et al., 2011) and biogeochemically
405(Campbell et al., 2012). The issue addressed here is to check if altimetry gridded fields are
406able to reproduce or not this coastal mesoscale feature

407 For this, 336 virtual particles are launched in the 15 km neighborhood of the initial
408positions of the 2 drifters trapped by the eddy of Latex08. Then, the particles are advected for
40910 days both with the standard and the new absolute geostrophic velocities and compared
410qualitatively to real drifters trajectories. From Figure 9 it turns out that most of the particles
411advected by the new field (Figure 9b) roughly follow the drifter positions (corresponding to
412low S scores), even if the location of the physical structure seems to be partially inaccurate.
413Concerning the standard AVISO currents (Figure 9a), all the particles go directly southward,
414without following the observed eddy loop (corresponding to high S scores).

415 Analysis of this event proves that the new field, using a bathymetric constraint and the
416DobricicO5 mean current, better represents well developed, stable, coastal geostrophic
417mesoscale features such as the one observed during Latex08. A similar conclusion is found by
418Escudier et al. (2013) by comparing drifter-derived currents, glider and altimetry north of
419Mallorca with Eulerian approaches. However, for Latex09 (not shown) neither the new nor
420the standard velocity field are able to reproduce such an eddy-like structure. This structure is
421too small and/or too close to the coast to be captured with conventional altimetry or
422reproduced by the 2D fields, even by the use of innovative OI techniques and alternative
423MDT.

424
425 Figure 9
426
427

4283.2 Influence of mean currents and optimal interpolation methods
4293.2.1 Statistics at the basin scale

430 The previous results have pointed out significant differences between new and
431standard gridded fields both qualitatively and quantitatively. However, they did not inform on
432the respective influence of OI methods (see section 2.1) and mean currents (see section 2.2)
433on the Lagrangian metrics. In order to isolate the relative influence of Ols (respectively mean

434currents), we compute, for each OI (respectively mean currents), the average of the two S
435scores using the two available mean currents (respectively Ols). Table 3 shows the average
436S score for the different OI methods. Both with 10-day and 3-day advection, the mean S

437score are very close and do not allow to conclude whether one OI approach is better than
438another. From table 3, it however turns out that the mean current from DobricicO5 exhibits
439better statistics than the Rio07 one (~12 % of improvement with 10-days advection)..

440

441 Table 3
442
443 This shows that mean currents have a stronger influence than the OI methods on our

444Lagrangian diagnostics. However, even if this is true at the NWMed Basin scale, alternative
44501 methods might still have significant regional impacts, especially in shallow areas where
446the smaller correlation scale and bathymetric constraints described by Escudier et al. (2013)
447may have stronger impacts.
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448
4493.2.2 Focus on the Gulf of Lion

450 We now focus on the GoL area where major differences, both quantitative and
451qualitative, between the new and standard product were previously observed. In order to
452assess the influence of the bathymetry constraint in the Lagrangian statistics, we compute the

453S score for three bathymetric classes (Figure 10 right). The S score is only computed if at

454least 10 drifter positions are available for a given bathymetric class. Except for 2009, the
455number of positions is between 20 and 100, depending on the time of advection and of the
456LATEX mission.

457 Figure 10
458
459 For Latex08 (Figure 10a) and Latex09 (10b), the two OI methods show similar

460statistics for any of the considered bathymetric classes, despite the qualitative differences
461evidenced in section 3.1.3. Concerning the mean current, the scores are quite similar for depth
462<150 m (S~3.0 for 10-day advection); but for the other bathymetric classes; Dobricic05
463exhibits better score than Rio07. It is also somehow surprising to note that the score in 2008
464and 2009 are generally better in shallow water areas of the GoL (S~3 for depth < 150 m) than
465in deeper zones (S~4 for depth>150 m) where potential small scale and partially ageostrophic
466instabilities may arise close to the NC external borders. This confirms that circulation over the
467GoL continental shelf during these two cruises is in good geostrophic balance and is relatively
468well resolved by altimetry gridded fields.

469 For Latex10 (Figure 10 c, f) the conclusions are quite different. In that case, the
470different OI methods exhibit significant differences for depth less than 150 m (located North

471West of the GoL). By comparison with the AVISO S score with 10-day (3-day) advection,

472HR+Bathy shows improvements of 13 % (23%) whereas less pronounced differences are
473observed depending on the considered mean currents. This indicates that the new OI method
474can have significant impact for some specific events in shallow-water regions. In our case,
475this corresponds to smaller scale dynamics influenced by the bathymetry that trapped and
476retained drifters close to the coast. Concerning the mean currents, DobricicO5 have again

477smaller S for the whole bathymetric classes confirming the conclusion obtained for Latex08
478and Latex009.

479

4803. Discussions and conclusions

481 Cross-shelf exchanges are of crucial importance to study the impact of anthropogenic
482discharged pollutants, oil spill as well as the transport of natural biogeochemical elements and
483biological organisms (e.g. nutrients, larvae, jellyfishes). A quantitative understanding of
484coastal physical processes and associated Lagrangian transport is therefore necessary to
485determine how the ocean dynamics affects the biological and ecological conditions of coastal
486environments.

487 In this paper, new absolute geostrophic currents, derived from satellite altimetry
488observations in combination with models are processed and evaluated using a Lagrangian
489diagnostic based on particle cluster advection. In agreement with the finding of Escudier et al.
490(2013) - based on Eulerian diagnostics- our Lagrangian approaches demonstrate that the use
491of HR+Bathy (M)SLA generally gives a better representation of transport patterns over the
492continental shelf (despite still evidencing some inaccuracies/limitations in the positioning of
493small scale structures). In addition, we have also demonstrated that the use of an alternative
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494mean current (ie from Dobricic 2005) rather than the standard one (ie Rio et al., 2007)
495significantly improves the comparison with drifter trajectories, especially along the corridor
496located at the south west Gulf of Lion.

497 However, the relatively limited in situ dataset used in our study did not allow for more
498extensive Lagrangian statistical analysis requiring to compare cluster of particle trajectories
499with a larger number of drifters. As a perspective, it would be relevant to adopt our approach
500with all the available drifters in the Mediterranean Sea (> 500 trajectories sine 1992, Poulain
501et al., 2012a). This should allow the generation of a more complete and robust altimetric error
502map over the Mediterranean Sea than the ones obtained during the three LATEX experiments.
503In a second step, the whole drifter database could also be exploited in synergy with altimetry
504and modeling (with assimilation schemes or statistic constraints) in order to generate a new
505and more accurate regional Mean Dynamic Topography for coastal applications.

506 Concerning the Optimal Interpolation methods, the use of shorter and bathymetric
507constrained correlation scales is not always sufficient to significantly improve the statistics
508over the whole North Western Mediterranean. However, we pointed out that in some specific
509cases and areas, such as the continental shelf in the western part of the Gulf of Lion,
510improvements can be obtained (as also observed in the Balearic Sea by Escudier et al., 2013).
511However, the relative sparse space/time coverage of existing along track altimetric missions
512(such as during the 2008-2010 period) is a clear limitation for the long-term tracking and
513analysis of small-scale dynamics even through the development of coastal-oriented Optimal
514Interpolation methods. Coastal altimetry will undoubtedly benefit, in the near future, of a
515denser satellite constellation and new altimetry sensors. Waiting for SWOT satellite (Fu and
516Ferrari, 2012), Lagrangian studies of coastal mesoscale dynamics will thus require the
517integration of data from the Saral/AltiKa and Cryosat-2 missions in the Optimal Interpolation
518schemes.

519 Our statistical Lagrangian analyses are in agreement with qualitative considerations
520and previous Eulerian studies over the North Western Mediterranean Sea. However, further
521investigations should be done in order to better discriminate the relative contribution to the S
522score due to the influence of dispersive effects (related to the strain rate) and due to the
523intrinsic accuracy of the velocity field. Another critical aspect concerns ageostrophic motions
524which could influence the transport of tracers in the surface layer but that are not included in
525altimetry. Their impacts -not addressed in this study - may be more important in coastal zones
526and could be therefore at the base of significant observed discrepancies between drifter and
527altimetric trajectories. For example, Liu and Weisberg (2007) show, over the Florida shelf,
528that the across-shelf wind effects (ageostrophic part) are secondary compared to the
529barotropic geostrophic currents but can be stronger than the baroclinic ones.

530 The relation between surface and sub-surface mesoscale is also a challenging issue
531requiring both the continuous development of theoretical models and high resolution 2D
532gridded current (Dussurget et al., 2011, Gaultier et al., 2013; Escudier al., 2013). Our
533Lagrangian diagnostics applied to sub-surface drifters could also be used in a near future in
534order to compare results obtained from different reconstructions methods (e.g. Carnes et al,
5351994; Lapeyre and Klein, 2006; LaCasce and Mahadevan, 2006; Scott and Furnival 2012).
536The use of 3D observation-based currents associated with Lagrangian tools is promising and
537might pave the way to new ecological applications for coastal altimetry such as the influence
538cross-shelf exchanges on fish larvae, plankton or transport and landing over the north western
539Mediterranean coastal domain

540
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718Figure Captions
719

720Figure 1 — Bathymetry (in m) and main surface circulation patterns of the study area. The
721dashed black arrows correspond to mesoscale currents throughout the year whereas the blue
722arrows correspond to average well known flow patterns. The coastal corridor is the one
723characterized by Nencioli et al (2011)

724

725Figure 2 — Mean geostrophic current (module in cm/s) derived from the Mean Dynamic
726Topography of (a) Dobricic05 and of (b) Rio07 (the current intensity is in cm/s)

727

728Figure 3 - Trajectories of drifters of (a) Latex08, (b) Latex09 and (c) Latex10. The color
729corresponds to the time of advection since the positions of origin (in day). The white square
730corresponds to the drifter initial positions.

731

732Figure 4 — Two examples ((a) Drifter 1 and (b) Drifter 9) of Latex10 drifter trajectories (in
733blue) versus virtual particle advected during 10 days by gridded currents using HR+Bathy
734(MSLA) and Dobricic (2005) mean current (in red). For more visibility, the daily particle
735initial positions (in grey squares) and the associated trajectories (in red) are sub-sampled
736every 5 days along the drifter positions.

737

738Figure 5 - Examples of time evolution of Sp scores for the 4 velocity fields along the Latex10
739drifter 1 and drifter 9 with 3 days ((a); (c)) and 10 days advection ((b); (d))

740

741Figure 6 - Scatterplots of Sp vs ¥ (black dots) for the 10 drifters of Latex10 and of sp, vs
742 Y., (grey dots) for the whole corresponding particles p. (a) Standard product (b) New
743product

744

745Figure 7 - Trajectories of drifters (a) 4 and (b) 6 and corresponding Sp time series
746(respectively (d);(e)) for the new - black curves - and standard -pink curves - altimetric
747products for 10 days advection-. In grey are highlighted areas (left) and corresponding periods
748(right) of bad Sp score

749

750Figure 8 - Spatial distribution of Sp scores (10 days advection) along drifter daily positions for
751the standard ((a) and (d)) and new product ((b) and (e)) during Latex08 and Latex10. Spatial
752distribution of Sp differences between standard and new products for (c) Latex08 and (f)
753Latex10. By convention we choose each initial days of advection as drifter daily positions.

754

755Figure 9 — Latex08 drifter trajectories (cyan, green and blue). Two drifters are trapped by the
756Latex eddy (in green and blue). In red are the virtual particles initially launched at drifters’
757trapped initial positions and 10 days advected by (a) the standard and (b) new altimetric
758current field. In grey are the particles trajectories for the last day of advection.

759
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760Figure 10 — (Right) Daily drifter positions used in the bathymetric classes for Latex08;
761Latex09 and Latex10. In pink are the points located at depths less than 150 m, in cyan the
762points between 150 m and 2000 m and in green the points at depths higher than 2000 m.
763(Left). Diagram of mean S scores with respect to Latex drifters (a, b, c) for each OI methods
764and (d, e, f) for each mean currents function of bathymetric classes. The large (respectively
765thin) diagrams correspond to S score with 10 days (respectively 3 days) advection.

766

767
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Revised tables

Drogue Number Period of Initial position Maximum
depth (m) launching P duration (days)
LATEX 2008 | 15 September
(Figure 3a) (~surface) 3 01-05 2010 Western GoL. | 60
LATEX 2009 15 August
(Figure 3b) (~surface) 3 26-28 2009 Western GoL. | 20
Western
LATEX 2010 |15 September
(Figure 3c) (~surface) 10 11-24 2008 gl(;iLsouthern 60
Table 1 - Main characteristics of LATEX drifters
Years | 2008 2009 2010
Altimetry Product S }_/ S 7_/ S }_/

_ 3.8 0,64 4.7 0.49 4.5 0,74
STANDARD: AVISO + R1007 2.1) (0.68) 2.0) (0,65) (2.5) (0,70)
NEwW: HR+BATHY + 3.6 0,80 3.7 0.80 3.9 0,64
DOBRICIC05 (2.0) (0,84) (1.9 0,74) (2.1) (0,64)

Table 2 - Mean S scores and 7_/ (day’l) score for LATEX drifters after 10 days (top) and 3

days (bottom in bracket) of advection with surface altimetric currents. Best S scores are in

bold and underlined.

Years | 2008 2009 2010
Altimetry Product
AVISO OI 3.7(2.1) 4.6 (2.0) 4.0 (2.1)
HR-BATHY 3.7(2.1) 4.6 (2.0) 39(2.1)
Rio07 3.8 (2.2) 5.2 (2.1) 4.1 (2.1)
Dobricic05 3.6 (2.0) 4.0 (2.0) 3.8(2.1)

Table 3 - Mean S scores per OI method (averages done with the two mean currents: Rio07

and Dobricic05) and per mean current (average done with the two OI methods: AVISO and
HR+BATHY) after 10 (3) day advections



Revised Figures
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Figure 1 - Bathymetry (in m) and main surface circulation patterns of the study area. The
dashed black arrows correspond to mesoscale currents throughout the year whereas the blue
arrows correspond to average well known flow patterns. The coastal corridor is the one
characterized by Nencioli et al (2011).
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Figure 2 - Mean geostrophic current (module in cm/s) derived from the Mean Dynamic
Topography of (a) Dobricic05 and of (b) Rio07 (the current intensity is in cm/s).
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Figure 3 - Trajectories of drifters of (a) Latex08, (b) Latex09 and (c) Latex10. The color
corresponds to the time of advection since the positions of origin (in days). The white square

corresponds to the drifter initial positions.
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Figure 4 — Two examples ((a) Drifter 1 and (b) Drifter 9) of Latex10 drifter trajectories (in
blue) versus virtual particle advected during 10 days by gridded currents using HR+Bathy
(MSLA) and Dobricic (2005) mean current (in red). For more visibility, the daily particle
initial positions (in grey squares) and the associated trajectories (in red) are sub-sampled
every 5 days along the drifter positions.
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Figure 5 - Examples of time evolution of Sp scores for the 4 velocity fields along the Latex10
drifter 1 and drifter 9 with 3 days ((a); (c)) and 10 days advection ((b); (d))



20— . : : 20 : : : : :
'  Standard: AVISO +Rio07 New: HR BATHY.+ Dobricic05

15 15- M ]

S 10 -S10‘

0 05 1 15 2 25 3 0 05 1 15 2 25 3
Y (day) ¥ (day”’)

Figure 6 - Scatterplots of Sp vs y, (black dots) for the 10 drifters of Latex10 and of sp, vs

Yp.p (grey dots) for the whole corresponding particles p. (a) Standard product (b) New

product
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Figure 7 - Trajectories of drifters (a) 4 and (b) 6 and corresponding Sp time series
(respectively (d);(e)) for the new - black curves - and standard -pink curves - altimetric
products for 10 days advection-. In grey are highlighted areas (left) and corresponding periods
(right) of bad Sp score
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Figure 8 - Spatial distribution of Sp scores (10 days advection) along drifter daily positions for
the standard ((a) and (b)) and new product ((b) and (e)) during Latex08 and Latex10. Spatial
distribution of Sp differences between standard and new products for (c) Latex08 and (f)
Latex10. By convention we choose each initial days of advection as drifter daily positions.
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Figure 9 - Latex08 drifter trajectories (cyan, green and blue). Two drifters are trapped by the
Latex eddy (in green and blue). In red are the virtual particles initially launched at drifters’
trapped initial positions and 10 days advected by (a) the standard and (b) new altimetric
current field. In grey are the particles trajectories for the last day of advection.
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Figure 10 - (Right) Daily drifter positions used in the bathymetric classes for Latex08;
Latex09 and Latex10. In pink are the points located at depths less than 150 m, in cyan the
points between 150 m and 2000 m and in green the points at depths higher than 2000 m.

(Left). Diagram of mean S scores with respect to Latex drifters (a, b, ¢) for each OI methods
and (d, e, f) for each mean currents function of bathymetric classes. The large (respectively

thin) diagrams correspond to S score with 10 days (respectively 3 days) advection.
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