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1. IntroductIon

The coastal ocean, by virtue of its location, is of crucial 
societal importance. Despite its relatively small surface in 
comparison to the entire ocean, it contributes to approxi-
mately 43% of the estimated total value of ecosystem ser-
vices (Costanza et al. 1997). A quantitative understanding 
of the physical processes that impact on the coastal region 
dynamics is necessary to determine how changes in land use, 
climate, and sea level will affect coastal systems. Therefore, 
there is a need for development of adequate and integrated 
management strategies for the coastal environment. 

Satellite altimeters provide repetitive views of phe-
nomena and properties unachievable by other means, and 

although current missions are not well suited to cover the 
broad range of space and time scales associated with coastal 
applications, their use seems promising to provide useful 
and consistent regional datasets for managing impacts in the 
coastal zone. 

However, the information from satellite altimeters is 
restricted to either the surface layer of the ocean (currents) 
or to some water-column integrated quantities such as sea 
level variability. It is important, therefore, to assimilate 
these datasets as a part of a comprehensive monitoring sys-
tem, which includes modelling, and to link with systematic 
measurements of the ocean interior. 

In this framework, the main purpose of the present 
study is to assess the ability of an improved coastal altimetry 
dataset to validate a Boussinesq oceanic circulation model. 
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AbstrAct
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Firstly, we will present the study area and its main dynami-
cal features. Secondly, we will focus on the model char-
acteristics, on the strategy of building an improved coastal 
altimetric dataset, including its validation and the procedure 
to make Boussinesq model sea level variations as homoge-
neous as possible with altimetric sea level anomalies. Fi-
nally we will show some qualitative and quantitative results 
concerning the spatial and temporal agreement between the 
model and the altimeter-derived sea level variations. 

This preparatory work emphasizes the potential of an 
improved multi-satellite altimetry dataset for validating 
coastal hydro-dynamical models. It also constitutes a first 
step in order to assimilate improved coastal altimetric data 
in such models in order to better resolve small dynamical 
processes at the interface of the open ocean and the coastal 
zone. 

2. study AreA

The study area is the North-western Mediterranean Sea 
(Fig. 1). The major dynamical feature of the North-western 
Mediterranean Sea is the Liguro-Provencal-Catalan current 
(hereafter the LPC, see Fig. 1). This cyclonic coastal cur-
rent originates in the Gulf of Genoa from the merging of the 
Eastern and Western Corsica current (see Fig. 1). Its trans-
port is equivalent to the transport of Atlantic water entering 
the Gibraltar Strait as shown by earlier studies (Lacombe 
and Tchernia 1972; Béthoux 1980), which is about 1.5 Sv. 
Wind driven and local climate changes have a strong impact 
on the LPC (Estournel et al. 2003). This density current is 
strongly marked by seasonal variability (Gostan 1967). 

From June to December, geostrophic component ve-
locity indicates a large and shallow current. At the surface it 
is about 40 to 50 km wide with a velocity of 50 cm s-1. The 
current is reduced at deeper levels being only 10 km wide at 
100 - 200 m depth, with a mean velocity of about 
10 cm s-1. In winter, from January to mid-March, 
the LPC is deeper, narrower (20 - 30 km wide) and 
closer to the coast, and the geostrophic velocities 
increase. At 250 - 500 m depth and 10 km from the 
coastline, they are about 10 cm s-1 (Millot 1991). 
In spring, the LPC widens and slows down. The 
winter flow is unstable and generates meanders 
until Marseilles (Conan and Millot 1995). These 
meanders have spatial scales of variability of only 
10 - 20 km and are separated by a few tens to one 
hundred kilometres. They can evolve into eddies. 

It should be noted that in the coastal area of 
the Ligurian Sea (10 km off the coast), the mean 
current is not very strong but is characterized by 
significant mesoscale variability. This is one of the 
reasons why the prediction of the oceanic circula-
tion in this zone is difficult (Alberola et al. 1995; 
Sammari et al. 1995). In the Catalan Sea, the LPC 

accelerates along the continental slope of the Balearic Is-
lands. Its seasonal variability is comparable to that observed 
in the Ligurian Sea with a maximum activity during win-
ter and a minimum at the end of the summer (Font et al. 
1995). 

Observing and predicting such complex dynamics is 
still a challenging issue given the wide range of interact-
ing spatial and temporal scales of variability. Several efforts 
have been made to improve the knowledge of the ocean dy-
namics in the North-western Mediterranean by combining 
modelling and observations (e.g., Ahumada and Cruzado 
2006; Jordi et al. 2006; Taillandier et al. 2006). 

Our contribution is to introduce improved altimet-
ric data, adapted for the coastal zone, in order to validate 
the eddy-resolving Boussinesq model which simulates the 
small-scale coastal dynamics. It should be noted that the 
validation results presented here, between a new coastal al-
timetry dataset and the regional circulation model, represent 
an important step forward the future assimilation of coastal 
altimetry in Boussinesq regional models. 

3. dAtA And Methods
3.1 syMPhonIe: A boussinesq Model Implemented 

in the north-Western Mediterranean sea

The model used has been implemented in a regional 
configuration in the framework of the Mediterranean Ocean 
Forecasting System toward Environmental Prediction proj-
ect (hereafter MFSTEP, details given in the acknowledg-
ment section). The 3-D primitive equation coastal ocean 
model SYMPHONIE is described in detail in Estournel et 
al. (1997) and Marsaleix et al. (2006). It has recently been 
used to study the circulation in the Gulf of Lions (Estournel 
et al. 2003; Petrenko et al. 2005; Gatti et al. 2006), the cir-
culation in the Bay of Fos (Ulses et al. 2005) and the Bay of 

Fig. 1. Domain and Bathymetry of the study area. 
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Banyuls (Guizien et al. 2006), dense-water formation over 
the continental shelf (Dufau-Julliand et al. 2004) and the 
circulation in the Catalan Sea (Jorda et al. 2006). 

This model is based on the hydrostatic assumption and 
the Boussinesq approximation. An Arakawa C grid is used 
for the spatial discretization (Arakawa 1972). The horizon-
tal grid is orthogonal, with a 3 km grid spacing 3.5 smaller 
than the Rossby deformation radius in the area; the model 
is eddy-resolving. A hybrid sigma-step coordinate system 
with 40 vertical levels is used. Figure 1 shows the modelled 
domain and bathymetry. 

The advection scheme for temperature and salinity is 
a classic centred scheme (Arakawa and Suarez 1983). The 
horizontal viscosity is 30 m2 s-1. A free-slip lateral bound-
ary condition is used and the bottom friction is quadratic. 
The free surface is calculated explicitly by decomposition 
of the model equations into internal and external modes as 
proposed by Blumberg and Mellor (1987). Vertical eddy 
viscosities and diffusivities are calculated according to the 
Gaspar et al. (1990) second-order closure scheme, with a 
prognostic equation for the turbulent kinetic energy and an 
algebraic formulation of the mixing and dissipation lengths. 
The external time step is 5.7 s and the internal time step is 
229 s. 

Boundary conditions have a double role: they permit 
the radiation of outgoing waves and the forcing of the inner 
solution by external fields provided by a basin-scale model, 
here the MFSTEP general circulation model (Demirov and 
Pinardi 2002; Pinardi et al. 2003). This model is also based 
on the hydrostatic assumption and the Boussinesq approxi-
mation, but is eddy-permitting, with a 1/8° resolution. As 
suggested by Blayo and Debreu (2005), this is achieved by 
applying our open boundary conditions schemes to the dif-
ference between the modelled and external variables rather 
than to the absolute variables. In practice, sea elevation and 
barotropic current are given by a Flather condition (Flather 
1976), and the baroclinic velocities by a Sommerfeld type 
condition:

t n
U Uc 0+ =

2 2
2 2           (1)

Eq. (1) corresponds to the transport of the quantity 
Φ through the boundary Γ where n is the outward normal 
vector, with the velocity c. Temperature and salinity bound-
ary conditions are specified by the advection scheme of the 
temperature and salinity equations so that external fields are 
advected into the numerical area under inflow conditions. 
The external field constraint is enforced by adding a restor-
ing force to the equations in the vicinity of the lateral open 
boundaries. This restoring force is restricted to a 20-grid-
point thick restoring boundary layer and decreases progres-
sively with distance to the boundary. Details concerning the 

implementation of the open boundary conditions are given 
in Marsaleix et al. (2006). Initial and boundary conditions 
are provided at each time step by the time-interpolated bi-
weekly averaged results of the basin-scale simulation per-
formed with the general circulation model of the Mediterra-
nean basin (Pinardi et al. 2003). At the surface, the model is 
forced by air-sea fluxes: heat flux (which is the resultant of 
the sensible, latent, and radiative fluxes), evaporation minus 
precipitation water flux and wind stress, computed using 
to the bulk formulae of Geernaert (1990). The freshwater 
discharges, principally those of the Ebro and Rhone rivers, 
are introduced as a lateral boundary condition (Estournel et 
al. 2001), using daily data provided by the “Confederación 
Hidrográfica del Ebro” and by the “Compagnie Nationale 
du Rhône”. 

There is a steric effect included in the model sea level 
anomalies but because of the Boussinesq approximation, its 
temporal variability is suppressed, and only its spatial struc-
ture remains. Greatbatch (1994) showed that sea level calcu-
lated by models making the Boussinesq approximation can 
be corrected for this problem by adjusting the model-com-
puted sea level by a spatially uniform, but time dependent, 
constant that accounts for any net expansion/contraction of 
the global ocean. Since this correction is spatially uniform, 
it is not dynamically significant and does not affect the flow 
field calculated by the model. To compute this constant, we 
use the same method as Lombard et al. (2005). First, the 
reference density ( , , )x y z0t  is computed at each grid point 
using the classical expression for the equation of state of 
the ocean (Gill 1982) with the reference temperature T0 = 
0°C and the reference salinity S0 = 35.0 psu. This equation 
enables us to compute water density with a 3.10-5 accuracy 
(Millero and Poisson 1981). At each time step t the density 

( , , , )x y z tt  is also computed at each grid point using the 
same expression with the temperature  ( , , , )x y z tT  and the 
salinity ( , , , )x y z tS . We then compute the spatial average of 
the steric effect over the modelled domain [Eq. (2)]:

H
( ) ( , , )

( , , ) ( , , , )
se t mean x y z

x y z x y z t
domain

0

0
0

t
t t

=
-

-
dz< F#      (2)

We also compute the time-averaged steric effect over the 
whole simulation period [Eq. (3)]:

H ( , , )
( , , ) ( , , )

se mean x y z
x y z x y z

domain
0

0
0

t
t t

=
-

-
dz< F#      (3)

We use the average density ( )tt  computed from the average 
temperature [Eq. (4)]: 

( , , ) [ ( , , , )]T x y z mean T x y z twhole period=       (4)
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and the average salinity [Eq. (5)]:

( , , ) [ ( , , , )]x y z mean x y z tS Swhole period=       (5)

The correcting constant accounting for the net expan-
sion of contraction of the global ocean at each time step is 
therefore ( )se t se- , which is then added to the model Sea 
Level Anomaly (hereafter SLA) data. In this way, the entire 
steric effect is included. The temperature and salinity fields 
used to compute the steric effect are taken from the general 
circulation model MFSTEP (Pinardi et al. 2003). Herrmann 
et al. (2008) indeed showed that the evolution on a global 
scale of the water characteristics in SYMPHONIE and in the 
general circulation forcing model are very close, the mean 
steric effect should therefore be similar in both models. 

3.2 the new Altimetry Processing strategy

The raw altimeter data used, are mostly based on the 
standard Geophysical Data Records (hereafter GDR) dis-
tributed by operational centres and made available with im-
proved corrections by the Center for Topographic studies 
of the Oceans and Hydrosphere (hereafter CTOH). These 
altimetry products include sensor measurements and a full 
set of geophysical and instrumental corrections necessary 
to compute altimetry elevations. In the deep ocean regions, 
the standard along-track 1 Hz observations in combina-
tion with standard corrections are in general sufficient to 
monitor ocean circulation. In coastal investigation studies, 
several data upgrades and new processing strategies have 
to be performed. Indeed, the coastal ocean reflects a very 
complex dynamic, being characterized by a wide range of 

short spatial and temporal scales, which are more difficult to 
observe with standard altimetry products. A coastal multi-
satellite altimetry dataset at 10 Hz (for TOPEX/Poseidon 
hereafter T/P and GFO) or at 20 Hz (for Jason 1 and Envi-
sat) sampling rate has been derived from routine geophysi-
cal data products using a new processing software dedicated 
to coastal zone applications. Experiences gained from the 
ALBICOCCA project (Vignudelli et al. 2005) have been 
integrated in addition to an orbit and large-scale error re-
duction method. Table 1 summarizes the most important 
satellite characteristics and the main corrections which have 
been applied (for details refer to the AVISO user’s Hand-
book 1996; GEOSAT Follow-On GDR User’s Handbook 
2002; AVISO and PODAAC user’s Handbook 2004; the 
Envisat RA2/MWR Product Handbook)

The three following sub-sections highlight some im-
portant aspects of the new altimetry processing strategy for 
coastal regions, specifically the exploiting of higher along-
track data rates, the adoption of improved de-aliasing pro-
cedures and the application of a method to minimize biases 
between the different missions. 

3.2.1 Improving the Along track spatial resolution 
using higher data rates

The 10/20 Hz altimeter data was generated - equivalent 
to a 580/350 m along track spacing - allowing capture of sea 
surface variability at smaller spatial scales than a standard  
1 Hz sampling. Indeed, the local Rossby radius in the North-
western Mediterranean Sea is about a few tens of kilome-
tres and despite the low signal-to-noise ratio of the LPC, 
the characteristic length scales of energetic disturbances are 
of sufficient size and magnitude to be detectable with high-
resolution altimetry. As shown in Bouffard et al. (2006), the 

satellites sampling/ 
Period

sea surface bias 
correction Wet tropospheric Ionospheric de-aliasing 

(see § 3.2.2)

T/P 10 Hz
10 days

Cnes Ku correction 
(BM4)

Radiometric
(on Ku band) Dual frequency MOG2D 

Medsea

GFO 10 Hz
17.5 days

Non-parametric
(Labroue et al. 2004)

Model wet tropo 
NCEP GIM model MOG2D 

Medsea

Jason 1 20 Hz
10 days

Altimetric - GDR
(on Ku band)

Radiometric
(on Ku band) Dual frequency MOG2D 

Medsea

Envisat 20 Hz
35 days

Altimetric - GDR
(on Ku band)

Radiometric
(on Ku band)

Altimeter
(on Ku )

MOG2D 
Medsea

Table1. Satellite characteristics and main corrections applied. 
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10/20 Hz data exhibit the onset of white noise for scales of 
less than 3-km wavelength, whereas the smallest resolved 
scale for the 1 Hz data is about 12 km. Given the fact that 
the oceanographic signal emerges from the noise level at 
scales larger than 3 km, the 10/20 Hz along track data are 
then sub-sampled every 1.5 km. Depending on the dynamic 
scales to be studied, the along-track Sea Level Anomalies 
are low-pass filtered using a Loess filter with cut-off win-
dows at 5, 10, 60, and 100 km. 

3.2.2 reducing the Aliasing of high Frequency signals 
in Altimeter data using Mog2d in a regional 
configuration

In the coastal area, the sea surface variability due to 
atmospheric (wind and pressure) and tidal forcing repre-
sents a major source of errors which needs to be removed 
from the altimetric sea level observations for analysis pur-
poses. These high-frequency barotropic signals are poorly 
resolved by the usual satellite repeat cycle, and are aliased 
into the altimetry signal, making the interpretation of baro-
clinic signals more difficult. The impact of the aliasing is 
worse for coastal regions because the high frequency signal 
is amplified in the coastal zone. While the wind effects are 
usually left uncorrected, the pressure effects are normally 
represented by the so-called Inverse Barometer (IB) correc-
tion, which is adequate for the open ocean, but known to be 
unsatisfactory in coastal and high latitude regions (Carrere 
and Lyard 2003). Ocean tide effects are usually corrected 
using global tide models that do not have sufficient resolu-
tion in the coastal regions. To counteract these effects, tides 
and ocean response to wind and atmospheric pressure forc-
ing is computed using a regional hydrodynamic, barotropic 
model, called MOG2D-Medsea. It is characterized by a fi-
nite element spatial grid, which allows for increasing of the 
resolution in regions of interest, such as high topographic 
gradient areas and shallow waters, where most of the bot-
tom friction dissipation occurs. Contrarily to the global 
configuration used for standard altimetric applications, 
MOG2D has been implemented in a regional configuration 
with finer grid elements, which allows a better correction of 
the altimetric signal from the small spatial scale barotropic 
high frequency dynamics. 

3.2.3 Adopting a Large-scale error reduction Method

Taking advantage of multiple satellite sources does not 
necessarily improve the quality of the final product because 
of inter-mission biases. Even if MOG2D-Medsea is con-
sistently used to de-alias time series from all the altimetric 
missions, the effect of heterogeneous corrections and errors 
between the various missions would be difficult to assess. 
This is especially the case for the large-scale errors due to 
orbits. 

There are a number of orbit estimation techniques that 
can be used to remove the predominantly sinusoidal orbit 
error. The choice of technique will depend on the scales of 
variability that are to be resolved. Over short distances, the 
orbit error can be modelled by a polynomial approxima-
tion; generally a first order bias and tilt fit for arc lengths 
smaller than 1500 km (as it is the case over our study area), 
or by a quadratic fit for arc lengths larger than 2500 km 
(e.g., Cheney et al. 1983; Zlotnicki et al. 1989). The balance 
between the different polynomial approximations of orbit 
error and overfitting of the data has been investigated for 
different arc lengths by Tai (1989, 1991) and compared with 
the sinusoidal orbit model by Van Gysen et al. (1992). The 
short arc polynomial fit has shown to be useful for regional 
studies, whereas the long-arc sinusoidal method is preferred 
for basin-scale variability. So, in our case study orbit outli-
ers are corrected using a bias adjustment over the length of 
the altimetric tracks. In order to validate the method, we 
have checked the standard deviations of the SLA differ-
ences at the single crossover points. The standard deviation 
has been calculated with and without the large-scale error 
reduction procedure. The standard deviation of the SLA dif-
ferences at the single crossovers is the same for T/P, Jason 
and Envisat with and without the large-scale error reduc-
tion procedure (respectively 4.2, 3.6, and 5.5 cm). T/P and 
Jason exhibit minimum STD at crossover points, with and 
without the large-scale algorithm. This is due to the good 
accuracy in the orbit determination (better than 2.5 cm, Ries 
and Tapley 1999). On the contrary, GFO shows a large scale 
noise reduction with a decrease of the SLA differences stan-
dard deviation of 2.4 cm (from 8.7 to 6.3 cm). 

3.2.4 comparison of the Improved coastal Altimetric 
dataset with standard AVIso Product and Vali-
dation with tide Gauge Measurements

In order to validate the altimetric coastal data processed 
with the new software targeted to coastal applications, the 
generated product and a standard distributed regional product 
were intercompared with tide gauges. The standard product 
is an along-track SLA product especially adapted to regional 
studies over the Mediterranean Sea [Delayed Time-(M)SLA 
“Update”, handbook SSALTO/DUACS 2006] and made 
available by AVISO. Specific algorithms and corrections 
have been developed to improve the quality of this regional 
altimetric data product. The comparison, which deals with 
the quality and quantity of altimetric SLA, shows signifi-
cant differences (number of data in coastal zone, correlation 
with tide gauge records, along track anomalies structures). 
This example focuses on track 9 of T/P and the Monaco tide 
gauge. Figure 2 shows the number of along-track altimetric 
data available between 07/01/1999 and 07/01/2002 (maxi-
mum common period between the T/P and the Monaco tide 
gauge measurements). From this picture, it follows that the 
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Fig. 2. Number of T/P track-9 data available between 07/01/1999 and 07/01/2002 close to the Monaco tide gauge and LPC current mean. 

new processing method allows for recovering more data 
both far from and near to the coast. The improved coastal 
altimetry time series are about 10% longer compared with 
the standard product. Moreover, improved coastal data go 
closer to the coast, which is very helpful to detect the LPC 
dynamics. 

These previous results can be explained by the use of 
the high frequency along-track sampling in addition to suit-
able quality control procedures. 

Figure 3 shows the along-track percentage of Monaco 
tide gauge Root Mean Square (hereafter RMS) explained 
by altimetry time series. The higher the percentage, the 
higher the consistency between the altimetry and the tide 
gauge measurements. According to Fig. 3, the percentages 
are significantly higher with the improved coastal altimetry 
than with the standard altimetry over the whole T/P track. 
This is the case at the point of maximum percentage of ex-
plained RMS (see the curves at the bottom of Fig. 3) about 
38% and 31%, respectively for the improved coastal altim-
etry and for the standard altimetry. There, the correlations 
between the tide gauge and altimetry are also higher for the 
improved coastal altimetry than for the standard altimetry 
(0.79 against 0.72). The RMS difference between the low-
pass filtered (with a window cut-off of 30 days) altimetry 
and tide gauge signals is equal to 2.5 cm for the improved 
coastal altimetry and 3.2 cm for the standard product. 

Similar inter-comparisons have been done with the oth-
er tracks and satellites in the neighbourhood of 20 tide gaug-
es located along the North-western Mediterranean coast. 
The results are equivalent and show a better consistency 
between the tide gauges and the improved coastal altimetry 
than with the Delayed Time-(M)SLA “Update” product. 

On average over the whole set of available tide gauges, the 
RMS difference between improved altimetry and tide gauge 
instantaneous signals are between 4.1 and 3.9 cm for the 4 
satellites used. The same statistics made with the low-pass 
filtered signals (window cut-off of a 3-altimetric repeat pe-
riod) show an RMS difference about 2.9 cm for all the alti-
metric missions. This represents a qualitative improvement 
between 7% and 10% compared with standard altimetry. 

Moreover, the data processed, using the new method, 
are able to detect smaller dynamical processes and to come 
closer to the coast than the ones observed with standard al-
timetry. Lastly, the new processing method allows recov-
ery of an additional 10% of the available coastal data. Such 
data can be useful in order to monitor the LPC dynamics 
and small-scale coastal processes. Therefore, they are more 
adequate for validating a regional model implemented in 
the North-western Mediterranean than standard distributed 
data.

3.3 Generation of a homogeneous boussinesq Model/
Altimeter dataset

SYMPHONIE is a Boussinesq model whose math-
ematic approximations entail restrictions on the study of 
certain oceanic processes. The most important component 
of sea surface variability observed by altimetry is the steric 
sea level change due to expansion/contraction associated 
with net heat fluxes into the ocean on seasonal and longer 
time scales. Boussinesq kinematics conserves the volume, 
rather than mass of the global ocean. Therefore, it does not 
reproduce the low-frequency steric signal. In this study, the 
mass conservation problem in the Boussinesq model is cor-
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rected by adding a spatially uniform value that evolves in 
time, as explained in section 3.1. The explicit inclusion of 
these non-Boussinesq effects in the SYMPHONIE model 
results facilitates the direct comparison between sea levels 
computed by the model and observed from altimetry. 

Another problem in terms of altimetry/SYMPHONIE 
homogeneity is the marine geoid as a reference level. Since 
the marine geoid is not known with sufficient spatial accu-
racy, the Mean Sea Level (hereafter MSL) is removed from 
the Sea Surface Height (hereafter SSH) along each satellite 
track to compute the SLA. Care should be taken to have 
consistent SLA for the different altimetric missions. First, 
the MSL is calculated over the longest time period for each 
ground track of each altimetric mission. The model MSL is 
also calculated over the period 2001 - 2003 and removed 
from the SYMPHONIE elevations. Then, for the intercom-
parisons between altimetry and SYMPHONIE, an additional 
mean is removed both in the altimetric data and in the model 
over the common time period. This allows comparison of 
the along-track sea level variability from the model with the 
one from the altimeter data. Both model and altimetry SLA 
have been linearly interpolated on common along track ref-

erence grids sampled every 1.5 km. The along track SLA 
are then low-pass filtered using a Loess filter with cut-off 
windows at 5 km (60 km in section 4.1.2). 

The main difficulty in comparing the model and altim-
etry SLA is due to the fact that in the North-western Medi-
terranean Sea—and especially around the LPC—the oceanic 
circulation is dominated by mean circulation. The amplitude 
of the sea surface variability is small and characterised by 
a wide range of temporal and spatial scales, which are dif-
ficult to observe with altimetry. It is also a challenging issue 
to correctly simulate 3-D oceanic circulation variability in 
coastal areas where the mesoscale and sub-mesoscale com-
ponents often seem to be chaotic. As noted in Send et al. 
(1999) the complexity of small spatial scales and intense 
gradients interacting with small temporal scales make the 
understanding and modelling of oceanic dynamics in the 
Western Mediterranean particularly difficult. 

As specified in the previous section, barotropic dynam-
ics due to wind effects have been removed from the alti-
metric signal whereas the SYMPHONIE model reproduces 
such a dynamic. Even if this could be a small source of non-
homogeneity between the model and the altimetric data, it 

Fig. 3. Along-track percentage of Monaco tide gauge explained by altimetry time series (top) and altimetric vs tide gauge time series at the point of 
maximum percentage (bottom). 
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Fig. 4. Satellite ground tracks used over the SYMPHONIE domain.

Fig. 5. Statistical distribution of along track correlations between 
T/P SLA and SYMPHONIE model SLA (from January to December 
2001).

Fig. 6. Statistical distribution of along track correlations between 
GFO SLA and SYMPHONIE model SLA (from January to December 
2002). 

Fig. 7. Statistical distribution of along track correlations between Ja-
son SLA and SYMPHONIE model SLA (from January to December 
2003). 

allows removal of gravity waves propagating from outside 
the model boundaries and entering inside the SYMPHONIE 
domain. These gravity waves are not simulated by the rigid-
lid MFSTEP-OGCM and thus cannot be propagated inside 
the SYMPHONIE model. 

4. resuLts: IntercoMPArIson syMPhonIe 
Versus ALtIMetry

This section aims to compare the sea surface variability 
observed by the coastal multi-satellite altimetry data with 
the dynamic topography from the SYMPHONIE model. 
The SYMPHONIE elevations are computed from January 
2001 to December 2003. Several diagnostics are used to 
compare the model and the altimetry SLA in space and time. 
The altimetry data used during this period are as follows: 
from January to December 2001, SLA was computed us-
ing the T/P original orbit data and GFO data. From January 
to December 2002, SLA was computed using Jason-1 and 
GFO data. From January to December 2003, the SLA was 
computed using Jason-1 (along the T/P old orbit), GFO and 
Envisat data. 

4.1 spatial comparisons
4.1.1 regional Average of Model-data correlations

We first assess how well the SYMPHONIE model re-
produces the observed satellite altimetry SLA along each 
altimetric pass. The along-track correlations between each 
altimetric pass and its equivalent model SLA are then com-
puted over the whole SYMPHONIE domain and for each 
altimetric cycle (see Fig. 4). Within the SYMPHONIE do-
main, about 240 GFO satellite passes, 304 T/P and Jason-1 
passes and 220 Envisat passes are available each year. 

Figures 5 to 7 show the statistical distributions of the 
altimetry/model correlations from three different altimetric 
missions and for three different years: 2001, 2002, and 2003. 
These figures only refer to the zero-lag (in space and time) 
correlation of the height anomalies. Thus, a small dephasing 
in time or a small spatial shift in the dynamical structures 
can significantly reduce the correlations. 

According to Fig. 5, more than 50% of along-track cor-
relations between SYMPHONIE and T/P SLA are greater 
than 0.2 and 35% are greater than 0.4. These values are sig-
nificant at the 99% level given the large number of tracks 
and independent along-track points included in the correla-
tion calculations. It should be noted that we compare the 
variabilities of the sea level and not the total dynamic topog-
raphy which also includes the mean circulation. In 2002, the 
results of GFO (see Fig. 6) and Jason-1 are similar to those 
observed in 2001. In 2003 the Jason-1 correlations with the 
model are weak (see Fig. 7) with only 2 % of the correlations  
greater than 0.4. This difference between the altimetric and 
the model SLA in 2003 is most likely due to problems with 
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the model boundary conditions during some months, which 
may entail problems in the mesoscale dynamics simulation. 
This boundary condition problem will be adressed at the end 
of section 4.2. 

To summarize, these statistical results dominated by 
the instantaneous small spatial dynamic scales are encour-
aging, because the correlations are significant and calculated 
between two spatial sea levels from which the mean circula-
tion has been removed (refer to section 3.3). In this respect, 
the permanent cross-shore positive slope—due to the geo-
strophic balance part of the LPC current—is not taken into 
account for the correlation calculations. Thus, this makes 
the comparisons particularly difficult because the along 
track signal is then essentially influenced by mesoscale and 
sub-mesoscale dynamics. In addition to the previous statisti-
cal results, it is also necessary to explore qualitatively some 
along-track comparisons. 

4.1.2 case studies: some examples

This section focuses on five synoptic altimetric tracks 
which cross the LPC current (see Fig. 8) in order to evaluate 
the potential agreement between the altimetric and model 
along track SLA. 

Figure 9 shows the SYMPHONIE model and the coast-
al processed altimetric SLA data extracted along the five 
altimetric ground tracks as a function of latitude and during 
the end of May and the beginning of June 2002. 

Figure 9 shows the good agreement between the me-
soscale altimetry and model SLA (correlation between 0.6 
and 0.9). The slopes are well represented in the model and 
the small spatial structures are almost perfectly in phase. 
However, in this example there is also an offset of about  
7 cm between the model and the altimetry observations. 
This bias is observed with two independent altimetry data-
sets (GFO and Jason), so this explains that it is not a residual 
orbit error in the altimetric data. This bias may be due to an 

Fig. 8. Ground track locations and approximate position of the LPC. 

Fig. 9. Along-track SLA altimetry vs SLA model / Latitude May - June 
2002, (a) Jason track 222; (b) Jason track 9; (c) GFO track 401; (d) 
Jason track 146 and (e) GFO track 390.

(a)

(b)

(c)

(d)

(e)

error in the computation of the mean steric effect. 
In the next section, we will compare the temporal evo-

lution of the altimetric and model SLA along-track average. 
This will allow us to check how often that bias appears or 
if the SYMPHONIE model combined with the computed 
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steric effect (see section 2.1) is able to reproduce well the 
large wavelength temporal evolution. 

4.1.3 time evolution of the sLA at Large Wavelengths: 
t/P track 146 

This section focuses on the T/P track 146 (see Fig. 8) 
from January 2001 to December 2003 in order to study the 
time evolution of the large spatial scale features of the mod-
el and altimetry data. The temporal evolution of the along-
track altimetric and model average SLA is computed in  
Fig. 10.

The temporal evolution (Fig. 10) shows that there is 
indeed a bias between the model and the altimetry, which 
occurs at the beginning of June 2002; however, such a bias 
is rare and clearly evolves in a random way over time. In 
general, Fig. 10 shows good agreement between the tempo-
ral evolution of the model and the altimetric SLA averages. 
The annual cycle is well represented in both datasets with 
similar shapes and equivalent amplitudes in both the model 
and altimetry. These low frequency large-wavelength sig-
nals are essentially due to net heat fluxes into the ocean on 
seasonal and longer term time scales. Thus, the coherence 
between the model and the altimetric signal partially vali-
dates the method used to simulate the low frequency steric 
component. 

Concerning the temporal evolution of the SLA stan-
dard deviation (bottom right side of Fig. 10), there is a good 
coherence in terms of time evolution. However, the SLA 
standard deviation amplitudes in the model are often lower 
than in altimetry. This can be due to an underestimation of 
the SLA variability in the model. On closer scrutiny, the 
maximum of SLA standard deviation in altimetry appears 
between July and December. This maximum is particularly 
well identified in 2001, and partially well reproduced by the 
model. It is not surprising, given that Gostan (1967) and 

Millot (1987) show that the LPC is strongly marked by a 
seasonal variability (see Section 1): from June to December 
the LPC enlarges and slows down which induces an along-
track anomalies negative slope; the LPC is a density-driven 
current, which is essentially geostrophic. In these hypoth-
eses, the large-scale gradient of the sea surface topography 
(mean circulation + SLA) between the open ocean and the 
continental slope is always positive. When the current inten-
sity decreases, this gradient decreases and thus the slope of 
the SLA becomes negative. These large wavelength nega-
tive slopes are one of the reasons why the spatial along-track 
standard deviation is maximum from June to December. The 
following figures show an example of a SLA model and T/P 
along track 146 during the standard deviation maximum in 
September 2001 and just before the current slows down in 
June 2001 (Fig. 11). 

4.1.4 time evolution of spatial correlations between 
the Altimetry sLA and the syMPhonIe Model 
sea surface height 

Here we analyse the time evolution of along track cor-
relations between the altimetry and the SYMPHONIE mod-
el from January 2001 to December 2003 for the track 146. 
The objective of this section is to identify if there are certain 
seasons or years where the model SLA is close to the altim-
etric observations, or if the differences are quite random. 

T/P-Jason track 146 (Fig. 12) shows good results most 
of the time, especially in 2001 with a mean correlation of 
0.5. However, from February to March (2001 and 2003) 
correlations are lower; this happens also from May to July 
2003. The same work has been done over all the available 
altimetric tracks and clearly shows that the results are less 
good in 2003, which can be explained by problems in the 
boundary conditions of the model. Complementary expla-
nations will be developed at the end of Section 4.2. 

Fig. 11. SLA T/P SYMPHONIE, track 146 (left: 06/2001, right: 
09/2001). 

Fig. 10. Time variability of the large spatial scale: T/P + Jason track 146 
vs. SYMPHONIE model (From January 2001 to December 2003). 
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The next step is to identify and localize where the 
model and the altimetry observations are coherent, and on 
which spatial and temporal scales there are agreements and 
disagreements. 

4.2 temporal comparisons 
4.2.1 statistical results over the Whole syMPhonIe 

domain

Figures 13 to 16 show the along-track correlations 
per year between the altimetry SLA and the SYMPHONIE 
SLA time series. Although the number of passes per year 
varies between the different altimetry missions (because 
of different satellite repeat periods), we have computed the 
multi-satellite correlations on the same figure. This allows 
achievement of a better coverage of the area and thus high-
lights regions of good and bad correlations. It is important to 
note the good coherence at multi-satellite crossover points 
(Figs. 13 to 15). SLA on an ascending and a descending 
track are not sampled at the same time, with the same con-
sistency, and not always with the same satellite. However, 
the correlations often have a close value, which gives us 
confidence of the robustness of the altimetry processing in 
addition to the statistical methodology. 

The correlation maps show higher values at a certain 
distance, far from the continental shelf. In 2001 (Fig. 13), 
the offshore correlations are higher than 0.7. Results are not 
as good close to the coast, along the continental slopes (es-
pecially between Marseille and the Gulf of Genoa) and over 
the Gulf of Lions. In 2002 (Fig. 14) the results are similar 
but with lower correlations, in particular in the southern 
Catalan Sea and in the Ligurian Sea. In 2003 (Fig. 15), the 
scores are similar to those in 2001 but with a better spa-
tial coverage of altimetry due to the Envisat data. However, 
poor correlations are again localized in the Ligurian Sea 

along the continental slope, in the southern Catalan Sea and 
in the west of the Gulf of Lions. 

Fig. 12. Time evolution of the along track spatial correlations: T/P 
+ Jason track 146 vs. SYMPHONIE model (From January 2001 to 
December 2003). 

Fig. 13. Correlation between the T/P + GFO sea level variability and 
the SYMPHONIE model elevations - 2001. 

Fig. 14. Correlation between the T/P + GFO sea level variability and 
the SYMPHONIE model elevations - 2002. 

Fig. 15. Correlation between the T/P + GFO + Envisat sea level vari-
ability and the SYMPHONIE model elevations - 2003. 
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The model and altimetric data are different in some 
areas. Those disagreements can be due to a number of rea-
sons. 

Firstly, close to the coast area altimeter, data can be 
affected by land contamination in the altimeter footprints, 
which strongly depends on the coastline geographic con-
figuration (Deng et al 2002). In addition, corrections based 
on microwave radiometer measurements, with an even 
larger footprint, are also contaminated when the altimeter 
approaches or leaves the coast. 

Moreover, the altimetric data can be affected by re-
sidual large-scale errors concerning a minority of satellite 
tracks (see Fig. 15, tracks in the dashed rectangles). The lat-
ter are easily localized because of bad statistics along the 
whole altimetry track. These errors are detected by large 
offset at crossover points and are mainly due to a bad orbit 
determination. 

The LPC is a cyclonic along-slope density current char-
acterized by a wide spectrum of spatial and temporal scales 
of variability. The coastal current does not always follow 
the coastline. The coastline irregularities disturb the LPC 
flow and induce a complete change in its dynamic prop-
erties. The mean kinetic energy is dissipated in turbulent 
energy where the current becomes unstable. These instabili-
ties occur along the continental slopes and evolve into very 
energetic filaments and eddy structures. Even if the SYM-
PHONIE model is able to reproduce such sub-mesoscale 
dynamics, it is very difficult to simulate it at a given time 
and at the very precise location intercepted by the altimet-
ric track. La Violette (1990) has shown that a large variety 
of mesoscale features interacts with the basin circulation. 
Indeed, on space scales close to the width of the current, 
instabilities can deeply modify the structure of the current. 
The baroclinic instability is the most important mechanism 
associated with mesoscale dynamics along the continental 
slope. Pedlosky (1979) gives a simple explanation show-

ing that it corresponds to instabilities due to the sloping 
isopycnals. These slopes result from the vertical shear of 
the current velocities, which becomes important in this re-
gion as the current interacts with subsurface canyons along 
the continental slopes. The sea surface signature of such 
mesoscale and sub-mesoscale dynamics could explain the 
disagreements between model and altimetry SLA around 
the LPC. The model is able to reproduce realistic small me-
soscale variability. However, any small spatial or temporal 
dephasing between model outputs and the altimetry mea-
surements will produce a low zero-lag correlation between 
both time series. This could explain poor statistics (see the 
circles Figs. 13 to 15) in some areas where the sub surface 
topography is known to generate baroclinic instabilities (see 
Millot 1991). 

4.2.2 Focus on two Particular Areas

Figures 16 and 17 show the model and T/P-Jason SLA 
time series far from the LPC and in the heart of the LPC, 
respectively, along T/P-Jason track 9 (see Fig. 13 for the 
locations). Figure 16 exhibits a good agreement between the 
model and the altimetric time series. Both signals are well 
phased but the altimetry shows higher amplitude in the SLA 
time series. Inside the LPC (Fig. 17) both signals have a 
similar shape but they are out of phase. Moreover, the sea-
sonal signal has lower amplitude within the LPC (Fig. 17) 
than in the deep ocean (Fig. 16) which is evident in both the 
altimetry and the SYMPHONIE model along T/P track 9.  
This is also true at other places near the Ligurian Sea. Given 
that the same low frequency steric signal is applied over the 
whole domain of the model, it is assumed that the differ-
ences are mainly due to the specific seasonal dynamics of 
the LPC. 

In addition to offsets due to mesoscale and sub-me-
soscale features, there can be delays between the maximum 

Fig. 16. SLA at 40.81 deg. in Latitude, 5,37 deg. in Longitude (2001/ 
2003). 

Fig. 17. SLA at 43.15 deg. in Latitude, 7,18 deg. in Longitude (2001/ 
2003). 
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(and minimum) of the model SLA and the altimetry SLA, 
with the altimetry signal usually leading the model SLA. 
These temporal lags occur near the coast, in the LPC coast-
al current that flows across the Ligurian Sea and into the 
Gulf of Lions. These are responsible for the weakening of 
correlations (between 0.1 and 0.4) between the model and 
the altimetry SLA even if the shape and the amplitudes of 
both time series are often similar. As noted in section 2, the 
LPC is characterized by a strong seasonal variability. On a 
seasonal scale, the low frequency component of the steric 
effect also entails a sea surface signature in the altimetry 
time series. As shown in section 3.1.3 there is a very good 
agreement concerning this seasonal signal between the al-
timetry and model at the spatial scale of an altimetry ground 
track. However, on closer consideration, the seasonal signal 
is different around the LPC, which suggests there is a non-
steric seasonal variability of the coastal current. It has long 
been realized that the variability of sea level height at tide 
gauges on the coast is different from the steric height of the 
deep ocean not far offshore (Pattullo et al. 1955). Using tide 
gauges at Newport, Oregon and Neah Bay, Washington, 
Reid and Mantyla (1976) perfected a method of extending 
the calculation of steric height (relative to a deep reference 
level) over the much shallower slope and shelf to within 5 
km of the coast. Use of this method reveals that changes 
in sea level at the coastal tide gauges are controlled by the 
cross-shelf geostrophic slopes in the SSH associated with 
narrow jets found over the shelf equatorward in summer and 
poleward in winter (Huyer 1990). By extending the deep 
ocean steric height signals over the shelf, Reid and Mantyla 
made possible a more realistic resolution of these shelf cir-
culation features by hydrographic measurements. 

In order to highlight the relative role of the steric effect 
and the LPC seasonal variability, the low frequency steric 
signal computed (see section 2.1) has been removed both in 
the altimetry and model SLA (Figs. 18, 19). 

By removing the low frequency steric signal in both the 
altimetry and the model, the amplitude decreases by a factor 
of 3. It is noted that the residual seasonal variability exhibits 
a very good agreement between the model and altimetry far 
from the LPC (Fig. 18). The low frequency component of 
this residual signal is due to a local steric signal, with mini-
mum amplitude in April and a maximum in September. 

Inside the LPC coastal current (Fig. 19), a seasonal 
signal is also clearly observed both in altimetry and model 
data. It is interesting to note that the amplitudes of this sig-
nal are significantly more important in the altimetry than 
in the model whereas this is not the case in the deep ocean. 
Thus, the slope between the coast and the deep ocean is un-
derestimated in the model. In a geostrophic hypothesis, this 
allows for the conclusion that the variability of the coastal 
current along the LPC is also underestimated in the model. 
Moreover, the signal inside the LPC current is out of phase 
with the residual steric signal previously observed far from 
the LPC. The minimum of this seasonal non-steric signal 
occurs during summer (July - August) every year both in 
the model and the altimetry data. The maximum occurs in 
winter, but the model maximum often precedes the altimet-
ric maximum by a few months. 

From October 2002 to July 2003, the model does not 
show the same seasonal LPC cycle as altimetry, and the 
model seems less realistic in its representation of the LPC 
dynamics (see Fig. 19). This disagreement appears to be 
related to the external forcing terms of the open boundary 
conditions, prescribed by the general circulation model MF-
STEP. To check it, we compute the transport of the MF-
STEP-OGCM at the Corsica channel boundary condition 
and we compare it with transport computed from in situ data 
(Vignudelli et al. 2000) at the same location (see Fig. 20). 

Figure 20 shows that the in-situ transport and the MF-
STEP transport are well-phased until October 2002. Even if 
during this period, the MFSTEP transport is stronger about 

Fig. 18. SLA minus steric effect at 40.81 deg. in Latitude, 5,37 deg. 
in Longitude. 

Fig. 19. SLA minus steric effect at 43.15 deg. in Latitude, 7,18 deg. 
in Longitude. 
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0.3 Sv than the in-situ one, the two signals are coherent. 
From October 2002 to December 2003, the current enter-
ing the model domain, which flow along the western side 
of Corsica, become particularly weak compared to the in-
situ measurements. Whereas the in-situ and the MFSTEP 
transports are well correlated at the beginning and at the 
end of the simulation, we note that between October 2002 
and July 2003 the two signals are strongly different with 
lags and dynamic events not reproduced by the MFSTEP 
model. Thus, the disagreements observed between the 
SYMPHONIE model and altimetry during this period could 
therefore be due to a defect in the general circulation model 
used to force the regional model rather than to a bad tuning 
of the SYMPHONIE model. Comparison between altimetry 
data and SYMPHONIE can actually be used in the pres-
ent case to detect such defaults. Moreover, in future simu-
lations, the coastal altimetric dataset developed here could 
be considered as an alternative to force the SYMPHONIE 
model. Such a dataset would indeed represent a highly re-
alistic forcing and, contrary to classical altimetric data, has 
sufficient spatial and temporal resolutions and covers com-
pletely the modelled area. 

5. dIscussIons And concLudInG reMArks
5.1 Ability of Altimetry to Validate a boussinesq Model

This work shows the ability of a new multi-mission al-
timetry dataset to validate a Boussinesq model implemented 
in coastal areas. However, the generation of a homogeneous 
altimetry/model dataset is a necessary condition for such 
a validation. In the coastal regions, a different processing 
strategy is needed, including new and improved algorithms 
and corrections in order to increase availability of data in 
quantity and quality. There are still areas of improvement, 
especially for the re-tracking of raw waveforms in coastal 
zones and the computation of an improved Sea Surface Bias 

correction. For example, Ollivier et al. (2005) provided 
a method of noise reduction to improve the mean square 
fitting of radar altimeter echoes for the estimation of sea 
parameters. In addition to the re-tracking, the next step to 
improve the generated coastal altimetry dataset will consist 
of implementing a multi-satellite crossover minimization al-
gorithm in order to eliminate residual large-scale errors (Le 
Traon and Ogor 1998). 

5.2 summary of the results

The comparisons between the SYMPHONIE model 
and the coastal altimetry data show good results especially 
from January 2001 to September 2002 and from July to 
December 2003. In addition to the large-scale variability, 
which is well reproduced by SYMPHONIE, the smaller 
spatial dynamic structures along the satellite tracks are of-
ten in agreement with altimetry. However, the mesoscale 
and sub-mesoscale variability along the continental slopes 
appears difficult to predict. The SLA signal captured by al-
timetry is strongly dominated by the steric signal at the sea-
sonal scale. The seasonal signal combining SYMPHONIE 
SLA with a spatially uniform but time dependent value ex-
hibits a very good agreement with altimetry over the whole 
study domain, except for some coastal areas. Indeed these 
dynamic zones, located along the continental slopes, are 
strongly dominated by the LPC variability. In removing the 
steric signal in both altimetry and model inside the LPC, 
the intrinsic seasonal variability of the LPC is highlighted. 
This variability seems to be in nearly opposite phase with 
the steric signal, in both altimetry and SYMPHONIE (with 
smaller amplitude in the latter), except from September 
2002 to July 2003 in the model. In future studies, the rea-
son for such dephasing has to be investigated by means of 
complementary observations. 

5.3 use of Altimetry to optimize syMPhonIe simu-
lations

Knowledge of the LPC surface variability is a key 
point to better understand the coastal dynamical processes 
in the North-western Mediterranean Sea. A coastal altimetry 
product that allows precise monitoring of sea surface vari-
ability appears to be useful for optimization and better tun-
ing of the boundary conditions and dynamic parameters in 
the SYMPHONIE model. The work presented in this paper 
constitutes a first step towards this purpose and has to be 
integrated into a more general framework, aimed at assimi-
lating improved coastal altimetry in Boussinesq regional 
models over the North-western Mediterranean. 
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