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Abstract. This study presents the upgrade of the Optimal
Interpolation scheme used in the basin scale assimilation
scheme of the Mediterranean Forecasting System. The mod-
ifications include a daily analysis cycle, the assimilation of
ARGO float profiles, the implementation of the geostrophic
balance in the background error covariance matrix and the
initialisation of the analyses. A series of numerical experi-
ments showed that each modification had a positive impact
on the accuracy of the analyses: The daily cycle improved
the representation of the processes with the temporal vari-
ability shorter than a week, the assimilation of ARGO floats
profiles significantly improved the salinity analyses quality,
the geostrophically balanced background error covariances
improved the accuracy of the surface elevation analyses, and
the initialisation removed the barotropic adjustment in the
forecast first time steps starting from the analysis.

1 Introduction

The Mediterranean Forecasting System (MFS) uses a multi-
variate optimal interpolation data assimilation scheme (De
Mey and Benkiran, 2002; Demirov et al., 2003; Dobricic
et al., 2005) in order to combine a model first guess with
satellite and in situ observations. Up to now, the assim-
ilation system used in situ temperature measured by XBT
(Manzella et al., 2001, 20071), satellite Sea Surface Temper-
ature (SST) objective analyses (Buongiorno Nardelli et al.,
2003) and satellite Sea Level Anomaly (SLA) observations
(Le Traon et al., 2003). SST was assimilated by correcting
the heat fluxes (Pinardi et al., 2003). SLA and in situ tem-
perature observations were assimilated using the multivari-
ate background error covariance matrix described in Dobri-
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cic et al. (2005). The analyses were produced once a week.
The oceanographic model made one week long simulations,
and innovations were calculated using the First Guess at Ap-
propriate Time (FGAT) method. The FGAT method consists
in calculating misfits during the integration of the numerical
model exactly at the time when observations are made. The
analysis is then calculated assuming the misfits correspond
to the analysis time.

The major initial improvement in the basin scale assimi-
lation scheme was the usage of the new high resolution gen-
eral circulation model in the Mediterranean described in To-
nani et al. (2007)2. The Mediterranean Forecasting System
(Pinardi et al., 20073) operational functioning was evaluated
during a Targeted Operational Period (TOP) that lasted six
months from September 2004 to march 2005. Immediately
before and during the TOP observational period three other
major modifications were introduced into the assimilation
system. The first was the calculation of analyses with a daily
cycle instead of weekly, the second was the modification of
the background error covariance matrix in order to maintain
geostrophic balance in the error covariances and the third
was the assimilation of the vertical profiles of temperature
and salinity by ARGO floats deployed in the Mediterranean
during TOP (Poulain et al., 20074).

Each of these modifications could theoretically improve
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the accuracy of the ocean state estimates. The application
of the daily cycle increases the frequency by which obser-
vations are melded with model simulations. It this way the
assimilation can more frequently correct background fields
using observations and provide analyses which more accu-
rately describe the evolution of fields due to physical pro-
cesses with a higher temporal variability. Therefore, the fore-
casts starting from daily analyses could be more accurate
than those starting from weekly analyses. The enforcement
of the geostrophic balance in the background error covari-
ance matrix could improve the accuracy of the multivariate
corrections in the analyses. The assimilation of temperature
and salinity by ARGO floats gives new information for the
analyses. Especially the salinity assimilation can be impor-
tant, because in the original assimilation system the salinity
corrections were estimated only indirectly from the observa-
tions of temperature and SLA.

This study will describe in details the major modifications
in the data assimilation scheme. It will estimate the impact
of each modification on the accuracy of the analyses during
the TOP observational period. This will be done by perform-
ing experiments with analyses applying different modifica-
tions during the TOP period and comparing the correspond-
ing forecasts to the observations. Section 2 will describe the
modified assimilation scheme. Section 3 will show the ex-
perimental results, and Sect. 4 will contain conclusions.

2 Modifications in the assimilation scheme

2.1 The Optimal Interpolation scheme

The assimilation scheme is based on the System for Ocean
Forecasting and Analyses (SOFA) that is an optimal inter-
polation scheme (De Mey and Benkiran, 2002). Demirov
et al. (2003) describes the initial setup of the scheme in the
Mediterranean, while the further improvements are described
in Dobricic et al. (2005). The SOFA optimal interpolation is
an approximation of the Kalman filter in which the analy-
ses are the corrections of the background model estimate by
observations. This can be written as:

xa = xb + K [y − H (xb)] , (1)

wherexa is the analysis state vector,xb is the background
state vector or model simulation andH is the non-linear ob-
servational operator. The matrixK is defined by:

K = BHT
(

HBHT
+ R

)−1
, (2)

whereB is the background error covariance matrix,H is the
linear observational operator andR is the observational error
covariance matrix. An assumption in SOFA is that the back-
ground error covariance matrix can be separated in horizontal
and vertical components, andB can be written as:

B = ST BrS. (3)

HereScontains vertical multivariate error covariances repre-
sented by EOFs, andBr contains horizontal covariances and
eigenvalues of vertical EOFs:

Br = 31/2C31/2. (4)

In Eq. (4)3 is a diagonal matrix containing the eigenvalues
of the vertical EOFs andC contains horizontal covariances
modelled as Gaussian functions of distance.

In the Mediterranean the vertical EOFs are calculated from
the historical model simulation for the period 1993–1997
(Demirov et al., 2003). They are calculated separately for
13 geographical regions, 20 EOFs are kept in each region
and four seasons are considered (Dobricic et al., 2005).

The Mediterranean Sea model set-up is based on the free
surface version of the OPA 8.1 model (Roullet and Madec,
2000). The horizontal resolution is 1/16◦. This means that
in the latitudinal direction the horizontal distance between
points is 7 km, and in the longitudinal direction it is between
6km at 30◦ N and 5 km at 44◦ N. The model has 72 lev-
els in vertical. The detailed description of the model set-up
and performance in the Mediterranean is given in Tonani et
al. (2006). Surface fluxes are calculated interactively (Castel-
lari et al., 1998) using operational analyses of temperature,
humidity, winds and cloud cover from the European Centre
for the Medium range Weather Forecasting (ECMWF) avail-
able with the horizontal resolution of 0.5◦ and 6 h temporal
resolution.

The model started the simulation on the 1 January 2002
with initial temperature and salinity obtained from the Jan-
uary MEDATLAS climatology (The MEDAR Group 2002).
Analyses are produced starting from the 1 January 2003 with
the weekly cycle until June 2004 and the daily cycle after-
wards. The SLA data are derived by the SALTO-DUACS
project and two satellite altimeters are used: Jason-1 and
Geosat Follow On (GFO). The assimilation of SLA obser-
vations uses the mean dynamic topography calculated by
Rio et al. (2007). The estimation of the mean dynamic to-
pography is obtained by the objective analysis which used a
modelling estimate by the previous MFS general circulation
ocean model with the horizontal resolution of 1/8◦ for the
time period 1993–1997 (Demirov et al., 2003) as the back-
ground field. This background field was corrected using a
combination of surface velocity observations by drifters and
SLA in the period 1993–1997.

2.2 Daily assimilation cycle

Daily and weekly assimilation cycles in the basin scale sys-
tem are shown in Fig. 1. All satellite observations for the
previous 2 weeks are received once a week. In the assimi-
lation with the weekly cycle two analyses are performed at
days J-7 and J. The first analysis is made using the one week
long model run which starts on the day J-14 and ends on J-
7. The second analysis is made from the model run which
starts from the previous analysis on the day J-7 and ends on
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previous 14 days
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previous 14 days

Observations for
previous 14 days

J-7J-8J-9J-10J-11 J-6 J-5 J-4 J-3 J-2 J-1 JJ-12

Observations for
previous 14 days

J-13J-14

Observations for
previous 14 days

Observations for
previous 14 days

Redo analyses for previous 14
days with newly arrived
observations

Analysis window

Analysis window

Redo analyses for previous 14
days with newly arrived
observations

Fig. 1. The schematic description of the weekly (top) and daily
(bottom) analysis cycle.

the day J. During the model simulation misfits between the
model first guess and observations are calculated using the
FGAT method. In this way each week the analyses for the J-7
replaces the last analyses produced one week before. This is
done because the specific quality control procedure for SLA
observations produces observations with higher accuracy two
weeks later (Le Traon et al., 2003).

In the daily cycle the model simulation which creates the
background fields is one day long. Misfits are calculated us-
ing the FGAT method and the analysis is made at the end of
each day. Even in this case observations for the previous 14
days arrive once a week. Therefore, the analyses for the pre-
vious 14 days are calculated starting from the day J-14. In
this case there are 7 analyses that overlap with those made in
the previous week (from day J-14 until day J-7).

2.3 Geostrophically adjusted error covariance matrix

The vertical EOFs are calculated from the historical model
simulation in 13 regions and for each season (Dobricic et
al., 2005). EOFs are quadrivariate and include surface el-
evation, barotropic stream function and vertical profiles of
temperature and salinity from a model simulation done with
the previous version of the model (Pinardi et al., 2003). This
methodology produces spatially and temporally variable ver-
tical error covariances containing the characteristic dynami-
cal variability of the model errors in the Mediterranean.

As in meteorology, we argue that vertical error correlations
represented by EOFs should satisfy the geostrophic balance

Fig. 2. Positions of ARGO floats assimilated in the period October
2004–March 2005.

(e.g. Daley, 1991). The geostrophic balance in vertical EOFs
can be estimated using the formula of Pinardi et al. (1995)
which links variations of temperature and salinity in a water
column with variations of the barotropic stream function and
surface elevation:

δη =
f δ9

gh
−

1

ρ0h

0
∫

−h

(

∂ρ

∂T
δT +

∂ρ

∂S
δS

)

(z + h)dz, (5)

whereg is acceleration due to gravity,ρ0 is the reference den-
sity, andh is the bottom constant depth, chosen to be 1000 m.
Corrections of the surface elevation, barotropic stream func-
tion, temperature and salinity are represented respectively by
δη, δ9, δT andδS. By substituting corrections inδ9, δT

andδS from each EOF into Eq. (5) we compute the correc-
tions in the surface elevationδη on the left side of Eq. (5).
In most EOFs differences between the originalδη and that
calculated from Eq. (5) were relatively small. However, in
some cases differences were significant, and sometimes val-
ues had the opposite sign (not shown). This result indicates
that statistically estimated error correlations represented by
EOF eigenvectors are sometimes due to ageostrophic dynam-
ics.

Therefore, we have decided to impose the geostrophic con-
straint given by Eq. (5) in all EOFs in order to dynamically
link the errors in SLA with the errors in the barotropic stream
function, temperature and salinity. Therefore, for each EOF
the value forδη is computed by Eq. (5) using existingδ9,
δT andδS.

After the assimilation cycle is terminated temperature,
salinity, sea surface level and barotropic stream function are
updated by (1). Barotropic stream function is not a prog-
nostic variable in the free surface version of the OPA model.
Therefore its correction is only used to calculate corrections
of barotropic velocity components, deduced from the total
velocity field components which are prognostic variables in
the model. Barotropic velocity corrections are calculated by:

δuB = −
1

h

∂9

∂y
andδvB =

1

h

∂9

∂x
, (6)
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Fig. 3. The weekly r.m.s. of SLA residuals (cm) in the period 1
October 2004–15 March 2005. Crosses indicate the reference ex-
periment, the empty circles the experiment with the weekly analy-
ses, full circles the experiment without the assimilation of observa-
tions by ARGO floats, and squares the experiment with un-balanced
EOFs.

whereh is 1000 m. The model total velocity field is separated
into its vertically integrated or barotropic component and a
baroclinic part. The barotropic part is then corrected by the
terms in (6) in a new estimate of the total velocity.

2.4 Assimilation of ARGO floats

The relatively large number of ARGO floats deployed in the
Mediterranean by the MFSTEP (MedARGO floats, Poulain
et al., 20074) gave a possibility to operationally assimilate
temperature and salinity observations by ARGO floats in a
multivariate mode, together with other in situ and satellite
observations. In addition to the MedARGO floats the NAV-
OCEANO floats in the Levantine were also used. Figure 2
shows positions of ARGO floats during the experiments de-
scribed in Sect. 3.

2.5 Balanced initialisation

The OPA model is a free surface model in which the surface
elevation is simulated using an implicit numerical scheme
(Roullet and Madec, 2000). Therefore, fast gravity waves
could be excited by the updated and unbalanced initial ve-
locity field. Although the velocity corrections in the analysis
contain only corrections due to the barotropic stream func-
tion, the three dimensional divergence may differ from zero
in areas of variable bottom topography. This happens be-
cause the corrections in the barotropic stream function are
calculated under the assumption of constant bottom topogra-
phy and no coastlines. As a consequence the three dimen-
sional divergence of the velocity field near the coasts is dif-
ferent from zero.

In order to reduce the impact of the unbalanced correc-
tions on the barotropic gravity waves, velocity corrections
are filtered using the “divergence damping filter” (Talagrand,
1972). However, unlike the previous applications, where it
was applied on the analysis velocity field, the divergence
damping filter is applied now only to the corrections of the
velocity field.

The corrections in the horizontal velocity field can be fil-
tered by successively applying the Laplacian horizontal op-
erator:

δvn+1 = δvn + a∇
2δvn, (7)

whereδv is the correction of horizontal velocity,n indicates
the iterative step in the application of the filter, anda is the
coefficient of viscosity. Alternatively, the equation can be
written as:

δvn+1 = δvn + aD∇Dn + aζ ∇ × (ζnk) , (8)

whereaD=aζ =a, D=∇ · δv is horizontal divergence and
ζ=k · ∇ × δv horizontal vorticity of the velocity corrections.
By taking the gradient of (8) it can be shown that the second
term on the right side filters the divergent part of the velocity
field corrections, and by taking the curl of (8) the third term
filters the rotational part. Therefore by settingaζ ≡0 only the
divergence will be filtered and the vorticity will remain un-
changed. This procedure is applied at each model level in or-
der to damp the vertical velocity which would develop due to
the unbalanced velocity corrections. As a consequence also
the divergence of the vertically integrated velocity is filtered
and the artificial barotropic waves are suppressed.

3 Evaluation of the impact of the assimilation modifica-
tions

3.1 Evaluation of analyses quality

In order to evaluate the impact of each modification on the
accuracy and quality of the analyses 4 experiments are per-
formed during the TOP period (1 October 2004–15 March
2005). In this period the MFSTEP made a relatively large
number of in situ observations by ARGO floats and XBT in-
struments, which could be used for the evaluation of different
assimilation schemes. The reference experiment uses the as-
similation system with all modifications. It uses the daily
cycle, it assimilates observations by ARGO floats and it uses
geostrophically balanced EOFs. In each of the three remain-
ing experiments one modification at a time was not applied:
the first experiment applies the weekly cycle, the second ex-
periment does not assimilate ARGO floats in the daily cycle,
and the third experiment applies the original EOFs which are
not always in geostrophic balance to the daily cycle. In this
way it is possible to estimate the impact of each individual
modification on the quality of the analyses. The atmospheric
forcing is the same in all experiments and is obtained from
the ECMWF atmospheric analyses.

Figure 3 shows the temporal variability of weekly r.m.s. of
SLA misfits for all experiments. Although SLA observa-
tions are assimilated in the analyses, the SLA misfit is an
estimate of the analyses accuracy because it compares model
forecasts with observations before the SLA observations are
assimilated. In each daily analysis there are about 150–200
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SLA observations in the Mediterranean along a few tracks
(Fig. 4a). Positions of tracks differ in each subsequent day
(Fig. 4b) and they do not repeat since the Jason-1 and GFO
satellite repeat times are longer. Therefore, in order to make
the statistics robust, FGAT misfits are grouped into one week
long time intervals also in the case of the daily cycle. In
this way the number of misfits used for the calculation of the
r.m.s. for the daily and weekly cycle experiments is identical
and it is about 1000–1500 misfits/week, with tracks covering
quite uniformly the Mediterranean Sea (Fig. 4b). It is im-
portant to notice that this grouping of the misfits still allows
us to estimate the impact of the daily analysis scheme, be-
cause the impact of the more frequent daily updates should
improve the free model run starting from the daily analyses,
even when misfits are grouped weekly.

From Fig. 3 we can see that in the first few months there is
not much difference between all the experiments. However,
from the beginning of December 2004 till the end of Jan-
uary 2005 the experiment with the original EOFs is less ac-
curate than the reference experiment with the geostrophicaly
balanced EOFs. Furthermore, starting from the beginning
of January 2005 the experiment with the weekly cycle has
a consistently higher r.m.s of SLA misfits and thus a lower
accuracy of analyses than the reference experiment with the
daily cycle. On the other hand the experiment without the
assimilation of ARGO floats shows a similar performance to
that of the reference experiment throughout the evaluation
period. This result can be explained by the fact that there are
many more SLA observations than observations by ARGO
floats. They cover almost the whole Mediterranean, while in
a single week ARGO floats cover only several points in the
Mediterranean. Therefore, the assimilation of ARGO floats
does not influence significantly the overall accuracy of the
system when compared with SLA observations in the whole
Mediterranean.

In order to estimate how important are the differences
in results between experiments, Fig. 3 can be compared to
Fig. 8 in Dobricic et al. (2005). We can see in Dobricic et
al. (2005) that, in comparison to the free run of the coarse
(1/8 degree resolution) model, the weekly data assimilation
reduces the r.m.s. of SLA misfits by∼3cm. A similar re-
sult was obtained also for the data assimilation with the high
resolution ocean model used in this study (not shown). Fig-
ure shows that in the period December 2004–January 2005
the daily cycle improved the r.m.s. of SLA misfits obtained
by the weekly cycle by∼0.3 cm, i.e. by∼10% of the over-
all reduction due to the data assimilation. Due to the end of
the TOP period and the consequent drop of the number of
ship of opportunity XBTs, experiments were stopped at the
end of February 2005 so that our evaluation is done with an
almost uniform set of data for the whole time period. Al-
though there is no experimental proof, we can expect that
even with smaller amount of data the daily will always show
improvements with respect to the weekly analysis cycle sys-
tem. However, we can see from Fig. 3 that the relatively large

Fig. 4. A typical distribution of SLA observations assimilated in
one day (upper panel) and in one week (lower panel). Dots indicate
the position of each observation:(a) observations assimilated on 26
October 2004,(b) observations assimilated in the week 26 October
2004–1 November 2004.

Fig. 5. The r.m.s. of SLA misfits (cm) as a function of the day of the
simulation in the weekly analysis cycle during the period 1 October
2004-15 March 2005.

improvement is especially limited to certain time periods of
the year.

The improved r.m.s. of SLA misfits by a daily analysis sys-
tem eventually could be explained by the fact that the misfits
in the weekly scheme increase during the seven days long
forecast or free run. However, Fig. 5 does not confirm this
hypothesis, because it does not show a net increase of the
r.m.s. of SLA misfits as a function of the day of the fore-
cast. A very similar result was also obtained for the period
December 2004–January 2005, when the difference between
the daily and the weekly scheme was the largest (not shown).
Probably, the daily scheme is more accurate because in one
week many satellite tracks are positioned close or cross each
other (Fig. 4b). Therefore, it seems that the more frequent
assimilation of SLA observations by the daily scheme may
increase the accuracy of the analyses in areas where observa-
tions are made several times during a single week.

Figure 6 shows temporal evolution of the r.m.s of

www.ocean-sci.net/3/149/2007/ Ocean Sci., 3, 149–157, 2007
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Fig. 6. The r.m.s. of temperature residuals in the first 300 m of the
water column (◦C) calculated with observations by ARGO floats:
(a) reference experiment,(b) weekly analyses,(c) analyses without
the assimilation of ARGO floats and(d) analyses with unbalanced
EOFs. The r.m.s is averaged for a period of 14 days.

temperature misfits computed using ARGO floats. In this
case clearly the experiment which does not assimilate data
from ARGO floats has the lowest accuracy. Even the ex-
periments with the weekly cycle or with the original EOFs
seem to be slightly less accurate than the reference experi-
ment close to the end of the evaluation period, but the differ-
ences are too small to be significant. On the other hand the
temporal evolution of the r.m.s of temperature misfits com-
puted using XBT observations (not shown) did not show any
significant impact of modifications, with all experiments hav-
ing very similar r.m.s. of misfits. The reason that the r.m.s. of
XBT temperature misfits was relatively insensitive to the as-
similation of ARGO floats, could be that there was a rela-
tively small number of XBT observations close to the ARGO
observations. Furthermore, the temporal frequency of XBT
observations was too low in order to show a significant im-
pact on the daily analyses. Figure 7 shows the temporal evo-

Fig. 7. Same as Fig. 6, but for salinity residuals (PSU) calculated
with observations by ARGO floats.

lution of the r.m.s of salinity misfits computed using ARGO
floats. Again, like in the case of temperature misfits, the ex-
periment without the assimilation of ARGO floats shows the
least accurate results, while the differences between other ex-
periments seem to be too small in order to be significant.

3.2 Impact of balanced initialisation

The integration of the barotropic velocity components by
implicit numerical methods automatically damps all gravity
waves that have a relatively small horizontal scale (Roullet
and Madec, 2000). As a consequence, the barotropic grav-
ity waves developed in response to the unbalanced initial ve-
locity field along the coasts are dissipated in several time
steps of the model integration. Therefore, the divergence
damping filter will have an impact only in the first few time
steps of the model integration. Figure 8 shows the tendency
of the surface elevation increment, which is proportional to
the divergence of the vertically integrated velocity, after the
first time step of the model integration. Without balanced
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Fig. 8. The increment of the surface elevation (cm) in the first model
time step starting from the analysis on 1 October 2004. The figure
shows a part of the coast where the un-initialised analysis produced
particularly large oscillations of the surface elevation. The result for
the un-initialised analysis is shown in the upper panel, and for the
initialised analysis in the lower panel. The contour interval in the
upper panel is 25 cm and in the lower panel 0.025 cm.

initialisation the increment is very large at some places along
the coast reaching amplitudes of 100 cm. On the other hand,
after the initialisation the magnitude of the initial increment
is practically negligible everywhere with the maximum value
of 0.1 cm.

4 Discussion and conclusions

The basin scale assimilation system in the Mediterranean has
been modified in order to assimilate observations with a daily
frequency and to assimilate observations by ARGO floats in
a multivariate mode. The EOFs representing the vertical er-
ror covariances in the background error covariance matrix
were adjusted in order to enforce the geostrophic balance be-
tween temperature, salinity and barotropic streamfunction in-
crements. The usage of the free surface model in the Mediter-
ranean required the initialisation of the velocity increments
in order to reduce the unrealistic development of barotropic
gravity waves near the coasts.

The impact of each of these modifications on the accuracy
of the analyses was separately estimated in a set of exper-
iments which covered the TOP observational period. The
comparison between the daily and the weekly assimilation
cycle showed that the application of the daily assimilation
cycle reduced the r.m.s. of SLA residuals, while it did not
change significantly the r.m.s. of temperature and salinity

Fig. 9. Difference in surface elevation (cm) on 15 March 2005.
between the control experiment and:(a) experiment with weekly
analyses,(b) experiment without the assimilation of observations
from ARGO floats, and(c) experiment with un-balanced EOFs. The
contour interval is 5 cm, and the 0 cm isoline is not plotted in order
to represent only the largest differences.

residuals. The difference in the improvement between the
r.m.s. of SLA and in situ observations misfits appears be-
cause the SLA observations are available with a higher tem-
poral frequency than in situ observations. Different satellite
tracks often cross each other in consecutive days, while ob-
servations by each ARGO float repeat at the lower tempo-
ral frequency of 5 days or more. Therefore, daily analyses
could incorporate more information from frequent observa-
tions like satellite SLA, while they did not improve the infor-
mation coming from less frequent in situ observations. The
assimilation of observations by ARGO floats significantly
improved the accuracy of the analyses close to the position
of ARGO floats, while the impact on the SLA residuals was
small. This happened because there are many more observa-
tions of SLA than in situ profiles by ARGO floats. There-
fore, the relatively small number of ARGO floats in vicin-
ity of SLA observations cannot significantly influence the
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r.m.s. based on all SLA observations. The application of
the geostrophic balance in vertical EOFs of the background
error covariance matrix mainly has an impact on the r.m.s. of
SLA but not a quantifiable effect on the profile assimilation.

Experiments showed that each modification had a positive
effect on the quality of the analyses, although each modi-
fication improved analyses in a different way. In order to
illustrate more clearly how each modification impacted the
analyses, Fig. 9 shows the difference in the weekly averaged
surface elevation field between the reference experiment and
each of the three experiments at the end of the comparison
period, between 8 March 2005 and 15 March 2005. We can
see that, in agreement with the results shown in Fig. 3, the
assimilation of ARGO floats has a relatively small impact
on the surface elevation field. The differences are mostly
concentrated close to the position of ARGO floats shown in
Fig. 2, although they can also exist remotely from ARGO
observations, like in the Atlantic Ionian Stream south-east
from Sicily. The differences with the experiment applying
the weekly assimilation cycle is relatively small in large parts
of the Mediterranean, but in areas with the relatively strong
surface circulation, like the area of the Algerian Current in
the Western Mediterranean, the Atlantic Ionian Stream in the
Ionian Sea and the Atlantic Stream in the Levantine Sea,
differences are relatively large. This result indicates that
the largest impact of the daily assimilation cycle is in areas
where the dynamics are the most intense and have a rela-
tively large temporal and spatial variability. The differences
with the un-balanced EOFs are spread over large parts of the
Mediterranean and seem to be connected both to the position
of ARGO floats (Fig. 2) and XBT observations (not shown),
and to the dynamics.

The control experiment containing all modifications had
the highest accuracy of the analyses. However, sometimes
the accuracy of the salinity field was still not higher than in
the systems with less improvements . This problem might be
due to the relatively inaccurate representation of the error co-
variances between surface elevation, temperature and salinity
in the error background matrix. For example we can see in
Fig. 6 that the vertical structure of the temperature misfits has
seasonal variability with the highest errors close to the bot-
tom of the mixed layer which forms in summer. Similarly, we
may expect that also salinity errors have a large spatial vari-
ability due to the relatively complex dynamics of the surface
circulation and relatively high salinity gradients between the
Atlantic waters with low and Mediterranean waters with high
salinity (Dobricic et al., 2005). Furthermore, the path of the
Atlantic water in the Mediterranean may have a high interan-
nual variability (e.g. Demirov and Pinardi, 2002). Therefore,
in order to improve the estimate of error covariances, in the
future they will be updated with a higher temporal frequency.

It is important to notice that with the optimal interpola-
tion scheme the calculation of seven daily analyses requires
a similar amount of computational time as a single weekly
analysis, because the computational time mainly depends on

the number of observations. On the other hand, in a three di-
mensional variational scheme which is defined on the model
space, computational time would mainly depend on the size
of the model grid which is fixed, and computationally the
daily scheme would be seven times more expensive than the
weekly scheme. In that case, when deciding whether to use
the daily or the weekly scheme, the increase of the computa-
tional time should be considered in addition to improvements
in accuracy shown in this study.

Acknowledgements. This study was financed by the EU project
MFSTEP (Mediterranean Forecasting System: Towards Environ-
mental Predictions, Contract number: EVK3-CT-2002-00075) and
MERSEA (Marine Environment and Security for the European
Area, Contract number: SIP3-CT-2003-502885)). Comments by
two unknown reviewers significantly improved the presentation of
the results of the paper.

Edited by: A. Sterl

References

Buongiorno Nardelli, B., Larnicol, G., D’Acunzo, E., Santoleri, R.,
Marullo, S., and Le Traon, P. Y.: Near Real Time SLA and SST
products during 2-years of MFS pilot project: processing, analy-
sis of the variability and of the coupled patterns, Ann. Geophys.,
21, 103–121, 2003.

Castellari, S., Pinardi, N., and Leaman, K. D.: A model study of
air-sea interactions in the Mediterranean Sea, J. Mar. Syst., 18,
89–114, 1998.

Daley, R.: Atmospheric data analysis. Cambridge atmospheric and
space science series,Cambridge University Press, ISBN 0-521-
38215-7, 1991.

De Mey, P. and Benkiran, M.: A multivariate reduced-order optimal
interpolation method and its application to the Mediterranean
basin-scale circulation, Ocean Forecasting, edited by: Pinardi,
N. and Woods, J., Springer Verlag, 281–306, 2002.

Demirov, E. and Pinardi, N.,: Simulation of the Mediterranean Sea
circulation from 1979 to 1993. Part I: The interannual variability,
J. Mar. Syst., 33–34, 23–50, 2002.

Demirov, E., Pinardi, N., Fratianni, C., Tonani, M., Giacomelli, L.,
and De Mey, P.: Assimilation scheme in the Mediterranean fore-
casting system: operational implementation, Ann. Geophys., 21,
189–204, 2003, http://www.ann-geophys.net/21/189/2003/.

Dobricic, S., Pinardi, N., Adani, M., Bonazzi, A., Fratianni, C., and
Tonani, M.: Mediterranean Forecasting System: An improved
assimilation scheme for sea-level anomaly and its validation, Q.
J. R.. Meteorol. Soc., 131, 3627–3642, 2005.

Le Traon, P. Y., Nadal, F., and Ducet, N: An improved mapping
method of multisatellite altimeter data, J. Atmos. Oceanic Tech-
nol., 15, 522–533, 2003.

Manzella, G., Cardin, V., Cruzado, A., Fusco, G., Gacic, M., Galli,
C., Gasparini, G., Gervais, T., Kovacevic, V., Millot, C., Pe-
tit DeLa Villeon, L., Spaggiari, G., Tonani, M., Tziavos, C.,
Velasquez, Z., Walne, A., Zervakis, V., and Zodiatis, G.: EU-
sponsored effort improves monitoring of circulation variability

Ocean Sci., 3, 149–157, 2007 www.ocean-sci.net/3/149/2007/

http://www.ann-geophys.net/21/189/2003/


S. Dobricic et al.: Daily oceanographic analyses in the Mediterranean 157

in the Mediterranean, EOS Transactions, American Geophysical
Union, 82, 497–504, 2001.

The MEDAR Group: MEDAR/MEDATLAS 1998-2001 Mediter-
ranean and Black Sea database of temperature, salin-
ity and bio-chemical parameters and climatological atlas
(4 CDRoms), Internet server http://www.ifremer.fr/sismer/
program/medarIFREMER/TMSI/IDM/SISMEREd., Centre de
Brest, 2002.

Pinardi, N., Rosati, A., and Pacanowski, R. C.: The sea surface
pressure formulation of rigid lid models. Implications for alti-
metric data assimilation studies, J. Mar. Syst., 6, 109–119, 1995.

Pinardi, N., Allen, I., Demirov, E., De Mey, P., Korres, G., Las-
caratos, A., Le Traon, P.-Y., Maillard, C., Manzella, G., and
Tziavos, C.: The Mediterranean ocean forecasting system: first
phase of implementation (1998–2001), Ann. Geophys., 21, 3–20,
2003, http://www.ann-geophys.net/21/3/2003/.

Rio, M. E., Poulain, P.-M., Pasqual, A., Mauri, E., Larnicol, G., and
Santoleri, L.,: A mean dynamic topography of the Mediterranean
Sea computer from the altimetric data and in situ measurements,
J. Mar. Sys., 65, 484–508, 2007.

Roullet, G. and Madec, G.: Salt conservation, free surface, and
varying levels: a new formulation for ocean general circulation
models, J. Geophys. Res., 105, 23 927–23 942, 2000.

Talagrand, O.: On the damping of high-frequency motions in four-
dimensional assimilation of meteorological data, J. Atmos. Sci.,
29, 1571–1574, 1972.

www.ocean-sci.net/3/149/2007/ Ocean Sci., 3, 149–157, 2007

http://www.ifremer.fr/sismer/program/medarIFREMER/TMSI/IDM/SISMER
http://www.ifremer.fr/sismer/program/medarIFREMER/TMSI/IDM/SISMER
http://www.ann-geophys.net/21/3/2003/

