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Abstract

This study describes a new model implementation for the Mediterranean Sea that has
been achieved in the framework of the Copernicus Marine Environment Monitoring
Service (CMEMS). The numerical ocean prediction system, that operationally produces
analyses and forecasts of the main physical parameters for the entire Mediterranean
Sea and its Atlantic Ocean adjacent areas, has been upgraded by increasing the grid
resolution from 1/160 to 1/240 in the horizontal and from 72 to 141 unevenly spaced
vertical levels, by increasing the number of fresh water river inputs and by updating
the data assimilation scheme. The model has a non-linear explicit free surface and it
is forced by surface pressure, interactive heat, momentum and water fluxes at the air-
sea interface. The focus of this work is to present the new modelling system which
will become operational in the near future and the validation assessment including
the comparison with an independent non assimilated dataset (coastal moorings) and
quasi-independent (in situ vertical profiles and satellite) datasets. The results show
that the higher resolution model is capable of representing most of the variability
of the general circulation in the Mediterranean Sea, however some improvements
need to be implemented in order to enhance the model ability in reproducing specific
hydrodynamic features particularly the Sea Level Anomaly.
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1. Introduction

The Mediterranean Forecasting System, MFS, (Pinardi et al., 2003, Pinardi and
Coppini 2010, Tonani et al., 2014) is providing since year 2000 numerical analysis and
short term forecasts of the main physical parameters in the Mediterranean Sea. The
reanalysis started much later (Adani et al., 2011, Simoncelli et al., 2016) and became
a routine activity only from 2012. The modelling system has been upgraded during
the years in the framework of several national and international projects and, since
April 2015, is providing the physical component of the Med-MFC (Mediterranean
Monitoring and Forecasting Center) for the Copernicus Marine Environment
Monitoring Service (CMEMS) producing every week the analysis of the previous two
weeks and providing daily updates of the following 10 days forecast at basin scale,
which are freely available through the CMEMS Catalogue (http://marine.copernicus.
eu/, Clementi et al., 2017a).

The aim of this study is to provide a description of the recently upgraded Mediterranean
Sea forecasting model and data assimilation implementation, which will enter in
operation starting from October 2017, and to assess the quality of the new numerical
system (namely EAS2) with respect to the previous version (namely EAS1) by comparing
with in situ and satellite observation datasets.

2. MED-MFC physical modelling system
until september 2017: EAS1

The present day Med-MFC numerical hydrodynamic system (so-called EAS1, Clementi
et al., 2017a, Oddo et al., 2014) is composed by two elements: an Ocean General
Circulation Model (OGCM) and a third generation Wave Model (coupling mechanism
is described in Clementi et al., 2017b); the numerical solutions are corrected by a data
assimilation scheme based on 3DVAR. The modelling system is implemented in the
Mediterranean Sea and its Atlantic Ocean adjacent areas in order to better represent
the hydrodynamics at the Gibraltar Strait at 1/160 resolution and 72 vertical levels.

The OGCM code is based on NEMO (Nucleus for European Modelling, Madec 2008)
version 3.4 and the model solves the primitive equations using the time-splitting
technique, meaning that the external gravity waves are explicitly resolved, and with
the linear free surface approximation. The model is forced by momentum, water and
heat fluxes interactively computed by bulk formulae using the 6-hours (for the first
3 days of forecast a 3-hours temporal resolution is used), 1/8° horizontal-resolution
operational analysis and forecast fields from the European Centre for Medium-Range
Weather Forecasts (ECMWF) and the model predicted surface temperatures (details of
the air-sea physics are in Pettenuzzo et al., 2010). The surface water flux is computed as
Evaporation minus Precipitation and Runoff. The evaporation is derived from the latent
heat flux, the precipitation is provided by ECMWEF at the same temporal resolution of
the other atmospheric forcing fields, while 7 rivers are considered as volume inputs
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provided by monthly mean datasets; moreover the Dardanelles Strait is closed but
considered as net volume input (Kourafalou and Barbopoulos, 2003) through a river-
like parameterization. At the bottom, a quadratic bottom drag coefficient has been
used and the model uses vertical partial cells to fit the bottom depth shape. The
nesting in the Atlantic Sea is provided by means of daily analysis and forecast CMEMS
GLO-MFC (Global Ocean MFQC) fields at 1/12° horizontal resolution (the nesting
approach is described in Oddo et al., 2009).

The numerical solutions are corrected by a data assimilation scheme based on 3DVAR
(Dobricic and Pinardi, 2008), recently modified (Pistoia et al., 2017) to have grid point
EOFs and a time dependent observational error evaluated according to Desroziers et
al., (2005). The assimilated data include: satellite Sea Level Anomaly (SLA) accounting
for atmospheric pressure effect (from CMEMS Sea Level Thematic Assembly Center),
and vertical temperature and salinity profiles from Argo, XBT and gliders (from CMEMS
In situ Thematic Assembly Center). Objectively Analyzed Sea Surface Temperature
(SST) fields (from CMEMS Ocean and Sea Ice Thematic Assembly Center) are used
for the correction of surface heat fluxes using a relaxation constant of 40 [Wm-2K-1].

3. MED-MFC physical modelling system form october 2017:
EAS2

In October 2017 a new Med-MFC physical model will become operational, so-called
EAS2, using the latest available NEMO model version 3.6 with non-linear free surface
formulation and time-varying vertical z-star coordinates. The new model resolution is
increased to 1/240 uniform in the horizontal and 141 unevenly spaced vertical levels
allowing to define the model as an eddy-resolving model for the Mediterranean Sea,
since the first internal Rossby radius of deformation is around 10-15km in summer
and for most of the Mediterranean subregional seas. The new vertical background
viscosity and diffusivity values are set to 1.2e-6 [m2/s] and 1.0e-7 [m2/s] respectively (in
EAS1 the values were set as: 1.2e-5 and 1.2e-6 [m2/s]), the horizontal bilaplacian eddy
diffusivity and viscosity are set respectively equal to -1.2e8 [m4/s] and -2.e8 [m4/s] (in
EAS1 the values were set as: 1.2e-6 and 1.0e-7 [m4/s]). No coupling with wave model
is yet operational, it will be re-inserted in April 2018 (corresponding to the end of
the 1st phase of the CMEMS service). The data assimilation system is modified with
respect to EAST implementing the 3DVAR scheme developed by Storto et al., (2015).
The surface and open boundary forcing fields are not changed with respect to the
previous system, while the freshwater inputs are increased from 7 to 39 river sources
evaluated from monthly mean datasets. The new topography is created starting from
the GEBCO 30arc-second grid (http://www.gebco.net/data_and_products/gridded_
bathymetry_data/gebco_30_second_grid/), filtered and manually modified in critical
areas such as: islands along the Eastern Adriatic coasts, Gibraltar and Messina straits,
Atlantic box edge. Fig. 1 shows the model domain and topography as well as the
location of the 39 rivers.
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Fig. 1. Model domain, topography and location of river inputs: yellow
dots represent the 7 river sources included in both EAS1 and EAS2,
red dots represent the 32 additional rivers implemented in EAS2.

4. Model validation

The EAS2 system described in section 3 has been run starting from August 2013,
initialized with temperature and salinity climatological fields from WOA13 V2 (World
Ocean Atlas 2013 V2, https://www.nodc.noaa.gov/OC5/woa13/woal3data.html), up
to present day in order to build a pre-operational dataset which has been validated
using in situ and satellite observations. We will consider here intercomparison
of EAS1 with EAS2 in the period 1%t January 2015-31* December 2016. The EAS2
system described in section 3 has been run starting from August 2013, initialized with
temperature and salinity climatological fields from WOA13 V2 (World Ocean Atlas
2013 V2, https://www.nodc.noaa.gov/OC5/woal13/woal3data.html), up to present
day in order to build a pre-operational dataset which has been validated using in situ
and satellite observations. We will consider here intercomparison of EAS1 with EAS2
in the period 1% January 2015-31<t December 2016.

4.1 Validation datasets

Different datasets have been used to validate the numerical model results.

The first source of data consists of daily averages of in situ observations derived from
a fixed coastal buoy network (http://calval.bo.ingv.it/) for temperature, salinity, sea
level and currents. This provides an independent validation since moorings are not
assimilated by the model. Quasi-independent validation is provided by evaluating
temperature, salinity and SLA misfits calculated by the data assimilation system before
data are ingested in the system. Moreover maps of numerical SST are compared to
satellite daily gap-free SST-L4 maps at 1/160 resolution (Buongiorno Nardelli et al.,
2013) and comparison of the volume averaged temperature and salinity properties is
done with available WOA13 V2 climatological data sets for the Mediterranean Sea.
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4.2 Validation results

The results of the validation procedure are evaluated considering the years 2015-2016
for both the new upgraded system at 1/24° resolution (EAS2) and the previous system
at 1/16° resolution (EAS1).

The model independent validation performed using coastal moorings is assessed by
considering the Root Mean Square Difference (RMSD) of surface fields for: temperature,
salinity, sea level and currents. Table | shows that the skill of the two systems in terms
of temperature, salinity and currents is similar, while the new system is able to better
predict the coastal sea level with a reduced error of about 0.7cm in 2015 and 0.3cm
in 2016.

Table I. RMSD of Temperature, Salinity, Sea Level, Zonal and Meridional Currents for
systems EAS1 and EAS2 compared to surface coastal mooring observations for the years
2015 and 2016. The number of available buoys used to validate the model solutions is also
provided.

YEAR 2015 YEAR 2016
VARIABLE
Temperature [0(] 15 0.84 0.89 16 0.67 0.66
Salinity [PSU] 8 0.57 0.57 8 0.39 0.40
Sea Level [cm] 51 6.11 539 49 4.81 4.51
Zonal Vel. [cm/s] 5 12.85 11.72 6 11.35 12.13
Merid. Vel. [cm/s] 5 1331 12.91 6 12.60 1333
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A check on the daily volume averaged salinity is provided by comparing the two systems
with available WOA13 V2 datasets (used to initialize EAS2 system) and represented
in Fig. 2 showing that the new system (blue line) is much closer to the climatological
dataset (black dashed line) with respect to EAS1 (red line), also assessing the ability of
the model to not diverge from its initial status.
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Fig. 2. Time series of daily volume averaged salinity evaluated
for systems EAS1 (red line), EAS2 (blue line) and compared to
monthly climatological values from WOA13 V2 datasets.

A quasi-independent validation assessment has been carried out by evaluating the
RMS misfits in the open ocean: RMS of observation minus model value transformed
at the observation location and time. Numerical temperature and salinity fields are
compared to in situ datasets and SLA is compared to satellite observations. Results
are presented in Table Il for temperature and salinity at different depths showing that
the new system always presents an enhanced skill with lower error with respect to the
previous one, while it is characterized by a larger SLA error. This issue could be related
to the updates in the data assimilation scheme and the need of a new estimate of the
background error covariance matrix with Empirical Orthogonal Functions evaluated
from a longer assimilation run.
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Table Il. RMS misfits of temperature and salinity at various depths for systems EAS1 and
EAS2 averaged in the year 2015-2016.

DEPTH [M] TEMP. RMS SAL. RMS TEMP. RMS SAL. RMS
MISFIT [0C] MISFIT [PSU] MISFIT [0C] MISFIT [PSU]
8 0.51 0.19 0.46 0.17
30 0.84 0.18 0.78 0.17
150 0.28 0.09 0.27 0.09
300 0.22 0.05 0.21 0.04
600 0.13 0.04 0.10 0.03
o s mwrion
3.31 422

In order to assess the quality of the predicted SST, a comparison with satellite daily
gap-free SST maps (L4) at 1/16° horizontal resolution is presented in Fig. 3 showing
maps of satellite SST averaged in the period 2015-2016 (left panel) and the difference
between the predicted and observed SST for system EAS1T (central panel) and EAS2
(right panel). The numerical SST is in good agreement with the satellite data with
maximum differences of £1°C and showing a general slightly warmer pattern with
respect to the Satellite data.
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Fig. 3. SST Maps averaged in the period 2015-2016. Left: Satellite
SST [degCJ; Central: SST. Difference between EAST and Satellite
[degC]; Right: SST. Difference between EAS2 and Satellite [degC].
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5. Conclusions

A new numerical modeling system implemented in the Mediterranean Sea at 1/240
horizontal resolution and 141 vertical levels has been described and compared to the
previous version at lower resolution (1/16° in the horizontal and 72 vertical levels). The
differences between the two systems also include an update of the OGCM with a non-
linear free surface formulation, z-star time varying vertical coordinates, an increased
number of river inputs and an upgrade of the data assimilation scheme. A validation
assessment performed for the years 2015-2016 has been carried out by comparing the
new system, that will become operational from October 2017, with the previous one using
insitu, satellite and climatological datasets. This study shows that the 2 numerical systems
perform well in reproducing in situ as well as satellite measured physical parameters
and are capable of representing most of the variability of the general circulation in the
Mediterranean Sea. The new system presents an enhanced skill considering temperature
and salinity model misfits along the entire water column, while some improvements
should be carried out in the next future to enhance the representation of the SLA
misfit using a new estimate of the background error covariance matrix for the SLA. The
validation using independent coastal moorings shows similar performances between
the two systems with an increased skill of the new system in predicting the sea level;
moreover the overall model performance in coastal areas is lower with respect to open
ocean and this issue will be considered in future improvements.
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