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Abstract

The MFS (Mediterranean Forecasting System) project and its follower MFSTEP
(Mediterranean ocean Forecasting System — Towards Environmental Prediction) are
being covering the Mediterranean Sea with operational Ocean General Circulation
Models (OGCMs) at horizontal resolution varying from about 12 km till 2005 to 6.5 km
in 2006 (reaching 3 km with some regional models and 1.5km for few shelf models).
Heat, water and momentum fluxes through the air-sea interface are derived from the
European Center for Medium-range Weather Forecast (ECMWF) output at 0.5° hori-
zontal resolution. Such horizontal resolutions could be not able to provide the needed
forecast accuracy in some cases (localized emergencies at sea, e.g. oil spill; need for
high resolution current forecasts, e.g. offshore works). A solution to this problem is
represented by relocatable models able to be rapidly deployed and to produce fore-
casts starting from the MFS products. The Harvard Ocean Prediction System (HOPS)
has been chosen as base of the relocatable model and it has been interfaced with the
MFSTEP OGCM and one regional model. The relocatable model has demonstrated
capability to produce forecasts within 2—3 days in many cases, and more rapid imple-
mentation may be obtained.

1 Introduction

The Mediterranean ocean Forecasting System Towards Environmental Prediction (MF-
STEP) project (Coppini et al., 2006)1 aimed to develop an efficient Near Real Time ob-
serving system in conjunction with modelling and prediction capabilities with the scope

1Coppini, G., Pinardi, N., Manzella, G. M. R., Tziavos, C., Larnicol, G., Poulain, P. M.,
Send, U., Raicich, F., De Mey, P, Lascaratos, A., Katsafados, P., Pytharoulis, I., Zavatarelli,
M., Triantafyllou, G., Zodiatis, G., and Petit De La Villeon, L.: The Mediterranean Forecasting
System second phase of implementation: Marine Core and downstream Services, Ocean Sci.
Discuss., in preparation, 2006.
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to better assess the state of marine environment and to deal with resource manage-
ment issues and emergencies in the coastal areas. An advanced data assimilation
scheme has been developed to optimally merge observations into the numerical mod-
eling system. The monitoring network in the Mediterranean Sea has been greatly
improved and the synoptic coverage of satellite data has been also used for assimila-
tion into the numerical models. An operational set of general circulation models has
been implemented to predict the dynamical field variables from the basin to the shelf
scale at different time and space resolutions. A downscaling of observational and nu-
merical modeling information is realized from the 6.5km horizontal resolution of the
basin-scale Mediterranean model up to 1.5 km horizontal resolution of the shelf mod-
els. The MFSTEP project gives great emphasis to the exploitation of the forecasting
products. End-users, among others, should be the coastal guard services and the en-
vironmental agencies involved in the protection of the marine coastal waters. Software
interfaces have been implemented between forecast products and oil spill models, dis-
persion models, relocatable emergency systems, search and rescue models and fish
stock observing systems. The advantage of relocatable models use come from the ob-
servation that MFSTEP OGCM and regional models are not able to grant the needed
forecast accuracy in some special cases, when high resolution forecasts are required.
As example, the OGCM 6.5 km horizontal resolution makes difficult to obtain accurate
forecast in areas with several small islands, like in the Aegean and Adriatic Seas, and
more in general in coastal areas (which are usually the ones generating maximum
concern from the environmental and socio-economic point of view). The problem can
become particularly relevant in cases such as oil spills that could impact coastal areas.

2 Brief description of MFSTEP models

The Mediterranean Forecasting System (Pinardi et al., 2003) has been recently im-
proved to produce forecast on a daily basis. Every day a new 10-days forecast is
released. A re-analysis of the past fifteen days is computed once a week. It includes a
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data assimilation scheme and all the available satellite and in-situ datasets are assimi-
lated in order to achieve the better estimate of the state of the ocean. A combination of
weekly analyses and daily simulations is used to initialize the model for the production
of the forecast. The numerical model is an implementation of OPA (Ocean PArallelise;
Madec et al., 1998) at 1/16°x1/16° horizontal resolution and 72 unevenly spaced ver-
tical levels. It uses an implicit free-surface approximation to the primitive equations
and thus the sea surface elevation is a prognostic variable and the water flux can be
parameterized. The lateral boundary includes a so-called Atlantic Box extending to
-18.125° W. The model salinity and temperature are relaxed to the climatology along
the boundary of the Atlantic Box. The wind stress and heat fluxes in this region are
taken from a monthly mean climatology. In the Mediterranean basin the fluxes of mo-
mentum and heat are computed by an air-sea interaction submodel following Castellari
et al. (1998). The atmospheric forcing fields are from 6-hour operational analyses of
the European Centre for Medium-Range Weather Forecasts (ECMWEF; Bouttier and
Rabier, 1998). The output of the model is released as NetCDF files (Network Common
Data Form; Rew et al., 1997) and contains potential temperature and salinity fields, net
downward heat flux, solar radiation flux, net upward water flux, sea surface height, wind
stress and velocity fields. All parameters are expressed as daily averages. The regional
model of the Adriatic Sea (AREG) is an implementation of POM (Princeton Ocean
Model; Blumberg and Mellor, 1987) as described in Zavatarelli and Pinardi (2003), op-
erational in the framework of ADRICOSM project (funded by the Italian Ministry for En-
vironment). POM is a free-surface, three-dimensional finite-difference numerical model
based on the primitive equations with Boussinesq and hydrostatic approximations. The
horizontal resolution is about 5km in both directions and the vertical grid consists of
21 sigma layers. The open boundary is located south of the Otranto Channel, where
the model is nested with the basin-scale model of the Mediterranean Sea, through a
simple off-line, one-way nesting technique (Oddo et al., 2005). The air-sea fluxes are
computed from the 6-hours operational analysis of ECMWF at 0.5° horizontal resolu-
tion. An important element of the Adriatic Sea dynamics is represented by the Po River
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runoff. The daily averages of river discharge taken from the measurements of the Po
River Authority are used as input to the model. A 7-days forecast is produced once a
week and it is initialized by the last day of simulation of the past seven days. The out-
put is released as NetCDF file and contains daily means of temperature, salinity, sea
surface height, velocity, wind stress and heat fluxes. The Skiron/Eta system produces
every day a 5-days forecast of atmospheric fields at 10 km horizontal resolution. The
output is released as hourly data and can be used to force regional and shelf models
at high resolution in time and space. A detailed description of the model implementa-
tion can be found in Kallos (1997), Nickovic et al. (1998), Papadopoulos et al. (2002).
For the Adriatic Sea (and Italian seas in general), the fluxes through the air-sea inter-
face can be derived by atmospheric fields at 6.5 km horizontal resolution produced by
the Limited Area Model ltaly (LAMI), implementation of Lokall Model (Steppeler et al.,
2003), operated by the Hydro-Meteorological Service of the Environmental Agency of
Emilia-Romagna Region, (ARPA-SIM, Bologna, Italy) in agreement with the Meteoro-
logical Office of the Italian Air Force and with Piemonte Region. The output is released
every 12h for the next 72h as 3-hourly data (higher timely resolution outputs can be
required).

3 The relocatable model

The Harvard Ocean Prediction System (HOPS) has been chosen as basis for the relo-
catable model. Although the heart of HOPS is an ocean model, it is called a “system”
because it contains various program packages which are helpful for setting up the
model domain and the grid, conditioning of bathymetry, management of observational
data, objective analysis, preparation of assimilation fields, etc. (Lozano et al., 1996;
Robinson 1999). The HOPS model solves the primitive equations, assuming that the
fluid is hydrostatic and the Boussinesq approximation is valid (Spall and Robinson,
1990). In the horizontal, open boundary conditions are applied, and the vertical bound-
ary conditions are that of no normal flow at the surface (rigid-lid) and at the bottom. The
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horizontal coordinates may be selected either Cartesian, rotated Cartesian, spherical
or rotated spherical. For the vertical coordinate, the following options are offered: con-
stant depth levels, sigma, double-sigma, or hybrid. Horizontal sub-gridscale processes
are parameterized by conventional eddy viscosity and diffusivity or by Shapiro filtering
(Shapiro, 1970) of momentum, tracers, vorticity and transport. Vertical diffusion is for-
mulated in terms of a Richardson-number dependent scheme proposed by Pacanowski
and Philander (1981). Near horizontal and vertical rigid boundaries, Rayleigh friction is
applied using a Gaussian weighting of distance from the bottom or the coast, respec-
tively (Lermusiaux, 1997).

4 Relocatable system applications
4.1 MFSTEP to relocatable model interfaces

Using objective analysis (Carter and Robinson, 1987), the initial mass field of the model
is generated by mapping temperature and salinity produced by MFSTEP ocean mod-
els on the model grid. The initial velocity field is defined in terms of the corresponding
geostrophic currents. During the integration of the model, new data (from MFSTEP
models and, if available, from observations) may be assimilated using Optimum Inter-
polation (Robinson et al., 1998), a rapid and robust technique. Assimilation techniques
may also be used to provide data along the open boundaries. An important require-
ment for the application of the relocatable model is the ability to extract ocean data and
atmospheric forcing fields from the MFSTEP model outputs, whatever the relocatable
model domain and the required period of forecast (or simulation run). Some simple
and easy-to-use interfaces between the source data and the input to the relocatable
model have been developed. The code is written in Fortran 90/95 to assure portability
from one system to another. Also the possibility of a high level of optimization makes
the code very suitable for managing a great amount of data in a short time. The user
interface has been developed as Linux Shell scripts, with the advantage of an easy
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customization and code maintenance plus the possibility of the automatization of the
whole task. The marine fields can be extracted from the Mediterranean model (OPA)
or from the Adriatic Regional model (AREG). The needed fields are in-situ tempera-
ture and salinity. Since OPA output contains a field of potential temperature (instead
of temperature), a conversion to in-situ temperature has been applied following the for-
mulation given by Fofonoff and Millard (1983). The fluxes through the air-sea interface
are derived from the Skiron datasets, which are released in GRIB format. A preliminary
extraction and conversion in binary format is carried out making the use of “wgrib”, a
portable grib decoder developed by the NCEP/NCAR Reanalysis Project and freely
available at http://www.cpc.ncep.noaa.gov/products/wesley/wgrib.html. When working
in the AREG (or other Italian seas) domain, fluxes through the air-sea interface are de-
rived from the LAMI datasets (released in GRIB and NetCDF formats) through Matlab
™ routines. The computed fields that serve as input to HOPS are the wind stress, the
total heat flux, the water flux (E-P) and the shortwave radiation field. The wind stress
computation uses a drag coefficient calculated as a function of wind velocity and of the
air-sea temperature difference, according to Hellermann and Rosenstein (1983). In all
cases the user can specify the limits in longitude and latitude of the area of interest, and
the timing, so greatly reducing the size of the output file and avoiding the processing of
unused data.

4.2 Example of forecast improvement

Several simulations were conducted both with MFS OGCMs and ADRICOSM AREG.
The most interesting results came from simulations conducted in the Adriatic Sea dur-
ing summer 2004 (when a quantity of in situ and remote sensing observations were
available). Such area was not fully covered by the MFS OGCM operational at that time
(MOM), so initialization fields for the relocatable system were deduced by the opera-
tional regional model (AREG). The horizontal resolution of the relocatable model was
chosen at 1 km (AREG one being 5km) on a 221x201 Cartesian grid, with 20 sigma
terrain-following levels in vertical. Surface air-sea heat, water and momentum fluxes
1615
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were extracted by LAMI outputs (AREG computed surface fluxes interactively from the
coarser resolution ECMWF atmospheric model), then interpolated on the relocatable
system grid. Initialization of the relocatable system was derived by the AREG hindcast
on the 15th of June, 2004. Then AREG hindcasts were assimilated on June 16, 17, 19,
21 and 23, keeping stable the run and updating boundary values. In-situ temperature
and salinity data collected around the Monte Conero (the northwestern promontory in
Fig. 1) were assimilated on the 25th of June, and any assimilation was performed af-
terward. Cross-validation is showed in Fig. 1; here surface fields (salinity and currents)
from the relocatable model, in situ salinity data and SeaWIFS ocean colour (higher
SeaWIFS values were clearly associated, as typical for the western Adriatic Sea, with
freshwaters) show a consistent picture on the 29th of June: all of them indicate an anti-
cyclonic feature, which detached from the northwestern promontory (according to both
the previous SeaWIFS images and model simulation). Examining the comprehensive
set of data and simulations, it resulted that the simulations conducted with the relocat-
able model showed some forecast improvements over AREG when in situ data were
not assimilated, and very good agreement with real features during one week after the
in situ data assimilation on the 25th of June. As example, in Fig. 2 surface salinity
and currents from both AREG and the relocatable model, and SeaWIFS ocean colours
are compared on the 2nd of July, 2004 (i.e. 7 days after the last assimilation). The
surface salinity patterns and features forecasted by the relocatable system resembles
very closely the ocean colours detected by SeaWIFS, showing evident improvements
vs. the AREG hindcast.

5 Conclusions

As general conclusion, the relocatable system, with its higher horizontal resolution
(of air-sea fluxes, too) than regional and OGCM operational models, is able to grant
improvement of the forecast accuracy. Relocatable models represent an affordable
solution for increasing forecast accuracy in limited area for limited time. This would
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be particularly useful in cases such as emergencies and offshore works to be carried
out within short alert time. Best results were obtained with assimilation of in situ data,
so data assimilation capability appears to be a relevant characteristics for relocatable
models. In fact, experiments showed that, by assimilating some in-situ data in criti-
cal positions, accurate forecasts could be released during at least one week in shelf
areas, too. Forecasts can be released in most cases within 72h from request, and
this limit could be further reduced by improving procedures and by availability of faster
computers and highly exercised operators.
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Fig. 2. Composite representing surface salinity and currents simulated by the relocatable model
(right upper corner), surface salinity and currents hindcast by AREG (left) and SeaWIFS ocean
colour (acquired and processed by ISAC-CNR, Rome, Italy; right lower corner); central date for Printer-friendly Version
all images is 2 July 2004.
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