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ABSTRACT. During the last 15 years, operational oceanography systems have been

developed in several countries around the world. These developments have been

fostered primarily by the Global Ocean Data Assimilation Experiment (GODAE),

which coordinated these activities, encouraged partnerships, and facilitated

constructive competition. This multinational coordination has been very beneficial for

the development of operational oceanography. Today, several systems provide routine,

real-time ocean analysis, forecast, and reanalysis products. These systems are based

on (1) state-of-the-art Ocean General Circulation Model configurations, either global

or regional (basin-scale), with resolutions that range from coarse to eddy-resolving,

and (2) data assimilation techniques ranging from analysis correction to advanced

three- or four-dimensional variational schemes. These systems assimilate altimeter

sea level anomalies, sea surface temperature data, and in situ profiles of temperature

and salinity, including Argo data. Some systems have implemented downscaling

capacities, which consist of embedding higher-resolution local systems in global and

basin-scale models (through open boundary exchange of data), especially in coastal

regions, where small scale-phenomena are important, and also increasing the spatial

resolution for these regional/coastal systems to be able to resolve smaller scales (so-

called downscaling). Others have implemented coupling with the atmosphere and/or

sea ice. This paper provides a short review of these operational GODAE systems.

INTRODUCTION

The development of global and regional
ocean data assimilation systems began
in the 1990s. Several factors came
together to make this development
possible: (1) advances in numerical
ocean modeling that led to develop-
ment of Ocean General Circulation
Model (OGCM) codes had by then been
successfully implemented and scientifi-
cally validated in realistic configurations,
had high coding and documentation
standards, and were computationally
efficient; (2) assimilation schemes were
developed for the ocean and successfully
demonstrated in realistic applications,
with algorithmic simplifications allowing
their implementation on existing

computers; (3) supercomputing facilities

were emerging, enabling implementa-
tion of realistic eddy-resolving ocean
data assimilation systems at basin scale;
and (4) global observing systems were
developing, with real-time data delivery
mechanisms, including satellite altim-
etry that allowed a continuous, quasi-
synoptic picture of the global ocean eddy
field. Finally, this development has been
fueled by users’ demands from navies
and meteorological agencies for appli-
cations such as underwater acoustics,
object drift monitoring, hurricane fore-
casting, and seasonal and climate predic-
tion, and from the downstream commer-
cial sector such as the oil industry.

This movement started at approxi-
mately the same time in Europe and
the United States in the early 1990s. In
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the United States, the Naval Research
Laboratory (NRL) implemented a

1/4° global NRL Layered Ocean Model
(NLOM) system in 1997 (Hurlburt

et al., 2008). In Europe, the Met Office
implemented the Forecasting Ocean
Assimilation Model (FOAM) system
(Bell et al., 2000) in 1997 (global, 1°),
and the French Navy implemented the
Systéme Opérationnel d’Analyse et de
Prédiction (SOAP) system (Giraud et al.,
1997) in 1993 in the Azores current
region (12.5 km horizontal resolution),
then extended it to the northeastern
Atlantic (at 1/10°) in 1998. A number

of other countries have now developed
real-time ocean prediction capacities,
including Italy and Norway in Europe,
Japan, Australia, China, and Canada.
Today, a dozen systems routinely operate
in the nine countries that participated
in the Global Ocean Data Assimilation
Experiment (GODAE); they range from
regional high-resolution systems that
include tides to global eddy-resolving
systems that provide estimates of

the ocean state updated regularly

(from daily to monthly), and they
provide forecasts from a few days to

one month ahead.

SYSTEMS OVERVIEW

Today, eight different systems cover

the world ocean. Three of these global
systems are eddy-resolving, three are
eddy-permitting, and the other two are of
lower resolution. Several groups have also
implemented regional systems covering
an ocean basin to serve national/regional
needs or to simulate specific phenomena
such as the El Nifio Southern Oscillation
(ENSO). Tables 1 and 2 present their
main model and assimilation character-
istics, respectively. Table 3 gives some
information about operational setups,

and Table 4 gives URLSs to access more

Table 1. GODAE systems: Main characteristics of ocean models

Atmospheric

Domain Horizontal Resolution Vertical Sampling  Forcing
BLUElink> MOM4 Global 1° global . 47 z-levels GASP 3-hourly
1/10° around Australia
C-NOOFS NEMO Canadian Atlantic 1/4° 50 z-levels EC/GEM hourly
1° global (JPL+MIT) 46 z-levels (JPL) NCEP (JPL + MIT) +
ECCO-CODAE miT Global 1° x 0.3° tropics (JPL only) | 23 z-levels (MIT) COADS (JPL only)
Global 1/4°
FOAM NEMO 50 z-levels UKMO 6-hourly
North Atl. + Med. + Indian | 1/12°
HYCOM/NCODA | HYCOM | Global 1/12° 32 hybrid layers NOGAPS 3-hourly
Global 1/4°
Mercator NEMO 50 z-levels ECMWEF daily
North Atl. + Med. 1/12°
MFS NEMO Mediterranean 1/16° 71 z-levels ECMWE 6-hourly
Global 1°
MOVE/MRI.COM | MRLCOM | North Pacific 12° >4 sigma-2 JMA 6-hourly
hybrid levels
Western North Pacific 1/10°
NLOM Global 1/32° 7 layers
NLOM/NCOM NOGAPS
NCOM Global 1/8° 40 sigma or z levels
NMEFC IAP/CAS | Tropical Pacific (30°S-30°N) | 2°x 1° 14 z-levels NCEP + clim
RTOFS HYCOM ?‘:;t;:;;"d Tropical Adantic | /1oy, 26 hybrid layers | NCEP 3-hourly
TOPAZ HYCOM | Atlantic and Arctic 11-16 km 22 hybrid layers ECMWEF 6-hourly
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information and image products
from the GODAE systems presented
in this paper. The reader can refer to
Hurlburt et al. (2009) and Cummings
et al. (2009) in this issue for more
details about some of the model
configurations and assimilation
systems used by GODAE teams.

SYSTEMS PRESENTATION
BLUElink> OceanMAPS
The BLUElink> Ocean Model,
Analysis and Prediction System
version 1.0b (Brassington et al.,

2007) is Australia’s first-generation
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Table 2. GODAE systems: Main assimilation characteristics

System Assimilation Scheme  SST SSH (0]4,1-1
BLUElink> Ensemble Ol BODAS AMSR-E Along-track Jason + Envisat T/S profiles
C-NOOFS None None None None
Kalman filter/ Argo, XBT, CDT, TAO
ECCO-GODAE | smoother JPL)and | Satellite + in situ ';‘['{‘;"E;]tvr;';IEZE):J*‘:S?,&\JI';LO;IN;'T)’ (JMP + MIT) QuikSCAT,
adjoint (MIT) '  tide gaug y SSM/I, SSS (MIT only)
FOAM Analysis correction GHRSST (AMSR-E, | Along-track Jason + Envisat + GFO T/S profiles, ice
scheme + IAU AVHRR, AATSR) from Ssalto/Duacs concentration
Multivariate, Ol + IAU, . - Along-track Jason + Envisat + GFO T/S profiles, ice
HYCOM/NCODA NCODA satellite + in situ from NAVO ADFC concentration
Mercator SEEK filter, SAM2 RTG SST Along-track Jason + Envisat + GFO T/S profiles from Coriolis
from Ssalto/Duacs
3DVAR with vertical AVHRR maps Along-track Jason + Envisat + GFO
MFS EOFs, nudging (SST) from CNR/ISAC from Ssalto/Duacs T/5 profiles
3DVAR with vertical .
MOVE/MRI.COM EOFs + IAU MGDSST Along-track Jason + Envisat T/S profiles
. MODAS synthetic 3D
Ol + IAU/MODAS, NLOM: Along-track Jason + Envisat +
NLOM/NCOM NCODA, nudging MODAS SST GFO from NAVO ADEC T/S, NCODA T/S profiles
(NCOM)
Along-track Jason from T/S profiles from Coriolis
NMEFC 3DVAR OVALS Reynolds SST PO.DAAC SSHA and CADC/NMDIS
RTOFS 3DVAR with vertical .GO.ES AVHRR + Along-track Jason + Envisat T/S profiles
1D cov in situ
SLA MAPS from Jason + Envisat + .
TOPAZ Ensemble Kalman sl S5 GFO T/S.proﬁles,'lce concen-
filter 100 members tration + drift
from Ssalto/Duacs
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ocean forecasting system,; it has been
operational at the Bureau of Meteorology
since August 2007. OceanMAPS
features a global ocean model based

on Geophysical Fluid Dynamics
Laboratory Modular Ocean Model
version 4 (MOM4) OGCM version p0d
(Griffies et al., 2004) with 0.1°x 0.1°
resolution in the Asian-Australian
region (90°E-180°E, 75°S-16°N). The
BLUElink> Ocean Data Assimilation
System (BODAS; see Oke et al., 2008) is
used to perform a multivariate, ensemble
optimal interpolation analysis nine
days (symmetric analysis) and five days
(asymmetric analysis) behind real time.
The ocean model is forced by three-
hourly average surface fluxes from the
Bureau of Meteorology’s operational
global numerical weather prediction
system (Seaman et al., 1995). A 15-year
ocean reanalysis was performed using
BODAS and MOM4p0d with historical

observations to serve as a useful data

archive of past ocean states as well as

to test the performance of the analysis
system (Oke et al., 2008; Schiller et al.,
2008). The operational system produces

a seven-day forecast twice per week.

Specific maritime applications

include defense, search and rescue,

port management, offshore oil and gas

operations, marine park management,

fisheries management, and ecotourism,

as well as a number of recreational

activities such as ocean-going yacht

racing and beach swimming. The

system also supports nested coupled

regional systems for tropical cyclone and

coastal ocean forecasting.

C-NOOFS

Fisheries and Oceans Canada (DFO)
developed the Canada-Newfoundland

Operational Oceanography Forecast
System (C-NOOFS), which covers

Table 3. GODAE systems: Main characteristics for routine setup

System Forecast Range Update Frequency  Hindcast Length
BLUElink> 7 days Twice weekly 11 days
C-NOOFS 6 days Daily none
ECCO-GODAE None Up to every 10 days
FOAM 5 days Daily 1 day
HYCOM/NCODA | 7 days Daily 5 days
14 days (weekly) Weekly (global)
Mercator 2 weeks (weekly)
7 days (daily) Daily (N Atl + Med)
MEFS 10 days Daily 2 weeks
MOVE/MRI.COM | 30 days Every 5 days 10 days
NLOM/NCOM 4 & 30 days/4 days | Daily & weekly/daily | 5 days
NMEFC None Monthly
RTOFS 5 days Daily
TOPAZ 10 days Weekly 1 week
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Canadian Atlantic waters and routinely
provides daily six-day forecasts of
ocean state. Currently, the system is
run in a best-effort pre-operational
mode without assimilation. A Singular
Evolutive Extended Kalman (SEEK)
filter (Pham et al., 1998) assimilation
system is being developed with deploy-
ment planned for 2010. At present, the
system is routinely nested (one-way) in
the Mercator global system (see below)
from which C-NOOFS is initialized
once a week. The impact of observation
is taken into account through initial
and boundary data.

The system is implemented in
Canadian Atlantic waters (26.69°N-
83.68°N, 103.12°W-27.23°W), currently
on the same grid (1/4°, 50 z-levels) as the
Mercator global system and using the
same Nucleus for European Modelling of
the Ocean (NEMO) OGCM (see Madec,
2008) with a filtered free-surface approx-
imation. Tidal forcing is also included.

The wind forcing field is computed
from 10-m hourly wind fields provided
by the Canadian 33-km resolution atmo-
spheric forecast Global Environmental
Multiscale (GEM) system from
Environment Canada. Climatological
heat and freshwater fluxes are used.
C-NOOFS’ long-term goal is to run
at Environment Canada’s Canadian
Meteorological Center in a coupled
operational Ocean-Atmosphere-Ice envi-
ronmental forecast system. Present users
include the Canadian Coast Guard and

national defense operations.

ECCO-GODAE

The US Estimating the Circulation and
Climate of the Ocean (ECCO)-GODAE
systems that routinely produce global

ocean data assimilation products



include a near-real-time system based
on Kalman filter/smoother assimilation
(e.g., Fukumori, 2002) that runs at the
Jet Propulsion Laboratory (hereafter
called ECCO-JPL), and a delayed-mode
estimation system based on the adjoint
method (e.g., Wunsch and Heimbach,
2007) that runs at the Massachusetts
Institute of Technology (MIT). Both
systems use the MIT OGCM. ECCO
products are primarily geared toward

scientific applications for physical

oceanography and climate research
(e.g., Lee and Fukumori, 2003; Stammer
et al., 2003; Wunsch et al., 2009). ECCO-
GODAE products (along with those
from other ECCO projects) are served
by the Distributed Ocean Data System
(DODS) and the Live Access Server
(LAS). The products are characterized
by their physical consistency (satis-
fying model equations exactly). This
consistency allows the closure of prop-

erty budgets (e.g., heat conservation)

and greatly facilitates investigation

of various processes controlling the
evolution of the oceanic state, as well
as oceanographic and climate research.
ECCO products and tools have also
been widely used for research in other
areas, such as initialization of seasonal-
to-interannual prediction, constraining
regional analysis systems, geodesy, and
biogeochemistry (references on various
subjects can be found on the ECCO
Web site—see Table 4). Different aspects

Table 4. GODAE systems: Web sites (accessed May 20, 2009)

System Web Sites

Technical description: http://www.bom.gov.au/oceanography/forecasts/technical_specification.pdf

BLUElink>
Viewing: http://www.bom.gov.au/oceanography/forecasts
Technical description: http://www.c-noofs.gc.ca/php/technical_e.php
C-NOOFS
Viewing service: http://www.c-noofs.gc.ca/php/home_e.php
General and data servers: http://ecco-group.org/index.htm
ECCO-GODAE
Additional data server: http://ecco.jpl.nasa.gov/external
FOAM General: http://www.ncof.co.uk/Deep-Ocean-Modelling.html
General: http://www.hycom.org/
HYCOM/NCODA
Viewing service: http://www7320.nrlssc.navy.mil/GLBhycom1-12/skill.html
General: http://www.mercator-ocean.fr/html/mod_actu/public/welcome_en.php3
Mercator
Viewing: http://bulletin.mercator-ocean.fr/html/welcome_en.jsp
General: http://gnoo.bo.ingv.it/mfs/
MFS

Viewing service: http://gnoo.bo.ingv.it/mfs/Forecast/bulletin.htm?link=F

General: http://www.mri-jma.go.jp/Dep/oc/oc.html

MOVE/MRI.COM

Viewing service (in Japanese): http://www.data.kishou.go.jp/kaiyou/db/index.html

Viewing service: NLOM: http://www7320.nrlssc.navy.mil/global_nlom32/skill.html

Viewing service: http://topaz.nersc.no/Knut/

NLOM/NCOM
Viewing service: NCOM: http://www7320.nrlssc.navy.mil/global_ncom/
NMEFC General (in Chinese): http://www.nmefc.gov.cn
General: http://polar.ncep.noaa.gov/ofs/
RTOFS
Viewing service: http://polar.ncep.noaa.gov/ofs/viewer.shtml?
General: http://topaz.nersc.no
TOPAZ
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of ECCO products relevant to specific
applications have been validated in a

number of studies.

FOAM

The UK FOAM (Forecasting Ocean
Assimilation Model) system run at the
UK Met Office produces daily analyses
and five-day forecasts of ocean and
sea-ice variables. FOAM has full opera-
tional support including 24/7 operator
coverage, on-call arrangements for
response to problems by scientific staff,
backup procedures, and use of resilient
systems. The FOAM system currently
uses the NEMO OGCM and Louvain-
la-Neuve sea-Ice Model (LIM) version 2
(see Fichefet and Morales Maqueda,
1997). Various configurations are run,
including a global 1/4° configuration
on an Oreca tripolar grid (Madec and
Imbard, 1996), developed in collabora-
tion with Mercator Océan, and nested
1/12° regional configurations of the
North Atlantic, Mediterranean Sea, and
Indian Ocean. These models are forced

Martin et al. (2007).

The primary user of FOAM is the
Royal Navy. Other users include ship
routing and cable repair commercial
outfits, the Met Office as input to the
northwestern European model devel-
oped by the Proudman Oceanographic
Laboratory (POL) for downscaling to
coastal and shelf sea systems, and the

Met Office for seasonal forecasting.

HYCOM/NCODA

The US Naval Oceanographic Office
(NAVOCEANO) operates a 1/12° global
ocean prediction system using the
HYbrid Coordinate Ocean Model
(HYCOM; see Bleck, 2002). This pre-
operational system has been running
in near-real time since December 2006,
and in real time since February 2007
(Hurlburt et al., 2008; Chassignet et al.,
2009). A one-year assimilative hind-
cast spanning June 2007-May 2008
was run to assess system performance
and to compare with the NRL Coastal
Ocean Model (NCOM)/NLOM system

THE DEVELOPMENT OF GLOBAL AND
REGIONAL OCEAN DATA ASSIMILATION SYSTEMS

BEGAN IN THE 1990s.

using six-hourly surface fluxes from
the Met Office operational numerical
weather prediction system.

An analysis correction assimilation
scheme (see Cummings et al., 2009) is
used together with schemes to correct
for model and observation biases. Details

of its implementation can be found in
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(Metzger et al., 2008). This hindcast
was spun up to real time and is the
basis for the system currently in use.
The daily run consists of a five-day
hindcast (which assimilates observa-
tions that have been received late) and
a five-day forecast.

The model configuration is a global

implementation of HYCOM 2.2 coupled
to a thermodynamic ice model on a

1/12° Mercator grid from 72°S matching a
bipolar grid for the Arctic north of 47°N
with 32 hybrid layers in the vertical.

The system uses the three-dimen-
sional multivariate optimum inter-
polation Navy Coupled Ocean Data
Assimilation (NCODA; Cummings,
2005) system. Details of the implemen-
tation of NCODA in HYCOM can be
found in Cummings et al. (2009). The
model is forced during integration using
Navy Operational Global Atmospheric
Prediction System (NOGAPS) outputs
including wind stress, wind speed,
heat flux (using bulk formulae), and
precipitation.

Users include NAVOCEANO, the
research community, and private compa-
nies that use the nowcasts and forecasts
to provide ocean state estimation that is
critically important to cruising, shipping,
fishing, and workboats fleets. Within
the research community, the biggest
users are coastal modeling groups that
download the global HYCOM outputs
as boundary conditions for even higher-
resolution regional and coastal models.
For an overview of the system and its
applications, see Chassignet et al. (2009)
and Hurlburt et al. (2008, 2009).

Mercator Océan

The French Mercator Océan operates

a 1/4° global system with enhanced
resolution (1/12°) in the tropical and
North Atlantic (north of 20°S) and the
Mediterranean Sea. The system uses
the NEMO OGCM on an Oreca tripolar
grid and the LIM prognostic sea ice.

Its assimilation system is based on the
SEEK filter with fixed base (computed

once from an ensemble) and an adaptive



scheme for the variance (Tranchant

et al., 2008). Atmospheric forcing is
applied by computing interactive fluxes
(bulk formulae) of heat, momentum,
and freshwater from European Center
for Medium-Range Weather Forecasts
(ECMWEF) operational atmospheric
products, applying a precipita-

tion correction using US National
Aeronautics and Space Administration
(NASA) Global Precipitation Analysis
(GPCP) data with a method derived
from Troccoli and Kallberg (2004).
River runoffs are computed from Dai
and Trenberth (2003) climatology.
The products are weekly updates of
two-week forecasts for global ocean
physics (including sea ice), and daily
updates of one-week forecasts in the
tropical and North Atlantic, and in the
Mediterranean Sea.

Users include the French Navy and
the research community. Mercator
also is used in commercial applica-
tions, seasonal forecasting, oil-spill and
drifting-object prediction, and down-

scaling to regional and coastal systems.

MES

The Italian Group of Operational
Oceanography has developed and main-
tains an ocean forecast system for the
Mediterranean Sea (MFS) at the Istituto
Nazionale di Geofisica e Vulcanologia as
part of the Mediterranean Operational
Oceanography Network. The first MES
system began providing weekly forecasts
in 2000 (Pinardi et al., 2003). It was
upgraded in 2005 to deliver daily 10-day
forecasts. Assimilation is performed
weekly with a 14-day hindcast (which
assimilates observations that are received
late). A biogeochemistry forecast is

produced weekly, coupling offline with

an ecosystem model operated by the
Osservatorio Geofisico Sperimentale
in Trieste, Italy.

At present, MFS is running a system
based on NEMO implemented in the
Mediterranean on a 1/16° grid with
72 unevenly spaced vertical levels
(Tonani et al., 2008). The data assimi-
lation system is a three-dimensional
variational (3DVAR) scheme (Dobricic
and Pinardi, 2008) that is nested into
the Mercator system at the open bound-
aries of an Atlantic box west of the
Strait of Gibraltar.

Forecast current fields have been used
in support of search and rescue opera-

tions in collaboration with the Italian

Coast Guard through a trajectory model.

An MFS-MEDSLICK coupled system
is operationally used for oil spill fore-
casting in support of Regional Marine
Pollution Emergency Response Centre

for the Mediterranean Sea activities.

MOVE/MRI.COM

The Japanese Meteorological

Research Institute (MRI) developed

the Multivariate Ocean Variational
Estimation (MOVE/MRI.COM)
system, which has been operated by

the Japan Meteorological Agency for
nowcasting and forecasting since March
2008. There are three implementa-
tions: global (MOVE/MRI.COM-G),
North Pacific (-NP), and western North
Pacific (-WNP) systems (Usui et al.,
2006) with a multivariate 3DVAR (Fujii
and Kamachi, 2003a,b) and a precon-
ditioned descent scheme (POpULar;
Fujii, 2005). The global system applica-
tion initializes seasonal-to-interannual
forecasting, while North Pacific and
western North Pacific system applica-

tions are ocean forecasting, sea surface

temperature prediction, and oil spill
forecasting. Reanalyses have also been

conducted for climate analysis.

NLOM/NCOM

In addition to the pre-operational global
HYCOM/NCODA system presented
above, NAVOCEANO is running an
operational two-model global ocean
prediction system. The first model is
NLOM, with simplified physics repre-
sentation on the vertical, but with very
high horizontal resolution. This system is
designed to provide one-month forecasts
of surface currents, including eddies and
high-resolution processes on the one
hand, and estimates of sea surface height
(SSH) and sea surface temperature (SST)
through the assimilation of altimeter
SSH on the other. Its outputs, in addi-
tion to other observations, are used as
described below to constrain NCOM,

a full OGCM with high vertical resolu-
tion that includes more complexity in
the physics representation but features
lower horizontal resolution. NCOM is
designed to provide boundary data for
coastal systems worldwide.

NLOM is a layered model system
(Wallcraft et al., 2003) featuring six
Lagrangian layers capped by a mixed
layer (seventh layer) implemented on
a global 1/32° grid, and forced by daily
outputs of NOGAPS. NLOM has run
operationally at NAVOCEANO since
September 2001, first with 1/16° hori-
zontal resolution (Smedstad et al., 2003),
and then at 1/32° since March 2006
(Shriver et al., 2007). NLOM was the
first global ocean forecasting system to
assimilate real-time altimeter data.

The NLOM assimilation of altimeter
data is performed using an optimal

interpolation (OI) deviation SSH
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analysis with the model SSH field as

the first guess. A statistical inference
technique updates all layers of the model
based on the analyzed SSH deviations
(Hurlburt et al., 1990), and a geostrophic
update for the velocity field is calcu-
lated outside the equatorial region. An
incremental updating scheme is used to
assimilate the data.

Global NCOM (Barron et al., 2006) is
a free-surface ocean model that allows
its 40 vertical levels to consist of sigma
coordinates for the upper layers and
z-levels below. A stretched spherical
grid south of 32°N with 14-km spacing
transitions to an Arctic basin on a 5-km
rotated bipolar grid with singulari-
ties over land in Siberia and Canada.
Global NCOM has been providing daily
forecasts in real time since November
2001 and became operational in March
2006. The current NCOM system (third
generation), provides five-day forecasts,
uses NCODA (Cummings, 2005) to
assimilate in situ observations into a
background of synthetic profiles, and
includes a coupled ice model (Polar Ice
Prediction System 3.0; Van Woert et al.,
2004) for the Arctic.

The assimilation in NCOM is based
on a three-dimensional interpolation
system, including sophisticated vertical
inference of surface parameters, called
the Modular Ocean Data Assimilation
System (MODAS; see Fox et al., 2002),
which combines SSH coming from
NLOM, SST from MODAS-2D (Barron
and Kara, 2006), and historical corre-
lations of SSH/SST/T/S to produce
three-dimensional estimates of
temperature (T) and salinity (S). These
three-dimensional T and S estimates
are assimilated into NCOM using a

nudging technique. In the latest version,
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an NCODA analysis of in situ observa-
tions, using the three-dimensional

T and S estimates as a first guess, is
assimilated into NCOM. Surface heat
and salinity fluxes are adjusted by the
data-model differences times a flux

rate. A more detailed description of the
MODAS/NCOM assimilation system
can be found in Rhodes et al. (2002) and
Barron et al. (2007).

NMEFC
The National Marine Environment
Forecast Centre of China (NMEFC) of
the State Oceanographic Administration
has implemented an operational ocean
analysis system to estimate temperature
and salinity fields in the tropical Pacific
Ocean. This system was launched in
2008 to provide monthly real-time moni-
toring of ENSO events that have a large
impact on Chinese climate variability.
This system is based on an OGCM
developed by the Institute of Atmos-
pheric Physics (IAP), Chinese Academy
of Science (Zhang and Endoh, 1992), and
implements primitive equations under
hydrostatic and Boussinesq approxima-
tion in the tropical Pacific (30°S-30°N,
69°W-121°E) at 2° x 1° horizontal reso-
lution, with eastern and western bound-
aries following realistic coastlines and
no-slip and no-flux conditions applied
to them. Relaxation of T and S (60 days
time scale) to Levitus (1982) climatology
is applied at the open boundaries (north
and south). There are 14 levels on the
vertical, with 10 levels in the upper
240 m, and flat bottom topography.
Observations are assimilated using
a 3DVAR scheme called the Ocean
Variational AnaLysis System (OVALS).
The assimilation time window is 30 days.

Control variables are temperature and

salinity, which are both adjusted using
nonlinear T/S relations as balance
constraints for the assimilation of altim-
eter data as described by Zhu and Yan
(2006). To reduce the memory size of
the assimilation, vertical and horizontal
background error correlations are solved
separately (Yan et al., 2004).

The model is forced during inte-
gration using wind stress computed
from the US National Centers for
Environmental Prediction (NCEP)
wind speed retrieved from the NCEP
Web site, blended with Hellerman and
Rosenstein (1983).

RTOFS

NCEP has implemented a prediction
system in the North Atlantic called

the Real-Time Ocean Forecast System
(RTOFEFS). Operated on a routine daily
basis to provide five-day forecasts of
ocean state, RTOEFS is designed to
provide seamless boundary and initial
conditions to more regional systems
and to biogeochemical systems. RTOFS
started to run in near-real time in 2005
(Chassignet et al., 2009).

This system is based on HYCOM,
including body tides (eight constituents),
implemented in the North Atlantic from
~20°S to ~ 70°N on a curvilinear coor-
dinate grid whose horizontal resolution
ranges from 18 km in the eastern North
Atlantic to 4 km in the Gulf of Mexico,
and with 26 hybrid coordinates on the
vertical (21 isopycnal and five z-levels
near the surface).

The assimilation system is an in-house
2DVAR scheme with one-dimensional
vertical modes. The horizontal 2DVAR
assumes a Gaussian isotropic, inhomo-
geneous covariance matrix using recur-
sive filtering (Purser et al., 2003a,b),



while the vertical covariance matrix is
constructed from coarser-resolution
simulations and implements the lifting/
lowering of the main pycnocline for
assimilation of altimeter SSH.

The model is forced using three-
hour NCEP (Global Data Assimilation
System/Global Forecast System [GDAS/
GFS]) model outputs. The open
boundaries are relaxed to climatology.
Rivers’ freshwater fluxes are prescribed
from a blend of observations (USGS
data) and climatology (Global River
Discharge [RivDIS]).

The primary RTOFS user is the
US National Oceanic and Atmospheric
Administration (NOAA), and one of its
major applications is the provision of
initial conditions for a coupled ocean-
atmosphere model based on HYCOM
and the Hurricane Weather Research
and Forecasting (HWRF) model for
more accurate monitoring and predic-

tion of hurricanes.

TOPAZ

Towards an Operational Prediction
system for the North Atlantic European
coastal Zones (TOPAZ; Bertino

and Liseeter, 2008), developed at the
Nansen Environmental and Remote
Sensing Center in Norway, has been
operating continuously since January
2003. In March 2008, the Norwegian
Meteorological Institute (met.no) began
exploiting the TOPAZ system in its
operational suite.

TOPAZ uses the HYCOM model
and the Ensemble Kalman Filter (EnKF;
see Evensen, 2006) and covers the
North Atlantic and Arctic configura-
tion with 11-km to 16-km horizontal
resolution and 22 hybrid vertical layers.
HYCOM is coupled to an Elastic Viscous

Plastic dynamic and thermodynamic
sea-ice model. The system is forced by
operational forecasts and analyses from
ECMWE. EnKF runs 100 members

with model errors in the wind and heat
forcing terms; the same ensemble is used

for all observations assimilated.

system assessment and product valida-
tion methodology.

Innovation, defined as the difference
between the observation and the model’s
first-guess forecast of the observed vari-
able at the observation’s location, is used

to monitor a system’s ability to simulate

THE TRANSITION TO OPERATIONAL SERVICES
REQUIRES THAT THESE OBSERVING SYSTEMS AND
THE CORRESPONDING REAL-TIME PROCESSING
AND DELIVERY SERVICES BE MAINTAINED

TOPAZ serves ocean and sea-ice
forecasts to the public, to environmental
agencies, and to private users such as
the offshore oil and gas industry, in
particular, through acoustic tomography
in the Fram Strait, iceberg modeling in
the Barents Sea (Keghouche et al., 2009),
ecosystem modeling in the Norwegian
Sea, and eddy forecasting in the Gulf of
Mexico (Counillon and Bertino, 2009).

SOME EXAMPLES OF SYSTEM
PERFORMANCE EVALUATION
One of the major GODAE assets is the
definition and implementation of perfor-
mance metrics (Le Provost, 2002), which
are used routinely to assess product
quality and accuracy and system perfor-
mance (i.e., accuracy of the forecast),
and to measure progress made when
updating the systems. We present here a
brief performance overview for some of
the systems. Hernandez et al. (2009) give

a more exhaustive presentation of this

IN THE LONG TERM.

the real ocean as observed. Figure 1
shows the innovation root mean square
(RMS) for altimeter sea level anomaly
(SLA) observations. Jason-1 SLA RMS
error with the Mercator system (top
panel) is between 8 cm and 9 cm for

the global ocean, and around 4 cm for
the Nifio 4 region in the tropical Pacific
(5°S-5°N, 160°W-150°E). We see that
this RMS error is stable, remaining below
the RMS of the altimeter SLA shown in
black at top. However, the performance
(not shown) is lower in regions of high
energy such as the western boundary
currents, where the mesoscale activity is
highly energetic and resolved by neither
the model nor the observation systems.
The bottom panel shows similar results
obtained with the MFS system for the
Mediterranean Sea. Here again, the SLA
RMS error remains stable with values
around 4 cm during the whole period,
which is smaller than the RMS of the

observations (not shown), which varies
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Figure 1. Root Mean Square (RMS) error of sea level anomaly (SLA) in centimeters for the
Mercator system computed over the global ocean (top, blue line), the Nifio 4 box in the tropical
Pacific (middle, blue line) for 2007-2008, and the MFS (Mediterranean ocean Forecast System)
system computed over the Mediterranean Sea from August 2004 to October 2008. For the top
and middle panels, the solid black curve shows the RMS error of observed SLA.

between 5 cm and 17 cm with an average  period. We see here that, thanks to the

of about 8 cm in this area. assimilation of observations, and unlike
Figure 2 shows innovation statis- simulations without assimilation, no

tics at depth for the in situ profiles of bias develops in the system except near

temperature and salinity obtained with

the FOAM system over a one-year
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the surface where some limited bias is

observed. RMS error is maximum in

the upper ocean with values up to 1.3°C
and 0.3 PSU at about 100 m. The RMS
error decreases with depth and is lower
than 0.5°C below 1000 m, and 0.1 PSU
below 700 m. This illustrates the ability
of the FOAM system to remain close

to the observed values for a one-year
period. We see also that results obtained
with the regional eddy-resolving system
are better than those obtained with the
global eddy-permitting system in this
area. However, the improvement with
increased resolution is not very large,
suggesting that the observing system is
not dense enough (especially the in situ
network) to properly constrain, through
use of data assimilation methods, the
eddy field that develops in the eddy-
resolving model configuration.

The innovation statistics shown here
illustrate the ability of system outputs to
remain close to the observed values of
SLA, SST (not shown), and T/S profiles
for multiyear periods, thanks to multi-
variate assimilation of surface and
subsurface observations. This correlation
would not have been the case without
the combined multivariate assimilation
of surface remotely sensed observations
and in situ profiles (see Oke et al., 2009,
for the relative impact of observation
types through assimilation).

The skill of systems is also assessed
through analysis of parameters that are
not directly assimilated. This analysis
can be done using independent observa-
tions (data not assimilated), or through
derived quantities. Figure 3 shows a
comparison of Kuroshio transport
obtained with the MOVE/MRI.COM
system south of Japan (Affiliated Surveys
of the Kuroshio off Cape Ashizuri
[ASUKA] line). Transport observation
is calculated using a regression method



with satellite altimetry and in situ data
(Imawaki et al., 2001). The volume
transport average (around 40 Sverdrups)
and its simulated variability are close

to the ones derived from observations.
Some peak values are due to strong
mesoscale eddies.

Various teams undertake additional
validation efforts for specific applica-
tions. For example, Figure 4 shows that
the composite seasonal variations of
zonal wind, SSH, and SST in the equa-
torial Indian Ocean estimated by the
ECCO-JPL product (upper panels) are
fairly similar to the observational coun-
terparts (lower panels) in terms of the
magnitude and phase of the annual and
semi-annual signals. This consistency
inspires confidence for use of the ECCO
product to study the seasonal variability
of the tropical Indian Ocean (Halkides
and Lee, 2009).

The assessment can also be based on
the analysis of products of these systems
that are used to serve the specific needs
of each area. Figure 5 shows an example
of such applications with the use of
currents from the TOPAZ system in the
Barents Sea as forcing fields for iceberg
trajectory modeling from Keghouche
et al. (2009). This figure shows the ability
of the TOPAZ system to forecast the
location of an iceberg after two months
of drift, and to indicate the uncertainty

of the forecast using ensembles.

CONCLUSIONS

The initial GODAE goal was to have
global high-resolution (a few kilome-
ters) advanced ocean modeling and
assimilation systems fully assessed,
operating in real time, and providing
forecast services to users. Much prog-

ress toward this goal has been made
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Figure 2. In situ profile innovation statistics for FOAM (Forecast Ocean Assimilation Model)
global 1/4° (black) and regional 1/12° (blue) models in the North Atlantic computed over one
year (from April 1, 2005, to March 31, 2006). Dark lines = RMS error. Dotted lines = bias (left is
temperature, right is salinity).
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Figure 3. Comparison of the Kuroshio transport time series south of Japan. Red =
MOVE/MRI.COM (Meteorological Research Institute Multivariate Ocean Variational
Estimation). Square = observation.
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Figure 4. Comparison of seasonal variations of zonal wind stress, sea surface height (SSH), and sea surface temperature (SST) averaged across the equato-
rial Indian Ocean (0.5°S-0.5°N) between estimates from the ECCO-JPL (Estimating the Circulation and Climate of the Ocean-Jet Propulsion Laboratory)
product and satellite observation for the period 2000-2006. After Halkides and Lee (2009)

during the 10-year GODAE period:
today, several monitoring and fore-
casting systems have been developed
and are operating in countries that have
participated in GODAE. This advance
has been possible because some nations
developed operational oceanography
systems, and because of their commit-
ment to participate in this international
experiment. The result of these national

initiatives is availability of a real service

922 O&eanqqraplt)/ Vol.22, No3

capacity based on the systems discussed
in this paper, and the implementation
of mechanisms for their sustained
development and operations—all the
systems presented in this paper are still
operating after the end of GODAE.
Though this is close to the GODAE
target for technical capacity, there is still
some work to do, including not only
R&D and engineering efforts but also

international coordination to transition

from the GODAE feasibility demonstra-
tion to fully operational implementa-
tion of services. In particular, the
accuracy of the ocean estimates will
have to be improved to reach most
users’ requirements, and systems will
have to be extended to other fields

such as ecosystem and coastal ocean
research to respond to societal needs.
This augmentation will lead to tran-

sitioning from the approach pushed
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Figure 5. (a) Sea-ice concentration and drift at assimilation +5 days compared to ice edge from SSM/I (black line). (b) Application of TOPAZ (Towards an
Operation Prediction system for the North Atlantic European coastal Zones) in the Barents Sea: ensemble simulation of an iceberg trajectory during two
months (from Keghouche et al,, 2009, © 2009, American Meteorological Society). The magenta line is hourly observations from the Ice Data Acquisition
Program; the dots mark every 10 days along the trajectory. The blue and gray lines are, respectively, the best member and the rest of the ensemble. The
average error of the best member is 15 km and the ensemble spread is of similar amplitude.

by technology and science, which has
been one driver for GODAE, based

on opportunities in terms of capacity
(e.g., science, computing, observations),
to a new approach for which new devel-
opments will be driven by users’ needs.
Finally, the building of this capacity has
been possible because of the parallel
development of observing systems,
such as radar satellite altimeters and
the Argo array, and observation centers
that provide quality observations in
real time on a routine basis. The transi-
tion to operational services requires
that these observing systems and the
corresponding real-time processing

and delivery services be maintained

in the long term.

ACKNOWLEDGEMENTS
BLUElink> OceanMAPS was developed
through a joint project of the Bureau

of Meteorology, CSIRO Wealth from
Oceans National Research Flagship, and
the Royal Australian Navy. Development
of HYCOM and the HYCOM/NCODA
ocean prediction system was funded
under the US National Oceanographic
Partnership Program. Development

of MOVE/MRI.COM was funded

by the Japan Meteorological Agency.
Development of C-NOOFS was
accomplished through joint Canadian
Space Agency, National Search and
Rescue Secretariat, Petroleum Energy
Research Development program, and
Fisheries and Oceans Canada funding.
The US Office of Naval Research

(ONR) contributed additional funds

for the development of HYCOM and
NCODA and provided the funding for
development of NLOM, NCOM, and
the NLOM/NCOM ocean prediction
systems. Large grants of computer time
were provided by the US Department of
Defense High Performance Computing
Modernization Program. The European
Commission has provided financial
support to the development of the

MFS and TOPAZ systems in MFSPP/
MFSTEP (Mediterranean Forecasting
System Pilot Project and MFS Towards
Environmental Prediction) and
DIADEM/TOPAZ (Development of
Advanced Data Assimilation Systems for
Operational Monitoring and Forecasting
of the North Atlantic and Nordic Seas,
and Towards an Operational Prediction

system for the North Atlantic European

Oceanography September 2009 93



coastal Zones) projects, respectively,
and to the development of FOAM,
Mercator, MFS, and TOPAZ systems in
MERSEA (Marine EnviRonment and
Security for the European Area) and
BOSS4GMES (Building Operational
Sustainable Services for GMES) projects
of the European Union GMES (Global
Monitoring for Environment and
Security) initiative. TOPAZ uses a grant
from the Norwegian supercomputing
project (NOTUR).

REFERENCES

Barron, C.N., A.B. Kara, P.J. Martin, R.C. Rhodes,
and L.F. Smedstad. 2006. Formulation, imple-
mentation and examination of vertical coordi-
nate choices in the global Navy Coastal Ocean
Model (NCOM). Ocean Modelling 11:347-375,
doi:10.1016/j.0cemod.2005.01.004.

Barron, C.N., and A.B. Kara. 2006. Satellite-based daily
SSTs over the global ocean. Geophysical Research
Letters 33, L15603, doi:10.1029/2006GL026356.

Barron, C.N,, L.F. Smedstad, ].M. Dastugue, and
O.M. Smedstad. 2007. Evaluation of ocean models
using observed and simulated drifter trajectories:
Impact of sea surface height on synthetic profiles
for data assimilation. Journal of Geophysical
Research 112, C07019, doi:10.1029/2006JC003982.

Bell, M.]., R.M. Forbes, and A. Hines. 2000.
Assessment of the FOAM global data assimilation
system for real-time operational ocean forecasting.
Journal of Marine Systems 25:1-22.

Bertino, L., and K.A. Lisaeter. 2008. The TOPAZ
monitoring and prediction system for the
Atlantic and Arctic oceans. Journal of Operational
Oceanography 1:15-19.

Bleck, R. 2002. An oceanic general circulation model
framed in hybrid isopycnic-cartesian coordinates.
Ocean Modelling 4:55-88.

Brassington, G.B., T. Pugh, C. Spillman, E. Schulz,

H. Beggs, A. Schiller, and PR. Oke. 2007.
BLUElink> Development of operational
oceanography and servicing in Australia.
Journal of Research and Practice in Information
Technology 39:151-164

Chassignet, E.P., H.E. Hurlburt, E.J. Metzger,
O.M. Smedstad, J. Cummings, G.R. Halliwell,
R. Bleck, R. Baraille, A.J. Wallcraft, C. Lozano,
and others. 2009. US GODAE: Global Ocean
Prediction with the HYbrid Coordinate Ocean
Model (HYCOM). Oceanography 22(2):64-75.

Counillon, E, and L. Bertino. 2009. High-resolution
ensemble forecasting for the Gulf of Mexico eddies
and fronts. Ocean Dynamics 59(1):83-95.

9% Oceamzjm,uh)/ Vol.22, No.3

Cummings, J.A. 2005. Operational multivariate ocean
data assimilation. Quarterly Journal of the Royal
Meteorological Society 131:3,583-3,604.

Cummings, J., L. Bertino, P. Brasseur, I. Fukumori,

M. Kamachi, M.J. Martin, K. Mogensen, P. Oke,
C.E. Testut, J. Verron, and A. Weaver. 2009.
Ocean data assimilation systems for GODAE.
Oceanography 22(3):96-109.

Dai, A., and K.E. Trenberth. 2003. New estimates
of continental discharge and oceanic freshwater
transport. Paper presented at the Symposium on
Observing and Understanding the Variability of
Water in Weather and Climate, February 9-13,
2003, Long Beach, CA.

Dobricic, S., and N. Pinardi. 2008. An oceanographic
three-dimensional variational data assimilation
scheme. Ocean Modelling 22 (3):89-105.

Evensen, G. 2006. Data Assimilation: The Ensemble
Kalman Filter. Springer, 280 pp.

Fichefet, T., and M.A. Morales Maqueda. 1997.
Sensitivity of a global sea ice model to the treat-
ment of ice thermodynamics and dynamics.
Journal of Geophysical Research 102:12,609-12,646.

Fox, D.N., WJ. Teague, C.N. Barron, M.R. Carnes,
and C.M. Lee. 2002. The Modular Ocean Data
Assimilation System (MODAS). Journal of
Atmospheric and Oceanic Technology 19:240-252.

Fujii, Y., and M. Kamachi. 2003a. Three-dimensional
analysis of temperature and salinity in the equa-
torial Pacific using a variational method with
vertical coupled temperature-salinity EOF modes.
Journal of Geophysical Research 108(C9), 3297,
doi:10.1029/2002JC001745.

Fujii, Y, and M. Kamachi. 2003b. A reconstruction
of observed profiles in the sea east of Japan using
vertical coupled temperature-salinity EOF modes.
Journal of Oceanography 59:173-186.

Fujii, Y. 2005. Preconditioned optimizing utility for
large-dimensional analyses (POpULar). Journal of
Oceanography 61:167-181.

Fukumori, I. 2002. A partitioned Kalman filter
and smoother. Monthly Weather Review
130:1,370-1,383.

Giraud, S., S. Baudel, E. Dombrowsky, and P. Bahurel.
1997. The SOPRANE project: Real-time moni-
toring of the North-East Atlantic—ocean circula-
tion nowcast/forecast for oceanographic scientific
campaigns. In Proceedings of the International
Symposium: Monitoring the Oceans in the 2000s: An
Integrated Approach. October 15-17, 1997. Biarritz,
France, CNES, Toulouse, France.

Griffies, S.M., M.J. Harrison, R.C. Pacanowski, and A.
Rosati. 2004. A technical guide to MOM4 GFDL
Ocean Group. Technical Report No. 5, NOAA/
Geophysical Fluid Dynamics Laboratory, 339 pp.

Halkides, D., and T. Lee. 2009. Mechanisms control-
ling seasonal-to-interannual mixed-layer
temperature variability in the southeastern tropical
Indian Ocean. Journal of Geophysical Research 114,
C02012, doi:10.1029/2008]C004949.

Hellerman, S., and M. Rosenstein. 1983. Normal
monthly wind stress over the world ocean
with error estimates. Journal of Physical
Oceanography 13:1,093-1,104.

Hernandez, E, L. Bertino, G. Brassington,

E. Chassignet, ]. Cummings, F. Davidson,

M. Drévillon, G. Garric, M. Kamachi,

J.-M. Lellouche, and others. 2009. Validation
and intercomparison studies within GODAE.
Oceanography 22(3):128-143.

Hurlburt, H.E., D.N. Fox, and E.J. Metzger. 1990.
Statistical inference of weakly correlated subther-
mocline fields from satellite altimeter data. Journal
of Geophysical Research 95(C7):11,375-11,409.

Hurlburt, H.E., E.P. Chassignet, ].A. Cummings,

A .B. Kara, E.J. Metzger, J.E Shriver,

O.M. Smedstad, A.]. Wallcraft, C.N. Barron.

2008. Eddy-resolving global ocean prediction.

Pp. 353-381 in Ocean Modeling in an Eddying
Regime. Geophysical Monograph 177, M. Hecht
and H. Hasumi, eds, American Geophysical Union,
Washington, DC.

Hurlburt, H.E., G.B. Brassington, Y. Drillet,

M. Kamachi, M. Benkiran, R. Bourdallé-Badie,
E.P. Chassignet, G.A. Jacobs, O. Le Galloudec,
J.-M. Lellouche, and others. 2009. High-resolution
global and basin-scale ocean analyses and fore-
casts. Oceanography 22(3):110-127.

Imawaki, S., H. Uchida, H. Ichikawa, M. Fukasawa,

S. Umatani, and the ASUKA group. 2001. Satellite
altimeter monitoring the Kuroshio transport south
of Japan. Geophysical Research Letters 28:17-20.

Keghouche, L, L. Bertino, and K.A. Lisaeter. 2009.
Parameterization of an iceberg drift model in the
Barrents Sea. Journal of Atmospheric and Oceanic
Technology, doi:10.1175/2009JTECHO678.1.

Lee, T., and L. Fukumori. 2003. Interannual to decadal
variation of tropical-subtropical exchange in
the Pacific Ocean: Boundary versus interior
pycnocline transports. International Journal of
Climatology 16:4,022-4,042.

Le Provost, C. 2002. GODAE Internal Metrics for Model
Performance Evaluation and Intercomparison.
CNRS/LEGOS, ed, Toulouse, France, 12 pp.

Levitus, S. 1982. Climatological Atlas of the World
Ocean. Technical report, NOAA Prof. Pap. No. 13,
US Government Printing Office, Washington,

DC, 173 pp.

Madec, G. 2008. NEMO Ocean Engine. Report, Institut
Pierre-Simon-Laplace (IPSL), France, No. 27 ISSN
No 1288-1619, 197 pp.

Madec, G., and M. Imbard. 1996. A global ocean mesh
to overcome the North Pole singularity. Climate
Dynamics 12:381-388.

Martin, M.J., A. Hines, and M.]. Bell. 2007. Data
assimilation in the FOAM operational short-range
ocean forecasting system: A description of the
scheme and its impact. Quarterly Journal of the
Royal Meteorological Society 133:981-995.

Metzger, E.J., O.M. Smedstad, P. Thoppil,

H.E. Hurlburt, A.J. Wallcraft, D.S. Franklin,
J.E. Shriver, and L.F. Smedstad. 2008. Validation



Test Report for the Global Ocean Predictions
System V3.0 - 1/12° HYCOM/NCODA: Phase 1.
NRL Memorandum Report, NRL/MR/7320-08-
9148, 88 pp.

Oke, PR., G.B. Brassington, D.A. Griffin, and
A. Schiller. 2008. The Bluelink ocean data
assimilation system (BODAS). Ocean
Modelling 21(1-2):46-70.

Oke, PR., M.A. Balmaseda, M. Benkiran,

J.A. Cummings, E. Dombrowsky, Y. Fujii,
S. Guinehut, G. Larnicol, P.-Y. Le Traon,
and M.J. Martin. 2009. Observing system
evaluations using GODAE systems.
Oceanography 22(3):144-153.

Pham, D.T., ]. Verron, and M.C. Roubaud. 1998.

A singular evolutive extended Kalman filter for
data assimilation in oceanography. Journal of
Marine Systems 16(3-4):323-340.

Pinardi, N., I. Allen, E. Demirov, P. De Mey,

G. Korres, A. Lascaratos, P.-Y. Le Traon,

C. Maillard, G. Manzella, and C. Tziavos. 2003.
The Mediterranean ocean forecasting system:
First phase of implementation (1998-2001).
Annales Geophysicae 21:3-20 c.

Purser, R.J., W.-S. Wu, D.F. Parrish, and N.M. Roberts.
2003a. Numerical aspects of the application
of recursive filters to variational statistical
analysis. Part I: Spatially homogeneous and
isotropic Gaussian covariances. Monthly Weather
Review 131:1,524-1,535.

Purser, R.J., W.-S. Wu, D.F. Parrish, and N.M. Roberts.
2003b. Numerical aspects of the application of
recursive filters to variational statistical analysis.
Part II: Spatially inhomogeneous and aniso-
tropic general covariances. Monthly Weather
Review 131:1,536-1,548.

Rhodes, R.C., H.E. Hurlburt, A.J. Wallcraft,

C.N. Barron, PJ. Martin, O.M. Smedstad,

S.L. Cross, E.J. Metzger, ].E. Shriver, A.B. Kara, and
D.S. Ko. 2002. Navy real-time global modeling
systems. Oceanography 15(1):29-43.

Schiller, A., P.R. Oke, G.B. Brassington, M. Entel,

R. Fiedler, D.A. Griffin, and J. Mansbridge. 2008.
Eddy-resolving ocean circulation in the Asian-

Australian region inferred from an ocean reanal-
ysis effort. Progress in Oceanography 76:334-365.

Seaman, R., W. Bourke, P. Steinle, T. Hart, G. Embery,
M. Naughton, and L. Rikus. 1995. Evolution of the
Bureau of Meteorology’s global assimilation and
prediction system. Part 1: Analyses and initializa-
tion. Australian Meteorological Magazine 44:1-18.

Shriver, ].E, H.E. Hurlburt, O.M. Smedstad,

A.J. Wallcraft, and R.C. Rhodes. 2007. 1/32° real-
time global ocean prediction and value-added over

1/16° resolution. Journal of Marine Systems 65:3-26.

Smedstad, O.M., H.E. Hurlburt, E.J. Metzger,
R.C. Rhodes, J.E. Shriver, A.]. Wallcraft, and
A.B. Kara. 2003. An operational eddy-resolving
1/16° global ocean nowcast/forecast system.
Journal of Marine Systems 40-41:341-361.

Stammer, D., C. Wunsch, R. Giering, C. Eckert,

P. Heimbach, J. Marotzke, A. Adcroft, C.N. Hill,
and J. Marshall. 2003. Volume, heat, and fresh-
water transports of the global ocean circula-
tion 1993-2000, estimated from a general
circulation model constrained by World

Ocean Circulation Experiment (WOCE) data.
Journal of Geophysical Research 108 (C1), 3007,
doi:10.1029/2001JC001115.

Tonani, M., N. Pinardi, S. Dobricic, I. Pujol, and
C. Fratianni. 2008. A high resolution free
surface model on the Mediterranean Sea. Ocean
Science 4:1-14.

Tranchant, B., C.E. Testut, L. Renault, N. Ferry,

E. Obligis, C. Boone, and G. Larnicol. 2008. Data
assimilation of simulated SSS SMOS products in
an ocean forecasting system. Journal of Operational
Oceanography 2008(2):19-27(9).

Troccoli, A., and P. Kallberg. 2004. Precipitation
Correction in the ERA-40 Reanalysis. ERA-40
Project Report Series, ECMWE, Reading, UK.

Usui, N., S. Ishizaki, Y. Fujii, H. Tsujino, T. Yasuda,
and M. Kamachi. 2006. Meteorological Research
Institute Multivariate Ocean Variational Estimation
(MOVE) System: Some early results. Advances in
Space Research 37:806-822.

Van Woert, M.L.,, C.-Z. Zou, W.N. Meier, P.D. Hovey,
R.H. Preller, and P.G. Posey. 2004. Forecast verifi-
cation of the Polar Ice Prediction System (PIPS) sea
ice concentration fields. Journal of Atmospheric and
Oceanic Technology 21:944-957.

Wallcraft, A.J., A.B. Kara, H.E. Hurlburt, and
P.A. Rochford. 2003. The NRL Layered
QOcean Model (NLOM) with an embedded
mixed layer sub-model: Formulation and
tuning. Journal of Atmospheric and Oceanic
Technology 20:1,601-1,615.

Wunsch, C. and P. Heimbach. 2007. Practical global
oceanic state estimation. Physica D-Nonlinear
Phenomena 230:197-208.

Wunsch, C., P. Heimbach, R.M. Ponte, I. Fukumori,
and the ECCO-GODAE Consortium Members.
2009. The global general circulation of the
ocean estimated by the ECCO-Consortium.
Oceanography 22(2):88-103.

Yan, C.X., J. Zhu, R.E Li, and G.Q. Zhou. 2004. Roles
of vertical correlation of background error and
T-S relations in estimation temperature and
salinity profiles from sea surface dynamic height.
Journal of Geophysical Research 109, C08010,
d0i:10.1029/2003]C002224,2004.

Zhang, R.-H., and M. Endoh. 1992. A free
surface general circulation model for the
tropical Pacific Ocean. Journal of Geophysical
Research 97(C7):11,237-11,255.

Zhu, J., and C.X. Yan. 2006. Nonlinear balance
constraints in 3DVAR data assimilation. Science in
China Series D 49(3):331-336. Available online at:
http://www.springerlink.com/content/g42n172648
66/2p=f225c9eb3d5c4f4cb21e172ae05123bc&pi=43

Oceanography September 2009

95



