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Abstract

Logistics and results of a real-time modeling effort, which took place in fall 2000 in the waters between Corsica and Italy in
the Mediterranean Sea, are presented. The major objective was to nest a high-resolution local version of the Harvard Ocean
Prediction System (HOPS) into a coarse resolution Colorado University Princeton Ocean Model (CUPOM) covering the
northern part of the Western Mediterranean. Due to the different designs of CUPOM and HOPS, traditional nesting methods
were not successful. Therefore, a new method was developed that assimilated the CUPOM prognostic fields into HOPS instead
of prescribing them only along the open boundaries. Another objective of the effort was to set up and test a data distribution
system, providing Internet-based rapid data transfer among the project partners being partly at sea and partly on land in different
continents. It is shown that such a system works, enabling turnaround times of less than a day from the time when
measurements are taken to the release of the model forecast.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Operational ocean forecast models are now
available on all scales from global (e.g. US Naval
Research Laboratory Eddy Resolving Model) to local

(e.g. US Naval Oceanographic Office Shallow Water

871525 Analysis and Forecast System). Usually, such model
E-mail address: onken@gkss.de (R. Onken). nalysis and Forecast System). Usually, such models
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available for the region of interest, by melding
climatology with observations. In only a few cases
with sufficient coverage by direct measurements, the
models may be initialized solely from observations
(Onken et al., 2003). In order to make the forecasts
as close as possible to reality, the models are driven
by synoptic atmospheric forcing fields and by
assimilation of real-time observations, which may
consist of remotely sensed data and/or in situ
measurements.

The formulation of the open boundary conditions
is a fundamental problem arising for model domains
on sub-global scale. There exist different method-
ologies for prescribing the flow and tracer fields
along the boundaries (Orlanski, 1976; Spall and
Robinson, 1990), the objective of which is to make
them dynamically consistent and to prevent the
interior fields from contamination by spurious
boundary effects. The shortcoming of this method
is that features and events outside the domain that
might affect the interior dynamics are not repre-
sented. In order to take account of those, nesting of
model domains is desirable. Nesting means that a
fine resolution model is embedded in a coarse
resolution domain, enabling communication between
both across the joint boundaries, either in both
directions (two-way nesting) or from coarse to fine
only (one-way nesting). Both nesting and input from
in situ data are viable approaches to running a local
forecast model. However, the latter requires appro-
priate observational resources to be brought to bear
upon the problem, which may be either expensive or
often unfeasible.

For application to fisheries management and for
naval operations, fine resolution ocean forecasts are
frequently required for limited regions with open
boundaries. In a few cases, there already exists a
larger-scale, coarse resolution model, and it is highly
desirable to nest a fine resolution model into the
coarse model. In fall 2000, the participants of the
joint research project Multi-Scale Environmental
Assessment Network Studies (MEANS, 19 Septem-
ber—9 October) were faced with such a problem: for
naval research, there was a demand for an opera-
tional ocean forecast of the waters around the island
of Elba in the Mediterranean Sea (see Fig. 1). As
the required resolution was O(1 km) on the larger
scale but O(100 m) along the Elba shoreline, a

nested configuration was selected. For computational
efficiency reasons, the coarse resolution model
domain (to be referred to as “C domain” or “C
model”) was designed to extend zonally from
Corsica to the Italian mainland (=130 km) and 80
km meridionally, having open boundaries in the
north and in the south, while the dimensions of the
high-resolution nest (“D domain”) were about
40%x40 km encompassing Elba. In order to improve
the forecast quality of the C domain, there was a
need to nest the C domain into an existing coarse
resolution operational model covering the entire
Mediterranean (the “A domain”). As the resolution
of the A domain was much lower than that of the C
domain, another nest (the “B domain”) was intro-
duced at an intermediate resolution covering the
Ligurian Sea.

If both the coarse and the fine resolution model
are of the same type and technically identical, and if
their horizontal and vertical grids are collocated, then
the nesting procedure is straightforward: by inter-
polation of the prognostic variables between the
grids. However, if the models are different (i.e.
equations, finite difference schemes, bathymetry,
assimilation schemes, and forcing fields are not
identical, grids non-collocating), the conventional
nesting method fails. In the present case, the
Colorado University Princeton Ocean Model
CUPOM is applied to the B domain, whereas for
the C and D domains the Harvard Ocean Prediction
System HOPS is used. Naval Oceanographic Office
(NAVOCEANO, Stennis Space Center, MS, USA)
operational Shallow Water Analysis and Forecast
System (SWAFS, Horton et al., 1997) exists for the
A domain, and it is based on CUPOM. Hence, both
the nesting of B into A and D into C did not cause
any major trouble, but the nesting between the B and
C domains was delicate. Therefore, we will concen-
trate on the latter. For results of the A—B one-way
nesting and the C—D two-way nesting modeling
efforts, the reader is referred to Carniel et al. (2001),
Kantha et al. (2002) and Robinson et al. (submitted
for publication).

MEANS was conducted within the framework of
Rapid Environmental Assessment (REA), which is a
long-term research program of the North Atlantic
Treaty Organization NATO. Concerning ocean mod-
eling, “rapid” means that forecasts of the state of the



R. Onken et al. / Journal of Marine Systems 56 (2005) 45-66

50°N

40°N

30°N |

10°W 0° 10°E 20°E 30°E 40°E

45°N

44°N

43°N

Corsica

42°N

10° |-
L Capraia

43°N

50°

40°

C J Pianosa
307
207 40 10°E 207 40° 11°E

Fig. 1. Arrangement of model domains. Domains A and B are CUPOM, C and D are HOPS.
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ocean have to be provided in real time on a daily
basis, taking account of the most recent observations.
This requires a streamlined procedure consisting of
taking the measurements, processing the data, feeding
the data into the forecast models, to run the model,
process the results, and return the results to the
customers. As the allowed time for this is about 1 day,
it is necessary to set up a viable scheme for rapid data
transmission.

The principal objective of this work is to show
that high-resolution ocean forecast modelling can be
provided for a limited exercise area, by using
existing larger-scale forecast models for updating
the open boundaries. As a secondary objective, we
will demonstrate the complexity of the logistics
coming along with such modeling effort within the
scope of REA, i.e. to disseminate rapidly observa-
tional data and forecast results to all team members.
In the following section, we will first present the
real-time data used for model initialization and
assimilation, the outline of the forecast experiment
and the way various data were exchanged between
the MEANS project participants. The models are
described in Section 3 and the nesting method
between the B and C domains in Section 4. In Section
5, we will compare first the forecasts of the B and the
C model for the C domain, while the C domain is
running in unnested mode, and then investigate the
effects of the B—C nesting.

2. Experimental design
2.1. Real-time data

For accurate ocean prediction, real-time observa-
tions of temperature and salinity distributions are
required in order to initialize forecast models from a
situation which is as close as possible to reality, and
also for intermittent updates of the model solution.
During MEANS, these observations were conducted
by the NATO Research Vessel Alliance. The
initialization survey took place from 19 to 25
September, covering the waters between 42°30'N
and 44°N and between 9°30/ and the Italian main-
land with an almost equally spaced grid of 106
conductivity—temperature—depth (CTD) casts. The
nominal distance between the casts was 7.5 corre-

sponding to 7.5 nautical miles south-north and about
5.5 miles west—east (Fig. 2). This is sufficient to
resolve the Rossby radius which is around 15 km in
this area for that time of the year. Daily update
surveys, conducted from 24 September to 9 October
and employing 76 CTD, 44 expendable CTD
(XCTD), and 75 expendable bathythermograph
(XBT) casts, were confined to the C domain. The
update casts were confined to the waters around Elba
focusing on the D domain, and to the region between
Elba, Capraia and the Italian mainland to take a close
look at the evolution of the Capraia eddy (cf.
Robinson et al.,, submitted for publication). The
positions were determined on short notice and guided
by interpretation of the most recent forecast for the C
and D domains, in other words through adaptive
sampling.

2.2. Forecast plan

Out of the four models, the A model was the only
operational one providing continuous updates of
ocean parameters for the Mediterranean around the
year. It is run daily by the United States Navy at the
Naval Oceanographic Office (NAVOCEANO) and
produces a nowcast and a 2-day forecast. The B
model was run at the SACLANT Undersea Research
Centre (SACLANTCEN, La Spezia, Italy), but in
delayed mode of about 24 h, because it had to wait
for boundary conditions extracted from the A model
for the one-way nesting. In the same way, data
subsets of the B model were provided as boundary
conditions for the C model which was run at Harvard
University (Cambridge, MA, USA). As the B—C
nesting was considered to be experimental, C was
run operationally every day in a safe standalone
mode without nesting (referred to as Cg,) using open
boundary conditions, and a nested experimental
mode C,eq:.

2.3. Data exchange

From precursor studies it had turned out that an
operational system works most efficiently, if the
project partners remain at their home location as far
as possible, i.e. the HOPS team at Harvard and the
CUPOM team partly at Colorado University and
partly at SACLANTCEN because of the direct access
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Fig. 2. Positions of casts during the initialization survey (19-23 September, white circles) and the update surveys (24 September—9 October,
colored circles). During the initialization survey, only CTD casts were taken, while during the update also XBTs and XCTDs were used. The
color of the circles of the update survey provides information on the time when the cast was taken. The color refers to the horizontal color bar
representing the time period 24 September—9 October. The boundary of the C model domain is indicated by the white rectangle, water depth is

represented by the background color and refers to the vertical color bar.

to the large volume SWAFS and COAMPS data sets.
In consequence of that a sophisticated data distribu-
tion system was developed, enabling rapid exchange
of data (Fig. 3) among the MEANS project partners
at sea and on land in Europe and in the USA. The
core of the system was the MEANS server, a World
Wide Web server located at SACLANTCEN. Prod-
ucts of almost all participants were uploaded to the
server making them accessible to everyone involved.
NRV Alliance provided in situ observations for

assimilation into the B model run at SACLANTCEN,
and the C and D models run at Harvard University.
Harvard University in turn uploaded graphical output
of the C and D domains and updated survey plans
for adaptive sampling by Alliance based on the
model results. For the B model runs at SACLANT-
CEN, the A domain output was downloaded from
NAVOCEANO, and Coupled Ocean Atmosphere
Mesoscale Prediction System (COAMPS) atmos-
pheric forcing fields from Fleet Numerical Meteor-
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Fig. 3. Diagram illustrating the data exchange between project participants. Contributing institutions are colored green, graphics products pink
and data blue. The yellow box is the MEANS server at SACLANTCEN. The diagram is cyclic in the left-right direction, i.e. NRV Alliance,
Harvard University and SACLANTCEN are both uploading to and downloading from the server. Graphics products were accessible for all

participants.

ology and Oceanography Center (FNMOC, Monte-
rey, CA, USA), while the B model output was
uploaded by SACLANTCEN. In order to minimize
upload/download times, some data traffic occurred
outside the MEANS server. This is the numerical
output of the B model, which was sent from
SACLANTCEN to Colorado University. There,
boundary conditions for the C domain were extracted
and then sent to Harvard University. Another short
route existed between Harvard University and
FNMOC for direct downloading of Navy Operational
Global Atmospheric Prediction System (NOGAPS)
atmospheric forcing.

Fig. 3 looks rather simple, because it does not
contain a time coordinate. There were, however,
conditions imposing temporal constraints on the
schedule:

* The update surveys by NRV Alliance could be
conducted at night only, because the vessel was
busy with other tasks during daytime. As the
daytime work required 12 h attendance of the

entire deck’s crew, there was no crew available
between midnight and 08:00 next morning. There-
fore, the surveys consisted of CTD casts between
20:00 and midnight, and XCTD/XBT cast after
midnight which did not require support by the
deck’s crew.

The upload of the A model output from NAVO-
CEANO and the COAMPS atmospheric forcing
from FNMOC started routinely at 05:00 Central
European Summer Time (CEST) by automatic File
Transfer Protocol (FTP). Because of the large
volumes of more than 200 Megabyte, this transfer
lasted between 3 and 5 h.

The B, C and D models were run on 500-MHz
workstations (SUN Ultral0, DEC Alpha XP1000),
which took several hours including a final quality
control (despiking, plausibility check) of the
survey data, preparation of assimilation fields,
and output validation.

As far as possible, working time had to be during
daylight hours for the teams at Colorado and
Harvard Universities and at SACLANTCEN.
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Table 1
Schedule of activities during MEANS
CEST Contributor Activity EDT/MDT Contributor Activity
20:00 Alliance Start CTD survey 14:00 Harvard Univ. Download boundary conditions
for Cpe from Colorado
00:00 Alliance Start XCTD/XBT survey 18:00 NAVOCEANO Upload A model output
22:00 16:00 Harvard Univ. Start Cpeq; TUN
03:00 21:00 Harvard Univ. Upload C,,. forecast
07:00 01:00 FNMOC Upload COAMPS forcing
11:00 Alliance Upload night survey data 05:00
11:30 SACLANTCEN Download survey data 05:30 Harvard Univ. Download survey data
12:00 SACLANTCEN Download A model output, 06:00
extract boundary conditions
from A model output,
download COAMPS forcing
13:00 SACLANTCEN Start B run 07:00 Harvard Univ. Download NOGAPS forcing
from FNMOC
14:00 08:00 Harvard Univ. Start C\ee and D run
18:00 SACLANTCEN Upload B model output 12:00
18:30 10:30 Colorado Univ. Download B model output
19:00 13:00 FNMOC Upload COAMPS forcing
19:00 11:00 Colorado Univ. Extract boundary conditions from
B model output for C ey
19:00 13:00 Harvard Univ. Upload C, and D forecast, upload
sampling plan
19:30 Alliance Download sampling plan 13:30

CEST: Central European Summer Time; EDT: Eastern Daylight Time; MDT: Mountain Daylight Time.

Keeping these constraints in mind, the project
partners agreed on the schedule displayed in Table 1.

3. The models
3.1. CUPOM

CUPOM is based on the primitive equations
Princeton Ocean Model (Blumberg and Mellor,
1987). It includes free-surface dynamics and in
addition an improved turbulence closure model
(Kantha and Clayson, 1994) based on the scheme
developed originally by Mellor and Yamada (1982).
The prognostic variables are arranged on an Arakawa
C grid, and terrain-following sigma-coordinates are
employed in the vertical direction. CUPOM has been
applied to a variety of oceanic regions, in a hindcast
and a nowcast/forecast mode. Examples include
Lopez and Kantha (2000), Carniel et al. (2002), Bang
et al. (1996), and Kantha et al. (1999).

For the A domain, the SWAFS model running in
operational mode at NAVOCEANO is similar to

CUPOM. The horizontal resolution is 10 km, and
19 sigma levels are used in the vertical. The model is
driven by surface fluxes derived from six hourly
COAMPS fields at 0.2° horizontal resolution. Sea
surface height (SSH) from satellite altimeter data and
remotely sensed sea surface temperature (SST) are
assimilated routinely using a simple Optimum Inter-
polation based nudging scheme.

In the B domain, CUPOM is initialized with
SWAFS temperature and salinity fields and with the
CTD data of the initialization survey. The horizontal
resolution is 3 1/3 km, the vertical discretization and
the atmospheric forcing is the same as in the A
domain. Survey data from Alliance and SST were
assimilated whenever available. SSH was not assimi-
lated because of non-availability in real-time at
SACLANTCEN where the B domain was run. Top-
ography was derived from NAVOCEANO DBDB-V
database.

For the A—B nesting, the B model is driven by
boundary conditions from the A model along the two
open boundaries in the west and in the south. The
values along the boundaries in terms of SSH,
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horizontal velocity, temperature and salinity are given
by interpolation of the A model values, saved every
40 min (B model time step 2 min).

For every day N, the B model was initialized at day
N—1 from the previous days nowcast and integrated
for 72 h. Output was dumped in half-day intervals at
times N—0.5, N (the “nowcast”), N+0.5, N+1 (1-day
forecast), N+1.5 and N+2 (2-day forecast), which was
used for visualization of model results and also for
providing boundary conditions to the C domain.

3.2. HOPS

Detailed descriptions of HOPS can be found in
Robinson (1996, 1999), Robinson et al. (1996) and
Lozano et al. (1996). The heart of HOPS is a rigid-lid
primitive equation model. The prognostic variables
are arranged on an Arakawa B grid, and sigma-
coordinates are employed in vertical direction. Hori-
zontal subgridscale processes are parameterized by a
Shapiro filter (Shapiro, 1970; Robinson and Walstad,
1987), vertical diffusion is formulated in terms of a
Richardson number dependent scheme similar to that
of 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, respectively (Lermusiaux,
1997). The mixed layer physics is formulated accord-
ing to Niiler and Kraus (1977).

For the C and D domains, 16 sigma levels are used
in the vertical, which is sufficient to resolve the water
masses. The bathymetry is DBDB-V (obtainable from
NAVOCEANO, via Internet address http://www.
navo.navy.mil/) at 1’ horizontal resolution, and the
horizontal resolution is 675 and 225 m, respectively.
Atmospheric forcing is provided by FNMOC by
means of NOGAPS forcing fields at 1° horizontal
resolution. Both domains are initialized from CTD
data of the initialization survey. During the course of
the integration, Optimum Interpolation (Carter and
Robinson, 1987; Robinson et al., 1998) is used to
generate assimilation fields of temperature and sal-
inity from the initialization and update surveys in 1-
day intervals, employing a spatial correlation scale of
15 km and a temporal correlation scale of 2 days.
These fields are assimilated every 3 h, with linearly
increasing assimilation weight towards their nominal
time (“ramping”).

For the C;, model run (no B—C nesting),
Orlanski (1976) radiation conditions are applied to
the open boundaries for tracers, velocity and stream-
function, while conditions according to Spall and
Robinson (1990) are used for vorticity. With respect
to the initialization and the assimilation of survey
data, the C,.; runs were identical to Cg,, but in
addition to using open boundary conditions, they
were forced by the B domain fields. The method is
explained below.

4. Nesting HOPS into CUPOM

For one-way communication between the B
domain and the C domain, an attempt was made to
prescribe the B domain tracer and velocity fields
along the open boundary of the C domain applying
conventional nesting techniques, i.e. interpolating the
large domain prognostic variables on the open
boundaries of the nest. However, we failed to
formulate a scheme conserving mass, heat and salt,
mainly due to the different orientations of the
horizontal grids (the CUPOM grid is rotated, while
that of HOPS is not) and the different arrangement of
layers in the vertical. Additionally, because CUPOM
is free-surface and HOPS is rigid-lid, the specifica-
tions of the barotropic velocity along the boundaries
caused severe problems.

Alternatively, the B model dumps of temperature 7,
salinity S, and the rotational parts of the internal mode
velocity, u,qo, Vior (Which are by definition divergence-
free), were assimilated into the C domain instead of
defining them only along the open boundaries. In
detail, the prognostic variables were linearly interpo-
lated from the B grid onto the C grid, over the entire C
grid. The interpolated fields are then assimilated in the
near boundary region of the C grid, the assimilation
being defined strongest along the C domain bounda-
ries and then rapidly decaying towards the interior. To
accomplish that, an error matrix is defined containing
values between 0 and 1. A value of 0 means that the C
domain field is completely replaced by the B domain
field, while 1 means that the B domain fields are
ignored. The matrix is set up in a way that the error is
0 along the boundaries and then linearly increases to 1
within the next eight grid intervals normal to the
boundaries. Hence, the B model fields affect the C
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solution only close to the open boundaries directly
within a stripe of 5400 m, while it is not used
elsewhere. The half-width of the stripe being about
one order of magnitude smaller than the Rossby
radius guarantees a free evolution of dynamical
features in the C domain. This is reasonable, because
it is believed that the Cg, results in the interior are
more reliable than those of the B model due to higher
resolution and a more sophisticated assimilation
scheme. This technique guarantees more “numerical
continuity” than just imposing CUPOM boundary
conditions, by spreading the transition between
CUPOM and HOPS over eight grid points instead to
define the transition from HOPS dynamics to
CUPOM dynamics between adjacent grid nodes. In
addition, using both “boundary assimilation” and
radiation-type boundary conditions allow small-scale
noise to propagate out of the C domain.

5. Results

We will compare now the results of model runs B,
Csa, and Ce for the geographical area covered by
the C domain and for the period of time October 3—
6. The B run was initialized on 3 October 00:00 from
the nowcast issued 24 h earlier and integrated
forward for 72 h. The corresponding Cg, and Ceg
runs were initialized one day earlier on 2 October
00:00 from survey data and run for 5 days (Fig. 4).
For the nested run, B domain data were extracted in
12-h intervals and assimilated into C, starting on 3
October 12:00. As the major intention of this paper is
to investigate the impact of the B—C nesting
technique, we will restrict ourselves in the following
to the description and interpretation of temperature
and horizontal velocity at the surface and at 30-m
depth. More details on the performance of the B

Date 2-Oct 3-Oct 4-Oct
12:00  00:00

time 00:00 12:00 00:00

domain model can be found in Carniel et al. (2001)
and Kantha et al. (2002).

5.1. The B domain

For the B domain at the surface and at 30-m depth
(Figs. 5 and 6, top panels), the large-scale flow pattern
south of Elba is cyclonic while it is anticyclonic north
of the island during the whole time between October 3
and 6. The cyclonic flow is fed by northwestward
currents along the Italian coast originating from the
Tyrrhenian Sea. South of Elba, the flow attains a zonal
orientation to the west, and when impinging on the
Corsican coast, it splits in two branches: the major one
is returning south to the Tyrrhenian and the other is
heading north along Corsica. The southern branch is
apparently part of the basin scale cyclonic circulation
of the northern Tyrrhenian, which is a well-known
permanent feature (cf. Krivosheya and Ovchinnikov,
1973; Krivosheya, 1983; Artale et al., 1994; Astraldi
and Gasparini, 1994). North of Elba, an anticyclonic
gyre of about 40 km in diameter is confined to the
area between the islands of Elba and Capraia and the
Italian mainland. Sometimes (Fig. 5b) this vortex
exhibits a closed circulation, at other times it is open
to the north (Fig. 5a). The anticyclone is fed by
southward flow along the Italian coast and from the
waters east of Elba by means of a strong current
through the Piombino Channel, which is the gap
between Elba and the mainland. In a companion paper
(Robinson et al., submitted for publication) based on
the same data set, this anticyclonic feature (the
“Capraia Eddy”) was clearly verified from direct
current measurements and satellite infrared images.
Another pattern worth mentioning is the permanent
northwestward flow between Capraia and Corsica. It
appears to be driven mainly by the Capraia Eddy
outflow and by the northward Corsica coastal current.

5-Oct 6-Oct 7-Oct
12:00  00:00 12:00 00:00 12:00 00:00

B

Boundary assimilation

nest

Fig. 4. Coupling of model runs discussed in this paper. The black bars represent the integration time of the B model and the C,. runs; down

arrows indicate updating of C,. boundaries by B model output.
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The general distribution of the B domain SST is
warm in the west (SST>22.8 °C) along Corsica and
colder in the east with minimum temperatures of
20.6-21.8 °C between Elba and the mainland. The
zonal width of the warm patch varies between 10 km
at about the Elba latitude and 40 km at the latitude of
Capraia and south of Pianosa island. This is
reflecting the bands of westward flow north and
south of Elba advecting cold water from the east. At
30-m depth, the large-scale situation is just oppo-
site—higher temperatures above 22 °C are confined
to the region between Elba, Capraia and the Italian
mainland, while towards Corsica the temperature is
generally below 20 °C. Here, even minimum temper-

(a) 3-OCT-12:00

atures below 15 °C are found at about 42°50'N on
October 5.

5.2. The standalone C,, domain

5.2.1. Horizontal velocity

The corresponding results of the Cg, model run are
displayed in the second row of Figs. 5 and 6. The
velocity patterns are similar to the B model results, but
there are also significant differences. The northern
Tyrrhenian cyclonic gyre is only partly reproduced in
Csa- While in the B domain it occupies almost the
entire region south of Elba between Corsica and Italy,
its zonal extent in Cg, is limited by Pianosa and Italy.

(b) 5-0CT-12:00
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Fig. 7. Absolute difference of direction of horizontal velocity (°) between model runs Cg, and B at (a) the beginning and (b) towards the end of

the nested configuration at the surface (top) and at 30-m depth (bottom). Areas where the speed in Cg, or B, respectively, is less than 5 cm s,

are left white. Yellow dots in (b) indicate the positions of casts during the update survey (cf. Fig. 2).
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Namely, the flow pattern between Pianosa and Corsica
is also cyclonic during most of the time, but a strong
recirculation towards the Tyrrhenian off Corsica as in
B is missing. The circulation pattern north of Elba is
anticyclonic as in the B model. The inflow from the
north off the Italian coast and the predominantly
westward band of flow between Capraia and Elba are
present in both domains. The Capraia Eddy is
reproduced in Cg, as well, but it is somewhat different
in shape, position and strength. Significant differences
show up between Capraia and Corsica. In Cy,, there is
a strong and narrow northeastward jet off Capraia,
while in B there is no jet and a sluggish northwest-
ward flow instead.
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To quantify the above statements, we have plotted
the differences of direction and speed of the surface
and 30-m velocity between the Cg, model and the B
model in Figs. 7 and 8, respectively. Concerning
direction on 3 October, the difference is less than 45°
in large areas around Elba, while it is greater near the
boundaries of the C domain and off Corsica. On 5
October, the situation is similar, but in addition, larger
deviations are noticeable along the Italian coast south
of the Piombino Channel. For reference, we have
added the positions of the casts of the update survey in
Fig. 7b—the area updated by observations is clearly
correlated with the small-difference region. Hence, the
assimilation of casts apparently does a good job both

(b) 5-0CT-12:00
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Fig. 8. Difference of speed (cm s~ 1) between model runs Cy, and B at (a) the beginning and (b) towards the end of the nested configuration at the
surface (top) and at 30-m depth (bottom). Red means that the speed in Cy, is greater than in B, while greater speed in B is indicated blue. A

corresponds to the mean difference for each subplot.
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in the B and the Cg, model. Concerning the differ-
ences of speed, there is no obvious correlation
between the updated region and the magnitude of
the difference (Fig. 8). In some regions, the speed is
greater in Cg,, while in other areas it is the opposite,
mainly south of Elba where the B model is more
energetic. The latter results in the mean difference A
being negative at all times. The reasons for this
different behavior are many: it could be the different
formulations of horizontal eddy diffusivity, different
vertical mixing schemes, or simply differences
between the applied atmospheric forcing fields, i.e.
different resolution, drag coefficients or wind height.
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We will not discuss this in detail here, because it is
beyond the scope of this investigation. However,
attempts were made to compare the currents of both
models with the observations displayed in Robinson
et al. (submitted for publication), but such compar-
isons were not conclusive enough, because the direct
observations were only from ship-borne ADCP, i.e.
averaged over several days.

5.2.2. Temperature

Significant differences between Cg, and B are also
noticeable in the surface temperature (Fig. 9, top
panel). Absolute differences are generally less than

(b) 5-OCT-12:00
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Fig. 9. Temperature difference (°C) between model runs Cg, and B at (a) the beginning and (b) towards the end of the nested configuration at
the surface (top) and at 30-m depth (bottom). Red means that the temperature in Cg, is higher than in B, while higher temperature in B is
indicated blue. A corresponds to the mean difference for each subplot. Yellow dots in (b) indicate the positions of casts during the update

survey (cf. Fig. 2).
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0.5 °C; higher values exceeding 1 °C are found
between Elba and the Italian coast, where the C model
is warmer, and off Corsica, where the C model is
colder than the B model. On average, the C model is
slightly warmer than the B model (A=0.1 °C on 3
October and A=0.2 °C 2 days later). A potential
problem is the high temperature in the C domain
along the Italian coast south of the Piombino Channel.
As there is no indication for such high temperatures
from the observations, it is concluded that it is due to
false advection from the southern boundary. At first
glance, this appears to contradict the statement above
that the assimilation did a good job, but Fig. 2 reveals
that all update casts in that region are either from
September 28 and 29 or later than October 5. The C
model was initialized on October 2, taking only
account of the September casts; hence the observa-
tions east of Elba were not yet available for
assimilation. By contrast, the latest SST from satellite
was assimilated into the B model on 3 October,
adjusting SST to the lower, probably correct value.
One might conjecture that false advection also leads to
higher temperature in Cg, along the northern boun-
dary, but this is not true—according to Fig. 2, the
latest update casts in this region were taken on
October 3, thus the temperature rise is supported by
observations.

At 30-m depth, the amplitude of the temperature
difference is much larger (lower panel of Fig. 9).
Although the average difference of 0.2 and 0.1 °C is
comparable to that in the surface layer indicating once
more the Cg, domain being warmer than B, large
positive differences exceeding 2.5 °C are found in the
region close to Corsica not covered by the update
surveys. Further warm patches are found in the
shallow waters south of Elba and between Elba and
Capraia. It is conjectured that these differences are not
due to lateral advection from the model boundaries,
because the direction of the major streams is pointing
out of the domains, at least those off Corsica, cf. Fig.
6. Instead, they are caused by slightly different values
of the mixed layer depths among the models. These
values are crucial, because the 30-m depth lies just
below the base of the mixed layer in the upper
thermocline. By contrast, the negative anomalies (B
warmer than Cg,) south and southeast of Elba appear
to be correlated with advection of warm water from
southeast in the B domain.

5.3. Cyesr the impact of nesting via boundary
assimilation

The results described above have revealed that
within the C domain there are differences between the
solutions of the B and the C,, model. Hence, it is
expected that the patterns in the C domain change
when imposing the B domain solution along its
boundaries.

5.3.1. Direction of horizontal velocity

The directional difference between C,. and Cg,
displayed in Fig. 10 exhibits rather similar structures at
the surface and at 30-m depth. On 3 October, differ-
ences exceeding 45° are confined to the southern
boundary, the region southwest of Elba, the Piombino
Channel, and some patches along the northern
boundary. The large values in the south are not
surprising, because of the rather different velocity
structure in the B and the Cg, domain, seen in Figs. 5
and 6 on the corresponding day. From the same
figures, it becomes evident that C,.y has “learned”
from B: instead of a weak eastward flow between
Corsica and Pianosa in Cg,, C,. has adapted to the
strong southward current. In the same way farther east,
along the southern boundary between Pianosa and
about 10° E 50, C,. feels the stronger northward
inflow dictated by B. The patch at the northern
boundary close to the Italian mainland is aligned with
the eastern flank of the Capraia anticyclone, the flow
of which has a more southerly direction in B compared
to Cge. Although the C,. flow pattern close to the
open boundaries frequently has veered to the direction
prescribed by B, there are also regions where the
boundary assimilation seemed to fail, e.g. in the
northwest corner of the C domain and north of
Capraia. Here, the direction of flow in B is to the
northwest and east, respectively, while it is southward
and northeastward in Cg,. Surprisingly, the Ce flow
pattern is more aligned with Cg, instead of B. As we
are convinced that our boundary assimilation scheme
was technically correct, the only explanation for this
behavior is that the total B flow here is largely
barotropic or divergent (note that only the rotational
part of the internal mode velocity was assimilated), and
therefore the assimilated fraction was not felt by C,eq.

Two days later on 5 October, the mean directional
difference has increased to 49° at the surface and 46°
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Fig. 10. Absolute difference of direction of horizontal velocity (?) between model runs C,s and Cg, at (a) the beginning and (b) towards the end
of the nested configuration at the surface (top) and at 30-m depth (bottom). Areas where the speed in C,,qs o1 Cq,, respectively, is less than 5 cm

s~!, are left white.

at 30-m depth, while the corresponding values for 3
October have been 27° and 24°, respectively. In
contrast to the situation 2 days earlier, the largest
values are no longer attached to the open boundaries,
but they have moved into the interior of the C domain.
This is supported by the fact that near the boundaries
the B model flow pattern on 5 October resembles
more that of the C,, model than on 3 October (cf. also
Fig. 7). Apparently, the continuous assimilation of
observed data from the update surveys impacted the
solution of both domains in a way that they became
more similar. However, in the interior the similarity
between Cg, and C, decreased, e.g. at the Capraia
latitude, in a meridional stripe parallel to the Corsica
coast, and west and south of Elba.

5.3.2. Horizontal speed

Fig. 11 shows the impact of nesting on the speed in
the C domain. On 3 October both at the surface and
30-m depth, major differences between C,e5 and Cg,
are confined to the southern open boundary and to a
small area north of Capraia. Only here, the absolute
values exceed 10 cm s~ ', reaching extreme ampli-
tudes of more than 50 cm s~ ' between Pianosa and
Corsica and close to —40 cm s~ ' in the southeast
corner. The previous finding that the B model is more
energetic than Cs, is reflected by the fact that near the
open boundaries the differences are positive, i.e. the
nesting is pumping energy into the C domain. The A
values of 0.9 and 1.3 cm s~ ' point in the same
direction.
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Fig. 11. Difference of speed (cm s 1) between model runs C,,e5 and Cg, at (a) the beginning and (b) towards the end of the nested configuration
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blue. A corresponds to the mean difference for each subplot.

Three days later on 5 October, A has increased to
43 cm s ! at the surface and 6.4 cm s ' at 30-m
depth; the values are again positive, hence the overall
growth of kinetic energy has continued. But now, the
increase is not confined just to the open boundaries,
but has occurred also in the interior of the C domain.

5.3.3. Temperature

Both at the surface and at 30-m depth, the
magnitude of the mean temperature difference A
between C, s and Cg, is increasing with time, which
means that the boundary assimilation does the right
thing (Fig. 12).

At the surface on 3 October, Cg, is becoming
significantly (i.e. >0.5 °C) warmer than Cg, in the

northwest corner and significantly colder in the
southeast corner, only. In both cases, these differences
would be consistent both with B domain temperature
assimilation or cross-boundary advection, which is
directed into the C domain (cf. Fig. 5).

On 5 October, the cool patch in the southeast has
increased, now reaching north to about the Elba
latitude. Apparently, the cooling is driven by the
strong northwestward B domain flow across the C
domain southern boundary. This is well expressed in
Fig. 5a (bottom) but appears to become weaker with
progressing time (Fig. 5b). The latter figure also
shows that the strong inflow from the southeast has
generated an anticyclonic vortex between Elba and
the Italian mainland, advecting warm surface water
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Fig. 12. Temperature difference (°C) between model runs C,; and Cg, at (a) the beginning and (b) towards the end of the nested configuration at
the surface (top) and at 30-m depth (bottom). Red means that the temperature in C,g is higher than in Cg,, while higher temperature in Cg, is
indicated blue. A corresponds to the mean difference for each subplot.

to the East Coast and south of Elba. This heating by
more than 1 °C is visible in Fig. 12b as well. A
second cooling region driven by the southward flow
of the Caparaia anticyclone shows up between
Capraia and the Italian mainland. The anticyclonic
flow is more pronounced in the B domain being
colder, and reducing the C domain temperature
accordingly.

More dramatic changes of temperature occur at 30-
m depth (bottom panels of Fig. 12). On 3 October,
intense cooling of more than 2 °C amplitude is noticed
between Pianosa and Corsica. This can neither be
explained in terms of local assimilation of temperature
nor in terms of horizontal advection. In fact, it is

vertical motion exceeding 0.5 cm s~ (Fig. 13) and
driven by the strong southward horizontal advection
in that area. This southward flow was not present in
the Cy, domain (center panel of Fig. 5a), and the
boundary assimilation of B domain horizontal veloc-
ity (bottom panel of Fig. 5a) has imposed divergent
flow in the near surface layers, sucking cold water
from below. By contrast, it has been verified that the
warming southeast of Elba is not caused by vertical
motion, but by boundary assimilation of temperature
and horizontal velocity.

Two days later, the pattern of temperature differ-
ence is similar to that on 3 October. The warming
region southeast of Elba has increased in size, and the
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Fig. 13. Vertical motion (in cm s’l) at 30-m depth between Corsica and the island of Pianosa in models Cg, and C,.. Upwelling is indicated

blue, downwelling red.

amplitude now reaches more than 2 °C. Maximum
warming is found close to the Italian mainland, which
appears to be a consequence of the combined effects
of advection from the south and the water masses
becoming stagnant due to the generation of the
anticyclonic vortex mentioned above. The cooling
between Pianosa and Corsica is still visible, but the
amplitude has decreased. More intense cooling than 2
days before is noticed in the northwest corner, while a
warming region did evolve at the northern boundary
close to the Italian mainland. This is certainly an
effect of the southward advection of the Capraia
anticyclone, the eastern recirculation of which is
stronger than 2 days earlier in the B domain (cf. top
panel of Fig. 6b).

6. Summary and conclusions

In fall 2000, a heterogeneous team of ocean
modelers from four different institutions was faced
with the problem of setting up a chain of nested
ocean circulation models ranging from basin to local
scale. While the final local model was intended to
zoom into the waters around the island of Elba at a
horizontal resolution of the order of 100 m, the only
available model at that time was a basin scale
Mediterranean model at 10-km resolution. In order
to bridge the gap of two orders of magnitude in
resolution and domain size, a mesoscale and a sub-
mesoscale model were additionally implemented. The
final set of models consisted of four domains at 10

km, 3 1/3 km, 675 m and 225 m resolution, being
nested into each other and referred to as the A, B, C
and D domains.

The actual task was to issue daily forecasts of the
oceanic environment for the C and D domains, hence
special effort was required to get the dynamics right at
these scales, depending largely on the formulation of
the open boundary conditions for each of these
domains. At the local scale this was not a problem,
because the Harvard Ocean Prediction System
(HOPS) was utilized for the C and D domains, and
well-tested existent two-way nesting algorithms were
applied (cf. Onken et al., 2003). The big challenge,
however, was the derivation of open boundary
conditions for the C domain. This was not trivial,
because the superdomain encompassing the C domain
was not HOPS, but CUPOM. CUPOM is different
from HOPS in terms of horizontal and vertical
coordinates and bathymetry, hence conventional nest-
ing techniques could not be utilized.

A first attempt was made to construct a traditional
one-way nesting between the B and C domains, i.e. to
update the C domain open boundaries at regular
intervals by interpolation of the B domain prognostic
fields. This attempt failed, mainly because no mass
conserving algorithm was found due to the non-
alignment of the bathymetry and the land mask in
CUPOM and HOPS. In order to overcome these
problems, we developed a nesting method named
boundary assimilation. Instead of prescribing the
prognostic variables of the superdomain only at the
open boundaries, they were assimilated in the entire
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region of the nest, the assimilation weight being
maximal at the boundary and then decreasing rapidly
to zero towards the interior of the nest. The latter was
done to enable a smooth transition between the
domains and to allow the nested domain to develop
its own dynamical characteristics.

There are numerous advantages to this new method
in comparison with traditional one-way nesting:

* For assimilation in the nested domain, data of the
superdomain are treated in the same way as
observational data, i.e. as one-dimensional profiles.
Hence, existing data assimilation procedures (e.g.
Optimum Interpolation) can be utilized.

There are no restrictions with respect to the
horizontal or vertical arrangement of grid points,
bathymetry or landmask in the superdomain.

No special efforts are required concerning con-
servation of mass, as long as the horizontal velocity
fields to be assimilated are non-divergent.
Boundary assimilation guarantees a smooth tran-
sition between the domains. This is important, if
the fields in the superdomain are very much
different from the nest.

Provision of superdomain profiles is easy—it is
only necessary to extract profiles from the over-
lapping region.

Boundary assimilation schemes can be set up
rather quickly, which is important for rapid
assessment of the oceanic environment in emer-
gency situations, e.g. oil spills and search and
rescue operations.

The new method has been extensively tested in
terms of nesting the C domain into the B domain. We
have run the C domain both in nested and unnested
standalone mode, and assessed the impact of boun-
dary assimilation by comparing the prognostic fields
of the nested C domain with those in the standalone
domain. Comparisons were carried out for the near
surface fields and at 30-m depth. We found that the
tracer and velocity fields responded rapidly to the
boundary assimilation. Already at the instant when the
first cycle was assimilated, the C domain fields
exhibited clear signature of the B domain patterns
mainly in the vicinity of the open boundaries. With
progressing time and continued boundary assimila-
tion, the differences between the nested and the

standalone C domain were increasing, affecting also
the interior of the C domain. This may be an undesired
effect, which can be reduced by limitation of the
width of the stripe where data are assimilated, or
selection of smaller weighting coefficients. This is the
price to be paid for nesting. Alternatively, the nest has
to be run in standalone mode only, taking the risk of
instabilities and false advection for longer-term
integrations. Although it is beyond the scope of the
present investigations, it would have been interesting
to quantify the impact of boundary assimilation on the
C domain structures in terms of a forecast skill
evaluation. However, this would require a quasi-
synoptic validation data set towards the end of the
forecast period which is not available. Unfortunately
on October 5, there were only seven casts which is
definitely insufficient for skill evaluation. One day
earlier on October 4, there were 22 casts, but this
instant is too close to the HOPS initialization time.
Moreover, all potential casts for skill evaluation are
confined to a rather small region north of Elba which
in addition would make a skill evaluation mean-
ingless. Unfortunately, there were no more casts
available, because this was not an experiment focus-
ing only on ocean circulation.

The modeling effort described above has been
carried out within the scope of Rapid Environmental
Assessment (REA), requiring daily updates of ocean
forecasts and a turn-around time of a day or less from
the instant when the measurements are taken until the
forecast is released. We have shown that this is
feasible using modern Internet communication tech-
nology, even when the project partners are distributed
all around the globe.
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