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SUMMARY: This paper describes the first harbour circulation forecasting system implemented in Spain. The configuration
design was based on previous analyses of the morphologic and hydrodynamic behaviour of three harbours: Barcelona,
Tarragona and Bilbao. A nested system of oceanic models was implemented, with a scope ranging from the regional scale
(with a mean horizontal resolution of 5 km) to the harbour scale (with a mean horizontal resolution of 40 m). A set of
sensitivity tests was carried out in order to determine the optimal configurations. The results of the operational system
were compared with available observations, revealing that the intermediate models are able to reproduce the averaged
hydrodynamic behaviour but not the spatio-temporal variability. With the harbour models the quality of the forecasts
improves, reaching a correlation and RMSE of ~0.6 and 6 cm s, respectively, for Bilbao harbour. In addition, numerical
experiments were carried out to evaluate the sensitivity of the forecasts to error sources. The results suggest that the errors in
the information prescribed in the lateral boundary conditions are the most influential in the quality of the predictions. Errors
in the wind field also have a smaller but non-negligible influence. Although the system is in the initial implementation phase
and should be improved upon in the future, it is now a useful tool for harbour management. The predictions will be very
helpful for harbour operations, pollution risk management and fighting oil spills.
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RESUMEN: PREDICCION DE LA CIRCULACION MARINA EN LOS PUERTOS ESPANOLES. — En este articulo se describe el primer
sistema operacional de prediccion de la circulacién en puertos implementado en Espaiia. El disefio del sistema se ha basado
en un andlisis previo de las caracteristicas hidrodindmicas y morfoldgicas de tres puertos de estudio: Barcelona, Tarragona y
Bilbao. Se ha establecido un sistema de modelos oceanicos anidados que cubre desde la escala regional (con una resolucién
media horizontal de 5 km) al dominio portuario (con una resolucién de 40 m). Diferentes experimentos de sensibilidad se
han llevado a cabo para determinar las configuraciones 6ptimas. Los resultados del sistema operacional se han comparado
con las observaciones disponibles, mostrando que los modelos intermedios son capaces de resolver el comportamiento
hidrodindmico promedio, pero no la variabilidad espacio-temporal. En cuanto a los modelos portuarios, la calidad de las
predicciones mejora, alcanzando una correlacién y un RMSE de ~0.6 y 6 cm s, respectivamente, para el puerto de Bilbao.
Adicionalmente se han realizado diferentes experimentos para determinar la sensibilidad del sistema a distintas fuentes de
error. Los resultados sugieren que los errores en las condiciones de contorno laterales son los mads determinantes sobre la
calidad de las predicciones portuarias. Los errores en el viento, aun siendo menos importantes, son también considerables.
Pese a ser un sistema que estd en su fase inicial de implementacién y que debe ser mejorado en el futuro, en su estado actual
ya representa una herramienta util para la gestién portuaria. Las predicciones de circulacién serdn de gran ayuda para la
gestion de operaciones portuarias, riesgo de contaminacién o control de vertidos.

Palabras clave: oceanografia operacional, hidrodindmica portuaria, Puerto de Barcelona, Puerto de Bilbao, Puerto de
Tarragona.
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INTRODUCTION

Anthropogenic pressure caused by economic har-
bour activities can alter the water quality inside har-
bour domains and affect adjacent areas that may be
used for other activities such as fishing, swimming and
nature conservation. Environmental protection policies
aimed at fostering sustainable development have been
applied across Europe. The EU Water Framework Di-
rective (WFD, 2000/60/EC) has emerged as a common
policy framework to protect continental, underground
and coastal waters, and it also covers harbours and
their adjacent waters. An understanding of water cir-
culation patterns within harbours is an essential aspect
in the management of issues related to water quality
degradation (Hartnett and Nash 2004), risk analysis
of pollution events (Grifoll ef al. 2010) and accidental
spills (Jorda et al. 2007).

Several operational products for harbour and coast-
al applications have been developed in recent years.
Most of these applications are wave and water-level
forecasting systems (see for instance, Carretero et al.
2000, Cox et al. 2002, Lin et al. 2008, or Fernandez
and Mayerle 2008). However, much less attention has
been paid to water circulation products for harbour do-
mains. Moreover, the experience gained in operational
circulation systems implemented in the open sea (e.g.
MES system: Pinardi et al. 2003, or ESEOO system:
Sotillo et al. 2007) may not be directly translated to
harbour domains. Their reduced dimensions and intri-
cate layout confer upon harbours restrictions which are
not present in the open sea. In order to fill this gap,
three Spanish harbours (Barcelona, Tarragona and Bil-
bao), Puertos del Estado (the Spanish National Ports
and Harbours Authority) and the Maritime Engineer-
ing Laboratory of the Universitat Politecnica de Cat-
alunya (LIM/UPC) signed a collaboration agreement.
Among other objectives related to the monitoring of
harbour waters through intensive field data campaigns,
this agreement focuses on researching and modelling
harbour hydrodynamic conditions with the aim of im-
plementing an operational forecasting system able to
provide daily forecasts of water circulation in harbours.
Derivative products based on current forecasts, such as
float trajectories, residence time maps and risk assess-
ment of water quality degradation, are also of interest
to this project.

At present, the system has been implemented in
a pre-operational phase in the three aforementioned
harbours (see locations in Fig. 1), and the results are
only available for harbour managers. These three har-
bours are suitable test cases because of their different
characteristics, and the learning gained from them
may therefore be translated to most Spanish harbours.
Barcelona and Tarragona harbours are located in the
northwestern Mediterranean Sea, where tidal forcing
is negligible, while Bilbao harbour is located in the
southwestern corner of the Bay of Biscay, in a mesoti-
dal environment. Barcelona harbour has two mouths

(north and south, Fig. 1), while Tarragona and Bilbao
harbours have only one. Finally, Tarragona and Bilbao
have river discharges inside the harbour domain, while
Barcelona does not. A first step in the implementation
of any operational system is to evaluate the relative
importance of the different forcings that are acting
on the circulation, so that the system will be designed
accordingly. This evaluation depends on the oceano-
graphic characteristics of the harbours. Mestres et al.
(2007) analyzed the Tarragona harbour hydrodynamics
and found complex hydrodynamic patterns in the inner
harbour domain, with a water circulation of a few cm
s !. These authors suggest that wind stress is the main
forcing of the water circulation in the harbour, induc-
ing a predominantly barotropic circulation; they also
emphasize that the baroclinic structure can have an
important influence on the long-term circulation. The
effects of the Francoli river, a small river with an aver-
aged winter runoff of 1.4 m3s~! that discharges into the
harbour were also analyzed. The conclusion was that
there were no significant effects of the river outflow
on harbour circulation. In Barcelona harbour, the pic-
ture is different because there are two mouths. From
an analysis of intensive field campaigns, Grifoll et al.
(2011) found a predominant barotropic circulation,
especially in winter. However, they concluded that
wind forcing was not enough to explain all the current
variability observed within the harbour. From numeri-
cal experiments, they showed that the existence of two
mouths allows the shelf currents to play a significant
role in the inner dynamics. Moreover, additional ex-
periments demonstrated the minor influence of surface
heat fluxes and freshwater sources. Bilbao harbour also
shows a different picture due to the dominant influ-
ence of tides. Grifoll et al. (2009) carried out several
numerical experiments to determine the relevance of
different forcings on harbour circulation and found that
tides were responsible for 60% to 90% of circulation
variability, depending on the wind regime. They also
found a moderate influence of the freshwater discharge
from the Nervion river (a medium-sized river with an
averaged winter runoff of 35 m3s!) in the innermost
part of the estuary. In summary, the environmental and
morphological characteristics of each of the test har-
bours cause them to respond differently to the applied
forcings. Therefore, the operational system configura-
tion in each harbour may depend on these forcings.
This paper is devoted to presenting a Harbour Cir-
culation Forecasting System (HCFS) developed for
Spanish harbours. The aim is to describe the system and
to justify the different choices adopted. An analysis of
the sensitivity of the predictions quality to errors in the
forcing fields is also addressed. Although the results
presented here mainly focus on three harbours (Bar-
celona, Tarragona and Bilbao), the methodology and
conclusions may be applied to most harbours, as we
cover a wide range of possible configurations (micro-
and mesotidal, one and two mouths, with and without
freshwater discharges). The contribution is organized

SCI. MAR., 7651, September 2012, 45-61. ISSN 0214-8358 doi: 10.3989/scimar.03606.18B



WATER CIRCULATION FORECASTING IN SPANISH HARBOURS -« 47

46 - T T T T T =
SHE-BIL
ESEOAT
CST-BIL

44

42F
o
()]
3
=] CST-TG
o 40r
—

381

36

SHE-CAT Q
‘
%

ESEOMED

-8 -6 -4 -2 0 2 4
Longitude (%)
41.38
o 4338 41.37
@
T 4335
2 41.36
3 4334
43.33 41.35
&
T 4134
3.1 -3.08 -3.08 -3.04 -3.02 -3 =
Longitude (%) =
-1 4133

Py

Latitude (%)

12 121 122 123 124 125
Longitude (%)

FiG. 1. — Top: Barcelona, Tarragona and Bilbao harbour locations (PRT-BCN, PRT-TGN and PRT-BIL, respectively) on the Spanish coast
and the domains of the intermediate models (i.e. SHE-CAT, SHE-BIL, CST-BCN, CST-TGN and CST-BIL). The star indicates the location of

the measurement point used to validate the SHE-CAT shelf model. Bottom: harbour layouts. The circles and crosses in Barcelona and Bilbao
harbours indicate the location of the ADCP and wind measurements, respectively. WS is the reference wind station for Barcelona harbour.

as follows: A brief description of the numerical codes
and forcing fields is first given (System description).
The experiments devoted to determining the optimal
initialization strategy in each harbour (Initialization
strategy) and a validation of the system results are
presented next (System validation). The sensitivity of
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the forecast quality to forcing errors is then assessed
(Sensitivity of harbour forecast to forcing errors). Fol-
lowing that, the results are discussed, underlining the
main physical differences obtained among the harbours
and the improvements required for the HCFS. Finally,
the main conclusions are presented.
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SYSTEM DESCRIPTION
Nesting strategy

Inner harbour hydrodynamics may be influenced by
processes occurring in the coastal vicinity. In conse-
quence, a proper modelling of coastal processes out-
side the harbour domain is required in order to achieve
good-quality results in the harbour. Moreover, coastal
processes are in turn affected by the large-scale dy-
namics, so the modelling system must consider a wide
range of scales, from the basin to the harbour scale. For
this system we followed a strategy of using a hierarchy
of one-way nested models, with four different levels
of resolution (see Fig. 1). The first one is a regional
model able to solve the mesoscale dynamics in the area
(fronts, meanders, eddies, etc.). Thus, it covers a large
area with a typical horizontal resolution of 5 km. Then,
two intermediate models covering the shelf-slope do-
main and the coastal area surrounding the harbour are
implemented with resolutions of 1 km and ~200 m,
respectively. Finally, the harbour model is run with a
resolution of 30 to 40 m, in order to solve the intricate
harbour layout, which may include piers and docks
(~30 m). The nesting ratio between different levels
does not exceed 1:5 in order to avoid large resolution
jumps that could filter out scales of interest (Debreu
and Blayo 2008).

Each model provides initial and lateral bound-
ary conditions for the model at the lower level with a
prescribed frequency. In our case, the lateral boundary
conditions are updated every hour. For harbours under
tidal influence, this frequency is required to properly
solve the tidal cycle. Conversely, in the Mediterranean
some tests with different updating frequency have
shown that updating at 6 and 12 hours leads to similar
results inside the harbour (Grifoll 2009). Nevertheless,
for simplicity we keep the 1-hour updating frequency
for lateral boundary conditions. The preparation of the
3D fields for the model at the lower level (for initial
and boundary conditions) is done as follows. First, we
use a series of horizontal and vertical interpolations to
transfer the outer solution variables needed for bounda-
ry and initial forcing to their respective positions on the
inner grid. Second, a particular treatment is applied for
points where coarse and high resolution bathymetries
or coastlines do not match. In these cases, we compute
the anomaly of the field with respect to the averaged
value at each depth and then the anomaly value of the
nearest point (in horizontal or vertical) is extrapolated
to the problematic points. This procedure does not
seem to introduce instabilities in the model and any
errors in the procedure (i.e. interpolation/extrapolation
errors) are expected to be significantly smaller than er-
rors in the quality of the coarse resolution fields (see
the System Validation section). This procedure is ap-
plied to the 2D and 3D fields. Additionally, a volume
conservation constraint is applied to the current field.
The velocity at the boundaries is corrected in order to

ensure that the vertically averaged transport computed
from the coarse resolution field and that computed
from the interpolated fields have the same values (Pen-
ven et al. 2006). Finally, the atmospheric fields are also
bilinearly interpolated on the ocean model grid and us-
ing only values over the sea.

Forcing fields

The atmospheric data for the three HCFS models
were provided by the Spanish Meteorological Agency
(AEMET, www.aemet.es). In particular, we used the
72-hour forecasts obtained from the High Resolution
Local Area Model (HIRLAM, http://hirlam.org), with
a spatial resolution of 0.16°. HIRLAM provides hourly
fields of wind stress, sea surface temperature, surface
net heat flux and surface freshwater (E-P). Wind ob-
servations were obtained from meteorological stations
located in the harbour domain (see Fig. 1). River runoff
was included in the regional applications, using data
from the Global Runoff Data Centre (GRDC), which
provides climatological runoff values for the most im-
portant rivers. In the near future, observed data for the
Nervion river (Bilbao harbour) and Ebro river (Span-
ish Mediterranean area) will be used. For the Atlantic
application (i.e. ESEOAT), 14 harmonic tidal com-
ponents obtained from the MOG2D model (provided
by LEGOS/POC) were introduced through the open
boundaries.

Numerical codes

For historical reasons, there is no single model used
at all the modelling levels. The system has had differ-
ent development phases carried out by different teams,
so different models have been used in the HCFS. How-
ever, it must be noted that all models are state-of-the-
art models that are comparable in complexity and per-
formance. For clarity, we describe the numerical codes
by regions (see Fig. 1 for model domains and Table 1
for a summary of model characteristics).

Mediterranean area

The forecasts of large-scale processes were pro-
vided by the Spanish Operational Ocean Forecasting
System (ESEOO, Sotillo et al. 2007). In particular,
for the Mediterranean area we used the ESEOMED
product. ESEOMED is an implementation of the Die-
CAST model (Dietrich/Centre for Air-Sea Technol-
ogy, Dietrich et al. 1997), which covers the western
Mediterranean Sea with 1/20° (~4-5 km) resolution.
Two intermediate levels of increasing resolution were
then implemented to reach the harbour scales. First, the
northeastern Spanish shelf and slope area was covered
with the SHE-CAT model at 1 km resolution. SHE-
CAT was nested into ESEOMED with the aim of im-
proving the representation of the mesoscale processes
in the shelf-slope region. The dynamics in this area are
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TaBLE 1. — Characteristics of the numerical models implemented.

Domain Acronym Numerical code Vertical coordinates Grid size (ny'nyn,) Horizontal resolution (m)
MEDITERRANEAN

Regional ESEOMED DIECAST Z 291-191-32 ~5000
Shelf SHE-CAT SYMPHONIE Hybrid 230-160-41 1000
Coastal CST-BCN SYMPHONIE Sigma 215-110-21 200
Coastal CST-TGN SYMPHONIE Sigma 102-92-21 200
Harbour PRT-BCN ROMS Sigma 110-228-5 41
Harbour PRT-TGN ROMS Sigma 102-198-5 38
ATLANTIC

Regional ESEOAT POLCOMS Sigma 291-321-32 ~5000
Shelf SHE-BIL ROMS Sigma 143-87-32 1000
Coastal CST-BIL ROMS Sigma 141-182-21 230
Harbour PRT-BIL ROMS Sigma 218-176-5 43

dominated by a quasi-permanent slope current with
strong variability (Millot 1999), and are affected by
the presence of small eddies (Rubio et al. 2009), waves
(Jordi et al. 2005) and filaments (Tintoré et al. 1990).
Over the shelf, water circulation is mainly affected by
wind- and density-induced currents, while tides have
little influence (Bolafios et al. 2009). These processes
have scales ranging from 1 to 20 km, so higher resolu-
tion than the one provided by the ESOMED model is
required. Second, the shelf areas surrounding the har-
bours were modelled with a 200-m resolution coastal
model (CST-BCN and CST-TGN for the Barcelona
and Tarragona regions, respectively). The CST-BCN
and CST-TGN models aim to improve the interactions
of shelf processes with the coastline. Although SHE-
CAT is able to reproduce the dominant processes, its
resolution is too coarse to properly resolve the coast-
line details (capes or small bays). The model chosen
for the Spanish Mediterranean shelf-slope area (SHE-
CAT) and the coastal applications (CST-BCN and
CST-TGN) was the SYMPHONIE model (Marsaleix
et al. 2008).

Finally, the modelling of harbour dynamics requires
a very high resolution implementation because of the
usually complex harbour layout. In the Barcelona and
Tarragona harbours, a 40-m mesh resolution was de-
signed to correctly reproduce the harbour layout (PRT-
BCN and PRT-TGN, respectively). The model chosen
for these harbours was the Regional Ocean Modelling
System (ROMS, Shchepetkin and McWilliams 2005).
Some examples of ROMS implementations are given
for a small-scale domain in Kim and Lim (2008), for
coastal areas in Warner et al. (2010) and for harbour
domains in Grifoll ez al. (2009, 2011).

Atlantic area

The ESEOAT application, another ESEOO op-
erational product, was used to describe the large-scale
processes in the Atlantic area. ESEOAT is an imple-
mentation of the Proudman Oceanographic Laboratory
Coastal Ocean Modelling System (POLCOMS, Holt
and James 2001). This application has a spatial resolu-
tion of 1/20° (~4-5 km) in the horizontal, and the ver-
tical is discretized using sigma levels. The ESEOAT

domain comprises the whole Atlantic Iberian shelf
and slope, as well as the Bay of Biscay and part of the
French continental shelf. The main characteristics of
the water circulation within the Bay of Biscay are a
weak oceanic circulation together with a frequent pres-
ence of eddies (Koutsikopoulous and Le Cann 1996).
These slope water oceanic eddies (SWODDIES), with
diameters of around 100 km (Pingree and Le Cann
1996), are the result of the continental margin current
instabilities interacting with the bottom topography.
Further, persistent poleward flow can be detected on
the slope (Koutsikopoulous and Le Cann 1996). In
the southern part of the Bay of Biscay, water circula-
tion over the shelf is controlled mainly by wind- and
density-induced currents (Gonzdlez et al. 2004), but
because of the narrow width of the shelf (Iess than 40
km) a complex circulation pattern appears. Finally,
density and tidal currents are also observed in the
vicinity of the coastline, where frictional processes
also gain importance (Grifoll et al. 2009). Obviously,
ESEOAT is not able to reproduce the abovementioned
processes near the coast because of its resolution, so
two intermediate levels of increasing resolution were
implemented: SHE-BIL (shelf-slope area) and CST-
BIL (coastal area), with a spatial resolution of 1 km
and 230 m, respectively. Finally, the Bilbao harbour
circulation was resolved with a horizontal resolution of
43 m (PRT-BIL application). The ROMS model was
chosen for SHE-BIL, CST-BIL and PRT-BIL.

INITIALIZATION STRATEGY

Initial conditions for each modelling level were
provided by the model at the upper level (i.e. coarser
resolution). This is the usual strategy in any nested
system. It implicitly assumes that the coarse resolu-
tion model can provide a reasonable approximation
to the actual field, so the initial conditions for the
higher resolution model would be close to a stable
state (i.e. in equilibrium with the model physics and
forcings). This assumption is usually true in the open
sea where higher resolution provides more details to
the modelled fields but does not modify the general
behaviour. However, for harbour modelling this is not
the case. The complex geometry of the harbour is not
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reproduced by the coarser model. Harbour features
have a typical size of a few tens of meters, while the
coastal model has a resolution of 200 m. Therefore,
the resolution provided by the coastal model to initial-
ize the harbour model can be far from reality. It is
therefore important to assess the impact on harbour
forecasts of having wrong initial conditions. We must
ascertain the typical time scale of the harbour system
memory, which will determine the warming period
(defined as the time needed by the model to “forget”
the initial conditions) required by the harbour model
before it can produce reliable forecasts. In this sec-
tion, we present the sensitivity experiments run to ad-
dress this issue. The analysis focuses on the Barcelona
and Bilbao harbours as representative of a micro- and
mesotidal environment, respectively.

The strategy for analyzing the system memory was
to run a set of simulations, each one starting from rest
and forced by the same realistic conditions. The only
difference between each simulation was the starting
date. First, a reference experiment was run using re-
alistic forcings: REF-BCN (October 2007) and REF-
BIL (August 2008). Then, a set of three numerical
experiments (perturbed simulations), with the initial
date delayed, was carried out starting with null ve-
locities and constant sea level. The delays used in the
simulations were 5, 8 and 11 days for the Barcelona
case and 1.5, 2.75 and 5.4 days for Bilbao. The differ-
ences between the delayed runs and the reference run
reflect the impact of having wrong initial conditions
on the model evolution. In order to quantify this, we
computed the root mean square error (RMSE) be-
tween the delayed and the reference simulations every
hour to obtain time series of model differences. The
RMSE is defined as:

RMSE (x,,x,) =

where x; and x, are the velocity magnitudes at the
n-points of the inner domain for the delayed and the
reference simulations, respectively. The RMSE pro-
vides a useful indication of the forecast quality in an
operational context. This diagnosis tells us if the de-
layed simulation converges to the reference simulation
and, if it does, after how much time. In other words,
it provides a measure of the system memory, given
wrong initial conditions.

The time evolution of the RMSE for the experi-
ments carried out in the Barcelona and Bilbao har-
bours is shown in Figure 2. Additionally, the mean
current is also plotted in order to have an idea of the
relative importance of the errors. For the Barcelona
case, starting from rest implies an initial RMSE of 2
to 3.5 cm s7!, which is comparable to the averaged cur-
rent in the harbour (relative errors ranging from 50%
to 100%). There is an initial spin-up period of a few
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FiG. 2. — Time evolution for the RMSE (cm s!) between the delayed
and the reference (REF-BCN and REF-BIL) simulations for runs
started on different dates. (a) Results for Barcelona harbour; dot-
ted, black and grey lines correspond to runs started on 5, 8 and 11
October 2007, respectively. (b) Results for Bilbao harbour; dotted,
black and grey lines correspond to runs started approx. on 1, 3 and 5
August 2008, respectively. The time evolution of the mean current
(cm s7!) within the harbours (black thin lines) is also shown.

hours (between 6 and 12), during which the model first
adjusts to an equilibrium solution. After this “numeri-
cal” spin-up, in which the difference with respect to the
reference could be large, the RMSE decreases until it
reaches a stable value of around 1 cm s7!, after 72 to 96
hours. This value could be considered as a minimum
forecast error induced by the initial conditions. The
RMSE reduction is due to the effects of the forcings
(wind and shelf currents), which dominate the model
solution over the influence of the initial conditions.
In Bilbao, the RMSE at the starting time is around
2-3 cm s7!, about half of the averaged current. During
the first 6 hours, there is a numerical spin-up to ad-
just to the model physics. Then, the RMSE decreases,
reaching an almost constant value below 1 cm s™! after
only 48 hours. After 96 hours, the RMSE is reduced to
0.5 cm s7! in all the cases.

It is interesting to note that the two harbours be-
have differently. Bilbao harbour has a shorter memory
than Barcelona harbour, reaching the minimum RMSE
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Fic. 3. — (a) Observed tracking of a surface drifting buoy near Bilbao harbour (dotted line) compared with the predicted trajectories by ES-
EOAT (black line) and SHE-BIL (grey line) models, between 3 and 6 June 2010. (b) Progressive vectors from the ADCP (grey line) located
over the Mediterranean shelf and from ESEOMED (black line) and SHE-CAT (dotted line) models, between 1 and 31 October 2007.

faster. Also, this minimum RMSE is smaller for Bilbao
harbour. The averaged currents and their variability are
larger in Bilbao, so the relative impact of the errors is
even smaller there than in Barcelona. Concerning the
initialization strategy, the results suggest that the Bar-
celona harbour simulation should be launched 96 hours
before the forecast period starts, in order to minimize
the adverse effects of wrong initial conditions. In Bil-
bao, this warming period could be 48 hours.

SYSTEM VALIDATION

Once the system configuration has been fixed, it is
important to compare the system results with observa-
tions in order to have an idea of the extent to which
the forecasts (and therefore the derived products) are
reliable. Unfortunately, sea observations were sparse
in space and/or time, so an exhaustive validation of
the models was not possible. However, we gathered
all the information available during the system devel-
opment phase and compared it with the model results
whenever possible. Moreover, although the main focus
of the HCFS is the water circulation in harbours, it is
interesting to assess the impact of the quality of the
regional and intermediate models on the quality of the
harbour forecasts. Thus, we first validated the regional
and intermediate models, and then the harbour models.

Atlantic area

The data available to validate the regional and inter-
mediate models in the Atlantic area came from a drift-
ing buoy deployed over the shelf in front of Bilbao.
The buoy was kept at the sea surface between 3 and 6
June 2010. It started with a fast eastward displacement
for 6 hours; it was then reversed for 8 hours and finally
adopted a southeastward trajectory for 24 hours (see
dotted line in Fig. 3a). In order to compare with this in-
formation, we analysed the trajectories of virtual buoys
displaced by the surface current fields from the mod-
els. Both ESEOAT and SHE-BIL trajectories showed a

similar southeastward displacement, although the total
displacement of the SHE-BIL buoy was closer to the
observations. The observed variability during the first
12 hours was not reproduced by any of the models, but
the averaged behaviour was. It is interesting to note
that, although the atmospheric forcing for ESEOAT
and SHE-BIL was the same, the buoy trajectories were
not, thus suggesting that the increase in model resolu-
tion helps to reproduce better the near submesoscale
variability.

The Bilbao harbour results were validated using
data from a measurement campaign carried out in sum-
mer 2008. In particular, we used velocity profiles from
an Acoustic Doppler Currentmeter Profiler (ADCP)
moored at the central river axis (see location in Fig. 1),
from 23 July to 2 September 2008. The measured ve-
locities were compared with the HFCS forecasts for the
same period at the sea surface (0.5 m) and close to the
bottom (7 m, see Fig. 4). The correlation coefficients
for the surface layer velocities were 0.35 and 0.65 for
the eastward and northward components, respectively.
Also, it can be seen that the model underestimated the
observed values (the slope of the fitted line is below 1).
For the near-bottom circulation the model performance
increased, showing correlation coefficients of 0.53 and
0.74 for the eastward and northward components, re-
spectively. In this case, the model also underestimated
the observed velocities. The averaged RMSE was 5.7
cm s7! (see values in Fig. 4). It is worth mentioning
that in the surface and bottom layers the largest veloci-
ties were in the northward direction (coherent with the
tidal flow propagation), which is the component that
was best solved by the model. The low correlations
observed in the surface circulation are probably due
to a wrong representation of the wind and the Nervién
river runoff effects on the circulation, as pointed out by
Grifoll et al. (2009), who also showed that the model
properly solved the tidal induced circulation. Thus,
errors in the wind fields or the river runoff could prob-
ably degrade the quality of the forecasts. The extent of
this will be investigated in the next section.
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Fic. 4. — Comparison between the measured and computed U and V current components at the sea surface (a, ¢) and 7 m depth (b, d), at the
location of the ADCP in the Bilbao harbour, for the period between 23 July and 2 September 2008. The correlation coefficients (R) and the
RMSE (cm s7!) for each component are also shown.

Mediterranean area

The data used to validate the regional and inter-
mediate models in the Mediterranean area came from
the deep water observational network of Puertos del
Estado (www.puertos.es) and corresponded to the area
over the shelf in front of Tarragona (Fig. 1). Hourly
observations of water velocity were obtained at 1 m
depth from 1 to 31 October 2007. We computed the
progressive vector from the observations and the mod-
els in order to summarize the velocity time series. The

observations showed a clear southwestward direction
due to the influence of the quasi-permanent northern
current over the slope (Millot 1999). Superimposed on
this general behaviour, there was some variability that
could have been induced by slope current meandering,
mesoscale structures or wind effects. The results from
the ESEOMED regional model showed a weaker circu-
lation oriented mainly westwards, thus differing from
observations (Fig. 3b). This difference is due mainly
to an erroneous representation of the slope current,
which was too weak and/or even almost nil during part
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of the modelled period. Conversely, the results from
the SHE-CAT intermediate model agreed better with
the observations. The predominant velocity direction
was closer to the observed one and the averaged veloc-
ity magnitude was the same as that observed. The in-
creased spatial resolution in SHE-CAT, together with
the improved vertical discretization, probably played
an important role in the slope current representation.
However, although the main behaviour was reasonably
well-reproduced by the model, the variability was not.
The model was not able to reproduce at the correct time
either the slope current meandering or the mesoscale
structures (i.e. eddies and filaments).

The validation of the Barcelona harbour results
involved considerable inconveniences. Measurements
of water velocity inside the harbour were all obtained
during an intensive field campaign in autumn 2003,
while model results were not available until 2007.
Thus, a direct comparison of observed and modelled
results was not possible. However, we compared the
statistical behaviour of the model in autumn 2009 with
the statistical behaviour of observations in autumn
2003. Although particular events such as wind storms
and mesoscale structures over the shelf were not the
same in the two periods, we can expect these peri-
ods to show the same kind of variability on average.
Therefore, we extracted the velocity time series from
the model at the same locations where observations
were obtained (see Fig. 1). The averaged magnitude of
modelled currents inside the harbour was very similar
to the observations (see Fig. 5). Near the north mouth
(D1), modelled and observed currents were 7.1 and 7.5
cm s7!, respectively. In the harbour channel (D2), the
differences between model (12 cm s!) and observa-
tions (8.9 cm s!) were larger. Near the south mouth
(D3), modelled (7 cm s7') and observed (5.8 cm s7)
currents were closer. To compare the current variabil-
ity in model and observations, we used the variance
ellipses (Fig. 5). The size of the ellipses measures the
magnitude of the variability; it can be seen that the
model and observations showed similar ellipse sizes
at all locations. Moreover, the model also correctly
showed the polarization of current variability. At the
north mouth, the current variability was oriented main-
ly in a perpendicular direction to the harbour mouth, as
expected because of the harbour layout. However, it is
interesting to note that variability in a parallel direction
to the harbour mouth also had the right magnitude. In
other words, the ellipse eccentricity matched both in
the model and observations. In the harbour channel, the
model ellipse was more elongated than in observations,
as expected from the results shown above. This may be
due to an incorrect representation of the harbour layout
at this point. The channel width is narrow (only three
model grid points), so small differences in this width
imply significant differences in current magnitude.
Finally, the south mouth variability was also correctly
represented. Both modelled and observed ellipses were
less polarized, reflecting a more isotropic variability.

— Data
e \odel

D3
="

I ! ! ! ! !

Fic. 5. — Variance ellipses of measured (in black) and modelled (in
grey) currents for the autumn period of 2003 and 2009, respectively,
in Barcelona harbour. Arrows show mean velocities. D1, D2 and D3
denote the location of the measurement points referred to in the text.

This is because the south mouth is considerably wider
than the north mouth. In consequence, south mouth is
less restrictive on current variability. In summary, we
cannot say anything about the quality of the Barcelona
harbour results for a particular period, but at least it
seems that the model correctly reproduces the flow
variability in terms of magnitude and variance.

SENSITIVITY OF HARBOUR FORECASTS TO
FORCING ERRORS

In any operational system, the estimation of the
forecast accuracy is almost as important as the forecast
itself. Providing reliable estimates of the forecast er-
rors would require an appropriate monitoring network,
which is unfortunately not available at present in any
harbours. However, what we can do is to perform sen-
sitivity experiments to get a preliminary estimation of
the forecast errors based on the known errors that are
present in the forcing fields. In other words, we can use
the difference between simulations as an estimation of
the actual errors. In particular, here we focused on the
potential impact of errors in the open boundary condi-
tions and wind forcing.

The strategy was to compare pairs of simulations
in which the difference between them is in the forc-
ings (i.e. wind or lateral boundary conditions). In one
case, we used the fields provided by the operational
system (HIRLAM wind fields or lateral boundary
conditions from the coastal model) and in the other
measured values interpolated in the whole model grid.
For the wind fields, we used the winds observed at the
WS meteorological station (see Fig. 1 for its location)
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Fic. 6. — Sensitivity of circulation to wind errors in Barcelona (left panel) and Bilbao (right panel) harbours, for October 2007 and August

2008, respectively. (a, b) Wind stress components (Nm2) used for the experiments: observed winds (blue line) and modelled winds obtained

with HIRLAM (red line). (¢, d) RMSE (cm s™') obtained with HIRLAM winds. (e, f) NSR (%; see text for details). The results are masked
outside the harbour because the colour scales are too different (larger outside).

within the whole grid. For the lateral conditions we
used the velocity profiles observed at all the boundary
grid points and then we imposed a constraint to ensure
volume conservation, as was done for the preparation
of initial fields (see Nesting Strategy section). All the
simulations were one month long. The Barcelona runs

corresponded to October 2007 and the Bilbao runs to
August 2008. Both periods involved a broad range of
situations with alternate episodes of strong and weak
winds and different shelf-current regimes (see Fig. 6a,
b and Fig. 7a, b). Therefore, they can be considered
representative enough of the variety of possible forc-
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ing situations, so the error statistics computed will be
meaningful. Current and sea-level measurements out-
side Barcelona harbour were obtained from a coastal
buoy of the XIOM network (www.xiom.cat) in Oc-
tober 2007, while those outside Bilbao harbour were
obtained from an ADCP deployed in August 2008.
The list of numerical experiments is summarized
in Table 2 for the Barcelona (BCN) and Bilbao (BIL)
harbours. In the reference runs BCN-1 and BIL-1, the
harbour models were forced by observed winds and
used the observed sea level and shelf currents for the
lateral boundary conditions. In runs BCN-2 and BIL-
2, the winds were provided by the HIRLAM forecasts
while lateral boundary conditions were from observa-
tions. In runs BCN-3 and BIL-3, observed winds were

TaBLE 2. — Numerical experiments designed to assess the impact of
the forcing errors on the harbour forecasts.

Simulation Wind forcing Lateral boundary
conditions
PRT-BCN BCN-1 Observed Observed
BCN-1b Observed with Observed
spatial structure
BCN-2 Modelled Observed
BCN-3 Observed Modelled
PRT-BIL BIL-1 Observed Observed
BIL-2 Modelled Observed
BIL-3 Observed Modelled

used while lateral boundary conditions were provided
by the coastal models. The difference between any pair
of runs was quantified in terms of the RMSE at each
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model grid point, computed for the whole simulation
period. Additionally, we computed the noise-to-signal
ratio (NSR), defined as:

RMSE

NSR(%) = -100

where o is the standard deviation of the reference ve-
locities. This quantity gives a measure of the relative
importance of the errors compared to the field vari-
ability. Only surface velocities were used in the diag-
nostics for clarity and because this value is the most
important field for harbour managers (i.e. it affects
ship manoeuvring, oil spill dispersion, etc.). For these
numerical experiments, the salinity and temperature in
the water column were considered constants.

Sensitivity to errors in the wind field

Figure 6 (a, b) shows the observed and modelled
(HIRLAM) wind time series. Wind variability in the
two harbours is comparable in terms of wind strength
(averaged wind stress of 0.05 Nm2) and the number
and strength of strong events (~5-6 events/month of
0.1-0.2 Nm™2). The main difference is that strong wind
events in Bilbao always correspond to eastward winds
while in Barcelona they come from variable directions.
Also, in Bilbao the sea breeze is not negligible, reach-
ing up to 0.1 Nm2. The comparison between observed
and modelled winds shows the same features in both
harbours. Modelled winds reproduced most of the
observed intense events although they systematically
underestimated their strength. Errors in the modelled
winds may reach up to 0.1 Nm=. Also, moderate
variability was almost completely missed by the mod-
elled winds. A likely explanation for the errors in the
modelled winds would be that the atmospheric model
spatial resolution (~14 km) was too coarse to consider
topographic effects around the harbour domain (for
instance, shelter provided by buildings). Also, winds
were provided by mesoscale models, so perhaps they
were not well suited for reproducing small-scale proc-
esses (~100 m) such as those affecting the harbour
domain.

The differences between observed and modelled
winds obviously translate to the modelled harbour
circulation. The RMSE of water velocities (Fig. 6 (c,
d)) were similar in magnitude in both harbours, with
an averaged value of ~1 cm s7! and maximum values
of 2.5 cm s7!. The spatial structure of the errors was
also comparable in both harbours. Errors were larger
in the more exposed areas where the wind influence
is greater. In Barcelona harbour, the influence of wind
is in the central channel, where a continuous circula-
tion between the two mouths is established. In Bilbao
harbour, the wind influence is more noticeable near the
mouth, which is also the widest part of the harbour. In
both harbours, sheltered narrow areas are less affected
by the wind. Even if they are under the same wind

influence as the larger areas, the piers and docks in-
hibit the set-up of the wind-induced circulation. Also,
in shallower areas (i.e. those close to land), friction
is greater and wind-induced motions are damped. In
consequence, in sheltered and shallow areas, the wind-
induced velocities were smaller, so the errors are small
(below 0.5 cm s7").

A complementary means for analysing the errors in
the harbour circulation is the NSR (Fig. 6 (e, f)). In Bar-
celona harbour, the NSR due to errors in the wind field
was between 40% and 50% in most of the domain. That
is, errors were less than half of the variability. Near the
south mouth, the NSR was below 20% while in some
isolated areas it reached 60%. In Bilbao harbour, the
NSR was highly anti-correlated with depth. Deeper
areas showed a smaller NSR, with values below 20%,
while shallower areas showed the highest NSR, reach-
ing up to 100%.

Additionally, an analysis of the influence of the
spatial wind resolution in the Barcelona harbour
circulation is made. Wind fields provided by the op-
erational meteorological models can be considered
almost spatially homogeneous at the scales of interest.
Their spatial resolution (5-10 km at best) cannot take
into account the local topography around the harbour
(i.e. buildings, hills, cliffs, etc.), so that the wind
forecasts over the harbour have no spatial variations.
A numerical experiment was run to check the impact
of the lack of fine-scale structure on the wind fields
(BCN-1b). In this case, we repeated the simulation
forced by observed winds (BCN-1), but using spatially
variable winds (see Table 2). These new wind fields
were obtained by weighted averaging of wind data
measured at meteorological stations (see Fig. 1) within
the model grid. The weights were defined as a function
of distance (w=exp(-D*Lw), where D is the distance
between the meteorological station and the model grid
point and Lw=2 km). In both simulations (BCN-1 and
BCN-1b), we used wind fields with the same averaged
value but with a different spatial structure (homoge-
neous and spatially variable, respectively, see Fig. 7a,
b). The circulation in both experiments shows almost
the same patterns inside the harbour and small differ-
ences between the two simulations are appreciated in
the time evolution of the current magnitude (see Fig.
7c, d). The root mean square difference between the
two simulations is 1.6 and 2.5 cm s~! for the north and
south mouths, respectively. The reason for such a good
agreement is that harbour layout strongly conditions
the preferential directions for the water motion, reduc-
ing the effects of the wind curl.

Sensitivity to errors in the lateral boundary
conditions

The errors in the lateral boundary conditions in Bar-
celona harbour come mainly from the representation
of the shelf currents. In Figure 8a, we show the cur-
rents measured in front of the harbour and the currents
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FiG. 8. — Impact of lateral boundary conditions errors in Barcelona (left panel) and Bilbao (right panel) harbours, for October 2007 and August

2008, respectively. (a) Shelf current components (cm s~!) from observations (blue line) and provided by the coastal model (red line). (b) Sea
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outside the harbour because the colour scales are too different (larger outside).

provided by the coastal model (CST-BCN). The mag-
nitude, direction and temporal variability of observed
currents are not reproduced. Observed currents show
rapid changes in direction and maximum velocities of
up to 20 cm s~'. Conversely, the coastal model misses
these variations in direction, and velocities are never

over 10 cm s!. These large errors in the representa-
tion of shelf currents translate into large errors in the
harbour forecasts (Fig. 8c), although they are located
mainly near the south mouth and the central channel.
This is consistent with the picture of the circulation
induced by the shelf currents shown by Grifoll et al.
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(2011), who showed that southwestward shelf currents
induce a circulation in the harbour from the north to
the south mouth, with larger values in the narrowing of
the channel. They also showed that the south mouth is
strongly affected by current variability offshore, what-
ever its direction is. Maximum errors reach 7 cm s in
these areas, while in the rest of the harbour the values
are lower than 1 cm s™! (i.e. comparable to the errors
induced by the wind). The NSR is again about 40% to
50% in a large part of the domain (Fig. 8e), but near
the south mouth and in the central channel the NSR
increases to 90%. Only in the most sheltered areas the
NSR is below 10%.

In Bilbao harbour, the errors in the lateral bound-
ary conditions are mostly related to the representation
of the tides. Grifoll et al. (2009) showed that tides are
the dominant driving mechanism of the Bilbao harbour
hydrodynamics. Therefore, we compared the surface
elevation measured outside the harbour with the values
provided by the coastal model (CST-BIL). The coastal
model provided acceptable results (see Fig. 8b), and
discrepancies between the model and observations
were in the amplitude (not the phase) and always less
than 20 cm, that is, less than 10% of the total signal.
However, these relatively small errors have a great
impact on harbour circulation forecasts, with averaged
RMSE ranging from 3 to 4 cm s~'. The spatial structure
of the RMSE is similar to that induced by errors in the
wind fields (Fig. 8d). The largest values are located in
the deeper areas and the smallest values are located in
the shallower areas. This is consistent with the circu-
lation pattern induced by tidal forcing (Grifoll et al.
2009), where larger velocities are found in the deeper
areas of the harbour. Finally, the NSR distribution (Fig.
8f) is very similar to that shown in Figure 6, although
the values are higher. Averaged NSR is 50% and val-
ues range from 30% in the deepest area to more than
100% in the shallower and sheltered areas.

DISCUSSION

The implementation of an operational system to
provide harbour circulation forecasts is far from be-
ing a simple technical problem. The system require-
ments must be carefully assessed on the basis of the
oceanographic characteristics of the environment and
the particular conditions of the harbour design. For the
Atlantic harbours, the tidal forcing is the main driving
mechanism, while wind and shelf currents are of sec-
ondary importance (Grifoll et al. 2009). Conversely,
for the Mediterranean harbours, where tidal influence
is negligible, wind and shelf currents are the main
driving mechanisms. However, it must be noted that
in single-mouth harbours the shelf currents are much
less influential (Mestres et al. 2007, Grifoll et al. 2011)
and wind is the dominant driving forcing over short
time scales (a few days). Additionally, in all harbours
freshwater discharges may play a role, but they are
considered to be a secondary forcing; in the case of a

river inside the harbour domain (i.e. Bilbao harbour),
its influence can be comparable to wind influence only
during high runoff periods, although its main effect is
on the thermohaline structure and it does not directly
contribute to the circulation. In the case of a small-size
river (i.e. that in Tarragona harbour) or the existence
of other discharges such as wastewater, the impact is
usually limited to a small area around the discharge
point and only during the runoff period (Mestres ef al.
2007, Grifoll et al. 2011). It is important to note that
the relative importance of the driving mechanisms af-
fecting harbour circulation may change from time to
time. For instance, Grifoll et al. (2009) showed that
under particular wind and river runoff conditions their
contribution to surface circulation in Bilbao harbour is
of the same order as tidal forcing. Also, Grifoll et al.
(2011) showed that circulation in Barcelona harbour
is strongly affected by southwestward shelf currents
but almost unaltered by northeastward shelf currents.
In consequence, all the elements that can potentially
affect harbour circulation should be included in the
system and their time variability should be correctly
considered.

Wind forcing with reasonable spatial and temporal
resolutions is routinely provided by meteorological
services, so it is usually not a problem to include this
forcing in the oceanic operational systems. Grifoll et
al. (2011) showed that 3-hourly frequency for wind
forcing is enough to reproduce the effects of wind on
the Barcelona harbour circulation. Our experiments
suggest that the spatial resolution of the wind field
has little impact on the circulation inside the harbour.
However, it must be mentioned that using higher reso-
lution atmospheric models may lead to an improve-
ment of surface winds in terms of both magnitude and
temporal variability (i.e. reducing the errors observed
in Fig. 6). The initial and lateral boundary conditions
are more difficult to obtain because there are few open-
sea operational systems, and when they exist their spa-
tial resolution is far from optimal for properly solving
coastal circulation. Therefore, if currents or sea level
over the shelf must be included in the system (i.e. at
Bilbao and Barcelona harbours), a downscaling of
open sea operational products must be performed. Our
choice was to use different nesting levels to transfer the
information from the open sea to the coastal domain,
including the particular features of the coastal area.
For Tarragona harbour, this would probably not be
necessary, provided that shelf currents have little influ-
ence on the inner harbour hydrodynamics (Mestres et
al. 2007). However, because the intermediate models
are already available for this area, we also included
the shelf current forcing in Tarragona. Finally, river
discharges are difficult to forecast and at present only
climatological values are used.

Once the system requirements have been assessed
and the system is implemented with all the required
elements, it must be configured. First, the model pa-
rameters must be calibrated in order to compare model
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results with observations. In our case, because limited
data were available, this was not possible and typical
values used in other regions were used. Second, the
operational functioning must be established. In other
words, we have to decide the forecast horizon and the
restart procedure. The forecast horizon is determined
by the availability of the forcing fields, which is 72
hours for the HIRLAM wind fields and the ESEOO
regional models (ESEOMED and ESEOAT). The
restart procedure is closely linked to the system mem-
ory. We have seen that the impact of having wrong
initial conditions is noticeable until 96 hours after the
start in the Barcelona case, and 48 hours in the Bilbao
case. In Tarragona harbour, we made no estimation,
but as it is a small harbour driven only by the wind,
it is probably a safe choice to use the same results as
those obtained for Barcelona. Therefore, the harbour
models are configured to start 96 hours (48 hours
in the case of Atlantic harbours) before the forecast
phase begins.

Although this study has been carried out on three
harbours, we have enough information to be able to
make some recommendations for implementing a simi-
lar system in other harbours. Flow patterns inside semi-
enclosed domains with intrincate shorelines are usually
complex (e.g. Cucco and Umgiesser 2006, Niedda and
Greppi 2007, Ribbe et al. 2008). Moreover, studies
on harbour circulation highlight the 3D behaviour of
the hydrodynamics inside the harbour and the interac-
tion with winds, shelf currents and freshwater sources.
Therefore, the first recommendation is that a 3D primi-
tive equation model with enough spatial resolution to
correctly represent the complex harbour layouts must
be used. The second recommendation concerns the
forcing fields. In Atlantic harbours (i.e. harbours in
a mesotidal environment), wind forecasts and a good
representation of tides outside the harbour (i.e. sea lev-
el and currents) must be provided to the system. Tidal
forcing could be provided by a coastal 3D model (as in
our case) or simply by a tidal model, which is simpler
and usually accurate enough. In this case, effects of
non-tidal shelf currents would not be included in the
system, but such effects are considered to be of second-
ary importance. In Mediterranean harbours (i.e. har-
bours in a microtidal environment), wind forecasts are
required and if the harbour has two mouths, shelf cur-
rents should also be provided. In all cases, having river
runoff forecasts (if there is a river inside the harbour
domain) would improve the system quality. However,
because they are difficult to obtain, climatological val-
ues or past observations could also be used, assuming
that rivers are less influential on harbour circulation.
Small rivers (i.e. the Francoli River in Tarragona har-
bour, with an averaged runoff of 2 m3s-!) have a small
impact on circulation (Mestres et al. 2007), whereas
larger rivers (i.e. the Nervion River in Bilbao harbour,
with an averaged runoff of 35 m?s~') can moderately
affect the circulation but only close to the river mouth
(Grifoll et al. 2009).

A proper assessment of the quality of system re-
sults would require an extensive dataset which is not
available at present. However, with the limited data
available we can draw some conclusions about the
HCFS quality. The intermediate models (SHE-CAT
and SHE-BIL) provide an improvement of the regional
models (ESEOMED and ESEOAT). The mean circula-
tion improves in both magnitude and direction (see the
validation section), but it is still not able to reproduce
the high-frequency variability (order of days). For the
harbour models, we were able to compare the model
results with contemporary data (i.e. from the coastal
model to force the harbour model and observations
within the harbour) only in Bilbao. The averaged
RMSE is about 6 cm s~! and the averaged correlation is
~0.6, which is reasonably good considering the system
complexity. In Barcelona harbour, we were only able
to perform a statistical analysis and it seems that the
model correctly reproduces the typical circulation pat-
terns inside the harbour. Unfortunately we were unable
to go further in the Barcelona model validation. In Tar-
ragona harbour, Mestres et al. (2007) showed that the
general behaviour of the model matches current obser-
vations, but errors may be large during certain periods
and errors in the current field may vary between 2 and
15 cm s7!, depending on wind conditions. In summary,
the HCFS can provide a reasonable approximation to
reality, particularly to the averaged behaviour, but the
range of uncertainties is still large.

The forecast errors may come from different sources
than the initial and boundary conditions or atmospheric
forcing. The sensitivity experiments carried out here
give us an idea of the relative importance of different
error sources. Having wrong initial conditions induces
large errors in the initial simulation period. However,
after the warming period (48 hours for Atlantic har-
bours and 96 hours for Mediterranean harbours), the
RMSE averaged in the whole domain is stabilized at
around 1 cm s~!'. The errors in the wind forcing have
more influence in areas where wind-induced circula-
tion is stronger, that is, in the wider areas such as near
the harbour mouths or in large basins. In small docks,
the circulation is much weaker because the harbour
layout prevents the establishment of the wind-induced
circulation, so the magnitude of errors is less important
there. From our experiments, typical RMSE values due
to wind inaccuracies are around 3 to 4 cm s~!. Finally,
with expected RMSE values of 4 to 7 cm s, the er-
rors in the information prescribed through the lateral
boundary conditions are the most significant in Barce-
lona and Bilbao harbours (in Tarragona, lateral bound-
ary conditions do not affect harbour circulation). This
finding has several causes. First, lateral forcing is the
dominant driving mechanism in Bilbao (Grifoll et al.
2009) and Barcelona harbours (Grifoll et al. 2011), so
the system is more sensitive to errors in these fields.
Moreover, in Barcelona harbour, errors in the lateral
forcing (i.e. shelf currents, see Fig. 8a) are especially
large. Additionally, model parameters or limited phys-
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ics in the model may have an influence on harbour
forecast quality. This influence has not been analyzed
in this paper but some sensitivity studies carried out
by Grifoll (2009), varying different model parameters
(such as bottom friction, and horizontal and vertical
viscosity), suggest that their impact on harbour circula-
tion is secondary when compared to the impact of er-
rors in the wind field or lateral boundary conditions. An
improved error characterization may be achieved when
monitoring networks are deployed in the harbours.
Alternatively, advanced techniques such as stochastic
modelling (see, for instance, Jorda and De Mey [2010]
for an application in the western Mediterranean) could
be used to improve error characterization.

In summary, we present here the first operational
forecasting system for harbour circulation developed
for Spanish harbours. To our knowledge, no other simi-
lar initiatives have been developed in southern Europe.
At present, the system is far from perfect, but for the
first time a tool related to water circulation can be used
by harbour managers and may be of crucial importance
for ship manoeuvring operations and oil spill control.
Furthermore, circulation forecasts are the basis of sev-
eral methodologies for water quality degradation man-
agement (Marin et al. 2008, Choi et al. 2009, Grifoll
et al. 2010). Guerra-Garcia et al. (2005) also showed
that sediment quality and benthonic biodiversity in a
harbour are closely related to harbour circulation.

Some authors have suggested that in nested systems
the quality of shelf models strongly depends on the
quality of the information provided in its open bounda-
ries (Auclair et al. 2001, Barth et al. 2008, Mason et al.
2010). In our case, simulation length is probably too
short to notice the same problems that those authors
have reported. Nevertheless, our sensitivity experi-
ments show that an improvement in the quality of the
shelf models will directly improve the quality of the
harbour model. Therefore, efforts should be devoted to
improving the forecast quality at the different nesting
levels and not only at the harbour level. Future devel-
opments of the system should focus on the improve-
ment of forcing fields (e.g. improving the quality of
atmospheric fluxes or the operational systems that pro-
vide lateral boundary conditions), the implementation
of monitoring networks (e.g. for validation and cali-
bration tasks), and the improvement of the modelling
system (e.g. through the use of two-way nesting or data
assimilation).

CONCLUSIONS

The Harbour Circulation Forecasting System devel-
oped for Spanish harbours is presented in this paper. A
preliminary analysis of the driving forcing mechanisms
in different harbours has been made in order to deter-
mine the system requirements. A four-level nested sys-
tem of ocean models, extending from the regional scale
to the harbour scale, has been implemented. Sensitivity
experiments oriented towards determining the optimal

initialization strategy suggest that, for the Atlantic har-
bours, model runs should start at least 48 hours before
the forecast phase. For the Mediterranean harbours,
the warming phase should last 96 hours. The system
validation shows encouraging results for the harbour
circulation forecasts. In general, the models reproduce
the main circulation patterns, although they miss par-
ticular features. This is due mainly to the limitations
of the forcings. Additional sensitivity tests have shown
that errors in the lateral boundary conditions are the
most influential in the quality of the harbour forecasts.
The reason is twofold. First, the conditions over the
shelf (currents and elevation) are the dominant forcing
in harbours in tidal environments or with two mouths.
Second, the quality of the information on those condi-
tions is significantly lower than the quality of the wind
fields. Nevertheless, errors in the wind fields induce
errors in the harbour forecasts of about 30%, so they
are not negligible either. Although the system is far
from perfect, this is the first time that harbour manag-
ers have had access to operational products based on
circulation predictions, which is of crucial importance
in terms of ship operations, risk management and oil
spill control.
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