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ABSTRACT

ALVAREZ-ELLACURIA, A.; ORFILA, A.; OLABARRIETA, M.; MEDINA, R.; VIZOSO, G., and TINTORE, J., 2010.
A nearshore wave and current operational forecasting system. Journal of Coastal Research, 26(3), 503-509. West Palm
Beach (Florida), ISSN 0749-0208.

An operational forecasting system for nearshore waves and wave-induced currents is presented. The forecasting sys-
tem (FS) has been built to provide real time information about nearshore conditions for beach safety purposes. The
system has been built in a modular way with four different autonomous submodels providing, twice a day, a 36-hour
wave and current forecast, with a temporal resolution of 1 hour. Making use of a mild slope parabolic model, the
system propagates hourly deep water wave spectra to the shore. The resulting radiation stresses are introduced in a
depth-integrated Navier-Stokes model to derive the resulting current fields. The system has been implemented in a
beach located in the northeastern part of Mallorca Island (western Mediterranean), characterized by its high touristic
pressure during summer season. The FS has been running for 3 years and is a valuable tool for local authorities for

beach safety management.

ADITIONAL INDEX WORDS: Rip currents, wave propagation, surf zone currents generation, beach hazards.

INTRODUCTION

Coastal areas are among the most complex and variable
marine systems because their dynamics are subjected to the
effects derived from a complex geometry, where the bathym-
etry plays a crucial role in wave propagation. Moreover, the
wide range of processes affecting coastal hydromorphody-
namics such as waves, currents, and tides, among others, in-
teract at different spatial and temporal scales, making these
zones highly variable environments.

Despite the socioeconomical relevance of coastal areas,
modeling, observation, and continuous monitoring of coastal
variability is to date scarce because of the intrinsic complex-
ity of these systems. Besides the morphological importance
of coastal areas, they are a major recreational resource
around the world, and human activities have been constantly
growing in the last three decades. Coastal management has
increasingly relied on the scientific results obtained from dif-
ferent research fields that have been transferred to new en-
gineering methodologies and applications to environmental
systems in search of new, more integrated, and sustainable
solutions to coastal problems. Although beach erosion and
coastal evolution are, in a global change context, top scientific
issues, accurate information, in an operational sense, of short
term variability is still required by governments and end us-
ers.

Continuous observation of coastal variability is expensive
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and sometimes impossible to obtain. Comprehensive infor-
mation in coastal areas is nowadays required to establish ef-
ficient coastal zone monitoring as well as to develop manage-
ment policies to effectively study these marine systems (Smit
et al., 2007). The scarcity, and in most cases the lack, of in-
formation becomes a problem when scientists need to assess
the current state (diagnostic) of specific coastal systems as
well as to build predictive models (prognostic) of their evo-
lution. The spatial and temporal evolution of different phys-
ical systems can be expressed in terms of differential equa-
tions. However, the numerical resolution of the aforemen-
tioned equations needs data to establish the systems’ initial
conditions. Moreover, because of their nonlinear nature, con-
tinuous data update is required to correct the deviations of
the numerical predictions from the real state.

Experiments to provide a complete overview of nearshore
dynamics have been shown to be the most useful tool to im-
prove the understanding of short term variations of coastal
dynamics (Herbers et al., 2003; Reiners et al.,, 2004). Unfor-
tunately maintaining such experiments, which is required in
any operational activity, is logistically and economically dif-
ficult. Only recently, with the development of new observing
technologies, has it been possible to provide observations in
a continuous way of some aspects of nearshore variability on
all relevant time scales (Davidson et al., 2007). Besides, as a
result of the increasing capacity of computers nowadays, only
a short computational time is required to solve complex nu-
merical models. This has made possible the development of
operational systems for deep water wave conditions and cur-
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Figure 1. (a) Geographic location of the pilot area: Mallorca Island is inside the frame. (b) Mallorca Island: symbols in this panel correspond to deep
water wave buoy (circle), Hipocas node (triangle), and the deep water WAM prediction points (diamonds). (¢) Cala Millor beach: Point A indicates location
of the acoustic current meter moored during the February 28, 2006-March 8, 2006 experiment.

rents, which are presently available (Bidlot et al., 2002; Hod-
ur, 1997). However, because waves are the driving mecha-
nism for littoral dynamics, not only is accurate deep water
wave characterization crucial but water wave propagation
from deep to shallow water also needs to be solved in an ef-
ficient way. Because water waves propagate from the region
where they were generated to the coast, both wave amplitude
and wavelength are modified because of refraction (eg.,
changes in the bathymetry or interactions with wind induced
currents), diffraction (e.g., intense variations of the bottom),
and energy changes due to shoaling, damping, and finally
wave breaking (Liu and Losada, 2002). The surf zone is a
highly dynamic area where wave energy is partially dissi-
pated through turbulence and transformed in short and long
waves, mean sea level variations, and currents. Therefore en-
ergy dissipated in the surf zone is used for sediment trans-
port, providing a highly variable morphological environment
(Dean and Dalrymple, 2002). Breaking waves generate nar-
row currents sometimes directed seaward through the surf
zone because of an excess of momentum flux (Bowen, 1969).
These “rip” currents are identified as being responsible of
more than 100 deaths annually in the United States (see for
instance NOAA, 2008). Nowadays several model packages are
commercially available to study the hydrodynamic and mor-
phodynamic processes in coastal areas, e.g, DELF3D, SMS,

or MIKE21. The application of new insights in nearshore hy-
drodynamics for public safety issues is nowadays becoming
more frequent. Recently, Conley et al. (2008) presented a rap-
id environmental assessment providing hydrodynamic infor-
mation in real time; Rusu, Conley, and Ferreira-Coelho
(2008) and Allard et al. (2008) presented new nearshore fore-
casting systems. This information can be used by coastal
managers.

In this article a new operational forecasting system (FS)
developed to provide short term prediction of waves and cur-
rents is presented. The FS has been implemented in an in-
termediate barred beach in the western Mediterranean Sea
(Figure 1a). This coastal area is well exposed to severe storms
events mainly during late fall and winter, and is character-
ized by a strong occupancy during the summer season. Waves
and currents are predicted twice a day with a 36-hour hori-
zon. Atmospheric predictions are obtained automatically
from the Spanish Meteorological Institute (INM) based on the
forecasts produced with the High Resolution Limited Area
Model (HIRLAM) model. The Spanish Harbour Authority
(Puertos del Estado) force the Wave Model (WAM) Cycle4,
with hourly wind fields. Deep water hourly spectra for the
next 36 hours are propagated to the beach using a mild slope
parabolic model (GIOC, 2003a; Gonzalez et al, 2007). This
model includes the effects of refraction and diffraction, as
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well as the shoaling and dissipation due to bottom friction
and breaking (Kirby, 1986). The wind wave fields obtained
from the parabolic model are finally introduced as the forcing
terms in a two-dimensional depth-integrated Navier-Stokes
model. The model is solved over the detailed beach topogra-
phy, computing the radiation stress terms and deriving the
currents induced by wave breaking and the possible oblique
wave incidence (GIOC, 2003b; Gonzélez et al., 2007). Follow-
ing this methodology a wave and current forecast for the next
36 hours is generated and provided to users via the Internet.
This procedure is repeated twice a day.

STUDY AREA

The aforementioned FS has been implemented in Cala Mil-
lor, located in the northeast coast of Mallorca Island (Figure
1b). The beach is in an open bay with an area of about 14
km?, extending to depths up to 20-25 m. From the coastline
to the 8-m water depth contour, the bathymetry presents a
regular slope indented with near shore sandbars that migrate
from offshore to onshore during periods of mild wave condi-
tions (Figure 1c). At depths from 8 to 35 m the seabed is
covered by a Posidonia oceanica meadow, an endemic sea
grass species of the Mediterranean Sea (Infantes et al., 2009).
Cala Millor is a tourist resort with a population of 6072 per-
manent inhabitants. However, during the summer this num-
ber can increase up to 17,046 inhabitants. The tourist occu-
pancy is between 74.6% and 91.3% of the hotel beds during
summer season. This means that during the summer season
the Cala Millor real population achieves the value of 20,263
inhabitants, three times more people than during the rest of
the year. Daily mean number of beach users fluctuates from
6400 to 6800; at the end of the tourist season, these rates
mean that at least 500,000 individuals have engaged in rec-
reational activities at Cala Millor beach.

The tidal regime is microtidal with a spring range less than
0.25 m (Gomez-Pujol et al., 2007). According to the criteria of
Wright and Short (1984), Cala Millor is an intermediate
barred sandy beach formed by biogenic sediments with me-
dian grain values ranging between 0.28 and 0.38 mm at the
beach front.

Wave Climate

Wave climate characterization has been performed using
Hindcast of Dynamic Processes of the Ocean and Coastal Ar-
eas of Europe (HIPOCAS) data, consisting of hourly wave
data from a 44-year wave hindcast (Soares et al., 2002). Hind-
cast models have become a powerful tool, not only for engi-
neering or prediction scales but for climate purposes involv-
ing large temporal periods (Cafiellas et al, 2007). For the
study area, the virtual wave gauge is located 10 km offshore,
at a water depth of 50 m (triangle in Figure 1b). The signif-
icant wave heights’ long term probability distribution func-
tion (log normal), derived from the statistical analysis of the
hindcasts data, shows that the significant wave heights (H,)
exceed 1 m 50% of time. Moreover, the analyzed data show
that the typical peak period (7,) in the study area is char-
acterized by a value between 3 and 6 seconds. The annual
and summer wave conditions are shown in Figure 2. The
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Figure 2. Annual wave regime (upon panel) and summer wave regime
(bottom panel) for the deep water point (triangle in Figure 1b).

most energetic waves are usually from the north and north-
east, which are the most common directions, with wave
heights between 1-4 m.

DATA AND METHODOLOGY
Forecasting System

The FS has been built in a modular way with four inde-
pendent submodels (Figure 3). Hourly wind predictions are
provided daily by the Agencia Estatal de Meteorologia (AE-
MET, formerly INM) using the HIRLAM model (Unden et al.,
2002) over a mesh of 0.2° for the 24-hour horizon and over a
mesh of 0.5° after 1 day. Wind fields at 10 m height are used
as the meteorological input for the WAM cycle 4 wave model
on the oceanic scale (Gomez and Carretero, 1997). These pre-
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dictions are carried out operationally over the Mediterranean
Sea by the Spanish Harbour Authority, and provide a 3-day
forecast of wave height and wave direction. The deep water
wave conditions at two different nodes located near the beach
(39°40' N, 3°30" E; 39°35" N, 3°30" E) (see diamonds in Figure
1b) are propagated to Cala Millor beach using a mild slope
model. To correctly simulate the propagation of waves coming
from different directions, we implemented two different
meshes with a resolution of 15 m in the area.

The wave propagation model solves the parabolic form of
the mild slope equation (Kirby and Dalrymple, 1983),

Do, (V-U)Z;—‘i’ ~ V(Ce,V) + (0% — k>Ce)db

Dt?
\% i A
Ve, — — 25,2 2
+ 2(r<k b, % coshzkh>¢ + o2k A2
.Y
T = 1
+ LO'Zd) 0, (1)

where D is the total derivative, ¢ is the velocity potential at
the free surface, U is the current velocity, o is the frequency,
C is the wave celerity, c, is the group velocity, ¢, the long
wave velocity potential, V is the nabla operator, k the wave
number, A the wave amplitude, 2 the water depth, & is a
dissipation factor due to the bottom, and 8 is part of the non-
linear term, expressed as:

cosh(4kh) + 8 — 2 tanh2(kh)
8 sinh*(kh)

S =

The last term in Equation (1) accounts for the viscous ef-
fects due to the bottom. Wave breaking and bottom dissipa-
tion are parameterized using the breaking wave model bore,
following Battjes and Janssen (1978). The bottom friction is
based on the Darcy-Weisbach turbulent friction coefficient
(Dean and Dalrymple, 1984).

The current model is based in the solution of the momen-
tum and continuity averaged equations. The resulting radi-
ation stresses obtained in the mild slope model are intro-
duced into a depth-integrated Navier-Stokes movement equa-
tion, e.g.,

: —+—=—(S;) + = —(S; LU 2)1/2
Dt +gaxi * pH Gxi( i) + pH axj( u)+ CZH( it U,)
02U, 02U,
N -0 )
8( Ox? " 8sz> ’ (2)

where U, is the horizontal velocity (u, v) in the x; direction
(x, ), m is the free surface elevation, H is the total water
depth, ¢ is the Chezy coefficient, & represents the eddy vis-
cosity, and S,; represents the radiation stress terms.

RESULTS AND DISCUSSION
Daily Forecasts

Twice a day, wave energy spectra predictions at the two
aforementioned deep water nodes are received. Depending on
the wave direction, the system selects the most suitable node
to process its information to fulfil the parabolic approxima-

HIRLAM MODEL
WIND PREDICTION

Input: wind fields *
10m above the sea

WAM MODEL

DEEP-INTERMEDIATE WATERS
WAVE PREDICTION

Input: wave *
bidimensional spectr:

MILD SLOPE MODEL

ONSHORE WAVE
PROPAGATION

Input: Radiation *
Stress
2DH NAVIER-STOKES
MODEL

SURFZONE CURRENTS
GENERATION

Figure 3. Scheme of the different models used in the forecasting system.

tion. Two different meshes have been predefined for the two
different prediction points with the seaward boundary at the
same location of the corresponding points.

The FS system has been operational since April 2005, pro-
viding 36-hour horizon day forecast of the wave height, di-
rection, and surf zone currents to the Search and Rescue au-
thorities who are responsible for beach safety. Maps with
beach condition information (waves and currents) are updat-
ed automatically via internal file transfer protocol (ftp) and
used to manage the risk at the beach. In addition, wave con-
ditions are stored for statistical purposes.

The highly variable environment with sandbars moving
continuously onshore (offshore), depending on mild (storm)
conditions, force us to perform bathymetric surveys every 2
months on average. New bathymetries are used to generate
the new numerical meshes where models are run. This is a
crucial point because bathymetry has to be updated at least
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Figure 4. Significant wave height (top panel), and mean period (bottom
panel) at 45 m depth. Solid lines correspond to the forecast and dashed
lines to observations.

after every storm event to get the exact position of the sand-
bars and rip channels. Currently this is performed with a
ship-mounted Biosonics DE-4000 echo sounder equipped with
a 200-KHz transducer. The draught of the boat allows sam-
pling to depths of about 0.5 m. Inshore—offshore and along-
coast echo sounding transects are sampled perpendicular to
the bathymetric gradient with a separation of 50 m between
transects. The acoustic pulse rate is set to 25 s, and the
sampling speed was set to 3 knots, which allows for a hori-
zontal resolution of 1 m. This procedure provides accurate
bottom mapping but is very time consuming.

Validation

To test the performance of the FS, we carried out a field
experiment from February 28 to March 8, 2006. For this pe-

riod, time series of wave height and wave period measured
with a buoy located at 45 m depth (circle in Figure 1b) are
compared with the time series of the predicted wave condi-
tions (northern diamond in Figure 1b) provided by the Span-
ish Harbours Authority (Figure 4). The correlation between
predicted and measured data for the significant wave height
during 2005-2007 is around 86% with a RMS of 0.37; for the
mean period around 78% with a RMS of 1.32, and for the
mean direction 91% with a RMS of 0.56.

During the experiment, an acoustic wave and current me-
ter (AWAC), was moored at 10 m depth, approximately 700
m offshore (point A, Figure 1c). This instrument provided the
incident wave height, period, and direction during the first
20 minutes of each hour, at a sample rate of 1 Hz. Time series
comparing measured significant wave height and that pre-
dicted by the system are shown in Figure 5. As seen, on
March 6th a storm over the area generated significant wave
heights, up to 1.5 m and maximum peak periods of 10 sec-
onds, which are reasonably well predicted by the system.
During the period marked in gray there were no available
forecasting data because the incoming waves were from the
southwest. Although the predictions are well correlated with
observations (78.4% of agreement), the observed discrepan-
cies could be related with WAM period predictions, which do
not correlate exactly with the buoy data during the first 5
days of March and with the fact that local winds (sea breezes)
are not included in the system. Additionally, a current meter
was moored at a water depth of 1.5 m to capture the mean
velocities every minute. However, measured currents did not
show any indication of seaward outgoing water. During the
first 3 days of the experiment, the difference between the
direction of measured currents and the predicted ones is less
than 13%. Unfortunately during the storm event, the current
meter was buried and therefore there are no current data
available for this period.

To have an overall view of the current system in Cala Mil-
lor beach, the Spanish Air Force performed a photographic

| | | |

0
02/28 03/01 03/02 03/03 03/04 03/05 03/06 03/07 03/08

Figure 5. Significant wave height at 10 m (location A in Figure 1c) during the field experiment. Solid line corresponds to measurements and triangles
to the hourly prediction provided by the FS. During the period marked in gray there were no available forecasting data because incoming waves were
from the southwest.

Journal of Coastal Research, Vol. 26, No. 3, 2010



508 Alvarez-Ellacuria et al.

4.383

4.3828

4.3826

4.3824

4.3822

4.382

4.3818
5.328 5.329 533

Figure 6. Current field for May 30, 2005, at 18:00. The aerial photog-
raphy at that time is represented at the upper-right side of the picture,
while the predicted rip current is represented in the bottom-right side.
The location of the predicted rip-current coincides with the area in which
P. oceanica leaves are present.

survey all over the beach. This kind of data is very useful
because it provides visual signals of surf zone currents. Fig-
ure 6 shows the aerial photography of May 30, 2005 (upper
right), where the accumulated leaves of the endemic species
P. oceanica serves as a passive tracer for the identification of
the wave-induced currents. Rip location can be visually iden-
tified by a line of foam, seaweed, or debris moving steadily
seaward (Komar, 1998). In the same picture the predicted
currents of the same day over the whole study area are
shown. Comparing the aerial photography with the forecast-
ed current field indicates that the system is able to predict
the outgoing flows. This visual estimation of a rip current is
made by several lifeguard associations as well as by the Na-
tional Oceanic and Atmospheric Administration (NOAA),
whose Web site explains how to identify rip currents where
“a line of foam, seaweed, or debris moving steadily seaward.”

CONCLUSIONS

In this article we have presented an operational forecasting
system for the prediction of waves and breaking currents in
shallow waters. Nearshore waves are obtained by the prop-
agation of deep water conditions to the area. Breaking cur-
rents are obtained after the inclusions of the radiation stress-
es in a depth-integrated Navier-Stokes model. The FS has
been working for 3 years, providing the nearshore hydrody-
namics in an autonomous and operational way. Some inter-
ruptions occurred during this period, mainly due to problems
related with connections between the local server and the
server located in the Spanish Harbours Authority. Informa-
tion of wave height and wave induced currents in the beach
are automatically generated by a Web server that can be
checked by the lifeguards immediately using a pocket PC to
improve beach safety.

Field experiments were carried out to test the forecasting
capabilities of the system showing that predictions of wave
height and direction are well correlated with observations.
Directions of currents in the surf zone are also well predicted.
Wave breaking currents were qualitatively validated using
aerial photography because they were not measured during
the field experiments.

Although the FS developed seems to be a useful tool to
obtain estimations of the occurrence, location, and intensity
of wave breaking currents, several improvements have to be
implemented. First, because accurate bathymetry is contin-
uously required, it is necessary to develop low cost techniques
to obtain bathymetry. In this sense, matching video-based
techniques with the presented approach have to be explored.
The inclusion of local wind forcing, such as the sea breeze,
would also improve the input wave conditions at the outer
boundary of the beach. Future research also is directed to the
inclusion of other physical mechanisms generating rip cur-
rents through Boussinesq-type models.
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[J RESUMEN []
En este trabajo se presenta un sistema operacional para la prediccién de las corrientes generadas por la rotura del oleaje en aguas someras. El sistema se ha
desarrollado con el propésito de proporcionar las condiciones de oleaje y corrientes para la seguridad en playas. El sistema estd construido en forma modular con
cuatro submodelos funcionando de forma auténoma para proporcionar el oleaje y las corrientes dos veces al dia con un horizonte predictivo de 36 horas. Las condiciones
de oleaje en aguas profundas, se propagan hasta la costa mediante un modelo parabélico de pendiente suave y los tensores de radiacién resultantes se introducen
como forzamiento en un modelo de Navier Stokes verticalmente integrado. El sistema se ha aplicado en una zona piloto en la Isla de Malloca (Mediterréneo occidental).
El sistema ha estado funcionando ininterrumpidamente durante tres afios habiéndose mostrado como una herramienta muy valida para la gestion de la seguridad
en la playa por parte de las Autoridades. La extensién del sistema a otras areas del litoral es inmediata una vez se disponga de las batimetrias detalladas de las

zonas de interés.
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