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This paper describes a study performed at LNEC where the wave regime characteristics at the Porto Santo beach
were found by first defining an offshore wave regime and then propagating some selected offshore wave conditions
to the beach. The definition of the offshore wave regime was made upon about 6 years of observed wave buoy data in
the vicinity of Madeira. Post-processing of these wave records produced a wave regime characterized by waves
coming from 70º to 105º and from 165º to 305º, with wave periods between 3 and 14 s and wave heights between 0
and 7 m. The wave propagation from offshore to the Porto Santo beach was done by using two different numerical
models, SWAN and REFDIF, for a number of selected offshore wave conditions The results show that both models
give similar general results when refraction is the principal phenomenon involved. When diffraction plays an
important role, REFDIF results appear to be more reliable, although when this phenomenon is less significant
SWAN results are more realistic since this model allows the propagation of irregular nonlinear waves.

ADDITIONAL INDEX WORDS: Porto Santo beach, wave propagation and deformation, offshore wave regime,
refraction and diffraction phenomena, REFDIF and SWAN models.
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ABSTRACT

Porto Santo Island: Offshore Wave Characterization and Propagation

C.J.E.M. Fortes †; Coli,A.B. ‡;Neves, M.G. § and Capitão, R. ††

INTRODUCTION

Porto Santo is an island of the Madeira archipelago, in the
North Atlantic Ocean, which is located about 500 Km from the
North African coast, in the northeast of the Madeira Island,
Figure 1. This island has five small rocky islands in its
surroundings and a bathymetry that is characterized by steep
slopes, Figure 2. The Porto Santo beach, Figure 1, the largest
beach of the island (9 km long), has paramount importance both
for the tourism and the economy of the archipelago and thus has
to be preserved.

Recently, some oscillations on the width of some stretches of
Porto Santo beach were observed. These oscillations produced
some occasional reductions of the width of the beach with
strong inconveniences to tourist use.

LNEC has performed several studies in order to identify the
possible causes of the problem, by analyzing whether the
problem is only due to the natural evolution of the morphology
of the beach, or is a problem that will eventually cause
permanent disequilibrium in the beach. Since waves are one of
the several natural agents that influence the dynamics and
sedimentary equilibrium of the beach, the knowledge of the sea
wave regime characteristics in the neighborhood of the beach is
of chief importance in order to understand its morphodynamic
evolution.

This paper aims to describe the study carried out for the
determination of the sea wave regime characteristics at the
Porto Santo beach, starting with the definition of an offshore
wave regime, followed by the propagation to the beach of some
selected representative offshore wave conditions.

The definition of the offshore wave regime was made upon
about 6 years of observed wave buoy data in the vicinity of
Madeira, . (2003). The observed wave data were
collected by the Portuguese Hydrographic Institute and consist
of wave records of 20 minutes, 3-hourly taken, of the sea surface
elevation. Post-processing of these wave records gave values of
the following wave parameters: significant wave height, HS,
zero up-crossing wave period, TZ, and wave direction, .

The wave propagation from offshore to the Porto Santo
beach was performed by using two different numerical models,
SWAN and REFDIF, for a certain number of selected offshore
wave conditions. The use of these two different models is
justified by the difficulty in finding a single model being able to
take into account all the important physical phenomena
involved in a wave propagation over such a large study domain
(110 km x 90 km) where a very complex bathymetry is apparent.
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The SWAN model, . (1996), is based on the
spectral wave action balance equation and all the physical
processes modulated are done in an explicit form. Therefore,
the SWAN model is able to reproduce the sea-wave propagation
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Figure 2. Porto Santo Island. Bathymetry and location of P
point.

Figure 1. Madeira and Porto Santo islands. Location of wave
buoy at Funchal (Madeira). View of Porto Santo beach.
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The offshore wave regime at Porto Santo can be summarized
as follows:

to the breaking zone, starting from offshore, where
corresponding wave conditions are imposed, by taking into
account the bottom depth variation, presence of currents, non-
linear wave interaction and wind wave generation at the study
region. This model is very adequate for very large regions
although the diffraction phenomenon is not taken into account.

On the other hand, the REFDIF model, and
(1991), is a finite difference numerical model based on

the parabolic approximation of the (1986) equation, a
modified mild-slope equation that takes into consideration the
refraction, diffraction (only, in the direction normal to the wave
propagation) of surface waves propagating over mild-slope
seabed (such as those usually found in harbors, bays and coastal
regions), wave dissipation due to wave breaking and bottom
friction and the presence of currents. Thus, the REFDIF model
is particularly appropriate to regions where the incoming sea
wave conditions propagate over a complicated bathymetry
towards the shore, although it only propagates regular waves.

The comparison of the model's results close to the beach
enabled one to identify the main advantages and limitations of
both models.

After this introduction, this paper presents: a) the offshore
wave regime and how it was obtained; b) the comparison
between the results from the two propagation models, SWAN
and REFDIF, along a stretch of the Porto Santo beach, and
finally, c) the conclusions of this work.

The offshore wave regime at the Porto Santo beach was
defined on the basis of observed wave buoy data collected in a
directional wave buoy that operated in front of Funchal, in the
southern part of the Madeira Island (Figure 1), for a limited
period of about 6 years, from November 1996 to December
2002, . (2003). The observed wave data consist of
wave records collected every 3 hours, which produced
parameters of significant wave heights, zero up-crossing wave
periods and wave directions.

With these observed buoy data, a wave regime at Funchal
(Madeira Island) was established. That regime was transferred
to offshore and then to the Porto Santo beach, i.e., to the point P
(approximately, -1000 m (CD), located in deep water), Figure 2.
In this manner, an almost offshore wave regime was established
at the Porto Santo Island, i.e., in front of Porto Santo beach.

All of these propagations of wave regimes (from Funchal to
offshore and therefore to Porto Santo) made use of the LNEC's
methodology entitled TRANSFER, . (2002). This
methodology, which has already been successfully applied to
several locations on the Portuguese continental coast, consists
in using irregular refraction wave propagation models for
transferring sea wave data or regimes from a coastal buoy site
where available data are sufficient to establish a convincing sea
wave regime, to offshore, followed by a new transfer from
offshore to the coastal site(s), not too distant from the original
site, where the wave regime(s) is (are) sought. The TRANSFER
methodology comprises the use of three numerical models: the
BACKTRACK and REFSPEC models, and
(1988), which calculate the refraction of the irregular waves
over variable bottom depths and the INTERPOL interpolation
program, . (2002).

Using the TRANSFER methodology, a wave regime at point
P is thus defined (Figure 2). This will be considered to be the
offshore wave regime at the Porto Santo beach. Figure 3
presents the marginal distributions of a) HS and b) , and c) the
relationship between HS and TZ at point P.

- The spectral mean wave directions vary between 60° and
320°, being the more frequent ones the directions from
sectors 70° to 105° and from 165° to 305°. In the range of
directions between 285° and 290°, the maximum number of
occurrences appears;

- The wave heights vary between 0 and 7 m. The more frequent
significant wave heights vary between 0 and 3.5 m being
those from 0.5 to 1.0 m the ones with the major number of
occurrences.

- The relationship between HS and TZ is poor and totally
unacceptable for further use. Therefore, a range of periods
should be used instead for association with wave heights. The
observed range of wave periods is between 3 and 14 s,
although periods from 3 to 6 s may be due to local wind.

The propagation of the offshore wave regime to the Porto
Santo beach was accomplished by using two different
numerical models, SWAN and REFDIF, for a number of
selected offshore wave conditions. Those conditions were
selected on the basis of the offshore wave regime, Figure 3, and
were intended to represent the main characteristics found
offshore, that is:

- Wave directions, between WNW (292.5º) to ENE (67.5º);
- Zero up-crossing wave periods, TZ, 6 s, 8 s and 10 s;
- Significant wave height, HS, 1.0 m (for TZ=6 s, 8 s and 10 s),

3.0 m (for TZ=8 s and 10 s) and 5.0 m (for TZ=10 s).
Notice that the main objectives of these calculations are to

analyze the propagation of waves from offshore to the Porto
Santo beach and to compare the performance of both numerical
models.

In order to analyze the wave regime close to the Porto Santo
Beach the study should be done by taking the frequency of
occurrence of these waves into account.
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Figure 3 - Offshore wave regime at Porto Santo (Point P). a) HS
histogram; b) histogram; c) Relationship between HS and TZ�
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Application of the REFDIFModel

Application of SWAN Model

Comparison of SWAN and REFDIF Results

The REFDIF model, and (1991), is a
finite difference numerical model based on the parabolic
approximation of a modified mild-slope equation
1984) that takes into account the refraction, the diffraction of
surface waves propagating over mild-slope seabed, the wave
dissipation due to wave breaking and bottom friction and the
presence of currents. The model takes into consideration the
diffraction in the direction normal to the wave direction, i.e.,
only along the wave crests. Since this is a parabolic model, it
should not be applied in areas where the reflection effects are
important, since the reflective wave component is neglected.

The REFDIF model was used to propagate regular waves
from deep waters to shallow waters, in order to determine the
wave characteristics close to the Porto Santo beach. The
calculations of REFDIF model were performed for the incident
regular wave characteristics selected on the basis of the wave
regime defined previously and summarized in Figure 3. The
mean sea water level was considered as +1.40 m (CD).

Several grids were constructed according to the incident
wave directions and the bathymetry of the region. In fact, each
grid is orientated according to the incident wave direction
considered. In this manner, the angle between the wave
direction and the incident wave direction in any region of the
domain would not reach 60º, which is an essential condition for
the application of the REFDIF model. The grid's spacing was
equal to 6.25 m in both directions x, y. The bathymetry of each
grid is based upon the bathymetry presented in (Figure 2).At the
entrance boundary of each grid, the incident regular wave
conditions, referred to above, were imposed, while at the other
boundaries, open boundary conditions were considered.

The results of the REFDIF model consisted in a pair of wave
height, H, and wave direction in every point of the domain,

and (2003).An example of the REFDIF's results
(wave heights and wave crests), obtained for an incident regular
wave propagating from South (S), with a period, T= 10 s and a
wave height, Ho = 1.0 m, is shown in Figure 4.

This is the direction that is found to be the most exposed of
the beach. The wave that reaches the beach is a result of the
effects of refraction and diffraction due to the bottom
characteristics. The bathymetry configurations induce that: a)
in the central part of the beach, the wave heights are of the same
order or superior of the incident wave height; b) in the right hand
side, there is an increase of the wave height; c) finally, in the left
hand side there is a slight decrease of the wave heights. Notice
that in this left hand side the protection of the Baixo Island also
influences the wave heights Figure 4.

For this incident wave direction, the diffraction effect around
the Cima Island does not significantly affect the wave
characteristics close to the beach. Nevertheless, this effect is
important for waves propagating from directions between ESE
and ENE while the diffraction around the Baixo Island is
important for wave directions from WNW to SW (the most
frequent directions).

The SWAN model, . (1996), is a phase averaging
wave model, based on the action balance equation.All the wave
generation and dissipation processes, as well as the nonlinear
interactions between waves, are represented explicitly, without
any hypotheses on the spectrum shape.

pation effects due to whitecapping, bottom
friction and wave breaking.

This model was applied to Porto Santo Island to propagate the
incident wave spectra from deep waters to shallow waters, in
order to determine the wave characteristics close to the Porto
Santo beach. The calculations with the SWAN model were
performed for the same wave conditions used with REFDIF
model. For each transferred wave condition, a JONSWAP wave

spectrum was considered at the entrance boundary and the mean
sea level was set to 1.4 m (CD).

To the Porto Santo Island, two nested grids were made, one
coarse grid covering all the area and islands and one fine grid
covering the area surrounding the Porto Santo beach, nested on
the first (Figure 5). The coarse grid has a spatial resolution in
both directions of 200 m and the fine grid of 50 m, both based on
the bathymetry presented in Figure 2. Each run of the SWAN
model included two steps: a first step with the JONSWAP
spectrum parameterisation at the coarse grid boundary,
resulting in a spectrum at the boundary of the fine grid; then, a
second step by running the fine grid with these input spectra.All
the SWAN computations were carried out in stationary mode
assuming the absence of currents and wind in the domain. On
both model runs, whitecapping, depth-induced breaking and
frequency shift in frequency space were considered.

The results of the SWAN model, in every point of the domain,
consisted in a significant wave height, a mean and a peak period,
a mean and a peak wave direction, a directional spreading and a
water level.

Figure 5 shows an example of the SWAN results obtained for
a boundary input of peak wave direction, p, equal to 180º (S),
with a peak period, Tp, of 10 s and a significant wave height,
HSo, equal to 1.0 m.

In order to analyze the wave characteristics close to the Porto
Santo beach, the models' results (wave heights and wave
directions for REFDIF and significant wave heights and mean
wave direction for SWAN) are compared on a stretch along the
bathymetric -10 m (CD), Figure 6. To simplify the discussion,
both model's results will be denoted by “wave height” and
“wave direction”. These results were used in the
morphodynamic studies performed at LNEC for Porto Santo
beach ., 2004).

In this paper, only the results from the propagation of some of
the most frequent waves are presented. Figure 8 to Figure 11
show those results (wave heights and/or wave directions)
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through geographic space, refraction and shoaling due to
bottom and current variations, blocking and reflections by
opposing currents, transmission through or blockage by
obstacles and dissi

As one can see, this SWAN model results show that the 1 m-
height incident significant wave reaches the Porto Santo beach
without expressive changes in height. The mean direction varies
due to refraction, near the southern part of Porto Santo Beach
and Baixo Island, at about 30º.
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Figure 4. Results computed by REFDIF, for T= 10 s, South
direction and Ho=1.0 m. a) Wave heights; b) Wave crests.
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along the selected stretch, calculated using both models and
considering the incident waves coming from:
-ENE (67.5º) and E (90º), for T=Tp=6 s and Ho=HSo=1m;
-S (180º) and SSW (202.5º), for T=Tp=10 s and Ho=HSo=1, 3

and 5 m;
-W (270º) and WNW (292.5º) for T=Tp=8 s and Ho=HSo=1

and 3 m.
However, the wave directions along the stretch for the test

cases of W and WNW are not presented, due to the too small
values of wave heights that were found there with the REFDIF
model, which made it impossible to define a wave direction.
To facilitate the comparative analysis, and by acknowledging
the large length of the selected stretch, with coordinate values
varying from x=3715000 to x=379500, the previous area was
divided in three main smaller areas or zones (I to III), Figure 6.
In general, for all tested periods, the results of the SWAN model
are smoother than the ones of REFDIF model, due to the fact
that the SWAN model considers an incident directional
spectrum while, REFDIF model considers a regular incident
wave only. There are small differences between the wave

heights of both models, in zones I and III, i.e., near the Baixo
and Cima Islands, respectively. These differences are more
significant for higher wave heights (Ho=3 m and 5 m) than for
smaller wave heights (Ho=1 m). Notice that in these two zones
the diffraction of waves around the Baixo and Cima islands
influences the wave heights. This phenomenon is taken into
account by REFDIF (even though partially) and not by SWAN.
In what concerns the directions, both models show a similar
behavior for all the tested incident wave heights.

For waves coming from ENE and E, for T= 6 s, Figure 7 and
Figure 8, the models' results (wave heights and wave directions)
show a general similar behavior. For waves coming from ENE,
the wave heights computed by SWAN are larger than the ones
computed by REFDIF. Notice that this is the direction where the
diffraction significantly influences the wave heights along the
beach. For the wave direction of E, the models' results (wave
heights and wave directions) show the influence of the Cima
Island. In fact, the wave heights computed by the two models
along the stretch of the Porto Santo beach are almost the same in
zone I but the REFDIF' results are smaller when approaching
zone III. This is the region that is the most affected by the
diffraction around the Baixo Island. As referred to before,
although this phenomenon is taken into account by REFDIF,
SWAN does not consider it. Nevertheless, it seems important to
note that especially for these directions, the diffraction
phenomenon is not well simulated by REFDIF in the
neighborhood of the Cima Island, since this model is based
upon the parabolic approximation of the mild-slope equation.
Actually, only a model able to solve the elliptic form of this
equation will be able to conveniently simulate this phenomenon
in this region. With respect to the wave directions, both models
show a similar behavior, for the tested incident wave heights.
The wave directions progressively rotate to SSE when moving
to zones II and III. This is due to the characteristics of the
bathymetry and to the diffraction around Cima Island. For
waves coming from E, in zone III, REFDIF shows more
instability in the wave directions values, which is a
consequence of the presence of waves with different directions.
In that region, the waves that surround the Cima Island
(diffraction) and the ones that cross the “Boqueirão de Cima” do
meet.

s) also show a similar behavior, for all the tested
incident wave heights. In this case, the wave heights along the
stretch of the Porto Santo beach decrease in zones I and II. That
decreasing is more significant as the incident wave heights
become higher. In zone III, the wave heights are almost equal or
sometimes higher to the incident wave height. With respect to
the wave directions, these rotate to SSE in zones I and II, while
in zone III they suffer no rotation relative to the incident wave
direction. For these directions, the results of SWAN model are
also smoother than the ones of REFDIF, due to the
consideration in SWAN model of a incident directional

For wave directions of S and SSW, for T= 10 s, Figure 9 and
Figure 10, the model's results (wave heights and wave
direction
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Figure 5. HS and results computed by SWAN, for Tp=10 s,
South direction and HSo=1.0 m. a) Coarse grid with indication
of the fine grid; b) Fine grid.

�



spectrum, not present in REFDIF model. The major differences
of both models are in zone I due to the presence of the Baixo
Island. There are also small differences in zone III due to the
existence of the Cima Island. These differences are higher as the
incident wave height becomes higher. Notice that in these two
zones, the diffraction of waves around the Baixo and Cima
Islands influences the wave heights and it should be recalled
that the diffraction phenomenon is taken into account by
REFDIF only. Concerning the wave directions, both models
show very good agreement in zone II. In zones I and II, there
exist small differences between the results of the models.

For the W and WNW wave directions and T=8 s, Figure 11,
the differences between the models' results are not significant.
These are the most frequent wave directions, which are
associated with the highest waves. Nevertheless, both models
show that there is an effective decrease of the wave heights near
the beach, for these wave directions. In fact, in zones II and III,
the wave heights are less than 0.2 for either Ho=1 m or 3 m. In
zone I, the values of the wave height are less than 0.5 for Ho=1
m and 0.9 for Ho=3 m. Notice that in this zone I the wave height
is larger than in the other zones, which is a result of the wave
propagation that crosses the “Boqueirão de Baixo”. The wave
directions could not be defined along the stretch, as a result of
the small values of the wave height found there.

CONCLUSIONS

This paper describes a study performed at LNEC for
determining the wave regime characteristics in Porto Santo.
This was accomplished by first defining an offshore wave
regime and then propagating a range of selected offshore wave
conditions to the beach.

The definition of the offshore wave regime was made upon
about 6 years of observed wave buoy data in the vicinity of
Madeira. This regime characterized by waves coming from 70º
to 105º and from 165º to 305º, with wave periods between 3 and
14 s and wave heights between 0 and 7 m.

The wave propagation from offshore to the Porto Santo
beach was done using two different numerical models, SWAN
and REFDIF, for a number of selected offshore wave
conditions. The comparison of the models' shows that:

In all test cases, the SWAN model presents smoother results
than REFDIF. This is due to the fact that SWAN propagates a
directional spectrum while REFDIF propagate regular waves
only;

For wave directions of ENE and E, the main differences in
the results occur in the zone III, near the Cima Island, where the
diffraction of waves around the small island influences the
wave heights and directions. Although the diffraction
phenomenon is partially considered by REFDIF model, SWAN
model does not;

In general, for the wave directions of S and SSW, the
influence of the small islands (Cima and Baixo) is weak and the
beach is very exposed to the incident waves. The differences
between the models' results are very small and one can venture
to say that both models are valid for use in this case;

For the wave direction of W and WNW, the main
differences in the results occur in the zone I, near Baixo Island,
where the diffraction of waves around the small island
influences the wave heights and directions. As said before, only
REFDIF model considers (although partially) this
phenomenon.

Summing it up, some global conclusions could be
ascertained:

When diffraction is an important phenomenon involved
(for waves propagating from E to ENE and W to WNW)
REFDIF is the more adequate model to be used since it
considers the diffraction in the direction normal to propagation.
However, a more suitable model would be a model that would
take into account full diffraction modeling and the propagation
of spectral waves;

When only refraction is involved, both models produce
similar results. SWAN gives more realistic values of wave
height, since it propagates irregular waves and takes into
account nonlinear effects. However, it demands more time and
computed resources then REFDIF. In that case, a balance
should be tried between precision and computational sources.

Additional tests should be performed with a refraction-
diffraction model based in the elliptic mild-slope equation, able
to take into account the full diffraction modeling. Furthermore,
test should be performed with the spectral version of the
REFDIF/S.
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Figure 8. a) Wave height and b) wave direction results for the
incident wave: T=Tp= 6 s, Ho=HSo=1.0 m, direction from E.
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Figure 9. a) Wave height and b) wave direction results for the
incident waves: T=Tp= 10 s, Ho=HSo=1 m, 3 m and 5 m,
direction from S.
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Figure 10. a) Wave height and b) wave direction results for the
incident waves: T=Tp= 10 s, Ho=HSo=1 m, 3 m and 5 m
direction from SSW.
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Figure 11. Numerical results for and incident wave T=Tp= 8 s,
Ho=HSo=1 m and 3 m, direction from W and WNW.
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