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ABSTRACT

This study reports the role of waves, tide, wind and freshwater discharges over the sea level in Obidos
Lagoon, a coastal system connected to the sea through a narrow and shallow mobile inlet. To address the
hydrodynamic features of this coastal system, the relative importance of different physical forcings
were evaluated. For this purpose, observations together with realistic and idealized numerical modeling
were used. Both model and measurements show that the lagoon sea level remains above offshore sea
level during storm wave periods. Hence, a simplified inlet-lagoon idealized model was described
through mathematical expressions, to understand and highlight the physical processes responsible for
sea-level elevation.

In general, it can be concluded that multiple forcing conditions, specifically tide and waves, are
important in defining the dynamics of the Obidos Lagoon. The variability of the lagoon sea level is 80%
due to tide and 20% due to waves. A correlation was found with wave height and sea-level elevation
during high wave activity periods; no correlation was found for low wave activity. A significant super-
elevation on lagoon sea level occurs during storm wave periods. Such super-elevation is explained, not
only by wave set-up or radiation stresses due to waves, but also by tidal inlet morphology (mainly depth

and length).

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Direct (wind) and indirect atmospheric (rain, through river
flow) and marine (tide and waves) forces cause large differences
and rapid changes in the physical and the chemical characteristics
of coastal lagoons (Troussellier and Gattuso, 2007). These systems
are typically shallow, fresher than near-ocean conditions and are
separated by sand spits or barrier islands (Fortunato and Oliveira,
2007). The hydrodynamic behavior in these coastal systems is
driven mainly by tide and waves. The presence of waves can cause
large differences in terms of sea-level variations (Nielsen and
Apelt, 2003); their relative importance depends upon the
morphology of the lagoon entrance, as well as the local wave
regime. In shallow and narrow entrances, the sea-level elevation
caused by wave motion, such as wave breaking, is an important
mechanism. This rise in sea level, or set-up, induced by waves is
commonly termed as “wave set-up” (Angwenyi and Rydberg,
2005). The theoretical background of wave set-up was introduced
by Longuet-Higgins and Stewart (1960, 1962, 1964), who related
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the effect to the concept of radiation stresses, due to the presence
of waves. Basically, the radiation stress is defined as the excess of
flow of momentum due to the presence of waves (Longuet-
Higgins and Stewart, 1973). This original analysis established a
relationship between the gradient of the radiation stresses for
waves approaching the beach at an oblique angle, and the
resulting of alongshore current (Nielsen and Apelt, 2003).

Factors governing the relative magnitude of wave set-up at
tidal inlets and river entrances have been addressed by Guza and
Thorton (1981), Hanslow and Nielsen (1992), Hanslow et al.
(1996), Dunn et al. (2000), Dunn (2001), Oshiyama et al. (2001),
Tanaka et al. (2000, 2003) and Nguyen et al. (2007). In the past
Dunn (2001) explained a part of the “missing” or “lack” of set-up
in the Brunswick River, Australia. The explanation was based upon
the mechanism of wave height decay. Recently, Nguyen et al.
(2007) showed that set-up, or sea-level elevation, depends not
only upon offshore wave height but also on the different
morphological river entrances or tidal inlets. These authors found
a correlation between wave set-up height and water depth of the
entrance, based upon data collected in seven different morpho-
logical river entrances and one inlet. They showed that the wave
set-up height is inversely proportional to the average water depth,
at a river or inlet entrance.

In most cases, the estimation of wave set-up at entrances was
based upon only observations. Numerical models, on the other
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Fig. 1. Geographical location of the Obidos Lagoon. Tidal gauges (@), current measurement stations ([J); and river discharges are represented also in the Figure, as well as

the main basins.

hand, provide an approach to the study of the importance of
simulating effect of waves or other external forces (e.g., winds)
upon the hydrodynamic behavior. In addition, hydrodynamic
model applications are useful in understanding the main physical
processes, since the complete field data sets is, however, hard to
obtain.

The main purpose of this study is to evaluate the dominating
driving forces on sea-level rise (SLR) in the Obidos Lagoon, a
coastal system located on the western Portuguese coast (Fig. 1),
connected to the sea through a narrow, shallow and mobile inlet.
Fluctuations in lagoon sea level (LSL), under distinct physical
forcing, are analyzed: (i) tide; (ii) tide and wind; (iii) tide and
freshwater river discharges; and (iv) tide and waves. To achieve
the main objective, field measurements and numerical modelling
were used, in addition to an idealized inlet-lagoon model. Field
data are useful to develop an understanding of the hydrodynamic
features of the coastal system and numerical model validation.
The results show a rise in the LSL, during storm wave periods. This
SLR can be attributed not only to wave-induced effects but also to
the inlet morphology (depth and length).

This contribution is arranged as follows. Section 2 describes
the study area, field sites and measurements obtained in the
coastal area and in the lagoon; it introduces also the numerical
model. Section 3 presents an analysis of the observations and
numerical simulations, together with the inlet-lagoon idealized
model. Finally, the major findings are summarized in Section 4.

2. Materials and methods

This analysis combines field data and numerical model
predictions. Initially, bathymetric and sea-level data were used
as a preliminary assessment, of the morphological and the
hydrodynamic characteristics of the lagoon. These data were used
then to validate the hydrodynamic numerical model. Subse-
quently, the hydrodynamic model was used to simulate the LSL,
under several physical forcings. The following sub-sections

describe the study area and summarize the characteristics of the
field data and the model set-up.

2.1. Description of the system

The Obidos Lagoon is a small and shallow coastal lagoon with a
surface area of 7km? and 2m average depth (Vao, 1991). The
Obidos Lagoon consists of two regions, with distinct morpholo-
gical hydrodynamic characteristics (Fig. 1): the lower and the
upper lagoon. The lower lagoon, connected to the Atlantic Ocean,
is composed of several channels (Carvalho et al., 2006). The water
velocities in this region often exceed 1ms~! along the northern
channel and about 1.6 ms~! in the inlet (Malhadas, 2008). The
upper lagoon consists of a shallow basin, elongated arms (Barrosa
and Bom Sucesso) and a small embayment in the south (Poca das
Ferrarias, Oliveira et al., 2006). Because the velocities are weaker
(0.4ms~! in the arms, Malhadas, 2008), sediments originating
from various tributaries tend to settle out in this part of the lagoon
(Fortunato and Oliveira, 2007). Freshwater inflow enters the
lagoon at both arms: the Cal River at the Barrosa arm and Vala do
Ameal at the Bom Sucesso arm. The Arndia River discharge,
between the lagoon arms, contributes about 90% of freshwater
fluxes into the lagoon. The river is the major source of sediments,
whose deposition has created an extensive sand bank.

This shallow lagoon is characterized by semi-diurnal tides
(tidal range 0.5-4.0 m depending upon location and tidal phase)
enabling important water exchanges to take place with the coastal
waters. These are estimated at 6 x 10°m?> for an average neap tide
and 10’ m? for a spring tide (Santos et al., 2006).

Overall, freshwater input plays a minor role, with average flow
rates of the order of 3m>s~!; this is less than 5% of the average
tidal prism, scaled by the M2 period (Rego, 2004). The influence of
the tide extends throughout the entire lagoon, without pro-
nounced longitudinal variation in salinity or stratification
(Carvalho et al., 2005). Salinity from the upper to the lower
lagoon varies from 34 to 36 (Santos et al., 2006).
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Fig. 2. Typical wave climate in the western Portuguese coast: (a) wave height (Hs, m); (b) wave period (Tp, s); and (c) wave direction (Dr, degrees form North—clockwise)

(adapted from Costa et al., 2001).

As within many other shallow coastal systems, friction play an
important role in the dynamics of the lagoon; thus, in turn, leads
to the establishment of flood dominance. Within this type of
asymmetry, the ebb phase lasts longer than the flood phase,
resulting in stronger currents during the flood phase (Stanev et al.,
2007).

The offshore wave climate ‘along the western Portuguese coast
(Costa et al., 2001) is characterized commonly by wave heights
(Hs) within the range 1-2 m (40% of the records), whilst 22% of the
observed values exceed 3 m (Fig. 2). In terms of wave peak periods
(Tp), it was observed that 60% of the values were between 9 and
13s. Wave direction observations showed that 90% of the
incoming waves were originating from the West (W) and Norwest
(NW) sectors. Waves generate an alongshore southward current
(e.g., littoral drift), which promotes the inflow of marine sands
into the inlet and resuspend sediments; this affects significantly
the hydrodynamic within the lagoon.

2.2. Bathymetric and oceanographic data

The oceanographic data available for this particular study
were collected during the “Monitorizacdo Ambiental da Lagoa de
Obidos” Project (MAMBO), a contribution from the Portuguese
Hydrographic Institute—IHPT (IHPT, 2001a, b, 20024, b). The data
available included bathymetric surveys, sea-level time-series,
currents, wind and wave data.

The project commenced on October 24th, 2000 and lasted for
8 months. The monitoring program incorporated: automatic tidal
gauges and current measurements obtained with an Acoustic
Doppler Current Profiler (ADCP, RDI WORKHORSE 1200kHz)
inside the Obidos Lagoon; an ADCP, with module WAVES in the
coastal area (RDI WORKHORSE 600kHz); meteorological auto-
matic station (ANDERAA AWS 2700) and set to collect the
bathymetric data with an acoustic sensor. Sea level was measured,
between December 2000 and December 2002, at three stations
within the lagoon: one located near the inlet (Station B); and two
located within the arms (D and E, station locations in Fig. 1).
Currents were measured near the inlet (Station A) and along the
northern channel (Station B and C) during a tidal cycle on
November 26th and 29th, 2000 and July 3rd and 6th, 2001.

In the coastal area, the ADCP (within 20 m water depth) measured
the waves from November to December, 2000 and during May
2001.

All of the data were sampled at 10 min intervals, except for the
wave height and wind, which were recorded every hour.

2.3. Hydrodynamic model

The numerical model used in this study was MOHID (Martins
et al, 2001), a three-dimensional finite volume model. The
MOHID hydrodynamic model was used to achieve an accurate
characterization of the flow regime in the study area, because it
has the ability to simulate flow over complex bathymetry in
shallow coastal systems (Vaz et al.,, 2007). The hydrodynamic
equations of MOHID model and the down-scaling methodology
have been described by Leitdo et al. (2005). Here, we present only
the implementation of the Obidos Lagoon predictive model.

The configuration applied to the Obidos coastal lagoon
included two levels of nested models, with one-way coupling
(Fig. 3). To reduce the number of land points in the model area, we
rotated the region ~45° (see the North indicator, in Fig. 3).

The first level covers the coast between Nazaré and Peniche
(between 39.1°N and 39.8°N). The grid spacing is less than 100 m
nearshore and approximately 200 m offshore. The total number of
grid points is 346 by 250 cells. The model was forced, through
prescribed surface elevations from FES95.2 global tidal solution
(Le Provost et al., 1998) at the open boundaries in the Northeast,
Northwest and Southwest (Fig. 3a). The meteorological data used
in the atmospheric forcing was obtained from the MAMBO project
automatic station and was concurrent with the simulated period.
The meteorological data used were wind speed (ms~!) and
direction (degrees from North, clockwise). The time step was
10s and the horizontal eddy viscosity was 10m?s~". The model
was initialized with ‘null-free’ surface gradients and zero
velocities at all of the grid points. A bottom roughness (Manning)
coefficient of 0.022 was adopted.

The second level included the Obidos Lagoon and the transition
zone between coastal waters. The total number of grid points is
300 by 340 cells, with a constant grid spacing of about 25 m. The
solution of level one was downscaled, to this level. Freshwater
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Fig. 3. Domain bathymetry for the two-nested model implemented: (a) Nazaré-Peniche coast and (b) Obidos Lagoon. The freshwater fluxes are marked in the Obidos

Lagoon domain.

fluxes from river runoff were specified at three locations within
the Obidos Lagoon model, at constant rates for each of the three
small rivers: Arnodia, Cal and Vala do Ameal (Fig. 3b). These data,
typical of winter and summer months, are described in more
detail in Section 2.5. The time step was 5 s and the horizontal eddy
viscosity was 2m?s~1. A 2D depth-integrated model was used,
because it was assumed that the study area presents an
homogeneous water column, due to the shallow depths and
minor freshwater inputs.

2.4. Wave model

To simulate the wave propagation, the Steady-State Spectral
Wave model (STWAVE), developed by the US Army Corps of
Engineers (Smith et al., 1998, 2001), was used. STWAVE simulates
depth-induced wave refraction and shoaling and it includes
additional effects such as current interaction, wave breaking,
diffraction (simplified approach), wave-wave interaction and
white-capping. The STWAVE model is based upon the assumption
that relative phases of the spectral components are random and,
thus, phase information, is not tracked (e.g., it is a phase-averaged
model).

Wave radiation stresses were calculated with the wave
propagation model, which assume the wave’s effect over the
currents. Since the opposite (current effects over the waves) was
not considered, the sea level was simulated assuming 1 m sea-
level classes. This meant that for each wave condition, simulations
were performed from the hydrographic O up to 5m above the
maximum possible tidal level. Afterwards, it was considered
acceptable to interpolate wave radiation stresses within the sea-
level range of each meter.

The contribution of waves to bed roughness was considered
also in the model simulations. For the bottom shear stresses it was
considered that total roughness is provided by the sum of the
components associated with current and waves. Wave roughness
was considered to be the maximum of the 3*Dgq value (the sieve
size for which 90% of the grains by weight are smaller; it provides
an estimate of the largest sand grains present in a sample) and an
estimation based on the bed forms (ripples and dunes), following
the approaches proposed by Van Rijn (1989).

Boundary wave conditions used Hs, Tp and average direction
derived from the ADCP (see location, in Fig. 1). To make the
number of wave simulations feasible, the wave record was split

into classes of Hs, Tp and direction, using the criteria of
approaching: the Hs for the next half meter; the Tp to the closest
second; and the direction to the limit of each 25° interval. As such,
27 different offshore wave conditions were adopted. The theore-
tical JONWASP spectrum was applied at the model boundary. This
approach allowed the simulation of a wave sequence, similar to
that recorded by the ADCP, using a limited number of wave
conditions.

2.5. Simulations

Hydrodynamic simulations were set-up for different physical
forcings, representative of distinct situations: (i) tide; (ii) tide and
wind; (iii) tide and freshwater river discharges; and (iv) tide and
waves. Tidal forcing was considered throughout the model
simulations. Others, such as wind, freshwater discharges and
waves were used as additional forcing, to highlight the lagoon
hydrodynamics. Freshwater flux values are typical of a wet and
dry year. The values used for the dry year were 0.1 and 1.6 m3s™!
for Cal and Arndia River, respectively; and 0.04 m>s~! for Vala do
Ameal (Vio, 1991). The values for the wet year were 0.5 m>s~! for
the Cal River, 5.7m3s™! for the Arndia River and 0.2m>s~' for
Vala do Ameal (Vao, 1991).

The model was run for the time period between November 1st
and December 30th, 2000. The first 15 days of results were
considered as a ‘spin-up’ period; these were not included in the
results.

3. Results and discussion

The consistency between the simulations and the observations
(LSL and currents) were analyzed, at the location of measure-
ments carried out in the Obidos Lagoon (see Fig. 1, for locations).
Results of the inlet-lagoon idealized model were also analyzed,
together with numerical model simulations, to provide a better
comprehension of the coastal system.

3.1. Lagoon sea level

Fig. 4 depicts the observations and simulations of LSL at Station
B (near the inlet), wind data and observed and simulated coastal
waves, for the period where the wave height increases slightly.
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This extends from November 24th, through to December 18th,
2000. The LSL was obtained considering tidal forcing alone
(Fig. 4a). The agreement between the simulations and observa-
tions is least effective between December 1st and 12th, 2000.
During this period, the predicted sea levels do not agree with the
measurements because an “abnormal” rise occurs. This behavior
is detected also at the other stations inside the lagoon (Station D
and E). This is an important result, because it indicates that other
revelant physical forcings should be considered, to explain
noticeable variations in LSL. Hence, when we analyze the LSL
data (a low-pass filter was used to remove the influence of high-
frequency processes in measurements), we discovered that tide
explains 80% of the variability.

To provide a better idea about how other physical forcing
affects the LSL, additional simulations were performed, which
introduced forces from wind and freshwater river runoff.
Comparisons between these effects and the tidal forcing do not
show any significant differences in amplitude. According to other
case studies, the sea-level rise caused by river flood occurs only

for discharges above 120m>s~', as observed in the Natsui River,

Japan (Nguyen et al., 2007). Here, freshwater fluxes are less than
10m3s~! during a period of heavy rain, whilst average fluxes lie
close to 3m3s~ L.

By observing the wave data and the STWAVE model simula-
tions, it appears that increases in LSL occur often at the same time
as a peak in the wave height during a storm, then the sea-level
elevation (Fig. 4a and c). The dominant period (wave height values
within the range 3-7 m) occurs in the first 10 days of December
2000 and is concurrent with strong winds (of more than 10 ms™,
see Fig. 4b). These intense waves are generated by local winds
(sea or wind waves).

To analyze the consistency of these events, we performed
comparisons not only for the period of our model simulations, but
also for two other periods, including: high wave activity
(Hs greater than 3m) or storm waves (November 28th to
December 10th, 2000) and low wave activity (May 11th-23rd,
2001). A correlation was found with wave height and sea-level
elevation, during high wave activity periods; no correlation was
found for low wave activity. This statement is justified from Fig. 5,
which provides simulated and observed LSL for the two periods
mentioned above. For both periods, two hydrodynamic model
simulations were performed. Wave forcing was not applied in the
first simulation (Fig. 5a and b), but it was applied in the second
(Fig. 5¢ and d). Model results from both simulations and wave
scenarios show that the model (physic) reproduces the tide and
wave forcing, in such a way that simulation and observations
agree reasonably well. Not only the general characteristic of the
LSL variability is well reproduced by the model, but also the SLR
related to wave-induced period, which occurs from November
28th to December 10th, 2000 (Fig. 5c). At the time of SLR
occurrence, the wave height is equal to 3 m. Subsequently, SLR
increases (~1m in amplitude) together with wave height
(reaching 6 m). This kind of response is not observed for low
wave activity, because its impact on LSL is negligible (Fig. 5d).
This suggests that SLR in the Obidos Lagoon is influenced by wave
motion, such as wave breaking at the entrance, during high wave
activity periods. These episodes of storm waves can affect the LSL
by about 20%, whereas 1% is affected during low wave activity
periods.

The coherence between the two model-sets, in terms of Root
Mean Square Error (RMSE), correlation coefficient (r) and model
performance (skill), are presented in Table 1. The RMSE errors are
discussed as a percentage of the field data mean value.

In general, the highest disagreement was found for tidal
forcing during high waves activity, with a RMSE around 36% of the
field data mean value. Such an error (RMSE = 1.0m) might
be expected, because tidal forcing includes only the signal of the
tide, excluding the wave motion. Minor errors (RMSE = 0.10 m)
were obtained when additional wave forcing was included in the
model set-up. In this case, the RMSE is ~6%. A strong correlation
(r=0.90), between model predictions and observed data, was
obtained also for tidal and wave forcing, whereas a weaker
correlation (0.77) was obtained for tidal forcing. This difference
suggests that the model was able to capture well the relative
differences between both forcing conditions, demonstrating
the importance of waves on the LSL fluctuations. An improved
index of agreement (0.94) was found for tidal and wave forcing,
which means that the model tends to reproduce, more appro-
priately, the mean tendency in the field data.

For the period with low wave activity, the disagreement
between the computed and observed sea levels, in both cases is
small, with the RMSE values lower than 4%. As expected, r was
maintained in both cases (0.92). This is evident from the fact that,
during low-wave energy fluxes, there are no significance changes
in sea-level elevation. The skill index presents a broad interval of
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Table 1
Correlation coefficient, root mean square error and skill between measurements
and model predictions, for both simulations: high wave activity and low wave
activity.

High wave activity Low wave activity

Tide Tide+waves Tide Tide+waves
r 0.77 0.90 0.92 0.92
RMSE (m) 1.0 0.10 0.15 0.15
Skill 0.68 0.94 0.99 0.90

0.90-0.99 (within perfect agreement yielding a skill of 1.0),
indicating that the model shows good accuracy.

It may be concluded that the dominant forcing on the
hydrodynamic features of the Obidos Lagoon is tidal forcing.
However, to obtain a more realistic representation of the system,
it is important to include the wave motion, coupled to the tidal
signal.

3.2. Ocean sea level

The sea level inside the coastal lagoon was analyzed through
various physical forcings and quantitative approaches, to under-
stand the variability introduced by storm waves, during certain
periods. However, it is important to understand if the same
variability occurs in the ocean sea level (OSL). Fig. 6a, b presents
the OSL and the LSL at Station B (lower lagoon) and Station E

(upper lagoon), which extends from December 3rd to 10th, 2000
(high wave activity) and from May 14th to 21th, 2001 (low wave
activity), respectively. The wave energy flux (Ef) derived from
the Hs, Tp and wave direction data, is also shown. As shown by the
data, LSL with wave forcing (period of high wave activity) is above
that of the ocean recorder (see Fig. 6a). The same behavior was not
related by the data provided during low wave activity periods,
which shows the LSL at the same level as the OSL (Fig. 6b). This
behavior reveals that LSL increases with increasing Ef and is
higher than the OSL. It appears that E¢ is responsible for the LSL
rise (Fig. 6a). A similar behavior was observed in Manihiki and
Rakahanga atolls of the Cook Islands in South Pacific Ocean, where
the average of the LSL increases significantly during large wave
periods (Callaghan et al., 2006).

It has been shown that LSL is above the OSL for certain wave
periods, but there are some questions to be answered. The
following section provides a simplified inlet-lagoon idealized
model, to understand the major dynamic controls on the coastal
system.

3.3. Simplified inlet-lagoon model

Numerical models are complex and involve long computation
calculus, because they deal with many variables and parameter-
izations. For this reason, relatively simple analytical expressions of
an inlet-lagoon idealized model were derived to understand the
role of the wave radiation stresses in the super-elevation, or wave
set-up, of the LSL. A simple inlet-lagoon idealized model, based
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Fig. 7. Schematic representation of the inlet-lagoon system.

upon mathematical expressions is prescribed considering the
configuration depicted in Fig. 7. A simple inlet-lagoon model is
now developed, implemented easily on a spread sheet, to predict
the lagoon dynamics under different physical forcings.

The simple inlet-lagoon model can be described by the
following system of equations. Considering conservation of water
volume for the system, when assuming the lagoon fluctuations
uniformly over its horizontal area, the LSL can be expressed by

Q.(t+ Ab)

Nt + At) = n(t) + At a
L

(1)

where A; and 5, are the area and the sea level of the lagoon,
respectively (the index “L” stands for “lagoon”), t is the time, At is
the time step and Q; is the total rate of inflow at the inlet
(or channel, “c” stands for “channel”). The evolution of inlet flow
is presented in the form of Eq. (2), which is based upon a transport
equation that considers the pressure gradient, bottom friction and
wave radiation stresses.

Qut + Aty = Qu(t) + At(gnoL_mAc(f) - Cd%bc +Rs bc>

(2)
where 7, is the ocean sea level, A, L. and b, the cross-sectional
area of the inlet and its length and width, Rs is the radiation

stresses along the waves and C; is the drag coefficient. The OSL is
prescribed as

1, = a cos(wt) (3)

where a is the tidal amplitude and  is the tidal angular
frequency. The drag coefficient is given by a Manning formula
(Chow, 1973),

Co= gi?h; " (4)

where g is the acceleration due to gravity (g~10ms~2), n is the
Manning coefficient and h, is the inlet depth. The cross-sectional
area of the inlet is given by

Ac(t) = bc <hc + w> (5)

where b, and h. is the inlet width and depth, respectively, #, is the
ocean sea level and 7, is the sea level in the lagoon.

To investigate the effect of wave radiation stresses on the SLR,
an inlet-lagoon-simplified model of the Obidos Lagoon was
applied. This adopted a lagoon horizontal area of about
7.0 x 10°m?, an inlet of 100m in length, 1m depth and 25m
width. The value of Rs (0.10m?s~?) was obtained through the
STWAVE model. This value was calculated based upon the linear
wave theory for shallow water-waves (Smith et al., 2001). The
data provided for the model calculations were Hs, Tp and
direction. The results are shown in Fig. 8a, for two cases, with
and without Rs forcing. This distinction is important because,
under the two different situations, the physical balances differ
substantially. The dark gray curve shown in Fig. 8a demonstrates
super-elevation in the LSL above the OSL (black-dashed curve), in
the case of the Rs. The impact of wave radiation stresses on sea
level in the lagoon is controlled by wave pumping inflow in the
inlet. As a result, an increase in the LSL occurs above the OSL. This
means that the sea level increases to maintain the pressure
gradient and friction equilibrium.

At this phase, it is clear that wave radiation stresses are
relevant to the pumping of water inside the lagoon; however,
what is the role of the inlet? If an inlet cross-sectional area is
assumed which is that double of the real inlet and the channel
(1.2 x 10*m length, 30 m depth and 2000 m width) of the Tagus
Estuary (the largest estuary in Portugal, located near Lisbon), we
obtain the light gray curve and the dark curve shown in Fig. 8b,
respectively. In this case, the super-elevation in the lagoon tends
to diminish and within the estuary, the sea level remains over that
of the ocean curve (black-dashed). This kind of response is due to
the fact that the export of water through the inlet depends upon
the relationship between the capacity of the cross-sectional inlet
area (A;) and the volume of the lagoon (A; x h;). This difference is
well illustrated when comparing the Tagus Estuary, mean volume
~3x10°m> and the cross-sectional channel area ~6 x 10*m?,
with the lagoon mean volume ~1.4 x 10’ m> and the inlet area
~25m?. Similar conclusions were reached by Stanev et al.
(2003a), in terms of the response of tidal basins to ocean forcing.
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Fig. 8. Lagoon and ocean sea level predicted using the simplified inlet-lagoon
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different channel cases: real lagoon dimensions, a channel with double of
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It has demonstrated that the import and export of water through
the inlet depends upon the ratio between the maximum storage
capacity of the basin and the amount of water permanently stored
within it. In fact, the adjustment of the sea surface in the bay, to
oscillations in the open sea is controlled by the ratio between the
cross-sectional area of the inlet and the area of the bay.

3.3.1. Analytical solution

The idealized model described here is similar to that
prescribed for the narrow tidal inlets of the East Frisian Wadden
Sea, adding the effect of wave radiation stresses. Our simplified
inlet-lagoon model indicates that the dominant balance is
between waves, pressure forces and friction (Eq. (6)). In
comparison, according to the idealized model described by Stanev
et al. (2003a), the major response is between the pressure forces
and friction. In addition, Stanev et al. (2003b) also considered the
channel area (A.), constant over time and a linear friction
dissipation term. These simplifications were introduced, by the
authors, to derive an analytical solution to the inlet-lagoon model.
In the present study, an analytical solution of Eq. (9) is proposed,
which includes the effect due to wave radiation stresses.

dQ Mo — ML [Umean|

dt =& L Aaen —Ca—p— QO+ Rsbe (6)
Assuming wy? as the pumping frequency given by
2 gACmean

Wy = LCAL (7)

and the differential form of Eq. (1) is

dn,  Qc(®)
A (8)

From Egs. (6) and (8) we obtained the mathematically
continuous form of Eq. (2)

d? d Rsb
GO G ol = g + S (9)
The bottom friction parameterization was obtained from Eq. (4)
. u n2_
bzcd%:%mmeaﬂ (10)
(4

In Stanev et al. (2003b) an analytical solution of Eq. (9) was
presented, assuming the following solution for the ocean sea
level:

170=acos(cut),cu=27n (11)

In fact, Eq. (9) is the classical damped, driven harmonic
oscillator, whose class of analytical solutions is well known. The
damping term is parameterized by Eq. (10). The intrinsic
oscillation frequency, characterized solely by the lagoon geome-
try, is parameterized by Eq. (7), whilst the driving frequency,
which represents ocean forcing, is parameterized by Eq. (11). The
damped, driven harmonic oscillator is characterized over time, by
two regimes: a transient regime, where the intrinsic part of the
solution is calculated by solving the homogeneous form of Eq. (9),
coexists with the driving part of the solution, where both
characteristic frequencies (wy and w) play a role in the level
motion; and a driven regime, where the intrinsic part of the
solution is completely damped by the system, and where the sole
remaining characteristic frequency is w, affected only by a phase
and amplitude shift. The transient regime occurs at the “turn on”
of the harmonic oscillator and is eventually dissipated. It is
assumed that the system is permanently in the purely driven
regime. This assumption has the benefit of discarding the task of
considering the solutions for the homogeneous equation. Hence,
only a particular, non-trivial solution of Eq. (9) needs to be
considered, to predict the sea level in the lagoon. The particular
solution of Eq. (9) can be described by

Rsb,
AL(}JIZ_I

n,(t) = aa cos (wt — 0) + (12)

where « is the attenuation of ocean tidal wave inside the lagoon

w?
a= | (13)
(0% — w?)* + 5 w?
and @ is the phase delay associated with the lagoon inlet
0 = arctan <257w2> (14)
Wi —w
the solution can be simplified in the follow equation
n.(t) = oa cos (wt — 0) + RsLe (15)

gH.

This solution is similar to that presented by Stanev et al.
(2003b), with a difference in the second term of the right-hand
side of equation-wave radiation stress forcing. Note how the
intrinsic frequency of the system (wy) only affects a shift in the
amplitude (Eq. (13)) and phase (Eq. (14)) of the ocean driven
system Eq. (15). The harmonic oscillator is a simplified model of
the lagoon and is adequate, in the sense that it represents the
nature of the flushing tide and waves.
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Based upon the linear solution of Eq. (15), it is possible to
estimate the sea-level elevation (second term on the right-hand
side of the equation), due to the gradient of radiation stresses.
In the Obidos Lagoon case study, the sea-level elevation due to sea
waves over the inlet is of the order 1 m (considering the same
values referred to in the previous Section); this is confirmed by
the observations and numerical model outputs (2D primitive
equation and simplified model). The term associated with the
wave’s effect (or any other shear stress aligned with the channel,
e.g., wind) shows that the longer the inlet or channel, the more
intense is the difference between OSL and LSL. In other words, the
sea-level gradient is proportional to Rs; this means that, for the
same gradient, the difference between the ocean and the lagoon
sea level increases with L.. The term also shows that the difference
in sea level decreases with increasing channel depth, for the same
shear stress.

Only sea waves can introduce a shear stress which, in turn,
induces a significant sea-level gradient between the ocean and the
lagoon. The wind stress (Eq. (16), pw, is the water density) can be
considered also as a forcing term in the solution of Eq. (16). An
extreme wind of 100kmh~!, aligned with the inlet direction,
corresponds approximately to a shear stress of 0.001 m? s—2. Thus,
it corresponds to an increase of only 1cm in sea level, in the case
of the Obidos Lagoon.

N, (t) = aa cos (ot — 0) + (Rs + (Twina/Pw)) ﬁ (16)

Fig. 9a, b compares the results obtained with the analytical
model, using the results of the simplified inlet-lagoon idealized
model. The analytical model is able to reproduce the main
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Fig. 9. Comparison between analytical solution and simplified model results, with
and without wave forcing, considering a cross-sectional channel area variable in
time (a) and assuming a constant cross-section channel area (b).

differences between OSL and LSL. It is also able to reproduce the
effect of a constant shear stress associated with sea waves over
the inlet. However, the simplifications introduced to obtain the
analytical solution generate some differences. The most important
is the disappearance of the tidally driven residual difference,
between ocean and LSL. This residual difference, present in the
real data, is of the order 20 cm, between the ocean and the lower
station in the lagoon (Fig. 6b). A similar difference can be observed
in the simplified model results, without the effect of waves
(see Fig. 9a). When the cross-sectional channel area is considered
constant over time and equal to A, in the idealized model, the
difference between OSL and LSL disappears; and only minor
amplitude and phase differences are maintained. This is due to the
fact that the friction term in the analytical solution is linear and; if
it is assumed to be linear in solutions (numerical and analytical),
then they match (Fig. 9b). The simplified model assumes a
variable cross-sectional channel area over time and, considering a
null drag coefficient, the residual gradient would disappear. On
the other hand, if the drag coefficient is not considered as being
null, the residual gradient will appear in the results.

These result shows that the residual gradient is generated by
tidal asymmetry associated with the non-linear terms present in
the simplified model: friction (Cy|uc|uc/H:) and mass conservation
(dne/de = uAdAy).

3.4. Current velocities

Fig. 10 shows the measured and simulated time-series of
current velocity near the inlet (Station A) and along the channel
(Station B) for November 29th, 2000. The LSL at Station B is also
shown; this is the only station with available current and sea-level
data. The variability in the surface currents (Fig. 10a and b) is well
reproduced by the model, revealing stronger currents near the
inlet and weaker along the channel. However, in spite of the high
skill score (0.80 and 0.85), the model results underestimate the
observations. The simulated currents also reveal semi-diurnal
variations.

Another interesting feature captured by the model is the
agreement between the tidal asymmetry and the current velocity,
at Station B (Fig. 10b and c). As shown by observations and
simulations, the lagoon is flood-dominated, with the duration
of the ebb phase (~7h) being longer than that of the flood
phase (5h). This tidal asymmetry results in stronger currents
(~1.0ms™!) during the flood phase, whilst weaker currents
(~0.5ms ") during the ebb phase.

The spatial patterns of currents in the lower lagoon, for tidal
forcing and tide-wave forcing, are presented in Fig. 11. The upper
lagoon was not presented because there are no significant
differences between phases (ebb and flood) and the physical
forcings (tide and waves). The times of the flood and the ebb, for
tidal and wave forcing, can be seen in Fig. 11a and b, respectively.
Predictions with no wave forcing are presented in Fig. 11c and d
for flood and ebb phases, respectively. The timing chosen to
analyze the currents patterns reflects the case of the time
that corresponds to the current maximum. The major
difference between the simulations is the presence of the
alongshore current, revealing that the model is able to reproduce
the wave motion when forcing is supplied by waves. In terms of
magnitudes there are no significant differences between the
simulations. As shown by the simulated time-series, the spatial
pattern also reveals a flood phase characterized by stronger
velocities. Regarding the main hydrodynamics features of the
study area, the forcing due to tide and waves is more realistic,
than forcing with only by the tide.
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4. Conclusions

Sea-level variations in the Obidos Lagoon are related to tidal
forcing, as well as wave-induced forces. Good model predictions
were obtained for the lagoon tidal amplitude, under different
physical forcings. The model shows an ability to reproduce the
observed temporal variability in the LSL and current velocities,
presenting skill coefficients of higher than 0.68.

Field measurements and model predictions show that sea-level
elevation in the lagoon is above the OSL during high wave activity
periods. In addition, the simplified inlet-lagoon idealized model
provides a good understanding of the wave pumping inflow,
showing the importance of wave radiation stresses in the super-
elevation. Dynamically, this could have two explanations: (1)
wave set-up or radiation stress, due to waves; and (2) the tidal
inlet morphology. Wave set-up height depends not only upon
offshore wave height but also on tidal inlet morphology (mainly
depth and length). The deeper and shorter is the morphology,
more the wave set-up is reduced, as shown by the numerical
solution of the simple idealized model.
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