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Abstract. Estimating coastal sediment budgets presents significant challenges
due to the complex nature of coastline configurations and the often-bimodal wave
regime. This study investigates longshore sediment transport (LST) along the
Gulf of Cadiz by analyzing estimates obtained from various wave data sources
and employing various approaches. The sensitivity of transport calculations to
different wave data sources and approaches is evaluated, and the impact of easterly
waves, or “Levante,” is examined for the different approaches. The nearshore wave
regime was simulated using the SWAN model, with offshore conditions from
ERAS hindcast and the Faro buoy. Results were validated using observational
data and LST was estimated using a deep water approximation of the CERC
formula, extracting the net transport and the two components of the sediment
transport: west-east and east-west. The results emphasize the critical importance
of selecting appropriate forcing for applied models to simulate the nearshore wave
regime and estimate sediment transport.

Keywords: Longshore sediment transport - Wave data sources - Wave modelling

1 Introduction

Accurate estimations of longshore sediment transport (LST) are essential for under-
standing coastal dynamics and addressing issues like coastal erosion. LST is primarily
influenced by wave parameters, including wave direction, height, and period, which
directly control sediment movement along the shoreline. Therefore, analyzing the sen-
sitivity of sediment transport calculations to different wave data sources is important, as
variations in wave data can lead to significant differences in transport estimates.

The coast along the Gulf of Cadiz has experienced significant anthropogenic impacts
over the past few decades, disturbing the natural sediment transport processes. Coastal
infrastructure, dredging, and urbanization have disrupted sediment dynamics, affecting
the region’s coastal morphology, sediment distribution, and shoreline stability [1]. Some
areas along this coast have been the objective of extensive studies, such as the Ria
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Formosa in southern Portugal. This region has experienced complex shoreline changes,
with alternating erosion and accretion trends driven by both natural and human factors
with retreat rates as high as 8.96 4= 0.2 m/year [2]. Similarly, the Huelva coast has shown
shoreline retreat rates ranging from 10 to 20 m/year [3].

Here, we can come back to the complexity of the coastline and bimodal wave regime.
In this context, this study aims to explore different approaches to estimate the poten-
tial LST derived from various wave data sources. For that, we focus on evaluating the
sensitivity of LST estimates to different wave data sources and on assessing the impact
of these variations to model accuracy. Additionally, we investigated the influence of
easterly waves, or “Levante” on sediment transport.

2 Methods

2.1 Wave Datasets and Propagation

The ERAS hindcast at coordinates (36.5°N, — 9.0°W) and the Faro buoy data at (36.39°N,
-8.06°W) were utilized in both the filtered approach and for resolving the nearshore
wave regime. The nearshore wave regime was simulated using the SWAN wave model
[4] in non-stationary mode. The model domain extended from 20000 m offshore to 20 m
nearshore, with wave parameters extracted at validation sites (Fig. 1). First, a bathymetric
grid was generated in QGIS software with available data from two different sources: (i)
INGMAR (“Investigacdo em Geologia Marinha”), produced by the National Laboratory
of Energy and Geology (LNEG); (iii) REDIAM (“Rede de Informagcdo Ambiental de
Andalucia”). An unstructured grid was generated using bathymetric of the study area in
MATLAB OceanMesh2D tool [5]. The wave spectral domain was discretized into 31
frequency bins and a direction spreading of 36 (10°). Offshore boundary conditions were
driven by the wave integral parameters of two different wave data sources: (i) ERAS
hindcast spectra and the Faro buoy (Fig. 1). Wind-wave processes were disabled, and the
model was validated against ADCP wave data from two different locations moored c.
20 m depth (Fig. 1). The SWAN model was run for the time interval with observational
data (Quarteira: 2020-08-19 to 2021-10-27; Cacela: 2019-07-15 to 2019-10-20).

37.2 o :’ecl:vz“«— o §
® O ADCP
g 7 AD > Cacela z
2 Quarteira [~ '
w 368
-

36.6 - ERAS

L o Faro Buoy
36.4 Q.
-9 -85 -8 -7.5 -7 6.5
Longitude

Fig. 1. Gulf of Cadiz showing the location of the two sectors, offshore buoy and wave data point
from the ERAS hindcast model used as boundary conditions (in green), and location of two ADCP
moorings used for validation.
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Wave data from the ADCP measurements and from SWAN simulations extracted at
approximately 20 m (ADCP location) were backpropagated offshore using Snell’s law.
This procedure allowed the extension of the data to deeper water depths.

In order to better understand sediment transport processes along the Gulf of Cadiz,
a simple filtered approach was developed to understand the key factors influencing LST
along a coastal stretch exposed to a bimodal wave regime. For that, the wave regime
approaching the coast was filtered in order to account only for waves within the direct
line-of-sight in relation to a coastal segment (Table 1).

Table 1. Filtered approach settings.

Sector Location Representative shoreline Wave direction filters
orientation
1 Quarteira—Ancao 216° 126°-270°
2 Santa Maria Cape—Cacela 145° 90°—235°
Velha

2.2 Potential Longshore Sediment Transport

Once all wave data were filtered and backpropagated to deep waters, the potential LST
for all wave data sources and approaches was estimated using the CERC formula (Eq. 1)
[8]. This approach assumes deep-water waves and a linear, parallel bathymetry. Sediment
transport calculations were conducted to determine the net and gross sediment transport
for each coastal sector, extracting the corresponding main directional components of
sediment transport (w-e and e-w).

12
Os = KaHg) T5cos$ (10c) sin(Oyoc) (1)

where, the value used for K, was 0.497 (calibrated with the ADCP data and assuming an
average sediment transport of 1.1 x 103 m?/year [7]), Hsy is the significant wave height
offshore (m), T is the peak wave period (s), 8loc is the relative angle of wave incidence
for waves offshore.

3 Results and Discussion

3.1 Validation of Wave Propagation Scheme

Model performance was assessed by comparing simulated wave parameters (Hs, Tm,
and Dir) against observational data from ADCPs (Table 2). Results indicate that the
model driven by the Faro Buoy dataset generally outperformed the ERAS-driven model,
particularly in terms of wave height (Hs). Using Faro Buoy data as boundary condition
produced lower biases and RMS values, along with higher correlation coefficients for
Hs and Tm, suggesting better overall agreement with observational data. These findings
highlight the sensitivity of the model performance to the choice of boundary condition,
with Faro Buoy providing more accurate wave height and period estimations, though
both datasets exhibited similar challenges in accurately predicting wave direction.
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Table 2. Summary of SWAN model performance compared with ADCP wave data. OBS-
Observation data. Model-Boundary condition.

Bias RMSE T
OBS Data | Boundary | Hs Tm Dir Hs |Tm |Dir Hs Tm | Dir

conditions

ADCP ERA5 0.21 2.00 —22.68 [0.33 |4.08 |44.96 0.72 0.49 1 0.29
Quarteira

Faro Buoy | —0.01 |0.90 —4.86 [0.24 |3.75 |33.91 |0.78 0.48 | 0.53

ADCP
Cacela ERAS 0.33 —0.24 | —36.60 | 0.42 |3.48 |55.76 | —0.02 | 0.33 | 0.17
Faro Buoy |0.20 | —0.45 | —16.58 | 0.29 |3.59 |42.48 |0.51 0.29 | 0.44

3.2 Potential Longshore Sediment Transport

The results from the analysis of LST in the two sectors show distinct patterns, which
depends on both the wave data sources and approach (Table 3). Along the SW-facing
Sector 1, the net sediment transport is directed predominantly eastwards, independently
of the forcing conditions. The west-east transport often exceeds the east-west (fBUOY-
1, fERAS-1 and sERAS-1), implying that this component of the transport dominates
clearly. However, for sBUOY-1 and OBS-1, the transport values for both approaches
are nearly equal with the net pointing towards the east. In contrast, Sector 2 exhibits
lower values for net LST, with some outputs showing predominance in the westward
transport (e.g., fBUOY-2 and sERAS-2). This sector is sheltered from higher energy
waves approaching from the west, but is exposed to easterly waves, showing lower
transport rates with higher variability. A previous study assessed the longshore sediment
transport towards the Guadiana ebb-tidal delta, using the CERC2 formula, finding an
average rate of 1.9 x 10° m3/year, and a maximum rate of c. 5.0 x 10> m?/year, which
closely align with the results of the OBS-2 (Table 3).

The direction of longshore sediment transport along the Huelva coast has been
reported as eastwards, varying from 50 to 300 x 10° m3/year [9]. Sediment trans-
port computations based on sBUOY-2 and OBS-2, suggest nearly similar transport in
both directions. The results reflect the relative exposure of the coast to a bimodal wave
climate, which is dominated by: the W-SW swell generated in the Eastern Atlantic,
with “Levante” conditions (short-period waves generated by SE Mediterranean winds)
generally playing a secondary role [10, 11].

With regard to the different boundary conditions, both sectors exhibit similar pat-
terns of LST. Specifically, the west-east component consistently exceeds the east-west
component for most wave data sources. The LST patterns observed from the sSBUOY-1
and sBUQOY-2 are closely align with those from the validation OBS-1 and OBS-2 data,
suggesting that this approach was more accurate when compared to observational data,
in contrast to the other approaches.
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Table 3. Longitudinal sediment transport for the sectors (1- Quarteira - Ancdo, 2- Santa Maria
Cape - Cacela Velha) and different approaches and boundary conditions, including net transport

and west-east, east-west components (X 10 m3/year). The rightmost column shows the relative
contribution of easterly waves to transport. OBS-observational data.

Sector Approach Boundary Code W-E E-W Net E (%)
condition
1 Filtered Faro Buoy | fBUOY-1 30.21 2.95 2726 |9
1 Filtered ERAS5 fERAS-1 21.23 1.20 20.02
1 SWAN Faro Buoy |sBUOY-1 15.21 14.87 033 |49
1 SWAN ERAS SsERA5-1 15.24 1.54 13.69 |9
1 OBS - OBS-1 16.52 15.42 1.10 |48
2 Filtered Faro Buoy | fBUOY-2 0.14 14.27 —-14.12 |99
2 Filtered ERAS fERAS5-2 - - - -
2 SWAN Faro Buoy |sBUOY-2 0.87 0.62 025 |42
2 SWAN ERAS SERA5-2 0.11 0.53 —0.41 82
2 OBS - OBS-2 5.23 —3.04 2.18 37

Eastward sediment transport shows significant variability across different approaches
and boundary conditions. For most approaches, eastward transport dominates, consis-
tently exceeding 40%. In Sector 1, fBUOY-2 and OBS-2 show eastward transport values
of 49% and 48%, respectively. However, there are instances, particularly in Sector 1,
where eastward transport is less prominent, with values falling below 9%. In contrast,
in Sector 2, eastward transport reaches up to 99% in fBUOY-2.

4 Conclusions

The results from the analysis of LST show distinct patterns, which vary according to both
the approach and wave data source in the boundary condition. The results emphasize the
critical importance of selecting appropriate wave forcing for applied models to simulate
the nearshore wave regime and estimate sediment transport.
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Abstract. At the Guadiana Estuary (southern Iberia), strong river flow regula-
tion and the intensification of droughts pose a significant threat to the freshwater
resource due to enhanced saltwater intrusion. To accurately predict the salinity
dynamics under various river discharge conditions (i.e., average and extreme), a
3-dimensional idealized model (Delft3D) has been developed, calibrated and val-
idated. The overall performances of the model make it a powerful and versatile
tool to design and evaluate mitigation management strategies to control salt intru-
sion during prolonged periods of low river flow. This paper provides a detailed
description of the numerical framework and the validation process, together with
examples of the future model applications.

Keywords: Salinity - Idealized Modelling - Freshwater Management - Estuary

1 Introduction

Estuaries are amongst the most valuable ecosystems in the world, providing multi-
ple socioeconomic and environmental benefits. These systems are affected by multiple
human pressures [1] that alter their hydro-morphodynamics and salinity structure, thus
compromising the water quality and the provisioning of ecosystem goods and services. In
particular, anthropological activities such as dredging or river regulation promote salinity
intrusion, which poses a significant risk for ground and surface freshwater resources.
To control salt intrusion, effective tools need to be developed (1) to assess the vul-
nerability of estuaries to changes in the salinity field, (2) to predict the impact of future
interventions and (3) to design and evaluate mitigation and adaptation solutions to the
identified problems. In each of the above cases, the relationship between the estuarine
morphology, external forcings and estuarine dynamics must be clearly established [2].
For instance, the control of salt intrusion based on flow regulation requires an advanced
knowledge of the salt dynamics in response to a freshwater discharge that can vary by

© The Author(s) 2026
C. Coelho et al. (Eds.): CD 2025, COASTALRL 42, pp. 382-387, 2026.
https://doi.org/10.1007/978-3-032-15477-4_58


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-032-15477-4_58&domain=pdf
https://doi.org/10.1007/978-3-032-15477-4_58

A New Management Tool to Monitor Salinity Intrusion 383

several orders of magnitude at a daily scale. In this context, numerical models, and par-
ticularly those based on idealized domains, are considered as efficient tools to obtain
primary evaluations and to support management decisions [3].

In this paper, a 3-dimensional idealized model (Delft3D) of the Guadiana Estuary
(GE), which river outflow is strongly regulated by dams, was developed to predict the
salinity intrusion under varying river flow conditions. The model was calibrated and val-
idated to adequately reproduce the estuary hydrodynamic behavior and the salt transport
under low flow conditions, and to simulate the estuary response to transient changes of
the river discharge. The provided tool enables to predict the salt intrusion in the estuary
and thus to evaluate the efficiency of distinct mitigation strategies.

The document is organized as follows. Section 2 details the model setup (Sect. 2.1)
and calibration (Sect. 2.2). The model performances under high and low river flow
conditions are presented in Sect. 3. Finally, Sect. 4 outlines various management options
proposed by stakeholders to control salt intrusion, which results are currently being
evaluated using the model.

2 Numerical Framework

2.1 Model Setup

The physical domain in which the Delft3D numerical model was implemented consists
of two parts: (1) the inner shelf, and (2) the channel. The shelf was defined with a constant
slope of 0.0025 and seaward extension of 10 km, yielding a maximum depth of 25 m at
the offshore boundary. The estuarine channel geometry is idealized, considering a width
B(x) which reduces exponentially landward as:

B(x) = Boexp(—x/b) ()

where B represents the width at the mouth, b represents the convergence length and x
indicates the distance along the longitudinal axis, defined from the mouth (x = 0) to the
head (x = L). According to the specific geometry of the Guadiana Estuary ([4, 5]), the
numerical model was built considering By = 700 m, b = 38 km and L = 78 km.

The cross-channel bathymetry follows a symmetric Gaussian shape [6] which was
defined at each section along the cross-channel coordinate y € [—B(x)/2, B(x)/2] by:

Hx,5) = Hia @) exp(—7/2¢%) @)

where Hiha1(X) represents the channel thalweg and varies between Hyyg) = 10 m (at X =
0) and Hpy) = 9 m (at x = L). The standard deviation (c) was set to 152 to produce a
cross-channel average slope of 0.04. To optimize the computational effort and the output
files size, the physical domain was divided into three numerical grids using the domain
decomposition technique [7], so that the horizontal and vertical resolutions were adapted
to adequately simulate the physical processes involved in each region.

The numerical framework and the boundary condition types are shown in Fig. 1.
The model is forced by tides and river discharge. The offshore boundary prescribes a
harmonic water level condition representing an astronomical tide with 13 harmonics,
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among which the main is represented by the semidiurnal M> component (amplitude =
1 m; phase = 56 °). On the other hand, the freshwater inflow enters the estuary through the
upstream section of the river, where a total discharge boundary condition (with uniform
vertical distribution of velocities) was established.

Upstream River
Discharge

Nl P

H
. River domain

Cross-shore boundaries
Neumann Type

y coordinate [km]
N o
Depth [m]

5

; [ Offshore boundary

Harmonic water level 0

Co
o,%e[
o

25 /*’77/

-10 O 10 20 30 40 5 60 70 80
x coordinate [km]
Fig. 1. Numerical model setup: (a) Top view, including boundary conditions and delimitation of
subdomains. (b) 3D view of the channel bathymetry and the inner shelf. The color bar indicates
depth in meters in a and b.

2.2 Model Calibration and Validation

For calibration, the model was tested considering 12 variants representing different com-
binations of the roughness coefficient and of the horizontal and vertical eddy viscosities
and diffusivities. The performance of each variant was assessed using three different
parameters representing the hydrodynamic conditions during distinct periods with low
river flow (between 3 and 15 m3s~!), during which the estuary is well-mixed: (1) the
tidal propagation along the estuary [5], (2) the hourly surface salinity near the mouth
from March 8 to March 15, 2009 [8], and (3) the depth averaged axial salinity distribu-
tion at high water slack, measured at neap (August 31, 2017) and spring (September 8§,
2017) tides.

For validation, a high river flow event (March 3 to May 6, 2013, see Fig. 2d for
discharge magnitude), was considered to ensure that the model operates correctly under
different river flow regimes and adequately reproduces the transient response to high
river discharge events. The along channel velocity and salinity simulated during that
period were compared with observations near the mouth. The model performance was
assessed using the correlation (R) and skill (S) coefficients ([9, 10]).

3 Results: Model Performance

Regarding the low flow conditions analysis, the model configuration giving the best

agreement with the field data corresponded to the variant Mod12. The physical param-

eters in this model configuration are given by a Chezy coefficient of C = 50 m%>s~!,
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horizontal diffusivity and viscosity of K = Ay, = 0.1 m2s~!, vertical diffusivity of Ky
=2.5-10* m%s~! and vertical viscosity of Ay = 5-107* m2s—!. With this setup, corre-
lations R of 0.70 and 0.82 were obtained between the computed (15-day average) and
measured tidal amplitudes and phases along the channel, respectively (see Fig. 2a, c).
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Fig. 2. Model performance. (a) M2 tidal level at neap tide (NT), spring tide (ST) and considering
15-day average (Average). (b) Along-channel depth averaged salinity profiles (high water slack)
at neap (NT) and spring (ST) tide. Salinity values are normalized using the seawater salinity. (c)
M2 tidal phase at neap tide, spring tide and considering 15-day average regarding symbology from
panel (a). (d) Surface salinity near the mouth (left axis) and river discharge (right axis).

Regarding the surface salinity time series, R = 0.94 and S = 0.84. At high water slack
of both neap and spring tides, the coefficients for the depth averaged salinity were R =
0.94 and S = 0.99, respectively (Fig. 2b). Based on the isohaline of 5 psu (corresponding
to a normalized value of 0.14), the predicted intrusion length was 42 km at neap tide and
46 km at spring tide, 4 km more upstream than observed.

Figure 2d represents the salinity at the mouth during the high flow conditions (with
river discharge values on the right axis) simulated by the calibrated model. The observa-
tions show that the increasing freshwater inflow between March 20 and April 1 steadily
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reduced the salinity to zero at the time of peak discharge (2500 m3s~!). The salinity
changed from 35 psu to zero in 20 h. Once reached the peak discharge, the estuary
remained filled with freshwater for 6 days. After this time, the decreasing discharge led
to the resalinization of the estuary, which occurred in two stages: (1) between April 7
and April 16 (when the river flow decreased from 2500 to 500 m3s™1), and (2) between
April 16 to April 20 (when the river flow decreased to 50 m3s~!). Hence, it took about
2 weeks to recover the salinity values observed before the high discharge event at the
mouth.

The model predictions were similar to the above observations. The correlation R
was 0.95 for along channel currents and 0.92 for the surface salinity. In particular, the
sharp salinity variation in response to the increase in river flow was well reproduced.
Likewise, the predicted resalinization period was close to observations. Overall, this
validation shows that the model is able to accurately simulate the salinity dynamics in
response to transient changes in river flows.

4 Model Application

Through the organization of a workshop with stakeholders, various management sce-
narios were defined that could impact the salinity intrusion at the GE. These scenarios
were organized in four groups of numerical experiments aiming at predicting the salin-
ity distribution after modifications of the bathymetry (Group 1), changes in the river
discharge (Group 2), the installation of a freshwater intake station at the upper estu-
ary (Group 3), and various combinations of options from these three groups (Group 4).
Group 1 is constituted by three different dredging scenarios: (1) at the lower estuary,
(2) at the upper estuary (to allow navigability until the estuary head at Mértola) and
(3) throughout the entire channel. Group 2 includes six scenarios with river discharge
values varying between 2 and 15 m3s~!. Group 3 contemplates the pumping of up to
30 hm? of freshwater between October and April. Of particular interest, this scenario
corresponds to a controversial project which is currently being implemented despite the
lack solid scientific evidence backup. The results of these experiments will be presented
at the conference.

5 Conclusions

This paper presented the performances of a 3D hydrodynamic model of the GE, rep-
resented with an idealized geometry, that requires significantly reduced computational
effort compared to more complex numerical models. The results support that the pro-
posed model can successfully predict the salinity dynamics during prolonged periods of
low river inflows affected by pulses in the freshwater discharge. Furthermore, the model
setup (e.g., bathymetry, inflow or outflow) can be quickly updated with new setup (e.g.,
bathymetry, freshwater inflow) for the prediction of individual or combined effects of
future human interventions — related to freshwater management or not — on the salinity
field. In this manner, the model constitutes a useful management support tool for the
development and evaluation of mitigation strategies to control salinity intrusion in the
estuary.
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