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ABSTRACT 
 

Costa, S.; Picado, A.; Vaz, N.; Coelho, C.; Portela, L., and Dias, J.M., 2018. Climate change effects on suspended 
sediment dynamics in a coastal lagoon: Ria de Aveiro (Portugal). In: Shim, J.-S.; Chun, I., and Lim, H.S. (eds.), 
Proceedings from the International Coastal Symposium (ICS) 2018 (Busan, Republic of Korea). Journal of Coastal 
Research, Special Issue No. 85, pp. 521–525. Coconut Creek (Florida), ISSN 0749-0208. 
 
Coastal systems are very important interface areas between land and sea, subject to constant changes motivated by both 
natural and anthropogenic factors. In addition to the increasing modifications imposed by human activities, natural 
processes are also being altered as a result of climate change. Important consequences of climate change in coastal 
systems are sea level rise (SLR) and changes in freshwater discharge, due to modifications in rainfall patterns and air 
temperature. The aim of this work was to assess the impact of climate changes on the suspended sediment dynamics 
in a coastal system (the Ria de Aveiro, Portugal). A sediment transport model was implemented for this system and 
results used to investigate the impact of SLR and rivers discharge, separately and combined, considering a reference 
and five future scenarios. Maps of suspended sediment concentration (SSC) and sediment fluxes along the tidal cycle 
were analysed for each future scenario and compared with the reference scenario. In general, the highest changes on 
net sediment balance (difference between flood and ebb fluxes) are predicted for the scenario that only considers 
changes in river discharges, with a decrease of 33% relatively to the reference scenario. Combining changes in both 
river discharges and mean sea level (MSL), differences are attenuated, with a decrease of 6% in net sediment balance. 
However, for scenarios with changes only in MSL an opposite behaviour is expected, with an increase of 15%. 
 
ADDITIONAL INDEX WORDS: Numerical model, sea level rise, rivers discharge, future scenarios. 
 

 
           INTRODUCTION 

Estuaries and coastal lagoons are transitional zones between 
land and open sea that are important as places of navigation, 
recreation and commerce, as well as unique marine environments 
that support highly productive ecosystems (Morton et al., 2000; 
Beer and Joyce, 2013). These areas are constantly being changed 
and threatened by anthropogenic actions (Dias and Picado, 2011; 
Lopes et al., 2011). Moreover, natural processes and pressures are 
also being influenced and intensified by climate change. 

An important consequence of climate change is MSL rise. 
Changes in air temperature and precipitation will also modulate 
river discharges and sediment loads (Ganju and Schoellhamer, 
2009). These impacts may affect the tidal characteristics and the 
sediment budgets of coastal lagoons, and therefore modify their 
potential to export sediment with consequences in their 
morphology. Furthermore, these systems usually contain 
significant amounts of cohesive sediments, which are transported 
mainly in suspension. This transport can induce economic and 
ecological problems, since the movement of the suspended 
sediments may cause siltation and contaminants may be adsorbed 
to the sediment particles. Consequently, it is important to 
understand how suspended sediment transport will be affected by 
the modifications induced by climate change. 

The main aim of this work is to examine the potential impact 
of climate change on the dynamics of suspended sediment, 
through the application of a numerical model to the Ria de Aveiro. 
To evaluate the impacts in Ria de Aveiro, future scenarios are 
simulated, in which changes in fluvial discharges and MSL are 
considered separately and combined. The simulations are 
performed with the numerical model MOHID, previously 
implemented and calibrated for the study area (Vaz et al., 2007). 
The current knowledge and understanding of cohesive sediment 
processes in the system is still limited and, therefore, the results 
of the study must be regarded as exploratory. 

 

STUDY AREA 
Ria de Aveiro is a mesotidal lagoon located on the 

Northwestern Portuguese coast (Figure 1), facing the Atlantic 
Ocean, with a surface area of about 89.2 km2 at high tide and 64.9 
km2 at low tide in spring tide (Lopes et al., 2013a). It has an 
irregular and complex geometry characterized by large areas of 
intertidal flats and a web of narrow channels, communicating with 
the Atlantic Ocean by a single inlet (Picado et al., 2009). Tides 
are semi-diurnal, with amplitudes ranging between 1.3 and 2.6 m 
during neap and spring tides respectively. The average water 
depth is about 1 m, being the deepest areas (about 20 m in depth) 
confined to the inlet and adjacent areas (Dias et al., 1999). Vouga 
and Antuã rivers are the major lagoon freshwater inputs, flowing 
in its central area into the Espinheiro and S. Jacinto channels. The 
sediments input into the lagoon is mainly from fluvial origin, 
being estimated as containing 80% of silt and clay and the 
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remainding 20% of sand (Silva and Duck, 2001). Other sediment 
contributions are erosion in the inner lagoon area (resuspension 
of bottom and intertidal sediments) and, with lower relevance, 
bank erosion and the input of marine sediments (Abrantes, 2005). 
 

 

 
Figure 1. Ria de Aveiro bathymetry, represented in geographic 
coordinates, with depth (m) relative to the local chart datum (2.0 m below 
the mean sea level). (a) Entire lagoon and (b) Location of the cross-
sections of the main lagoon channels where the sediment fluxes were 
computed. 

 
Given the different sedimentary sources, the nature and 

granulometric distribution of the bottom sediments of the Ria de 
Aveiro channels is extremely variable. Generally, bottom 
sediments are a mixture of sand (2-90%), silt (10-80%) and clay 
(0-30%) (Abrantes, 2005; Lopes et al., 2006). Along the main 
channels a granulometric gradient is observed, where the content 
of silt and clay increases with the distance to the inlet. 

SSC variations along the lagoon are governed mainly by the 
bottom sediment characteristics and tidal forcing, with semi-
diurnal variations and fortnightly patterns related to neap and 
spring tides (Dias et al., 2003; Lopes et al., 2006). Moreover, the 
seasonal variability also affects SSC, higher values being 
observed in winter, possibly due to higher fluvial discharges and 
stronger winds (Abrantes et al., 2006; Lopes and Dias, 2007). 

Ria de Aveiro is expected to be one of the Portuguese regions 
most affected by MSL rise. Indeed, several works were performed 
in Ria de Aveiro, in order to assess its sensitivity to SLR (Lopes 

et al., 2011; 2013a; Lopes and Dias, 2014) but, despite its 
importance, only one work has previously evaluated the impact 
of MSL rise on suspended sediment dynamics (Plecha et al., 
2014). 

 
METHODS 

Model description and set up 

The numerical model MOHID was applied to perform this 
study. MOHID is a three-dimensional free surface water 
modelling system that uses a finite volume approach to perform 
the spatial discretization, which is fully described in Leitão (2003). 
In this work, MOHID was used in 2D mode, since the Ria de 
Aveiro is, in general, a shallow vertically homogenous lagoon 
(Dias et al., 1999, 2000; Vaz et al., 2009). A suspended sediment 
transport module was coupled to the hydrodynamic model that 
was previously calibrated and validated to the Ria de Aveiro. 
Details about the model accuracy to reproduce the lagoon 
hydrodynamics after calibration and validation are described in 
Vaz (2007) and Vaz et al. (2007, 2009). 

The actual study area configuration conditions were simulated 
using the most recent local bathymetry (a survey from 1987/88 
with 2011 and 2012 updates) and an initial elevation equal to the 
MSL as well as null velocity for the entire domain (Figure 1). The 
suspended sediment transport model was initialized with a 
sediment concentration of 0.1 mg/L inside the lagoon, following 
Plecha et al. (2014) results. At the ocean boundary, located about 
5 km offshore from the Ria de Aveiro inlet, the amplitude and 
phase of 36 tidal harmonic constituents determined for the Barra 
tidal gauge station, through harmonic analysis of the sea surface 
elevation (Pawlowicz et al., 2002), were imposed. The values 
were corrected in order to account for the tidal distortion between 
the open boundary and the Barra station (Vaz et al., 2007). The 
SSC at the ocean boundary was assumed equal to 0.1 mg/L, 
considering previous observations at the inlet area (Abrantes et 
al., 2006). Atmospheric boundary conditions were provided by 
the University of Aveiro meteorological station. 

Currently, there is no monitoring program implemented for Ria 
de Aveiro fluvial discharges and therefore the daily series 
predicted by the SWIM – Solid and Water Integrated Model for 
the major Vouga and Antuã rivers, as well as for the less 
important Cáster, Boco and Valas de Mira rivers (Figure 1) was 
used. SWIM was calibrated and validated by Stefanova et al. 
(2015) for the freshwater flow into the Ria de Aveiro, based on 
past river discharge data. Regarding the SSC associated with each 
river, monthly averages were defined based on monitored data at 
stations located in the upper reaches of the lagoon fluvial 
tributaries (http://snirh.apambiente.pt). 

 
Scenarios definition 

In order to evaluate the climate change effects on Ria de Aveiro 
suspended sediment dynamics, a reference and five future 
scenarios were designed. The reference scenario represents the 
lagoon present conditions. Scenarios #1 to #3B represent future 
river discharges and MSL conditions: scenario #1 corresponds to 
a reduction of 12% in present fluvial discharges, following local 
predictions from the SWIM model (Stefanova et al. (2015); 
scenarios #2A and #2B considers local projections of MSL rises 
of 0.42 m and 0.64 m, performed by Lopes et al. (2011, 2013a) 
for the Portuguese coast for the year 2100; and scenarios #3A and 
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#3B combine the predicted changes expected for fluvial 
discharges and MSL rise. 

 
RESULTS 

Climate change effects on suspended sediment dynamics were 
evaluated by comparing future scenarios with the reference 
scenario, in terms of SSC distribution along the lagoon, the 
suspended sediment fluxes crossing the main channels sections 
during flood and ebb periods and the net sediment balance (Figure 
1b). Model predictions were analysed for mean fluvial discharge 
conditions at spring and neap tide conditions. 

 
Changes in suspended sediment dynamics induced by fluvial 

discharges reduction 

In general, results suggest that the sediment fluxes transported 
in the scenario #1 are lower than in the reference scenario (30% 
for ebb/flood fluxes and 33% for the net balance), except at the 
Ílhavo cross section (Table 1). 

 
Table 1. Suspended sediment fluxes (ton) differences per tide between 
scenario #1 and reference scenario at Barra, S. Jacinto, Espinheiro, 
Ílhavo and Mira cross sections for mean fluvial discharge conditions, in 
the flood and ebb periods and net balance. 

Transect 
Spring tide Neap tide 

Flood Ebb Balance Flood Ebb Balance 

Barra -216 -474 -258 -216 -414 -198 
S. Jacinto -201 -301 -100 -208 -275 -67 
Espinheiro -173 -307 -134 -99 -264 -165 
Ílhavo -186 -227 -25 -108 -148 10 
Mira -61 -66 -5 -50 -54 4 
 
The spatial distribution of SSC along the lagoon highlights the 

impact of fluvial discharges reduction induced by climate change 
effects. The predicted concentrations for scenario #1 are lower 
than for the reference scenario in the lagoon central area (Figure 
2). Otherwise, at upstream areas slightly higher SSC are expected, 
especially at neap tide. These differences are explained by the 
contribution of the rivers induced residual currents to sediment 
transport (Dias et al., 2003). 

 
Changes in suspended sediment dynamics induced by MSL 

rise 

Results for scenarios that predict SLR suggest that sediment 
fluxes across the main channels are higher than for the reference 
scenario (3% and 11% in scenario #2A and 12% and 19% in 
scenario #2B, for ebb/flood fluxes and net balance, respectively). 
However, this trend is only predicted for spring tide conditions, 
while lower fluxes are predicted for neap tide condtions, except 
at the Mira cross section (Table 2). 

An outward net sediment flux was found during the tidal cycle 
for both scenarios, which is more evident in the scenario #2B, 
even at Mira and Ílhavo channels, where sediment retention was 
observed in the reference scenario. These findings are in 
agreement with Picado et al. (2011) and Lopes and Dias (2014, 
2015) numerical model results, that have predicted the 
enhancement of the central lagoon ebb dominance under SLR 
conditions. 

 

 

 
Figure 2. Spatial SSC difference between scenario #1 and reference 
scenario for mean fluvial discharge conditions, in spring (a, b) and neap 
(c, d) tide, at low (a, c) and high (b, d) tide at the inlet. 

 
Table 2. Suspended sediment fluxes (ton) differences per tide between 
scenarios #2A, #2B and reference scenario at Barra, S. Jacinto, 
Espinheiro, Ílhavo and Mira cross sections for mean fluvial discharge 
conditions, in the flood and ebb periods and net balance. 

Transect 
Spring tide Neap tide 

Flood Ebb Balance Flood Ebb Balance 

Scenario #2A 
Barra 60 247 187 -44 -102 -58 
S. Jacinto 22 120 98 -105 -96 9 
Espinheiro 52 102 50 9 -71 -80 
Ílhavo 37 26 -11 -44 -58 -14 
Mira 41 54 13 3 2 -1 

Scenario #2B 

Barra 225 512 287 -5 -79 -74 
S. Jacinto 119 267 148 -103 -99 4 
Espinheiro 119 208 89 11 -95 -106 
Ílhavo 90 82 -8 -62 -81 -11 
Mira 91 106 15 9 9 0 
 
The analysis of spatial SSC differences reveal a concentration 

decrease in the lagoon central area induced by the MSL rise, 
which increases the tidal prism, with highest differences predicted 
for scenario #2B. Otherwise, at upstream areas, higher SSC are 
forecasted, especially at S. Jacinto channel (Figure 3), in 
agreement with the local flood dominance amplification found by 
Picado et al. (2011) under SLR scenarios. Espinheiro and S. 
Jacinto channels present higher SSC comparing to the reference 
scenario, which is explained by the higher rates of tidal prism 
increase at these channels for SLR scenarios (Lopes et al., 2013b). 

 
Changes in suspended sediment dynamics induced by 

combined effects  

For scenarios that combine changes on river discharges and 
MSL, the results indicate that lower sediment fluxes (26% and 8% 
in scenario #3A and 16% and 4% in scenario #3B, for ebb/flood 
fluxes and net balance, respectively) are expected at the lagoon 
main channels (Table 3). Similarly to the SLR scenarios, 
predictions indicate a decrease of sediment retention at Mira and 
Ílhavo channels. 

Lower SSC were found in the central area of the lagoon, due to 
the combination of low fluvial input and high seawater intrusion 
induced by SLR (Figure 4). 
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Figure 3. Spatial SSC differences between scenarios #2A, #2B and 
reference scenario for mean fluvial discharge conditions, in spring (a, b, 
e, f) and neap (c, d, g, h) tide, at low (a, c, e, g) and high (b, d, f, h) tide at 
the inlet. 

 
Table 3. Suspended sediment fluxes (ton) differences per tide between 
scenarios #3A, #3B and reference scenario at Barra, S. Jacinto, 
Espinheiro, Ílhavo and Mira cross sections for mean fluvial discharge 
conditions, in the flood and ebb periods and net balance. 

Transect 
Spring tide Neap tide 

Flood Ebb Balance Flood Ebb Balance 

Scenario #3A 
Barra -137 -239 -102 -236 -458 -222 
S. Jacinto -157 -166 -9 -282 -339 -57 
Espinheiro -130 -211 -81 -130 -349 -219 
Ílhavo -150 -190 -26 -159 -205 16 
Mira -25 -19 6 -46 -50 4 

Scenario #3B 

Barra 29 28 0 -186 -413 -60 
S. Jacinto -51 -1 17 -268 -327 -57 
Espinheiro -62 -114 -16 -127 -360 -74 
Ílhavo -91 -130 -82 -169 -216 113 
Mira 22 28 86 -38 -42 29 
 

DISCUSSION 

Climate change effects on fluvial discharges will induce lower 
SSC in the lagoon central area, in response to the fluvial 
discharges cut back. Both SLR scenarios analysed present similar 
patterns, with a decrease of SSC in the lagoon central area. This 
is probably due to an increase in tidal prism (Picado et al., 2011; 
Lopes and Dias, 2014, 2015), that will promote a higher intrusion 
of seawater with lower suspend sediments concentration (Plecha 
et al., 2014). In contrast, an increase of the SSC is expected at 
upstream areas, which is probably due to the future amplification 
of flood dominance for SLR, as forecasted by Picado et al. (2011). 

 

 
Figure 4. Spatial SSC differences between scenarios #3A, #3B and 
reference scenario for mean fluvial discharge conditions, in spring (a, b, 
e, f) and neap (c, d, g, h) tide, at low (a, c, e, g) and high (b, d, f, h) tide at 
the inlet. 

 
For scenarios combining both fluvial discharges and MSL 

changes, were found SSC spatial patterns similar to those 
predicted to SLR cases, however with higher differences 
comparing to the reference scenario. These results are in 
agreement with previous forecasts by Plecha et al. (2014) 
considering a SLR of 0.42 m. 

Regarding the sediment fluxes at the lagoon main channels, a 
decrease is mainly expected for future scenarios, with the highest 
differences foreseen under discharges reduction (a decrease of 30% 
for the ebb/flood periods comparing with the reference scenario). 
This is explained by the decrease of the contribution of river-
induced residual currents to sediment transport (Dias et al., 2003). 
On the other hand, an increase of 8% for the ebb/flood periods is 
predicted for SLR scenarios, due to the increase in the tidal 
currents magnitude in the lagoon central area, predicted by Dias 
and Picado (2011) and Lopes and Dias (2014). In all scenarios, 
net sediment fluxes are mainly directed towards the ocean, 
accordingly to the ebb dominance of the lagoon central area 
(Abrantes et al., 2006). 

 
CONCLUSIONS 

In this work were studied the impacts of climate changes in Ria 
Aveiro suspended sediment dynamics, namely due to fluvial 
discharge decrease and MSL rise. The predicted reduction in the 
mean fluvial discharges will lead to a decrease in the SSC, mainly 
in the central lagoon area, as well as will lower the sediment 
fluxes in the main channels, comparing to lagoon present 
conditions. For the SLR scenarios similar patterns were found. 
However, in the upstream lagoon areas, higher SSC are predicted, 
leading to an increase in the sediment fluxes at the main channels. 
Scenarios combining climate change effects on fluvial discharge 
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and MSL show the same trends found when considering only the 
SLR, showing that this will be the dominat effect on determing 
future changes on suspended sediment dynamics on Ria de 
Aveiro lagoon. 
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