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Abstract: In the current context of climate change, understanding the effects of the changing condi-
tions on estuaries is of utmost importance to protect populations and ecosystems. Given the diversity
of impacts depending on the region, there is a need for local and dedicated studies to understand
and mitigate the risks. Numerical models can provide forecasts of extreme floods and sea-level rise
(SLR). However, they can present inaccuracies. In this work, the ensemble technique was applied
to improve the numerical modeling forecasting for estuaries by considering scenarios of extreme
river flow discharges (EFDs) and SLR scenarios for 2050 and 2100. The simulations were performed
for two different estuarine regions in northern Portugal, and the superensemble was constructed
with the results of two different numerical models. The results differed per estuary, highlighting the
importance of a local approach. For the Douro estuary dynamics, the results showed that for the EFD,
the effects of the SLR were not noticeable, indicating that, in this estuary, the river component was
more important than the maritime component. In contrast, the Minho estuary dynamics were found
to be affected by the SLR along the whole estuarine region, indicating a maritime influence and a
worsening of the flood conditions for future scenarios.

Keywords: estuaries; hydrodynamics; ensemble; numerical models; extreme events; climate change

1. Introduction

Estuarine regions are important from an ecological, economic, and social point of
view. They are highly variable transition zones that link land, freshwater, and marine
environments. Therefore, they are densely populated, concentrating human settlements,
leisure activities, fisheries, and other marine industries that exploit their natural resources.
At the same time, they process nutrients and pollutants, playing a key role in the cycling
of carbon and other biogenic elements, and providing shelter and nursery areas for many
species. Estuaries are highly productive areas, essential not only for fisheries and nature
conservation but also as natural protection against floods and storms. Changes in their
configuration can thus have high socio-economic costs [1,2].

In the last few decades, the population, economic assets, and urbanization in estuarine
regions have experienced rapid growth, and a continuous increase in population is expected
for the near future [3,4]. The intensification of man-made interventions and anthropogenic
activities in estuaries enhances their vulnerability. Moreover, in the present context of
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climate change, environmental conditions in estuaries can be even more challenging. The
complex estuarine systems can be considered one of the most sensitive areas to environ-
mental stressors due to the strong coupling between physics, sediments, chemistry, and
biology [5,6]. In this sense, the effects of the climate change conditions in estuaries can be
diverse, resulting in changes in river flow, extreme events frequency, and changes in water
temperature and water level, affecting the circulation, salinity distribution, suspended
sediments, dissolved oxygen, and biogeochemistry [7].

Changes in river flow will produce alterations in the circulation, the mixing of the
water masses, and the sedimentation patterns, as well as in nutrient delivery, primary
production, the residence time of the water masses, and the environmental conditions [1].
An increase in river flows can alter the estuarine configuration from well mixed to partially
mixed or to highly stratified estuaries. Furthermore, flood discharges can remobilize large
quantities of stored sediments [6]. Considering that an increase in the frequency and
strength of extreme events was reported [4], marked changes in future estuarine dynamics
are expected, which may unbalance morphodynamic patterns and impact tidal propagation
and estuarine circulation in general. In contrast, a decrease in river flows can increase
the average salinity. Given that the estuarine biota is highly sensitive to salt intrusion,
problems in the reproductive success of this biota are expected, with a reduction in the
primary production and fisheries. At the same time, subtidal species can penetrate deeper
into estuaries, occupying the space of other native species [8].

Another expected change is the warming of estuarine waters. This warming will
decrease the surface water density and promote stratification. At the same time, this
warming can intensify microbial pathogen concentrations, increasing public health risks [8].
However, the effects of the salinity outweigh those of temperature in the main water
body [6]. The effect of the sea level rise will cause an increased salt-wedge penetration in
the estuary and the retention of sediments in the lower river courses. It will also affect the
response of the estuary to extreme flow and wave conditions, increasing the probability of
overtopping and floods. At the same time, changes in the sea level can produce changes
in the tidal range, increasing the tidal velocities and, consequently, the vertical mixing, as
well as sediment transport, thus deepening the estuary. A change in the tidal range or sea
level may change the estuary from being a flood-dominant to an ebb-dominant system [6].
In terms of biogeochemistry, a sea-level rise can produce an expansion of some marine
habitats, whereas others may wane [8].

All those potential effects on the fauna, flora, and human activities can increase the
erosion and loss of land to the sea, resulting in the loss of property, habitats and ecosystems,
augmenting damage to infrastructures, and even forcing population displacement; they
can affect human wellbeing, cause injuries, and even cause loss of life [8-12]. In this context,
scientific and technical information has to be made available to decision makers to reduce
vulnerability, increase resilience, and implement proper mitigation measures that support
sustainable management [2].

Numerical models were shown to be adequate tools to improve the knowledge of estu-
arine dynamics and to forecast the effects of anthropogenic activities, extreme events, and
climate change conditions [13]. They can be used to assess the effect of each forcing driver,
representing the impact of changes in initial and boundary conditions, topo-bathymetric
features, and coastal structures [14,15]. They can help to overcome the lack of field ob-
servations, allowing for a full characterization of the hydrodynamic patterns of estuarine
regions and providing valuable information to promote population, services, and ecosys-
tem safety [16]. At the same time, the outcomes of the modeling systems for different
scenarios can help to optimize water resources management and implement forecasting
and warning systems. In several studies, numerical modeling tools were implemented for
estuarine regions to represent the effect of climate change on estuarine hydrodynamics and
circulation [17,18], salinity patterns [19], water quality [20], morphodynamic evolution [21],
and water level elevation and storm surges [22-24], revealing the utility of these tools
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in forecasting future states of estuarine regions and providing key information to apply
adaptation strategies.

The available modeling tools allow for an almost complete and high-resolution repre-
sentation of the physical conditions in estuarine areas. However, models are simplifications
of the reality and every modeling system has its strengths and weaknesses. Modeling
results will therefore present a wide variety of uncertainties related to errors, calibration
parameters, and model assumptions, as well as the approximations used for the initial con-
ditions and the forcing characteristics [16]. Furthermore, in the context of climate change,
predictions will depend on an adequate definition of the future climate and weather [6].
Given the need for accurate forecasts, finding and implementing new solutions that avoid or
mitigate errors is crucial. In this context, ensemble modeling is considered one of the best so-
lutions because it can minimize the combined uncertainty in input data, model parameters,
and model structure, improving the performance of the models [25-28]. An ensemble uses
statistical methods to combine several numerical model simulations. The obtained results
present a smaller bias and variance than the individual solutions, improving the accuracy,
reliability, and consistency of the final prediction [29,30]. This is a widely applied technique
in atmospheric, climatic, and hydrological sciences [4,26,27,29,30]. Previous application of
this technique to estuarine regions by Iglesias et al. [28] revealed that an adequate ensemble
effectively improves the forecasting results of the individual models, even for the scenarios
that were more difficult to forecast by single models. However, the ensemble technique,
successfully applied in estuarine hydrodynamics [25,28], has not been fully developed to
forecast future hydrodynamic patterns in estuarine regions considering climate change
scenarios [4]. The objective of this work was to address this issue and apply the ensemble
technique previously developed and implemented by Iglesias et al. [28] to forecast future
scenarios for two different estuarine regions under climate change conditions.

2. Geographical Settings

Two different estuarine areas were considered in this study: the Douro and Minho
estuaries (Figure 1). Despite the fact that these estuaries are separated by a distance of less
than 100 km and present similar seasonal flow regimes, their river flow average and peak
discharges, as well as their morphology, bathymetry, banks configuration, extension, and
level of urbanization, are completely different, which is reflected in distinct dynamics and
environmental conditions [2,28]. Therefore, separate studies were carried out to represent
the local effects of climate change conditions and extreme events.

The Douro River estuary is located on the western coast of the Iberian Peninsula,
reaching the Atlantic Ocean through a highly dynamic narrow urban estuary. It presents
torrential regimes that produce strong currents and recurrent severe floods that cause
serious damage to the riverine populations and fluvial navigation problems [31,32]. There
are two main hydrodynamic drivers in this estuary: the freshwater flow and the tide. The
freshwater flow is very dependent on the annual precipitation cycle (stronger during winter,
weak during summer), but also on the hydropower production at the upstream dams that
influence the water discharge schedule of the Crestuma-Lever dam. This last dam limits
the estuarine extension to 21 km. The local tides have a semi-diurnal regime with a 12.4 h
long period. Inside the estuary, tides are slightly progressive, with a small time delay from
the mouth to the upstream end of the estuary and a small amplification [33]. During river
floods, the freshwater masses are thoroughly flushed to the sea, inducing strong currents
and preventing seawater intrusion, even in spring-tide conditions. For low river discharges,
tidal currents become dominant, and the ocean water enters the estuary with a salt-wedge
configuration [34]. The circulation patterns in the Douro estuary are also conditioned by the
irregular bathymetry and the banks’ configurations (Figure 1). Depths vary between 0 m
and 10 m, although, depths up to 28 m can be found in narrower sections, outer bends, and
sediment extraction sites [32]. At the southern margin of the estuary’s mouth lies a wetland
(Sao Paio Bay) and an estuarine sand spit made up of maritime and fluvial sediments. This
sand spit partially obstructs the entry of ocean water, acting as a natural barrier against
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storm waves and protecting the estuarine margins and harbors. To stabilize the sand spit, a
seaward-facing detached breakwater was built, and the northern breakwater was extended
(about 15 years ago). These structures interfere with local sedimentary and hydrodynamic
patterns, significantly increasing the area and volume of the sand spit and silting up the
contiguous wetland [31]. With its present configuration, it is likely that the sand spit will not
be overtopped or rupture during extreme events (as it did before breakwater construction)
such that future floods can be expected to cause severe economic losses and structural
damage [16]. This becomes particularly relevant in the context of the predicted climate
change effects, suggesting more severe extreme climate and flood events.
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Figure 1. Location of the Douro and Minho estuaries, the topo-bathymetries considered for the
numerical grids construction and the longitudinal profiles considered for each estuary (base map
sources: Esri, Maxar, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID,
IGN, and the GIS User Community).

The Minho is an international river that reaches the Atlantic Ocean between La Guardia
(Spain) and Caminha (Portugal), constituting a natural border between Spain and Portugal
in its last 70 km. The estuary is 40 km long, with sections between 200 m (upriver)
and 2000 m wide (near the river mouth). At the mouth, the cross-section is narrower,
about 300 m wide [5]. It is a very shallow water body dominated by the tide. Its mean
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depth is 4 m, but regions with 11 m or even 20 m depths can be found (Figure 1). The
lower estuary presents an accentuated enlargement, which results in a decrease in the
currents’ velocities, creating favorable conditions for sediment deposition. In fact, one of
this estuary’s main problems is strong siltation that hampers navigation. Under spring-
tide/low-runoff conditions, the Minho estuary effectively imports sediments from the inner
shelf [2,21,35]. The estuary presents a semidiurnal, high-mesotidal regime, with a tidal
range varying between 2 m and 4 m and an average residence time of 1.5 days associated
with low river flows [36]. In this partially mixed system, a vertical stratification can form
when a salt wedge structure is generated [37,38]. One of the most important characteristics
of the Minho estuarine region is its large diversity of habitats, with several threatened
economically and ecologically valuable species, as well as important productivity, which
is key for the nursery and feeding of marine species and ecosystem functioning [39,40].
This is the reason why this estuary is protected by Portuguese and Spanish conservation
statutes, preserving a low level of urbanization and industrialization [41]. These habitats
may be in danger in the current context of climate change due to changes in the salt
intrusion. Furthermore, the estuary’s strong siltation may exacerbate the impact of future
extreme events.

3. Materials and Methods

The numerical models selected for this study were the openTELEMAC-MASCARET
(OTM) and the Delft3D (D3D). These modeling suites are able to solve similar formulations
of the shallow water equations by considering several physical processes, such as tidal forc-
ing, tidal flats, river discharges, the rotation of the Earth, bottom friction, turbulence, sub-
and supercritical flows, and water density effects [42—45]. They were also used to simulate
hydrodynamic patterns in estuarine areas, assess the flooding risk, and quantify the effects
of climate change [46—49]. The models were already calibrated for the selected regions,
demonstrating their ability to accurately represent the hydrodynamic characteristics of
the Douro and Minho estuaries for both normal and extreme events [5,11,16,21,34]. These
models were furthermore selected to demonstrate the feasibility of the ensemble technique,
with results showing that an ensemble constructed with weighing techniques reduces the
uncertainty of the results and increases the reliability and consistency of predictions for
estuarine regions [28].

In the present study, both models were run for several scenarios that considered
extreme fluvial discharge (EFD) and extreme sea level (ESL). As described by Robins
et al. [8], estuarine flooding can be the volumetric combination of storm surge and extreme
river flow. EFD and ESL were considered in the same scenarios because there was evidence
of a positive relation between storm surges and peak river flows [50-52]. Several authors
suggested that surges should be taken into account for flood risk estimation [53,54].

The EFD for the Douro estuary was calculated using previously published data [55].
Using the parameters of Gumbel’s law [56], the relation was rebuilt to calculate the return
periods of interest. For the Minho estuary, the EFD was calculated using the values of
instantaneous maximum flow in Foz do Mouro, also adapted to Gumbel’s law. The river
flood peak flows were calculated for 50, 100, and 1000-year return periods.

The ESL values foreseen in the Representative Concentration Pathway scenarios
(RCPs) 4.5 and 8.5 for the years 2050 and 2100, for the same return periods considered in the
EFD (50, 100, and 1000 years), were extracted from the work of Vousdoukas et al. [57] for
the Douro and Minho locations. These authors estimated the total water level conditions
along the European coastline from the dynamic simulation of the major hydrodynamic sea
level components: mean sea level (MSL), tides, storm surges, and waves. Projections of
waves and storm surges were based on hydrodynamic simulations with D3D and WW3
by considering atmospheric forcing from an ensemble of 6 climate models provided by
CMIP5 [58]. The database delivers forecasts of average, minimum, and maximum values
in agreement with the climate models ensemble results. In the present study, these average,
minimum, and maximum forecast values were considered to force the estuarine numerical
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models. They give consistency to the estuarine forecasts, providing the average-, best-,
and worst-case scenarios, and thus, a range of forecasts. The historical values provided by
Vousdoukas et al. [57] were used for comparison with the projections.

A deterministic approach was adopted for this study. Each model that was run
consisted of a 24 h long simulation with constant river flow and water elevation boundary
conditions, preceded by a spin-up period of 3 h to avoid numerical instabilities. The water
elevation modeling results for ensemble construction were extracted at the end of each
performed simulation, which was when the models reached a steady state. The numerical
modeling scenarios, described in Table 1, were run for both model suites: OTM and D3D.

Table 1. Numerical modeling scenarios.

. River Flow .

Run Return Period (m3/s) Scenario Water Elevation at the Ocean Boundary

(Years) (m)
Douro Minho

S1 Historical 3.9
S2 RCP 4.5 2050 mean 4.1
S3 RCP 4.5 2050 min 4.0
S4 RCP 4.5 2050 max 43
S5 RCP 4.5 2100 mean 4.4
S6 RCP 4.5 2100 min 4.0
S7 50 17,357 5365 RCP 4.5 2100 max 4.8
S8 RCP 8.5 2050 mean 4.2
S9 RCP 8.5 2050 min 39
S10 RCP 8.5 2050 max 4.4
S11 RCP 8.5 2100 mean 4.7
S12 RCP 8.5 2100 min 4.2
S13 RCP 8.5 2100 max 5.1
S14 Historical 4.0
S15 RCP 4.5 2050 mean 4.2
S16 RCP 4.5 2050 min 4.1
S17 RCP 4.5 2050 max 4.4
S18 RCP 4.5 2100 mean 4.5
S19 RCP 4.5 2100 min 4.1
S20 100 19,814 6038 RCP 4.5 2100 max 4.9
S21 RCP 8.5 2050 mean 4.2
S22 RCP 8.5 2050 min 4.0
S23 RCP 8.5 2050 max 4.5
S24 RCP 8.5 2100 mean 4.8
S25 RCP 8.5 2100 min 4.3
S26 RCP 8.5 2100 max 5.2
S27 Historical 43
S28 RCP 4.5 2050 mean 4.5
S29 RCP 4.5 2050 min 4.3
S30 RCP 4.5 2050 max 4.7
S31 RCP 4.5 2100 mean 4.8
S32 RCP 4.5 2100 min 4.4
S33 1000 27,962 8262 RCP 4.5 2100 max 5.2
S34 RCP 8.5 2050 mean 4.5
S35 RCP 8.5 2050 min 4.2
S36 RCP 8.5 2050 max 47
S37 RCP 8.5 2100 mean 5.0
S38 RCP 8.5 2100 min 4.5
S39 RCP 8.5 2100 max 5.4




Water 2022, 14, 1966

7 of 18

A superensemble was built for each of the proposed scenarios following the results
obtained by Iglesias et al. [28]. For extreme events, the technique that produced the best
results in the superensemble construction was the weighted average method that used the

squared error as the weight:
1
Lse

M 1
L Lsk|x

where wy, is the weight, M is the number of simulations that integrate the ensemble, and
L is the squared error metric:

ey

Wm

Lop = <Xf . Xo)z ©)

where Xy and X, are the forecasted and the observed values, respectively, of the variable X.

Iglesias et al. [28] obtained a weighting coefficient for the observation points of each
estuary for the extreme events scenarios. Since we were interested in representing the
joint effect of the ESL and EFD on the water levels inside the estuaries, the mean values of
these weights were considered for the construction of the superensembles presented here
(Table 2).

Table 2. Weights considered to construct the superensembles. D1 to D4 (Douro) and M1, M3, and M4
(Minho) were the measurement stations considered to calibrate the ensemble with in situ data (see
Iglesias et al. [28] for more information).

Douro Minho
Model Suite
D1 D2 D3 D4 Average M1 M3 M4 Average
D3D 0.083 0.675 0.640 0.142 0.385 0.829 0.410 0.497 0.579
OT™M 0.917 0.325 0.360 0.858 0.615 0.171 0.590 0.503 0.421

Once the ensemble was calculated, results were extracted for a longitudinal profile
(Figure 1) to better understand the effect of the river flow and the oceanic elevation, and to
represent the effect of the projections in the water level inside the estuaries. Therefore, a
longitudinal profile of the free surface water elevation was extracted from the ensemble
results for each of the considered estuaries and scenarios (Figures 2 and 3).



Water 2022, 14, 1966

8 of 18

o .8 .
th & -
-

9~
BS5+

Water elevation (m)

o

Water elevation (m)

-

as
8

Water alevation (m)

~
2]
T

;r__,/\'\_/

65

2 25 3
Distance (km)

Water elevation (m)

1.5 2 25 3
Distance (km)

35 4 45

8
o

Water abavateon (m)
©

Distance (km)

‘Water elavation (m)

.... T1000 EFD
--- T100 EFD
— TS0 EFD

— Historical ESL
— RCP4.5 ESL
RCP8.5 ESL

— Historical ESL
~— RCP4.5 ESL
RCP8.5 ESL

2 25 3
Distance (km})

as 4

.2 25 3
Distance (km)

0s5r

15 2 25 3
Distance (km)

as 4

4.5 5

Figure 2. Longitudinal profiles of the superensemble solutions that represented the water level along
the Douro estuary for the considered scenarios. (a,b) For average values of the water elevations at
the ocean boundary; (c-h) Considering the maximum and minimum water elevations values at the
ocean boundary to represent the probability forecast.
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Figure 3. Longitudinal profiles of the superensemble solutions that represented the water level along
the Minho estuary for the considered scenarios. (a,b) For average values of the water elevations at
the ocean boundary; (c-h) Considering the maximum and minimum water elevations values at the
ocean boundary to represent the probability forecast.
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4. Results

The different water level values predicted by the superensembles for each scenario
are presented in Figure 2 for the Douro estuary and in Figure 3 for the Minho estuary.
Subfigures a and b from both figures represent the results for 2050 and 2100, respectively,
considering only the superensembles constructed with the mean ESL values predicted
by Vousdoukas et al. [57] for the historical scenarios (S1, S14, and S27) and the RCP
4.5 (S2, S5, S15, S18, 528, and S31) and 8.5 (S8, S11, 521, S24, S34, and S37) projections.
The results showed a clear difference between the hydrodynamic behaviors of the two
modeled estuaries.

For the EFD scenarios, the 2050 projections of the water level in the Douro river estuary
could reach values between 6 m (at the mouth) and 9 m (5 km upstream) for the 50-year
EFD return period, between 6.5 m and 9.7 m for the 100-year return period, and between
7.5 m and 12.2 m for the 1000-year return period (Figure 2a). This meant that between the
EFD scenarios for the 50- and 1000-year return periods, water level differences of 1.5 m at
the mouth and more than 3 m upstream were observed. The EDF 2100 projections revealed
a range of water levels between 6 m and 6.4 m at the mouth and 9 m upstream for the
50-year return period, between 6.4 m and 6.7 m at the mouth and 9.7 m upstream for the
100-year return period, and between 7.5 m and 7.7 m at the mouth and 12.2 m for the
1000-year return period (Figure 2b). For these scenarios, the differences between the 50- and
1000-year return period superensemble results were below 1.7 m at the Douro estuarine
mouth and higher than 3 m upstream.

These differences in the water level, jointly with the results of Figure 2a,b, demon-
strated that the water elevation in the Douro estuary was weakly dependent on the ESL
imposed at the oceanic boundary for flood events, but strongly dependent on the imposed
EFD. For 2050, the water level results along the longitudinal profile presented the mini-
mum and the maximum values for the 50- and 1000-year EFD return periods, respectively
(Figure 2a). No significant differences were observed to be associated with the ESL forcing
values imposed at the oceanic boundary, but it must be noticed that the ESL difference
between the historical scenario (S1) and the RCP 8.5 scenarios (S8, S21, and S34) for 2050
was less than 0.3 m. For the 2100 superensemble projections (Figure 2b), slight differences
with the imposed ESL became evident inside the Douro estuarine region. However, despite
having an ESL forcing that varied over a range of 0.8 m (Table 1), the largest difference in
the water level inside the Douro estuary between the S1 historical scenario and the 2100
RCP 8.5 S11 scenario was around 0.4 m. This difference was observed near the mouth,
presenting an attenuation upstream and being practically negligible 5 km upstream from
the mouth. In addition, the stronger the EFD was, the lower the effect of the ESL inside the
Douro estuary, with smaller water level differences for the scenarios that considered the
highest ESL (1000-year return period).

For the EFD scenarios, the 2050 superensemble projections of the water level at the
Minho river estuary could reach values between 4.0 m and 4.4 m (at the mouth) and around
5.5 m (at 10 km upstream the mouth) for the 50-year EFD return period, between 4.3 m
and 6.5 m for the 100-year return period, and between 4.6 m and 7.6 m for the 1000-year
return period (Figure 3a). In this estuary, the water level differences were smaller when
compared with the Douro estuary, with values between the 50- and 1000-year EFD return
periods of 0.6 m at the mouth and of more than 2.0 m upstream. The 2100 superensemble
projections revealed a wider range of water level values compared with the Douro estuary,
being between 4.0 m and 4.9 m at the mouth and between 6.0 m and 6.5 m upstream
for the 50-year EFD return period, between 4.2 m and 5.0 m at the mouth and between
6.5 m and 6.8 m upstream for the 100-year return period, and between 4.5 m and 5.2 m
at the mouth and between 7.6 m and 7.9 m upstream for the 1000-year return period
(Figure 3b). For the 2100 superensemble projections, water level differences between the 50-
and 1000-year return periods were 0.3 m and 0.5 m at the mouth and between 1.4 m and
1.6 m at upstream locations.
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The obtained values, jointly with the longitudinal profiles presented in Figure 3a,b,
revealed that the water level in the upper Minho estuary was mostly dependent on the
imposed EFD, whereas the water level in the lower estuary was mostly dependent on the
ESL imposed at the oceanic boundary. The point that separated these distinct behaviors
was located around 8.5 km upstream from the river mouth, coincident with the narrowing
of the estuarine region. However, contrary to what was observed for the Douro estuary,
the sea level rise in the Minho estuary was projected to have an effect along the estuarine
region, increasing the water level even at upstream locations. Similar to the Douro estuary,
higher differences in the water levels inside the estuarine region between the historical
scenarios and the projections were obtained for the superensembles that considered the
2100 projections (Figure 3b). In the Minho estuary, the differences in water level between
the scenarios were significant, with values between the historical scenario (S1) and the RCP
8.5 projection for 2100 (511) reaching 0.8 m near the estuarine mouth.

The superensemble water level projections for the Douro estuary revealed that, for
2050, the minimum and the maximum ESLs forecasted by Vousdoukas et al. [57] did
not differ much from the mean simulation results (Figure 2c,e,g). For the 2100 scenarios
(Figure 2d,f,h), the difference in the water level between the best and worst projections
was more accentuated but still small, with differences around 0.4 m, 0.3 m, and 0.2 m for
the scenarios that considered the 50-year, (Figure 2d), 100-year (Figure 2f), and 1000-year
(Figure 2h) EFD return periods, respectively. However, these differences were only notice-
able in the downstream region of the estuary.

For the Minho estuary, the superensemble projections that considered the minimum
and maximum ESLs forecasted by Vousdoukas et al. [57] presented some differences from
the projections in the Douro region. First of all, for the 2050 projections (Figure 3c,e,g), a
significant difference was found between the water levels obtained for the scenarios that
considered maximum and minimum ESLs and the ones that were forced with a mean
ESL extracted from Vousdoukas et al. [57]. This difference was around 0.3 m for RCP 4.5
(runs S3 and 54) and around 0.5 m for RCP 8.5 (runs S9 and S10) at the estuary mouth
for the superensemble constructed with the scenarios considering a 50-year EFD return
period (Figure 3c). These values were similar to the ones obtained for the scenarios that
considered the 100-year (Figure 3e; runs S16, S17, S22, and S23) and the 1000-year EFD
return period (Figure 3f; runs 529, S30, S35, and S36). The difference between the RCP
projections diminished upstream but was still significant (around 0.3 m) 10 km upstream
(Figure 3c,e). An exception was the 1000-year EFD return period (Figure 3g) in which
the strong river flow was able to reduce the effect of the ESL at upstream locations. For
the 2100 superensembles, differences in water level values between the higher and the
lower ESLs imposed were even stronger, with values around 0.8 m for RCP 4.5 (runs
56 and S7) and RCP 8.5 (runs S12 and S13) at the estuarine mouth for the 50-year EFD
return period (Figure 3d). Upstream, the difference was around 0.5 m for both projections.
Similar values were obtained for the superensemble constructed with the simulations
that considered the 100-year return period (Figure 3f), as well as for the projections that
considered the 1000-year return period, although only at the estuarine mouth. Upstream,
the latter projection presented a difference of less than 0.5 m between the results for the
maximum and minimum ESL conditions of each scenario.

In the Douro estuary, for the 2050 and 2100 projections, water levels were expected
to reach between 6.0 m and 7.5 m at the estuarine mouth and between 9.0 m and 12.2 m
upstream. Meanwhile, for the Minho estuary, depth values were expected to reach between
4.0 m and 4.6 m at the mouth and between 5.5 m to 7.6 m upstream for the 2050 scenario,
and between 4.0 m and 4.5 m at the mouth and between 6.5 m and 7.9 m upstream for
the 2100 projections. Given the forecasted values, the topographic characteristics of the
estuarine banks, and the narrow mouth configuration of both estuaries, strong floods
were expected.

The flooded areas according to several superensemble forecastings are presented for
the Douro (Figure 4) and Minho estuaries (Figure 5). For the Douro estuary, as demonstrated



Water 2022, 14, 1966

12 0f 18

in Figure 2, the differences between the scenarios that considered ESLs projected for RCP
4.5 and 8.5 and for 2050 and 2100 were practically negligible. Therefore, only flood maps
for the historical scenarios S1, S14, and S27 are presented (Figure 4). For the three historical
scenarios, the results suggested that the margins of the Douro estuary will be affected by
floods, with more severe damage to be expected near the river mouth and in the valleys of
several small affluent rivers at the northern margin. At the southern margin, the floods were
projected to affect the sand spit, a marina located near the estuarine mouth, the historical
center of Vila Nova de Gaia, and some non-urbanized zones. Other minor areas are also
expected to be flooded, affecting roads and buildings next to the estuary margins, but to a
lesser extent. Due to the embedded valley configuration of this estuary, the flooding areas
are quite restricted; however, water levels of more than 16 m are expected to be reached in
the upper part of the studied estuarine area for the 1000-year EFD return period scenario.
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Figure 4. Water levels in the Douro estuary forecasted for the (a) S1 scenario (historical, 50-year EFD
return period), (b) S14 scenario (historical, 100-year EFD return period), and (c) S27 scenario (historical,
1000-year EFD return period) (base map sources: Esri, Maxar, GeoEye, Earthstar Geographics,
CNES/ Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community).
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Figure 5. Water levels in the Minho estuary forecasted for the (a) S1 scenario (historical, 50-year EFD
return period), (b) S14 scenario (historical, 100-year return EFD period), (c) S27 scenario (historical,
1000-year EFD return period), (d) S5 (4.5, 50-year EFD return period), (e) S18 (4.5, 100-year EFD return
period), (f) S31 (4.5, 1000-year EFD return period), (g) S11 (8.5, 50-year return EFD period), (h) S24
(8.5, 100-year EFD return period), and (i) S37 (8.5, 1000-year EFD return period) (base map sources:
Esri, Maxar, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and
the GIS User Community).

In comparison to the Douro estuary, the Minho estuary presented lower water levels,
but the predicted flooded areas were larger (Figure 5). Notice that for the simulated
scenarios, the flooded areas reached the boundaries of the numerical grids; therefore,
harsher effects than the ones presented here can be expected. This is likely to be more
relevant at the northern margin because there, the topography varies more smoothly than
at the southern margin, which presents sharper topographic transitions, restricting the
spreading of the floods. Similar to what can be observed in Figure 3, the highest water
levels were obtained upstream and the lowest near the estuarine mouth, coincident with the
widening of the estuarine area. There were also marked differences in water level between
the scenarios that considered different EFD and ESL values. The obtained water levels were
lower for scenario S1 (Figure 5a) and higher for scenario S37 (Figure 5i). Comparing the
historical scenarios (Figure 5a—c) with the mean values obtained for RCP 4.5 (Figure 5d—f)
and 8.5 (Figure 5g—i), the effects of the ESLs associated with the different sea-level scenarios
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became clear. Due to the topographic characteristics of this estuary, the Boega Island
(upstream), the sand spit at the estuary mouth, the mouths of the Tamuxe (northern margin)
and Coura (southern margin) rivers, and the surroundings of the estuary region were
projected to flood according to all of the represented scenarios. However, the forecasted
water levels varied with the region, as well as with the considered scenario. The floods are
expected to occupy several non-urbanized and agricultural zones (at the northern margin)
and small urban environments (at the southern margin), with harsher effects caused by
sea-level rise.

5. Discussion and Conclusions

In this study, the water level inside two estuarine regions was forecasted by con-
sidering several extreme sea level (ESL) scenarios jointly with the occurrence of extreme
flood discharge (EFD) events. The scenarios considered EFDs for the Douro and Minho
estuaries were calculated for the 50-, 100-, and 1000-year return periods. The ESL values
that were foreseen in historical, RCP 4.5 and 8.5 conditions for the years 2050 and 2100
were also selected. These values forced the numerical simulations performed with two
high-resolution numerical models, namely, OTM and D3D, which were already calibrated
for both estuaries and different scenarios. The obtained results were synthetized in a single
solution through the construction of a superensemble for each one of the defined scenarios.
In a previous work of the authors, it was demonstrated that this technique improved
the accuracy of the forecasting when compared with the individual model results. The
constructed superensembles rendered more precise solutions, contributing to a correct
characterization of the future hydrodynamics of the studied estuaries, avoiding the errors
inherent to each one of the individual models and thus improving the reliability of the
presented solutions. To the best of our knowledge, no previous works were devoted to the
forecast of future conditions of estuarine hydrodynamics using superensembles.

This work produced important results for local stakeholders and policy makers, with
it being innovative in the application of superensembles to predict future scenarios in estu-
arine regions. Nonetheless, it had some limitations worth mentioning. Given the positive
relationship between storm surges and peak river flows found by previous authors, the
performed forecastings considered the ESL and EFD conditions jointly. However, extreme
events, although important, are not frequent, and the simulations here presented consid-
ered forcing conditions for return periods of 50, 100, and 1000 years. Most of the effects of
sea-level rise on the biota will likely be produced by changes in the normal hydrodynamic
behavior of the estuaries. These changes could only be assessed by considering the effect
of sea-level rise on the 3D hydro-morphodynamics conditions, namely, on the salt wedge
intrusion, tidal changes, water mixing, and sediment transport. At the same time, the ESL
was extracted from a previous work that considered the CMIP5 results for the sea-level rise
component. Presently, CMIP6 climate model results are already available, which consider
new time frames and new scenarios, and ESL forecasting calculated with CMIP6 is expected
to be more accurate, producing, at the same time, more accurate results for the numerical
modeling downscaling of estuaries.

It must be stressed that the implemented models are based on the hydrodynamic
modules of the OTM and D3D model suites. No sediment transport was considered in
the simulations. However, this transport could have a crucial effect on the simulated
extreme water levels. If there is a significant sediment transport out of the estuarine region,
especially the estuarine sand spits, lower water levels could be expected for both estuaries.
Indeed, due to the EFD imposed in the simulations, overtopping and scouring of the
estuarine sand spits can be expected, which could at least partially break these structures,
augmenting the estuaries’ cross-sectional areas and consequently easing water discharge
and reducing the water levels upstream. Future studies intend to assess the potential
influence of sediment transport and sand spit overtopping on the reduction of flood effects
in the Douro and Minho estuarine regions.
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Despite the study’s limitations, the obtained results revealed marked differences in the
hydrodynamic behavior of both estuarine regions, demonstrating how important it is to
perform local studies to understand the regional hydrodynamic specificities. Only in this
way can detailed and focused information be obtained and provided to the authorities to
help them understand the risks and take appropriate measures to reduce the vulnerability
of estuarine populations, activities, and environments.

For the Douro estuary, similar results were obtained for the scenarios that considered
the same EFD return period. The 2050 projections did not reveal differences with the
forcing conditions associated with the ESL values and, even for the 2100 projections, these
differences were small and negligible. These results demonstrated that, during an EFD,
the ESL effect was attenuated in the Douro River estuary, indicating that the river flow
component was more important than the maritime component when flood events were
considered. Consequently, no important changes in the hydrodynamic patterns during
floods were expected for future scenarios. This river dominance could be explained by the
shape and bathymetric configuration of the estuary and its banks, but also by the large
hydrographic basin of the Douro River, which produced stronger flood discharges in the
estuary compared with other Portuguese rivers. However, and even without the effect
of the ESL, the simulated floods obtained for the considered EFD reached several urban
regions of the estuary and would likely cause severe economic losses and material damage
to its banks. Additional effects on the biota are also expected, as species unable to adapt to
drastic changes in salinity will suffer from the increased amount of fresh water, not only
in the estuary but also in the adjacent coastal region. Potential effects may be even worse
considering that the frequency of extreme events will increase in future projections. The
application of appropriate protection and/or mitigation measures for the urban settlements
will be essential to reduce vulnerabilities and mitigate the effects of the extreme conditions
predicted for future scenarios.

For the Minho estuary, the simulated water level values were smaller than those in
the Douro estuary but presented a wider range. Contrary to what was observed for the
Douro estuary, the ESL did affect the Minho estuary. This can be explained by the lower
flood flows in this basin, but also by the estuarine morphology and the widening of the
estuary upstream of the mouth. This widening reduced the water elevation with the EFD.
Furthermore, although the entire estuarine region was affected by the ESL, the effect of
the ESL was not constant along the entire estuary. The results depended more on the EFD
in the upper estuary and more on the ESL in the lower estuary. The point that separated
these two regions was located 8.5 km upstream of the river mouth, coincident with the
existence of an island (Boega Island) and the narrowing of the estuary. Sea-level rise
was projected to produce changes in the estuary’s hydrodynamic behavior during floods.
Saltier waters are expected in the lower estuary, which can affect the biota of this region,
through the expansion of some marine habitats inside the estuary and displacement or even
loss of autochthonous ecosystems. In addition, the sedimentation is expected to also be
affected, unbalancing morphodynamic patterns and impacting the tidal propagation, with
consequences in the entire estuarine region. More marine sediments are expected to enter
the estuary and be retained in the lower estuarine region, increasing the siltation problems
this estuary is facing. With the whole estuary affected by the ESL, the obtained results
revealed differences between the distinct projections, showing a significant worsening
of the flood level associated with the EFD and ESL. Nonetheless, damage to urban areas
associated with these floods is expected to be lower than those in the Douro estuary due to
the lower urbanization level of the Minho estuary. However, given the topography of the
estuary, a wider spreading of the floods is expected, which may also negatively affect the
unique habitats of this region.

In summary, this work demonstrated the necessity of performing local studies to
understand and forecast future hydrodynamic conditions during extreme events in estuar-
ine regions and to delimit flooding areas. Distinct estuarine behaviors were represented,
exemplifying different situations that can be extrapolated to other estuaries. At the same
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time, the superensembles technique was applied to provide robust forecasts for several
RCP scenarios and EFD and ESL conditions, showing how numerical modeling tools can
be improved with key information to minimize vulnerabilities and risks in these highly
sensitive regions.
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