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Abstract: The frequency and magnitude of flash floods in the olive orchards of southern Spain have
increased because of climate change and unsustainable olive-growing techniques. Affected surfaces
occupy > 85% of the rural regions of the Upper Guadalquivir Basin. Dangerous geomorphic processes
record the increase of runoff, soil loss and streamflow through time. We report on ripple/dune growth
over a plane bed on overland flows, deep incision of ephemeral gullies in olive groves and rock-
bed erosion in streams, showing an extraordinary sediment transport capacity of sub-daily pluvial
floods. We develop a novel method to design optimal solutions for natural flood management and
erosion risk mitigation. We adopt physical-based equations and build a whole-system model that
accurately reproduces the named processes. The approach yields the optimal targeted locations of
nature-based solutions (NbSs) for active flow-control by choosing the physical-model parameters
that minimise the peak discharge and the erosion-prone area, maximising the soil infiltration capacity.
The sub-metric spatial resolution used to resolve microtopographic features of terrains/NbS yields
a computational mesh with millions of cells, requiring a Graphics Processing Unit (GPU) to run
massive numerical simulations. Our study could contribute to developing principles and standards
for agricultural-management initiatives using NbSs in Mediterranean olive and vineyard orchards.

Keywords: nature-based solutions; distributed hydrological model; IBER+; Guadalquivir basin;
European Union Directive 2007/60; flash flood; gully erosion; olive and vineyard orchards

1. Introduction

The frequency and intensity of sub-daily floods have increased in the Upper Guadalqui-
vir Basin (southern Spain) during the last twenty years due to the actual scenario of
climate change [1]. This kind of extreme hydrological event has become more and more
relevant in many Mediterranean areas of Europe [2], corroborating the predictions of the
Intergovernmental Panel on Climate Change (IPCC) [3] and the European Environmental
Agency (EEA) [4]. High precipitation rates combined with anthropogenic effects of soil use
and management have provoked unsustainable soil-loss rates and large-scale gully erosion
in some European agricultural catchments [5]. Simultaneously, floods have developed at
the catchment scale because of deep runoff [6]. Both problems are linked because they
depend, in leading order, on the dynamics of overland flows [7]. The Mediterranean Experts
on Climate and Environmental Change (MedECC) [8] recommend the implementation of
NbS and adaptive practices of sustainable land management because climate change is
expected to increase soil erosion in a complex, non-linear way. Mitigating flood risk and
preventing soil erosion at large scales cannot be achieved with isolated civil engineering
actions; the economic costs and environmental impacts would be prohibitive. Alternatively,
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we adopt Nature-Based Solutions (NbSs) [9–11] that seek to delay the flooding, reduce the
peak water discharge and erosion capacity of overland flows, and promote infiltration at
the basin scale.

We considered a pilot study site of the Upper Guadalquivir Basin where the current
land management practice and the increase in extreme rainfall rates (up to approximately
30 mm·h−1) have caused soil loss rates of 20–50 t ha−1 yr−1 (see Figure 2 in [12]). Such
values are nearly a maximum in Europe, so the Guadalquivir watershed has attracted
the scientific community’s interest in gully erosion processes [13,14]. More than 80% of
the catchment is dedicated to traditional olive groves (i.e., the vegetation surrounding
the crops was removed), a practice extended across the entire Mediterranean basin [15].
In such environments, we have shown the potential of the two-dimensional Saint-Venant
Equations (2D-SVEs) to map the extent of the inundations and describe fluvial geomor-
phological processes at the river-stretch scale [16,17]. High-spatial resolution numerical
simulations using 2D-SVE-distributed hydrological models yield further details of the
rainfall-runoff-inundation processes at the watershed [6]. The output products for a given
rainfall event are the flow depth and velocity not only in the main river but also in smaller
spatial-scale elements of the whole drainage network. If the intensity of the precipitation
is high enough to provoke water discharges above the drainage capacity of the streams
and rivers, the 2D-SVE-distributed numerical simulation gives all the flooded areas across
the whole watershed. Furthermore, the interpretation of the flow-velocity map serves to
predict the locations where fine sediments transported as wash load settle and provoke
slackwater deposits [1].

The main objective of this article is to find the optimal NbS (including its location)
which provides the most benefits in terms of hydraulic effectiveness to prevent flooding
and soil erosion in steep-slope olive groves. We address both problems at the same time
instead of independently. Subsidiary—but no less important—objectives are the increase
in the retention capacity of overland flows and the soil infiltration capacity to avoid the
undesirable phenomenon of soil-water repellence and higher surface runoff volumes in
olive groves [18]. All of them contribute to mitigating street-scale urban floods in the site
study. So, this work extends the capabilities and applicability of our former model, initially
calibrated and planned only for flood-risk mapping in ungauged olive-orchard basins [1,6].

The developed methodology has two stages: (i) first, the diagnosis of the causes
leading to inundation and soil erosion using the highly resolved Computational Fluid
Dynamics (CFD) simulation of the current situation; (ii) second, the quantification of the
hydraulic effects of the possible measures for natural flood management (NFM) and soil
loss mitigation by simulating parameter variation in future scenarios. The output products
identify the optimal model parameters across the catchment (i.e., controlled variables) that
minimise the objective functions, namely: the peak water discharge at the basin outlet
and the shear stresses responsible for soil erosion. The approach is standard in Active
Flow-Control (AFC), a “multidisciplinary science and technology thrust aimed at altering a
natural flow state into a more desired state” [19]. The last step is the selection of a realistic
NbS that produces the optimal values of the controlled physical variables at the targeted
placement. We consider NbSs compatible with sustainable production techniques in olive
growing [20] and complementary innovations developed worldwide, as described below.
Isolated NbSs cannot fix all the problems alone, and the ideal future scenario should exploit
several actions’ synergetic benefits.

To this end, we apply standard techniques in AFC [19] and CFD [21], which con-
sist of parameter variation and geometric modelling with sub-metric spatial resolution,
uncommon yet in evaluating the effectiveness of an NbS [10]. There is presently no
standard approach to determining how many NbSs to use and where to locate them in
NFM [22]. A limited number of studies applied the typical engineering protocol with
spatially-resolved, physically-based 2D-SVE simulations [23]. A frequent limitation of
the existing design routines is the coarse resolution of the computational grid because
of two reasons: first, the coarse mesh impedes the detailed geometrical modelling and
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hydraulic simulation of an individual NbS at a given location; second, the grid size af-
fects the simulation results of rainfall/runoff events in a magnitude as large as physical
factors [24]. We overcome such drawbacks using the latest advances in distributed hydro-
logical modelling that allow simulating catchment-scale problems at extremely high spatial
resolution in the Graphics Processing Unit (GPU) [25]. We adopt the software IBER+ [26],
among alternatives as SERGHEI-SWE [27], TRITON [28], and LISFLOOD-FP [29]. Here
we show that IBER+ allows the development of a whole system model incorporating the
agricultural areas, the drainage network, urban areas, and civil engineering infrastructures
by a multiple-scale grid resolution and proper mapping of physical parameters. Hence,
the following issues are addressed at once: simulating rainfall-runoff processes [30]; urban
flood mapping [31,32]; soil-erosion risk [14]; and the effectiveness of nature-based mit-
igation measures [33–35]. However, the current limitation of single GPU computations
in IBER+ restricts the catchment area to 20 km2 for extremely high spatial resolutions of
1 m2. Scaling up the analysis to larger draining basins (<1000 km2) is now possible with
SERGHEI-SWE through exascale High-Performance Computing (HPC) technology and
multi-GPU [27]. The proposed approach permits fully exploiting the available Digital
Elevation Model (DEM), resolving many microtopographic features controlling surface
flow, soil erosion and sediment transport connectivity.

To the best of the authors’ knowledge, the design of nature-based interventions and
the quantification of their hydraulic benefits in reducing flood and soil loss hazards in
catchments with soil uses dominated by olive growing have not been undertaken before-
hand. Such objectives lie in the scope of NbSs, which are “actions to protect, sustainably
manage, and restore natural or modified ecosystems, that address societal challenges ef-
fectively and adaptively, simultaneously providing human well-being and biodiversity
benefits“ [36]. Plausible NbSs for our targeted physical goals are the creation of an online
wetland [37–39] or a naturalised irrigation pond [40], gullies infilling with dry bush or
small boulders [20,41], gravels seeding in streambeds [23,42], flexible submerged vegetation
planting in streams [43], and the restoration of the river floodplains [44]. Additionally, we
suggest adopting cultivation systems in olive orchards based on plant residue mulches [45]
and live plant covers along the middle of the orchard lanes [46]. Such tools are suitable for
water conservation and erosion control in Mediterranean olive tree cropping [47] and are
also compatible with water collection pits [20]. The outputs of our study contribute to devel-
oping principles and standards for agricultural-management initiatives using NbSs [48,49]
and could be applied in other Mediterranean areas of Europe with similar problems under
the current climate change scenario [8].

2. Materials and Methods
2.1. Study Site

The selected study area is located in the southwest of Europe within the upper
Guadalquivir Basin (Spain). The basin has a small size of Adrain = 6.9 km2, a mean
slope of 19% and a maximum (minimum) height greater (lower) than 750 m MSL (360);
see Figure 1. The catchment mimics an ideal laboratory with a homogeneous surface but
at a much larger, real scale. Olive groves dominate the soil use, occupying 93.4% of the
drainage area. There are approximately 46,500 olive trees (green dots in Figure 1a), with a
density of 70 trees·hectare−1. The combination of steep slopes (Figure 1b) and land use of
olive groves under conventional tillage prevent infiltration [18]. Additionally, the lack of
natural cover exposes sediment to erosion and causes a high development of laminar and
gully processes.
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Figure 1. General characteristics of the Manillas basin in Arquillos (Jaén, Southeast Spain). (a) Catch-
ment overview (perimeter highlighted with the black solid line) with three regions of interest: the
urban areas (black), the man-made channel that should protect the town from inundation (thick
line in brown), and olive trees (green dots). The drainage network is composed of rills, gullies, and
streams. (b) Hypsometric map and drainage network. For completeness, main traffic roads are
coloured in orange. Maps created from scratch with Matlab and GlobalMapper based on a Light
Detection and Ranging (LiDAR) dataset acquired on May 2021 with 1.5 points per square meter
(https://www.ign.es/, accessed on 1 July 2022). Rills, gullies, and streams were obtained from the
distributed hydrological simulations presented in this paper.

https://www.ign.es/
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We identified the following sediment sources according to the classification by Charl-
ton [50], see Figure 1: rill (light blue), gully (red), and stream (dark blue and greenish
blue). Rills are small micro-channels where overland flow exerts a shear stress on the soil
close to the threshold value for erosion with flow depths of up to 30 mm. Gullies are rela-
tively permanent ephemeral channels in semi-arid environments without vegetation cover,
eroded during highly seasonal precipitation. The gully channel is narrow, with a steep bed
slope and a characteristic flow depth larger than 0.5 m. Smaller features, intermediate in
size between gullies and rills, are referred to as ephemeral gullies in Soil Science Society
of America [51]. Stream channels collect and transfer the sediment budget produced in
rills and gullies [52]. In the Manillas basin, streams develop in regions with much smaller
bottom slopes than for ephemeral gullies. All these elements of the drainage network
are connected to the primary river system, referred to as the Manillas stream. In general,
the channel form of the streams can adapt to altered environmental conditions [53].

The absence of civil infrastructure in most of the watershed ensures that runoff re-
sponds naturally to torrential rainfall. Hence, overland flows erodes many gullies and
shallow streams that drain transverse to the Manillas stream. The Manillas stream catches
overland flows from the gullies and shallow streams along 4.6 km with a mean slope of 4.2%
and two nick points. The stepper reach is located in the headwater (i.e., first 500 m with
a 6.7% slope). Later, the bed slope decreases to 3.3% for 1000 m. Further downstream, it
reaches a constant value of 1.8%, which remains for 3 km. During its fluvial course, the main
channel exhibits non-uniform bankfull dimensions. On occasion, the water has sculpted a
much wider and deeper channel than other river stretches. Therefore, the channel-reach
morphology may correspond to a single confined flow or a floodplain channel, depending
on the river stretch [52]. The wash load is the dominant transport process due to the small
sediment size and straight planform [54]. The fine granulometry of available sediments
favours transport processes dominated by wash load that settle slackwater deposits with
low flow velocity [55].

The Mediterranean climate, characterised by seasonal and irregular rainfall distribu-
tion, dominates the Upper Guadalquivir Basin, including the Manillas sub-basin. The com-
plex topography of the landscapes and the geographical position favour two climate
influences coming from the Mediterranean Sea and the Atlantic Ocean. So, two kinds of
precipitation events usually develop. First, low intensity and continuous rainfalls longer
than one week, which are not dangerous in small basins [16,17]. Second, sub-daily rainfalls,
which are produced by reduced area storms and cause local short-rain floods at small
basins [1,6]. The increase in frequency and magnitude of short-pluvial floods reported in
the present study case further corroborates the predictions of the IPCC [3] and the EEA [4].
Nowadays, short rains are becoming more frequent and more severe in the Manillas basin
and other basins of the Guadalquivir headwaters.

Because of orographic constraints, since 1970, Arquillos town has grown, occupying
the meanders floodplain that exists at the basin outlet. A regular train of two meanders
surrounds the urban area, with a linear wavelength and amplitude of 500 m and 100 m,
respectively. In the last decades, storms with an accumulated precipitation depth of
90 mm provoked flash floods for a few hours nearly once a year. To protect the town from
inundations, an artificial channel with a uniform rectangular section of 1.4 m depth and
3 m width was built in the 1980s (Figure 2). Presently, the reinforced-concrete base of the
channel is eroded, which illustrates the high-speed flows that develop along the flume
during extreme rains. This point implies that the flow velocity is above the threshold of
erosion for a concrete pavement (i.e., 6 m·s−1), which would be corroborated with the
numerical simulations conducted in this study. Furthermore, there is considerable evidence
of channel overtopping because several inundations occurred in the paved road crossing
the town shown in Figure 2b.
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Figure 2. (a) DEM, (b) orthophoto, and (c) DEM slope in a small area surrounding the Arquillos town.
We built the DEM from scratch using filtered LiDAR data and in-situ measurements with Leica Zeno
20 Global Positioning System (GPS). (d) Zoom of the computational mesh for the artificial channel
and the floodplains. Note the hybrid topology of the cells with rectangular elements in the channel
and triangles otherwise.

2.2. Distributed Hydrological-Hydraulic Modelling

The two-dimensional shallow-water equations, better known as the Saint-Venant equa-
tions, were adopted to describe the motion of surface waters. To this end, we configured
the hydrological module of IBER+ [26]. It solves numerically the depth-averaged inviscid
conservation laws of mass and momentum for clear water in a two-dimensional, Cartesian
system of coordinates, given in compact form by

∂h
∂t

+∇ · (h u) = P− I , (1)

∂h u
∂t

+∇ · (h u u) +∇
(

g h2

2

)
= −g h∇z− τb

ρ
, (2)

where t is the time, h is the depth of the water measured along the vertical coordinate, u is
the depth-averaged velocity vector, z is the bed altitude, and g is the acceleration due to
gravity. The source terms in the continuity Equation (1) represent the rainfall intensity, P,
and the soil infiltration rate, I. In the momentum balance Equation (2), the source terms
are the bed slope ∇z and the bottom shear stress τb/ρ, in which ρ is the water density.
Manning’s friction law was used for evaluating the hydraulic resistance in (2) by setting

τb
ρ

=
g n2

h1/3 u|u| , (3)

where n represents Manning’s roughness coefficient.
The assumption of small bottom slopes is the basic hypothesis of the two-dimensional

shallow-water Equations (1)–(2), which imply that the pressure distribution on the vertical
is hydrostatic. Although such a constraint is not formally satisfied in all the situations, as in
mountain areas, the most sophisticated GPU numerical codes for distributed hydrological
simulations solve standard Equations (1)–(2) [26–29]. Nowadays, there is no consensus
on the theoretical formulations for steep slopes, and several theories have been proposed
(see the review by Maranzoni and Tomirotti [56]). So, on the numerical side, the existing
numerical codes are in-house and still based on CPU instead of GPU [57,58], preventing
their use for the current purpose.
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The two-dimensional shallow water model (1)–(3), together with homogeneous initial
conditions for h and u, were discretised using a finite volume method based on the DHD
solver [59] implemented in the free-software IBER+ [26]. The Reynolds stresses were
neglected as suggested by Cea and Bladé [59] for overland flow applications. We ran
all the simulations using single-precision calculations in a Quadro RTX5000 GPU. In so
doing, we achieved a reasonable computational time of three days per simulation. We
set the Courant-Friedrich-Lewy number of 0.45 to satisfy the stability constraint of the
DHD scheme.

In the following subsections, we describe the configuration of the physical parameters
of the hydrological model. We give details on the computational grid, and the DEM in
Section 2.2.1. Then, in Section 2.2.2, we used historical data of extreme hydrological events
to characterise the design storm parametrised with P in (1). Lastly, we configured the
Manning roughness n (2) and the infiltration rate I (1) in Section 2.2.3 and Section 2.2.4,
respectively, borrowing existing results from well-established studies. The analysis of the
possible values of I and n for the present-day situation and the future with NbSs served to
vary them systematically and configure a set of fifteen numerical simulations.

2.2.1. Computational Mesh

We built a computational mesh across the whole drainage area of 7 km2 subdividing it
into three regions. The whole system model requires a high spatial resolution to capture
with accuracy the topographic flow control exerted across the catchment pathways and
urban areas. First, we discretised the man-made channel of 1 km length and 3 m width
(brown line in Figure 1) with 60,000 structured elements of 0.1 m × 0.5 m size. Elevations
of the channel thalweg and lateral walls were measured in situ with a Leica Zeno 20
Global Positioning System (GPS) combined with laser Leica DISTOTM and AS11 multi-
frequency Global Navigation Satellite System (GNSS) antenna. Subsequently, a digital
elevation model of the channel area was constructed, and the elevations were assigned to
the computational grid. Second, the urban area (black squares in Figure 1) was discretized
with triangular cells with a characteristic size of 1 m. The nodes elevation were obtained
from a home-made DEM based on Light Detection and Ranging elevations acquired
on May 2021 by the Spanish Geographical Institute (https://www.ign.es/, accessed on
1 July 2022). The average distance of a point from its neighbours in the LiDAR dataset
is 0.82 m (corresponding to the point density of 1.5 points per square meter) with a root
mean squared error between the ground reference and estimated position of 0.3 m and
0.15 m in the horizontal and vertical coordinates, respectively. Third, the computational
grid is coarser in the greatest rural area of the Manillas catchment (green region in Figure 1)
because the unstructured grid has a characteristic edge length of 1.5 m. Elevations were
also obtained from the LiDAR data that had to be filtered to delete the vegetation and
olive trees, keeping only the ground points. The elevations of the gullies and streams
are accurately represented in the LiDAR data thanks to the seasonal behaviour of the
precipitation. The computational mesh amounts to 7 million cells and replicates real
topography in the simulated region.

Figure 2 shows details of the geometrical model in a zoomed area that includes the
channel, buildings and olive groves. The elevations (Figure 2a) accurately represent the civil
infrastructures visible in the orthophoto (Figure 2b). The man-made channel that surrounds
the town can be better observed in the shadowgraph (Figure 2c). Lastly, Figure 2d shows
a zoom of the computation grid near the channel. We ensured that the surface in the
olive-grove floodplains was smooth by removing the olive trees when constructing the
DEM from LiDAR, as described above.

https://www.ign.es/
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2.2.2. Design Storm

To represent the distribution of rainfall intensity over time, parametrised by P(t) in (1),
we analysed the extreme values of available rainfall data since 1950. The main objective
was to calibrate the rainfall rate P̄ and duration D of the step hyetograph:

P(t) =

{
P̄ if 0 ≤ t ≤ D
0 if t > D

(4)

Figure 3a shows the accumulated precipitation for 24 h (referred to as daily rainfall
depth from now on) measured by a rain gauge located in the Guadalén Reservoir at a
distance of 4 km downstream of the town of Arquillos. The maximum value was 95 mm
on 15 August 1996 due to a sudden storm in the night. It caused the most catastrophic
flood reported in the town of Arquillos. Real-time hydrologic monitoring has provided
hourly average values since 2010. Figure 3b depicts the accumulated precipitation for 1 h
(referred to as hourly rainfall depth), with a peak value of 30 mm·h−1 on 8 June 2011 at
7:00 a.m. There are other extreme events with hourly rainfall depths close to the peak
value, for instance, 27.9 mm·h−1 on 21 October 2012 at 4:00 a.m. and 28.9 mm·h−1 on
7 September 2016 at 8:00 a.m. Usually, the storm lasts for three hours and leads to daily
rainfall depths of 80–95 mm (Figure 3a). Subsequently, we set the design storm parameters
given by P̄ = 30 mm·h−1 and D = 3 h that lead to daily/hourly rainfall depths similar to
the highest values measured since 1950.
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Figure 3. Maximum values of daily (a) and hourly (b) precipitation depth recorded 1950–2022 and
2010–2022, respectively. Data source: http://www.chguadalquivir.es/saih/, accessed on 1 July 2022.

The dangerous nature of short-rain floods in small-area catchments is related to the
short period of concentration T required to achieve the peak streamflow Qss, given in the
absence of infiltration by Brutsaert [60]:

Qss = AdrainP̄ , (5)

T =
L

UP̄
, (6)

with the runoff velocity UP̄:

UP̄ = (P̄ L)
2
5 · S

3
10
0 n−

3
5 . (7)

In (6)–(7), L is the characteristic length of the catchment (e.g., L = A1/2
drain in a nearly square

basin), S0 is the mean basin slope and n corresponds to Manning’s roughness coefficient.
Setting n = 0.02 s·m−1/3 as for similar basins [1,6], we get UP̄ = 1.3 m·s−1, T = 33 min and
Qss = 57.4 m3·s−1. The theoretical value of T can be interpreted as the minimum duration
of the rain event T needed to provoke Qss.

http://www.chguadalquivir.es/saih/
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Such an extreme value of the peak water discharge was not observed before 1996.
Conversely, it has become usual in the last decade because of sudden storms with a
duration shorter than one day and longer than the concentration time T, referred to as a
short-rain flood [61]. Short-rain floods have acquired relevancy in small catchments under
the actual climate change scenario not only in the Upper Guadalquivir River [1,6] but also
in the Mediterranean [2,62]. Furthermore, the reported increase in the frequency and the
magnitude of short-rain inundations corroborates the predictions of the IPCC [3] in the
current study site.

2.2.3. Surface Roughness

Manning’s equation has been used intensively in riverine hydraulics since its formula-
tion in 1889. Extensive tables of the roughness coefficient n are available for different chan-
nel characteristics [63,64], natural channels, and flood plains [65]. More recently, distributed
hydrological simulations have shown that Manning’s resistance law is also plausible to
predict the runoff dynamics in roads, urban floods and agriculture areas [32,66–68].

We classified the catchment area into six types of soils, as shown in Figure 4a, and as-
signed the Manning coefficient described below. Urban areas (dark green), roads (orange),
and existing irrigation ponds (brown) were delimited from the most recent orthophoto.
They occupy about 7% of the drainage area. The analysis of the water distribution for
paved roads [69] and the urban regions [70] showed that the coefficient n = 0.015 s·m−1/3 is
appropriate in both of them. For irrigation ponds finished in plastic materials, the accepted
values is n = 0.012 s·m−1/3 [64].

Figure 4. (a) Regions defined in Section 2.2.3 to assign the Manning roughness. (b) Orthophoto in the
dashed rectangular area of panel a showing sandy clay loam on the surface outside the olive tree
canopy projection and inside streams because of the herbicide uses. The blue and red polygons are
possible retention basins based on an artificial wetland or a large irrigation pond. (c–e) Possible NbS
using ground branches, gravels and natural full-cover crop.
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The largest region occupied by olive grove (81%), see the blue area in Figure 4a, has
a density of 70 trees·hectare−1 and the soil management is nearly homogeneous. The tra-
ditional use implies that the vegetation surrounding the crops was removed, as observed
in the orthophoto of Figure 4b. To simulate hydrological processes in the present day, we
set the value n = 0.02 s·m−1/3 corresponding to fine sand (colloidal) as calibrated in our
previous work [6]. We will see that the ensuing runoff velocities are high, so we would
consider a possible NbS for soil erosion mitigation that seeks rising resistance to the flow.
Some examples are: integrating the ground branches back into the soil after the pruning
process (Figure 4c), redistributing gravels to form coarse surface structures (Figure 4d), and
temporary spontaneous cover crops (Figure 4e). Following Crompton and Thompson [71],
we set n ≈ 0.2 s·m−1/3 to imitate an NbS that provokes macro-roughness effects in possible
future scenarios.

The absence of natural cover has exposed sediment to erosion and caused a high
incision of gullies and streams (green area in Figure 4a). Such regions were unknown a
priori. To delimit them, we run a preliminary simulation with a constant Manning value of
n = 0.02 s·m−1/3. Subsequently, we selected the regions with flood depths of h > 0.01 m to
extract the water mask depicted in green in Figure 4a. It occupies 12% of the basin area and
lacks riparian vegetation; note the sandy colour in the streams of Figure 4b. To simulate
hydrological processes in the present day, we set n = 0.025 s·m−1/3 as calibrated in a
catchment with similar geographical characteristics and precipitation regime [1]. Further,
we would consider possible NbSs for increasing the floodplains retention area, delaying
the concentration time and attenuating the peak water discharge for short rainfalls [37].
Plausible NbSs for increasing the in-channel roughness are riparian buffer installation, rock
armour, willow in-ditch barriers, and timbers in a cross formation, among others. So, we
simulated scenarios with the large (and realistic as well) value of n = 0.2 s·m−1/3 [65].

Lastly, the red region in Figure 4a represents a possible flood retention basin that (does
not exist in present days but) would store overland waters, preventing the inundation of
downstream urban areas. The present day simulation helps find the optimal siting and
sizing of the flood barrier [38]. Figure 4b shows a zoom of the location and shapes of two
possible solutions: the light blue corresponds to an artificial wetland that uses a 406 m
height flood barrier to store the water; the light red represents a larger 6 m depth irrigation
pond. The Manning coefficient n = 0.012 s·m−1/3 [64] was used for the impermeable
retention area when the simulated scenario included it.

2.2.4. Infiltration

We adopted the Soil Conservation Service (SCS) Curve Number (CN) approach for
evaluating the infiltration parameter I (1) in the distributed hydrological simulation of
the Manillas agricultural watershed. In particular, we used a continuous version of the
curve number methodology [72]. The theoretical foundations of the SCS-CN are well
described in the book by Hawkins et al. [73]. Details on the numerical implementation
in the distributed-hydrological model IBER+ can be found in the software manual [74].
For brevity, we describe the parametrisation of the model for our simulations concisely.

The model relies on a single parameter—called a Curve Number (CN)—that depends
on the hydrologic soil group and the soil use and management. In the urban area, irrigation
ponds and roads of Figure 4, we set the impermeable condition I = 0 corresponding with
CN = 100. Based on the surface texture of the olive grove region, gullies, and streams,
the hydrologic soil group is sandy clay loam (group C [73]). Such soils have low infiltration
rates when thoroughly wetted. Indeed, Burguet et al. [18] reported soil water repellence,
i.e., I = 0, under conventional tillage in olive-orchard catchments. Here we borrow values
for the CN parameter in olive orchards from Romero et al. [75], who calibrated it under
different soil management in the Upper Guadalquivir watershed. Currently, the soil use
and management correspond with no-tillage (Figure 4c), i.e., the soil is weed-free using
herbicide. Hence, we set CN = 89 (see CNII in Table 6 in [75]). Such a scenario is denoted
by CN89 from now on.
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The risk of high runoff depths (associated with values of CN close to 100) could be
mitigated using an NbS that rises the soil surface roughness for a possible future scenario
(Figure 4e). The surface outside the olive tree canopy projection could be covered by a
well-implanted cover crop providing 30–70% ground cover. Hence, the CN would decrease
from 89 to 64 [75]. We denote the future scenario as CN64.

In addition, we consider a third scenario (CN100) for impermeable soils, i.e., I = 0
or CN = 100, to check the assumption that simplified the numerical modelling in our
previous work [1,6].

To evaluate the infiltration capacity of overland flows, we accounted for the local basin
slope S0. We corrected the CN values for scenarios CN89 and CN64 with the algebraical
formula per Ajmal et al. [76]:

CN ← CN
[

1 +
50− 0.5 CN
CN + 75.43

(
1− e−7.125(S0−0.05)

)]
. (8)

Figure 5 shows the CN map in the Manillas stream’s watershed. For completeness, we
also included the computed histograms. In the present day (CN89), CN varies in the narrow
range of 88–92, and in the future (CN64), CN could change to a broader interval of 60–72.
In both scenarios, the most probable value tends to be the highest boundary, i.e., 92 for
CN89 and 72 for CN64, highlighting the effect of the steep slopes. Indeed, the comparison
between the CN maps (Figure 5a,c) with the hypsometric map (Figure 1b) indicates a good
correlation between the highest values of CN and the steepest slopes.

Figure 5. Map and histogram of the local values of the Curve Number (CN) for the simulation setups
CN64 (a,b) and CN89 (c,d) in the Arquillos Basin, computed and drawn by the authors using the
Methods detailed in Section 2.2.4.

3. Results

We simulated the hydraulic response of overland flows for six hours for the design
storm given in Section 2.2.2, i.e., for a spatially-uniform rainfall P̄ = 30 mm·h−1 of three-
hours duration. We ran fifteen simulations corresponding to the combinations of the three
CNs {64, 89, 100} in the olive-grove area and the A-to-E scenarios that varied the Manning
roughness or altered the digital elevation model in the retention basin as follows:
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(A) Without NbS, i.e., as in the present day with the Manning roughness mapping de-
scribed in Section 2.2.3;

(B) Macro-roughness effects in the olive-grove region and the drainage network, i.e., n = 0.2
in the blue and green areas of Figure 4a;

(C) Macro-roughness effects only in the olive-grove region (i.e. n = 0.2), keeping the
drainage network as in the present day (i.e. n = 0.025);

(D) The artificial wetland, see the blue area in Figure 4b, by constructing a barrier at
the level of 406 m with a maximum local height of 6 m, which yields an inundated
area of 0.044 km2 with a storage capacity of Vw = 0.097 hm3. The optimal location
(dashed square in Figure 4a) catches three streams that drain 3.9 km2 (56% of the total
basin area);

(E) A reservoir pond with a uniform depth of 6 m to store storm runoff. The trapezoidal
shape of the reservoir (red area in Figures4a,b), surrounding the ground line at 406 m,
has a perimeter of 1.5 km, a surface of 0.065 km2, the bottom carved at 397 m, and a
pond capacity of Vp = 0.39 hm3.

The following subsections summarise the results for the fifteen scenarios simulated
numerically. In Section 3.1, we start describing the dynamics of overland flows for the
actual situation of the draining basin. Regarding the flood risk analysis, we shall verify the
outputs of the computational model with available paleohydrological information on the
simulated flood event. Further, we discuss the effects of surface waters on soil erosion risk
at the catchment scale. Subsequently, in Section 3.2, we identify the most beneficial physical
parameters concerning the mitigation of urban floods. Additionally, in Section 3.3, we
analyse the simulated shear stresses to select the optimal model parameters for mitigating
soil erosion.

Lastly, in Section 3.4, we site and select the optimal nature-based solutions that provide
the most benefits for minimising the peak streamflow, the runoff depth, and the erosion-
prone area, which is the desired state. The fifteen scenarios simulated previously serve
to delimit the specific locations where a change of the model’s physical parameters is
required to achieve the optimal values. Next, the particular NbS for the targeted placement
is selected according to the simulation results.

3.1. Distributed Hydrological Simulation of the Catchment in the Present Day

Figure 6 shows the maps of the flow depth h (Figure 6a) and the magnitude of the
velocity vector |u| (Figure 6b) simulated at the time of the peak flow t = 3 h for the
scenario CN89-A. The flow depth in the tributary streams that drain to the main Manillas
stream (green are in Figure 4) reaches values close to 1 m in agreement with the bankfull
depth of the actual channels. There, the flow velocity is higher than 1 m·s−1, see the
orange region in Figure 6b, which is fast. Deeper and even faster flows develop in the
downstream reach of the Manillas stream with flow depths and velocities of approximately
hmax = 2.5 m and |umax| = 5 m·s−1. The flow regime becomes critical with the Froude
number Fr = |umax|/

√
g hmax = 1.01. Regarding the runoff depth, characteristic values are

around 2.5 mm (purple colour in Figure 6a) in the southern region draining to the Manillas
stream, with high velocities in the range of 0.1− 0.4 m·s−1 (Figure 6b). Conversely, in the
northern area, where the basin slope decreases and the terrain is flatter than in the southern
region, the runoff depth is much shallower, and the velocity is slower. Hence, we observe
a clear topographic control between the runoff dynamics correlated well with the terrain
elevation and slope (Figure 1b). Then, we evaluated the shear-stress vector τb from (3)
using the simulated hydraulic variables h and u, and drew the map of its magnitude in
Figure 6c. The shear stress varies in the wide range of the order of magnitudes from 10−4

to 104 N·m−2.
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Figure 6. Map of the maximum values of the (a) flow depth h [m], (b) magnitude of the velocity
vector |u| [m·s−1], and (c) magnitude of the shear stress vector |τb| [N·m−2] at peak flow (i.e., t = 3 h)
for the present-day soil use and management (simulation CN89-A).
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In agreement with the simulated flow velocities, the runoff exerts high stresses in the
southern region to the Manillas stream because of the steep slopes. The values are more sig-
nificant than the critical threshold τc = 0.083 N·m−2 [77] for silt motion in most watersheds.
The highest values occur in the headwater streams, |τb| ∼ O(102), decreasing progres-
sively downstream and keeping high values of O(10) until the tributary streams reach
the main Manillas stream. In the olive-grove region of the southern watershed, erosional
processes are also dominant because the shear stress is above the critical value for erosion.
The high shear stress and the fine granulometry of available sediments favour transport
processes dominated by wash load. Slackwater sediments may settle in the inundated
floodplains with a low flow velocity of the Manillas stream where |τb| < τc [55]. The high
spatial resolution of the numerical simulation allows the identification of multiple-scale
geomorphological processes, see Figure 7, illustrating such sediment transport regimes.

Figure 7. Examples of fluvial geomorphological features in the Manillas watershed that serve to
verify the accuracy of the simulation CN89-A. (a) Gully network in the eastern headwater (red
rectangle in Figure 6c): the left column shows a zoom of the shear-stress map, an orthophoto and
the slope direction map for the DEM; the photo in the right-hand-side depicts an upstream view
of the existing gullies. (b) Confined single-thread channel eroded in a rocky bed due to high shear
stresses. (c) Paleostage indicators of flood levels and bedforms developing in unconfined flow on a
floodplain. Photographs b and c were taken in the locations marked with the red and yellow dots in
Figure 1a few meters downstream and upstream of the cross between the Manillas stream and the
road, respectively.
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For instance, extreme erosion or gullies can be located from the simulated map of
shear stress (Figure 6c). In the small rectangular area in red of Figure 6c, there is a train
of gullies. They are visible in the orthophoto of this region (see the panel at the top
of Figure 7a). The five gullies are in-parallel outside the olive tree canopy projection.
The simulated shear stress inside the gullies is approximately 5 N·m−2, as shown in the
shear-stress map in the middle of Figure 7a. Thus, the contour level |τb| = 5 N·m−2 yields
the extension and the path of the gully. The predicted trajectory of the gully is indeed
well-correlated with the breaks in the slope of the terrain depicted in the panel at the bottom
of Figure 7a. After locating the gullies on the map, we visited the place. We found the
deeply incised gullies visible in the in situ photo of Figure 7a, proving the accuracy of the
numerical simulation.

Another example illustrating the erosional power of the high-speed flow is the rock-
bed incision depicted in Figure 7b. The precise location corresponds with the red square
in Figure 1a (also, with the left-upper corner of the black rectangle in Figure 6). A few
meters downstream of the first cross between the Manillas stream and the road, where the
shear stress was as high as 100 N·m−2 (Figure 6c), the water flow sculpted a single confined
channel. The flow eroded a first layer (i.e., 0.7 m) of poorly consolidated sediments (mostly
silt and clay) and a second rocky bed (i.e., 1.7 m), leading to the rectangular cross-section
of depth H = 2.4 m and with B = 6 m. The authors of [78] showed that the bankfull
dimensions B and H of straight rivers adapt to the regime-based bankfull capacity Q1D and
satisfies the classical Manning equation for a uniform flow in a rectangular channel [63]:

Q1D =
B H
n1D

R2/3
h

√
S0 with Rh =

B H
2 H + B

. (9)

For dimensionally-similar channel planforms, Bohorquez [16] calibrated the one-
dimensional roughness parameter n1D = 0.055 s·m−1/3, which accounts not only for the
hydraulic resistance of the walls and the bed but also for the presence of sparse riparian
vegetation and secondary head losses. We measured the thalweg elevation using Leica
Zeno 20 GPS and obtained the local slope value S0 = 0.0196. Substituting these values
into (9), yields the peak water discharge Q1D = 44.4 m3·s−1. Taking into account that
the draining area to this cross-section is Adrain = 4.76 km2, the theoretical value of the
streamflow given by (5) is Qss = 39.7 m3·s−1 for the rainfall intensity P̄ = 30 mm·h−1,
which differs only by 11%.

Upstream of the single channel described above and before the cross between the
Manillas stream and the road, see the specific location marked with a yellow dot in Figure 1a,
a singular sedimentary process was identified during fieldworks on 25 August 2021. We
found ripples over parabolic dunes and ripples above the plane bed, see Figure 7c, provoked
by the previous day’s flood. The growth of ripples over dunes, see the review on dunes
by Bohorquez et al. [79], is usual in deep river flow and reflects a severe inundation in
the floodplains of the Manillas stream. Indeed, the high-water marks on the road ditch
and the top level of the vegetation debris on the olive-tree trunk yield flow depths of
0.4-0.5 m. Such values are in agreement with the simulated flow depth in Figure 6b, which
provides further validation of the model input data and the simulation results. Additionally,
the formation of a plane-bed occurs only at high shear stresses [77], which implies a
notable sediment transport capacity of overland flows in olive groves. The transport-stage
parameter Γ ≡ |τb|/τc − 1 achieved the value of 29 in the simulation, which lies in the
interval of the upper-regime plane bed 20 < Γ < 40 for silt [54,77]. So, dunes (2 < Γ < 10)
and ripples (Γ < 4) grew during the recession stage of the flood.

3.2. Mitigation of Urban Flooding through Basin-Scale NbSs

The distributed hydrological simulation also provides the inundation map in the
urban area near the catchment outlet. First, we use the simulated values of flow depth to
verify the accuracy of the numerical simulation regarding historical information on flood
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levels. Later, we describe the benefits of NbSs for flood risk mitigation by analysing the
outputs of the simulated future scenarios.

Figure 8a depicts a zoom of the flow depth map for the present-day hydrological
simulation introduced in Section 3.1. The flooded urban area corresponds with the blue
rectangle in Figure 6a. The flow depth was more profound than the 1.4 m channel height
in most of the reach shown on the map. Overtopping of the right bank provoked the
inundation of the olive-grove floodplains. In the 45-degree channel bend upstream of the
area of Figure 8a, the water flow abandoned the channel over the left bank and inundated
the road and main street of the town of Arquillos. The numerical simulation predicts the
flow accumulation on a corner (highlighted with a black rectangle in Figure 8a), leading
to a maximum depth of about 0.5 m. The pictures taken in 1996 and 2013 in that place
corroborates the numerical simulation result. Note the brown marks left by the slurry flow
on the walls (Figure 8b) or the deep water flow reaching the windows (Figure 8c). Lastly,
the flood left the town through the level ground surrounding the sports hall and returned
to the channel.

Figure 8. (a) Map of the simulated flow depth (h in meter), for the present-day scenario CN89-A at the
time of peak flow (i.e., t = 3 h), in the urban area inundated downstream of the overtopped artificial
channel. Flow from right to left. The region in panel a occupies the blue rectangle in the flow-depth
map shown in Figure 6a. The pictures on the right-hand side correspond to the inundations on
(b) 15 August 1996 and (c) 8 March 2013 in the boxed area of panel a when the artificial channel was
unable to protect the town from flooding.

To draw an overview of the benefits of possible future scenarios that implement an
NbS for flood management, we compared the simulated hydrographs Q(t) in a cross-
section of the Manillas stream at the town inlet. The hydrograph was computed from the
hydraulic variables h(x, t) and u(x, t) during the transient numerical simulation:

Q(t) =
∫ xe

xi

h(x, t)u(x, t) · n dl , (10)

where xi and xe denotes the initial and end points of the cross-section, respectively, and n
is the unit vector pointing in the direction perpendicular to the cross-section.

Figure 9 shows the hydrographs for the fifteen simulations. The water discharge grew
monotonously during the rising limb and attained a steady state at the end of the rainfall,
i.e., t = 3 h, when the water discharge was at a maximum. The key variables used to
evaluate the benefits of the NbS are the values of the peak water discharge and the time
to peak flow, also known as the time of concentration or the duration of the rising limb.
In the simulation, we defined the time of concentration Tsim as the instant of time when the
simulated discharge Q(t) reached the 90% of the maximum value (i.e. Q = 0.9×Qmax at
t = Tsim) [60]. Table 1 gives both the peak water discharge Qmax and the concentration-time
Tsim for all the simulated scenarios.
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Figure 9. Hydrograph at the basin outlet for the fifteen physical scenarios.

Table 1. Peak water discharge Qmax and time of concentration Tsim for the simulated hydrographs in
Figure 9. The attenuation of the peak discharge regarding the maximum value of scenario CN100-A
and the delay factor of the time to peak flow are also given.

A B C D E A B C D E

Qmax [m3·s−1] Tsim [min]

CN100 53.8 51.3 53.7 53.7 23.1 44 120 45 94 37
CN89 51.7 47.8 51.5 51.0 22.2 45 120 46 96 38
CN64 44.9 41.7 44.3 45.4 19.5 46 120 47 108 41

Attenuation (%) Delay (×)

CN100 4.6 0.3 0.2 57.1 2.7 1.0 2.1 4.1
CN89 3.9 11.2 4.3 5.1 58.7 1.0 2.7 1.0 2.2 4.1
CN64 16.6 22.5 17.6 15.5 63.8 1.1 2.7 1.1 2.5 4.1

The peak streamflow in the absence of infiltration (i.e., 53.8 m3·s−1 for CN100-A)
lies very close to the theoretical value predicted using the rational method for the whole
basin, i.e., Qss = 57.4 m3·s−1 (5), due to the proximity of the town of Arquillos to the
basin outlet. The time of concentration Tsim = 44 min is also close to the theoretical
prediction T = 33 min (6). Interestingly, in the current scenario with the actual soil uses
and management (i.e., simulation CN89-A), the infiltration was negligible and attenuated
the peak discharge only by 3.9%. Even for the lowest curve number (simulation CN64-
A), we found that Qmax decreased slightly from 53.8 to 44.9 m3·s−1, which represents a
small relative factor of 16.6%. Furthermore, hydrographs A (black lines in Figure 9) nearly
overlap those of the simulations type C (green lines in Figure 9). Subsequently, acting on
the olive-grove area to improve the infiltration (i.e., decreasing the curve number) and raise
the surface roughness (i.e., increasing the Manning parameter), as shown in Figures 4c–e,
does not help to attenuate the peak discharge substantially nor delay the inundation in the
urban area. In the best case, the streamflow was attenuated by 17.6% (CN64-C) and reached
Qmax = 44.3 m3·s−1 with the same concentration time as for scenario A. The increase in
the Manning roughness in the olive-tree area (coloured in blue in Figure 4) did not delay
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the inundation because the water drops had to travel a short distance to reach elements of
the drainage network. Such a distance was much shorter than the characteristic lengths
of the gullies and streams (green area in Figure 4) that remained unaltered in scenario C
concerning A.

Promising results were obtained for NbS type B that alters the roughness of the
drainage network through riparian buffer installation, boulders, and willow in-ditch barri-
ers, among others. The most noticeable result was the delay of the rising limb, which can
be appreciated in the hydrographs of Figure 9 coloured in blue. The concentration-time
increased from about 45 min to 120 min, i.e., by a factor of 2.7. On the one hand, the benefits
of NbS type B are great during the first hour of the rainfall independently of the CN value
because 4.2 ≤ Q ≤ 5.3 m3·s−1 at t = 1 h for 64 ≤ CN ≤ 100. Such streamflow values
are much lower than for scenarios A and C at the same instant of time, which ranges in
the interval 40.9 ≤ Q ≤ 50.5 m3·s−1. On the other hand, for rainfall durations of 2–3 h,
the peak discharge is about 38.9 ≤ Q ≤ 51.3 m3·s−1, which is closer to the peak values for
scenarios A and C. Hence, NbS type B is practical for mitigating the risk of flooding in the
town for extreme rains shorter than one hour, but longer events require other NbSs.

The installation of a flood barrier to create an artificial wetland (NbS D) and the con-
struction of a large reservoir pond (NbS E), recall Figure 4a,b, stopped the growth of the
streamflow at t ≈ 30 min as shown by the hydrographs in red and purple (Figure 9),
respectively. The discharge reached a constant value of Q = 17.7 m3·s−1 (21.5) for
CN = 64 (100) up to t = 1 h. The reservoir pond was able to store stormwater for the
three-hour rainfalls, keeping the peak discharge in the town as low as Qmax = 19.5 m3·s−1

(CN64-E). The wetland was filled in 90 min (77 min) in scenario CN64-D (CN100-D), and the
hydrograph shows a second stage of the rising limb achieving the same peak discharges
as for present scenario A (Table 1). Hence, the wetland could delay the flood and protect
the town from inundation for about 1 h and 30 min, whilst the reservoir pond would be a
solution for rainfalls of 3 h.

3.3. Benefits of NbS to Mitigate Soil Erosion Risk

We seek to find the NbS that decreases the component of the shear stress responsible
for soil erosion τbs below the critical threshold τc. The main objective is to impede that
τbs > τc as occurs actually in most of the olive-grove area (simulation CN89-A described in
Section 3.1 and Figure 6c). Otherwise, the significant shear stresses provoke unsustainable
soil losses and the formation of deep gullies in most of the catchment (e.g., Figure 7a). If we
achieve the goal τbs < τc, we stop the actual erosion processes and reduce the catchment
sediment budget. Furthermore, we prevent the silting of the Guadalén Reservoir, where
the Manillas stream drains at a distance of 4 km from the basin outlet. Sediments exposed
to erosion over the Manillas basin are mostly coarse silt, with a uniform grain size in the
range of [0.031, 0.0625] mm. The critical shear stress for the onset of sediment motion was
determined from Table 7.1 in Julien [77], which yields τc = 0.083 N·m−2 in water at 20 ° C.
For evaluating the local shear stress responsible for erosion τbs, we used the classical shear-
stress partitioning that decomposes the effective boundary shear stress |τb| = τb f + τbs
into the form drag τb f and the skin friction τbs (see details in § 2.8.1 by García [54]).

A simple and compact way to visualise the benefits of NbS in the whole watershed is
to analyse the changes in the probability of the flow depth (Figure 10a), velocity magnitude
(Figure 10b), and shear stress (Figure 10c) regarding the current situation. To compute
the probabilities, we accounted only for the regions of interest: the olive groves and the
drainage network (blue and red areas in Figure 4a, respectively). Hence, we excluded the
non-erodible urban areas and civil infrastructure from the analysis.
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Figure 10. Histograms of the simulated (a) flow depth h, (b) magnitude of the velocity vector |u|, and
(c) the skin friction τbs for the fifteen scenarios explained in Section 3.3.

In the absence of an NbS (solid black lines in Figure 10), the most probable values
of the flow depth, velocity, and shear stress vary in the narrow intervals [1.6, 2.4] mm,
[0.3, 0.4] m·s−1, and [3, 5] N·m−2 for all the infiltration rates (simulations CN100-A, CN89-A,
and CN64-A). Indeed, the three curves in black nearly overlap. The wetland (NbS D in
purple) and the reservoir pond (NbS E in red) do not provoke a substantial modification of
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the probability curves that are similar to the actual ones (scenario A in black). A significant
part of the shear-stress curves for the simulations type A, D, and E lie out of the target region
τbs < τc. Table 2 shows the cumulative probability for the catchment area where erosion
occurs due to τbs > τc. Independently of the infiltration rate, erosion develops in more than
86.4% in scenarios A, D, and E. The values in Table 2 show that the infiltration does not
play a role in controlling erosion because of the same reasons that did not substantially
attenuate the streamflows (Figure 9a). The steep slopes of the watershed and the high
precipitation intensity favour runoff formation to the detriment of infiltration processes.

Table 2. Relative area (%) where the dangerous threshold for erosion τbs > τc holds.

A B C D E

CN100 87.8 25.4 39.9 86.9 86.7
CN89 87.2 25.1 40.1 86.9 87.3
CN64 86.4 25.3 39.4 91.7 93.1

The interventions on the agricultural area (NbS C, green lines in Figure 10c), including
the channels of the drainage network (NbS B, blue lines in Figure 10c), changed the shear-
stress distribution by a great extent. The distribution switched to a multimodal distribution.
The major mode decreased from [3, 5] N·m−2 (present-day) to [2.4, 6.5]× 10−4 (NbS B) and
[5.1, 9.2] × 10−4 (NbS C) when the mean curve number varied in the range of [64, 100].
The most probable values of the shear stress developed in the agricultural area of the
watershed. This fact highlights the soil-loss mitigating effect of NbS B and NbS B C because
the major modes are lower than the threshold for erosion. The minor mode for NbS B,
about [0.27, 0.44] N·m−2, is also one order of magnitude lower than presently. Consequently,
the relative area where the dangerous threshold for erosion τbs > τc occurred decreased
from about 86% to 25% in NbS B. In the case of NbS C, the potential area for erosion also
falls to 39%. The minor peak arising in the probability of the shear stress at τbs ∼ 15 N·m−2

for NbS C corresponds to the high velocities, of the order of 1 m·s−1 (Figure 10b), in the
unaltered channels of the drainage network (recall the velocity map in Figure 6b for the
present day). Note the positive aspects of increasing the resistance to flow in the channels
(NbS B), which reduces the minor mode of the velocity to [0.16, 0.24] m·s−1 (Figure 10b)
and could favour sediment trap processes to restore deep incised channels.

3.4. Synergetic Benefits of the Wetland, In-Channel Macro-Roughness and Cultivation Systems in
Olive Orchards

Considering the independent benefits of each nature-based solution, we combine
three to maximise their effectiveness in terms of flood mitigation and soil conservation.
Furthermore, we choose the optimal targeted placement of NbS because funding is always
limited. We seek to delay the flood, attenuate the peak discharge in the urban area and
favour infiltration processes across the watershed. At the same time, we want to prevent
soil erosion in olive orchards, promote mechanisms for gully aggradation rather than gully
erosion and reduce the catchment sediment budget.

Figure 11 shows a map of the optimal location of an NbS to provide the most benefits.
The results of the distributed hydrological simulations described in the previous sections
helped site and classify the actions (which were unknown a priori) as follows:

• First, the black rectangle in Figure 11 depicts the installation of a flood barrier with the
crest of the earthen embankment at 406 m, the maximum height of 6 m and the dam
crest length of 245 m. It should create an artificial wetland (purple area in Figure 11)
as in previous simulations of type D.

• Second, from simulation type B, we delimited the extension of the main channel
and the inundated floodplains along the Manillas stream (yellow area). Further,
the tributary streams in green correspond to simulated flow depths larger than 0.5 m
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outside of the Manillas stream. Then, ephemeral gullies in red were located using
criterion 0.03 < h < 0.5 m from Soil Science Society of America [51].

• Third, the river floodplains in blue, located in the headwater and near the town, are
an extinct, ephemeral wetland and a stream confluence requiring restoration.

• Fourth, in the olive groves, we propose different cultivation systems for bed slopes
lower (brown area) and larger (greenish blue area) than 10 degrees.

Figure 11. Optimal targeted placements of specific NbS to provide the most benefits and maximise
their effectiveness for flood management and soil conservation, as described in Section 3.4. The photos
illustrate the actions at each location, as indicated by the frame colour.

The following step in AFC [19] is choosing the model physical parameters at the
targeted placements to achieve the optimal values of the objective functions. According
to the minimum values of the peak water discharge and the erosion-prone area given,
respectively, in Tables 1 and 2, we set the Manning roughness parameter n = 0.2 s·m−1/3

in the green, yellow, and red areas, and n = 0.025 s·m−1/3 in the olive groves for the CN64
setup (recall Section 2.2.4). The NbS that can reproduce the desired model parameters can
only be selected and sized after the highly resolved CFD simulation of the flow depth h (1)
and the velocity vector u (2).

The simulated hydrograph in Figure 12a (blue line) highlights the dynamic and tran-
sient nature of the surface waters across the draining basin. Its shape changes substantially
regarding the current situation (black line).
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Figure 12. (a) Simulated hydrographs in the Manillas stream, near the town, for the current state
(black) and the possible future (blue) after implementing the combined NbS B and D. (b–e) Snapshots
of the simulated flow depth (in meters) with NbS B and D at t = 60, 100, 180, and 200 minutes
corresponding, respectively, with the streamflows Q = 4.2, 17.6, 39.2, and 39.1 m3·s−1 (squares in
panel a). (f) Maximum infiltration rate (in mm·h−1) achieved at the end of the rain (i.e., t = 180 min)
for the future scenario with NbS B and D.

Overall, we observe the mixed benefits of increasing the in-channel roughness in the
drainage network and the installation of a flood barrier to create the artificial wetland.
They protect against flooding by slowing down the flow and storing surface runoff. Hence,
the rising limb exhibits two stages separated by a steady plateau associated with the
wetland filling. After one hour of rainfall, the peak discharge in the urban area is only
Q = 4.2 m3·s−1, much lower than for the actual scenario CN89-A, which is Q = 48.5 m3·s−1.
The map of water depth at t = 1 h (Figure 12b) shows that the Manillas stream did not
inundate the town. The early infilling of the wetland and the absence of flow downstream
can also be appreciated in such a map. Forty minutes later, the water discharge reaches
a steady state with Q = 17.6 m3·s−1 until t ≈ 2.5 h. For this low value of the water
discharge, the town remains again protected against flooding; see the map of flow depth
in Figure 12c. At t ≈ 2.5 h, the wetland achieves its maximum capacity, and the water
starts to flow downstream of the wetland barrier. Then, the second stage of the rising
limb occurs up to reaching the peak water discharge Qmax = 39.2 m3·s−1 at the end of
the rainfall (i.e., t = 3 h). The map of flow depth at that time is shown in Figure 12d.
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Later, the water discharge remains constant near the urban area for about 30 minutes (i.e.,
up to t = 200 min). However, at that time, the rain had already ceased, runoff vanished in
the watershed (see the flow depth map in Figure 12e), and the discharge monotonously
decreased, vanishing approximately at t = 6 h.

The peak discharge for the combined NbSs B and D, Qmax = 39.2 m3·s−1, decreased
with respect to the present value of 51.6 m3·s−1 as much as using uniquely NbS B, which
yields 41.7 m3·s−1 (CN64-B in Table 1). The infiltration was responsible for the attenuation
of the peak streamflow. The infiltration rate was at a maximum at that time, reaching the
values depicted in the map of Figure 12f. In the agricultural area, the highest infiltration
rates were around 7 mm·h−1 and occurred in the northern part. In the headwaters, the in-
filtration decreased to 2–5 mm·h−1 because of the effects of the slope in the curve number
(recall Figure 5c). Though such values are low regarding the larger precipitation rate of
30 mm·h−1, the cumulative volume of water infiltrated during the whole hydrological
event of 6 h is relevant.

To quantify the benefits of NbSs concerning infiltration, we computed the percentage
of the groundwater volume relative to the total rainfall depth as

η =
100
Vr

[
Vr −

∫
Q(t) dt−Vw

]
. (11)

In (11), Vr ≡ Qss D represents the volume of water of the design storm (4)–(5),
∫

Q(t) dt
is the volume of surface water that leaves the drainage basin, and Vw is the capacity
of the wetland reservoir in the existing case. Evaluating (11), we concluded that the
groundwater volume could be increased from η = 4% in the present day to η = 20.5% in
the possible future.

To close the cycle, we need to choose the specific NbS that provoke the desired modifi-
cation of the model’s physical parameters. The flood barrier can be built with a vegetated
crib wall using inert material and plants, see Figure 1 in Rey et al. [42]. The desired increase
in hydraulic resistance can be achieved along the drainage network by adopting well-
known actions for NFM. For instance, see Figure 11: (i) placing dry bush, small boulders,
or another material across the ephemeral gullies (red frame photo), e.g., Quinn et al. [41];
(ii) flexible submerged vegetation in deeper streams with a confined flow (green frame
photo), see Darby [43]; (iii) combined actions of gravel seeding in the streambed, see Has-
san and Church [80], and riparian buffer installation in the Manillas stream (yellow frame
photo) [44]. The proper sizing of plants and boulders requires physically-based equations,
e.g., Wilson [81] and Nitsche et al. [82], respectively, using as input data the simulated val-
ues of flow depth and velocity for the optimal macro-roughness parameter n = 0.2 s·m−1/3.
This goal belongs to soil and water bioengineering, see Zaimes et al. [23], and lies out of
the scope of this work. We propose adopting sustainable production techniques in the
olive grove; see Tombesi et al. [20] and recent innovations explicitly designed for erosion
management. For small bed slopes, we suggest the application of plant residue mulches,
leaving the soil untilled and covering it with prunings or other plant residues outside of the
tree canopies (brown frame photo). For medium-gradient slopes, water collection pits col-
lect large amounts of water during intense rainfall. The live plant covers, e.g., Brachypodium
Hybridum BHJHIN [46], along the middle of the orchard lanes also prevent soil erosion and
improve infiltration (greenish blue frame photo).

4. Conclusions

The set of fluvial geomorphological features presented in the sections above proves the
development of extreme soil erosion and sedimentary processes in a complex, non-linear
way over an agricultural watershed dedicated to traditional olive growing. The formation
of ripple/dune over a plane bed in the floodplains of the main stream is uncommon in
overland flows, as these bedforms are characteristic of deep rivers rather than shallow
flows. It reflects the high sediment load and transport capacity of sub-daily pluvial floods.
Overland flows have sculpted extreme gullies in the olive groves because of cultivation
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systems incompatible with the growth in the magnitude of extraordinary rainfall events
under the current climate change scenario.

Active flow control through nature-based solutions can drive olive groves to a more
desired state. Highly resolved CFD simulations of hydrological and hydraulic processes
using the 2D Saint-Venant equations yield the optimal location of an NbS to provide the
most benefits for minimising the water discharges and the erosion-prone area, maximising
the soil infiltration capacity. Sub-metric spatial resolutions are required to resolve many
microtopographic features of the terrain and the NbS, controlling overland flow and
sediment transport connectivity. Affordable computational times can be achieved only
by using GPU-accelerated numerical codes. The software IBER+ adopted in this study is
suitable for catchment areas up to 20 km2 with spatial resolutions of 1 m2 now common
in LiDAR-DEM.

Future works can overcome several limitations that impede scaling up the proposed
method over larger draining basins (<1000 km2) by means of exascale multi-GPU HPC
technology as the recent SERGHEI-SWE [27]. However, as commented throughout this
paper, the available software packages adopt the assumption of small bottom slopes
intrinsic to the Saint-Venant equations. Further research is required for overland flows
on steep slopes, which need a unified theory and an efficient numerical scheme and its
implementation in an open-source code. We could thus improve the effectiveness and
acceptance of NbS at larger scales for the natural management of floods and soil erosion.

We have proven, theoretically, the effectiveness of adaptive practices for sustainable
olive growing and NbS actions in gullies and streams for mitigating the risk of flood
and erosion in steep-slope basins (mean value of 20%) with high rainfall rates (around
30 mm·h−1). As funding is always limited, the optimal targeted placements of NbS have
to be delimited from the simulated flow depth, velocity and shear stress maps. To ensure
NFM in the long term, private landowners and communities must adopt sustainable
cultivation systems in olive orchards, mitigating soil erosion and preventing the silted-up
state of NbSs. These actions help protect from flood, favour soil conservation and are
aligned with sustainably managing and restoring modified ecosystems. Furthermore,
they address societal challenges effectively and adapt current practices to climate change,
simultaneously providing human well-being and biodiversity benefits. Future works on
the real verification of the proposed NbS would require regional policies to break some
barriers that limit effective implementation at local scales.

Author Contributions: Conceptualization, P.B., F.J.P.-L., R.J.-M., and G.P.; methodology, P.B.; soft-
ware, P.B. and I.G.-P.; validation, I.G.-P. and P.B.; formal analysis, P.B.; writing—original draft
preparation, P.B.; writing—review and editing, All Authors; project administration, P.B.; funding
acquisition, P.B., F.J.P.-L., R.J.-M., and G.P. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was funded by: “Programa Operativo FEDER 2014-2020“ and “Consejería de
Economía y Conocimiento de la Junta de Andalucía“ grant number 138096; the European Union
NextGenerationEU/PRTR and MCIN/AEI/10.13039/501100011033 grant number TED2021-129910B-
I00.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: P.B and F.J.P.L acknowledge Miguel Ángel Manrique Peinado (the mayor of
Arquillos) for the support and fruitful discussions on the topics described in this paper.

Conflicts of Interest: The authors declare no conflict of interest.



Appl. Sci. 2023, 13, 2882 25 of 28

Abbreviations
The following abbreviations are used in this manuscript:

AFC Active Flow-Control
CN Curve Number
CFD Computational Fluid Dynamics
DEM Digital Elevation Model
EEA European Environmental Agency
GNSS Global Navigation Satellite System
GPS Global Positioning System
GPU Graphics Processing Unit
HPC High-Performance Computing
IPCC Intergovernmental Panel on Climate Change
LiDAR Light Detection and Ranging
MDPI Multidisciplinary Digital Publishing Institute
MedECC Mediterranean Experts on Climate and Environmental Change
MSL Mean Sea Level
NbSs Nature-based Solutions
SCS Soil Conservation Service
2D-SVE Two-Dimensional Saint-Venant Equations

References
1. Moral-Erencia, J.; Bohorquez, P.; Jimenez-Ruiz, P.; Pérez-Latorre, F. Slackwater sediments record the increase in sub-daily

rain flood due to climate change in a European Mediterranean catchment. Water Resour. Manag. 2020, 34, 4431–4447.
https://doi.org/10.1007/s11269-020-02563-y.

2. Alfieri, L.; Thielen, J. A European precipitation index for extreme rain-storm and flash flood early warning. Meteorol. Appl. 2015,
22, 3–13. https://doi.org/10.1002/met.1328.

3. Portner, H.O..; Roberts, D.C..; Adams, H..; Adler, C..; Aldunce, P..; Ali, E..; Begum, R.A..; Betts, R..; Kerr, R.B..; Biesbroek, R..;
et al. Climate Change 2022: Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the Sixth Assessment Report
of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK and New York, NY, USA, 2022.
https://doi.org/10.1017/9781009325844.

4. EEA. Climate Change, Impacts and Vulnerability in Europe 2016: An Indicator-Based Report; 1/2017, Publications Office of the
European Union: Luxembourg, 2017. https://doi.org/10.2800/534806.

5. Vanmaercke, M.; Panagos, P.; Vanwalleghem, T.; Hayas, A.; Foerster, S.; Borrelli, P.; Rossi, M.; Torri, D.; Casali, J.; Borselli, L.;
et al. Measuring, modelling and managing gully erosion at large scales: A state of the art. Earth-Sci. Rev. 2021, 218, 103637.
https://doi.org/10.1016/j.earscirev.2021.103637.

6. Moral-Erencia, J.; Bohorquez, P.; Jimenez-Ruiz, P.; Pérez-Latorre, F. Flood hazard mapping with distributed hydrological simula-
tions and remote-sensed slackwater sediments in ungauged basins. Water 2021, 13, 3434. https://doi.org/10.3390/w13233434.

7. Huang, R.; Ni, Y.; Cao, Z. Coupled modeling of rainfall-induced floods and sediment transport at the catchment scale. Int. J.
Sediment Res. 2022, 37, 715–728. https://doi.org/10.1016/j.ijsrc.2022.05.002.

8. MedECC. Climate and Environmental Change in the Mediterranean Basin—Current Situation and Risks for the Future. First Mediterranean
Assessment Report; Cramer, W., Guiot, J., Marini, K., Eds.; Union for the Mediterranean, Plan Bleu, UNEP/MAP: Marseille, France,
2020; p. 632. https://doi.org/10.5281/zenodo.7224821.

9. Nesshöver, C.; Assmuth, T.; Irvine, K.; Rusch, G.; Waylen, K.; Delbaere, B.; Haase, D.; Jones-Walters, L.; Keune, H.; Kovacs,
E.; et al. The science, policy and practice of nature-based solutions: An interdisciplinary perspective. Sci. Total Environ. 2017,
579, 1215–1227. https://doi.org/10.1016/j.scitotenv.2016.11.106.

10. Palomo, I.; Locatelli, B.; Otero, I.; Colloff, M.; Crouzat, E.; Cuni-Sanchez, A.; Gómez-Baggethun, E.; González-García, A.;
Grêt-Regamey, A.; Jiménez-Aceituno, A.; et al. Assessing nature-based solutions for transformative change. ONE Earth 2021,
4, 730–741. https://doi.org/10.1016/j.oneear.2021.04.013.

11. Simelton, E.; Coulier, M.; Damen, B.; Howell, J.; Tran, H. NBS framework for agricultural landscapes. Front. Environ. Sci. 2021,
9, 678367. https://doi.org/10.3389/fenvs.2021.678367.

12. Panagos, P.; Borrelli, P.; Poesen, J.; Ballabio, C.; Lugato, E.; Meusburger, K.; Montanarella, L.; Alewell, C. The new assessment of
soil loss by water erosion in Europe. Environ. Sci. Policy 2015, 54, 438–447. https://doi.org/10.1016/j.envsci.2015.08.012.

13. Castillo, C.; Gómez, J. A century of gully erosion research: Urgency, complexity and study approaches. Earth-Sci. Rev. 2016,
160, 300–319. https://doi.org/10.1016/j.earscirev.2016.07.009.

14. Borrelli, P.; Alewell, C.; Alvarez, P.; Anache, J.A.A.; Baartman, J.; Ballabio, C.; Bezak, N.; Biddoccu, M.; Cerdà, A.;
Chalise, D.; et al. Soil erosion modelling: A global review and statistical analysis. Sci. Total Environ. 2021, 780, 146494.
https://doi.org/10.1016/j.scitotenv.2021.146494.



Appl. Sci. 2023, 13, 2882 26 of 28

15. Loumou, A.; Giourga, C. Olive groves: “The life and identity of the Mediterranean“. Agric. Hum. Values 2003, 20, 87–95.
https://doi.org/10.1023/A:1022444005336.

16. Bohorquez, P. Paleohydraulic reconstruction of modern large floods at subcritical speed in a confined valley: Proof of concept.
Water 2016, 8, 567. https://doi.org/10.3390/w8120567.

17. Bohorquez, P.; Moral-Erencia, J. 100 years of competition between reduction in channel capacity and streamflow during floods in
the Guadalquivir River (Southern Spain). Remote Sens. 2017, 9, 727. https://doi.org/10.3390/rs9070727.

18. Burguet, M.; Taguas, E.; Cerdà, A.; Gómez, J. Soil water repellency assessment in olive groves in Southern and Eastern Spain.
Catena 2016, 147, 187–195. https://doi.org/10.1016/j.catena.2016.07.005.

19. Collis, S.; Joslin, R.; Seifert, A.; Theofilis, V. Issues in active flow control: Theory, control, simulation, and experiment. Prog.
Aerosp. Sci. 2004, 40, 237–289. https://doi.org/10.1016/j.paerosci.2004.06.001.

20. Tombesi, A.; Tombesi, S.; d’Andria, R.; Lavini, A.; Saavedra, M.; Jardak, T. Production Techniques in Olive Growing; International
Olive Council: Madrid, Spain, 2007. ISBN 978-84-931663-6-6.

21. Blocken, B.; Gualtieri, C. Ten iterative steps for model development and evaluation applied to Computational Fluid Dynamics for
Environmental Fluid Mechanics. Environ. Model. Softw. 2012, 33, 1–22. https://doi.org/10.1016/j.envsoft.2012.02.001.

22. Hamers, E.; Maier, H.; Zecchin, A.; van Delden, H. Effectiveness of Nature-Based Solutions for mitigating the impact of pluvial
flooding in urban areas at the regional scale. Water 2023, 15, 642. https://doi.org/10.3390/w15040642.

23. Zaimes, G.; Tardio, G.; Iakovoglou, V.; Gimenez, M.; Garcia-Rodriguez, J.; Sangalli, P. New tools and approaches to pro-
mote soil and water bioengineering in the Mediterranean. Sci. Total Environ. 2019, 693, 133677. https://doi.org/10.1016/
j.scitotenv.2019.133677.

24. Caviedes-Voullième, D.; García-Navarro, P.; Murillo, J. Influence of mesh structure on 2D full shallow water equations and SCS
Curve Number simulation of rainfall/runoff events. J. Hydrol. 2012, 448–449, 39–59. https://doi.org/10.1016/j.jhydrol.2012.04.006.

25. Nones, M.; Caviedes-Voullième, D. Computational advances and innovations in flood risk mapping. J. Flood Risk Manag. 2020,
13, e12666. https://doi.org/10.1111/jfr3.12666.

26. García-Feal, O.; González-Cao, J.; Gómez-Gesteira, M.; Cea, L.; Domínguez, J.; Formella, A. An accelerated tool for flood
modelling based on Iber. Water 2018, 10, 1459. https://doi.org/10.3390/w10101459.

27. Caviedes-Voullième, D.; Morales-Hernández, M.; Norman, M.R.; Özgen-Xian, I. SERGHEI (SERGHEI-SWE) v1.0: A performance-
portable high-performance parallel-computing shallow-water solver for hydrology and environmental hydraulics. Geosci. Model
Dev. 2023, 16, 977–1008. https://doi.org/10.5194/gmd-16-977-2023.

28. Morales-Hernández, M.; Sharif, M.B.; Kalyanapu, A.; Ghafoor, S.; Dullo, T.; Gangrade, S.; Kao, S.C.; Norman, M.; Evans,
K. TRITON: A Multi-GPU open source 2D hydrodynamic flood model. Environ. Model Softw. 2021, 141, 105034.
https://doi.org/10.1016/j.envsoft.2021.105034.

29. Shaw, J.; Kesserwani, G.; Neal, J.; Bates, P.; Sharifian, M.K. LISFLOOD-FP 8.0: The new discontinuous Galerkin shallow-water
solver for multi-core CPUs and GPUs. Geosci. Model Dev. 2021, 14, 3577–3602. https://doi.org/10.5194/gmd-14-3577-2021.

30. Caviedes-Voullième, D.; Fernández-Pato, J.; Hinz, C. Performance assessment of 2D Zero-Inertia and Shallow Water models for
simulating rainfall-runoff processes. J. Hydrol. 2020, 584, 124663. https://doi.org/10.1016/j.jhydrol.2020.124663.

31. Olcina-Cantos, J.; Díez-Herrero, A. Technical evolution of flood maps through Spanish experience in the European framework.
Cartogr. J. 2021, 59, 55–68. https://doi.org/10.1080/00087041.2021.1930678.

32. Guo, K.; Guan, M.; Yu, D. Urban surface water flood modelling – a comprehensive review of current models and future challenges.
Hydrol. Earth Syst. Sci. 2021, 25, 2843–2860. https://doi.org/10.5194/hess-25-2843-2021.

33. Ferreira, C.S.; Mourato, S.; Kasanin-Grubin, M.; Ferreira, A.J.D.; Destouni, G.; Kalantari, Z. Effectiveness of Nature-Based Solutions
in mitigating flood hazard in a Mediterranean peri-urban catchment. Water 2020, 12, 2893. https://doi.org/10.3390/w12102893.

34. Ferguson, C.; Fenner, R. Evaluating the effectiveness of catchment-scale approaches in mitigating urban surface water flooding.
Philos. Trans. R. Soc. A 2020, 378, 20190203. https://doi.org/10.1098/rsta.2019.0203.

35. Hankin, B.; Page, T.; McShane, G.; Chappell, N.; Spray, C.; Black, A.; Comins, L. How can we plan resilient systems of nature-
based mitigation measures in larger catchments for flood risk reduction now and in the future? Water Secur. 2021, 13, 100091.
https://doi.org/10.1016/j.wasec.2021.100091.

36. Cohen-Shacham, E.; Walters, G.; Janzen, C.; Maginnis, S. Nature-based solutions to address global societal challenges. IUCN
2016, 97, 2016–2036.

37. Forbes, H.; Ball, K.; McLay, F. Natural Flood Management Handbook; Scottish Environment Protection Agency: Stirling, UK, 2015.
ISBN 978-0-85759-024-4.

38. Palmeri, L.; Trepel, M. A GIS-Based score system for siting and sizing of created or restored wetlands: Two case studies. Water
Resour. Manag. 2002, 16, 307–328. https://doi.org/10.1023/A:1021947026234.

39. Stefanakis, A. The role of constructed wetlands as green infrastructure for sustainable urban water management. Sustainability
2019, 11, 6981. https://doi.org/10.3390/su11246981.

40. Casas, J.; Toja, J.; Bonachela, S.; Fuentes, F.; Gallego, I.; Juan, M.; León, D.; Peñalver, P.; Pérez, C.; Sánchez, P. Artificial ponds in a
Mediterranean region (Andalusia, southern Spain): Agricultural and environmental issues. Water Environ. J. 2011, 25, 308–317.
https://doi.org/10.1111/j.1747-6593.2010.00221.x.

41. Quinn, P.; Hewett, C.; Wilkinson, M.; Adams, R. The Role of Runoff Attenuation Features (RAFs) in Natural Flood Management.
Water 2022, 14, 3807. https://doi.org/10.3390/w14233807.



Appl. Sci. 2023, 13, 2882 27 of 28

42. Rey, F.; Bifulco, C.; Bischetti, G.; Bourrier, F.; De Cesare, G.; Florineth, F.; Graf, F.; Marden, M.; Mickovski, S.; Phillips, C.; et al. Soil
and water bioengineering: Practice and research needs for reconciling natural hazard control and ecological restoration. Sci. Total
Environ. 2019, 648, 1210–1218. https://doi.org/10.1016/j.scitotenv.2018.08.217.

43. Darby, S. Effect of riparian vegetation on flow resistance and flood potential. J. Hydraul. Eng. 1999, 125, 443–454.
https://doi.org/10.1061/(ASCE)0733-9429(1999)125:5(443).

44. Delangue, J.; Teillac-Deschamps, P. Nature-Based Solutions for Climate Change Adaptation and Disaster Risk Reduction; IUCN French
Committee: Paris, France, 2019. ISBN 978-2-918105-77-0.

45. Bombino, G.; Denisi, P.; Gómez, J.; Zema, D. Mulching as best management practice to reduce surface runoff and erosion in steep
clayey olive groves. Int. Soil Water Conserv. Res. 2021, 9, 26–36. https://doi.org/10.1016/j.iswcr.2020.10.002.

46. Manzaneda-Avila, A.; Rey-Zamor, P. Brachypodium Hybridum BHJHIN, Patent 20195515; 17 January 2022.
47. Novara, A.; Cerda, A.; Barone, E.; Gristina, L. Cover crop management and water conservation in vineyard and olive orchards.

Soil Tillage Res. 2021, 208, 104896. https://doi.org/10.1016/j.still.2020.104896.
48. Cohen-Shacham, E.; Andrade, A.; Dalton, J.; Dudley, N.; Jones, M.; Kumar, C.; Maginnis, S.; Maynard, S.; Nelson, C.R.; Renaud,

F.G.; et al. Core principles for successfully implementing and upscaling Nature-based Solutions. Environ. Sci. Policy 2019,
98, 20–29. https://doi.org/10.1016/j.envsci.2019.04.014.

49. Balzan, M.; Geneletti, D.; Grace, M.; De Santis, L.; Tomaskinova, J.; Reddington, H.; Sapundzhieva, A.; Dicks, L.; Collier, M.
Assessing nature-based solutions uptake in a Mediterranean climate: insights from the case-study of Malta. Nat.-Based Solut.
2022, 2, 100029. https://doi.org/10.1016/j.nbsj.2022.100029.

50. Charlton, R. Fundamentals of Fluvial Geomorphology; Routledge: London, UK; New York, NY, USA, 2008. https://doi.org/10.4324/
9780203371084

51. Soil Science Society of America. Glossary of Soil Science Terms; Soil Science Society of America: Madison, WI, USA, 1996.
https://doi.org/10.2136/2008.glossarysoilscienceterms.

52. Buffington, J.M.; Montgomery, D.R. Geomorphic classification of rivers: An updated review. In Proceedings of the Treatise
on Geomorphology (2nd); Shroder, J.; Wohl, E., Eds. Academic Press: San Diego, CA, USA, 2021; Volume 9; pp. 730–767.
https://doi.org/10.1016/B978-0-12-818234-5.00077-8.

53. Jacobson, R.B.; O’Connor, J.E.; Oguchi, T. Surficial geological tools in fluvial geomorphology. In Tools in Fluvial Geomorphology;
John Wiley & Sons, Ltd: Hoboken, NJ, USA, 2016; pp. 11–39. https://doi.org/10.1002/9781118648551.ch2.

54. García, M., Ed. Sediment Transport and Morphodynamics. In Sedimentation Engineering: Processes, Measurements, Modeling, and
Practice; Number 110 in ASCE Manuals and Reports on Engineering Practice; American Society of Civil Engineers: Reston, VA,
USA, 2008; pp. 11–191. https://doi.org/10.1061/9780784408148.

55. Baker, V.R.; Benito, G.; Brown, A.G.; Carling, P.A.; Enzel, Y.; Greenbaum, N.; Herget, J.; Kale, V.S.; Latrubesse, E.M.; Mack-
lin, M.G.; et al. Fluvial palaeohydrology in the 21st century and beyond. Earth Surf. Process. Landforms 2022, 47, 58–81.
https://doi.org/10.1002/esp.5275.

56. Maranzoni, A.; Tomirotti, M. New formulation of the two-dimensional steep-slope shallow water equations. Part I: Theory and
analysis. Adv. Water Resour. 2022, 166, 104255. https://doi.org/10.1016/j.advwatres.2022.104255.

57. Denlinger, R.P.; O’Connell, D.R. Computing nonhydrostatic shallow-water flow over steep terrain. J. Hydraul. Eng. 2008,
134, 1590–1602. https://doi.org/10.1061/(ASCE)0733-9429(2008)134:11(1590).

58. Maranzoni, A.; Tomirotti, M. New formulation of the two-dimensional steep-slope shallow water equations. Part II: Numerical
modeling, validation, and application. Adv. Water Resour. 2023, in press.

59. Cea, L.; Bladé, E. A simple and efficient unstructured finite volume scheme for solving the shallow water equations in overland
flow applications. Water Resour. Res. 2015, 51, 5464–5486. https://doi.org/10.1002/2014WR016547.

60. Brutsaert, W. Hydrology: An Introduction; Cambridge University Pres: Cambridge, UK, 2005.
61. Merz, R.; Blöschl, G. A process typology of regional floods. Water Resour. Res. 2003, 39, SWC51–SWC520. https://doi.org/10.1029/

2002WR001952.
62. Dottori, F.; Szewczyk, W.; Ciscar, J.C.; Zhao, F.; Alfieri, L.; Hirabayashi, Y.; Bianchi, A.; Mongelli, I.; Frieler, K.; Betts, R.; et al.

Increased human and economic losses from river flooding with anthropogenic warming. Nat. Clim. Chang. 2018, 8, 781–786.
https://doi.org/10.1038/s41558-018-0257-z.

63. Chow, V. Open Channel Hydraulics; McGraw-Hill: New York, NY, USA, 1959.
64. Yen, B. Hydraulic Resistance in Open Channels; In Channel Flow Resistance: Centennial of Manning’s Formula; Water Resource

Publications: Highlands Ranch, CO, USA, 1991; pp. 1–135.
65. Arcement, G.; Schneider, V. Guide for selecting Manning’s roughness coefficients for natural channels and flood plains. United

States Geol. Surv. Water-Supply Pap. 1989, 2339, 1–38. https://doi.org/10.3133/wsp2339.
66. Cea, L.; Legout, C.; Darboux, F.; Esteves, M.; Nord, G. Experimental validation of a 2D overland flow model using high resolution

water depth and velocity data. J. Hydrol. 2014, 513, 142–153. https://doi.org/10.1016/j.jhydrol.2014.03.052.
67. Naves, J.; Anta, J.; Puertas, J.; Regueiro-Picallo, M.; Suárez, J. Using a 2D shallow water model to assess Large-Scale Particle

Image Velocimetry (LSPIV) and Structure from Motion (SfM) techniques in a street-scale urban drainage physical model. J.
Hydrol. 2019, 575, 54–65. https://doi.org/10.1016/j.jhydrol.2019.05.003.



Appl. Sci. 2023, 13, 2882 28 of 28

68. Sanz-Ramos, M.; Bladé, E.; González-Escalona, F.; Olivares, G.; Aragón-Hernández, J. Interpreting the Manning rough-
ness coefficient in overland flow simulations with coupled hydrological-hydraulic distributed models. Water 2021, 13, 3433.
https://doi.org/10.3390/w13233433.

69. Ma, Y.; Geng, Y.; Chen, X. Water distribution influenced by pavement alignment design. J. Transp. Eng., Part B 2020, 146, 4020058.
https://doi.org/10.1061/JPEODX.0000217.

70. Guan, M.; Sillanpää, N.; Koivusalo, H. Modelling and assessment of hydrological changes in a developing urban catchment.
Hydrol. Process. 2015, 29, 2880—-2894. https://doi.org/10.1002/hyp.10410.

71. Crompton, O.; Thompson, S. Sensitivity of dryland vegetation patterns to storm characteristics. Ecohydrology 2021, 14, e2269.
https://doi.org/10.1002/eco.226.

72. Kannan, N.; Santhi, C.; Williams, J.; Arnold, J. Development of a continuous soil moisture accounting procedure for curve
number methodology and its behaviour with different evapotranspiration methods. Hydrol. Process. 2008, 22, 2114–2121.
https://doi.org/10.1002/hyp.6811.

73. Hawkins, R.; Ward, T.; Woodward, D.; Van Mullem, J. Curve Number Hydrology. State of the Practice; American Society of Civil
Engineers: Reston, VA, USA, 2009. https://doi.org/10.1061/9780784410042.

74. Sanz-Ramos, M.; Cea, L.; Bladé, E.; López-Gómez, D.; Sañudo, E.; Corestein, G.; García-Alén, G.; Aragón-Hernández, J. Iber v3.
Manual de Referencia e Interfaz de Usuario de las Nuevas Implementaciones; Centre Internacional de Mètodes Numèrics a l’Enginyeria
(CIMNE): Barcelona, Spain, 2022.

75. Romero, P.; Castro, G.; Gómez, J.; Fereres, E. Curve number values for olive orchards under different soil management. Soil Sci.
Soc. Am. J. 2007, 71, 1758–1769. https://doi.org/10.2136/sssaj2006.0034.

76. Ajmal, M.; Waseem, M.; Kim, D.; Kim, T.W. A pragmatic slope-adjusted curve number model to reduce uncertainty in predicting
flood runoff from steep watersheds. Water 2020, 12, 1469. https://doi.org/10.3390/w12051469.

77. Julien, P. Erosion and Sedimentation, 2nd ed.; Cambridge University Press: Cambridge, UK, 2010. https://doi.org/10.1017/
CBO9780511806049.

78. Williams, G. Paleohydrologic Equations for Rivers. In Developments and Applications of Geomorphology; Costa, J.; Fleisher, P., Eds.
Springer: Berlin/Heidelberg, Germany, 1984; pp. 343–367. https://doi.org/10.1007/978-3-642-69759-3_11.

79. Bohorquez, P.; Cañada Pereira, P.; Jimenez-Ruiz, P.J.; del Moral-Erencia, J.D. The fascination of a shallow-water model for the for-
mation of megaflood-scale dunes and antidunes. Earth Sci. Rev. 2019, 193, 91–108. https://doi.org/10.1016/j.earscirev.2019.03.021.

80. Hassan, M.A.; Church, M. Experiments on surface structure and partial sediment transport on a gravel bed. Water Resour. Res.
2000, 36, 1885–1895. https://doi.org/10.1029/2000WR900055.

81. Wilson, C. Flow resistance models for flexible submerged vegetation. J. Hydrol. 2007, 342, 213–222. https://doi.org/10.1016/
j.jhydrol.2007.04.022.

82. Nitsche, M.; Rickenmann, D.; Kirchner, J.; Turowski, J.; Badoux, A. Macroroughness and variations in reach-averaged flow
resistance in steep mountain streams. Water Resour. Res. 2012, 48, W12518. https://doi.org/10.1029/2012WR012091.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


	Introduction
	Materials and Methods
	Study Site
	Distributed Hydrological-Hydraulic Modelling
	Computational Mesh
	Design Storm
	Surface Roughness
	Infiltration


	Results
	Distributed Hydrological Simulation of the Catchment in the Present Day
	Mitigation of Urban Flooding through Basin-Scale NbSs
	Benefits of NbS to Mitigate Soil Erosion Risk
	Synergetic Benefits of the Wetland, In-Channel Macro-Roughness and Cultivation Systems in Olive Orchards

	Conclusions
	References

