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Abstract

:

Nature-based solutions (NBS) are being deployed around the world in order to address hydrometeorological hazards, including flooding, droughts, landslides and many others. The term refers to techniques inspired, supported and copied from nature, avoiding large constructions and other harmful interventions. In this work the development and evaluation of an NBS applied to the Spercheios river basin in Central Greece is presented. The river is susceptible to heavy rainfall and bank overflow, therefore the intervention selected is a natural water retention measure that aims to moderate the impact of flooding and drought in the area. After the deployment of the NBS, we examine the benefits under current and future climate conditions, using various climate change scenarios. Even though the NBS deployed is small compared to the rest of the river, its presence leads to a decrease in the maximum depth of flooding, maximum velocity and smaller flooded areas. Regarding the subsurface/groundwater storage under current and future climate change and weather conditions, the NBS construction seems to favor long-term groundwater recharge.
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1. Introduction


At the highpoint of this era of maximum aggravating human activity and limited ecological awareness, researchers are working on ways to relieve the ecosystems from pressing climate-related risks. One set of methods, that follow a long-term and site-specific approach in ecological management, is called nature-based solutions (NBS). The term refers to “techniques inspired by, supported by, or copied from nature” [1], which in essence means that by applying what we learn from observing nature, we can mitigate hazards in a sustainable manner, avoiding large constructions and other harmful interventions in an effort to address climate change impacts and move towards resilient ecosystems [2]. Nature-based solutions also foster society-oriented actions and promote broad public participation and transparency enhancement [2,3,4]. Due to this transdisciplinary, NBS can have a variety of possible positive impacts beyond environmental risk mitigation [5]; their application benefits the society (i.e., by increasing an area’s aesthetical value and enhancing the ecosystem services it provides) and the economy (i.e., energy saving, reducing economic damage; [6]). However, the main goal of NBS deployment remains the mitigation of hydrometeorological hazard impacts on the local population; hazards that are expected to become more frequent and severe due to climate change [7]. In this regard, NBS have nature-based solutions (NBS) have proved to be effective for hydrometeorological risk management [1,8,9]. NBS is a relatively new concept that offers several cost-efficient methods to address such phenomena but also discourages the use of large structural constructions like concrete buildings (green development; [1]). Additionally, the flexibility of NBS allows them to be implemented alone or integrated with other technological or engineering solutions, determined by site-specific natural and cultural contexts [10].



NBS is not the first concept focusing on green solutions that has been officially defined and referred to in academic debates and official legislation. Approaches such as ecosystem-based adaptation (EbA), urban green infrastructure (UGI) and ecosystem services (ESS) have already gained attention [11]. The exact limits of each of the aforementioned concepts are vague, thus it is useful to adopt “NBS” as a broader term connecting and interweaving those individual concepts with one another, giving prominence to their complementarity [10,11]. What distinguishes nature-based solutions from other general green approaches is that they are used to address key societal challenges that originate from a combination of natural (climate change and environmental degradation) and anthropogenic (economic and social development and human health) factors [2,10,12]. NBS have recently started to become a key priority to mainstream environmental protection and sustainable use of biodiversity at global and regional scales [12] and frameworks are being developed to enable the assessment of impacts related to specific NBS actions [13].



There are a wide variety of applied solutions, but here we focus on NBS for hydrometeorological risks: in order to tackle flood risk, for instance, it is crucial to retain water in the landscape by managing overland flow or infiltration [14,15,16]. A NBS practice is to change the land use from arable to grassland or to create buffer strips using grass and hedges. Similarly, if an increase in floodplain storage capacity is desired, artificial reservoirs or wetlands comprise common green solution techniques [17]. Additionally, several methods have already been implemented in the urban environment, aiming to decrease stormwater generated flooding. These include installations of green rooftops and walls, stormwater gardens and the construction of sustainable drainage systems [16,18].



The process of implementing NBS is rather complex, and there are still major research gaps regarding NBS assessment and implementation. In order to boost such research, the European Commission (EC) is financing several projects. One of the first is OPERANDUM (open-air laboratories for nature based solutions to manage hydrometeo risks), which aims at codesign, codevelopment, deployment and assessment of NBS’s in open-air laboratories (OAL’s) in ten countries. OAL’s in this project are natural and rural Living Labs that cover a wide range of hazards with different climates, land use and socioeconomic characteristics. Essentially living labs means that interdisciplinary and transdisciplinary research is implemented, strongly related to its territorial context and the societal changes it possibly drives.



In this work, we present the development and evaluation of an NBS applied to the Spercheios River Basin in Central Greece. The Spercheios River is generally susceptible to heavy rainfall and river bank overflow due to flood water from upstream, while at the same time deforestation increases its susceptibility to heavy rainfall [19]. Flood events occur regularly exceeding the channel capacity, affecting most elements of the socioeconomic system of the area. The risks, related to flooding in the area, include the potential loss of human life, potential loss of crop production and livestock, damage to properties and infrastructure and difficulties in transportation [20].




2. Study Area, the Spercheios River Basin and NBS Deployed


The basin of the Spercheios River is located in Central Greece between 38°44′ and 39°05′ N lat., and 21°50′ and 22°45′ E long (Figure 1). The Spercheios River springs from the mountainous parts of the basin, mainly from Tymfristos mountain in the west, and Vardousia and Oiti mountain ranges in the southwest and south respectively. The river with a total length of 82 km, has a west–east direction, is recharged by many streams of permanent and periodic flow and finally discharges in Maliakos Gulf. The steep slopes, which are present within approximately 2/3 of the total length of the river course, form a rather mountainous topography (streamy with crucial flooding peaks and very intense sediment yield). Only in the last downstream part of the Spercheios course, the topography gradually changed into a lowland relief. The basin area has an extent of approximately 1828 km2 and a mean altitude of 626 m with a maximum height of 2281 m at Oiti Mountain [21]. According to [22] the relief classification system, half of the basin is plains and hills, with an elevation lower than 600 m, whereas 14% is semimountain (600–900 m) and 30% mountain (>900 m). Approximately 32% of the entire catchment is covered by agricultural land, 2% from built-up areas and 66% from natural vegetation and bare land [23]. The study area is covered by impermeable, semipermeable, alluvial and karst formations, in percentages of 62.6%, 0.2%, 20.5% and 16.7% respectively [24]. Based on data from eight rainfall stations the mean annual precipitation for the period 1980‒2010 calculated up to 788 mm [14]. Following the Köppen–Geiger climatic characterization [25], the Spercheios basin is under the Mediterranean Climate, in Csa class, indicating a dry warm period and a wet period distributed from late autumn to early spring. Spercheios has a water discharge varying between 12.79 m3/s (in winter) and less than 1 m3/s (in summer). The dense hydrographic network, in combination with the non-permeable geological background, promotes the erosion and transfer of sediment. The total annual sediment load of the river has been estimated to be in excess of 1.5 × 106 tonnes/year [26].



The river morphology as described above in combination with locally heavy rainfall and riverbank overflow due to flood water from upstream, and snowmelt in the upstream mountain areas causes flooding in the Spercheios River area from October to May. Furthermore, due to irrigation demands, during the summer months, the area also faces water scarcity, which is causing adverse effects to the ecosystems. Such phenomena are related to risks including the potential loss of human life, potential loss of crop and livestock, damage to properties and infrastructure and difficulties in transportation [20]. Regarding the drought periods, there is an increased risk of disasters in natural ecosystems, forest fire and losses in agricultural crops.



In order to mitigate risks caused by hazards, an area near the village of Komma and the Alamana Bridge was selected for the NBS implementation. The criteria for the selection were the geomorphology (where the intervention is deployed), land availability accessibility, minimal disruption to other uses, sustainability, noticeable positive impact, no risk to communities and uses downstream and cost. The final location was decided after thorough discussions with local experts and local community members. The intervention selected occupies an area of 105.314 m2 and is a natural water retention measure that aims to moderate the impact of flooding and drought in the Spercheios River. The implemented solution comprises the construction of a flood storage reservoir. The construction of the reservoir is achieved by restoring and stabilizing the river banks, cleaning the bed material load, widening the river bed and diminishing the existing nearby hybrid measure that was built to regulate the water flow (Figure 2a). Specifically, the concentrated sediment was removed by excavations in the river bed and gabions were used to cover and stabilize both river bed and river banks. The objective was to hold the slopes steady using bioengineering techniques and materials from the area, cheap in their application, which will support the normal functions of the river’s ecosystems. The technique used in the project is a structure called “Cribwall” (Figure 2b). It consists of cannabinoid meshes of wood in successive layers [27]. The structure has a stone base. The trunks are bound and nailed together by making a certain type of interlocking system anchored on a layer of stones forming the “toe” of the slope [28]. The space between the longitudinal and transversal tree trunks is filled with soil above the higher point of normal water level. The new slopes that were created, alongside the existing ones are also vegetated. A crib retaining structure with live plants between trunk layers is called “vegetative” or “live crib wall”. Such constructions offer immediate protection for mass overturning and long-term benefit for stabilization by vegetation when established. At the planted areas, ramps are built for maintenance of flood works. Finally, an uncovered trench slope is located at the center of the riverbed to monitor water flow. Overall, those slopes form a transitional buffer zone that could provide multiple ecosystem services. Therefore, the water stream is being moderated mostly by the natural interventions and secondly by the existing divider. The river discharges through two channels, the recently created river bed and the old one. The resulting reservoir has a water capacity of about 600,000 m3, can absorb flood flows up to 2.167 m3/s (T = 50 years) and reduces water scarcity for agricultural areas near Anthili and Roditsa (this excess water is enough for 1000 acres of a typical crop in the area).



The NBS has four main objectives. Firstly, it aims to enhance water storage by introducing a medium scale reservoir and maintaining the capacity of linked ditches, embanked reservoirs and channels. Secondly, to reduce surface runoff by increasing soil infiltration. Moreover, it slows down water flow by increasing resistance, by planting floodplain or riverside woods. Lastly, it reduces water flow connectivity by interrupting surface flows, planting buffer strips of grass and trees. An important benefit is that the NBS could also act as a place of recreational value for both local residents and residents of the nearby city of Lamia and even visitors from other areas of the country and abroad.




3. Experimental Design


In order to assess the NBS efficiency under current and future climate conditions, a series of hydrological and groundwater simulations were performed. To this end, two models were selected: (1) the TUFLOW hydraulic model [29] and (2) the MIKE-SHE (MIKE- Système Hydrologique Européen) hydrological model [30,31]. TUFLOW was selected due to its capabilities to handle very high resolutions (several meters) and MIKE-SHE has already been applied for the Spercheios River basin in several previous studies (see [19] and references within). Each model suite is presented below, followed by a description of the datasets used for defining current and future climate. Unfortunately, the area of NBS deployment is not monitored and there are no measurements to extensively evaluate the TUFLOW setup. However, the results presented below are in good agreement with a study performed in the area in 2003 [32].



3.1. Models Setup and Basic Equations


The TUFLOW hydraulic model is a suite of advanced numerical packages and supporting tools for simulating free-surface water flow for urban waterways, rivers, floodplains, estuaries and coastlines. The model is capable of solving all the necessary physical processes using 1D, 2D and 3D solutions. A fully hydrodynamic approach was adopted rather than a quasi approach as the full solution was stable and the simulations completed in reasonable computational time. There were therefore no clear benefits of a simpler quasi routing approach. A 10 m grid was selected, as offering an acceptable compromise between the need for resolution and model runtimes and a timestep of 8 s was used.



The hydraulic model was constructed using a digital terrain model (DTM) developed from a high-resolution dataset provided by the Greek Land Register (2018 dataset). The DTM was sourced from the Geospatial Data INSPIRE Geoportal of the “Hellenic Cadastre”. The DTM metadata and technical guidelines were based on EN ISO 19,115 and EN ISO 19,119 (Version 1.2). The data series of the DTM consists of a series of tiles (based on 1:5000 scale maps) with a 5 m grid resolution. The source is the “Large Scale Orthophotos” project. It is a homogenous systematic point grid that refers to terrain elevation and creates an Earth elevation model. The digital elevation model has been produced as part of the orthophotos creation from color aerial photos of the “Large Scale Orthophotos” (LSO) project, which was a part of the Big Project: “Data and Information Technology Infrastructure for a contemporary cadastre” that was implemented by the (former) CADASTRE S.A. (predecessor of the Legal Entity of Public Law “Hellenic Cadastre”) and it was cofunded by the European Union within the framework of the Operational Program “Information Society” of the 3rd Community Support Framework.



Care has been taken to exclude DTM features that unrealistically constrain/influence routing of flood flows. For example, local high or low spots, attributable to the filtering approach have been excluded (Figure 3). The goal is to produce flood depths and flood extents before and after the NBS deployment in order to examine the effects of the intervention.



Land use from the CORINE 2018 database [33] was employed to identify roughness values (Figure 4). Roughness within the 2D broadscale model is defined in the materials layer and roughness categories were based on the CORINE Manning’s n values (Table 1). In addition, a normal depth boundary was applied to form the downstream boundary condition. The normal depth boundary is defined based on a typical slope and the flow through the boundary was calculated during model integration. For the final broadscale simulations slopes of 0.0041–0.0048 m/m were used. This slope is the average of the left and right bank slopes, orthogonal to the main river reach. The downstream boundary was located 3 km upstream of the confluence with the sea.



The basic TUFLOW scheme is based on a numerical solution of the 1D unsteady St Venant fluid flow equations (momentum and continuity) including the inertia terms. The 1D solution uses an explicit finite difference, second-order, Runge–Kutta solution technique [34] for the 1D shallow water equations of continuity and momentum as given by the equations below. The equations contain the essential terms for modeling periodic long waves in estuaries and rivers, that is: wave propagation; advection of momentum (inertia terms) and bed friction (Manning’s equation).
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where: (u) is the depth and width averaged velocity, (ζ) is the water level, (t) is the time, (x) is the distance, (A) it the cross-sectional area, (B) is the width of flow, (k) is the energy loss coefficient, (n) is the Manning’s n, (ft) is the form (Energy) loss coefficient, (R) is the hydraulic radius and (g) is the acceleration due to gravity.



Accordingly, in order to examine the impact of the deployed NBS on the groundwater resources the hydrological model MIKE-SHE was used. MIKE-SHE is a physically based distributed model that is able to simulate all hydrological processes within the land phase of the hydrological cycle in a river basin [35]. This integrated modeling tool can simulate overland flow, unsaturated flow, vegetation-based evapotranspiration, groundwater flow and fully dynamic channel flow and can describe their hydraulic relationships [30] MIKE-SHE is fully integrated with the one-dimension model MIKE Hydro River, which incorporates river hydraulics applications, flood analysis, ecology and water quality assessments and sediment transport analysis in rivers, flood plains, irrigation channels, reservoirs and other inland water bodies [31].



The overland flow was simulated using the conceptual reservoir representation based on an empirical relation between flow depth and surface detention, together with the Manning equation describing the discharge under turbulent flow conditions [32,36]. The relationship between the depth (y), the slope (L), the surface storage at equilibrium (De) and the detained surface storage prior to equilibrium (D), is given by an empirical model:


  y =  D L   (  1 +  3 5     (   D   D e     )   3   )   








where during the recession part of the hydrograph, when D/De is greater than 1, D/De is assumed to be equal to 1. The 2-layer water balance method was used for the simulation of the unsaturated zone and is based on a formulation presented in [37]. The saturated zone simulation was achieved using the linear reservoir module, a concept firstly introduced by Zoch [38,39,40]. A linear reservoir is one, whose storage is linearly related to the output by storage constant with the dimension time, also called a time constant, as S = kq, where (S) is storage in the reservoir with dimensions length, (k) is the time constant and (q) is the outflow from the reservoir with dimensions length/time. The outflows from a linear reservoir with two outlets can also be calculated explicitly. In this case, storage is merely given as: S = kpqp = koqo + hthresh, where (kp) is the time constant for the percolation outlet, (qp) is percolation, (ko) is the time constant for the overflow outlet, (qo) is the outflow from the overflow outlet and (hthresh) is the threshold value for the overflow outlet. (qp) and (qo) at the time (t + dt) can be expressed as:
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where I is the inflow to the reservoir and constant in time.



The necessary information for the model set-up concerns the topography, climatological forcing (precipitation rate, reference evapotranspiration and air temperature), land-use distribution, hydrographic network (river network, cross-sections, hydraulic structures, boundary conditions and hydrodynamic parameters), surface runoff parameters (overland flow), unsaturated zones parameters (soil map) and saturated subsurface flow parameters (linear reservoir method). The eastern part of the Spercheios river basin is structured by alluvial deposits. In this porous media, the groundwater body consists of successive permeable and impermeable soil layers forming successive unconfined and confined aquifers.



The grid spacing for the simulations was set to 400 m. The topography of the Spercheios river basin was defined from the 50 m × 50 m digital elevation model (DEM) of the area, after resampling (Figure 5). Land use is connected to vegetation distribution and therefore the actual evapotranspiration was derived for the CORINE 2018 dataset. For each land use category the time-varying values of the leaf area index (LAI), root depth and crop coefficient (Kc) were assigned in the vegetation property file based on bibliography (for more details see [41]). Reference evapotranspiration was calculated based on the Hargreaves empirical approach [42]. Model performance for the area has already been established in [41] and meet the criteria proposed by [43] during calibration and validation (Nash–Sutcliffe coefficient of efficiency > 0.50, RMSE observations standard deviation ratio < 0.70, and percent bias ± 25% for streamflow) in selected cases where river discharge measurements were available.



The implemented NBS was included in the model by altering the topography (cross-sections) upstream of the existing hybrid solution in the Spercheios River basin. After the NBS deployment, the elevation in the said area upstream was 7 m lower (from about 11.0 to 4.0 m.a.s.l. and up to 140 m wide). The area affected by the interventions was about 600 m upstream of the hybrid solution.




3.2. Climate Data


The goal of this work was to assess the efficiency of the deployed NBS under current and future climate conditions. For the current climate, the ERA5 reanalysis data [44] from 1979 to 2018 was used. In order to investigate the future performance of the NBS, regionally downscaled climate projections from the EURO-CORDEX project were used [45]. Climate projections have three main sources of uncertainty: model uncertainty, scenario uncertainty and internal variability [46]. In order to account for model uncertainty, ideally the impact models would be run with many different pairs of global and regional climate models. To account for scenario uncertainty (uncertainty caused by our inability to know with certainty how future emissions of greenhouse gases will develop), it is possible to run simulations with multiple different emissions scenarios. To account for internal variability, it is possible to run simulations with different climate model starting conditions, known as the initial conditions. The uncertainty due to internal variability is the most important at shorter timescales of generally up to a couple of decades, whereas after a couple of decades the dominant sources of uncertainty are due to the climate model and scenario uncertainty [46]. Here, we ran the impact models with five different global (general circulation models—GCMs) and regional (regional climate models—RCMs) climate model pairs, and for one emissions scenario (RCP8.5) [47,48]. This is a trade-off based on our computing resources, while at the same time providing a reasonable quantification of the uncertainty in climate modeling. In doing so, we were able to provide a reasonable assessment of the future performance of the NBS. The global and regional climate model pairs that we used are summarized in Table 2, along with the abbreviation that will be used in the rest of the manuscript. We selected the RCP8.5 emissions scenario (until the year 2100) in order to provide the most stringent test of the performance of the NBS as possible [49].





4. Results


The aim of the modeling procedure presented above was to provide information on the impact that NBS has on the flood levels, the flood mapping outputs and the groundwater storage levels. The outcomes were used to evaluate the efficiency and advantages of the intervention.



4.1. Flood Extent


Flood extents were produced for the 10% annual exceedance probability (AEP) events for both current and future climate conditions. The 10% AEP flood extent followed the expected pattern, with flooding followed the main river and non-main river watercourse valley. First simulations were performed for the current climate conditions of the area using the ERA5 reanalysis dataset for the years 1979–2018. The results are presented in Figure 6, which shows the difference in 10% AEP event maximum flood depths when the NBS is present minus the baseline conditions, (“baseline” conditions refer to no NBS presence).



The 10% AEP event results show that without the NBS, the maximum depth of flooding (12.28 m) occurred approximately 16 h into the simulation upstream of Athinon road at the left bank. With the NBS, the maximum depth of flooding was the same (12.28 m) and occurred at the same location. The mean depth was reduced from 1.27 to 1.24 m after the addition of the NBS. Maximum water velocity occurred at the upstream end of the model where the river bed was steeper. The cause of the high velocity was the ground slope. The maximum velocity was 7.98 m/s and occurred after 16 h approximately (both with and without the NBS). The flooded area was 35.28 km2 and 34.94 km2, without and with the NBS respectively. Comparison of the results before and after the NBS deployment shows similar extent and depth of flooding at the upstream end of the model, where the impact of the NBS was less profound.



The positive impact of the NBS on flood levels was apparent from the junction with Frantzi Road and extended to the downstream boundary of the TUFLOW domain. The greatest flood depth decrease occurred immediately downstream of the NBS with a maximum flood depth reduction of 0.45 m. The residential villages of Neo Krikello, Komma and Anthli were less prone to flooding due to the NBS. There was a slight increase in flood depths in the limited area around the old river bed. This is expected, as the NBS created a reservoir for which the lowest escape route was the old river bed. Therefore, additional flows were diverted through this flood route. Nevertheless, no residential areas were affected. The 10% AEP event results provide good agreement with flood maps produced by previous studies [23]. The results for the current climate conditions in the area are presented in Table 3.



The impact of climate change was considered by simulating five climate change scenarios for the 10% AEP event, with and without the NBS. The scenarios considered flows of 85% (Sc1), 75% (Sc2), 101% (Sc3), 87% (Sc4) and 79% (Sc5) of the baseline 10% AEP event design flows, based on changes in the precipitation for each climate scenario. The tabulated results are shown in Table 4, Table 5, Table 6, Table 7 and Table 8 for each scenario respectively.



For all climate change simulations, the NBS had a positive impact on flood depth reduction. This confirms the benefits of the intervention and the importance of maintaining the pond storage. The change in velocity with the NBS was negligible, which confirms that it did not increase the risk of erosion. On the contrary, it acted as a stilling basin for the flow arriving upstream of the “Meristis” structure.



A reduction of the flooded area with the NBS is also observed, similar to the current climate conditions and, in general, the results before and after the NBS were similar to the baseline scenarios without the NBS implementation. The greatest impact is observed in the resulting flooded area. In the Sc2 and Sc1 scenarios, the NBS results in a reduction of the flooded area of 0.2 and 0.29 km2 respectively. The positive impact of the NBS on flood levels was apparent from the junction with Frantzi Road and extended to the downstream boundary of the area. The greatest flood depth decrease occurred immediately downstream of the NBS with a maximum flood depth reduction of 0.30 m for the Sc5 flow scenario. The residential villages of Komma and Anthli were less prone to flooding due to the NBS. It should be noted here that the impact of the deployed NBS was expected to be small, due to the relatively small scale of the intervention. Still the results were significant and even a small intervention such as this is expected to help the local communities in the long-run.




4.2. Groundwater Storage Change


Precipitation is one of the most important parameters in the hydrological cycle. As mentioned above, the meteorological forcing in the present study was derived from the ERA5 dataset. The spatial distribution of the meteorological data (precipitation, reference evapotranspiration and average daily air temperature for snowmelt) during the hydrological modeling was defined as station-based. More specifically, the river basin was divided into a number of subareas, one for each “station”. In the specific case, each subarea represents each grid from the ERA5 dataset and for each ERA5 grid, the corresponding time-series was attributed.



In the case of using the ERA5 meteorological forcing for the simulation of the current state, the mean spatially averaged annual precipitation of the Spercheios River Basin for the period 1979–2018 was 899.5 mm. Without the NBS the mean spatially-averaged annual actual evapotranspiration was 561.6 mm, while with the implemented NBS the mean spatially-averaged annual actual evapotranspiration was 564.8 mm.



Based on the results, the mean spatially averaged annual subsurface/groundwater storage change for the period 1979–2018 without the implemented NBS was 125.5 mm. The groundwater storage change was slightly affected by the NBS and reached 125.9 mm for the same simulated time period (1979–2018). Generally, annual subsurface/groundwater storage change increased almost in all years between 1979 and 2018, with the only exception in four years (Figure 7).



This small increase of the mean annual subsurface/groundwater storage change (average annual increase 0.4 mm/0.3%) can be attributed to the small increase of the water surface/volume at the area where the NBS was implemented, which led to the increase of the water infiltration locally. This increase was practically negligible, due to the small intervention that took place, in relation to the entire area of the river basin that the analysis was performed.



In order to examine the impact of the implemented NBS on groundwater resources under future climate and weather conditions, five climate change scenarios were examined and the subsurface/groundwater storage change in the Spercheios River Basin for each scenario (Sc1, Sc2, Sc3, Sc4 and Sc5) was calculated. More specifically, the hydrological model of the Spercheios river basin was run under the meteorological forcing of the climate change scenarios mentioned above. This includes precipitation, reference evapotranspiration, and average temperature for the calculation of snowmelt. Reference evapotranspiration was calculated based on the Hargreaves empirical approach [27]. It should be noted that no change for land use or irrigation demand was considered during the scenarios examined.



For the five different climate change scenarios used in this work, the mean spatially-averaged annual precipitation was 671.8 mm in Sc1, 693.9 mm in Sc2, 717.2 mm in Sc3, 634.4 mm in Sc4 and 788.2 mm in Sc5. The mean spatially averaged annual actual evapotranspiration was 488.3 mm in Sc1, 439.8 mm in Sc2, 440.2 mm in Sc3, 391.2 mm in Sc4 and 404.3 mm in Sc5. Finally, the mean spatially averaged annual subsurface/groundwater storage change was calculated to be 66.7 mm in Sc1, 84.4 mm in Sc2, 94.2 mm in Sc3, 79.9 mm in Sc4 and 102.5 mm in Sc5 (Table 9).



Based on the results, the smallest groundwater storage change was simulated in Sc1. Although the precipitation was lower in the case of Sc4 than in Sc1, the groundwater storage change was higher than in the case of Sc1 due to the lower actual evapotranspiration as a result of lower air temperature (Figure 8a for Sc1 and Figure 8b for Sc4). The most profound increase of groundwater storage change was expected in the case of Sc5, due to the corresponding higher rate of precipitation (Table 9).



In all cases, the groundwater water changes demonstrated a long-term decrease for the period 2010–2100. This trend was estimated to be more profound in the case of Sc4 and the smallest in Sc1 (Figure 8a,b).





5. Conclusions and Recommendations


In this manuscript, the deployment of a nature-based solution in the Spercheios River Basin was presented. The NBS is a water retention measure, specifically designed to address hydrometeorological hazards and namely floods. In order to examine the efficiency of the intervention under current and future climate conditions, several numerical simulations were performed.



A new model of the River Spercheios fluvial catchment was constructed using the Greek Land Register 2018 based DTM and the Greek Ministry of Environment and Energy website inflows. The model had good performance and produced stable results with the flood extents being in good agreement with previous studies. When the NBS was considered, the maximum depth of flooding and the maximum velocity were reduced for all events, especially in the area around and downstream of the NBS. The flooded area was also reduced with the presence of NBS, especially for more frequent events. This is expected as the magnitude and the nature of the NBS was not to provide radical changes to the surrounding area. Therefore, the changes caused were less profound than the option of a hard structure. The positive impact of the NBS on flood levels was apparent from the junction with Frantzi Road and extended to the downstream end of the river. The greatest flood depth decrease occurred immediately downstream of the NBS. The residential villages of Neo Krikello, Komma and Anthli, were less prone to flooding due to the NBS.



Regarding the subsurface/groundwater storage under present and future climate, the NBS construction seemed to favor long-term groundwater recharge. The mean spatially averaged annual subsurface/groundwater storage change without the implemented NBS was 125.5 mm/y. With the implemented NBS recharge slightly increased by 0.4 mm/y (0.3% increase) and reached 125.9 mm/y (Figure 9).



This small increase of the mean annual subsurface/groundwater recharge could be attributed to the small increase of the water surface/volume at the area where the NBS was implemented, which led to the increase of the water infiltration locally. This increase was relatively small, due to the small intervention that took place, in relation to the entire area of the river basin that the analysis was performed. However the results were not insignificant and they indicate that by upscaling this intervention in a greater area, or in other locations along the Spercheios River Basin, the benefits could be substantial.



As for the climate change scenarios examined with the implemented NBS, the subsurface/groundwater storage change was simulated to be 66.7 mm in Sc1, 84.4 mm in Sc2, 94.2 mm in Sc3, 79.7 mm in Sc4 and 102.5 mm in Sc5. The groundwater storage change under the five climate change scenarios examined will decrease by 47.0% in Sc1, 32.9% in Sc2, 25.2% in Sc3, 36.6% in Sc4 and 18.6% in Sc5 compared to the current state with the implemented NBS.
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Figure 1. Location and map of Spercheios River Basin. The green circle denotes the nature-based solutions (NBS) location. 
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Figure 2. (a) Engineering representation of the NBS deployed in Komma (green circle in Figure 1) and (b) cross-section of the intervention deployed. 
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Figure 3. River Spercheios catchment ground elevations used for DTM construction and the TUFLOW model domain. 
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Figure 4. River Spercheios catchment model-CORINE 2018 land uses. 
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Figure 5. Topography of the Spercheios River Basin as defined in MIKE-SHE. 
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Figure 6. River Spercheios catchment—10% annual exceedance probability (AEP) event maximum flood depths difference (with NBS—baseline) for current climate conditions, using the ERA5 dataset. 
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Figure 7. (a) Subsurface/groundwater storage change and (b) subsurface/groundwater storage change difference, with and without NBS. 
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Figure 8. Subsurface storage change for (a) Sc1 and (b) Sc4. 
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Figure 9. Water balance for the Spercheios River Basin without the NBS (blue), and after NBS deployment (red). The numbers refer to current climate conditions. 
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Table 1. CORINE codes with corresponding Manning’s n values and description used in TUFLOW for OAL-Greece.
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	TUFLOW-CORINE 2018 Code
	Material Manning’s n Values
	Description





	111
	0.05
	Continuous urban



	112
	0.05
	Discontinuous urban



	121
	0.05
	Industrial



	122
	0.08
	Rail, Rail, Manmade



	124
	0.08
	Airports



	133
	0.05
	Construction areas



	211
	0.035
	Non irrigated land



	212
	0.035
	Irrigated land



	213
	0.035
	Rice



	223
	0.075
	Olive trees



	242
	0.065
	Composite agriculture



	243
	0.075
	Mixed agriculture with natural



	323
	0.08
	Small trees



	324
	0.09
	Forest and small trees



	421
	0.05
	Coastal swamps



	511
	0.03
	Water streams
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Table 2. The five general circulation model (GCM)/regional climate model (RCM) pairs that were used to define NBS efficiency under future climate conditions.
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	General Circulation Model
	Regional Climate Model
	Abbreviation in the Text





	ICHEC-EC-EARTH
	KNMI-RACMO22E
	Sc1



	ICHEC-EC-EARTH
	CLMcom-CCLM4-8-17
	Sc2



	MOHC-HadGEM2-ES
	SMHI-RCA4
	Sc3



	MPI-ESM-LR
	SMHI-RCA4
	Sc4



	NorESM1-M
	DMI-HIRHAM5
	Sc5
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Table 3. River Spercheios model 10% AEP event results—maximum and mean values for current climate conditions.
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	10% AEP Scenario
	Baseline Results
	Results with NBS
	Location
	Simulation Time





	Maximum Depth (m)
	12.28
	12.28
	Upstream of Athinon Road (left bank)
	16 Hours



	Mean Depth (m)
	1.27
	1.24
	N/A
	N/A



	Maximum Velocity (m/s)
	7.98
	7.98
	Upstream boundary of the model
	16 Hours



	Mean Velocity (m/s)
	0.51
	0.50
	N/A
	N/A



	Flooded Area (km2)
	35.28
	34.94
	N/A
	N/A
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Table 4. River Spercheios model 10% AEP scenario with 85% of baseline flow—maximum and mean values (Sc1).
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	10% AEP Scenario with 85% of Baseline Flow (Sc1)
	Baseline Results
	Results with NBS
	Location
	Simulation Time





	Maximum Depth (m)
	12.11
	12.11
	Upstream of Athinon Road (left bank)
	16 Hours



	Mean Depth (m)
	1.21
	1.18
	N/A
	N/A



	Maximum Velocity (m/s)
	7.37
	7.36
	Upstream end of the model
	16 Hours



	Mean Velocity (m/s)
	0.46
	0.46
	N/A
	N/A



	Flooded Area (km2)
	35.27
	35.08
	N/A
	N/A
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Table 5. River Spercheios model 10% AEP scenario with 75% of baseline flow—maximum and mean values (Sc2).
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	10% AEP Scenario with 75% of Baseline Flow (Sc2)
	Baseline Results
	Results with NBS
	Location
	Simulation Time





	Maximum Depth (m)
	11.75
	11.74
	Upstream of Athinon Road (left bank)
	16 Hours



	Mean Depth (m)
	1.17
	1.15
	N/A
	N/A



	Maximum Velocity (m/s)
	6.87
	6.86
	Upstream end of the model
	16 Hours



	Mean Velocity (m/s)
	0.43
	0.43
	N/A
	N/A



	Flooded Area (km2)
	33.80
	33.60
	N/A
	N/A
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Table 6. River Spercheios model 10% AEP scenario with 101% of baseline flow—maximum and mean values (Sc3).
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	10% AEP Scenario with 101% of Baseline Flow (Sc3)
	Baseline Results
	Results with NBS
	Location
	Simulation Time





	Maximum Depth (m)
	12.29
	12.29
	Upstream of Athinon Road (left bank)
	16 Hours



	Mean Depth (m)
	1.27
	1.25
	N/A
	N/A



	Maximum Velocity (m/s)
	8.02
	8.02
	Upstream end of the model
	16 Hours



	Mean Velocity (m/s)
	0.51
	0.51
	N/A
	N/A



	Flooded Area (km2)
	37.06
	36.77
	N/A
	N/A
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Table 7. River Spercheios model 10% AEP scenario with 87% of baseline flow—maximum and mean values (Sc4).
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	10% AEP Scenario with 87% of Baseline Flow (Sc4)
	Baseline Results
	Results with NBS
	Location
	Simulation Time





	Maximum Depth (m)
	12.14
	12.14
	Upstream of Athinon Road (left bank)
	16 Hours



	Mean Depth (m)
	1.22
	1.19
	N/A
	N/A



	Maximum Velocity (m/s)
	7.46
	7.46
	Upstream end of the model
	16 Hours



	Mean Velocity (m/s)
	0.47
	0.47
	N/A
	N/A



	Flooded Area (km2)
	35.54
	35.33
	N/A
	N/A
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Table 8. River Spercheios model 10% AEP scenario with 79% of baseline flow—maximum and mean values (Sc5).
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	10% AEP Scenario with 79% of Baseline Flow (Sc5)
	Baseline Results
	Results with NBS
	Location
	Simulation Time





	Maximum Depth (m)
	11.97
	11.97
	Upstream of Athinon Road (left bank)
	16 Hours



	Mean Depth (m)
	1.18
	1.17
	N/A
	N/A



	Maximum Velocity (m/s)
	7.09
	7.08
	Upstream end of the model
	16 Hours



	Mean Velocity (m/s)
	0.44
	0.44
	N/A
	N/A



	Flooded Area (km2)
	34.49
	34.32
	N/A
	N/A
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Table 9. Mean spatially averaged annual precipitation, actual evapotranspiration and groundwater storage change of Spercheios river basin for each climate change scenarios examined. The last column depicts values compared to the subsurface/groundwater storage change for the period 1979–2018 with NBS (125.9 mm).
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	Climate Change Scenario
	Precipitation (mm)
	Actual Evapotranspiration (mm)
	Subsurface Storage Change (mm)
	Subsurface Storage Change (%)





	Sc1
	671.8
	488.3
	66.7
	47.0%



	Sc2
	693.9
	439.8
	84.4
	32.9%



	Sc3
	717.2
	440.2
	94.2
	25.2%



	Sc4
	634.4
	391.2
	79.9
	36.6%



	Sc5
	788.2
	404.3
	102.5
	18.6%
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