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Abstract

:

Floods are among the most frequent and deadliest natural disasters, and the magnitude and frequency of floods is expected to increase. Therefore, the effects of different flood risk management options need to be evaluated. In this study, afforestation, permeable concrete implementation, and the use of dry and wet retention reservoirs were tested as possible options for urban flood risk reduction in a case study involving the Glinščica river catchment (Slovenia). Additionally, the effect of dry and wet reservoirs was investigated at a larger (catchment) scale. Results showed that in the case of afforestation and permeable concrete, large areas are required to achieve notable peak discharge reduction (from a catchment scale point of view). The costs related to the implementation of such measures could be relatively high, and may become even higher than the potential benefits related to the multifunctionality and multi-purpose opportunities of such measures. On the other hand, dry and wet retention reservoirs could provide more significant peak discharge reductions; if appropriate locations are available, such reservoirs could be implemented at acceptable costs for decision makers. However, the results of this study show that reservoir effects quickly reduce with scale. This means that while these measures can have significant local effects, they may have only a minor impact at larger scales. We found that this was also the case for the afforestation and permeable concrete.
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1. Introduction


Floods are natural disasters that can cause large economic damage and endanger human lives [1,2,3,4]. Moreover, the magnitude and frequency of floods are expected to increase in many parts of world in future decades due to climate change [5,6,7,8]. Additionally, the seasonality of floods is changing throughout the globe [9]. Therefore, different structural and non-structural measures will inevitably need to be implemented to cope with the increasing flood risk [10,11,12]. Flood forecasting can be one of the solutions to warn people living in flood hazard areas [13,14,15] in the case that prevention measures are not sufficient or cannot be implemented. Efficient flood forecasting requires good input data for model set-up and conducting forecasts. Additionally, meteorological forecasting of suitable quality and lead-time should be used for the prediction of the hydrological conditions.



More specifically, green, blue, gray, and hybrid measures can be used to lower flood risks [10,16,17,18,19]. However, it is not always clear if a specific green or blue measure is able to provide sufficient flood risk reduction given the variety of hydrological conditions [20]. Therefore, additional research, directed into site specific conditions, is needed in order to better evaluate the impact of different measures on the hydrological conditions within the catchment and consequently on flood risks [17,21]. A second need stems from the fact that limited social acceptance of purely green measures often encounter resistance in planning departments due to institutional path dependency related to the history of utilizing grey measures. Therefore, their implementation is often limited. This is often the case in the Central-Eastern European countries [17,22] such as Slovenia. Moreover, these countries also use so called ad-hoc instruments that are implemented directly after catastrophic flood events [23] and generally invest less funds into water-related infrastructure compared to other western countries [24]. Modelling approaches and case studies investigations can help in creating a scientific basis to support implementation of specific flood risk measure and speed up implementation procedure by environmental engineers and spatial planners. Most of the studies that have been conducted so far took into consideration one specific flood risk management option and a comparison of different measures is not carried out [21,25,26,27,28]. Only limited number of studies took into consideration multiple flood risk reduction measures [29]. Additionally, some studies have shown that, in view of the impact of afforestation on the rainfall-runoff formation, only specific forest types have a flood mitigation effect while coniferous trees do not [30]. Therefore, additional research is needed to better evaluate the usefulness and impact of different measures at various spatial scales.



The main aim of this study was to evaluate the effect of different flood risk management measures that can be used to cope with increasing flood risk from the perspective of peak discharge, potential damage, and benefits of the measures. More specifically, afforestation, permeable concrete implementation, and dry and wet retention reservoirs were taken into consideration. Moreover, a comparison among these measures was carried out. Additionally, evaluation of the hydrological effect of dry and wet retention reservoirs on the flood risk was performed where special focus was given to the scaling effect of these objects. To sum up, the main motivation behind this study was to enhance the scientific basis related to flood risk management by exploring the effect of different measures on the hydrograph formation and related flood damage.




2. Materials and Methods


2.1. Glinščica River Catchment and Models Used


The partially urbanized Glinščica river catchment was selected as a case study to evaluate the effect of afforestation, permeable concrete implementation, and dry and wet retention reservoirs on the flood risk. The catchment area before the confluence with the larger Gradaščica river is 16.9 km2 (Figure 1). This case study is one of the experimental catchments in Slovenia [21,31,32,33] and was selected since it was already used in previous applications and since it is a hydrological, a hydraulic and a flood damage model for this catchment are already set-up, calibrated, and evaluated using the data obtained at the scope of the measurements within the experimental catchments. The eastern and western parts of the catchment are hillier and mainly forested while central and southern parts are flatter and more intensively urbanized (Figure 1). The elevation ranges from about 210 to about 590 m.a.s.l., the mean annual precipitation is around 1400 mm, and the catchment time of concentration is around 6 h [31]. Forest covers around 50% of the area while agricultural and urbanized areas both cover around 20% of the catchment [31]. According to the Soil Conservation Service (SCS) methodology, the soil characteristics can be classified into C and D types with generally low infiltration rates [31]. A detailed description of the catchment can be found in previous studies [21,31,32].



Similarly as Johnen et al. [21] this study used the hydrological HEC-HMS, the hydraulic model HEC-RAS, and the flood damage KRPAN model. The HEC-HMS model is one of the most frequently used rainfall-runoff models that includes simulation of the most relevant hydrological processes [34]. A variety of traditional hydrological methods is included in the software that can also be used for the continuous rainfall-runoff or event-based simulations [34]. In the scope of this study, the rainfall losses were calculated using the SCS Curve Number (CN) method [32,34] where the CN parameter was estimated based on the land-use map and the SCS soil type map [21]. The transformation of the effective rainfall to runoff was done using the synthetic unit hydrograph method where again the SCS method was used and the lag time parameter was calculated using the catchment characteristics [21]. There are other options available such as user defined unit hydrograph curves that were used in some other previous studies and yield a bit smaller peak discharge values [32,35]. For the sensitivity analysis conducted in the scope of the Section 2.5 also the Clark unit hydrograph method was tested [34]. Similarly as Johnen et al. [21] the simulations in this study were also conducted for the 2, 10, and 25-years return periods. The design rainfall event was determined using the intensity-duration-frequency (IDF) curves and Huff curves as described by Bezak et al. [31]. Gauged data from the nearby Ljubljana-Bežigrad station was used [31]. The results (i.e., hydrographs) of the hydrological simulations using the HEC-HMS model were used as upper boundary condition to the hydraulic HEC-RAS model [31].



The HEC-RAS model, among others, allows performing one and two dimensional steady and unsteady flow simulations for a variety of natural or constructed river sections [36]. The lower section of the Glinščica river catchment was also modelled with the HEC-RAS software (Figure 2) where a combination of one and two dimensional unsteady flow simulations was used as described by Bezak et al. [31]. A detailed description of the methodology used is provided by Bezak et al. [31]. The results of the HEC-RAS simulations, floodplain water depths and flood extent were used as input to the flood damage KRPAN model.



The flood damage KRPAN model was developed specifically for the entire area of Slovenia taking into consideration all the relevant input data [21,37]. The model uses different flood depth-damage equations, census and market values data for each sector such as cultural heritage, economic activities and environment in order to derive the expected damage based on the floodplain water depth and extent [37]. The input to the model is polygon of the flood extent with the information about the water depth as polygon attribute and the output is the expected damage for different sectors [21,37]. The model was already used in previous applications [21] with a similar type of model also developed for Croatia [38].




2.2. Afforestation


Afforestation is one of the nature-based solutions that can be used for peak flow reduction and this measure can provide multiple eco-system benefits and services as well [21]. The initial study where different flood risk management options were evaluated for the Glinščica river catchment was conducted by Johnen et al. [21] who evaluated the effect of afforestation on the flood risk within this study area. Due to the consistency with the description of the others steps done in the scope of this study (Section 2.3, Section 2.4 and Section 2.5) this paragraph will briefly summarize the main methodological steps done by Johnen et al. [21] as well as the main results they obtained [21]. The cost-benefit analysis (CBA) was also conducted in order to evaluate the effect of afforestation on the flood risk for the 2, 10, and 25-years return periods [21]. Multiple potential ecosystem services of the potentially afforested areas were taken into consideration such as biodiversity, carbon capture, recreational value, and water quality. Three different scenarios of land-use modification in different parts of the catchment were taken into consideration within the study conducted by Johnen et al. [21]. It should be noted that various scenarios are potentially feasible but the selected three scenarios also include the situation with maximum and minimum possible effect of afforestation. The same combination of the three models as described in Section 2.1 was used to evaluate the effect of afforestation [21]. A description of the main results is summarized in Section 3.1 of this study.




2.3. Permeable Concrete


A second hypothetical option that was taken into consideration for flood risk management in case of the Glinščica river catchment is permeable concrete implementation. Permeable concrete is known to provide a cost-effective solution to the problem of localized urban flooding due to its ability of reducing storm-water runoff [39,40,41,42]. Moreover, permeable concrete (or pavement) also has multiple cold-weather benefits such as less road salt needs to be applied in winter with air stored in the material, which can have a positive effect on melting the snow or ice cover [43,44]. The costs of the permeable concrete can be calculated by addressing the construction and maintenance costs of implementing permeable concrete on built and similar areas of the Glinščica river catchment. However, the benefits are mainly ecological, such as mitigation of “first flush” pollution, reduction of surface temperature and heat island effects, protection of streams, watersheds, and ecosystems, which can often be hard to express in economic value [42]. The idea behind applying the permeable concrete to the Glinščica river catchment was replacing existing built-up areas in the catchment with permeable concrete. It should be noted that this should be regarded as a hypothetical example since such solution is practically impossible to implement at such large scale. As noted, permeable concrete solutions are mainly implemented at much smaller scales as parking lots or parts of streets. Additionally, the implementation of permeable concrete also requires soils with good infiltration rates. To evaluate the proposed approach, the combination of three models as described in Section 2.1 was used. Similarly as in the case of Johnen et al. [21] three scenarios and initial land-use (additional baseline scenario) were used. Firstly, the input to the models was the present (i.e., initial) situation at the Glinščica river catchment with current land use parameters (methodology described in Section 2.1). Secondly, the hypothetical scenarios of permeable concrete cover were considered as follows:




	
Scenario 1: all built and similar areas (subbasins 1, 2 and 3) in the Glinščica river catchment were replaced with permeable concrete.



	
Scenario 2: all built and similar areas of subbasin 1 and subbasin 2 were replaced with permeable concrete.



	
Scenario 3: all built and similar areas of subbasin 1 were replaced with permeable concrete.








The three subbasins together with the initial (i.e., present) CN values are shown in Figure 2. There are more possible scenarios that could be investigated. However, the selected three scenarios should reveal the maximum (Scenario 1) and minimum (Scenario 3) impact of the selected measure.



To address the application of permeable concrete in the hydrological model HEC-HMS, values of SCS CN parameter were adjusted according to the literature review [45]. More specifically, the values of CN 50 and CN 74 [45] were chosen in comparison with the current situation CN 91 for built and similar areas of the Glinščica river catchment. This means that for the land-use type built and similar areas the CN was changed from 91 to 50 and 74. Thus, for all three scenarios mentioned above new total CN values (for each subbasin) were calculated using both CN values, 50 and 74.



The HEC-HMS modelling results (i.e., hydrographs) for the 2, 10, and 25-years return periods were used as input for the hydraulic model HEC-RAS (Section 2.1). Similarly as in the study of Johnen et al. [21], changes were also made within the hydraulic model by modifying the Manning values for the built and similar areas regarding different scenarios and compared with the situation of current Manning value parameter [36]. The value of 0.03 [28] was used as the Manning roughness coefficient (n) for built and similar areas for the application of permeable concrete while in case of baseline scenario a value of 0.045 was used [21]. As described in Section 2.1, results of the HEC-RAS model were used as input to the KRPAN model in order to estimate the expected damage.




2.4. Retention Reservoirs


There are two retention reservoirs located in the Glinščica river catchment (Figure 1). The upstream one is the wet retention reservoir named Podutik that was constructed more than 30 years ago [46]. After the construction, the area was not regularly maintained, which led to increased presence of vegetation in the reservoir (Figure 3). Therefore, in the year 2019, the vegetation in reservoir was removed and large maintenance and reconstruction was carried out with aim to re-establish the flood safety of the downstream areas by increasing flood retention volume (Figure 3) [47,48]. The total cost of the re-construction was around 500,000 EUR [47]. In this wet reservoir the water level is retained using simple outlet and spillway without any additional hydro-technical equipment [48]. Figure 3 also shows some main characteristics of the Podutik reservoir and arrangement of the outlet section from the retention reservoir. This reservoir was also used as one of the case studies to create multifunctional blue-green infrastructure [49].



The downstream reservoir Brdnikova was constructed around 50 years ago and was subsequently improved (i.e., much large volume) and modified in 2019. The total costs of the project, which included raising the road levee, construction of outlet control section with gate, and reconstruction of road bridges were around 7,600,000 EUR The costs directly related to the construction of the reservoir were around 2,400,000 EUR [50]. The area upstream of the outlet control section equipped with automatically regulated hydro-mechanical gate is flooded only during flood events (Figure 4). This kind of structures are relatively frequently used in Slovenia to deal with flood risk [51]. The maximum retention volume after the reconstruction is estimated at 450,000 m3 (flooded area in this case is around 42 ha) [52]. Land use in this reservoir is extensive agriculture (predominantly meadows).



It should be noted that simulations done in the scope of Section 2.2 and Section 2.3 did not consider the effect of both reservoirs within the hydrological model HEC-HMS. The main idea was therefore to evaluate the effect of the individual measure on the flood risk (peak discharge reduction and flood damage using KRPAN model). Thirdly, as an option for the flood risk management in the Glinščica river catchment, both reservoirs were implemented in the HEC-HMS hydrological model using the reservoir tool [34]. To account for the volume of the reservoir, the elevation-storage method was used where the volume of the potentially flooded area was determined based on the lidar data (i.e., 1 m grid cell). The elevation-storage function was later validated using the information about the area of the Podutik reservoir that is always flooded (i.e., around 5500 m2) [48] and based on the field survey (i.e., estimated water depth). A similar validation was conducted for the Brdnikova reservoir using the data from the project documentation [52]. Similarly, other details needed to correctly model both reservoirs using the HEC-HMS model were obtained using lidar data, field surveys or project documentation (e.g., initial conditions, main tailwater, stage) (Table 1). The outflow from the Podutik reservoir was modelled as combination of box culvert outlet and high-discharges spillway (Table 1). Moreover, outflow from the Brdnikova reservoir was modelled using box culvert outlet opening [34] (Table 1). Since the HEC-HMS model does not include any option to operate gates within an outlet during the simulation, the gates were modelled using a fixed stage (i.e., fixed rise of the culvert outlet) in case of the Brdnikova reservoir. The characteristics (e.g., dimensions, entrance and exit coefficients, outlet elevation, Manning’s n) of these structures were determined using a combination of field survey, lidar data and documentation guidelines [34] (Table 1).



The methodology described in Section 2.1 was also used in case of the dry and wet reservoirs where a comparison of peak discharge values and KRPAN results was made for the simulations with and without the reservoirs.




2.5. Sensitivity Analysis Using Retention Reservoirs


Since some studies have shown that the effect of small retention reservoirs can be relatively small at larger scales [25], the idea was to evaluate how does the effect of the Podutik and Brdnikova reservoirs changes with scale. Therefore, a hydrological model of the Glinščica river catchment was complemented with the adjacent Gradaščica river catchment and larger Ljubljanica river catchment (Figure 5). This means that Gradaščica river catchment (158 km2) up to the confluence with the Glinščica river was added to the model as a separate catchment using the subbasin creation tool in the HEC-HMS [34]. A Similar procedure was applied for the Ljubljanica river catchment (1585 km2) up to the confluence with the Gradaščica and Glinščica rivers. The SCS and Clark methods were used as transformation methods (i.e., effective rainfall to runoff) in case of the Gradaščica and Ljubljanica rivers, respectively. Since the Ljubljanica river catchment has significant karst characteristics [53,54], the Clark method was selected since this method also uses storage coefficient [34]. Since the Ljubljanica river catchment up to the Moste gauging station (i.e., located few kilometers downstream of the confluence of the three rivers) was investigated in previous studies [54,55,56] the prepared daily discharge as well as areal precipitation data from these studies were used. Thus, SCS and Clark parameters for the Gradaščica and Ljubljanica catchments were calibrated using areal precipitation (details about stations used and methodology applied are provided by Sezen et al. [55]) and daily discharge data measured at the Moste gauging station.



Using the calibrated model, the effect of the Podutik and Brdnikova reservoirs at larger scales was evaluated. Moreover, a sensitivity investigation was performed to see how the volume of retention reservoirs effects hydrological conditions during actual rainfall events (i.e., rainfall events that occurred in September 2007 and 2010). This means that actual rainfall events were investigated instead of the synthetic design rainfall events that were used in the scope of Section 2.2, Section 2.3 and Section 2.4. Different cases were investigated and are shown in Table 2. It should be noted that changes in the volume of reservoirs can be regarded equally similar to the potential changes in the number of reservoirs. For example, 10-times larger volume can be regarded as 10 individual reservoirs, which would be positioned within the catchment. It should be noted that Razori and Brezje reservoirs are planned to be constructed at the Gradaščica river catchment with total effective volume of both reservoirs approximately equal to the 10 times the volume of the Brdnikova reservoir.





3. Results and Discussion


3.1. Afforestation


Table 3 shows main results that were obtained in a study conducted by Johnen et al. [21]. It can be seen that peak discharge reductions through afforesting floodplains as a flood risk management option were relatively small (i.e., less than 15%) for all three tested return periods. Larger differences were obtained for the flood damage for the subbasin 3 (Figure 2 and Table 3). Since there are relatively a lot of information available about the positive ecosystem services of trees, Johnen et al. [21] were also able to conduct a detailed CBA. The calculated net present values were only positive for one of the three scenarios (i.e., afforestation downstream) where the main reason for such results was the modification of the floodplain roughness within the hydraulic model, which had bigger effect on the flood damage [21]. In the other scenarios the CBA indicated that costs were higher than the benefits of the hypothetical measures [21]. Therefore, afforestation as a sole flood protection measure is unlikely to cause enough peak flow reduction in order to ensure the flood safety, especially at larger scales, but can be used as a supplementary measure especially due to the multiple ecosystem services that trees can provide [21]. It should be noted that for the two-years return period the extent of the flooded area and consequently the flood damage is relatively minor (Table 3).




3.2. Permeable Concrete


Table 4 shows main results obtained for the case study where an implementation of permeable concrete was investigated. The analysis was conducted considering three different scenarios with varying CN values for permeable concrete and different return periods (Section 2.3). All scenarios were analyzed for the CN 50 (a) and CN 74 (b) for the built areas in which concrete was virtually replaced with permeable concrete (Section 2.3). The results showed that reduction of the flood hydrograph peak and flood damage were lowest for scenario 1 and highest for scenario 3. In addition, CN 50 of the observed built areas lowered the peak even further and reduced the flood damage compared to the baseline situation (Table 4). The difference between the highest and lowest flood peak regarding analyzed scenarios depended on the return period of the observed flood hydrographs and the chosen CN (Table 4). Economic damages simulated using the KRPAN flood damage model showed that higher return periods (25 years) combined with no application of permeable concrete (i.e., baseline scenario) resulted in the highest flood damages. However, the lowest flood damage of all analyzed scenarios was associated with scenario 1 (i.e., all built and similar areas replaced with permeable concrete; CN 50) and two-year return period where flood damage was minor (Table 4). Peak discharge and economic damage decreases are generally larger compared to the afforestation case study (Table 3). The main reason is since the agricultural areas that were hypothetically changed to forest in case of study conducted by Johnen et al. [21] cover around 3.6 km2 while the built areas that were modified in this study cover around 6 km2. Furthermore, a lower CN value that was used (i.e., 50) is substantially smaller compared to the initial CN value for built and similar areas, which was set to 91.



This study investigated a hypothetical example and hence all areas that are classified as built and similar areas (Figure 2) cannot be changed to permeable concrete since this land-use category includes also buildings and similar objects. Furthermore, huge costs would be related to such construction even in hypothetical case where built areas would only be composed from roads, parking lots, etc. According to the CNT Green values stormwater management calculator [52], the construction costs for permeable parking, streets, etc. are around 8.7 dollars per ft2, which is equal to around 80 EUR per m2. Even if this number is slightly reduced and adopted for Slovenian conditions (e.g., price per m2 of asphalt is around 40–50 EUR) and 50 EUR per m2 is used, still a huge number is obtained that exceeds 200 million EUR. Additionally, maintenance costs are annually estimated to be around 0.02 dollars per ft2 [57], which is equal to around 0.2 EUR per m2 per year. Thus, this yields approximately 1 million EUR of maintenance costs per year in case that entire built and similar areas would be changed to permeable concrete (i.e., around 6 km2).



The largest economic damage decrease calculated using the combination of models as described in Section 2.1 was around 500,000 EUR (Table 4) and was obtained for the 25-years return period and using scenario 1 and a CN value of 50. In all other cases, the estimated economic damage decrease (i.e., compared to baseline) was smaller. It should be noted that these numbers correspond to the one specific flood event. If multiple flood events occur, these damage decrease should be multiplied with the number of events. However, permeable concrete is beneficial (besides flood protection due to smaller runoff) in terms of health benefits (e.g., improved indoor environment quality), economic benefits (e.g., improved workforce development), climate adaptation (e.g., reduced urban heat islands), transportation benefits (e.g., reduced on-street flooding) [42]. Furthermore, improved infiltration that is characteristic of permeable concrete also has a positive effect on the groundwater recharge rate. Moreover, as already mentioned, there are also several benefits related to winter periods such as less road salt needed in winter and air stored in the material can have a positive effect on snow melting [43,44]. Therefore, a detailed CBA would need to be conducted to more comprehensively evaluate all the positive effects of permeable concrete in relation to the high construction and maintenance costs. However, it seems that high construction costs (e.g., compared to afforestation) indicate that such measures are more likely to be implemented at smaller scales in case of maintenance of existing urban areas (i.e., streets, parking lots). However, such option could be a good alternative for newly constructed areas where permeable concrete (or asphalt) can be selected as a valuable decentralized flood risk management alternative to classical measures or as a supplementary measure.




3.3. Dry and Wet Retention Reservoirs


Inflow and outflow hydrographs for the Podutik and Brdnikova reservoirs for the 2- and 25-years return period are shown in Figure 6. It can be seen that the Brdnikova reservoir can lower the peak discharge in case of the 25-years return period event for about 45% while this decrease is bit smaller in case of 2-years return period event (i.e., 32%). Moreover, there is a clear effect on the timing of the peak discharge that is shifted for about 2 h and 1 h in case of the 25-years and 2-years events, respectively (Figure 6). On the other hand, the effect of the Podutik is smaller, the peak discharge reduction is around 30% and 5% for the 2- and 25-years return period, respectively (Figure 6). This can of course be attributed to the smaller retention volume of this reservoir that is already full to some extent before the occurrence of a flood event (Figure 3). Moreover, also the Podutik reservoir leads to a bit lagged occurrence of the peak discharge (i.e., up to 1 h). However, even such small lag-time might be important in view of mitigating the impact of urban drainage system on the discharge conditions in small streams draining urban areas, such as Glinščica stream. As already noted, the flooded area in case of the 2-years event is almost negligible and such retention reservoirs are able to almost completely reduce the flood damage in case of floods with moderate return periods.



Next, the peak discharge reduction at the outflow of the hydraulic model and the economic damage reduction were evaluated. Results of this analysis are shown in Table 5. It can be seen that the application of one wet and one dry reservoir (i.e., Podutik and Brdnikova) significantly reduced the peak discharge and consequently the calculated economic damage caused by the flood (Table 5). Moreover, the estimated decrease is larger compared to the estimated decrease using other measures as afforestation or the application of permeable concrete. Moreover, the construction costs of such retention reservoirs seem to be much lower compared to the costs related to the implementation of the permeable concrete at large areas (Section 2.3). Of course, implantation of such reservoirs requires sufficient available space and suitable position to be implemented. Thus, it is not always possible to implement such objects that are in most cases positioned on generally flat areas where the flow velocities are smaller compared to hilly areas that have torrential characteristics [58,59].



Dry reservoirs also have an effect on agricultural production, since in most cases the land used to construct the retention volume is used for agricultural purposes [51,52]. More specifically, reservoirs tend to decrease the productive capacity of landscape while having negative effect on soil properties [51]. Additionally, a negative impact on the crop quality and quantity as well as infrastructure such as irrigation equipment can also occur [51]. For more details about possible negative effects one should refer to Glavan et al. [51] and references cited within. In the case of the Savinja river catchment [60] where a series of 10 dry retention reservoirs is planned to be constructed in order to ensure the flood safety of the city Celje, a total damage in case of the extreme flood that occur during growing period could be about 1.7 million EUR according to the agro-economic analysis [51]. However, in case of the Glinščica river catchment where agricultural production is much less extensive due to the recurring floods, the estimated economic damage is much smaller and not exceeding 15,000 EUR for the flood event with 100-years return period [52]. Therefore, the benefits of applying such a measure are clearly much larger than potential negative effects. Moreover, wet retention reservoirs such as Podutik are known to provide multiple benefits (besides flood risk management) such as improved in-stream self-purification processes, enhanced biodiversity, recreation, education, etc. [49,61]. Additionally, water from the retention reservoirs can also be used for multiple purposes such as irrigation [62], which can be regarded as a positive benefit that can lead to more sustainable water management (e.g., reducing consumption from conventional sources). It should be noted that multiple recreational activities are already well-developed at that part of the city of Ljubljana [21]. Otherwise, wet retention reservoirs can also provide recreational value. However, the effect in terms of peak discharge reduction for the Podutik reservoir is smaller compared to the dry reservoirs due to the smaller effective volume of such reservoirs. Furthermore, the maintenance of reservoirs infrastructure and hydro-mechanical equipment is very important since sudden dam breach can lead to huge economic damage and even loss of lives.




3.4. Sensitivity Analysis


As the last step of the study, it was investigated how effect of the dry and wet reservoirs changes with scale. For this purpose, the methodology described in Section 2.5 was used. Firstly, parameters for both newly added catchments (i.e., Gradaščica and Ljubljanica) were calibrated (Figure 7). Models used in Section 3.1, Section 3.2 and Section 3.3 were already evaluated in the scope of the previous studies as described in Section 2.1. In both cases shown in Figure 7, the Nash-Sutcliffe coefficient was around 0.87 and percent bias was −3.2% and −6.2% for the 2009 and 2010 events, respectively (Figure 7). As noted by other authors, no model can be regarded as completely valid [63], therefore, estimated parameters that were used to derive results shown in Figure 7 can be regarded as a rough approximation of the actual status of the catchment that is of course complex and depends on multiple parameters (i.e., antecedent wetness conditions, vegetation phenology, etc.). It should be noted that the modelled Ljubljanica river catchment can be characterized by complex land-use patterns and heterogeneous hydrogeology with karst characteristics [53,55]. More complex model would need to be set-up if the aim of the study would be to define the model that is used for flood forecasting [13]. Nevertheless, according to the calculated efficiency criteria the model performance can be defined as satisfactory or even as excellent according to some guidelines [64,65].



The effect of the reservoirs on the peak discharges was investigated using the rainfall data for two events that occurred between September 2007 and 2010. These two events were among the more extreme ones in the last 20 years in Slovenia and led to quite severe floods and landslides in some parts of the country [66,67,68]. The 2007 event caused less problems in the Ljubljanica river catchment since it was very localized and occurred in the headwater part of a few catchments about 30 km west of the city of Ljubljana [67]. On the other hand, the 2010 event did not have such significant torrential characteristics and caused floods at large scale and Ljubljanica river catchment was also among the more severely affected and flooded areas [66].



Table 6 and Table 7 show calculated peak discharge values for the cases without any reservoirs and also peak discharge reductions for different cases as indicated in Table 2. The positive effect of water retention in reservoirs decreases with scale. For example, while Brdnikova and Podutik reservoir can provide some peak reduction (at the outlet of the Glinščica river) during the tested events (i.e., 11% and 3%), this impact is almost negligible in terms of peak discharge at the confluence of the Glinščica and Gradaščica rivers (Table 6 and Table 7). Moreover, for the Ljubljanica river, such water retention is even increasing the peak discharge, which can be attributed to the karst characteristics of the Ljubljanica river catchment [53,55,69] and outflow from the reservoirs that shifts the peak discharge for a few hours as shown in Section 2.4. More specifically, several natural karst poljes (e.g., lake Cerknica or Planinsko polje) are located in the Ljubljanica river catchment that act as extensive natural retention reservoirs leading to a lagged (i.e., slower) response of the Ljubljanica river catchment compared to more torrential rivers such as Sava or Savinja [70]. A similar conclusion can be seen if one would construct some dry retention reservoirs in the Gradaščica river catchment (Table 6 and Table 7). Very big reservoirs (Table 2) can yield quite significant peak discharge reduction (i.e., up to the 65%) at the confluence of the Gradaščica and Glinščica rivers while in case of the confluence of all three rivers this reduction is then significantly decreased up to around 25% (Table 6 and Table 7). It can also be seen that relatively big water retention volumes are needed to achieve a notable peak discharge reduction. However, there are differences between two rainfall events that were investigated. More specifically, the peak discharge reductions in case of the 2007 event were smaller than in case of the 2010 event due to shorter duration of the 2007 rainfall event (Table 6 and Table 7). Similarly, there are also differences compared to the design rainfall events that were used in the scope of the investigation shown in Section 3.3.




3.5. Study Limitations


There are several limitations related to the conducted study that should be additionally highlighted. The main idea of this study was not to provide detailed modelling results (e.g., by using detailed reservoir characteristics and operation scenarios) since this should be done in the scope of the design of reservoirs, afforestation or permeable concrete implementation. The main idea was rather to elaborate on the differences among tested measures that can be considered as possible options for flood risk management at different spatial scales. However, the results and consequently the conclusions were generated based on the conducted modelling. The reservoirs’ characteristics should be regarded as a valid approximation of the actual status in order to analyze the impact of the reservoirs on the hydrograph formation by the hydrological model. Uncertainty also stems from the use of the lag time and CN parameters, which are known to be heavily seasonally dependent and should be considered as a rough estimate, but still valid for the conditions in the investigated catchment(s). It should be noted that other methods for the transformation of effective rainfall into runoff are available and different results could be obtained. For example, Šraj et al. [32] used user-defined unit hydrograph curve and obtained slightly smaller peak discharge values than shown in this study. Moreover, better calibration results (Figure 7) could be obtained with more complex models; however, such models require much more detailed input data. In view of the complexity of the studied catchments, the obtained model performance can be considered satisfactory. In addition, the elevation-storage function used in the scope of Section 3.4 is also site-specific and has important implications on the results. Thus, actual elevation-storage functions that depend on the local terrain should be used when designing and testing the actual newly constructed reservoirs. Furthermore, as indicated, the cases of afforestation and permeable concrete can be regarded as hypothetical examples, as land-use changes implemented at such large areas cannot be considered a realistic option. However, it can be argued that the modelling results are able to provide rough estimates of the effects associated with the possible implementation of such measures, with the aim of managing flood risk and potentially providing additional ecosystem services. The same applies to the calculations carried out under Section 3.4 where suitable locations for such a large number of reservoirs would need to be identified.





4. Conclusions


The presented paper investigated multiple flood risk management options, including afforestation, permeable concrete implementation, and dry and wet retention reservoirs. The results showed that in the case of afforestation and permeable concrete implementation, relatively large areas are needed in order to achieve notable peak discharge reduction or a shift in peak discharge timing and a corresponding impact on flood risk reduction. The detailed CBA conducted for the afforestation showed a positive net present value in only 1 of 3 examples. In case of permeable concrete, the costs associated with such measures are relatively high with such measure being applied at larger scales as a remediation of existing conditions. However, it can contribute to the overall reduction of peak discharge at a local scale and could be considered more frequently as a measure in cases of reconstructing new urban areas. On the other hand, dry and wet retention reservoirs can be regarded as more classical and hard engineering measures to reduce flood risk. Dry retention reservoirs probably have fewer ecosystem services compared to the afforestation scenarios, but can achieve more significant reduction in peak discharge with fewer resources. Additionally, water from the retention reservoirs can be used for multiple other purposes such as irrigation. It should be noted that forested dry retention areas could have a similar role as natural riparian forests. Obviously, a suitable site must be available for the implementation of such (dry or wet) reservoirs; otherwise, the number of earthworks and other construction works can be quite significant, increasing the construction costs. In addition, the economic damage to agriculture for large dry retention reservoirs can be quite significant in some cases. Furthermore, it was also shown that the impact of dry and wet retention reservoirs reduced with scale depending on the size of the retention reservoirs, which means that such measures often have a local impact. The same applies to afforestation and the implementation of permeable concrete. As in the case of the Ljubljanica river that has significant karst characteristics, a negative effect was even observed at larger scales due to uncontrolled release from the reservoir during the modelling, which can of course be considered with appropriate operational management of hydro-mechanical equipment during flood events. The results of this study present valuable information regarding different flood risk management options for the respective catchments. In summary, the results indicate that a more significant reduction in flood risk can be achieved through the use of retention reservoirs rather than through afforestation and permeable concrete solutions. Further studies need to be carried out taking into account even wider range of possible flood risk management options, as case studies such as this one can help to provide a scientific basis to support the implementation of specific flood risk measures and speed up implementation process by environmental engineers and spatial planners.
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Figure 1. Glinščica river catchment boundary (red line) with the location of the wet retention reservoir Podutik (white square) and dry retention reservoir Brdnikova (white square). Location of the Glinščica river catchment on the map of Slovenia is also shown. 
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Figure 2. Glinščica river catchment land use map (i.e., current-initial state) together with the identification of the three subbasins (i.e., 1, 2 and 3) (i.e., red lines) and the corresponding initial CN parameter values. Additionally, a section where the hydraulic model was set up is also shown. This is also a section that was used as input to the KRPAN model. 
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Figure 3. The upper three photos show situation in the Podutik reservoir before maintenance carried out in 2019 (adopted after Repnik [46]) and lower photo shows situation in year 2021. 
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Figure 4. Left photo shows situation upstream of the hydro-technical equipment (i.e., the area that is flooded during high-flow events) and right photo shows the hydraulic structure with a gate used to retain the water during the floods. Brdnikova reservoir is shown. 
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Figure 5. A map of the Ljubljanica river catchment up to the Moste gauging station with the identification of the Gradaščica and Glinščica river catchments and main river network. 
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Figure 6. Inflow and outflow hydrographs for the Podutik (a) and Brdnikova (b) reservoirs using the 2- and 25-years return period. 
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Figure 7. Calibration results for rainfall events (i.e. (a) 2009 event and (b) 2010 event) where a comparison between discharge data measured at Moste gauging station (i.e., observed) and simulated data (i.e., modelled) at the outflow of the catchment shown in Figure 5 is presented. 
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Table 1. Main characteristics of the Podutik and Brdnikova reservoirs. For the description of the characteristics a reader is referred to the HEC-HMS user’s manual [34].
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	Characteristic
	Podutik
	Brdnikova





	Outflow method
	Outflow structure
	Outflow structure



	Storage Method
	Elevation-Storage
	Elevation-Storage



	Initial Conduction
	Elevation
	Inflow = Outflow



	Main Tailwater
	Fixed Stage
	Fixed Stage



	Number of outlets
	1
	1



	Number of spillways
	1
	0



	Main outlet characteristics
	Culvert outlet, box shape, 2 m2
	Culvert outlet, box shape, 6 m2



	Main spillway characteristics
	Broad-Crested, 4 m length without gates
	/



	Maximum volume (i.e., end of the elevation-storage function) [m3]
	45,000
	470,000
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Table 2. Description of multiple cases with total maximum volume of reservoirs (i.e., maximum value of the elevation-storage function).






Table 2. Description of multiple cases with total maximum volume of reservoirs (i.e., maximum value of the elevation-storage function).





	Case
	Case Description
	Total Max. Volume of Reservoirs [1000 m3]





	1
	Without any reservoirs
	0



	2
	Podutik and Brdnikova reservoirs at the Glinščica river catchment
	515



	3
	Podutik and Brdnikova reservoirs at the Glinščica river catchment and five times larger reservoir as Brdnikova located at the Gradaščica river catchment
	2865



	4
	Podutik and Brdnikova (i.e., three times the initial volumes) reservoirs at the Glinščica river catchment and 10 times larger reservoir as Brdnikova located at the Gradaščica river catchment
	6155



	5
	Podutik and Brdnikova (i.e., 10 times the initial volumes) reservoirs at the Glinščica river catchment and 20 times larger reservoir as Brdnikova located at the Gradaščica river catchment
	14,145



	6
	Podutik and Brdnikova (i.e., 20 times the initial volumes) reservoirs at the Glinščica river catchment and 40 times larger reservoir as Brdnikova located at the Gradaščica river catchment
	28,245
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Table 3. Peak discharge values obtained at the outlet of the Glinščica river catchment using the hydraulic model and economic damage calculated using KRPAN model for the baseline (i.e., current land-use) and % decrease for three scenarios compared to the baseline. Results are adopted after Johnen et al. [21] and show the afforestation case study. Results for multiple return periods are shown.






Table 3. Peak discharge values obtained at the outlet of the Glinščica river catchment using the hydraulic model and economic damage calculated using KRPAN model for the baseline (i.e., current land-use) and % decrease for three scenarios compared to the baseline. Results are adopted after Johnen et al. [21] and show the afforestation case study. Results for multiple return periods are shown.





	Parameter
	2-Years
	10-Years
	25-Years





	Baseline scenario: peak discharge [m3/s]
	16 m3/s
	29 m3/s
	36 m3/s



	Afforestation in subbasins 1 and 2: peak discharge decrease [%]
	9%
	9%
	8%



	Afforestation in subbasin 3: peak discharge decrease [%]
	4%
	2%
	1%



	Afforestation in subbasins 1, 2 and 3: peak discharge decrease [%]
	10%
	10%
	8%



	Baseline scenario: flood damage [EUR]
	28,000 EUR
	84,000 EUR
	610,000 EUR



	Afforestation in subbasins 1 and 2: flood damage decrease [%]
	29%
	21%
	78%



	Afforestation in subbasin 3: flood damage decrease [%]
	29%
	5%
	45%



	Afforestation in subbasins 1, 2 and 3: flood damage decrease [%]
	29%
	20%
	80%










[image: Table] 





Table 4. Peak discharge and economic damage decrease [%] for three scenarios and for two different CN values used for permeable concrete compared to the baseline scenario for the case study permeable concrete. Results for multiple return periods are shown.






Table 4. Peak discharge and economic damage decrease [%] for three scenarios and for two different CN values used for permeable concrete compared to the baseline scenario for the case study permeable concrete. Results for multiple return periods are shown.





	Parameter
	2-Years
	10-Years
	25-Years





	Scenario 1 (CN 74, 50): peak discharge % decrease
	20%, 42%
	19%, 37%
	18%, 34%



	Scenario 2 (CN 74, 50): peak discharge % decrease
	14%, 27%
	13%, 25%
	13%, 22%



	Scenario 3 (CN 74, 50): peak discharge % decrease
	7%, 13%
	7%, 12%
	7%, 12%



	Scenario 1 (CN 74, 50): flood damage % decrease
	49%,62%
	40%, 57%
	69%, 83%



	Scenario 2 (CN 74, 50): flood damage % decrease
	39%, 53%
	34%, 46%
	65%, 76%



	Scenario 3 (CN 74, 50): flood damage % decrease
	20%, 36%
	22%, 33%
	32%, 65%
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Table 5. Peak discharge and economic damage decrease [%] for three scenarios at the outflow of the hydraulic model due to Podutik and Brdnikova reservoirs. Results for multiple return periods are shown.






Table 5. Peak discharge and economic damage decrease [%] for three scenarios at the outflow of the hydraulic model due to Podutik and Brdnikova reservoirs. Results for multiple return periods are shown.





	Parameter
	2-Years
	10-Years
	25-Years





	Peak discharge % decrease
	33%
	43%
	46%



	Flood damage % decrease
	57%
	71%
	95%










[image: Table] 





Table 6. Modelled peak discharge values for the 2010 event (Case 1) and peak discharge reduction for cases 2–5 (Table 2) compared to Case 1. Peak discharge values at three locations within the Ljubljanica river catchment are shown where the corresponding catchment areas are also written in brackets.






Table 6. Modelled peak discharge values for the 2010 event (Case 1) and peak discharge reduction for cases 2–5 (Table 2) compared to Case 1. Peak discharge values at three locations within the Ljubljanica river catchment are shown where the corresponding catchment areas are also written in brackets.





	Case
	Glinščica (17 km2)
	Glinščica and Gradaščica (175 km2)
	Glinščica, Gradaščica and Ljubljanica (1760 km2)





	1
	22 m3/s
	225 m3/s
	405 m3/s



	2
	11%
	1%
	−2%



	3
	11%
	15%
	1%



	4
	20%
	30%
	4%



	5
	32%
	37%
	13%



	6
	37%
	65%
	25%
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Table 7. Modelled peak discharge values for the 2007 event (Case 1) and peak discharge reduction for cases 2–5 (Table 2) compared to Case 1. Peak discharge values at three locations within the Ljubljanica river catchment are shown where the corresponding catchment areas are also written in brackets.






Table 7. Modelled peak discharge values for the 2007 event (Case 1) and peak discharge reduction for cases 2–5 (Table 2) compared to Case 1. Peak discharge values at three locations within the Ljubljanica river catchment are shown where the corresponding catchment areas are also written in brackets.





	Case
	Glinščica (17 km2)
	Glinščica and Gradaščica (175 km2)
	Glinščica, Gradaščica, and Ljubljanica (1760 km2)





	1
	6 m3/s
	57 m3/s
	84 m3/s



	2
	3%
	0%
	−1%



	3
	3%
	10%
	0%



	4
	7%
	14%
	1%



	5
	15%
	29%
	11%



	6
	27%
	54%
	20%
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