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Abstract
The increasing frequency of floods, combined with the increasing encroachment of water corridors and floodplains by humans, is turning floods into major disasters. In 2007, the European Union adopted the Floods Directive, which serves as a guideline for member states when legislating on the designation of flood hazard and risk areas. Despite the considerable human influence, current flood hazard mapping often neglects scenarios of extreme events. Stochastic land use changes caused by economic and social interests should be taken into account. Mitigation measures such as dams and levees, which are intended to reduce flood risk, can change the flow regime and shift the risk to downstream areas. The construction of dykes alters the retention capacity of floodplains and influences the attenuation of flood peaks and the propagation time. This article introduces the analysis of exceptional events in the assessment of flood hazards and risks with examples of man-made extreme flood events using detailed hydraulic modelling.
Introduction
To enhance flood risk management and spatial planning aimed at reducing vulnerability through preventive measures, the European Parliament and Council of the European Union enacted the Flood Directive in 2007. Slovenia established detailed regulations, including the Rules on flood hazard determination and land classification (Ministry of the Environment and Spatial Planning, 2007), and the Decree on conditions and restrictions for the implementation of activities and spatial interventions in areas endangered by floods and related erosion of inland waters and the sea (Ministry of the Environment and Spatial Planning, 2008).
While climate change is a topic of discussion, the primary factor increasing risk is human intervention in vulnerable areas. Factors include intensive land use, economic development in flood-prone zones, reduced retention areas, minimal flood protection measures, and inadequate maintenance. Structural measures, like flood protection, have limited functionality, and their effectiveness diminishes in catastrophic events (Rak et al., 2018). Flood protection measures are designed based on the "design discharge," making protected areas attractive for intensive land use, potentially increasing damage potential during floods (Loat, 2003).
Flood risk analysis often overlooks extraordinary events such as breaching in flood protection, incorrect operation of hydro-mechanical equipment, and inadequate maintenance, leading to adverse anthropogenic effects (Šantl and Rak, 2010). Uncontrolled land use changes in retention areas alter runoff regimes, affecting the effectiveness of interventions and spatial planning. The paper provides two examples of anthropogenic impact on flood hazard: 
· The impact of uncontrolled land use during the lifetime of the infrastructure on runoff regime and
· The consequences of sudden or progressive failure of flood protection embankments during high-water events.
Land use in riparian areas
Riparian areas and floodplains, especially in flatland regions, offer significant development potential. However, these areas, with their retention capacity, play a crucial role in forming the runoff regime, attenuating flood waves, prolonging propagation times, and thereby reducing flood risk downstream. Given the inherent conflicts of interest in spatial planning, building placement, and long-term land use, a judicious strategy for spatial development and intervention planning in riparian areas is needed (Rak, 2013; Rak et al., 2016).
For the extensive floodplains of the Krško-Brežiško polje, the influence of land use changes in riparian areas as a result of "unintended" anthropogenic influences was investigated – e.g., a gradual afforestation of retention areas due to the abandonment of agricultural activities and, conversely, an expansion of agricultural areas into forest areas. The Krško-Brežiško polje floodplain has a significant retention capacity and influence on the runoff regime. Based on selected indicators such as the attenuation of the flood peak, the propagation time over the studied area, the extent of the floodplain and the distribution of water depths and velocities, etc., it is possible to analyse and show the response of the runoff regime to the processes of spatial changes in the area. Fig. 1 shows four scenarios of afforestation and deforestation in which the proportion of land with forest and agricultural use changes within the extent of flood-prone areas for an event with a return period of 100 years. As the distribution of land use in the analysis was mainly linked to the parcel boundaries, the connections between neighbouring parcels were also taken into account in the gradual change in land use.
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Fig. 1. Examples of different proportions of specific land use areas considered in calculations.
Accurate data on water depth and velocity are crucial for assessing the severity of flood events, as the force of water directly threatens vulnerable inhabitants and structures. For instance, an object may withstand a certain depth and velocity of water, but greater depths or velocities can endanger human lives or compromise structural stability. Changes in land use proportions affect the hydraulic response of flooded areas, altering the extent and spatial distribution of flooding and thus influencing flood hazard classifications according to standards in flood hazard mapping (Šantl and Rak, 2010), as mandated by legislation (Ministry of the Environment and Spatial Planning, 2007). While interventions in flood-endangered areas are partly regulated by legislation (Ministry of the Environment and Spatial Planning, 2008) based on Construction Classification Types (CC-SI) and permissible activities, understanding flood hazard changes due to all land use alterations, such as afforestation, across affected inundated areas is crucial for all stakeholders.
Analysis reveals that expanding forested areas positively impacts flood hazard assessments by mitigating water momentum. Afforestation increases both the overall flooded area and the area with significant water depths (exceeding 1.5 meters), while rapidly reducing water velocity. Areas with water velocities surpassing 1 m/s face stricter regulations. However, it's important to note that depth criteria typically dominate flood hazard assessments in flatland inundations. Increasing agricultural areas or areas with lower roughness elevates water velocities but reduces flood extents. Downstream, peak flood wave discharge increases while propagation time decreases. Generally, indicators show opposing trends between afforestation and deforestation. Changes in indicator values, both absolute and relative, decrease with longer flood wave lengths and peak discharges (Rak et al., 2016). Fig. 2 illustrates spatial variations in water depth and velocity corresponding to different land use distributions.
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Fig. 2. A comparison of the extent of the flooded area and water depths for a flood wave with a return period of 100 years (above) and a comparison of the special distribution of local velocities (below) for different ratios between the agricultural and forest areas.
Changes in land use not only affect runoff patterns but also impact the peak discharge of outflow hydrographs and the propagation time of flood waves, consequently influencing the flood hazard in downstream areas. Disforestation and the expansion of agricultural areas lead to increased water volume flowing onto retention areas. However, in areas with low retention roughness, water flow velocities in floodplains can be high, comparable to those in river channels, resulting in minimal water retention and a negative impact on peak attenuation due to coinciding wave peaks. Introducing roughness slows down water flow over retention areas, delaying the return of water to the river channel during the hydrograph's later stages and reducing its contribution to peak outflow. However, excessive roughness can hinder water flow over retention areas, preventing the flood wave peak from spilling onto these areas. While this reduces the impact of flood wave transformation, it also limits the effectiveness of retention in mitigating flood effects. Extending the propagation time of flood waves is crucial for downstream areas, allowing more time for flood protection measures and reducing the event's intensity through greater peak attenuation. Moreover, increasing vegetation density on floodplains reduces velocities and associated erosion hazards.
Preserving the runoff regime in these influenced zones while avoiding adverse effects downstream is a challenging yet vital task. Achieving a static state in these areas is impractical due to the dynamic nature of spatial development. However, it is essential to analyze potential negative impacts resulting from spatial changes. Legislation aligned with the Flood Directive places restrictions on interventions in flood-prone areas, aiming to balance diverse changes within the region.
Malfunction of flood protection measures
After completing structural flood protection measures (FPMs), consolidation occurs, dependent on factors like soil quality and terrain load-bearing capacity. Regular maintenance and stability checks are essential to uphold the flood protection function. Between interventions, critical sections may emerge in areas with higher settlements, increasing the risk of embankment overflow. FPM designs typically consider normal conditions, but extraordinary events like bridge clogging or sediment transport and depositions should be factored in. Properly constructed and maintained FPMs should withstand loads without structural damage, but there's a risk of either instantaneous collapse or gradual breaching, leading to increased water spillage onto floodplains. Nevertheless, as depicted in Fig. 3, efficiency diminishes over time due to the aging of FPMs and other processes (such as soil consolidation). Without maintenance, FPMs quickly lose their freeboard effectiveness (refer to DIN 31 054, 2003), increasing the likelihood of failure or even collapse. ​ Fig. 3 also shows that consistent maintenance extends the functionality of FPMs over time. Nevertheless, aging inevitably occurs, necessitating eventual reconstruction or new construction in accordance with current standards. Effective management requires informed decisions, such as the immediate reconstruction of damaged or collapsed FPMs or the extension of their functionality through regular maintenance for as long as this is possible.
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Fig. 3. Changing of FPM efficiency regarding their conditions and scope of maintenance. (Rak and Steinman, 2014).
Overflow may also occur during extreme events where peak discharge surpasses design limits. Measures designed for critical areas typically accommodate a 100-year return period and additional freeboard. When water levels exceed these measures, it constitutes a "force majeure" event. Analyzing such scenarios helps prepare guidelines, restrictions, and requirements in spatial planning for spatial planning and coordinated emergency responses. In scenario preparation, critical failure locations, erosion processes, breach timing, and water spillage dynamics onto floodplains must be considered. Flooding propagation due to FPM overflow and collapse is illustrated in Fig. 4, showing flood states between one and 8 hours after the embankment breaching starts (Steinman et al., 2012).
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Fig. 4. Flood dynamics within hours after the start of breaching of part of the flood protection embankment.
Conclusions
The paper highlights some examples of anthropogenic activities that affect flood risk and emphasises the importance of hydraulic research in predicting and analysing adverse impacts on runoff in river channels and riparian areas. Such analyses improve emergency plans and help to formulate practical solutions and guidelines for spatial planning. The creation of this expert base enables the consideration of concerns that could hinder protection and rescue measures and helps to avoid excessive risks. Land use planning must take into account the experience that significant changes occur after interventions in riparian areas that jeopardise the objectives of the FPM. The lure of lower flood risk can lead to more intensive use of riparian areas, which increases the potential for damage during floods. Monitoring land use for change or degradation after completion of the FPM is crucial to prevent harmful impacts throughout its lifetime. A comprehensive sustainable development plan should systematically manage flood-prone areas, taking into account both temporal and spatial dynamics.
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