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Abstract

:

Floods are frequent natural hazards, triggering significant negative consequences for the economy every year. Their impact is expected to increase in the near future due to socio-economic development and climate change. In order to minimize the probability and magnitude of expected economic losses and compensation costs, it is essential that flood risk managers are properly informed about potential damage related to hazard features and exposure. In this paper, a flood damage estimation method was proposed for the assessment of flood risk in the Drammen River basin by using a hydraulic model, GIS, and a flood loss estimation model. Hazard variables such as flood depth, flood extent, and flood velocity were computed for the current and future climatic scenarios using the hydraulic model for flood damage assessment. To visualize the flood extent, velocity, depth, and their impact, the results of modelling are illustrated in the form of flood inundation maps produced in GIS. A flood loss estimate included buildings and other infrastructure that are major exposures in flood-prone areas. The flood damage model is formulated based on stage–damage relationships between different flood depths and land-use categories. It calculates the economic loss related to different land-use features based on the simulated flood parameter obtained from the hydraulic model from 100- to 1000-year return periods. For the case study, the results show that the highest proportion of the total damage in each repetition interval (approximately 90–92%) is expected to occur in buildings. In addition, results showed that the effects of climate change will raise the total damage from floods by 20.26%.
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1. Introduction


Floods have been recognized as the most common and damaging natural disaster in many parts of the world [1,2,3]. Nowadays, the occurrence of floods is increasing worldwide as a result of extreme rainfall, which is anticipated to occur more frequently as a consequence of the changing climate [4,5,6].The past three decades were among the most flood-rich periods in the past 500 years in Europe, and this period differed from other flood-rich periods in terms of its extent, air temperatures, and flood seasonality [7]. Blöschl et al. [8] identified clear regional patterns of changes in observed river flood discharges in the past five decades in Europe, with increases in northwestern Europe and decreases in eastern Europe and in medium and large catchments of southern Europe, which are manifestations of a changing climate. The northward shift of the subpolar jet and corresponding storm tracks since the 1970s, related to more prevalent positive phases of the North Atlantic Oscillation and polar warming, has been one justification for the increase in floods in northwestern Europe. This has led to highly persistent and anomalous weather patterns, and possibly to extreme rainfall and disastrous flooding [8,9]. As flood-prone areas continue to be developed, the potential damage as a result of floods will continue to rise [10]. Furthermore, future climate change may increase flood frequencies and magnitudes, as well as flood damage [11]. The pace of urban growth, in addition to climate change, puts the urban water cycle out of balance, which affects surface and subsurface processes and further increases flood risk [12].



Approximately one-third of the economic damages incurred by natural disasters in Europe are caused by floods, together with windstorms, which are the most frequently occurring natural disasters [13]. The EU Floods Directive [14] signaled a shift in emphasis from structural defense to a more comprehensive risk management approach, with structural and non-structural interventions having similar importance. The FD (Floods Directive) requires the identification of areas at risk of flooding and the implementation of flood mitigation measures to moderate flood impacts. Public disaster risk reduction and territorial development policies should be based on reliable, evidence-based risk assessments.



First of all, there are different definitions of damage. The concept of direct and indirect losses, as well as tangible and intangible losses, defines the categories of losses. Direct losses are defined as losses that occur because of direct contact with the water, whereas indirect losses are induced by direct impacts and may occur in space or time beyond the immediate limits of the flood event. Direct losses are directly correlated with flood duration, whereas indirect losses can have effects on time scales of months and years [15]. Moreover, the losses are divided into tangible and intangible losses. In contrast to intangible losses, tangible losses are losses that can be objectively quantified, i.e., the loss can be accounted for in direct monetary value, which can be determined based on whether or not a market exists for the asset in question, whereas intangible losses cannot be readily quantified in monetary terms [16]. Secondly, various approaches exist regarding damage appraisal, such as financial and economic valuation based on market values (i.e., based on historical values or replacement values), while variation in the scale of analysis (micro-, meso-, or macro-scale) is also found [17,18].



Thieken et al. [19] presented the concept of impact and resistance parameters as two sorts of damage-influencing factors. The first ones reflect the flood event’s specific characteristics (such as water depth and flow velocity), while the second ones represent the properties of the affected assets (such as building type or materials and emergency measures used). Merz et al. [20] presents an extensive review of all the damage parameters. The impact parameter is strongly influenced by several resistance parameters. In a study undertaken after Hurricane Katrina [18], it was identified that variations in building type implied important changes in the resistance of buildings.



Flood damage assessment consists of the evaluation of flood hazard, exposure, and vulnerability [21,22]. A flood hazard is a threatening natural event, including its probability of occurrence and magnitude. Exposure represents the capital, humans, and ecological assets exposed to the hazard. Vulnerability describes the degree of damage or the susceptibility of the receptor to the flood hazard. The evaluation of monetary loss using loss models is a critical component of flood risk analysis and has a direct impact on flood management practice, such as in the cost–benefit analysis of flood management measures or the calculation of insurance premiums [20].There are three leading methods for the quantification of direct tangible damages which were recognized in the majority of previous studies: (1) Damage assessments through insurance data, where the insurance payout is used as an indicator of the physical damage that the flooding has created and this cost represents the replacement cost. (2) The unit cost (or average) method is based on applying an average loss value to each individual damage type. By finding the number of objects being flooded within a damage type and multiplying the number with the unit cost estimation, the total damage cost within the type can be found. (3) The stage–damage curve method does not only account for the area being flooded, but also for the magnitude of the flood. Merz et al. [20] distinguished two main approaches for the development of the stage–damage curve: (1) empirical approaches, which use flood damage data collected after flood events, and (2) synthetic approaches, which are based on damage data gathered through what-if questions. The choice of the approaches depends on data availability [17]. Both empirical and synthetic models can be configured as univariable or multivariable. Water depth is the only explanatory variable in the vast majority of univariable flood damage models. Multivariable models (MVMs) include additional flood damage process parameters (such as flood velocity and duration) and several different stage–damage functions that distinguish between occupancy (e.g., residential, commercial, and industrial), asset type (e.g., building, contents, and equipment), and asset characteristics (e.g., building type, building material, and number of stories). Indirect tangible damages are often quantified using one of two methods: (1) Percentage of direct tangible damage. This method is used as a simplification when other data is not available. (2) The unit cost method. This is a more precise method, where a sector-specific loss unit is applied.



Jongman et al. [23] performed a comparative flood damage model assessment research that compared and contrasted seven different damage models developed for various regions in Europe and the United States: Damage Scanner (The Netherlands), the Rhine Atlas (Rhine Basin), the Flemish Model (Belgium), Multi-Coloured Manual (MCM) (UK), HAZUS-MH (USA), and the JRC (Germany, European Commission/HKV) are some of the models used. Five of the seven models are based on aggregated land-use data rather than individual objects (HAZUS-HM and MCM), demonstrating that the scale of work is an important feature when selecting or developing a damage model. In addition, it is worth noting that only two out of the seven models are based on individual objects, demonstrating the difficulty of creating such detailed damage models. While object-based models can account for variations in building density in areas with the same land-use type, area-based models can be used to quickly calculate over wider areas. However, HAZUS-MH and MCM, which are object-based models, use a large number of object types and corresponding flood damage features. FLEMO, HAZUS-MH, and the Rhine Atlas models are empirically developed, and they have low transferability to other study areas or regions, as significant errors are often verified when these are to infer damage in areas other than those for which they were developed [23,24,25,26,27,28]. The others are mostly synthetic, which rely on expert-based knowledge in order to generalize the relation between the magnitude of a hazard event and the resulting damage estimate. That means synthetic models have a higher level of standardization and thus are better suited for both temporal and spatial transferability [20,29,30]. The GIS-based characteristics of these new damage models are a significant improvement. The strong focus on inundation depth as the main determinant for flood damage might be due to limited information about other parameters characterizing the flood, e.g., flow velocity. In the Norwegian damage classes (TEK17) of buildings in the flood-prone area, the product of depth and velocity is used to classify the hazard classes [31].



To date, few damage assessments combine current and future scenarios to clarify the need for further adaptation measures to maintain or reduce the current level of flood risk in view of changing flood conditions induced by climate change. This study addresses this need by providing a systematic review of contemporary assessment approaches to quantitatively compare economic losses under current and future conditions. Therefore, economic estimation of flood damage to built-up areas and infrastructures is carried out using an Excel-based toolbox from Norwegian Water and Energy Directorate (NVE) [32] that uses the locally developed depth–damage functions for the assessment of micro-scale flood damages in urban areas.



The aim of this paper is to present a case study on the estimation of the expected flood damage over several land-use categories for different flood scenarios by using contemporary flood damage assessment approaches utilized in micro-scale flood damage assessment approaches and the NVE damage toolbox in the river Drammen in Norway. The visualization of analysis results in a GIS environment allows the identification of flood-prone areas and provides an indication of the extent of hazard in a spatial distribution under specified flood scenarios. These findings can be used to support policy and decision-making in the context of flood risk management, land-use management policies, and further economic development along the river course. In this research, we therefore propose a methodology to estimate the flood damage for present and future climate flood scenarios.




2. Materials and Methodology


2.1. Study Area


The study was conducted on the Drammenselva River, located in Buskerud County, southeastern Norway (see Figure 1). Drammenselva is one of the largest rivers in Norway, with a drainage basin of approximately 17,000 km2 and an annual average discharge of 300 m3/s. The river is 308 km long, which makes it the fifth longest river in Norway. The rainfall area is bounded in the north by Valdresflya and Jotunheimen, in the northwest by Filefjell and Tyin, in the west by Hardangervidda/Hardangerjøkulen and Numedalslågen’s catchment, and in the east by Gausdal, Nordmarka, Bærumsmarka, and Mjøsa’s catchment. The Drammens watercourse naturally divides into several sub-watercourses. The central river in the watercourse is the Drammenselva, which stretches 48 km from the Tyrifjord down to the outlet in the Drammensfjord. Three larger rivers join this stretch: Vestfosselva from Eikeren with a catchment area of 533 km2, Simoa from Eggedal and Sigdal with 887 km2, and Snarumselva (Hallingdalselva) with a catchment area of 5252 km2.



The river Drammen is wide and flows almost completely down towards the Drammensfjord. The Drammen River lies in a valley that varies in width, with narrower sections and wider sections. The riverbed between Hagaøya and Hokksund is just over 9 m deep and approximately 100 to 250 m wide. The area has a total length of approximately 3.2 km. The riverbed here is characterized by dune forms. The riverbed between Mjøndalen and Steinberg is up to 13.8 m deep and approximately 180 to 320 m wide. The area has a total length of approximately 4.6 km. The riverbed between Langesøya and Nedre Eiker is up to 14.5 m deep and between 80 and 500 m wide. The area has a total length of approximately 5.8 km. Langesøya divides the river in two and is approximately 1 km long and 250 m wide. The riverbed between Bragernes and Lillemoen is up to 14.5 m deep and between 100 and 400 m wide. The area has a total length of approximately 5.4 km. The hydraulic gradient between Hokksund and Mjøndalen is approximately 0.0006 m/m.



On its way to the sea, Drammen River passes a series of rapids and waterfalls. The largest are Vikerfoss, Geithusfoss, Kattfoss, Gravfoss, Embretsfoss, Døvikfoss, and Hellefoss. There are a number of power plants on the Drammen River, several with dams. The city of Drammen has spent substantial resources on developing attractive park areas along the riverside. There are around 39,000 buildings near the river Drammen, most of which are residential buildings. On the northern side of the Drammen River, the area between the city and the Holmen bridges in Drammen has also been developed, including the famous town square Bragernes Square (Bragernes Torg), the Tower Buildings, the Drammen Theatre (Drammens Teater), and Drammen Park. The port of Drammen is Norway’s largest port facility for cars. By the harbor there are industrial areas with a number of industries, including workshop, food and beverage, paper/stationery, chemical, and pharmaceutical industries. The stretch from Langesøya to the outlet in the Drammensfjord is characterized by urban development and some remaining industry. Large parts of the beach zone are heavily cultivated. The districts around the Drammen River are bound together by a dense road network and several bridges over the river Drammen. The Drammensbrua on the E18 is Norway’s longest bridge at 1892 m. Today Drammenselva is also used for recreational purposes and is known for its excellent Atlantic salmon fishing.



The Drammen area is characterized by the fact that a large glacier filled the valley about 10,000 years ago. There is a lot of igneous rock in its area, which means that there is a lot of solid rock with bad infiltration/drainage. Under the igneous rocks, Cambro-Silurian sedimentary rocks are exposed in a belt a little south of Drammensdalen. There is marine clay, sand, and gravel below approximately 200 m in Drammensdalen, as well as in the lower parts of Konnerud.



The study area starts from approx. 245 m downstream of Hellefoss power plant (Hokksund) to the outlet into the sea at Drammen harbor and covers Øvre Eiker, Nedre Eiker, and Drammen municipalities. The model area extends over approx. 21 km.



The water flow conditions in the Drammenselva have constantly changed over the years due to a continuous increase in new regulating reservoirs. The regulation of the larger lakes in the lower parts of the watercourse Randsfjorden, Tyrifjorden, Sperillen, Krøderen, and Soneren probably has the biggest impact on the water flow conditions in the Drammenselva. The regulations in the watercourse have led to an increase in the winter water flow and a dampening of the spring floods.



The largest floods in the Drammenselva in recent times occurred during the first 30 years of the 20th century when there were still relatively few regulated reservoirs in the watercourse. Most of them were spring floods that occurred in May and June. Some were autumn floods in September. The two largest floods, at the end of June 1927 and in mid-June 1926, had a daily average water flow of 2324 m3/s and 2197 m3/s, respectively, which shows that the flood in 1927 is estimated to be a 100-year flood, while the flood in 1926 had a recurrence interval of 50–100 years.



In recent years, there have been several floods in the watercourse, such as in 2007 when there was a flood with a recurrence interval of approximately 10–20 years. There was also a flood in September 2011 that was just over a medium flood and in May 2013 corresponding to a 5 to 10-year flood.




2.2. Data


2.2.1. Flood Hazard


A digital elevation model (DEM) of 1 m resolution for the study area was obtained from Høydedata “www.hoydedata.no (accessed on 12 February 2021)”. River cross-section data from Hellefoss power plant to the port of Drammen, which consists of 96 cross sections, was obtained from NVE. The geometry of the bridges is taken from measurements made by NVE. Table 1 shows all the properties used in the model for all bridges.



Annual maximum flow values for the present climate were estimated using frequency analysis for selected ARIs (average recurrence intervals). The frequency analyses and computation of flood magnitudes for different average recurrence intervals up to 1000 years was done by NVE and reported by Ejigu et al. [33]. The results of water flow simulation of a changed climate for the Drammenselva suggest that the 200-year floods in the Drammenselva will not increase until 2100 as a result of climate change [34]. For smaller tributaries with precipitation fields less than 100 km2, Lawrence [34] recommends assuming a 20% increase in flood water flows for the 200-year flood until the year 2100. The assessment of the increase in future floods is based on a comprehensive analysis using a combination of 10 different climate scenarios (based on GCM–RCM combinations from the CORDEX project [35]), two different downscaling methods, and 25 different realizations of a hydrological model set up for 115 reference catchments in Norway [34,36]. This gave a total of 500 simulation results for each of the catchments for two different emission scenarios (RCP 4.5 and RCP 8.5). Based on these simulations, flood frequency analysis was undertaken for the historical and future periods, and percentiles from the resulting flood distributions were used to compute the percentage of increase in the design floods. The analysis led to a set of spatially varying growth factors for future floods (1.0, 1.20, and 1.40), which forms the basis for future design flood analysis in Norway [34]. Since this is a comprehensive study of Norwegian floods and this is the method recommended for practical applications, we have opted to use this method for the analysis in Drammenselva. The resulting flood values in the Drammenselva will then be as given in Table 2, which was then used as flood mapping input data in the HEC-RAS model.



Water flow during floods in the Drammen River is provided for the tributaries or local catchments. This water flow is less than during floods in the individual local fields. Extreme water levels at sea for different repetition intervals are calculated by the Norwegian Mapping Authority, the sea division, and the result is taken from NVE’s flood zone map report. Table 3 shows storm surge water levels for different return periods under present and future climates.



The observed water levels and calculated discharge data from the 2007 and 2013 flood events have been provided by NVE for the calibration and validation of the flood model.




2.2.2. Land-Use Information


Land use was analyzed on the basis of two main elements, namely, buildings and infrastructure (roads and rail roads). The land-use polygon layer was downloaded from the Norwegian Mapping Authority’s portal Geonorge “www.geonorge.no (25 February 2021)”.




2.2.3. Vulnerability Factor (Depth–Damage Curves)


Since there were no site-specific curves in the studied area, depth–damage curves developed for NVE’s cost–benefit analysis tool were considered for this study. These curves were created for different types of land use using what-if analysis and flood expertise acquired from past flood events. This tool has been developed using 16 different categories of buildings and seven categories of infrastructure based on the main land uses identified in Norway. The land-use data sets also include basements. Therefore, like the properties on the ground floor, the basement blocks will have a surface assigned to each land-use class. Consequently, it is related to depth–damage curves that do not depend on the ground-floor uses. The damage in the basement is determined using negative depths. In these approaches, the water fills the basement first, and then it reaches the ground level (depth–damage relationships for all land-use types are provided in the Supplementary Material).





2.3. Development of Flood Hazard Modeling


The flood hazard was determined using the hydraulic simulation of flooding. The assessment process involved the collection and preparation of geometric data, hydraulic modeling, and GIS post-processing and mapping.



The DEM represents land-elevation data, which is essential for estimating the storage volume of surface flooding. As a result, the output quality is determined by the DEM quality. The DEM was collected using topographic (red) lidar, which does not contain the bathymetry of a river channel. The terrain model was therefore integrated with the bathymetry data by combining a set of cross sections collected by NVE for an earlier flood zone mapping project [33] with the DEM. The 1D geometry was imported into HEC-RAS, in the standard geometry editor the bank station location in the cross sections was manually edited to match the DEM. The elevation data of the areas in between the cross-sections was then interpolated into an elevation model, and the new geometry was exported as a raster. The final step was to merge the bathymetry model with the topographic DEM in HEC-RAS Ras Mapper to form a combined digital model for the study area with a resolution of 0.35 × 0.35 m. Buildings have also been represented in the model by extracting the land occupied by the buildings from the DTM using building information from the Norwegian Mapping Authority and then raising each building by 3 m in the DEM to make it an obstacle for the water flow in HEC-RAS flood simulations. HEC-RAS version 6 beta 3, the latest version at the time of this study, hydraulic modeling software was used in this project, which was developed for the analysis of 1D steady flow and 1D and 2D unsteady flow. The 2D model simulates water flow in both longitudinal and lateral directions on terrain represented by a finite mesh continuous surface. The finite mesh allows for continuous interaction between the main river and the floodplain, allowing the 2D model to accurately represent velocity and water depth variations over the floodplain. Therefore, the use of the 2D model becomes essential for the accurate estimation of the flood-depth grid. The 2D model can be expected to work well in the rivers with wide and flat floodplains, where the flow goes out into the overbank area. For a micro-scale assessment such as this, a highly accurate estimation of flood depth is critical. As a result, 2D approach was required in the model. The output of this model will be in the raster format in the depth grid, which can be imported into GIS for further analysis.



A 2D model was then set up in HEC-RAS v.6 beta using the combined raster (Figure 2). A 5 × 5 m (1.73 million cells) unstructured 2D computational mesh was created. The underlying 0.35 × 0.35 m terrain remained the computational basis for all depth, velocity, and inundation simulations. The model domain included the main Drammenselva River and four major tributaries: Hellefoss, Honselva, Vestfosselva, and the local catchment Mjøndalen bru, where the catchment drains into the sea at Drammen harbor. In addition, six bridges were included in the model. Even if some of the bridges have a curved shape, the lower and upper edges are defined horizontally in the model.



The bridges on the section between Hellefoss power plant and Drammen harbor are modeled in the 2D model using the “energy equation” method. This method is relatively easy to use and is well suited for the flow situation in the Drammen River which is subcritical. An example of how bridges are implemented is shown in Figure S1 in the Supplementary Material for the Mjøndalen bridge.



Boundary conditions were defined using the information from the frequency analysis in the NVE flood zone report [33]. The downstream boundary condition is defined by a stage hydrograph in the fjord with the highest average tide of a 10-year storm surge. In addition, the model domain was extended farther down in the Drammenfsjord to avoid any problems related to the boundary definition causing an impact on the results in the study area. The unsteady flow water surface computation was initiated at the upstream boundary using discharges with different return periods.



It can be complicated to develop a stable unsteady flow model for the computational domain. Model stability problems occurred initially during the simulation of Drammen River. Therefore, several sensitivity tests were conducted to improve the model’s stability and produce satisfactory results.



2.3.1. Model Calibration and Validation


To calibrate the model, observed sea water levels during the 2007 flood at the port of Drammen have been used as the lower limit condition, and calculated water flow for the main river and its major tributaries has been used as the upper boundary. The scaling method was used to calculate water flow for the main river and its major tributaries based on observed water flow data from measuring stations Mjøndalen bridge and Fiskum. The calculation of scaling was performed by NVE and reported by Bakkan & Øydvin [38]. The water levels from the flood from 6 July 2007, at 20:06 to 7 July 2007 at 00:22, which were registered at a number of places on the stretch between Hellefoss power plant and the port of Drammen, were used in the calibration. This return period of flood corresponds approximately to 10 years. In addition, a water level measurement made on 24 May 2013, at Mjøndalen bridge was used for the validation. The land-use distribution was obtained from the Norwegian Mapping Authority (Kartverket), and different Manning values have been assigned according to the literature [39]. By comparing observed and simulated water surface levels at multiple locations, the model parameters were adjusted. The roughness coefficient was adjusted to fit the simulation results to the observations through a trial-and-error procedure. For different land-use classes, a range of roughness coefficients were tested. The built-up areas (0.02) and open fields (0.03) were assigned the lowest values of Manning roughness coefficients. On the other hand, forests (0.15) and marsh areas (0.30) were assigned the highest roughness value. The inundation modeling simulation time was 5 h, which accounted for the 5h maximum water flows of the 2007 flood, and the output time step was 5 s.



Evaluation Criteria for HEC-RAS Models


The coefficient of determination (R2) and root mean square error (RMSE) were used to evaluate the agreement between the modeled and observed values:


  R M S E =       ∑  1 m       y i  s i m   −  y i  o b s      2   m       



(1)




where    y i  s i m     = ith value in observed values;    y i  o b s     = ith value of modeled data; and m = number of total observations.





2.3.2. Flood Hazard Determination


The flood hazard modeling process allows for the acquisition of a broad set of primary hazard indicators, which alone gives good insight into the potential magnitude of a flood event in the study area. The raster of water depth (d) and flow velocity (v) for each flood scenario (Q100, Q200, Q500, and Q1000) were used as input data for the computation of flood intensity (FI) using Equation (1).


  F I = v ∗ d  



(2)







The flood intensity for each scenario was used to define the flood hazard in the model area. The flood hazard is assumed to be higher if the flood intensity is higher. Hazard classifications were developed based on the works of Beffa et al. [40], which were used to develop hazard classifications. According to Beffa’s work, flood intensity is considered as FI > 2 for high hazard, 0.50 < FI ≤ 2 for medium hazard, and FI < 0.50 for low hazard.





2.4. Flood Damage Estimation


This impact assessment will consider direct and some indirect tangible damages at a micro-scale level by using depth–damage curves. Flood damage assessment requires the integration of the physical impact results (flood depth) with information on exposure and vulnerability or impact. Direct damage estimates were obtained by intersecting land-use data with flood depth data and extracting the exposed objects by the means of a GIS. The exposed objects were then integrated with the corresponding depth–damage functions and unit cost in the damage estimation model. This resulted in the estimation of damage for each of the return periods considered (100, 200, 500, and 1000 years), which allows for the evaluation of the change in flood damage between the current and future climate for the respective return periods. To ease the calculation of the final flood damage estimation, an Excel-based toolbox from NVE [32] has been used. This toolbox enables the user to increase the speed of the post-processing of data and ease the simulation of several events. The following equation illustrates how the elements in the direct damage model are combined to estimate the total amount of physical damage in a flooded area:


  D =   ∑  i m    ∑  r n   α i     h r     D  m a x , i    n  i , r    



(3)







	
Dmax,i: maximum damage for land-use category i;



	
i: land-use category;



	
r: location in flooded area;



	
m: number of damage categories;



	
n: number of locations in flooded area;



	
αi(hr): stagedamage function for category i as a function of flood characteristics at a particular location r (0 ≤ αi(hr) ≤ 1); and



	
ni,r: number of objects of damage category i at location r.






Flood Cost Estimation Model


The tool was developed on behalf of and in cooperation with the Landslide and Watercourse Department in NVE by Nils Roar Sælthun in 2015 [32]. The tool was originally a cost–benefit analysis tool that was built into a Microsoft Excel spreadsheet. However, only the flood damage portion of the tool was used in this study. The tool was made in accordance with the Norwegian Directorate for Financial Management’s guidelines. The tool provides basic data for municipalities and fixed model constants, which are not usually changed during operation. The fixed data defines default values, discount rate, expected GDP development, and vulnerability factors. The default values are largely based on data from Statistics Norway and are adjusted on the basis of the construction cost index and the consumer price index.



Direct and some indirect tangible costs are handled in the damage tool. Therefore, the total flood damage consists of the damage to buildings, agricultural areas, infrastructure, and other costs. Other costs include fracture repair, cleanup and rental costs, mobilization, and other first-line costs. These are explained below.



Fracture cost of roads: These are breakage costs for roads are based on detour costs when closing, based on an estimate of costs per extra km driven.



Cleanup and rental costs: These are costs related to cleaning up in the event of total damage, and rental costs in the renovation and construction period. No input is required. It is assumed that all homes where there has been water on the ground floor will need renovation or new construction.



Mobilization and other first-line costs: These are societal costs associated with handling the actual incident, with a fixed estimate of 5% of material damage.



For this study, the damages to buildings, infrastructures, and other costs, excluding fracture cost of roads (due to unavailability of data), were considered for the damage estimation of the study area.



There are different parameters in the tool that describe the time of development. The parameters used in the flood cost estimation tool are price indices and welfare development. An important point is that present value is used for flood cost estimation, and that future price increases are not taken into account.



Price indices: The tool largely operates with standard prices for replacement values, taken from surveys by Statistics Norway and others, as a basis for the utility calculations. If these are fixed in the tool, as time goes on and the price increases significantly, the costs will increase while the utility values are fixed. To avoid this, Statistics Norway’s construction cost index and consumer price index are used to raise the standard values in the tool. VSL (Value of a Statistical Life) is also adjusted, from 2012 to the current year according to the CPI (Consumer Price Index). This therefore applies from the base year to the current year, not further into the future.



Welfare increase: The value of statistical life is largely based on society’s willingness to pay. There is a clear connection between the level of welfare, expressed by gross national product per capita, and the willingness to pay to save lives. In accordance with the Directorate for Financial Management’s “Guide to Socio-economic Analysis”, VSL has therefore been adjusted upwards through the planning horizon in accordance with expected real growth in GDP per capita. In the government’s perspective report from 2013, this was estimated at 1.3% per annum for the period of 2012–2060. In practice, this comes as a reduction in the discount rate for VSL, so that the present value of life saved in the future falls less with time than material values. The Excel-based flood cost estimation tool is included in the Supplementary Material.






3. Results


3.1. Model Calibration and Validation


The flood model did not give a satisfactory result in the first run. As a result, the flood model must be calibrated for the desired results. Figure 3 shows the simulated water surface elevation and the water level of the surveyed flood after calibration. In general, it can be said that the simulated results are close to the actual situation when compared to the surveyed flood. The statistical indicators computed for the observed and simulated model outputs were good (R2 = 0.99 and RMSE = 0.11 m) (Figure 3b). The validation result also shows that there is a good agreement between observed and simulated water levels; see also the last column to the right in Table 4.




3.2. Flood Hazard Modelling


This section focuses on four hazard indicators: flood intensity, flood extent, velocity, and water depth. Flood hazard maps in Figure 4 show areas with their corresponding hazard categories and flooded buildings and infrastructure for both current and future flood scenarios. Flood hazard is mostly low or medium, while high flood hazard occurs in the stream channels, with the exception of some other minor inundations in the current (5.87 km2) and future (5.96 km2) climates.



As for the flood extent in Figure 5, it was found that for both the current and future 200-year climate scenarios, the study area was significantly affected by the flood scenario. As illustrated in Figure 5, 2399 and 2855 out of the 39,000 buildings considered in this analysis are potentially affected by current and future climate 200-year flood scenarios, respectively.



In absolute numbers, about 68,813 m2 and 81,348 m2 of a total of about 6,292,039 m2 of built-up area are affected by the 200-year flood scenario of the current climate scenario and future climate scenario, respectively. This shows that the future climate scenario corresponds to approximately 18% higher than the current climate flood.



Concerning the flood velocity (Figure 6), it ranges between 0 m/s and 9.62 m/s for the current 200-year flood scenario and between 0 m/s and 10.33 m/s for the future climate flood scenario. The average velocity value at the surface of the 2399 buildings affected by the current climate flood is about 0.26 m/s, with a standard deviation value (STD) of 0.07, being that 25 of these 2399 buildings are exposed to surface velocities higher than 0.50 m/s. The mean velocity value at the surface of 2855 buildings affected by the future climate flood is 0.26 m/s with a standard deviation value (STD) of 0.13. Of these, 27 out of the 2855 buildings are exposed to a surface velocity higher than 0.50 m/s.



As for the water depth in Figure 7, from the hazard analysis, it was found that for the considered current and future climate scenario of 200-year flood, the buildings will expectedly be exposed to an average depth of about 0.72 m (SD = 1.20) in the current climate flood and 0.73 m (SD = 1.18) in the future climate flood. As illustrated in Figure 7, 795 out of the 2399 buildings were affected by a water height of more than 0.5 m in the current climate flood. About 1093 out of 2872 buildings affected by a water depth of more than 0.5 m in the future climate flood correspond to the affected building in the future being approximately 37% higher than the current flood-affected building.



Table 5 summarizes the above-discussed results, presenting the absolute and relative number of potentially affected buildings for different ranges of flood velocity and water depth.



As presented in Figure 4, Figure 5, Figure 6 and Figure 7, it was found that about 85,658 m and 110,037 m of infrastructure (roads and railroads) were affected by the current and future climate of a 200-year flood scenario.



To conclude, the comparison between the current and future scenarios in 2100 showed that the inundated areas, velocity, and depth increased, as presented in the flood hazard modelling section. Detailed flood hazard maps of different flood scenarios (Q100, Q500, and Q1000) are presented in the Supplementary Material (Figures S2–S13). Furthermore, the affected number of buildings and length of infrastructure (roads and railways) for each flood scenario are tabulated in the Supplementary Material (Table S1).




3.3. Flood Damage


The total expected flood damage is computed in Mill.kr over the land-use categories for which depth–damage functions were derived. Table 6 gives the estimated breakdown of damage under every flood scenario for the area under study. It is observed that the cost of flood damage to a building (structural plus content) covers about 90–92% of the total cost estimated over all land-use categories under each flood scenario. Furthermore, the damage cost in Table 6 verifies the fact that the smaller the exceedance probability gets, the higher the expected flood damage becomes. The results also show that the impacts of climate change increase the vulnerability of urban areas to flooding and economic damage, which will increase the total damage from floods by 20.26%.





4. Discussions


Flood cost estimation is a combination of flood hazard, vulnerability, and exposure. This study shows that flood damage is mostly affected by the hazard component, i.e., flood depth. The average velocity value at the surface of the buildings in the flood-prone area affected by the current and future climate floods is about 0.26 m/s, which has a minor effect compared to food depth. Therefore, the study uses locally developed depth–damage functions for the above-mentioned land-use groups with the aim of contributing to the development of a standard approach for estimating expected flood damage. As for building damage, the area of housing properties is larger than the other building categories considered (see Table 7). This generates a higher number of flood-affected properties in each flood scenario. As a result, the total estimated damage (structural plus content) to housing is higher than other building categories. As for the 1000-year flood for the current climate flood, the total estimated damage for housing is approximately 360.58 mill.kr, which is higher than other building categories. The second most highly affected building category is industrial buildings, which are estimated at approximately 225.75 mill. kr. Moreover, it is observed that the cost of flood damage to buildings (structural plus content) covers about 90–92% of the total cost estimated over all land-use categories under each flood scenario.



The effects of varying ARI on flood damage in Table 6 verify that as the return period used to estimate the risk increases, the flood damage will also increase, but as the return period decreases, the total damage will reduce. Moreover, it is noted that for the 1000-year current climate flood, the total damage is 1127.40 mill.kr, about 48 % higher than the damage for a 200-year flood (784.31 mill.kr) and is approximately 18.40 % higher compared to the risk of a 500-year flood (952.31 mill.kr). This result corroborates the findings of [22,41,42], who found similar trends in their probability–damage relationships, with low probability events contributing to large damage values. Ward et al. [42] show how the annual flood risk estimate increases as the maximum return period used to estimate that risk increases. The study identified that the curve flattens off rather abruptly at return periods between 1000 and 2000 years, and there is a steep increase for low values of the maximum return period used. Olsen et al. [22] compared the results of calculating the EAD (expected annual damage) with three different methods. The results show that the three approaches provide remarkably comparable outcomes. For both the Olsen et al. [22] and Velasco et al. [41] case studies, a log-linear relationship was observed in the damage–probability curves. However, they also discovered a shift in the curves, with smaller events following one log-linear connection and larger events following another.



The findings reveal that climate change’s impact on flood risk makes urban areas more vulnerable to floods and economic loss. The effect of climate change will raise the total damage from floods by 20.26 %, according to the findings. This result is similar to that of Arnell et al. [11], who used climate models and socio-economic data to evaluate the future scenario of flood risk.



General Limitations


Regarding the results and methods used, possible sources of uncertainty and improvements should be considered and discussed. When applying the framework outlined in the methodology section for micro-scale flood damage assessment, it was necessary to adopt the following assumptions, which should be kept in mind when interpreting the results.



The climate data used for the projection of future floods are uncertain, which may have a considerable influence on the flood return level estimates. Therefore, this may lead to the uncertainty of future flood damage cost.



The approach is based on direct and some indirect flood damage caused by different water depths on different land-use typologies. Other factors that could lead to an increase in losses, such as flood velocity, building characteristics, sediment content in water, and some indirect economic losses, are not considered in this study.



Due to the absence of reasonable micro-scale land-use change data for the future climate, changes in land use and land cover are not integrated into the economic impact evaluation. Hence, it only reflects the influence of climate change on flood risk, which may lead to an underestimation of future flood risk.



It is normally assumed that a damaged object will have the same quality level after a repair as it had before the flood occurred. For some objects, such as buildings, it may happen that the repair leads to an increase in value in relation to the previous condition, due to the fact that the price is independent of the building’s condition before the flood occurred. Despite the fact that this contradicts typical perceptions of what damage is, it has not been possible within the scope of this study to exclude compensation that increases the value.



As for damage estimation applied, all the buildings affected by the flood have a basement, and all of the building categories are made from metal and concrete except housing (made of timber). The assumptions made for the infrastructure data include that 50% of private roads are made from gravel and 50% are made from asphalt, while the other road categories such as municipality, county, and highway roads are made up of 100% asphalt. All these assumptions may lead to the uncertainty of the estimated flood damage.



Due to the lack of and incomplete historical damage data, previous flood risk assessment studies found it difficult to validate flood damage estimates. This study also faced the same challenge. Flood damage estimation was undertaken for buildings and infrastructure. However, due to a lack of surveyed data, verification of the results with actual surveyed data was impossible.



As a final remark, despite the advances in data assessment and model development, there is still room for future research and improvement. Applying advanced statistical methods could help to elaborate in detail on the complex interactions of damage influences in general and the connection between flood probability and damage-generating parameters in particular. Empirically derived loss models usually suffer from a lack of information about damages caused by infrequent extreme events and hence are not very accurate in estimating the impact of such events. As it is the case in our data set, a uniform loss function has been applied to low probability and high probability flood events, and the loss estimation only focuses on flood impact variables such as flood depth. This data gap could be closed by establishing a framework for continuously assessing flood losses and thereby creating an up-to-date data set that describes flood damage representatively.





5. Conclusions


This article describes which contemporary methods exist and how they might be implemented in practice. The finding of the performed scoping study demonstrate which elements must be taken into account in contemporary GIS-based assessments of current and future flood damages. The utility of the findings may be seen in the universality of the proposed methods to assess flood hazards and flood risks, which could be used by practitioners in flood risk management to develop suitable assessment approaches to estimate flood damages for current and future scenarios. Flooding scenarios presented herein combine climate change–induced river flooding with other coastal flooding (storm surges) triggers to map flood risk. These maps can be considered an effective tool for risk reduction. It supports decision-makers in taking suitable actions under different risk conditions, particularly in the pessimistic scenario, where the highest level of flood hazard occurs. The quantitative result of the case study suggesting an increase of flood damages along the Drammen River in the future. The extreme flood risk largely occurs in the stream channels, with the exception of some other minor inundations. The evaluation result shows that 17% and 16% of the area is above medium risk under the current and future climates, respectively. The recurrence interval and the loss extent were shown to have a highly significant positive correlation. The assessment of flood hazards shows that the risk to buildings will be more serious in the future. Climate change and increased urbanization may have an impact on the degree of flood hazard and loss. Nevertheless, flood mitigation measures such as lake preservation and WSUD (water-sensitive urban design) implementation may help reduce flood impacts. Additionally, the detection of priority areas for flood risk reduction using flood hazard maps will be helpful to decision-makers as they adopt strategies at local and regional scales. The research results can provide valuable information for urban flood risk management and flood mitigation planning in the study area and other regions with similar conditions.
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Figure 1. Location of the study area Drammenselva. 
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Figure 2. Terrain created by merging 1D geometry and red Lidar data. 






Figure 2. Terrain created by merging 1D geometry and red Lidar data.



[image: Water 15 00920 g002]







[image: Water 15 00920 g003 550] 





Figure 3. Simulated and observed water levels in Drammenselva during the flood in 2007. (a), observed and simulated water level plot. (b), scatter plot of observed and simulated water levels. 
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Figure 4. Flood intensity in the model area for the flood scenario: (a), Q200 for current climate, and (b) Q200 for future climate. 
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Figure 5. Flood inundation map: (a) Q200 for current climate scenario, and (b) Q200 for future flood scenario. The colours in the above figures show different types of buildings and flooded surface in the study area. 
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Figure 6. Flood velocities resulting from: (a) Q200 current climate flood scenario, and (b) Q200 future climate flood scenario. 
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Figure 7. Water depth resulted from (a), Q200 current climate flood scenario (b), Q200 future climate flood scenario. 
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Table 1. Properties of the bridges.
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	Bridge Width (m)
	Bridge Level (Top) (m)
	Bridge Level (Bottom) (m)
	Bridge Distance (m)
	Bridge Light Opening (m)





	Hokksund bridge-RV35
	12
	8.70
	6.40
	0.50
	186



	Mjøndalen bridge
	4
	7.70
	6.50
	34.14
	219



	RV283 bridge (Stensetøya)
	12
	7.30
	4.60
	23.89
	265



	Landfalløy bridge
	11
	4
	2.70
	36.50
	149



	Upper sound bridge
	23
	6.40
	4.70
	13
	148



	Bybrua
	16
	5.30
	2.20
	18.50
	252
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Table 2. Flood water flows in the Drammenselva River taken from NVE’s report [33,37].






Table 2. Flood water flows in the Drammenselva River taken from NVE’s report [33,37].





	
Current Climate

	
Future Climate (2100)






	

	
Field area

	
Q100

	
Q200

	
Q500

	
Q1000

	
Q200




	
km2

	
m3/s

	
m3/s

	
m3/s

	
m3/s

	
m3/s




	
Drammenselva by Døikfoss

	
16,118

	
2030

	
2550

	
2750

	
2910

	
2550




	
Local field Hellefoss

	
255

	
80

	
100

	
110

	
120

	
100




	
Drammenselva by Hellefoss

	
16,373

	
2110

	
2650

	
2860

	
3030

	
2650




	
Honselva

	
44

	
8

	
9

	
10

	
10

	
10.80




	
Vestfosselva

	
531

	
94

	
112

	
120

	
120

	
112




	
Local field Mjøndalen bridge

	
43

	
8

	
9

	
10

	
10

	
10.80




	
Drammenselva by Mjøndalen bridge

	
16,992

	
2220

	
2780

	
3000

	
3170

	
2783.60




	
Drammenselva by outlet in the fjord

	
17,113

	
2220

	
2780

	
3000

	
3170

	
2783.60
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Table 3. Overview of storm surge values in Drammen taken from NVE’s report [33].






Table 3. Overview of storm surge values in Drammen taken from NVE’s report [33].





	
Drammen

	
5 Years

	
10 Years

	
20 Years

	
50 Years

	
100 Years

	
200 Years

	
500 Years

	
1000 Years






	
Storm surge (m)

	
1.20

	
1.30

	
1.39

	
1.50

	
1.59

	
1.67

	
1.78

	
1.86




	
Storm surge in year 2100 (m)

	
1.82

	

	

	

	
2.19
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Table 4. Simulated and observed water levels for Drammenselva at measuring station Mjøndalen bridge 12,534.






Table 4. Simulated and observed water levels for Drammenselva at measuring station Mjøndalen bridge 12,534.





	
Date

	
Observed Water Flow at Mjøndalen Bru

	
Observed Water Level at Mjøndalen Bru in NN2000 (m)

	
Simulated Water Level at Mjøndalen Bru in NN2000

	
Difference (obs.–simu.)






	
24 May 2013

	
1528.60 m3/s

	
time: 16:40 = 2.70 m

	
2.75 m

	
−0.05 m




	
time: 16:50 = 2.71 m
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Table 5. This table summarizes the results discussed above, presenting the absolute and relative number of potentially affected buildings for different ranges of flood velocity and water depth.
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Hazard Indicator

	
Range of Values




	
0–0.5

	
0.5–1

	
1–1.5

	
1.5–2

	
2.0–3

	
>3






	
Current Climate

	
Velocity (m/s)

	
2374 (98.95%)

	
23 (0.96%)

	
1 (0.042%)

	
0 (0%)

	
1 (0.04%)

	
0 (0%)




	
Depth (m)

	
1604 (66.86%)

	
463 (19.30%)

	
162 (6.75%)

	
50 (2.08%)

	
18 (0.08%)

	
102 (4.25%)




	
Future Climate

	
Velocity (m/s)

	
2828 (99.05%)

	
25 (0.87%)

	
1 (0.03%)

	
0 (0%)

	
0 (0%)

	
1 (0.03%)




	
Depth (m)

	
1779 (61.94%)

	
636 (22.14%)

	
267 (9.30%)

	
55 (1.91%)

	
28 (0.97%)

	
107 (3.72%)
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Table 6. Estimates of flood damage cost for building and infrastructure for various ARIs.






Table 6. Estimates of flood damage cost for building and infrastructure for various ARIs.





	

	
ARI (Years)

	
Probability

	
Estimated Flood Damage (Mill.kr)




	
Building

	
Infrastructure

	
Cleanup and Rent Cost

	
Mobilization and Other First-Line Costs

	
Total Cost






	
Current climate

	
100

	
0.01

	
592.96

	
26.41

	
3.38

	
30.97

	
653.72




	
200

	
0.005

	
715.68

	
27.86

	
3.59

	
37.18

	
784.31




	
500

	
0.002

	
869.91

	
33.42

	
3.81

	
45.17

	
952.31




	
1000

	
0.001

	
1032.56

	
37.25

	
4.09

	
53.49

	
1127.40




	
Future climate

	
200

	
0.005

	
860.75

	
35.00

	
2.71

	
44.79

	
943.24
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Table 7. The number of flood-affected buildings at various recurrence intervals.






Table 7. The number of flood-affected buildings at various recurrence intervals.





	
Types of Buildings

	
Number of Affected Buildings




	
100 Year

	
200 Year

	
500 Year

	
1000 Year

	
200 Year (Future)






	
Housing

	
727

	
953

	
1174

	
1371

	
1092




	
Apartment block

	
59

	
77

	
97

	
118

	
109




	
Commercial building

	
31

	
36

	
49

	
57

	
60




	
Office building

	
45

	
54

	
70

	
84

	
83




	
Industrial building

	
224

	
264

	
303

	
335

	
335




	
Hotel

	
22

	
22

	
27

	
28

	
30




	
Restaurant

	
9

	
10

	
11

	
12

	
11




	
School

	
6

	
8

	
8

	
9

	
9




	
Kindergarten

	
2

	
2

	
4

	
5

	
4




	
Nursing home

	
0

	
2

	
3

	
6

	
4




	
Hospital

	
1

	
2

	
2

	
5

	
3




	
Sports hall

	
7

	
10

	
11

	
11

	
11




	
Other buildings

	
78

	
100

	
121

	
129

	
135
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