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Abstract: One of the effects of climate change is an increasing frequency of heavy rainfall events,
which in turn leads to increased flooding damage in urban areas. The purpose of this study was
to develop a tool for dynamic risk evaluation that can be used to fulfil several of the goals in the
European Flood Risk Management Directive. Flood risk analysis was performed as a spatial GIS
analysis with the FME software. The primary data source for the analysis was a 1D/2D model
calculation, wherein 1D models described the pipeline network and the watercourses and a 2D model
described surface runoff. An ArcGIS online platform was developed to visualize the results in a
format understandable for decision makers. The method and tool were tested for the Norwegian
capital of Oslo. The tool developed in the study enabled the efficient analysis of consequences
for various precipitation scenarios. Results could be used to identify the areas most vulnerable to
flooding and prioritize areas in which measures need to be implemented. The study showed that for
urban areas in steep terrain, it is essential to include water velocity and depth-integrated velocity in
risk analysis in addition to water depths and pipe network capacity.

Keywords: climate change adaptation; cloud burst management; quantitative risk analysis; urban
flooding; urbanization

1. Introduction

Flood is defined as “the temporary covering by water of land not normally covered
by water” in the European Flood Risk Management Directive (Flood Directive) [1] (p. 3).
Many cities worldwide have reported increasing damage from floods [2–8], including
urban flooding; “urban flooding is the accumulation of floodwaters that result when the
inflow of storm water exceeds the capacity of a drainage system to infiltrate water into
the soil or to carry it away” [9] (p. 9). Urban flooding can occur from several sources
depending on the location of the urban environment: pluvial floods, fluvial floods, storm
surges, or high tides in coastal areas.

More intensive and frequent extreme rainfall events with associated floods have been
projected for Europe with medium to high confidence [10]. There is also high confidence
that the combination of sea-level rise, storm surges in coastal cities, and extreme rain-
fall/river flow events will make flooding more probable. Although the climate is getting
wetter in several parts of the world, climate change alone does not always increase flooding
damage. Another significant factor is urban densification. Urbanization increases mean
and heavy precipitation over cities, thus resulting in higher runoff intensity [10]. There
are also many other factors in a city affecting runoff: (a) it increasingly rains more than
drainage systems are designed for, and the capacity of drainage systems has deteriorated
over time; (b) natural runoff routes are blocked by infrastructure; and (c) large parts of
urban areas have become impermeable.
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Although there is uncertainty regarding future rainfall patterns, it is highly probable
that intensive rainfall will occur more frequently, and flooding damage will increase if
risk-reducing measures are not integrated into urban development. Adapting cities to
climate change is a complex and long-term process. Nevertheless, because of the expected
damage costs, rapid and effective action is needed now [11]. Adaptation measures must
be based on robust data and risk assessment tools. Risk analysis of urban flooding is
essential for securing inhabitants and infrastructure in urban areas that are most vulnerable
to flooding. Knowing the extent, probability, and location of potential problems will enable
public decision makers to prioritize emergency preparedness and prevention measures.

In the Flood Directive, flood risk is defined as “the combination of the probability of
flood event and the potential adverse consequences for human health, the environment,
cultural heritage, and economic activity associated with a flood event” [1] (p. 3). Like
other European Union countries, Sweden has implemented the Flood Directive in national
guidelines for risk analysis [12]. The Norwegian Water Resources and Energy Directorate
has also followed up the Flood Directive in the national framework for assessing and
managing flood risks [13]. The assessment and management of pluvial floods in urban
environments are not directly covered by the Flood Directive, but are implemented at the
national level in several countries. For instance, guidance materials for conducting urban
flood risk analyses have been prepared in Norway [14] and Sweden [15]. Methodological
approaches and levels of detail for such risk analyses vary between different cities. Tra-
ditionally, a qualitative method is used for flood risk analysis [14,16,17]. Qualitative risk
analysis determines severity of flooding by presenting results in a risk assessment matrix.
The method is particularly useful when there is insufficient knowledge of probabilities [16].
Quantitative risk analysis uses verifiable data to analyse the consequences of different
risks [15,17–20].

Qualitative identification of risks based on professional and local knowledge is
widespread. Qualitative flood risk analysis does not require any digital tools and is
more accessible to public administrations than the quantitative method. The challenge is
that qualitative assessment mainly uses a rather coarse hazard classification and is limited
to representing the flood risk [17]. The method is also subjective. It is especially challenging
to produce a reliable analysis for large cities, locate risks geographically, and identify the
extent of damage for different rainfall scenarios. Several cities and towns in the Nordic
countries have experienced severe urban flooding in recent years [2–4,8]. Nevertheless,
assessments of the potential damage of extreme precipitation in urban areas that so far have
not experienced such events are often based on the lessons learned from “famous” flooding
events in neighbouring countries. For instance, the 2011 flood in Copenhagen, Denmark, is
used as a template for the qualitative assessment of potential damage in Norway, albeit
with some adjustment to local conditions [18,19].

As an intermediate stage between qualitative and quantitative risk analysis, GIS
terrain [13] and historical loss data analyses [9] can be used. These tools allow better
visualization of risks than studies based purely on experience. Furthermore, GIS analysis
provides the opportunity to include water depth as a damage parameter. However, the
information from GIS analysis may be incorrect because several parameters, such as
pipe network capacity, infiltration, hydrodynamics, and the time-space distribution of
precipitation runoff, are not included. Furthermore, water depth is not always correlated
with the extent of damage, especially in urban areas with steep terrain.

Quantitative analysis can be performed based on the results from hydraulic mod-
elling [9]. A risk analysis based on 2D hydraulic models of surface runoff includes both hy-
drological and hydraulic parameters, requires a limited amount of input data. and provides
a quick overview of flooding at extreme precipitation events. Decision makers can choose
2D models for the assessment of flood risk for critical infrastructure [20]. However, one of
the most significant uncertainties in the 2D hydraulic model is the omission of pipeline
network capacity and potential flow exchange with watercourses. These two factors may
be necessary to assess several risk categories in addition to risk to critical infrastructure.
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The modelling must be sufficiently detailed and flexible to properly represent the flow
pathways, the full extent of the flooding, and the watercourse’s hydraulics [21]. One- and
two-dimensional coupled models can give a broad description of complex urban hydrology
as input data to the risk assessment of urban flooding. Several studies have developed
models for flood simulation by coupling 1D models for watercourses with 2D overland
flow [21–24]. In a Norwegian study, a large-scale full hydrodynamic model was developed
for Oslo [25]. The model enabled water flow analysis on the surface, in the drainage pipe
network, and in watercourses. Nine 1D models for main rivers in Oslo were coupled by
literal links to ten 2D flexible mesh (FM) surface runoff models (1D/2D coupling). The 1D
model for the pipeline network (44,000 pipes with associated installations) was coupled by
outlets to 1D river models (1D/1D coupling) and by manholes to eleven 2D FM models
with a total area of 185 km2 (1D/2D coupling). Despite its great complexity, scope, and
level of detail, the model had high computational efficiency. This was achieved by using
flexible mesh for the 2D models and a GPU processor for calculations [21,25].

The EU Strategy on Adaptation to Climate Change highlighted the need to close
knowledge gaps on climate impacts and resilience and improve technology in climate
adaptation modelling, risk assessment, and management tools [11]. This study was based
on the need to cover knowledge gaps in quantitative risk analysis of urban flooding to
achieve various objectives in the Flood Directive [1]. The study’s primary goal was to
develop and test a methodology and tool for the systematization and analysis of hydraulic
modelling results for a wide range of risk categories to efficiently analyse the consequences
of various precipitation scenarios in large urban areas. The results should provide a basis
for identifying problem locations, prioritizing areas for measures, and prioritizing types
of actions for different areas within the study area—the Norwegian capital of Oslo. The
database in the study was limited to pluvial floods, but results from the assessment will be
useful for quantifying the risk of urban flooding regardless of the cause of the flooding.

2. Materials and Methods

The method for risk analysis developed and tested in this study was based on hy-
draulic modelling (Figure 1). Thus, when starting a risk analysis, it was necessary to
identify for which precipitation scenario (probability) and for which associated risk cate-
gories the consequences are to be assessed [26]. A survey of the municipal map database
was made to identify map layers that are available for analysis. Based on this information,
risk types for each risk category [14,19] were identified. The definition of damage thresh-
olds for different types of risk was based on a literature study [20,21], with some adaptation
to available data and local knowledge. A GIS-based spatial overlay analysis that included
and weights all available datasets was set up in the Feature Manipulation Engine (FME)
software [27]. All potential risks cannot always be identified quantitatively, and there is
still a need for qualitative assessment of specific risk categories [16]. However, because of
good data access in this study, quantitative analysis was considered sufficient to obtain a
reliable result, and a qualitative follow-up was not included in this study. ArcMap [28] was
used to visualize consequences per risk type and per risk category as well as total risk at a
given probability. Finally, an online ArcGIS tool [28] was developed to visualize the results
for decision makers. The use of results was not a part of this study.
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Figure 1. Assessments of flood risk for a wide range of risk categories in urban areas using hydraulic
and FME models.

2.1. Study Area

In this study, the Norwegian capital Oslo was used as the study area. The area of Oslo
municipality is 454 km2, but the city itself, with 700,000 inhabitants, has an area of 147 km2.

Oslo is characterized by significant variations in the terrain. While the downtown
area in Oslo is at sea level, the upper edges of the city are at elevations of 200–500 masl.
Annual precipitation at the central MET office station is 780 mm [29]. The wastewater
network in Oslo has a total length of 2250 km [30]. Approximately 55% of the wastewater
network in Oslo is combined sewer system (CS). The network includes 218 combined sewer
system overflows (CSOs) that discharge into the city’s watercourses and the Oslo Fjord.
Historically, there were 353 km of open streams and rivers in the Oslo area. However, 66.8%
of stream routes have been piped or buried. Some of them are now part of the drainage
and sewer systems, but others are entirely buried. A total of 10 rivers and streams with
natural catchments flow through urban parts of Oslo before being discharged into the fjord.
The study method and the tool were first tested for one of the main river catchment areas,
Akerselva, with a substantial local flood knowledge base before it was implemented for
the entire city [9] (Figure 2).
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Figure 2. Location and elevation for Oslo and Akerselva study areas.

2.2. Input Data from Hydraulic Modelling

Prior to this study, DHI Norway (DHI) carried out hydraulic modelling in an un-
calibrated 1D/2D MIKE FLOOD model [25] that connects three models: MIKE 21 FM,
MIKE HYDRO River, and MIKE URBAN CS [31]. A detailed description of the model
construction can be found in the DHI model report [25].

An intensity–duration–frequency curve (IDF) was developed for a future 200-year
rainfall event by multiplying IDF for the current 200 return period (50 mm per hour) with a
climate factor of 1.5 (200CF), based on statistical precipitation data from the weather station
at Blindern, Oslo (1967–2019) [29] and the expected climate factor [32]. The model for the
test area of Akerselva was run for 200CF for the development phase of the tool.

To cover the risk of damage to critical infrastructure, the effects of urban flooding
on the entire city were calculated for a 1000-year return period [33]. However, there are
limited statistics on extreme precipitation events. Although there have been short-term
extreme precipitation events in recent years throughout the Nordic countries, these were
often poorly documented because of local rains not being captured by measuring stations.
Thus, in this study, an actual rainfall event in Copenhagen (155 mm per 2 h) on 2 July 2011
(CPH) was applied [34], since appropriate rainfall data for Oslo were not available [26].
This event is believed to be comparable to a 1000-year rainfall event in Oslo.

2.3. Risk Categories Divided into Risk Types

In this study, damage consequences were calculated for six risk categories: human life
and health, nature and environment, critical infrastructure, vulnerable societal functions
(F3), building damage (F1 and F2), and accessibility. The classification of buildings in F1,
F2, and F3 [33] can be found in Table 1.

Table 1. Classification of buildings in the risk categories “vulnerable social functions (F3)” and
“building damage (F1 or F2)”.

Risk Category Content

4—Vulnerable social functions (F3)
Hospital, Nursing home, Fire station, Police station,
Civil defence facilities, Kindergarten, Train/Metro

station, Other shielded objects

5—Building damage (F1 or F2) All other buildings not covered by F3

The selection of risk categories was partly adapted from the existing categorization of
consequences in national guidelines for risk analysis in Norway [14,19]. Each risk category
described two to four different risk types based on local knowledge and available data.
Risk categories with associated risk types, as well as GIS map layers needed for analysis
and modelling results, are summarized in Table 2.
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Table 2. Risk categories with associated risk types as well as GIS map layers necessary for analysis and modelling results
(CS—combined sewer system, D—water depth, V—water velocity, DV—depth-integrated water velocity, P—pressure level
in CS, Q—accumulated water volume).

Nr Risk Category Risk Type GIS Map Layer 1D/2D Model
Results Risk Output Unit

1 Human life and
health

Drowning and instability of
humans All areas except buildings D, V, DV m2

Basement flooding—health risk
from pollution in buildings

DEM, CS, branch pipes,
buildings, year of

construction for buildings
P Number of buildings

Accumulation from CS manholes
on the surface (ACS)—health risk

from pollution outside
All areas except buildings, CS Q Number of manholes

Combined sewage overflow
(CSO)—health risk when bathing Watercourses, CS Q Number of CSOs

2 Nature and
environment

Flooding

Cultural heritage and
protected objects, petrol
stations, companies with

chemical production, landfills

D Number of cultural
heritages etc.

Erosion On discontinued landfills D, V m2

CSO Watercourses, CS Q Number of CSOs

ACS—pollution in urban spaces Green areas, CS Q Number of manholes

3 Critical infrastructure
Flooding Electrical transformers,

pumping stations D Number of TS/PS

Erosion On the ditch routes,
road/green areas D, V m2

4
Vulnerable social

functions (F3)

Flooding Building class F3 D Number of F3

Basement flooding
DEM, CS, branch pipes,

buildings, year of
construction for buildings

P Number of F3

Erosion At building class F3 D, V Number of F3

5
Building damage

(F1 and F2)

Flooding Building class F1 or F2 D Number of F1–F2

Basement flooding
DEM, CS, branch pipes,

buildings, year of
construction for buildings

P Number of F1–F2

Erosion At building class F1 or F2 D, V Number of F1–F2

6 Accessibility

Traffic jams (6.1, 6.2, or 6.3) and
instability of vehicles (6.1 or 6.2)

Road (6.1), emergency routes
(6.2) subway/train (6.3) DV, D m2

Erosion Road (6.1), subway/train (6.3) D, V m2

For the first risk category, “human life and health”, four types of risk were identified.
Humans can be exposed to harm at great water depths (D). In areas with steep terrain,
injuries can also occur at low D but with high water velocity (V). The risk of human
instability in water flow, friction stability (sliding), and moment stability (rolling) can be
described at depth-integrated water velocity. In this study, only an assessment of moment
stability (DV) was included in the analysis. Assessments of D, V, and DV were performed
for all areas in the city except buildings.

As well as by mechanical influences, people can be exposed to harm by contamination
from a sewer [35]. Three analyses identified the risk of sewer pollution: basement flooding,
accumulation from manholes on surface (ACS), and overflows to watercourses (CSOs) from
the combined sewer system (CS). The study included only the risk of pollution, but not
of the concentration of pollutants, because of the lack of data for pollutant concentration
from modelling.

The basement flooding risk was identified by connecting results for pressure level (P)
in CS to associated buildings via branch pipes in the FME model. In the overall analysis



Water 2021, 13, 2771 7 of 22

for an entire city, it was too time-consuming to analyse the exact depth of pipelines and
building basements relative to each other. Basement data registered by the municipality
were also uncertain. Therefore, a simplification was made. The digital terrain model
was used to calculate altitude variations between the start and stop points on branch
lines. Public requirements for a minimum height of the basement hatch level in Oslo were
changed in 1982 [36]. Therefore, information about the construction year was included in
the analysis. Health risks from polluted water at ACS and CSO were identified by assessing
the accumulated water volume (Q) on the terrain and from CSO.

For the risk category “nature and environment”, four risk types were analysed: flood-
ing, erosion, CSO, and ACS. Water depth (D) was used to analyse flooding of infrastructure
that may adversely affect the environment. Such infrastructure included, for example,
landfills and companies that handle environmentally hazardous chemicals. In addition to
the aspect of environmental pollution, the risk category includes flooding of objects with
cultural and historical value. Decommissioned landfills are covered and are not affected
by flooding, but they can nevertheless pose an environmental risk in the case of erosion.
Although the assessment of CSO and ACS was included in analysing health risk in the first
risk category, these two parameters also negatively affect the environment.

Analysis of the risk of damage in critical infrastructure consisted of an assessment
of two types of risk. Flooding of electrical transformers and pumping stations can have a
significant impact on a city’s functionality. As the risk of erosion varies depending on the
grain size of the surface substrate, the calculation of erosion was performed separately for
permeable and impermeable surfaces. Large parts of the underground infrastructure, in
the form of cables and pipes, are located along the ditch routes of water and wastewater
pipes. By buffering a GIS layer for the pipe network with one metre on each side, ditch
width was estimated in a new map layer for ditch routes.

For the risk categories “vulnerable social functions (F3)” and “building damage (F1
and F2)”, three risk types were analysed: flooding, basement flooding, and the risk of
landslides due to erosion, as described above. The building classification was based on
regulations [33], with minor adjustments to local conditions (Table 1).

The assessment of “accessibility” was divided into three separate assessments: all
roads, roads used as emergency routes, and subway/train tracks (6.1, 6.2, and 6.3; Table 2).
Deep water can lead to traffic jams, while depth-integrated water velocity can affect vehicle
stability. Erosion risk was assessed for all roads and subway/train tracks.

2.4. FME Model

The impact assessment was carried out in the FME model [27] by connecting the
GIS map layers and simulation results from the 1D/2D coupled hydraulic model with
associated thresholds. GIS map layers were obtained from the map database of the City
of Oslo. Model simulation results were converted to raster with a resolution of 1 m×1 m.
Maximum values for D (supplementary materials) and V were obtained from raster model
results for each cell. Accumulated water flow (Q) from manholes on the terrain and from
CSOs were obtained using MIKE View [31]. Maximum values for DV were identified by
multiplying D and V for each cell for each calculation step in MIKE Zero [31]. Pressure in
CS (P) was postcalculated in MIKE URBAN CS [31] based on simulation results. Inspired
by literature [20,21,31], the threshold values in the present study were complemented by
practical experience and linked to the associated risk types in the FME model, as shown in
Table 3.

Three risk classes were chosen as a starting point: low, medium, and high. However,
considering further application of the FME model in more detailed studies, consequences
were calculated for five risk classes for those risk types for which it was possible to identify
suitable risk thresholds.

Classification of drowning and instability of humans in water flow was performed by
assessing D, V, and DV.
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Table 3. Basis for setting up the FME model for impact assessment with risk types and associated thresholds for damage
distributed among associated risk classes. Adapted from [20,21,31]. (RC—risk category, CSO—combined sewer overflow,
ACS—accumulation from manholes on surface. Units: D (m), V (m/s), DV (m2/s), P (m), Q (l/s), O (m).)

Risk Type
Low Medium High

1 2 3 4 5
Drowning and instability of

humans, RC 1
DV = 0.1–0.4 or

D = 0.1–0.2
DV = 0.4–0.6 or

D = 0.2–0.3
DV = 0.6–0.8 or

D = 0.3–0.4
DV = 0.8–1.2 or

D = 0.4–1.2
DV > 1.2 or

D > 1.2 or V > 3

Flooding,
RC 2, 3, 4, 5

D > 0.2
0–12% O

D > 0.2
13–25% O

D > 0.2
26–38% O

D > 0.2
39–50% O

D > 0.2
>50% O

Flooding, RC 3 D > 0.2 for <2 TS/PS D > 0.2 for 2–10 TS/PS D > 0.2 for
>10 TS/PS

Traffic jam, RC 6.1 DV < 0.3 and
D < 0.1

DV < 0.3 and
D < 0.2

DV = 0.3–0.6 and
D < 0.2

DV < 0.6 and
D = 0.2–0.5

DV > 0.6 and
D > 0.5

Traffic jam, RC 6.2 DV < 0.3 and D < 0.1 DV = 0.3–0.6 and D < 0.2 DV > 0.6 and
D > 0.2

Traffic jam, RC 6.3 D > 0.05 D > 0.1 D > 0.3

Erosion, RC 2, 3, 4, 5, 6
Loose cover and D > 0.1 and V > 0.5 Loose cover and D > 0.1 or V > 1 Loose cover and

D > 0.1 and V = 2

Hardcover and D > 0.1 and V > 2 Hardcover or D > 0.1 and V > 3 Hardcover and
D > 0.1 and V > 4

Basement flooding, RC 1, 5 P > 0.9 for buildings constructed after 1982 and P > 0.5 for the rest

CSO, RC 1, 2 Q < 5 5 < Q < 100 Q > 100

ACS, RC 1, 2 Q < 5 5 < Q < 100 Q > 100

Some risk types described in Table 2 were repetitive for different risk categories (RC).
For example, the risk type “Flooding” affects buildings under RC 2, 3, 4, and 5 (Table 3).
The analysis was therefore run collectively for all buildings (Figure 3).

Figure 3. Flow chart for calculation process in FME (a); percentages of building perimeters flooded
with associated risk classes (b).

The analysis assumed that buildings could be damaged by flooding at water depths
greater than 0.2 m. The extent of damage depended on the number of water-filled GIS
cells adjacent to the perimeter (O) of the building. Because of some minor inaccuracies
in the description of buildings in the MIKE 21 model, water-filled cells from modelling
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results did not necessarily affect the building’s perimeter. Therefore, a buffer zone of one
metre was created around buildings. After converting the extended polygon of building
footprints to the perimeter, the perimeter was compared against water depth cells over
0.2 m. The tool calculated flooding percent and evaluated risk class. Associated building
properties were retained to identify buildings for each RC after the impact assessment.

Electrical transformers and pumping stations (TS/PS) were counted per geographical
distributed area of interest to generalize the risk for critical objects when presenting results.

A general assessment of accessibility on all roads was conducted with thresholds for
D and DV for RC = 6.1. As emergency routes are of great importance in a critical flooding
situation, stricter thresholds were set for impact testing. In other studies [37], the risk
of delaying emergency vehicles was assessed with fewer rigour thresholds because, for
example, a fire truck can drive through deeper water and withstand higher water flow than
passenger vehicles. Nevertheless, in a dense city, the accessibility of even heavy emergency
vehicles is affected by other traffic on the road. Even smaller flooded areas along train and
metro tracks can cause traffic jams because electrical control units can go out of service.

Erosion was another parameter that was included in the assessment of several risk
categories. The risk of erosion was examined for loose cover and hardcover for the entire
city when assessing D and V.

The connection of the 2D surface model and the 1D pipe network model via man-
holes provided an imprecise description of water exchange between the surface and pipe
network in an uncalibrated model. Calculating the risk of ACS reduces uncertainty for
building damage from surface flooding. When assessing the risk of basement flooding,
two thresholds were used based on regulatory changes. For buildings built before 1982,
basement flooding could occur at a pressure level of 0.5 m above the top pipe. For newer
buildings, the risk was reduced to a pressure level of 0.9 m. Only buildings connected to
CS were considered in this analysis.

Pollution risk from ACS and CSO was assessed as the amount of wastewater from
the CS. In the study, no priority was given to calculating pollutant concentration from CS.
Values for different types of risk were based on practical experience.

2.5. Result Summary

The overall risk for each risk category and total risk were calculated for different
geographical units. Three types of geographical area distribution were analysed: main
river catchments, subcatchments in the Akerselva catchment, and administrative districts
in Oslo.

The calculation was performed in the FME model. At the first, the consequences for
all risk types (RT) within a risk category (RC) were summarized for each cell on the map
per geographically distributed area of interest (GA) (1). The cell size used in this study was
1 m2.

Consequence RC(x)GA =
∑n

i=1 Consequence RT(x)cell
AreaGA

(1)

The relative consequence distribution (RCD) for each risk category was calculated
with the help of Formula (2). The GA with the most significant consequence was assigned
a score of 100%. Consequences were distributed to the remaining GAs, relative to the
GA field with the highest consequence, to weigh consequences for each risk category
among GAs.

Relative consequence distribution RC (RCD) =
Consequence RCGA, x

Consequence RCGA,max
× 100% (2)

Total risk was identified by an overall assessment of all risk categories for each GA (3).

Total risk =
RCD1 + RCD2 + RCD3 + RCF4 + RCD5 + RCD6

6
(3)
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The significance of risk types for each risk category and the significance of each risk
category for the total risk were weighted equally in this study, but could be weighted
differently based on local preferences.

2.6. Visualization of Results

Visualization of results depends on the user group (Figure 4) [9,38]. Results from this
study would used internally in the city of Oslo in the first instance. It was thus a priority to
focus on visualization level 1 for public planning and emergency preparedness.

Figure 4. Visualization levels by objective and target group for flood risk communication. Adapted
from [38].

FME results can be processed and visualized in several ways, depending on the
purpose of the visualization. For a municipality, it is crucial to prioritize investment in
areas in which the most severe impact of urban flooding can be expected. Analysis of
consequences of different risk types is useful for detailed studies and planning of emergency
preparedness and preventive measures. For example, erosion risk can be described as a
separate map layer with respective risk colours, regardless of which risk category said
colours are linked to. Consequences of erosion per risk type can be visualized according to
the risk types in Table 3. Another option would be to survey how each risk type is affected
by erosion, for example, building type or area types such as roads or parks.

To establish a prioritization basis for further action planning, overall risk categories
and total risk for different areas in the city can be presented as polygons with associated
colours for three risk classes.

Visualization of results in this study was performed both in ArcMap [28] and with
predefined functionality in ArcGIS online [28]. The colour palette from Table 3 was used
for all result presentations. When visualizing the consequences for risk categories and total
risk, calculated risk values were distributed using “natural breaks”. Results from the FME
calculation were retrieved into ArcGIS online and relevant map layers, for example, the
background map. The visual presentation of results and colour formatting were adjusted
as desired. Access was differentiated to different user groups based on service needs.

3. Results
3.1. Consequences per Risk Type

Consequences per risk type were calculated and visualized according to the risk types
in Table 3, making it possible to assess the risk for each object in the city separately. Results
showed a clear distribution of the potential risk of drowning and instability for humans in
various open areas within the test area, Akerselva, at the 200-year incident with climate
factor (200CF). Similarly, it was possible to see which roads and subway/train tracks
could be expected to experience traffic jams. Several buildings of different categories were
exposed to different levels of damage risk from flooding, basement flooding, erosion, or
a combination of different types of risk. The method also allowed the classification of
discharge risk from CSOs and CS manholes based on model simulations (Figure 5).
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Figure 5. Risk of: drowning and instability of humans (a); pollution from CSO and ACS (b); building
damage (c); and traffic jams (d) in the test area, Akerselva, at 200CF.

Humans can be exposed to harm in 9.5% of the total area within Akerselva at 200CF
and 15.8% of the total area in the Copenhagen rain event (CPH) (Figure 6).

Figure 6. Risk distribution (no risk, low, medium, high) for different risk types for the test area
(Akerselva) at 200CF and CPH in % of total area or total amount of infrastructure per risk type.

The total risk of flooding and basement flooding within Akerselva was 30.9% at 200CF.
At CPH, the risk of building damage increased to 41.3% for the same area. When analysing
traffic delays, no lower limit was set for the low-risk threshold. As a result, the lowest risk



Water 2021, 13, 2771 12 of 22

was “low” for the entire road network, and no areas were assessed as “no risk”. It is thus
an option to consider only medium and high risk for roads and subway and train tracks.
The risk of traffic delays was medium or high for 6.0% of transport infrastructure at 200CF
and 14.6% at CPH for Akerselva. The heavier precipitation event greatly increased the risk.
In Akerselva, 26 of 27 CSOs were exposed to overflow discharge at both 200CF and CPH.
Seven of the CSOs with medium risk at 200CF had a high risk at CPH. Total erosion risk
increased from 0.6% of the total area of Akerselva at 200CF to 1.8% at CPH. 12.3% of CS
manholes are exposed to ACS risk at 200CF and 20.2% at CPH.

After replacing modelling results in FME with a CPH precipitation scenario for Oslo,
the corresponding visualization of consequences for different risk types was obtained
for the entire city of Oslo. Visualization of risk for Oslo at CPH can be found in the
supplementary materials. Results showed an exceptionally high concentration of damage
risk for all risk types, except basement flooding, along closed streams. There was a risk of
basement flooding from the CS throughout the city wherever there was a combined sewer
system without nonreturn valves. Almost all buildings downtown were exposed to flood
risk. On some stretches along open watercourses, there was a damage risk within the risk
types of drowning and instability of humans, flooding, erosion, and CS overflow discharge.

3.2. Consequences per Risk Category

Calculation of relative consequences per risk category was performed based on For-
mulas (1) and (2) (Table 4).

Table 4. Distribution of relative consequences per subcatchment in Akerselva for each risk category (RCD1–RCD6) and
total risk at 200CF. The highest value for each RCD and total risk are highlighted.

Subcatchment Area (km2)
RCD1 Human

Life and
Health (%)

RCD2
Nature and

Environment
(%)

RCD3 Critical
Infrastructure

(%)

RCD4
Vulnerable

Social
Functions (%)

RCD5
Building

Damage (%)

RCD6
Accessibility

(%)

Total Risk at
200CF (%)

AKT1 0.59 43.9 28.9 13.9 42.2 55.0 57.5 40.2

AKT2 0.55 35.6 28.4 14.9 35.9 51.9 43.6 35.0

AKT3 0.70 65.5 42.5 28.6 60.5 80.8 51.8 55.0

AKT4 0.55 31.5 5.8 2.2 15.1 16.1 47.7 19.7

AKT5 0.51 36.4 44.3 2.2 9.0 13.8 51.0 26.1

AKT6 0.93 68.9 21.3 8.5 38.5 73.5 22.6 38.9

AKT7 0.60 37.9 11.4 1.8 21.2 37.8 25.3 22.6

AKT8 0.85 64.0 20.4 40.0 68.4 48.8 73.7 52.5

AKT9 0.80 54.4 18.9 28.1 39.7 68.4 56.5 44.3

AKT10 0.95 56.7 22.5 42.0 44.8 65.3 89.8 53.5

AKT11 1.05 71.5 20.6 77.6 44.5 85.0 78.5 62.9

AKT12 0.62 20.2 0.4 0.1 0.0 0.2 39.2 10.0

AKI1 0.65 51.7 44.9 1.5 74.0 71.4 50.5 49.0

AKI2 0.71 52.8 43.3 25.0 34.7 52.6 50.0 43.1

AKI3 1.12 43.6 22.7 62.5 28.4 27.1 88.6 45.5

AKI4 0.51 26.7 6.6 1.3 27.7 21.4 43.0 21.1

AKI5 1.17 91.2 36.6 32.9 77.0 95.4 45.7 63.1

AKI6 0.90 39.2 16.7 7.5 26.5 54.1 31.3 29.2

AKI7 0.68 30.7 6.4 18.6 17.4 31.5 26.0 21.8

Although this was an intermediate stage in calculating total risk, the information
provided an increased understanding of the significance of different risk categories for total
risk in different areas in the city. The Akerselva subcatchment AKI5 stood out with high
relative consequences for three of the risk categories: human life and health, vulnerable
social infrastructure, and building damage. AKI1, located at the mouth of the Akerselva,
had the highest risk of damage to nature and the environment. AKT10, high up in the
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Akerselva catchment, had the most significant risk of accessibility, and AKT11 had the
highest value for distributed risk to critical infrastructure.

3.3. Total Risk

Calculation of total risk was performed based on Formulas (1), (2), and (3) for three
different types of area distribution (Table 4). The first test for Akerselva at 200CF provided
a good overview of the distribution of total risk per subcatchment (Figure 7a). The sub-
catchment in the middle of the Akerselva catchment, AKI5, had the highest total risk at
200CF and should be prioritized for measures if one chooses not to differentiate weighting
among different risk categories.

Although only a small proportion of the area in Akerselva is exposed to erosion,
erosion was included in the assessment of impact for five risk categories, and it greatly
impacted the total risk. The significance of erosion was assessed by calculating the total
risk with and without erosion (Figure 7b). For a scenario without erosion, the areas most
exposed to damage were in the central parts of the city, where the terrain is relatively flat,
and flooding was most important for the extent of damage. By including an assessment of
erosion in the analysis, the distribution of total risk was changed so that areas higher up in
the catchment of Akerselva, where there is steep terrain that gives high water velocity, had
a higher total risk of damage than the downstream areas.

Figure 7. Significance of erosion for total risk. Calculated total risk including (a) vs. excluding
erosion (b) for Akerselva at 200CF.

Because of the lack of division into subcatchments for the rest of the city, Oslo’s initially
calculated total risk at CPH was applied to the main catchments. These results could not
be used to prioritize areas because of significant variations in catchment size. Therefore,
the total risk for the entire city at CPH was calculated for administrative districts (see
Supplementary Materials).
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3.4. Online Visualization of Flood Risk

Results of the analysis were implemented in a visualization tool, ArcGIS online. The
map in the test version of the visualization of results for Akerselva shows the risk to human
life and health (Figure 8). The total number of buildings exposed to flooding was 2775 of
17,657, shown to the map’s right. 74 of 189 buildings with vulnerable functions (F3) in the
area were exposed to flooding. The bar graph gives an overview of risk distributed by
the type of F1 and F2 facilities; e.g., approximately 440 flooded buildings were used for
garages and annexes, and 200 were two-apartment houses. The dashboard also provides
information on how many buildings could experience basement flooding from CS (3103
of 17,657) and how many pump stations and transformers were at risk of flooding at
200CF (10 TS/PS). At the bottom of the dashboard, the distribution of risk classes for
human life and health, accessibility, and erosion are presented in bar charts. All of that
information is available for the entire area and per subcatchment in this example. The
desired subcatchment can be selected in the overview to the left of the map.

Figure 8. An example of the visualization of flood risk for Akerselva at 200CF in ArcGIS online.

4. Reliability

None of the data used in the study was essential for the development of the methodol-
ogy or the establishment of the tool. Nevertheless, both the quality of the background data
and the selected thresholds were of great importance for the outcome of the analysis.

A comparison of the relative consequence distribution for building damage with
historical insurance claim data for stormwater-related building damages for the period
2008–2019 showed that approximately 2/3 of the claims coincided with the calculated
damage (Figure 9).

In the insurance claims register, 5400 claims were registered due to stormwater damage
in Oslo. This study showed that of 150,547 buildings in Oslo, 34,109 were exposed to
damage at CPH. The common denominator for registered damage and calculated risk was
that at-risk buildings were located in depressions, along historical streams, and in densely
urbanized areas. However, some buildings not on the insurance damage overview would
experience damage at CPH according to the study. This is because an extreme rain would
affect a larger area, but Oslo has so far not experienced an event in the magnitude of CPH.
There may be several reasons for why buildings on the insurance damage overview did not
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receive calculated risk [9]; e.g., registrations covering a long period in which improvement
measures were performed, incorrect registrations, unsure reasons for damage, different
meteorological situations than CPH, or deviations in the data used as the basis for this study.

Figure 9. (a) Verification of registered insurance claim data vs. calculated building damage at CPH
distributed on administrative districts in Oslo; (b) an example area in Oslo with coincident and
noncoincident registered and calculated building damage.

A sensitivity analysis of the 1D/2D MIKE FLOOD model concluded that infiltration
had considerable significance for calculation results [25]. In this study, the impact of
infiltration on the outcome was assessed by running the FME model for three different
sets of modelling results for Akerselva: normal infiltration, reduced infiltration by a factor
of five, and increased infiltration by a factor of five. Building damage risk from flooding
increased from 1111 exposed buildings in the scenario with increased infiltration to 2607
with initial infiltration and 2999 with reduced infiltration (Table 5). The effect of increased
infiltration was substantial, and the risk analysis results would be more reliable if the
database for infiltration for permeable areas were improved [39].

Table 5. Significance of infiltration for number of flooded buildings in Akerselva at 200CF.

Scenario
Number of Flooded Buildings at Different Risk Levels

Relative Numbers
Low Medium High Total

Initial infiltration 2126 309 172 2607 100
Reduced infiltration (/5) 2404 369 226 2999 115

Increased infiltration (×5) 985 98 28 1111 43

Simulation results from the hydraulic modelling in MIKE FLOOD, which was a
primary data source in this study, may deviate from reality, as themodel is not calibrated.
Calibration of the model against an extreme precipitation event is not possible until such
event has been recorded [15]. On the other hand, it is the best database available, and when
it comes to climate change, modelling is an exercise in making decisions on uncertain data.

FME codes that the FME model is set up with are reliable in principle, but it is
important to consider that the coding in the FME forms a complex layout of many datasets,
and there may be deviations due to human factors.

Different thresholds for drowning and instability of humans can be defined depending
on age and health conditions [40]. In this study, personal injury for the weakest in society,
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young children and the disabled, were considered. Several thresholds for water depth were
also introduced to obtain a visually understandable result from the FME. These thresholds
must be examined in more detail in further studies.

The extent of the damage from flooding in RC2, 4, and 5 was stipulated based on the
perimeter of the building. There may be local variations depending on the terrain design
and building construction. Information about pumping stations and transformers in RC3
may be incomplete. The height of door sills in buildings can vary, so the assumption that
damage would occur at a water depth of 20 cm did not apply to all buildings.

In the study, lower thresholds were chosen for emergency routes than for other roads.
Although emergency vehicles can drive through deeper water [37], they are also affected by
traffic jams created by passenger vehicles. The assessment of damage risk for subway and
train tracks was simplified as there is a lack of model results for the duration of flooding
that could impact risk class. The lower limit for “low risk” should also be determined to
identify road infrastructure that is not exposed to the risk of urban flooding.

There are reliable data on water velocities with significance for erosion, but uncertain-
ties are associated with the created map layer showing ditch routes. Thresholds for erosion
damage can also vary in different localities, depending on the condition of the ground
cover. The background data can additionally be improved by excluding, for example, areas
that can withstand set criteria for erosion, such as rocks and landscaped flood roads.

The uncertainties of the background data for calculating basement flooding, CSO, and
ACS are related to the fact that the CS model (MIKE URBAN) and its connection to the
surface need improvement and calibration. Pollutant concentrations from CS discharge
should be simulated to calculate how serious the risk of pollution is. Although thresholds
for basement flooding are reliable, there are uncertainties regarding the exact location of
basement drains in several buildings. Thresholds for CSO and ACS risk should also be
studied further.

The duration of flooding is also important for assessing the extent of damage for both
nature and traffic delays. This parameter should be included in subsequent analyses.

The reliability of both background data and thresholds used in this study was consid-
ered “medium” on a scale of low–medium–high.

5. Discussion

Even though the total damage in Oslo could be substantial at an extreme rainfall event,
there was variation in the extent of damage for different areas. Knowledge about risk
variation at the local level is valuable, as it provides an opportunity to prioritize preventive
measures and optimize future urban development of a climate-resistant city. The mapping
and visualization of data presented in the study can contribute to a greater interdisciplinary
understanding of risk issues and better communication, both of which are necessary for
effective climate adaptation [9,22,29]. The risk of flooding can be investigated by studying
different sets of results from the analysis.

A study of the total risk distribution for selected geographical areas is useful for
prioritizing investments. The calculation and visualization of the total risk of an area
should be performed for smaller, more or less equally-sized subareas. On the first test
for the entire city of Oslo, the total risk was calculated per main catchment. A significant
variation in catchment area gave a confusing picture of risk distribution, which was not
suitable for prioritizing areas for further planning. The calculation of total risk in the test
area Akerselva at 200CF was performed per subcatchment with an area of about 1 km2 each.
This gave a much better overview of risk distribution. As there is no complete division of
subcatchments for all main catchments in the city, the total risk was instead calculated for
administrative districts in Oslo.

In this study, the importance of the different risk categories was not weighted. Priori-
tizing of risk categories can vary among different area types in an urban environment, and
this needs further interdisciplinary investigation [9]. Knowledge of risk distribution for
different risk categories can be used for more targeted weighting in urban planning. The
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FME model allows rapid recalculation when new information about the desired weighting
is available.

Detailed information on risk for different risk types provides a good overview of
damage distribution patterns on a large scale and is also useful for the development of
flood risk management plans [1]. By connecting to financial thresholds on this map layer,
one can obtain costs for damages [17,41].

The study results suggested that the most significant proportion of damage for most
risk types lay along covered historical stream paths, especially in steep terrain. Infras-
tructure along small, open streams could be flooded as well. Also, historical urbanization
and intervention in natural runoff pathways seemed to be among the main reasons for
extensive damage from pluvial flooding at an extreme rainfall. This result is comparable to
experiences from Nedre Eiker [2].

Another typical location for damage risk was near old combined sewer mains and at
low points in the landscape [42], where floodwater would not find its way to the recipient,
or along flat river sections. In depressions, water can penetrate buildings, cause traffic
jams, spread infection, and in the worst case lead to drowning accidents. Areas with high
infrastructure density in the central parts of Oslo could expect the most damage from high
water depth. This result is comparable to experiences from Copenhagen, Denmark [35].

In higher-lying areas north of the city with a steep slope, the risk of erosion was
considerable because of high water velocities. This result was opposite to another Nor-
wegian study based on historical damage costs, which concluded that houses located on
steep slopes seemed to be less exposed to damage [42]. The rationale for these conflicting
results may be that assessing historical damage data is not necessarily representative when
planning for climate change [9]. This idea would be confirmed by an example from Nedre
Eiker, Norway, which was hit by 88.2 mm of rain per hour in 2012 [2]. While stormwater in
the lower parts of Nedre Eiker, with downtown areas, accumulated to great depths and
caused water leakage into buildings as well as traffic jams, stormwater runoff higher up
in the terrain led to significant erosion damage. Large amounts of erosion masses were
washed into and clogged the drainage system. Thus, the only way the floodwater could
flow was on the surface. This surface flood eroded roads and building foundations. No
people were injured, because the emergency service functioned effectively, and the incident
occurred at night.

The results showed that it is essential to include water velocity in the analysis of flood
risk in urban areas with steep and varying terrain. This was also pointed out in a study
of the applicability of urban streets as temporary open floodways [42]. Water velocity
data are also necessary for calculating depth-integrated velocity when assessing damage
consequences for injuries and traffic jams. This information is essential for preventing
the loss of human life that occurred in several floods in 2021, for instance, in Sweden [8],
China [7], Germany [6], and Turky [5].

The results of this study are, in fact, more comparable with the experience from Nedre
Eiker than from Copenhagen. The results indicate that Oslo’s urban flooding damage may
be significantly more comprehensive than identified by the city’s Municipal Risk Picture in
2017 [18], which was developed using a qualitative method based on stipulated damages
from Copenhagen [35]. Despite the relatively short distance between Oslo and Copenhagen
(600 km), the municities have significantly different topographies. The maximum elevation
for Copenhagen is 99 masl. compared to 699 masl. for Oslo. Thus, the extent of damage in
the Norwegian capital may be different from what the Danish capital experienced during
the heavy rain in 2011.

A reliability analysis suggested that existing background data and thresholds for
various risk types should be improved when better data are available. Knowing how
different parameters affect the result ensures that the results are robust for decision making.
Implementing a lower threshold for traffic jams can help to exclude safe transport routes
from the low risk class. Knowing the number and age distribution of inhabitants living in
an area at a given time and how many of them could theoretically be injured could provide
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a better decision-making basis for prioritizing risk-reduction and emergency response
measures [9]. Recording information about basement floor levels and nonreturn valves
in the municipal database may enable a more accurate basement flooding risk calculation.
Information about how many inhabitants could be affected by the malfunction of pumping
stations and transformers could improve the identification of risks to critical infrastructure.

Although it is possible to obtain an overview of runoff patterns on the surface using
2D models, coupled 1D/2D models have advantages. By including watercourses in the
analysis, potential constraints to floodwater diversion to the recipient are identified. Pipe
networks are of great importance for the drainage of urban areas. Although the significance
of pipe networks decreases during extreme precipitation [39], it is still important to assess
the capacity of the largest culverts, which can be bottlenecks at ample water flows on the
surface and in watercourses. Information on how the drainage pipe network behaves at
different rainfall scenarios is also necessary for assessing basement flooding, CSO, and ACS
risks. Because of erosion and clogging of street gullies, less runoff reaches the drainage
network, reducing adverse consequences from the drainage system and leading to higher
water flow and damage to the surface. The hydraulic 1D/2D model used in the study can
be further developed by improving the background data. Of the improvements identified
in the study, priority should be given to detailing terrain descriptions for areas exposed to
damage, further developing the link between surface runoff and the pipe network, and
better describing road runoff to the pipe network. Infiltration is also an essential parameter
for which a better data basis should be provided. Implementing a module for calculating
the pollution load from the CS will also improve the background data needed to analyse
several risk categories.

6. Summary and Conclusions

The method and the tool for quantitative risk calculation of urban flooding devel-
oped in this study provide an opportunity to calculate the consequences for different risk
categories at the given probability. The FME model combined background data from
1D/2D hydraulic modelling and GIS map layers and allowed rapid calculation of risk after
changing input parameters. In the study, the tool was first developed for one of the main
catchments in Oslo, Akerselva, at 200CF. After a quick switch of data sets, the calculations
were run for the entire city of Oslo at CPH. The risk map for the study area was produced
with the help of ArcMap and ArcGIS online.

It is essential to consider the whole city to identify the most vulnerable areas for a
comprehensive prioritization of flood-protection measures. The results showed that the
calculated risk of damage from urban flooding at extreme rainfall was significantly higher
when several types of risk were considered and more hydraulic parameters were included
in addition to water depth. Intervention in natural hydrological cycles seemed to have
the most significant impact on damage, as the risk was most significant along historical
stream routes. Topography is another essential aspect to consider, as the risk of erosion in
steep areas significantly affected total risk. A comparison with the results of a previous
risk study in Oslo [18] indicated that qualitative analysis based on other cities’ flooding
experiences can significantly underestimate flood risk. Using qualitative methods based on
incomplete data and different geographical settings can lead to erroneous and discretionary
extreme events. This may provide the wrong background data for decision making, lead
to inadequate climate adaptation of urban areas, and in the worst case have dramatic
consequences for inhabitants.

Although background data improvement needs were identified, the study’s results
were considered acceptable for the overall planning of urban flooding in Oslo. The sys-
tematic approach in this study used existing data and tools as far as possible. Therefore,
the results can be considered to be the best currently available basis for decision mak-
ing. Improvements mentioned in the study will gradually increase the robustness of the
results. The need for enhancements should be assessed on a case-by-case basis in the
continued process.
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The FME model developed in this study can be implemented in other municipalities
as well. The use of the tool requires access to data from hydraulic simulation for the area of
interest and competence in geomatics. Although this study was based on a 1D/2D model,
simulations from 2D modelling can also be used. In that case, results would be limited by
which background data were used. The quality of the database is important for producing
reliable results. Interdisciplinary professional competence and local knowledge about an
area are essential for achieving valuable results.

The results from this study are useful both for making decisions on investment
prioritization and for planning emergency preparedness and prevention measures. The
analysis can be used to study the overall risk of urban flooding and assess the impact of
measures at a project level. The tool can be further developed for the economic evaluation
of damage under different precipitation scenarios and thus be used as part of a cost–benefit
analysis to identify the socioeconomic climate adaptation level in urban areas with different
characteristics.

The data in the study were limited to pluvial floods. Still, the methodology and the
tool can be used to quantify the risk of urban flooding from both rivers and the sea and
thereby contribute to the implementation of the Flood Directive [1] and the EU Strategy on
Adaptation to Climate Change [11].
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Abbreviations

1D One-dimensional model
200CF 200-year precipitation scenario with climate factor 1.5
2D Two-dimensional model
ACS Accumulation from CS manholes on the surface
CPH Extreme rainfall in Copenhagen on 2 July 2011
CS Combined sewer system
CSO Combined sewer overflow
D Water depth (m)
DEM Digital elevation model
DV Depth integrated water velocity (m2/s)
F1 and F2 All other buildings not covered by F3
F3 Building in category “Vulnerable social functions”
FME Feature Manipulation Engine
GA Geographical area of interest
masl Metres above sea level
O Perimeter (m)
P Pressure in combined sewer (m)
Q Accumulated water volume (l/s)
RC Risk category
RCD Relative consequence distribution
RT Risk type
TS/PS Electrical transformer and pumping station
V Water velocity (m/s)
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