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Abstract 

The effects of floods in coastal urban areas can be considerable, given the number and 

concentration of population, economic activities, and infrastructure. Floods can be caused 

by extreme weather events including storm floods. This flood risk is enhanced by sea level 

rise and by land subsidence. In Iceland, the vast majority of the population and economic 

assets are concentrated in urban areas along the coastline, in particular within the 

municipalities in the Greater Reykjavik Area. In this thesis presents the result of a 

multicriteria flood risk assessment on the municipalities of Reykjavík and Seltjarnarnes. The 

methodology maps the risk within three aspects of risk, namely economic, social and 

environmental risk. A total of 14 elements at risk were selected to characterize these aspects, 

including the distribution of buildings and economic assets, population, cultural value, and 

environmentally sensitive areas. These criteria are combined through an additive weighting 

procedure in order to obtain multicriteria risk maps. The resulting maps show that the main 

areas at risk are the downtown Reykjavík area, the lower areas of the Seltjarnarnes peninsula, 

and the land filled areas. The maps show the increase of flood risk due to sea level rise and 

land subsidence.  

Útdráttur 

Áhrif flóða á þéttbýli er liggja að sjó geta verið veruleg vegna fólksfjölda, iðnaðar og 

viðskipta og innviða. Flóð geta orðið vegna veðurofsa og hækkun sjávaryfirborðs og landsig 

auka aðeins áhættuna. Langflest þéttbýlissvæði á Íslandi standa nærri sjó, sér í lagi á 

höfuðborgarsvæðinu. Í þessari ritgerð er unnið fjölþátta áhættumat fyrir Reykjavík og 

Seltjarnarnes. Þrír áhættuþættir eru kortlagðir með þeirri aðferðafræði sem hér er beitt, 

efnahagsleg-, félagsleg- og umvherfis-áhætta. Alls eru 14 atriði notuð til að skilgreina þessa 

þætti, meðal annars, staðsetning bygginga og efnahagslegra verðmæta, samsetning íbúa, 

menningarleg verðmæti og viðkvæm náttúrusvæði. Þessi atriði eru vegin saman til að búa til 

fjölþátta áhættumatskort. Kortin sýna að þau svæði sem verst eru útsett fyrir flóðum eru 

miðbær Reykjavíkur, Kvosin, og láglend svæði á Seltjarnarnesi og landfyllingar. Kortin sýna 

hvernig áhættan vex með aukinni sjávarborðshækkun og landsigi. 
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1 Introduction 

1.1 Background 

In coastal areas, sea level rise (SLR) represents one of the primary effects of the continued 

emission of greenhouse gases. According to the Intergovernmental Panel on Climate Change 

(IPCC, 2013), it is very likely that global mean sea level will continue to rise during the 21st 

century at a faster rate than observed between 1971 and 2010. By the end of the 21st century, 

it is expected that sea level will have risen in more than 70% of the coastlines worldwide 

within ± 20% of the global mean (IPCC, 2013). 

Sea level rise represents one of the main contributors to the increase of climate change risk 

in urban areas (Revi et al. 2014). Compared to other coastal areas, urban areas are at a higher 

flood risk given the number and concentration of population, economic activities, and 

infrastructure. Approximately half of the world’s population lives in cities, and this 

proportion is expected to reach 60% in 2030 (Hallegatte and Corfee-Morlot 2011). Cities are 

also centers of economic, social and cultural activities (Dodman et al. 2012). In 2005, the 

value of assets exposed to flood risk from sea level rise and storm surge in the world’s major 

port cities was estimated at USD 3 trillion – about 5% of the global Gross Domestic Product 

(IPCC, 2013). Without adaptation, coastal flooding towards the end of the 21th century is 

predicted to affect up to 5.5 million people in Europe, depending on the emission scenario 

(Ciscar et al. 2011) with direct costs reaching 17 billion Euros (Hinkel et al. 2010). Increases 

in potential flood losses resulting from climate change have been predicted for the 

Netherlands (Hanson et al. 2011), the North Sea Coast (Gaslikova et al. 2011), Denmark 

(Stéphane Hallegatte et al. 2011), and the coast of the United Kingdom (Dawson et al. 2011). 

In Iceland, the vast majority of the population and economic assets are concentrated in urban 

areas along the coastline. In particular, the municipalities in the Greater Reykjavik Area 

include 63 % of the population in Iceland. The risk of coastal flooding is highest in the SW 

of Iceland, where Reykjavik is located, due to the prevalent direction of storms and low-

lying land (Jónsdóttir 2012), and potentially the effect of land subsidence (Árnadóttir et al. 

2009). According to observations, sea level in Reykjavik is rising at a rate of 2.8 +/- 0.3 mm 

per year (Halldór Björnsson, Icelandic Met Office personal communication), resulting from 

the combination of subsidence and absolute sea level rise. 

Already in 2007, as part of Iceland’s Climate Change Strategy, the Ministry for the 

Environment stated that “the prospect of rising sea levels shall be particularly considered in 

connection with the design of communities and structures on the shore. An assessment of 

the probability of flooding from the sea shall be carried out with respect to the likely rise in 

sea level” (Ministry for the Environment, 2007). Yet in 2010, an informal survey revealed 

that many municipalities in Iceland did not have plans to adapt to the effects of climate 

change (Jónsdóttir 2012). Nevertheless, the need for adaptation plans has been recognized. 

For example, in the City of Reykjavik, the Municipal Plan (2010-2030) aims to create the 

strategy of adaptation to climate change. In a recent urban development proposal, the 
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possibility of coastal flooding was included as part of the environmental impact assessment 

using a single 6 m scenario (VSO 2013). In October, 2014, representatives of the city of 

Reykjavik signed the Mayors Adapt initiative, committing to develop a comprehensive local 

adaptation strategy which includes the assessment of potential climate change risks and 

vulnerabilities. In order to achieve resiliency in urban areas, adaptation measures must be 

taken to reduce vulnerabilities and manage the risks of potential impacts of actual and future 

climate variability (IPCC, 2014). A critical step in this process is to map areas with high 

degree of risk to the effects of sea level rise. 

In 2011, the Icelandic Civil Protection agency (Rikislögreglustjórinn Almannavarnadeild) 

prepared a multi-hazard risk assessment (ICP 2011) for the municipalities in the greater 

Reykjavik area. The analysis evaluated the risk of over 20 factors that could endanger life 

and property. One of the factors considered was coastal flooding, resulting from two sources: 

a) sea level rise (SLR) and b) tsunamis. Risk was evaluated as the product of two scales 

measuring the relative probability of each occurrence and social/economic effects, and 

categorized into four levels (very high, high, intermediate, low). Areas at risk were identified 

using a unique flood scenario of 5 m. The overall risk of SLR was considered high for the 

municipalities of Álftanes, Gardðabaer, Hafnafjörður, Kópavagur, and Reykjavik, and 

intermediate in Mosfellsbær and Seltjarnarnes. The overall risk of tsunami was considered 

intermediate in all municipalities, except Álftanes, were it was not evaluated. 

1.2 Objectives 

There is still need for a more detailed evaluation of the risks of coastal flooding due to a 

combination of sea level rise and extreme weather events (Wang et al. 2012), in order to 

identify potentially affected areas and produce risk maps (Jónsdóttir 2012). Maps of flooding 

are also necessary to enforce building regulations and plan the protection of cultural heritage 

sites (Jónsdóttir 2012). A map of risk of sea level rise will aid in the planning and reviewing 

of the planned new developments and future land use of the Greater Reykjavik area. 

The main objective of this study is then to evaluate the risk of coastal flooding due to the 

combined effect of sea level rise, storm floods and land subsidence, focusing on the 

municipalities of Reykjavik and Seltjarnarnes. Although there have been previous attempts 

to evaluate the risk to coastal flooding in Reykjavik and other municipalities, these have 

focused mostly on the economic aspect of risk. But the need to characterize multiple aspects 

of risk is widely recognized (Kubal et al. 2009; Scheuer et al. 2011), including by the 

European Union directive on the assessment and management of flood risk (EU 2006/C 311 

E/02) which requires the mapping of social, economic and environmental flood risk (Meyer 

et al. 2009). In this thesis I present a comprehensive evaluation of the economic, social and 

environmental risk. Elements at risk were selected to characterize these three aspects of risk, 

and combined through a multicriteria approach. Different sets of weights were used to 

produce maps that highlight the economic, social and environmental risk, as well a map of 

overall risk. 

Another novel aspect of this thesis is the calculation of the mean annual risk. Previous risk 

evaluations have been based on simplistic flood scenarios, for example a single flood depth. 

This thesis considers multiple scenarios resulting from the combination of storm floods, sea 

level rise, and land subsidence. The probability associated to storm floods (i.e. their return 

period) allowed me to calculate the mean annual risk to coastal floods, combining the risk 
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of less-damaging, more frequent events and the risk of more extreme but less probable 

floods. The evaluation of risk was done at a very high spatial resolution (5 m), which allowed 

me to map in detail the distribution of risk and identify areas of the city and even individual 

buildings at risk.
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2 Climate change and sea level rise 

2.1 Past sea level change 

Sea level rise is one of the main consequences of climate change. Since early in the 20th 

century, the rate of global sea level rise has increased rapidly from the relative stable 

background rates from the previous 2000 years (Horton et al. 2014). Between 1901 and 2013, 

global mean sea level (GMSL) has risen by 19 cm, with an average rate of 1.7 mm/yr 

(Church et al., 2013a). Although there has been considerable decadal variation, the data 

appears to show an acceleration in the later part of the 20th century. Satellite measurements, 

available for the last two decades, show a rate of sea level rise of 3.2 mm/yr. The rise of 

GMSL has been driven mostly by thermal expansion of the water mass, and mass loss in 

glaciers and ice sheets, accounting for 75% of the observed rise (Church et al., 2013a). 

2.2 Representative Concentration Pathways 

(RCPs) 

In recent years, much of the discussion about future greenhouse gas (GHG) emissions and 

climate change has been framed in terms of Representative Concentration Pathways (RCPs), 

which are four GHG concentration pathways adopted by the IPCC on its fifth Assessment 

Report (IPCC, 2014). Each pathway represents a possible future scenario climate, depending 

on the amount of greenhouse gases emitted up to the year 2100. The four RCPs are labeled 

as RCP 2.6, RCP 4.5, RCP 6 and RCP 8.5 (Figure 1). The number indicate the value of the 

estimated radiative forcing (W/𝑚2), which is the difference between the solar energy 

absorbed by the Earth and the energy radiated back to space (Van Vuuren et al. 2011). The 

RCPs were selected to be representative of a wide range of possible future scenarios in GHG 

emissions. RCP 2.6 is a scenario with very aggressive reduction in emissions in which global 

annual emissions peak in 2010-2020 and decline thereafter (IPCC, 2014). In RCP4.5 and 

RCP6.0 emissions peak around 2040 and 2080, respectively, and then decline (IPCC, 2014). 

RCP 8.5 represents a “business as usual”, high emission scenario in which emissions 

continue to rise during the 21th century (IPCC, 2014). 
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Figure 1: Greenhouse gas emissions in the four Representative Concentration Pathways scenarios (Church et 

al. 2013a). 

2.3 Projections for future sea level change 

According to the IPCC, it is very likely that the rate of global mean sea level rise during the 

21st century will exceed the rate observed during 1971-2010 for all Representative 

Concentration Pathways, as a result of ocean warming and loss of mass from glaciers and 

ice sheets (Figure 1, Church et al. 2013a). GMSL projections for 2018-2100 are expressed 

in terms of the 17th to 83rd percentiles of predictions (the “likely” range) from process-

based models, which project sea level rise as the sum of individual contributions from steric 

changes and melting of glaciers and ice caps, the Greenland Ice Sheet, the Antarctic Ice 

Sheet, and land water storage (Horton et al. 2014). For the lowest emission scenario (RCP 

2.6), the range is from 0.26 to 0.54 m. For the intermediate emission scenarios (RCP 4.5 and 

RCP 6.0), projected GMSL rises range between 0.32 to 0.63 m and 0.33 to 0.63 m. For the 

highest emission scenario (RCP 8.5), the IPCC reported a “likely” range of 0.45 to 0.82 m 

for sea level projections for the late 21st century (IPCC, 2013). The “likely” terms means 

that there is roughly a one-third probability that the sea level rise by 2100 may lie outside of 

this range (Church et al. 2013b). As clarified by Church et al. (2013b), the upper boundary 

of the projections presented by the IPCC 5th report in the “likely” range should not be 

interpreted as a worst-case upper limit, and that for policy and planning it may be necessary 

to adopt higher level predictions, although they may have a high degree of uncertainty given 

current scientific knowledge. This uncertainty arises from the limitation of process-based 

physical models (Horton et al. 2014). An expert elicitation carried out by Horton et al. (2014) 

provided a complementary view to the IPCC’s process-based projections using two emission 

scenarios: RCP 3 (very similar to IPCC’s RCP 2.6) and RCP 8.5. For the year 2100, the 

experts predicted a likely (17th-83rd percentiles) sea level rise of 0.4-0.6 m under RCP 3, 

and 0.7-1.2 m under RCP 8.5. These values are higher than the IPCC’s projections. Experts 

also provided very likely ranges (5th-95th percentiles) of 0.25-0.7 m for RCP 3 and 0.5-1.5 

m for RCP 8.5 (Horton et al. 2014). 
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Figure 2: Projections for global mean sea level rise in 2081-2100, relative to 1986-2005, and magnitude of 

individual contributions (IPCC, 2013). Values estimated for the four representative concentration 

pathways(RPCs) and the emissions senario SRES A1B used in the fourth IPCC Assessment Report. 

2.4 Local sea level 

In order to evaluate the risk of coastal flooding, it is necessary to use local sea level 

projections rather than global mean sea level projections. Predictions of local sea level 

estimates are needed because they may differ from global estimates due to geological 

processes (e.g. land subsidence or uplift), atmosphere/ocean dynamics, and the gravitational, 

and rotational effects of ice and ocean mass redistribution (Kopp et al. 2015). For example 

Kopp et al. (2014) predict a very likely (90% probability) of global sea level rise between 

years 2000 and 2100 of 0.5 to 1.2 m under representative concentration pathway (RCP) 8.5. 

In the same scenario and period, the same prediction for local sea level rise for Reykjavik 

produces an interval ranging between a decrease in sea level of 42 cm to an increase of 61 

cm. This range arises from the uncertainty in the estimates of the different contributors to 

local sea level. 

A number of studies have produced projections of local sea level rise for Europe. Howard et 

al. (2014) and Grinsted et al. (2015) provided estimates for the coastline of northwest 

Europe, but in both studies Iceland was not within the area analyzed. Slangen et al. (2012) 

projected a local sea level change in Reykjavik of 0.35 m between 1980-1999 and 2090-

2099 for scenario A1B (similar to the RCP 6.0). In a recent study, Kopp et al. (2014) 

provided projections for local sea level for Reykjavik, under three representative 

concentration pathways (RCP 8.5, RCP 4.5 and RCP 2.6, Table 1). Sea level projections for 

the Iceland coast tend to be lower than global mean sea level projections. This is attributed 

to the negative effect of the melting of the Greenlandic ice sheet, as sea level around Iceland 

is partially explained by the gravitational pull of this ice mass (Slangen et al. 2012; Kopp et 

al. 2014). 
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Table 1: Projections for local sea level for Reykavik, Iceland, from Kopp et al. (2014) under three 

Representative Concentration Pathways (RCP 2.6, RCP 4.5 and RCP 8.5), for the years 2030, 2050, and 2100.  

Values includes for each pathway, are the median projection (50 percentile), and the intervals associated to 

the likely (17th-83th percentiles, 67% probability), very likely (5th-95th percentiles, 90% probability), and 

virtually certain (0.5th-99.5th percentiles, 99% probability) projection ranges.  Values are in mm.      

RCP 

Probability 

interval 

(%) 

Year 

2030 2050 2100 

RCP 2.6 50 4 7 8 

17-83 -0 to 9 -1 to15 -11 to 28 

5-95 -3 to 12 -7 to 21 -24 to 47 

0.5-99.5 -8 to 17 -14 to 32 -46 to 112 

RCP 4.5 50 5 7 12 

17-83 -0 to 9 -1 to 15 -8 to 34 

5-95 -4 to 13 -7 to 22 -24 to 53 

0.5-99.5 -9 to 18 -15 to 33 -53 to 111 

RCP 8.5 50 4 7 11 

17-83 -1 to 9 -2 to 16 -17 to 39 

5-95 -4 to12 -9 to 23 -42 to 61 

0.5-99.5 -9 to17 -20 to 34 -95 to 117 

 

2.5 Extreme sea levels and storm surges 

Extreme weather events determine an additional flood hazard component that is enhanced 

as a result of climate change (Vousdoukas et al. 2016). Generally, extreme sea levels are 

caused by a combination of multiple factors that act at a wide range of spatial and temporal 

scales (Weisse et al. 2014), including ocean tides, meteorological contributions from storm 

surges and wind generated waves (Losada et al. 2013; Vousdoukas et al. 2016). Changing 

sea level shifts the baseline in which these processes act (Hunter 2010). 

Storm surges, also known as meteorological tides, constitute one of the main components of 

extreme water levels along the coast, in addition to waves and tidal oscillations. Storm surges 

are gravity waves arising from the inverse barometer effect and wind stress, resulting from 

the wind driven water circulation and from changes in the water level driven by atmospheric 

pressure (McInnes et al. 2016). The magnitude of the storm surge depends on several factors, 

including the size, velocity and intensity of the storm system, the shape of the sea bottom 

near to the coast, and the shape of the coastline (Arns et al. 2015; Vousdoukas et al. 2016). 

Iceland is frequently hit by severe storms, in particular during the winter months, including 

extra tropical cyclones that can occur in the North Atlantic. An extreme example is the storm 

that hit Iceland in early January 1990, with wave heights registered off southern Iceland up 

to 16.8 m in height (Tomasson et al. 1997). The same event produced waves up to 23 m at 

the village of Stokkseyri, Southern Iceland. At the same location, other storm surge events 
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since 1967 have produced wave heights between 11.8 and 13.2 m (Geirsdóttir et al. 2014). 

There are also large storm surge events in the historical records. The most famous is the 

Básendaflóð event in 1799, in which estimated sea levels were higher than any event in 

recent history (Tomasson et al. 1997). In Reykjavik, records indicated that the water level 

was 10 feet above the high tide mark, which is approximately 6 m above MSL. Even though 

wave heights are not equivalent to flood depths, these observations provide some context of 

the type of meteorological events that are possible. 

The probability of a meteorological event is usually expressed in terms of its return period, 

which indicates the estimated mean interval between occurrences. To this date there is a 

single published estimate of return periods for storm surge events in Reykjavik. Eliasson 

(1996) analyzed data collected between 1956 to 1993 by the automatic water-level recorded 

installed in Reykjavik Harbor (Table 2). Measurements are on the reference datum of the 

Icelandic Hydrographic Service’s nautical charts, which is approximately equal to the mean 

spring low tide (MSLT). 

Table 2: Estimated return periods and surge levels for Reykjavik, by Eliasson (1996). 

Return period (years) 12 30 100 300 

Sea level (m) 4.8 4.9 5.0 5.1 

 

Halldór Björnsson (IMO) and Tandri Gauksson (University of Iceland) have provided a 

preliminary update to this analysis (Table 3, Halldór Björnsson, Icelandic Met Office 

personal communication), which shows somewhat higher surge levels than Eliasson (1996). 

These new estimates still show a relatively small difference between storm surge events with 

short return periods (5.05 m for a 5 yr flood) and with long return periods (5.43 m for a 200 

yr flood), suggesting the possibility that the analysis is underestimating the height of 

infrequent surge events. Eliasson (1996) suggested that his estimations of surge levels match 

well with the historical record up to a return period of around 100 years, while surge levels 

of longer return periods may not be represented accurately by the existing data. Therefore, 

these estimates should be considered conservative, as they do not include larger surges that 

predate measurements (Hallegatte et al. 2011). 

Table 3: Return periods for storm floods provided by Halldór Björnsson (IMO), expressed in the vertical datum 

utilized by the Icelandic Hydrographic Service (IHS), and adjusted using the vertical datum used by the city of 

Reykjavik (RVK).  

Return period (years) 5 10 20 50 100 200 

Sea level (m) - IHS 5.05 5.12 5.19 5.29 5.36 5.43 

Sea level (m) – RVK 3.23 3.30 3.37 3.47 3.54 3.61 

 



26 

2.6 Flood risk: hazard, exposure  and 

vulnerability 

In general terms flood risk can be defined as the combination of the probability of a flood 

event and the potential adverse consequences for built structures, human population, and the 

environment (Dassanayake et al. 2015). Conceptually, risk is a function of hazard, exposure 

and vulnerability (De Moel et al. 2015). Flood risk assessment involves then an evaluation 

of the flood hazard, indicating the probability and intensity (i.e. extension, depth) of a 

possible flood event. The hazard is then overlaid with data on the distribution of population 

and assets, which provides information on the exposure, defined as the proportion of the 

elements at risk that are affected by the hazard (De Moel et al. 2015). 

The vulnerability of the exposed elements is characterized by damage functions (also known 

as stage-damage curves or depth-damage curves), which quantify the vulnerability of each 

element at risk as function of the characteristics of the inundation (Meidinger 2011). The 

simplest approach is to use a Boolean damage function (Jongman et al. 2012), in which 

elements at risk are identified as being affected or not. Although this is clearly an 

oversimplification, the use of Boolean damage functions has the advantage of simplicity, 

allowing to include multiple elements at risk with ease (Kubal et al. 2009). Nevertheless, a 

Boolean damage function has the limitation that produces similar estimations regardless of 

the severity of the flood. 

Most flood damage models quantify the damage to a type or class of element at risk (e.g. 

residential buildings, infrastructure, agricultural lands), as function to inundation depth. Few 

flood damage models use other parameters like flow velocity, rate of depth increase, flood 

duration, presence of debris and sediments, and time of onset (Kreibich et al. 2005; Thieken 

et al. 2005). Although these factors are important in determining the amount of damage 

during a flood event, in most situations there is insufficient data to evaluate them (Merz et 

al. 2010). In addition to differences in the parameters used, damage functions vary depending 

if they were developed using an empirical or a synthetic approach. Empirical damage 

functions are based on data collected after flood events. Examples of this approach are the 

German flood damage models FLEMOps (Thieken et al. 2008; Büchele et al. 2006) and 

FLEMOcs (Seifert et al. 2010; Kreibich et al. 2010), and the Anuflood model in Australia 

(NRM 2002). Synthetic damage functions are based on expert opinion and engineering 

analysis, as is the case in the Model of Multicoloured Manual in the United Kingdom 

(Penning-Rowsell, et al. 2005). There are also flood damage models using a combination of 

both approaches, as the HAZUS-MH model (Scawthorn et al. 2006). Flood damage curves 

can represent damage as a relative proportion of the asset (or proportion of the maximum 

damage), or in terms of absolute financial values. Flood-damage models also differ 

depending on whether they apply to individual buildings or structures, or to land use classes 

at broader spatial scales (Jongman et al. 2012). 
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2.7 Overview of the risk assessment 

methodology 

The methodology used in this analysis is based on a multicriteria risk assessment approach 

developed by Meye et  al. (2009) for the evaluation of flood risk at the Mulde River. This 

methodology was adapted for urban areas by Kubal et al. (2009), who applied it to the city 

of Leipzig, Germany, and by Scheuer et al. (2011) who expanded the methodology to include 

coping criteria. 

The methodology described here is spatially explicit, as it acknowledges that the risk of 

flooding varies geographically, and it is based on the use of raster maps. Raster maps divide 

an area of interest into cells (usually squares) of the same size. Each cell is the spatial unit 

in which the occurrence and depth of flooding is assessed, as well as the presence of elements 

at risk (e.g. infrastructure, population). Risk is calculated in each cell, allowing for the 

creation of risk maps. The risk analysis was carried out in an area that included the most 

populated area of the city of Reykjavik, as well as the municipality of Seltjarnarnes. This 

area includes most of the population in the greater Reykjavik area at risk of flooding. The 

risk in other municipalities should also be assessed, but it is not done in this thesis because 

of time constraints and limited data availability. 

In this approach, risk is defined as the probability of negative consequences (Scheuer et al. 

2011): 

𝑅 = 𝑃 × 𝐷  (1) 

where R is the risk, P is the probability of an event, and D is the damage or negative 

consequence caused by that event. In our case, probability refers to the probability of storm 

surges causing flooding of a specific depth. The damage or consequence, calculated in each 

cell, is obtained from the combination of a) the flood hazard, i.e. the extent and severity of 

the flood, b) the exposure, based on the spatial distribution of elements at risk, and c) the 

vulnerability of these elements (Meyer et al. 2009; Scheuer et al. 2011; De Moel et al. 2015). 

The first step in the risk assessment is the evaluation of the flood hazard. The severity of the 

flood (i.e. flood extension and depth) resulting from each storm surge level is calculated 

from a Digital Elevation Model (DEM). Inundated areas and flood depth are obtained by 

comparing the altitude in each cell with the depth of specific flood events. The result is a 

map of the extent of the flooded areas and flood depth. I used flood events for which there 

are estimations of return periods (i.e. probability of occurrence), adjusting the flood depth to 

incorporate the potential effect of sea level rise and land subsidence. In this way, it was 

possible to compare risk maps including or not the effect of sea level rise and land 

subsidence, and evaluate the effect of these on the overall distribution of risk to flooding. 

The exposure refers to the identification of elements at risk that are affected by a particular 

flood event. Exposure is evaluated by comparing the distribution of each element at risk with 

the predicted extension and depth of the flood events. This approach considers three aspects 

of risk, namely economic, social and environmental risk. The elements at risk are selected 

to characterize these three aspects. The economic risk includes the presence of different 

types of buildings and infrastructure, and the property values of the buildings. The social 

risk includes the distribution of population, including children and the elderly, the presence 
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of buildings with societal importance, and the distribution of cultural values. The 

environmental risk includes the presence of environmentally sensitive areas including 

nesting areas for seabirds and pristine coastlines. The distribution of each element is 

expressed as a raster map. 

The vulnerability of each element at risk to flooding is described by its depth-damage curve, 

expressing damage (as a proportion of the maximum possible damage) as a function of 

flooding depth. Because inundation extent and depth and the distribution of elements at risk 

are characterized in each cell of the raster, the estimation of damage is also calculated in 

each cell. This results in a map of the damage or negative consequence for each element at 

risk and flood event. 

The annual average damage or flood impact on each element at risk is calculated as 

𝑅 =  ∑ 𝐷[𝑖] × ∆𝑃𝑖
𝑘
𝑖=1   (2) 

𝐷[𝑖] =
𝐷(𝑃𝑖−1)+𝐷(𝑃𝑖)

2
  (3) 

∆𝑃𝑖 = |𝑃𝑖 − 𝑃𝑖−1|  (4) 

Where R is the risk or annual damage with D[i] being the mean damage of two flood events 

i with known probability and ΔPi is the probability of the interval between those elements 

(Scheuer et al. 2011). In the final step, each of the maps representing the annual average 

damage for each element at risk is standardized to values between 0 and 1, weighted, and 

aggregated into a multicriteria risk map by using simple additive weighting as following: 

𝑋𝑖 = ∑ 𝑤𝑏𝑥𝑖𝑏  (5) 

Where Xi is the overall risk value, xib is the standardized value of each grid cell, and wb is 

the weight. Weights are selected in different scenarios to highlight specific aspects of risk. 

The total sum of weights for each scenario is 1. A scheme of the methodology is shown in 

Figure 3. 
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3 Methodology 

3.1 Sea level  rise 

Predictions of sea level rise were obtained from Kopp et al. (2014), who estimated 

projections of local sea level (LSL) at multiple locations worldwide, including Reykjavik 

(Table 1). Kopp et al. (2014) provides local-sea level projections under three representative 

concentration pathways: RCP 2.6, RCP 4.5 and RCP 8.5. As worst case scenario under each 

pathway, I took the upper limit of the predicted interval with virtually certain (99% 

probability) projection ranges in 2100. These values are 1.12, 1.11 and 1.17 m for the tree 

concentration pathways, respectively. Given the similarity in values, I choose 1.17 m as the 

value to represent the upper probability of local sea level rise in Reykjavik in the year 2100. 

 

Figure 3: Scheme of the risk assessment methodology.  Modified from Kubal et al. (2009). 

3.2 Storm surge estimates 

Return periods for storm surge levels were recently estimated by Halldór Björnsson (IMO) 

and Tandri Gauksson (University of Iceland) (Table 3). These return periods estimates were 

used in this analysis. Measurements are on the reference datum of the Icelandic 

Hydrographic Service’s nautical charts, which is approximately equal to the mean low water 

spring (MLWS). This is 1.82 m lower than the reference system used by the city of Reykjavik 
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(ISN93), which is based on the mean sea level (MSL). As a reference, the normal high tide 

level in Reykjavik is approximately 2.18 m above MSL (4.00 m above MSLT). Based on 

the results from Vousdoukas et al. (2016), the analysis assumed no changes in storm 

frequency resulting from climate change. Nevertheless it is possible this will result in an 

underestimation of future risk (Hallegatte et al. 2011). 

3.3 Land subsidence estimates 

Two studies have reported land subsidence rates for Reykjavik, based on GPS records. 

Árnadóttir et al. (2009) analyzed data between 1998 to 2004, and concluded that land is 

subsiding at the city of Reykjavik at a rate of 3.3. mm/yr. Compton, Bennett, and Hreinsdóttir 

(2015) extended the analysis, using data between 1996 and 2014, and concluded that the 

overall rate of land subsidence is much smaller, 0.1 mm/yr. The difference highlights the 

fact that the land subsidence signal is complex and varies with time.  Figure 4 shows the 

detrended time series (analysis by Sigrun Hreinsdóttir, University of Iceland, personal 

communication). At this time there are no estimations of how subsidence rates will vary in 

the next century. In order to evaluate the effect of subsidence rates on flooding risk, two 

subsidence scenarios were considered: no subsidence, and a subsidence rate of 3.3 mm/yr. 

 

Figure 4: Land subsidence in the city of Reykjavik, derived from global positioning system data (Sigrun 

Hreinsdottir, University of Iceland). 

3.4 Digital elevation model 

Digital elevation models (DEM), also known as digital terrain models, are representation of 

a continuous terrain surface by a regular grid of elevation values. A DEM for the greater 

Reykjavik area was produced using the Topo To Raster tool from the ArcGIS extension 3D 

analyst (ESRI, 2015). The Topo To Raster is an interpolation method based on the 

ANUDEM program (Hutchinson et al. 2011), specifically designed for the creation of 

hydrologically correct DEMs from contour lines. The interpolation method is based on a 

discretized thin plate with a modified roughness penalty to allow the DEM to follow abrupt 

changes in the terrain (ESRI, 2015). Topo To Raster interpolates elevation values into a 

raster ensuring a correct drainage structure and representation of ridges and streams. The 

Topo To Raster tool utilizes the fact that the shape of most landscapes is determined by water 

erosion that results in a connected drainage structure. The interpolation method is designed 

to impose constraints so a connected drainage network is created, allowing for the generation 

of more accurate DEMs with less data than other interpolation methods. 
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Elevation contours provided by the municipalities of the greater Reykjavik were used as 

input for the preparation of the DEM. Contour lines for the city of Reykjavik were available 

from the Land Information System of the Reykjavik Area (LUKR, Landupplýsingakerfi 

Reykjavikur, http://reykjavik.is/thjonusta/landupplysingar-lukr). Contour lines for the 

municipalities of Gardabaer, Kopavogur, Mosfellsbaer and Seltjarnarnes were provided 

directly by the Department of Planning and Environment, or through a third party contractor 

in charge of the Geographical Information System in each municipality. The data was 

provided in several formats, including AutoCAD/Microstation, ArcGIS, tabular/spreadsheet 

or as pdf. All the data was converted into ArcGIS (ESRI) format for further processing. 

Contour lines for Hafnafjörður were obtained form a previous version of the LUKR 

database. In all cases, contour lines had a separation of 1 m and a horizontal resolution of 25 

cm. 

The Topo To Raster tool requires that streams and rivers are described by a set of stream 

network data composed of single arcs in a dendritic pattern. All arcs should point down 

slope, and there should be no polygons (i.e. lakes) in the network. At the time of the analysis 

I was not aware of any available stream network dataset for the greater Reykjavik. Stream 

network datasets can be generated by manually tracing the midpoint of rivers and streams 

over digital aerial photographs. I downloaded the coastline shapefile (“Strandlína”) available 

at LUKR that also contains rivers, streams and lakes, and manually traced rivers and streams, 

ensuring that the arcs were pointing down slope using the contour lines as reference. This is 

a very time consuming process, therefore I only obtained a stream network for the 

municipality of Reykjavik, the focus of the risk analysis that required a more accurate DEM. 

The risk analysis was also carried out in Seltjarnarnes, but there are no open streams in this 

municipality. 

A coastline polygon can be provided to the Topo To Raster tool so the DEM is bounded by 

this polygon. For this I used the coastline shapefile mentioned above, and merged the 

segments to obtain a continuous polyline representing the coastline. The polyline was 

essentially equivalent to the 0 m contour in the database. A comparison with recent aerial 

photographs from Google Maps revealed that the coastline polygon did not included recent 

landfills in the port of Reykjavik and in the old harbor, so the polyline was manually edited 

to correct this. To use the coastline as a boundary polygon the Feature to Polygon command 

in Data Management tools was used to convert the polyline to a polygon. 

At a vertical and horizontal resolution of 1 m, a raster encompassing the entire Greater 

Reykjavik area would include too many cells for the DEM to be interpolated in its entirely, 

given the memory requirements of the Topo To Raster tool. Therefore the DEM was 

processed in 12 fishnet tiles. Each fishnet titles included an area of 8 x 8 km (64 km2), with 

a resolution of 1m. During each instance of interpolation (12 in total) the contour lines, the 

boundary and the stream network were used. The resulting tiles were merged and then 

exported into a single DEM. The extent of the DEM was reduced so it included all the 

municipalities in the Greater Reykjavik Area, leaving out some areas too far away from the 

coastline. This DEM had an area of 450.5 km2 (Figure 5) 
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Figure 5: Digital elevation model (DEM) of the greater Reykjavik area, with a resolution of 1 m. 

3.5 Hazard assessment: identification of areas 

at risk of coastal flooding 

It is necessary to consider the combined effect of sea level rise, land subsidence and storm 

surges when evaluating the risks and vulnerabilities of urban areas to coastal flooding 

(Lichter and Felsenstein 2012; Wu et al. 2002). The approach is to identify Design Water 

Levels (DWL) (Gravelle and Mimura 2008; Meidinger 2011), which represent possible 

extreme water levels resulting from the combination of sea level rise (SLR) predictions, 

storm surge predictions, and estimates of land subsidence (Table 4). Areas at risk of coastal 

flooding were identified by comparing the resulting DWLs with a DEM of the Greater 
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Reykjavik area. For illustrative purposes, I also identified the areas that would be flooded at 

depths between 1 and 6 m, at 1 m intervals, above mean sea level (MSL). The upper limit 

corresponds to the approximate flood depth during the historic Básendaflóð event in 1799 

(Eliasson 1996). 

Table 4: Design water levels resulting from the combination of present-day storm surges (SS), 1.17 m of sea 

level rise (SLR), and 0.33 m of land subsidence (LS).  Heights are above mean sea level (MSL). 

Return period 

(years) SS SS+SLR SS+SLR+LS 

5 3.23 4.40 4.73 

10 3.30 4.47 4.80 

20 3.37 4.54 4.87 

50 3.47 4.64 4.97 

100 3.54 4.71 5.04 

200 3.61 4.78 5.11 

 

The identification of flooded areas was done through a script in the R language (R Core 

Team 2015), through four main steps: a) selection of cells in the DEM with an elevation 

equal or lower that the reference flood value, b) clustering of selected cells into groups using 

the 8-cell rule (Gesch 2009; Poulter and Halpin 2008), and c) selection of clusters that were 

connected to an one-cell buffer of the coastline polygon, also using the 8-cell rule. The result 

of this script was a raster for each flood level, indicating the flooded cells. Values in each 

cell corresponded to the flood depth, and were derived from the difference between the DEM 

values and the flood level. Each raster had the same extent and resolution (1 m) than the 

DEM. 

For the estimation of flooding risk, the resolution of the raster was reduced to 5 m by 

aggregating 1 m x 1 m cells by a factor of five. Each 5m x 5m cell was considered flooded 

if the number of 1m x 1m cells in the same area was greater than 6. Flood depth in the 

aggregated cells was the average of the corresponding flood depth in the 1 x 1 m cells. This 

slightly overestimates the extent of the area flooded, but I considered adequate given the 

inherent uncertainty on the analysis at the scale of 1 m. 

3.6 Selection of elements at risk 

The selection of the elements at risk (i.e. type of asset, economic sector or land use category) 

to be included in the analysis is a critical step, because it has a large influence on the results. 

The methodology applied in this work characterizes risk in three realms: economic, social, 

and environmental. This is based on the acknowledgment that an event like a coastal flood 

does not only has economic impacts (e.g. through damages to buildings and infrastructure), 

but there also impacts on the population and society, as well as impacts on the environment. 

The need to characterize multiple aspects of risk has been recognized, for example, by the 

European Union through the European directive on the assessment and management of flood 

risk (EU 2006/C 311 E/02) which requires, in its article 6, the mapping of social, economic 
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and environmental (ecological) flood risk (Meyer et al. 2009). The selection of elements at 

risk is based on (Kubal et al. 2009), but with some modifications given the existing data and 

the conditions in Reykjavik and Seltjarnarnes (Table 5). 

Table 5: Elements at risk selected to characterize the economic, social and environmental aspects of risk. 

Aspect of risk Elements at risk 

Economic Residential buildings 

Commercial and administrative buildings 

Industrial buildings 

Streets and roads 

Property values 

Social Population: children 

Population: adults 

Population: elderly citizens 

Buildings of social value 

Cultural value 

Environmental Areas important for wildlife 

Forested areas 

Pristine coastline 

Sources of pollution 

 

3.6.1 Economic risk 

The economic aspect of flood risk is characterized by five criteria, four of them consisting 

of binary rasters representing the presence/absence of four elements of risk: 1) residential 

buildings, 2) commercial and administrative buildings, 3) industrial buildings, and 4) streets 

and avenues. These rasters characterize the spatial distribution of buildings and 

infrastructure that can be damaged during the flood and that represent the bulk of direct, 

tangible losses during a flood. In addition, property values are used as a proxy to estimate 

the financial loss of assets in the city (Kubal et al. 2009), as detailed information on the 

spatial distribution of these assets is usually not available. 

 

3.6.2 Social risk 

The social aspect of flood risk is characterized by five criteria. Three of them describe the 

distribution of population in three age classes: children (0 - 12 yr old), adults (13-654 yr old), 

and the elderly (>65 yr old). The fourth criteria describes the distribution of buildings that 

have an important role in society, including hospitals, schools, retirement homes, sport 

facilities, police stations, fire stations, and stations of the Iceland Search and Rescue 

organization. The idea is that damages in these buildings has an effect on society in addition 
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to the economic losses. For the fifth criteria, we attempted to characterize cultural losses, 

adopting the methods developed by the XtremeRisk project (Dassanayake et al.  2015). 

3.6.3 Environmental risk 

The ecological aspect of flood risk is characterized by binary rasters representing the 

presence/absence of areas important for wildlife (mainly birds), forested areas, and pristine 

coastline, and of sources of pollution. As a preliminary approach, potential sources of 

pollution only included fuel depots and gas stations. These were selected because data on 

their location was readely available. 

3.7 Data sources for the distribution of 

elements at risk 

The main source of data used for characterizing the distribution of elements at risk in 

Reykjavik was the Land Information System of the Reykjavik Area (LUKR 

Landupplýsingakerfi Reykjavikur, http://reykjavik.is/thjonusta/landupplysingar-lukr). 

LUKR is a geographical information system developed by the City of Reykjavik, in 

collaboration with Orkuveitu Reykjavikur (Reykjavik Energy) and Mila ehf. LUKR contains 

information on an array of public services and infrastructure, including buildings and roads. 

Information on LUKR can be displayed on-line through the Borgarvefsjá web tool (“City 

Webview”, www.borgarvefsja.is), and the data can be downloaded at 

http://lukr.rvk.is/gjaldfrjals_gogn/index.htm. LUKR also contains information on the age 

structure of the population in each city neighborhood. Analogous information was provided 

by the city government of the municipality of Seltjarnarnes. Data on property values in 

Reykjavik and Seljarnarnes was provided by Statistics Iceland. Information on the location 

of environmentally sensitive areas in the city of Reykjavik was obtained from the city of 

Reykjavik Municipal Plan 2010-2030 (Aðalskipulag Reykjavikur) and from documents by 

the Environmental Agency. Data from municipality of Seltjarnarnes was provided directly 

by government officials. 

3.8 Categorization of building polygons 

Several of the raster maps describing the distribution of elements at risk are based on 

polygons describing the shape of buildings in the municipalities of Reykjavik and 

Seltjarnarnes. These polygons have to be assigned to the following categories: residential, 

commercial and government, industrial, buildings of social value, and buildings with cultural 

value. The first four categories are exclusive, meaning that a building can only belong to one 

of them. The only exception are retirement homes, which are included both in the 

“residential” and “buildings of social value” categories. Buildings of cultural value include 

some buildings that are not in other categories (i.e. theaters, libraries) but also buildings of 

historical value that can have commercial or residential use and are therefore in two 

categories. Buildings in the residential category were further classified as single-family 

dwellings, low-rise dwellings (2 floors), intermediate dwellings (3-4 floors), and high-rise 

dwellings (five floors or more). 
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The “Hus flakar” shapefile from LUKR contains polygons for each building in the city of 

Reykjavik. The attribute table of this shapefile includes a field (“GERD LYSIN”) describing 

the type of building. Using this information, buildings were classified as described in Table 

6. 

Table 6: Categorization of buildings in the city or Reykjavik, based on the information in the GERD LYSIN 

field of the Hus flakar shapefile in the LURK database. 

GERD LYSIN label Explanation Category 

Bílskúr/Skúr Garage/shed Residential 

Einbýlishús Single-family dwelling Residential 

Iðnaðarhús Industrial building Industrial 

Önnur eign Other properties Several 

Raðbýlishús Townhouses Residential 

Sambýlishús Communal building Residential 

Sumarhús Summerhouse Residential 

Sérhæfð eign Specialized building Several 

Útihús Outhouse Residential 

Verslun/Skrifstofuhús Commercial / Office building Commercial 

Vörugeymsla Warehouse Commercial 

 

Two of the classes in the GERD LYSIN field, namely “Sérhæfð eign” (specialized buildings) 

and “Önnur eign” (other properties) refer to buildings that cannot be assigned to a single 

category. Specialized buildings includes churches, sports facilities, museums, and retirement 

residencies. Other properties includes buildings of commercial use (i.e. hotels, restaurants, 

warehouses), but also small structures in residential areas like greenhouses and some 

garages. Specialized buildings and the larger buildings on the other properties category were 

classified by hand. Buildings were identified by examining aerial and on-site photographs 

obtained from the Google Maps and Ja.is websites. A new field was added to the attribute 

table, containing the labels listed in Table 7. 

The web portal of LUKR, named Borgarvefsjá (“City Webview”, www.borgarvefsja.is) has 

options to display buildings protected by law, which includes many buildings that are in the 

Specialized buildings category, as well as other buildings of historic importance (e.g. the 

Hotel Borg). Borgarvefsjá also allows the display of buildings built before 1918. This 

information was used to identify all buildings of historic value. 
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Table 7: Labels assigned to buildings from the „Specialized buildings“ and „Other properties“ categories, 

through the examination of aerial and in-situ photographs. 

Label Category 

Retirement home Residential, Social 

Church Social 

Government Social 

Hospital Social 

School Social 

Sports Social 

University Social 

Airport Industrial 

Fuel Industrial, Environmental 

Infrastructure Industrial 

Industrial Industrial 

Commercial Commercial 

Deposit Commercial 

Offices Commercial 

Parking Commercial 

Transport Commercial 

Cultural Cultural 

 

The data provided by the municipality of Seltjarnarnes was somewhat more fragmented. 

They provided a shapefile with the contours of the buildings, and a Microsoft Excel file with 

information at the level of individual dwelling (houses or flat), and at the level of each land 

parcel. The shapefile did not contain any information to link each building to the information 

in the Excel file. To link them we used a dataset from Registers Iceland (Þjóðskrá Íslands) 

containing the geo-location of all properties in Iceland and their corresponding land parcel 

number. A spatial overlay between this dataset and the building polygons allowed to assign 

land parcel number to the polygons, and use this number to associate the corresponding 

information in the Excel file. The information in the Excel file included a land use 

classification that included the classes íbúðarhúsarlóð (residential), Viðskipti og þjónusta 

lóð (commerce and service), and Iðnaðar (industrial). Buildings in these classes were 

assigned directly to the same elements at risk categories. Buildings in other categories 

(social, cultural, etc.) were identified by examining aerial and on-site photographs obtained 

from the Google Maps and Ja.is websites. 

3.9 Classification of streets and avenues 

The “Samgongur flakar” shapefile in LUKR contains polygons for avenues, streets, 

sidewalks, parking lots and other paved surfaces. The GOTUFLOKKU column in the 

attribute table classifies the polygons into the following types: 0 = islands, 1 = main roads, 
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2 = primary streets, 3 = secondary streets, 7 = docks, 8 = parking lots, and 9 = walking paths. 

Only classes 1, 2 and 3 were included in the analysis. 

In the case of the data from Seltjarnarnes, it also included a shapefile containing streets and 

avenues, but it was incomplete. Some streets and avenues were missing, and were plotted 

“by hand” by overlaying the shapefile over an OpenStreet Map and making the necessary 

modifications to the shapefile. 

3.10 Preparation of rasters representing the 

distribution of buildings 

Spatial data can be classified as vector and rasters. Raster datasets hold data in cells, i.e. each 

element on a grid. In most cases grids elements are squares (i.e. a regular grid), but they can 

be rectangular (i.e. having different resolutions in the x and y direction) or even hexagonal. 

The grid representation allows for fast and efficient processing of spatial information (Burzel 

et al. 2015). Vector data sets, on the other hand, represent spatial data as coordinates, either 

as individual points (i.e. a single coordinate), lines (a sequence of coordinates in a specific 

order) or polygons (a sequence of coordinates in which the last segment connects to the first). 

Vector data allows for a very efficient representation of some of the elements at risk, such 

as buildings (polygons), streets (lines) or particular locations (points) (Burzel et al. 2015). 

Nevertheless, the methodology developed by Kubal et al. (2009) and applied here requires 

that the distribution of all elements at risk are represented as raster datasets. Therefore, we 

followed what Burzel et al. (2015) describe as part of a cell-based risk assessment (CRA) 

methodology, in which all vector data is transferred to a raster using GIS overlay methods. 

Binary rasters representing the distribution of buildings in each category were prepared using 

the “rasterize” function in the “raster” package (Hijmans, 2015) in the R statistical 

computing language (R Core Team, 2015). This function can convert polygons, lines or 

points into a raster with a specific origin and resolution, in this case 5 m x 5 m. When the 

input are polygons, the rasterize function identifies the cells that are completely included 

within each polygon. When the input are lines, on the other hand, the function identifies the 

cells that are in contact with the lines. Therefore, to completely identify the cells 

corresponding to each polygon, I applied the “rasterize” function first on the building 

polygons, and then on the polygons converted to lines. Both rasters were joined then with a 

logical OR operation, with resulted in a single raster that included all cells that corresponded 

to each building. Rasters were prepared for buildings classified as commercial and 

government, industrial and buildings of social value (Figure 6. Separate rasters were also 

prepared for the four categories of residential buildings, including single-family dwellings, 

low-rise dwellings (2 floors), intermediate dwellings (3-4 floors), and high-rise dwellings 

(five floors or more) (Figure 7). Each raster was saved as a GeoTiff file for later use. The 

same procedure was used to obtain a raster representing the distribution of streets and 

avenues (Figure 8). 
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Figure 6: Rasters indicating the presence of buildings classified as commercial and administrative, industrial, 

and of social value. 
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Figure 7: Raster indicating the presence of residential buildings, classified as single-family dwellings, low rise 

dwellings (2 floors), medium rise buildings (3-4 floors), and high-rise dwellings (>4 floors). 
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Figure 8: Raster indicating the presence of streets and avenues. 

3.11 Property values 

Data on property values was provided by Registers Iceland (Þjóðskrá Íslands) as a single 

Excel file containing data for individual buildings, including a building identification code, 

building year, type of building, total property value and rebuilding value. This data was 

combined with anadditional dataset from Registers Iceland containing the geo-location of 

all properties in Iceland, their address and their corresponding land parcel number, in order 

to assign a land parcel number to each record of property value. The total surface area of the 

buildings in each land parcel was used to estimate the total property value per square meter. 

The polygons were converted to a raster with a resolution of 1m, so each cell contained the 

property value per m2 for the cells corresponding to each building. Finally the values were 

aggregated to the desired spatial resolution of 5m (Figure 9). 

 

Figure 9: Property values of buildings per square meter. 

 



42 

3.12 Distribution of children, adults and 

seniors 

The spatial distribution of children (ages 0-12), adults (ages 13-65) and senior citizens (ages 

>65) in the municipalities of Reykjavikk and Seltjarnernes was derived from census data 

provided by Registers Iceland (Þjóðskrá Íslands). The dataset consisted on the name, 

identification (kennitala) number, address, and postal code of all citizens in Iceland. The 

dataset was reduced by selecting only records with postal codes corresponding to the 

municipalities of Reykjavik and Seltjarnernes. 

The first step in the processing of census data was to assign the address from each record to 

a land parcel number. To do this I used the dataset from Registers Iceland (Þjóðskrá Íslands) 

containing the geo-location of all properties in Iceland, their address and their corresponding 

land parcel number. Because in many cases the name of the street did not match completely 

between the census records and the dataset from Registers Iceland (e.g. because of 

differences in spelling or declination of street names), I performed a fuzzy string match to 

identify the most similar street name between both datasets. To achieve this, I used the R 

package “stringdist” (Van der Loo, 2014) to calculate a matrix with the Standard 

Levenshtein distance between the name fields of both sources. The Levenshtein distance is 

the minimum number of single-character edits required to change one word into the other 

(Wilson, 2004). The matching name was selected by identifying the name in the other dataset 

with the closest Levenshtein distance. Street names in the census dataset for which the 

minimum Levenshtein distance was above 2 were considered with no match. From the 884 

street names in the census dataset, I matched a total of 773 (87.4%). I used the combination 

of street name and house number to identify the land parcel number of 112448 from a total 

of 122522 records (91.8%). Next, the number of children (ages 0-12), adults (ages 13-65), 

and elderly people (age >65) was tabulated for each land parcel number. These values were 

associated to the building polygons with the same land parcel number. The surface area of 

each polygon was used then to calculate number of people in each category by square meter. 

In the final step, the polygons were converted to a raster with a resolution of 1 m, so each 

cell contained the number of persons in each age class per m2 for the cells corresponding to 

each building. Finally the values were aggregated to the desired spatial resolution of 5 m 

(Figure 10). 
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Figure 10: Population of children (ages 0-12), adults (ages 13-65), and elderly people (age >65) per m2 of 

building area. 

3.13 Exposure and vulnerability of buildings 

and roads 

There are no flood damage models adjusted to the local conditions of the greater Reykjavik 

area. Therefore, the Standard Method (Kok et al. 2004) was used to evaluate the damage to 

residential buildings, roads, and other elements at risk. The Standard Method was developed 

in the Netherlands for the estimation of damage and casualties due to flooding. Damage 

curves from the Standard Method have been applied in a vulnerability assessment in 

Ísafjörður, Iceland (Meidinger 2011). For each class of element at risk, the Standard Method 

applies a specific damage curve, derived from empirical flood damage data from past floods, 

as well as from expert judgment and information from the literature (Jonkman et al. 2008a). 
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The damage curve represents the damage as a proportion of a maximum damage cost, which 

is evaluated for each category of elements at risk (Jonkman et al. 2008a). In my case I used 

the damage curves to estimate the relative proportion of damage in each category as function 

of flood depth (and therefore of location in space), without attempting to evaluate the 

economic cost in detail. Therefore, selecting damage curves with some degree of realism 

was considered sufficient. 

3.14 Residential buildings 

For residential buildings, the Standard Method (Kok et al. 2004) establishes depth-damage 

curves for four categories: single-family dwellings, low-rise dwellings (assumed to have 2 

floors), intermediate dwellings (assumed to have 3-4 floors), and high-rise dwellings 

(assumed to have five floors or more). Damage curves are shown in Figure 11. The 

methodology in the Standard Method also includes an evaluation of the probability of 

building collapse given the construction material and the presence of flood protection 

factors. For the sake of simplicity, I assume that buildings do not collapse during a flood and 

that all damage is captured by the damage function. 

 

Figure 11: Damage curves for single-family dwellings, low-rise, intermediate-rise and high-rise buildings. 

The damage curve for single-family dwellings have a relative complex shape, indicating a 

rapid increase of the proportion of damage in the fist 50 cm of flooding, relatively little 

change between 50 cm and 2 m, and a rapid increase reaching complete damage at 

approximately 4.5 m. The damage curves for low-rise dwelling, intermediate dwellings and 

high-rise dwelling have a concave shape, resulting from the observation that the lower floors 

often have essential services for the entire building and therefore damage on the lower floors 

have consequences for the floors above (Kok et al. 2004). The curves differ on their slope, 

to capture the fact that for a flood of a specific depth, the proportion of damage will be higher 

in a lower building compared to a taller one (Merz et al. 2010). Residential buildings both 
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in Reykjavik and Seljarnarness were classified as houses, low rise dwellings, intermediate 

dwellings and high-rise dwellings based solely on the number of floors. 

 

Figure 12: Damage curves for commercial and industrial buildings, and buildings of social and cultural value, 

for streets and roads, fuel depots and gas stations, and for population and property values. 

3.15 Commercial and administrative buildings, 

industrial buildings, and buldings of social 

value 

The estimations of potential damages in the commercial and industrial sectors is more 

complex because the high variability in terms of exposed assets and vulnerability. For 

example, heavy industries may have high damage potential due to the cost of assets and 

volumes, but may also have higher levels of resilience due to high levels of preparedness, 

while the financial and service sectors may have lower costs assets but also lower levels of 

preparedness and therefore higher vulnerability (Merz et al. 2010). Given this variability, 

models for the estimation of damages in companies tend to be complex and incorporate 

parameters describing company type and size (Scawthorn et al. 2006; Kreibich et al. 2010). 

Because of data and time constraints, I used the damage curve from the Standard Method for 

companies (Kok et al. 2004), developed classifying companies and businesses in the 

Netherlands based on their activities (trade, manufacturing, etc.) and number of employees. 

The damage curve represents the average damage to all categories, as function of depth 

(Figure 12).  The database underlying this damage curve included educational institutions, 

medical institutions, entertainment, social services, and museums (Kok et al. 2004; Jonkman 

et al. 2008a). Therefore I will use this damage curve to estimate the damage for all buildings 

in Reykjavik and Seltjarnernes categorized as commercial, industrial, social and cultural. 
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3.16 Damage to streets and avenues 

The Standard Method (Kok et al. 2004) also provides damage curves for roads and railways 

(Figure 12). This damage curve was used to estimate the damage in streets and  in Reykjavik 

and Seltjarnarnes. 

3.17 Property value losses 

Following Kubal et al. (2009), property value losses were estimated through the following 

damage function: 

𝐷 =
27×√𝑑

100
  (6) 

Where D is the proportion of the maximum damage and d is the flood depth.  This function 

was derived from the HOWAS database in Germany.  Although it was derived from 

residential flood damage data, Kubal et al. (2009) applies it to estimate property value losses, 

as well as to estimate population affected. The function initially shows a rapid increase with 

depth, indicating that a significant proportion of the maximum damage occurs at low flood 

depths (Figure 12). 

3.18 Exposure and vulnerability of the 

population 

An important element in the estimation of the social aspect of risk is the estimation of deaths 

and injuries during a flood. A number of models to estimate the number of casualties have 

been proposed that incorporate variables know to influence the number of casualties, 

including water depth, water velocity, presence of debris, types of building structures and 

presence of vulnerable segments of the population (e.g. the elderly, hospital patients, 

handicapped people) (Penning-Rowsell et al. 2005; Jonkman et al. 2008a; Dassanayake et 

al. 2010). Simpler models utilize only flood depth (e.g. Waarts 1992, cited in Jonkman et  al. 

2008a). Kubal et al. (2009) evaluated the potential “damage” to human population using a 

generic damage function that initially shows a rapid increase with depth, indicating that a 

significant proportion of the maximum damage occurs at low flood depths (Figure 12). This 

approach was followed for this study, assuming that the damage refers to people affected in 

general terms, and not necessarily to death or severe injures. For each flood event, damage 

was estimated independently for children, adult and senior citizens, using the rasters 

describing the distribution of each of the population segments, and the rasters flood depth.  

As done in Kubal et al. (2009), we use the same damage curve than for estimating property 

value losses (equation 6).   

3.19 Environmental impacts 

There is very limited research to characterize the flood impacts on the environment and 

ecosystems (Dassanayake et al. 2015), in part because environmental effects are considered 

less important than impacts on physical structures, economic system and populations. 
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Nevertheless, floods can have large environmental impacts, including the physical 

destruction of flora and fauna, the damage to endangered species, and the disruption to 

natural recreational and scenic resources (Dassanayake et al. 2015). In addition, floods can 

damage infrastructure like fuel depots or chemical plants that can, in turn, lead to pollution. 

Floods can also redistribute the pollutants already existing in soil (Krüger et al. 2005). 

There are few existing methodologies for the evaluation of environmental losses due to 

natural disasters. For example, Brouwer and Van Ek (2004) evaluated the environmental 

impacts of floods in terms of changes in the relative wealth of species, in which the value of 

each species in based on criteria like diversity, rarity and size. D. R. Dassanayake, Burzel, 

and Oumeraci (2015) proposed a novel method to evaluate the environmental losses due to 

flooding, based on the classification of ecosystem services by the Millennium Ecosystem 

Assessment (2005). Ecosystems present in the study area were classified as providing 

provisioning, regulating, cultural and supporting services. Estimates on the degree of change 

in the ecosystem services provided were derived from flood predictions and from 

information on ecosystem degradation as function of depth and other flood characteristics. I 

consider that applying this classification would be difficult in my study, as the natural areas 

within the city do not provide significant provisioning services and their regulating services 

are poorly characterized. At the same time it can be considered that all the natural areas 

within the city provide significant cultural services, as recreational and aesthetically pleasant 

areas. So there is insufficient information to differentiate among areas in terms of ecosystem 

services. 

On the other hand, in the methodology by Kubal et al. (2009), the environmental risk is 

evaluated through an aggregated environmental index that combined five binary rasters 

representing the presence/absence of environmental features of importance in the study area, 

namely areas of high abundance of oligotrophic biotopes, areas with vulnerable biotopes 

protected by law, areas with trees with low resistance to long-term flooding, areas with high 

soil erodibility, and locations of potential sources of pollution. In this methodology, damage 

is evaluated using a Boolean damage function in which all flooded areas are considered 

affected in the same way. 

I adapted the methodology by Kubal et al. (2009), using environmentally important areas 

identified from the city of Reykjavik Municipal Plan 2010-2030 (Aðalskipulag 

Reykjavikur). The ecological risk was evaluated through the presence/absence of the 

following environmental factors: presence of areas important for birds (i.e. as nesting and 

feeding areas), presence of pristine coastline and islands, and presence of forested areas. An 

additional layer was produced to identify the presence of potential sources of pollution, and 

including the building polygons identified as fuel depots or gas stations. As for other 

elements at risk, I modified the methodology by Kubal et al. (2009) by including a damage 

curve. The Standard Method (Kok et al. 2004) includes a damage curve for agriculture and 

recreation areas , which shows rapid increase on the proportion of damage with depth, 

reaching over 0.6 with a flood of 1 m. I considered this a realistic function to be used as a 

model of the damage in environmentally important areas. In the case of the layer of pristine 

coastline and islands, the damage curve was shifted so damage values were above zero only 

when depth was above 2 m. This was done under the rationale that the intertidal zone 

(approximately the zone between 0 and 2 m above MSL) is covered by water in each tidal 

cycle and therefore would not be affected by flooding (Figure 13). The damage curve for 

pumping stations from the Standard Method was used for fuel depots and gas stations (Figure 

12). 
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Figure 13: Damage curves for environmentally sensitive areas, including pristine coastline and islands, areas 

important for wildlife, and forested areas. The damage curve for coastline and islands shows damage only at 

depths above 2m to account for the fact that depths below 2m above MSL are in the intertidal zone and should 

not suffer damage during a flood. 

3.20 Cultural losses 

As a component of the social aspect of risk, I included cultural value. Cultural sites, including 

sites of archaeological, architectural, artistic or other cultural value, are at risk of coastal 

flooding (Dassanayake et al. 2015). In the methodology proposed by Kubal et al. (2009), 

buildings of cultural values are not included explicitly in any of the categories of elements 

at risk. Here I adopted the methods proposed by Dassanayake et al. (2015) to model the loss 

of cultural value. The methodology is based on a set of five damage levels associated to 

flood depth (Table 8). Although Dassanayake et al. (2015) also included a set of damage 

criteria for cases when the flood velocity is higher than 2 m/s, only the criteria for slow (< 2 

m/s) floods was used because we have no information on the potential velocity of water 

during a flood. Cultural assets were also classified in five level scale according to their 

cultural value, with heritage sites such as historic buildings, museums and archaeological 

sites having the highest value, while monuments and recreational parks having the lowest 

score (Figure 14).  Cultural loss is calculated by the combination of the cultural value 

aassigned to building polygons and their damage levels. 
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Table 8: Cultural losses as a function of flood depth and cultural value.  Losses are expressed in a 1-5 scale, 

where 1 is very low and 5 is very high. 

 Flood  depth (m) 

<0.5 0.5-1.5 1.5-2.5 2.5-3.0 >3.0 

Assets 
Cultural 

Value 
Cultural losses 

Museums, historic 

bldgs., libraries, 

archaeological sites 

Very high 3 4 4 5 5 

Movable historic goods 

 

 

High 3 3 4 4 5 

Spaces on non-heritage 

bldgs., pre-1918 bldgs., 

cemeteries 

Medium 2 3 3 4 4 

Monuments 

 

 

Low 2 2 3 3 4 

Recreational parks 

 

 

Very low 1 2 2 3 3 

 

 

Figure 14: Estimated cultural value in the municipalities of Seltjarnarnes and Reykjavik. 

 

3.21 Calculation of the annual average damage 

per element at risk 

Following the methodology developed by (Kubal et al. 2009), the next step is the calculation 

of the annual average damage for each of the elements at risk, using equations (2), (3) and 
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(4). The calculation is carried out for the three sets of flood scenarios (Table 4), combining 

flood levels with different return periods assuming no sea level rise, including sea level rise, 

and including sea level rise and land subsidence. The calculation is done at the level of each 

cell in the rasters, therefore producing maps of annual average damage for each element at 

risk and each set of flood scenarios. 

 

3.22 Multicriteria analysis 

The next step of the analysis involves the scaling of the estimates of annual average damage 

per element at risk, so the values range between 0 and 1. Finally, all scaled estimates were 

combined through weighted addition to obtain a risk final map. Weights were assigned to 

each estimate of annual average damage per element at risk to emphasize different aspects 

of risk. I have used four sets of weights (Table 9). The set of weights highlights the economic 

aspect of risk, and gives 50% of the weight to the property value layer, and 12.5% to each 

of the layers describing the distribution of residential, commercial and industrial buildings, 

and streets. The second set of weights highlights the social aspect of risk, giving 25% of the 

weights to the layers describing the distribution of children, adults and the elderly, and 12.5% 

of the weights to layers describing the distribution of buildings of social value and of cultural 

losses. The third set of weights focused on the environmental aspect of risk, giving 25% of 

the weight to each of the four layers describing the distribution of pristine coastline and 

islands, forested areas, areas important for wildlife, and locations with potential of causing 

pollution (fuel depots and stations). Finally, a fourth set of weights was used to combine all 

three aspects of risk, giving 40% of the weight to each the economic and social aspect of 

risk, and 20% to the environmental aspect of risk. The weights of individual layers were 

selected to give more importance to the distribution of property values and population. 
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4 Results 

4.1 Flooded areas 

The areas that would be flooded under scenarios ranging from 1 to 6 m above MSL were 

estimated by comparing the DEM with each flood level and applying a connectivity criteria. 

Increases in sea level up 2 m above MSL are within the normal tide range, as the average 

tide level in Reykjavik is 2.18 m above MSL. Therefore, the areas covered with water at 

depth levels of 1 or 2 meters are intertidal areas which tend to be wider in unaltered coasts, 

in particular in locations with low topographic relief (Figure 15). One example is the delta 

resulting from the opening of the Leirvogsá and Kaldakvísl rivers into the Faxafloi Bay, in 

the municipality of Mosfellsbær. Other locations with unaltered coasts include south coast 

of the munitipality of Reykjavik, and the coastlines of the municipalities of Seltjarnarnes 

and Garðabær. As expected, increases in sea level of 1 or 2 m do not appear to affect any 

buildings or population. 

 

Table 9: Weights selected to emphasize the economic, social  and environmental aspects of risk, as well as to 

obtain a multicriteria risk evaluation. 

Aspect of risk Elements at risk 
Weights 

Economic Social Envir. Combined 

Economic Residential buildings 1/8   1/20 

Industrial buildings 1/8   1/20 

Commercial and 

administrative buildings 
1/8   1/20 

Streets and avenues 1/8   1/20 

Property values 1/2   1/5 

Social Population: adults  1/4  1/10 

Population: children  1/4  1/10 

Population: elderly  1/4  1/10 

Bldgs. of social value  1/8  1/20 

Cultural value  1/8  1/20 

Environmental Important for wildlife   1/4 1/20 

Coastline and islands   1/4 1/20 

Forested areas   1/4 1/20 

Sources of pollution   1/4 1/20 
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A 3 m flood above MSL is, on the other hand, beyond the normal tide range. Storm surges 

with return periods of 5 to 20 yr. range between 3.23 and 3.37 m above MSL (Table 4). Still 

at these levels, the effects of a flood would be restricted to the low-lying areas of the Áftanes 

peninsula in the municipality of Garðabaer, where the water would overflow into the 

Bessastaðatjörn lagoon affecting few buildings, and in the south coast of the municipality of 

Seltjarnarnes, where the area flooded would be of more limited extent but would affect a 

larger number of buildings (Figure 16). 

Water levels during storm surges with return periods between 50 and 200 years are estimated 

to be between 3.47 and 3.61 m above MLS. A 3.5 m flood above MLS would have significant 

impact in several locations within the greater Reykjavik area, including port facilities and 

industrial areas located in land fills (Figure 17). Since World War II the surface area of the 

municipalities of Reykjavik, Kópavogur, and Hafnafjörður has been extended through land 

fills. These are relatively flat areas with a height above MSL ranging between 3.5 and 4 m 

and therefore would flood rapidly if the sea level rises above 3.5. A 3.5 m flood would also 

cover the area in downtown Reykjavik known as Kvosin, location of important buildings 

like the Parliament and the Municipality of the city of Reykjavik, as well as more additional 

areas in the south coast of Seltjarnarnes. A sizeable proportion of the Áftanes peninsula 

would also be underwater, although affecting relatively few buildings. 

 

 

Figure 15: Areas in the greater Reykjavik area that would be covered at a sea level of 2 m above MSL. 
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Figure 16: Areas in the greater Reykjavik area that would be covered at a sea level of 3 m above MSL. 

 

Figure 17: Areas in the greater Reykjavik area that would be covered at a sea level of 3.54 m above MSL. 
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Figure 18: Areas in the greater Reykjavik area that would be covered at a sea level of 4,78 m above MSL. 

 

Figure 19: Areas in the greater Reykjavik area that would be covered at a sea level of 5,11 m above MSL. 
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Figure 20: Areas in the greater Reykjavik area that would be covered at a sea level of 6 m above MSL. 

If assuming a raise in the mean sea level of 1.17 as consequence of climate change, design 

water levels during storm surges with return periods between 5 and 200 years would reach 

between 4.40 and 4.78 m above MSL. A flood of this level would cover a higher proportion 

of the Kvosin area in downtown Reykjavik and the south coast of Seltjarnarnes, as well as 

inundating almost completely the port and industrial facilities in land filled areas and 

isolating the Áftanes peninsula (Figure 18). If also assuming 0.33 m of land subsidence, then 

storm surges with return periods between 100 and 200 years would range between 5.04 and 

5.11 m above MSL. A 5.11 m water level above MSL would cause major disruption, 

separating the Seltjarnarnes peninsula from the rest of the city and flooding the Miklabraut 

avenue severely disrupting traffic between the downtown area and areas towards the east 

(Figure 19). A 5.11 m flood would also affect many areas along the coastline of the 

municipalities of Reykjavik and Kópavagur, as well as the downtown area in the 

municipality of Hafnarfjörður. An extreme scenario would be a flood of 6 m above MSL, 

which is the estimated height of the historic Básendarflot flood. A 6 m flood would cover a 

wide area in the municipality of Seltjarnarnes, and would practically isolate downtown 

Reykjavik from the rest of the city (Figure 20). Many other areas along the coastline of the 

municipalities in the greater Reykjavik would be also affected, mainly in the Áftanes 

peninsula in the municipality of Garðabaer and in the municipality of Hafnarfjörður where 

much of the downtown area would be affected. 
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4.2 Relative impact of floods 

The relative impact of flooding can be examined through plots of cumulative effect as 

function of water level above MLS.  Figure 21 shows the cumulative impact in terms of the 

total surface area of buildings, classified as residential, commercial and administrative, 

industrial and of social value), as well as on streets and avenues.  The cummulative impact 

on the property values of affected buildings is shown in Figure 22, while the commulative 

number of people affected is in Figure 23.  In general there was very little effect at water 

levels below 2 m above MSL, as these water levels would only affect intertidal areas that 

have no population or structures. The small amount of effect observed for example in 

commercial and governmental buildings can be explained by the fact that the effect of floods 

was evaluated at a resolution of 5 m, and therefore a small number of buildings could have 

been incorrectly considered flooded if they were located near the coast. The effect of floods 

increases rapidly at water levels above 3 m, when significant populated areas are reached by 

flood waters. Figure 24 shows the cumulative effect on areas deemed of environmental 

value. Naturally, coastal flooding will affect mostly pristine coastline and islands, but there 

is the potential to affect also areas important for birds. Forested areas, on the other hand, 

would not be affected at any flood level. 

 

Figure 21: Total surface area of buildings that would be affected at water levels between 1-6 m above Mean 

Sea Level. Buildings are classified as residential, commercial and government, industrial, and buildings of 

social value. The total surface area of roads and avenues is also included. 
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Figure 22: Total value of the buildings that would be affected at water levels between 1-6 m above Mean Sea 

Level. 

 

Figure 23: Total number of persons that would be affected at water levels between 1-6 m above Mean Sea 

Level. People were classified as children (ages 0-12), adults (age 13-65) and elderly people (ages >65). 
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Figure 24: Total environmental areas that would be affected at water levels between 1-6 m above Mean Sea 

Level. Environmental areas were classified as pristine coastline and islands, areas important for bird life, and 

forested areas. 

4.3 Risk maps 

Risk maps were produced for each set of weights and under the three scenarios considered: 

storm surges (labeled as SS in the maps), storm surges plus sea level rise (labeled as 

SS+SLR), and storm surges plus sea level rise and land subsidence (labeled as SS+SLR+LS). 

These maps clearly show the increase of flooding risk due to the effect of sea level rise and 

land subsidence. 

In downtown Reykjavik, the current economic risk to flooding due to storm surge is limited 

to buildings in the old harbour (Figure 25), and in particular in the Kvosin area north of the 

Tjörn. Under a sea level rise scenario of 1.17, the economic risk increases significantly due 

to more extensive flooding and higher flood depths. On the land fill area north of the old 

harbour, multiple commercial and industrial facilities are at risk. In the Kvosin area, 

buildings at risk include important landmarks of the city, including the Harpa concert hall, 

the building of the Parliament, and the building of the government of the municipality of 

Reykjavik, in addition to multiple commercial buildings. Towards, the east, there is 

significant economic risk on the new harbour (Figure 26), area with multiple industrial and 

commercial buildings. In the municipality of Seltjarnarnes and south coast of Reykjavik, the 

area of significant risk increases considerably under the sea level rise scenarios (Figure 27). 

Here the high risk is due to the combination of high property values and the presence of low 

rise residential buildings that are proportionally more vulnerable to flood damage compared 

to higher buildings. 
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Figure 25: Multicriteria flood risk map of Kvosin, downtown Reykjavik, using weights that emphasize the 

economic aspect of risk.  

 

Figure 26: Multicriteria flood risk map of the new harbour area, east Reykjavik, using weights that emphasize 

the economic aspect of risk.  
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Figure 27: Multicriteria flood risk map of the municipality of Seltjarnarnes, using weights that emphasize the 

economic aspect of risk.  

Social risk is significant in the Kvosin area (Figure 28), in downtown Reykjavik, given the 

presence of museums and concert halls, government offices, and historic buildings, 

including the Art museum of Reykjavik and the Reykjavik Maritime Museum, as well as 

several buildings older than 1918. Social risk is also very significant in the municipality of 

Seltjarnarnes (Figure 29). Compared to the downtown area, there are few buildings with 

historic or social value. The high risk arises from the fact that this is a predominantly 

residential area, and a flood would affect a considerable number of people. There was no 

social risk in the new harbour area, in the east of Reykjavik, as there are no buildings with 

social or cultural value, and no permanent population. 

In terms of environmental risk, the two main focus points in the downtown area are the fuel 

depots north of the old harbour, and the Tjörn and wetlands next to the Nordic House that 

act as habitat for birds (Figure 30). There is significant environmental risk on the 

Seltjarnarnes peninsula given the combination of pristine coastline and nesting areas for 

birds (Figure 31), as well along the southern coast of the municipalities of Seltjarnarnes and 

Reykjavik which is relatively pristine (Figure 32). 
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Figure 28: Multicriteria flood risk map of Kvosin, downtown Reykjavik, using weights that emphasize the 

social aspect of risk.  

 

Figure 29: Multicriteria flood risk map of the municipality of Seltjarnarnes, using weights that emphasize the 

social aspect of risk. 
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Figure 30: Multicriteria flood risk map of Kvosin, downtown Reykjavik, using weights that emphasize the 

environmental aspect of risk. 

 

Figure 31: Multicriteria flood risk map of the Seltjarnarnes peninsula, using weights that emphasize the 

environmental aspect of risk. 
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Figure 32: Multicriteria flood risk map of the south coast of the municipalities of Seltjarnarnes and Reykjavik, 

using weights that emphasize the environmental aspect of risk. 

A final set of maps was prepared combining all aspects of risk, giving a total of 40 % of the 

risk to economic factors, 40% to social factors, and 20% to environmental factors. Overall 

risk was highest in the downtown area (Figure 33), and the municipality of Seltjarnarnes 

(Figure 34), and somewhat less on the new harbour area in eastern Reykjavik (Figure 35). 
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Figure 33: Multicriteria flood risk map of Kvosin, downtown Reykjavik, using weights that assign 40 % of the 

risk to economic factors, 40% to social factors, and 20% to environmental factors. 

 

Figure 34: Multicriteria flood risk map of the south coast of the municipalities of Seltjarnarnes and Reykjavik, 

using weights that assign 40 % of the risk to economic factors, 40% to social factors, and 20% to environmental 

factors. 
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Figure 35: Multicriteria flood risk map of the new harbour area, east Reykjavik, using weights that assign 40 

% of the risk to economic factors, 40% to social factors, and 20% to environmental factors. 
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5 Discussion and conclusions 

5.1 Methodological limitations 

The main impacts from sea level change within urban areas occur as a result of extreme 

water levels, rather than as a direct consequence of sea level rise (Arns et al. 2015). 

Therefore, in order to plan adaptation strategies for coastal flooding it is necessary to obtain 

projections of extreme water levels. The most basic assumption is to estimate present day 

sea level extremes (e.g. derived from extreme value analysis), and add it to sea level rise 

projections, and estimates of lands subsidence if appropriate. This is the approach followed 

by Hunter (2010) and Wang et al. (2012), as well as in this thesis, and is based on the 

assumption that changes in extreme water levels during the 21th century will be dominated 

by changes in mean sea level and (if present) land subsidence (Arns et al. 2015). There are 

several criticism that could be made to this methodology. The first one is that assumes an 

adequate knowledge of present day sea level extremes. Statistical methods like extreme 

value theory cannot make unbiased estimations of return periods if the observational data in 

which they are based is limited in its temporal range and does not include enough high, and 

therefore rare, water events. 

The second criticism is the assumption that future extreme water level values can be 

estimated simply by shifting the baseline sea level. Some studies have questioned this 

assumption showing differences in the trends between mean and extreme water levels (S. 

Dangendorf et al. 2013; Mudersbach et al. 2013; Arns et al. 2015). There is uncertainty in 

the predictions of storm characteristics (i.e. wind speed, duration) with future climate change 

(Von Storch and Woth 2008). Therefore, risk analysis should incorporate the possibility of 

higher extreme water levels than calculated from the combination of present day extreme 

water levels and estimates of sea level rise. One possible approach is the methodology 

proposed by Purvis et al. (2008) to incorporate uncertainty, in this case on sea level rise, to 

the estimation of the probability of coastal flooding. 

A third criticism is related to the inundation model. This is yet another area in which the 

work done in this thesis could be improved. I utilized a relatively simple inundation model. 

Flooded areas in each scenario where identified by comparing the digital elevation model 

(DEM) with the expected flood depth in each scenario. In the simplest approach, termed as 

“zero-side rule”, cells are considered flooded only if their elevation is lower than the 

projected flood level, without considering connectivity among cells or to the coastline (Titus 

and Richman 2001). The lack of a connectivity criteria to the coastline would produce an 

overestimation of the flooded area because low-elevation areas separated from the coastline 

by high-elevation barriers would be considered flooded (Rowley et al. 2007; Mcleod et al. 

2010). Later studies have included a connectivity criteria. For example Rowley et al. (2007) 

included an iterative algorithm that sequentially identified flooded cells based on the 

proximity to other flooded cells. Lichter and Felsenstein (2012) on the other hand used 

polygon overlay to identify groups of cells marked as flooded that were not in contact with 

other flooded areas. This later methodology is similar to the approach I followed in this 
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thesis. This methodology has the advantage that it is simple to implement and 

computationally inexpensive (Mcleod et al. 2010). Nevertheless, this methodology has 

limitations. First, it is based on a static view that only provides information on the potential 

extent and depth of floods, but not on dynamic factors that also influence the amount of 

damage caused by a flood, including water speed, and flood duration (Jonkman et al. 2008b, 

2008). In addition, the magnitude of a storm surge event reaching the coastline depends on 

several factors, including the bathymetry near to the coast, and the shape and orientation of 

the coastline (Arns et al. 2015; Vousdoukas et al. 2016). These factors are not taken into 

account by the inundation model, and therefore two locations with the same altitude will 

have the same exposure to a flood event, regardless of the morphological and geological 

settings. 

In order to better capture the actual dynamics of a storm flood event, it is necessary to do 

numerical simulations based on physical, process-driven models. In recent years two- and 

three-dimensional models have been used to simulate the effects of storms on the coast 

(Mcleod et al. 2010). For example, Bates et al. (2005) developed LISFLOOD FP, a two-

dimensional hydraulic model to evaluate the risk of coastal flooding which provided more 

realistic predictions of past flood events that compared with a static inundation model. 

LISFLOOD FP simulates the dynamics of the movement of water to provide estimates of 

flood extent and depth. A more complete simulation should incorporate also the dynamics 

of a storm flood event, taking into account the bathymetry and the shape of the coastline. 

One possibility is to use the MIKE model suite, developed by DHI Water and Environment, 

which allows for complex simulations within oceanic, coastal and estuarine environments 

(Patro et al. 2009). In Iceland, MIKE 21 has been used to model the output of a glacier 

outburst flood (Eskilsson et al. 2002), and is now being used by the Icelandic Road and 

Coastal Administration (Vegagerdin) to predict wave height, period and direction in order 

to inform the design and construction of harbors and other seaside infrastructure (Figure 36). 

Wang et al. (2012) used the MIKE 21 model to predict the combined effect of storm surges, 

land subsidence, and sea level rise on the risk of coastal flooding in Shangai, China. A similar 

simulation for the greater Reykjavík area would provide a more realistic projection of the 

risk of coastal flooding. Finally, it is necessary to consider the possibility of coincident 

flooding, in which the effect of a storm flood event is enhanced by other processes, including 

interactions with subsurface groundwater storages, effects on the storm water and waste 

water drainage systems, and pluvial flood associated to high amounts of rainfall (Thorne 

2014). One example of this is the flood event occurred in the municipality of Mosfellsbær 

in March 14 2015, resulting from the combined effect of storm surge, heavy rain and 

snowmelt (Figure 37). 
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Figure 36: Example of significant wave height prediction for the Reykjanes peninsula and Faxaflói bay, 

generated by the Icelandic Road and Coastal Administration (Vegagerdin). 

In addition to the limitations of the inundation model, another source of uncertainty in the 

risk analysis carried out in this thesis involves the multicriteria approach, starting with the 

selection of elements at risk. The selection of risk criteria is an essential part of a multicriteria 

approach (Kubal et al. 2009). The elements at risk included in this thesis were selected by 

adapting the selections from other studies (Kubal et al. 2009; Meyer et al. 2009; Scheuer et 

al. 2011) to the realities of the Greater Reykjavík area, given the data and information that 

were available. It is probable that a consultation with experts, decision makers and other 

stakeholders would provide additional insights that would lead to the definition of new 

elements at risk or the modification of existing ones. For example, although there is 

considerable amount of detail in the elements at risk defining some aspects of city 

infrastructure, in particular buildings but also streets and roads, other elements like those 

associated to the energy infrastructure were not included. Another example is the layer 

describing the potential of pollution, that included only the location of fuel depots and gas 

stations. This layer should also include other possible sources of point pollution to soil, 

groundwater and surface water, like industrial areas. The layers describing the distribution 

of environmentally sensitive areas also had a low level of detail. There is therefore 

considerable opportunities for improving the analysis by incorporating additional elements 

at risk. 
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Figure 37: Flooding in Mosfellsbær, Iceland, March 14 2015 

The selection of damage curves to characterize the vulnerability of elements at risk is also a 

source of uncertainty, as they are often derived from poor empirical data (Zanuttigh 2011). 

Because they were not originally developed for an Icelandic setting, there are questions 

about their transferability. To limit this additional uncertainty, I selected damage curves from 

other European cities which may have similar buildings and structures compared to the 

greater Reykjavík. A different approach would be to use simple binary curves, as done by 

Kubal et al. (2009), which would remove the relative effect of flood depth into the damage 

estimation but at the same time would remove uncertainties related to the selection of 

damage curves. Finally, the selection of weights needed to produce the multicriteria risk map 

was also somewhat arbitrary, although based on considerations in Kubal et al. (2009) and 

Scheuer et al. (2011). It is clear that different weights would produce different maps, and 

that different stakeholders would have different views on such weights. 

 

5.2 Implications for future developments in the 

city or Reykjavik 

In 2013, the city of Reykjavík presented the Reykjavík Municipal Plan 2010-2030. This plan 

constituted an update to the Municipal Plan 2001-2024, after an extensive process of 

planning and public consultations. According to the new Municipal Plan, in the year 2030 

the expected population of the city of Reykjavík would reach 143.000 people (39% of the 

population of Iceland). The plan aims for a higher population density, targeting that 90% of 

new residential units would be built within existing urban areas, mostly on areas already 

disrupted (e.g. brown fields). The higher population density is expected to create more 

diverse neighborhoods, reducing pollution and transportation costs, but also increasing 

potential damages during a flood. 
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Figure 38: Planned developments for the Old Harbor (Vesturbugt). Blue areas indicate locations potentially 

flooded with a 6 m flood above MSL according to today’s topography. 

Some of the main areas targeted for densification are located along the coastline, in particular 

in areas that currently have some degree of flood risk, including Vesturbugt, Elliðaárvogur, 

and Vatnsmýr. The development planned in these areas appear to incorporate some degree 

of flood protection. The new Municipal Plan proposes the development of the Old Harbor 

(Vesturbugt) in order to build 2.200 residential units and 350.000 m2 of commercial property 

(Figure 38). According to a 2013 proposal (ALARK, 2013), the planned ground level and 

the design of buildings will allow the area to stand a water level of 4.7 m above MSL. In 

Elliðaárvogur, the new Municipal Plan proposes the development of a mixed urban 

neighborhood to gradually replace the industry that is currently located there (Figure 39). 

The area is expected to have 3.200 residential units, 100.000 m2 of commercial property, and 

two elementary schools. The planned development includes a landfill with a total surface 

area of 13 ha (Mannvit, 2015), with a projected height of 3.5 m above MSL, which is a level 

similar to other land filled areas. There are also plans for flood barriers along the coastline 

to provide protection at higher water levels. In the Vatnsmýri area (Figure 40), the 

development plans call for the replacement of the city airport with 6.900 residential units, 

600.000 m2 of commercial property, and three elementary schools. There is a land fill also 

planned for this area that is likely to have similar flood protection than in Elliðaárvogur. 

Nevertheless, some areas in the north and west of Vatnsmýri would be at risk during an 

extreme flood event. 
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Figure 39: Planned developments for Elliðaárvogur. Blue areas indicate locations potentially flooded with a 

6 m flood above MSL according to today’s topography. 

5.3 Adaptation and mitigation 

The need to quantify and map flood risk is evident, given the potential effects of coastal 

flooding on urban areas. With time, as the amount of assets and populations that needs to be 

protected by coastal defenses is increasing, also the magnitude of losses when floods occur 

(Hallegatte et al. 2013). In the city of Reykjavík, levees and piers have been built in several 

locations, although they may not provide enough protection against severe weather events 

(Jónsdóttir 2012), in particular when considering future increases in sea level. Upgrading 

coastal defenses where needed would substantially reduce impacts and damage costs (Hinkel 

et al. 2010), and in some locations coastal retreat is also an option for reducing the flood 

risks (Philippart et al. 2011). Nevertheless, it is now accepted that it is not possible to provide 

complete protection against floods, and that an effective management of the flood risk 

requires a combination of both risk mitigation, through the construction of sea walls and 

other technical measures, and risk adaptation, through non-structural measures like flood 

insurance, and warning systems (Krysanova et al. 2008). The possibility of coastal flooding 

should be considered in urban development plan, for example by carrying out development 
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suitability analysis to select areas for future development (Berry and BenDor 2015). Finally, 

urban areas are complex systems that consist not only on physical infrastructure, but also on 

human activities and institutions. These should also be prepared to recover from the 

consequences of a flood event, through sharing of information and institutional planning. 

 

Figure 40: Planned developments for Vatnsmýri. Blue areas indicate locations potentially flooded with a 6 m 

flood above MSL according to today’s topography. 

 



74 

5.4 Future research 

In the near future, I will expand the analysis to the other municipalities in the Greater 

Reykjavik Area. The analysis of flooded areas revealed that the municipalities of 

Hafnarfjörður, Garðabær and Mosfellsbær would be flooded at different degrees in the 

scenarios considered in this study. It is necessary then to evaluate the flood risk of these 

areas.  Results will be submitted to a peer-review journal.  

In the near future I will also assess the vulnerability of the coastline of urban areas in Iceland 

to the effects of coastal flooding and erosion computing a spatially-explicit Coastal 

Vulnerability Index (CVI). A CVI combines several datasets on coastline morphology, 

environmental processes, and the distribution of socio-economic assets (e.g. population, 

buildings, infrastructure) into a single value that clearly expresses the vulnerability of the 

coastline to flooding, erosion, and extreme weather events. The CVI is implemented using a 

Geographic Information System (GIS), and is visualized as colour coded maps. These maps 

can be used by city managers to plan and review new developments and future land use, as 

well to plan the adaptation of urban areas to the effects of climate change. 
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