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Abstract

When the earth's surface is covered with impervious materials, as often happens
when land is developed, it becomes impermeable to water (some speak of this as
�soil sealing�). This can lead to changes in water �ow patterns, increased pressure on
sewage and stormwater facilities, and a greater risk of �ooding in wet weather. This
report examines impervious surface cover in various parts of Reykjavík and relates
its extent to population density and to automobile ownership and usage. In addi-
tion, the relationship between the percentage of impervious surfaces in watersheds
and water quality and �ow are investigated. A geographical information system was
used for calculations based on existing impervious surface maps. The last part of
the report presents a proposal for increasing soil permeability in the neighborhoods
studied. It was found that the impervious surface per person increases with a de-
creasing population and workplace density and most impervious surface is devoted
to motorised transportation. The percentage of impervious surfaces in the drainage
area or watersheds is correlated with the �ow caused by rain in the pumping stations
and with water pollution, represented by the conductivity and total concentration
of metals. Based on the �ndings of the study, urban densi�cation can be proposed
as a means to reduce the amount of impervious surface per capita, and stormwater
in�ltration is in many cases a feasible option to mitigate the impacts of soil sealing.

Útdráttur

Þegar y�rborð jarðar er þakið vatnsheldum efnum, oft í tengslum við borgar- og
þéttbýlismyndun, dregur úr gegndræpi jarðvegs. Þetta getur m.a. leitt til breytts
vatnsbúskapar, aukins álags á fráveituker� og aukinnar hættu á �óðum í miklum
vatnsveðrum. Í verkefninu var þekja ógegndræps y�rborðs í Reykjavík greind eftir
hverfum og sett í samhengi við íbúa- og starfsþéttleika og samgöngur. Tengslin
milli hlutfalls af ógegndræpu y�rborði á vatnasviðum og vatnsgæða og rennslis voru
rannsökuð. Notuð voru m.a. fyrirliggjandi kort sem sýna útbreiðslu ógegndræps
y�rborðs í Reykjavík og landfræðilegt upplýsingaker� til útreikninga. Í seinni hluta
verkefnisins voru mótaðar tillögur að aðgerðum sem stuðla að meiri gegndræpni
jarðvegs á íbúa eða starf. Niðurstöður sýna að ógegndræp y�rborð á mann eykst í
öfugu hlutfalli við þéttleika íbúa og starfa. Stærsti hluti ógegndræps y�rborðs þjónar
vélknúnum samgöngum. Fylgni er milli hlutfalls þétts y�rborðs á afrennslissvæðum
og rennslis af völdum rigningar í dælustöðvum annars vegar, og vatnsmengunar
(leiðni og heildarstyrk málma) hins vegar. Niðurstöður benda til þess, að þétting
byggðar geti verið ákjósanleg leið til að minnka ógegndræpt y�rborð á hvern íbúa
og, að írennsli ofanvatns í jarðgrunn geti verið fýsileg leið í mörgum tilvikum til að
draga úr áhrifum ógegndræps y�rborðs á umhver�ð.
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1. Introduction

Impervious surfaces are those made up of material that prevents the in�ltration of
water into the soil (Arnold and Gibbons, 1996). Soils have a number of functions
within an ecosystem and provide important services. For example, soils provide a
medium for plant growth and a habitat for soil organisms, they help regulate water
supplies, they recycle raw material, they anchor buildings and other structures, and
they also a�ect the atmosphere. Soil sealing, whether natural or anthropogenic, and
the resulting change in in�ltration capacity can change the soil's ability to provide
these ecosystem services (Brady and Weil, 2007).

Anthropogenic sealing means the creation of surface cover using impervious ma-
terials such as concrete, tar, metal, glass, and plastic. This kind of soil sealing
is a common consequence of urbanisation and the construction of infrastructure
(Scalenghe and Marsan, 2009), such as roads, houses, sidewalks, parking lots, and
patios. Soil sealing represents the greatest possible degree of development of land
away from its natural state and in the opinion of some it is, de facto, an essentially
irreversible process (European Commission, 2012). Anthropogenically sealed, im-
pervious land surface plays an important role in human life, as it is used for shelter,
transportation, and economic activity.

The extent of impervious surface worldwide has been estimated at 580.000 km2,
on average 93 m2 per person (Elvidge et al., 2007). In Iceland, the percentage of
sealed soil is the lowest in Europe at just 0.15 % (European Environment Agency,
2010a). But this translates into in 515 m2 per capita, more than �ve times the
world average, due to Iceland's very sparse population (3.2 residents per km2) and
abundant infrastructure. In Reykjavík, there are 201 m2 of impervious surface per
person (Lindh, 2011), also higher than in most other European capitals (European
Environment Agency, 2010b).

In general, the extent of impervious surface is closely related to patterns of land use.
Throughout Europe, land cover has been classi�ed into 44 classes by the Corine
project (Coordination of Information on the Environment), which was set up to
monitor changes in land use. The Corine land cover classes describing arti�cial
areas contain the highest percentage of impervious surfaces, and as land cover classes
change, the types of impervious surfaces (roads, houses, etc.) also change.

3



1. Introduction

In the United States, a study of six urban and suburban watersheds revealed that
automobile-related infrastructure makes up more than 60 % of impervious surfaces:
roads make up 28.3 %, parking lots 24.8 %, and driveways 9.0 %. Other contributing
structures include buildings (29.1 %) and sidewalks (3.2 %) (Tilley and Slonecker,
2006). In Reykjavík, the amount of land used for transportation infrastructure, i.e.
streets, roads, road verges and car parks is 50 % (City of Reykjavík, 2004) but the
share of impervious surfaces dedicated to cars has not yet been estimated.

When precipitation is heavy, soil sealing a�ects local hydrology. Runo� may cause
water quality issues. Swift runo� creates a high load on the sewer system, and can
thus lead to �ooding and to erosion in riverbeds. Pollutants collect on impervious
surfaces (rather than being dispersed through in�ltration) and are washed away dur-
ing rainfall (Arnold and Gibbons, 1996). Both �ooding and water body pollution
caused by runo� from impervious surfaces have occurred in Reykjavík (Hlöðvers-
dóttir, 2011; Háskólasetrið í Hveragerði, 2004; Malmquist et al., 2008). Impervious
surfaces are thus best analysed watershed by watershed, rather than according to
the political boundaries they lie within, although political boundaries are more often
used in spatial planning (Cohen and Davidson, 2011).

The main purpose of this thesis is to look at impermeable surface cover in various
districts in Reykjavík and its relation to land use as well as population, job and
automobile density. Furthermore, the thesis attempts to show how the impervious
cover in selected watersheds a�ects stormwater discharge and the water quality of
the constituting water bodies of these watersheds. Finally, the thesis proposes a set
of measures directed towards limiting per-capita impervious surface and increasing
soil permeability within three di�erent focus neighbourhoods. In particular, the
thesis attempts to answer the following research questions:

What is the amount of impervious surface cover within di�erent arti�cial Corine
land cover classes in the various districts in Reykjavík? What is the purpose of
these impervious surfaces, and do they relate to population, population density, job
density, and car ownership and usage? Does impervious surface cover in Reykjavík
contribute to capacity problems in combined waste water sewers, or to water quality
degradation in receiving bodies of water? And if so, what can be done, and where,
to decrease per-capita imperviousness or mitigate its adverse e�ects?

This thesis is divided into seven chapters. The �rst is an introduction. Previous
research is summarised in chapter 2. Chapter 3 introduces the study area in Reyk-
javík. Chapter 4 covers methods and data. Results and discussion follow in chapters
5 and 6 respectively. Chapter 7 presents concluding remarks.

4



2. Background

2.1. Impervious surfaces in Reykjavík in context:
extent, types, and correlations with urban
land use

Satellite imagery has been used to estimate the global extent of impervious surfaces
at 580.000 km2 (1/24 the area of the total arable land on earth), or 93 m2 per
person. Countries with the largest amount of impervious surface per capita are
the United Arab Emirates (379 m2), Canada (352.7 m2) and Finland (322.7 m2).
Japan has 114 m2 per person and Germany 104 m2 (Elvidge et al., 2007). The
amount of impervious surface in the urban morphological zones (UMZs) of Europe's
capital cities varies between 23 to 79 % (as a percentage) and from 39.8 to 250.5 m2

per capita (Figure 2.1). Urban morphological zones are coherent areas with urban
texture that do not necessarily follow municipal boundaries (European Environment
Agency, 2014). The average soil sealing of Reykjavík per UMZ is similar to that
of London and Dublin (Figure 2.1). In Europe, the cities that have the highest
level of soil sealing per capita are normally small and dispersed, such as in Vaduz
(Liechtenstein), Luxembourg, and Nicosia (Cyprus). The lowest levels of soil sealing
are in large and dense southern and eastern cities of Europe like Tirana (Albania),
Athens and Madrid (European Environment Agency, 2011a). In Barcelona, the
amount of soil sealing is 30 m2 per capita (O'Neill and P. J. Rudden, 2011).

The extent of impervious surfaces in the Reykjavík UMZ or municipal area has been
assessed by three surveys: within a study for the whole of Europe by the European
Environmental Agency (EEA, 2011a), by the City of Reykjavík (2011), and as part
of a master's thesis by Lindh (2011). In the Reykjavík capital area (a single UMZ
with an area of 79 km2), the amount of impervious surface was 43 % (European
Environment Agency, 2011a) or 181.4 m2 per capita based on the capital area's
2006 population of 187,000 persons (Statistics Iceland, 2014). Figure 2.1 shows
the level of impervious surface in the Reykjavik capital area as compared to other
European capitals. The map in Figure 2.2 shows the extent of impervious surfaces
based on EEA data, which has a resolution of 20 m.

5



2. Background

Figure 2.1: Impervious surface (soil sealing) in European capitals per urban mor-
phological zone (UMZ), 2006 (European Environment Agency, 2010b). The level
of impervious surfaces for the Reykjavík UMZ has been added.

Figure 2.2: Surface imperviousness in Reykjavík according to the EEA (European
Environment Agency, 2013)

The impervious surface in Reykjavík on the built-up area (51.8 km2) as calculated
by the City of Reykjavík (2011), excluding the green scarf, was calculated as ca. 19.8
km2; 38 %, and 167 m2/capita (Figure 2.3). Because the authors used data main-
tained by the geographical information system in Reykjavík (LUKR), a breakdown
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2.1. Impervious surfaces in Reykjavík in context: extent, types, and correlations with urban land use

of the impervious surface according to usage was possible. The largest contribution
of sealed surfaces in Reykjavík is from transportation (streets, roads and larger car
parks, 11 km2) followed by housing (5 km2), and then estimated and unmapped
impervious surfaces on lots, i.e. private and public properties (3.3 km2). This area
corresponds to 10 % of the area of those lots. The airport runways cover 0.5 km2.

Figure 2.3: Imperviousness of Reykjavík based on Reykjavík's GIS (LUKR) data
(City of Reykjavík, 2011). Here, "impervious" surfaces are documented built
structures, i.e., streets, paths and buildings. The light grey areas ("10% impervi-
ousness") are based on estimations to account for driveways or other unaccounted
impervious surfaces on lots. The green, "pervious" area is what remains and might
in reality contain some impervious areas.

Lindh (2011) carried out a survey of impervious surface in Reykjavík, because of
inaccuracies in the EEA and LUKR sealing maps. For example, horse paths, gravel
mines, and sparsely vegetated areas had been incorrectly classi�ed as impervious.
Lindh's study showed that the total impervious cover of Reykavík is 2377 ha, or
201 m2 per person, 11-20 % higher than the previous estimates according to the
EEA or LUKR. Within the built-up area (not counting the green scarf), the level of
impervious cover is 47.1 %. Figure 2.4 illustrates Lindh's data. Lindh used satellite
data with a 10 m resolution, as wel as the LUKR database.

Corine land cover classes have been used for delineating urban morphological zones
throughout Europe (European Environment Agency, 2012). For Iceland, 38 out of
the 44 land cover classes have been mapped for the years 2000 and 2006 (Árnason
and Matthíasson, 2009), and using these maps, most of the impervious surfaces
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Figure 2.4: Imperviousness of Reykjavík according to Lindh (2011)

can be located in the Corine classes 112-142, i.e. residential or commercial areas
(Figure 2.5).

Typical values of impervious surfaces on lot level depending on use or size have
been ascertained. Industrial and commercial areas in the United States are 70-95 %
impervious, while imperviousness in residential areas ranges from 20 % on 4000 m2

lots to 65 % on 500 m2 lots (Arnold and Gibbons, 1996).

Despite the higher percentage of impervious surface on smaller residential lots, a
study in Durham, North Carolina showed that the per capita imperviousness in
low-density neighbourhoods with low street connectivity, separated uses, and an
orientation toward automobiles was higher than in high density neighbourhoods with
compact development and mixed use (Culler, 2010). In general, population density
and the level of impervious cover are strongly correlated (Mo�ett and Hasse, 2006;
Prisloe et al., 2002), and the percentage of impervious surface in a given area can
be estimated as a function of the logarithm of its density (Chabaeva et al., 2004).
A higher population density implies a lower level of impervious surface per capita
because transportation infrastructure is better utilized (Jacob and Lopez, 2009).

No studies of the typical levels of imperviousness for di�erent land use classes in
Iceland exist. The only study found examined the proportion and makeup of imper-
vious surfaces in Reykjavík at �ve secondary school lots. Four out of the �ve had an
impervious cover larger than 50 %. In all �ve cases, car parks were a dominant fea-
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2.1. Impervious surfaces in Reykjavík in context: extent, types, and correlations with urban land use

Figure 2.5: Corine land cover classes in Reykjavík. Corine classes with the highest
amount of impervious surfaces are continuous urban fabric (Corine class 112),
industrial and commercial areas (121), ports (123), airports (124), construction
sites (133) and sport facilities (142). The other Corine classes illustrated represent
various types of open area.

ture, and buildings comprised less than half of the impervious areas (Ragnarsdóttir,
2001).

Automobile transportation has a large e�ect on impervious surface, re�ected in the
study by Tilley and Slonecker (2006) who found that more than 60 % of impervious
surfaces in six urban and suburban watersheds in the United States served automo-
bile infrastructure. The land area required for di�erent transport modes is shown in
Table 2.1 (Litman, 2009). Similar values have been calculated for streets in Berlin
(Strössenreuther, H, 2014).

Table 2.1: Space demands of di�erent modes of transport per vehicle (Litman, 2009)
Mode of Transport Standing/Parking Road Space

m2 m2

Pedestrian 0.5 2
Bicycle 2 4.5
Bus 2 7
Automobile-50 km/h 27.5 92
Automobile- 100 km/h 27.5 207
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In the United States, there are on average 51-58 m2 of parking space per 100 m2 of
roadway space, and the total space covered with car parks and roadways is 42-84,000
km2 (Chester et al., 2010), depending on the method of estimating the number of
parking lots.

Bertaud (2013) shows that there are limits on the capacity of a given municipality or
neighbourhood to support progressively more land-intensive transportation modes
(Figure 2.6), and only those areas with low population density have enough street
area per person to allow mechanical transport to be socially conventionalised. In
high-density areas, it is simply not possible for all residents to drive or park on the
street at the same moment in time.

Figure 2.6: Various city neighbourhoods plotted by street area per person and popu-
lation density (Bertaud, 2013)

In Reykjavík, car-related infrastructure makes up 50 % of the built-up area. Parking
spaces have been estimated as taking up 475 ha, of which 95 ha is on-street parking
and 380 ha is o�-street parking (City of Reykjavík, 2004). The area occupied by
streets and roads has been estimated as 600 ha including road verges, based on the
assumption that both local streets and roads are each 7.5-10 % of the total built-up
area (City of Reykjavík, 2002).

Urban green spaces such as parks, private gardens, green medians, and road verges
obviously have the lowest amount of impervious cover. However, when these areas
are fragmented by linear impervious surfaces, such as paved paths, their level of
impervious cover increases. Fragmented urban open areas cannot compensate for
the loss of large unfragmented areas (Barnes et al., 2001).
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In Reykjavík, the green scarf and other green areas comprise 40 % of the city area
(City of Reykjavík, 2013). Many of the green areas in Reykjavík, in particular road-
sides, city parks, and open areas in residential neighbourhoods, are landscaped with
grassy lawns (Wilenius, 2009), but tree plantings are also widespread in Reykjavík
(Reykjavíkurborg, 2013).

Water uptake varies depending on the kind of vegetation on a given parcel of land.
Although lawns are pervious, they do not absorb as much rainfall as forests (Brabec,
2002). Their value to the ecosystem is low and they in fact tend to be a source of
water quality problems due to chemical use, e.g. fertilisers (Robbins et al., 2001).
In developed areas, pervious surface can often be e�ectively impervious, such as
lawns laid over compacted soils (Richards et al., 2006). Thus, even when an urban
area appears green on an aerial photograph, this is not a guarantee of good water
in�ltration capability.

2.2. The impact of impervious surfaces on the
environment

Ecology and hydrology are impacted by impervious surfaces in various ways. In-
creased impervious surfaces can for example, result in increased stormwater runo�,
reduced water quality, higher maximum summer temperatures, degraded and de-
stroyed aquatic and terrestrial habitats, and a diminished aesthetic value of streams
and landscapes (Barnes et al., 2001). Indeed, some use impervious surface cover
as an environmental indicator to predict human impact on water resources (Arnold
and Gibbons, 1996).

Sutton et al. (2009) also used the equivalent concept of �constructed areas� as a
proxy for human impact on the environment, based on their �ndings of a linear
relationship between constructed area per person (i.e. impervious surfaces) and the
ecological footprint per person in various countries (Figure 2.7).

One of the ways in which impervious surfaces a�ect the environment is by altering
the hydrological cycle (Figure 2.8). When water falls as precipitation in undeveloped
areas, it variously evaporates into the atmosphere (where it condenses into clouds
and more precipitation), gets absorbed by plants at or near ground level, drains into
the groundwater, or �ows along the surface as runo� and through streams and rivers
into the ocean. In contrast, the urban hydrology impacted by impervious surfaces
may involve, for example, stormwater drainage through man-made sewer systems,
�oods during heavy rain, low levels of evaporation leading to reduced air humidity,
decreased in�ltration reducing vegetation growth, and interruptions in air and water
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Figure 2.7: Impervious surface cover and a country's total ecological footprint are
closely correlated. Every impervious m2 corresponds to 0,0316 GHA (316 global
m2) along the regression line (Sutton et al., 2009). Iceland's onshore ecological
footprint (12.77 GHA/person) (Jóhannesson, 2010) and its per capita level of
impervious surface (515 m2/person) have been added to the upper right corner of
the graph.

exchange between the soil and the atmosphere reducing stormwater in�ltration and
lowering the groundwater table (Scalenghe and Marsan, 2009).

The relationship between impervious surface cover and the rainfall/runo� ratio was
believed to be linear, a hypothesis which has been con�rmed by studies for six dif-
ferent urban watersheds across Finland (Melanen and Laukkanen, 1980) and several
dozen small watersheds in the USA (Bhaduri et al., 2001; Schueler, 1987). Thus, a
high percentage of impervious surfaces increases the risk of �ooding in downstream
areas. In addition to the accumulative impact of impervious surfaces, the water
storage capacity of the soils sealed is also important (Brody et al., 2008). Where
the sewage system carries both stomwater and wastewater, heavy rainfall leads
to combined sewer over�ow, through drains from impervious surfaces (Semadeni-
Davies et al., 2008) and through in�ltration from pervious surfaces into the pipes
e.g. through broken joints (Swarner et al., 1994).

In downtown Reykjavík, basements have already become �ooded during strong pre-
cipitation events. In the future, two possible factors mean that the city's combined
sewer system might face more capacity problems: urban densi�cation may result
in a higher proportion of impervious surfaces, and increased precipitation could
be one of the e�ects of climate change. Hlöðversdóttir (2011) suggested that in-
creased precipitation in the near future could impact the waste water systems in the
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Figure 2.8: The e�ect of impervious surfaces on the hydrological cycle (Gunreben,
2009)

catchment area of the pumping station at Ingólfsstræti (Figure 3.3), causing sewage
over�ow through manholes, and that additional development could make the prob-
lem more acute. Similarly, Þorgeirsson (2011) concluded that the combined sewer
system in the Skuggahver� area needed to be expanded due to capacity problems
and due to the potential in�uence of sea level rise. Hreggviðson (2010) showed that
the stormwater drainage system in the Grandi area is not prepared to meet such
changes successfully.

Further, impervious surfaces contribute to water pollution. Pollutants are deposited
and accumulate on impervious surfaces. Some pollution originates as dust from
natural sources, construction sites, and industry. Tra�c is another factor: pollution
come not only from vehicle exhaust, but also through abrasion and wear on motors,
tyres, brakes, and road surfaces. Additional polluting materials include sand, soil,
pesticides, fertilisers, leaves and grass clippings, oil, and litter (Grisso et al., 1998).
During winter, de-icing salt contributes to stream salinity (Kaushal et al., 2005).

The accumulation of metals and other contaminants in highway runo� has been ob-
served in various locations in the USA and found to correlate with tra�c, watershed
size, and land use (Kayhanian et al., 2003). According to Modaresi et al. (2010), typ-
ical types of urban land use in Sweden such as roads, housing areas, and green areas
generate characteristic pollutant loads. Total suspended sediment concentrations
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were highest for high tra�c roads with more than 15.000 vehicles per day (50-200
mg/l), followed by low tra�c roads (40-150 mg/l), parking areas (20-150 mg/l), and
housing areas (100 mg/l). Runo� from roofs themselves and green areas generates
the least pollution (20-40g/l). The concentrations of suspended metals, nitrogen,
phosphorous and other chemicals (COD) were highest for roads and parking areas
and lowest for roofs and green areas.

Metals tend to attach to other particles, so the total amount of suspended solids
(TSS) in runo� can be considered as a proxy variable for metal contamination. In
other words, there is a linear relationship between heavy metal concentration and
total suspended sediments in the runo� from impervious surfaces. The heavy metal
/ sediment ratio is dependent on the speci�c metal, the surface quality (coarse or
smooth), and the material (asphalt or concrete) from where the water runs o�. For
zinc on coarse asphalt, the factor is 31 µg/mg TSS, and on concrete it is 4 µg/mg
TSS. For copper on coarse asphalt, the factor is 2.32 µg/mg TSS, and on concrete
0.74 µg/mg TSS (Wicke et al., 2010). Because suspended solids are easy to measure,
their amount gives a good idea of the heavy metal concentration in the water.

Water pollution, measured as nutrient and total suspended solids loadings, has been
shown to be proportional to impervious surface area; pollution levels are much
greater in runo� from urban impervious areas than from urban pervious areas.
Annual runo� loadings per hectare of impervious surface in the Chesapeake Bay
area are 11.22 kg N, 2.23 kg P, and 1030 kg TSS on average. Loadings per hectare
of permeable surface were lower: 10.08 kg N, 0.64 kg P, and 157 kg TSS (Maryland
Department of the Environment, 2011). The loadings can be di�erent for rivers in
other watersheds outside the Chesapeake Bay area.

As the percentage of impervious surface in a watershed increases, there are di�er-
ent thresholds depending on whether abiotic or biotic water body degradation is
being measured. Biotic conditions � that is, the status of aquatic life in a water
body � are more accurate indicators of the health of a body of water, because they
re�ect conditions in that body of water over a longer term than a single chemical
load measurement point. The threshold impervious surface values (measured as a
percentage of total surface) at which �sh or macroinvertebrate populations begin to
decline range from 3.6 % to 15 %. Threshold values for abiotic degradation range
from 4 to 50 % (Brabec, 2002).

In Reykjavík, such water body degradation thresholds have not been discussed.
Most bodies of water are in very good ecological condition. Some, though, show
signs of pressure, especially Tjörnin (�the Pond�), Elliðaár rivers, and Úlfarsá river
(Figure 3.3). Runo� from streets has been recognised as one of the main sources
of water pollution in Reykjavík's rivers, lakes and coastal areas (Ólafsdóttir and
Steinarsdóttir, 2009). A decade ago, only a little pollution in Elliðavatn lake at
the eastern part of the city was due to runo� from impervious surfaces (Þórðarson,
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2003), but metal contamination in the Elliðaár river was seen as likely to increase
as further development brought about an increase in impervious surfaces in the
watershed (Háskólasetrið í Hveragerði, 2004). An observed decline in the �sh popu-
lation in Elliðavatn lake and Elliðaár river can also be explained partly by increased
urbanisation of the watershed causing polluted runo� (Malmquist et al., 2004).

In the Pond in Reykjavík, the most serious pollutant is bacteria from sewage and bird
waste. Metal pollution is also present and relates to automobile tra�c: speci�cally,
the combustion of petrol, and particles from tyres, brakes, and asphalt. Among the
measures proposed for reducing pollution in the Pond is the prevention of untreated
surface runo� from nearby streets (Malmquist et al., 2008). Another possible source
of pollution in the Pond is waste water from the University area or the Hlíðar district
(Figure 3.1) which may have been misdirected into the storm sewer system (RÚV,
2014).

In contrast to impervious surfaces, naturally occurring pervious surfaces allow in�l-
tration. The soil puri�es the absorbed water and releases it slowly into groundwater
reservoirs. Indeed, soil can e�ectively adsorb many types of pollution, and soil mi-
croorganisms can break down organic compounds like hydrocarbons. Salts, due to
high solubility, are more likely to percolate into groundwater. Metals, however, are
more likely to be retained in the �rst centimetre of the soil layer. Soil contamination
close to roads is a function of car tra�c density and roadside soils tend to be rich in
heavy metals. When the soil becomes saturated with metals, remediation measures
need to be called for (Ellis et al., 1999). Depending on the cleaning capability of
the soil, a certain thickness of soil cover (for example, 40 cm above the groundwater
table) is required for satisfactory pollutant removal. When subsurface in�ltration is
at too great depth, this might lead to a higher risk of groundwater contamination
(Ellis et al., 1999; Weiss et al., 2008).

In order to protect water quality and mitigate the negative impacts caused by imper-
vious surfaces, best practices in stormwater management can be sustainable urban
drainage systems, low impact development or green infrastructure. These best prac-
tices also include good housekeeping (such as keeping chemicals indoors), source con-
trol (dealing with storm water as close to the point of �rst contact with the ground
as possible, for example by means of pervious surfaces, in�ltration drains and soak-
aways), and �nally treatment controls like retention ponds or wetlands (D'Arcy and
Frost, 2001). A common method is to let runo� from unsewered impervious surfaces
discharge onto adjacent, unsealed soil (Hope et al., 2004). In�ltration practices have
an 80-95 % metal removal rate and are more e�cient than arti�cial wet ponds and
wetlands which achieve only 20-60 %, as estimated by the Chesapeake Bay Project
(Maryland Department of the Environment, 2011).

Some best management practices have been applied in Iceland. In Reykjavík, several
wet retention ponds have been built along Elliðaár and Úlfarsá to clean surface runo�
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from roofs and roads (Ingvarsdóttir, 2007). They have been found to be e�cient in
removing heavy metals, and in retaining runo� from large �ood events or pollution
accidents, like oil or paint discharge (Vollertsen, 2010).

In Urriðaholt, a neighbourhood under construction in Garðabær (to the south of
Reykjavík, in the Urriðavatn watershed, Figure 3.3), ambitious stormwater manage-
ment has been planned. Water from precipitation will be directed towards pervious
areas and vegetated swales, i.e. vegetated channels from where it is expected to in�l-
trate into the soil. Therefore, the use of building materials and paints which contain
zinc, copper, or lead is discouraged (Garðabær, 2007). Two large car parks make use
of stormwater in�ltration; one of these is close to the residential areas in Urriðaholt,
and the other belongs to the Breeam-certi�ed premises of an engineering consultancy
�rm (EFLA verkfræðistofa, 2013). Sustainable water management ideas have also
been proposed for the University of Iceland campus. Among these ideas are green
roofs, ponds, swales, rain gardens and rainwater harvesting (Andradóttir, 2012).

To wrap up, impervious surfaces can cause �oods and non-point water pollution.
These problems have historically been more prevalent in other countries. Reykjavík,
with its relatively low population and population density, has yet not had signi�cant
problems. Nevertheless, the city is not immune to such problems and thus needs
preventive measures.

2.3. Ways of limiting, compensating for, and
mitigating the e�ect of impervious surfaces

On a European level, soil sealing was addressed by the �Soil� thematic strategy of
the Sixth Environmental Action Programme of the European Commission during
the years 2002-2012 (European Commission, 2014). According to the stated best
practices of municipalities in the member states (Prokop et al., 2011) and other
guidelines (European Commission, 2012), limiting soil sealing is very important,
and can be achieved by using urban space e�ciently. Inner-city quality of life should
be improved, unoccupied buildings rented, restrictions or taxes levied on secondary
residences, and public transportation promoted. Communities are encouraged to co-
operate with adjacent communities, to set soil sealing targets, to steer development
towards low-quality soils, and to identify inner-urban and �brown�eld� development
potential on derelict land previously used for industrial or commercial purposes. For
existing impervious surfaces, mitigation methods should be applied; these include
rainwater harvesting, the use of pervious surface materials, and other green infras-
tructure. Where mitigation is not possible, compensation should be considered.
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In the United States, the Center for Watershed Protection (1998) has published 22
design principles for better sites. They recommend narrower streets with a minimal
road verge and distance between the street and adjacent lots, shorter street length
by making as many homes as possible accessible from a single road, narrow lots
to reduce frontage distances, reduced setbacks with shorter and shared driveways,
smaller lot sizes, and clustering small lots together. They say that neighbourhood
design should be pedestrian-oriented; cul-de-sacs (dead-end streets) should be elim-
inated, or if this is not possible, they should be narrower and their center parts
should be vegetated. The amount of soil sealed for automobile parking should be
reduced, minimum parking requirements should be revised, shared and structured
parking (multilevel car parks) preferred, and parking space dimensions reduced.

Richards et al. (2006) and Jacob and Lopez (2009) suggested that policies which
try to limit impervious surfaces should emphasise decreasing impervious surface per
person (through high-density development) instead of decreasing imperviousness per
hectare, even if this involves signi�cant local soil sealing and the loss of some natural
habitats. In order to limit the damage, sealed areas should be used as e�ciently as
possible and their expansion delayed as long as possible. If imperviousness in turn is
limited per site, per hectare density and imperviousness will be low, but for a given
population, and building practices as usual, a larger area is used and with a higher
total impervious surface cover and per person (Sung et al., 2013).

Likewise, the United Nations Environment Programme (UNEP, 2011) wants cities
to be compact in order to be sustainable and resource-e�cient. Compact cities
can be created through an �urban intensi�cation process� (Bunce, 2004), which
can also include �soft� densi�cation, such as secondary units within single-family
homes (Touati and Waine, 2013). When motorised tra�c is minimised, fewer roads
and car parks are required; thus high-density rather than-low density development
has been recommended, and infrastructure cost savings have been demonstrated
(Carruthers and Úlfarsson, 2003). Transit-oriented development, where areas with
a higher residential and job density are generally located within a radius of 400 to
800 m from a transit stop, has also been recommended in this context (Cervero
et al., 2004; Cervero and Sullivan, 2011). Transit-oriented development is believed
to be bene�cial for urban environmental quality, including water quality (United
States Environmental Protection Agency, 2013).

These ideas have been adopted for Reykjavík in the 2010-2030 municipal plan and
in the proposal for its 2015-2040 regional plan. According to the plan, most of the
future population will be accommodated within currently developed areas through
densi�cation and brown�eld development, and more emphasis will be placed on
alternatives to the private car (City of Reykjavík, 2013; Samtök Sveitarfélaga á
Höfuðborgarsvæðinu, 2014).

Policies on soil sealing mitigation tend to be related to water protection policies.
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The relevant European framework directive (2000/60/EC) requires member states
to introduce measures to require that bodies of water will ful�l certain ecological
and chemical criteria by 2015 (O�cial Journal of the European Union, 2000); this
was implemented in Iceland in 2008.

Examples of other local and national mitigation policies are the best management
techniques for stormwater in Augustenborg (Malmö), Sweden (Villarreal et al.,
2004); a strategy for the management of urban di�use water pollution in England
(Department for Environment, Food & Rural A�airs, 2012, 2013) and the blue-green
structure plan, which reccomends a more �ood-resilient city design for Copenhagen
(City of Copenhagen, 2012; Leonardsen, 2013).

The United States Environmental Protection Agency (2014) has recommended var-
ious green infrastructure solutions, and Toronto, in Canada, has made similar solu-
tions mandatory (City of Toronto, 2014). Recommendations include downspout dis-
connection, rainwater harvesting, rain gardens, planter boxes, permeable pavements,
and green streets and alleys (United States Environmental Protection Agency, 2014).
In Portland, where the average precipitation is 940 mm per year, over 56.000 down-
spouts were disconnected from the city's combined sewer system between 1993 and
2011 (City of Portland, 2014). This improved local conditions signi�cantly (City of
Portland - Environmental Services, 2011).

Legislation for water protection in Iceland is in place (Ministry for the Environ-
ment, 2011), and Iceland has joined the global action programme for the protection
of the marine environment from land-based activities (Ministry for the Environment,
2006). But there are still no speci�c Icelandic recommendations for rainwater in�l-
tration. There are, however, guidelines for in�ltration from septic tanks, which are
common in rural areas: the �ow direction should be away from buildings, and the
minimum permissible distance from residential buildings is 10 m. These guidelines
note that Icelandic soil in general is well suited for water storage; it has su�cient
ion capacity and is therefore able to bind bacteria and pollutants (Umhver�sstofnun,
2004).
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3.1. Reykjavík

This study examines the built-up area of Reykjavík, excluding Kjalarnes. Reykjavík
is the capital of Iceland, is home to some 120.000 people, and is the largest munic-
ipality in an urban area (usually called the �capital area� in Icelandic) where two
thirds of the Icelandic population resides (Statistics Iceland, 2014). Today, Reyk-
javík is characterised by low-density development, the concentration of services out
of neighbourhoods into a few commercial centers, and high automobile dependency
(Ingvarsdóttir, 2001). The landscape is hilly, and buildings are located mostly on
high ground (Valsson, 2002), with wide roads with extensive road verges between
the neighborhoods (Skallagrímsson, 2005).

Three di�erent analyses of data from Reykjavík will be presented here, each based
on a di�erent subset of the city's area. Each of these subsets is shown in Figure 3.1.
The �rst analysis looks at the amount of impervious cover in the Corine classes, and
the relationship between impervious surface per person and population density. This
analysis compares the nine districts of Reykjavík, excluding Kjalarnes (Figure 3.1).

The second analysis looks at the components of impervious surfaces. It focuses on
three areas � the neighbourhoods of Austurbær, Árbær and Grafarholt (Figure 3.1,
framed in blue, red and green). These three focus areas intersect certain watersheds
(respecively, those of Lækurinn/Tjörnin and the area which drains to the nearest
pumping station, Elliðaár, and Úlfarsá). The watersheds are indicated in dark
shades on Figure 3.1 and, in greater detail, Figure 3.2. The three focus areas are
mostly residential, although Austurbær also contains the city's historic shopping
street, Laugavegur. Árbær and Grafarholt have some small commercial and light
industrial areas.

The third analysis compares the water quality of Tjörnin, Elliðaár and Úlfarsá to
the level of impervious surface cover within their watersheds. These watersheds
are indicated as the shaded areas in Figure 3.1. Their boundaries are, in some
cases, outside the municipal boundaries. The drainage area of the pumping stations
corresponds to the violet area (combined sewer area) in Figure 3.3.
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Figure 3.1: The nine districts, three neighbourhoods, and three watersheds examined
in this study. Watersheds are shaded in gray, and the intersections of watersheds
and neighbourhoods are highlighted in darker gray. Watersheds are shown even
where they are outside the municipal boundaries.

The three focus areas were chosen because they are within the watersheds of rivers
or streams with water quality issues � manifested in an ecological status rating
lower than �high� (Ólafsdóttir and Steinarsdóttir, 2009), � and because development
within each of the three dates from a di�erent historical era. The three areas re�ect
three di�erent 20th-century urban planning ideologies: the garden city ideology
from around 1910, the systematic transportation ideology from around 1960, and
the ideology of sustainable development from around 1990 (Reynarsson, 1999).

Austurbær (Figure 3.2) was built in accordance with the �rst town plan for Reyk-
javík, from 1927. It contains continuous rows of low-rise houses, built to provide
shelter and sunlight at a low construction and infrastructure cost. The streets are
narrow and laid out as a grid. The ecological status of the Pond (Tjörnin), adjacent
to this neighbourhood, ranges from �high� to �poor.� The Pond's outlet, called the
Creek (Lækurinn) has been buried in underground pipes, and the combined sewer
system (here called the Ingólfsstræti sewer system) already faces capacity problems,
which are expected to increase in the future.

Árbær (Figure 3.2) was built during the period when the so-called systematic trans-
portation ideology was ascendant, from 1960 onwards. The housing stock includes
three-story apartment blocks, single-family homes, and terraced houses. The streets

20



3.1. Reykjavík

Figure 3.2: Focus areas for imperviousness analysis: Austurbær, Árbær, and Gra-
farholt. The �gure shows how these areas intersect with the watersheds/sewersheds
of Lækurinn/Ingólfsstræti pumping station, Úlfarsá, and Elliðaár, respectively.

are wider than in the city center and car parks are widely available. The street layout
is mostly gridded, but the single-family homes are situated along cul-de-sacs. The
neighbourhood is 7.5 km away from the city center and connected to it by broad,
fast roads. This neighbourhood belongs to the Elliðaár watershed; the ecological
status of Elliðaár river ranges from �high� to �moderate.�

Grafarholt's (Figure 3.2) design dates from the third planning era around 1990, and
was in�uenced by the ideas of sustainable development presented as Local Agenda
21 at the Rio Conference in 1992 (Borgarskipulag Reykjavíkur, 1997; Morgunblaðið,
1996). The residences, like in Árbær, range from apartment buildings to single-
family homes, but at lower density. The neighbourhood is located 10 km away
from the city center, the street system is hierarchical, and the walking and bicycle
paths are separated from the road system. The many interconnected green areas are
designed encourage outdoor recreation. Grafarholt is currently the only fully built
residential neighbourhood in the Úlfarsá river watershed. The ecological status of
Úlfarsá deviates only slightly from the reference condition, i.e. �high� ecological
status (Reykjavíkurborg, 2010).
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3.2. Hydrology and stormwater management in
Reykjavík

In Reykjavík, precipitation at sea level is 800 mm per year, of which 7 % falls as snow
(Jónsson, 2012). Precipitation increases rapidly with elevation; for example, in the
nearby Bláfjöll mountains, it is 3000 mm per year (Hjartarson, 2007). The yearly
evapotranspiration potential in Reykjavík (evapotranspiration under the condition
that there is enough water present) is 610 mm per year, of which 522 mm arises
from April to September (Einarsson, 1972).

Natural runo� is determined by the local geology. The bedrock around Reykjavík
is of volcanic origin, and there is an inverse relationship between the age of the rock
and its permeability. To the north, the bedrock is older and more impermeable; in
the south are younger, more permeable rocks where surface water is very limited
(Sigurðsson, 2007).

The principal rivers in Reykjavík (excluding Kjalarnes) are Elliðaár (including its
tributaries Suðurá and Hólmsá) and Úlfarsá (Figure 3.3). Some brooks and creeks
also �ow through the city, such as Fossvogslækurinn and Grafarlækur. The rivers
are near the edge of the city limits and �ow in their natural beds, but the four
largest creeks � Lækurinn, Rauðará, Fúlilækur, and Laugarlækur � are more cen-
trally located and have been buried underground. The city's main lakes are Tjörnin
(the Pond), Elliðavatn, Reynisvatn, Langavatn, Rauðarvatn, and Hafravatn.

The local stormwater and sewage drainage system (Figure 3.3) is operated by Reyk-
javík Energy (Orkuveita Reykjavíkur). In the older part of town, the drainage sys-
tem consists of combined stormwater and sewage pipes. Separated systems became
the norm only after 1960 (Magnússon, 1990).

Since 2002, separate sewers and combined sewer/stormwater drains have been con-
nected to two pumping stations where the sewage is cleaned mechanically (Fig-
ure 3.4). The sludge is land�lled and the treated water is pumped 5 km out to sea.
These two pumping stations are at Ánanaust, for Skerjafjarðarveita (which serves
the western and southern parts of Reykjavík as well as the neighboring municipalities
of Seltjarnarnes, Kópavogur, and Garðabær), and at Klettagarðar, for Sundaveita
(which serves the northeastern part of Reykjavík as well as Mosfellsbær). The aver-
age �ows in these main pumping stations were 1,324 litres/second in Klettagarðar,
and 1,142 litres/second in Ánanaust (Orkuveita Reykjavíkur, 2012).

In drainage areas with separated stormwater and sewer pipes, the dedicated
stormwater pipes discharge into the nearest body of water, which may be a river or
the sea.
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Figure 3.3: Hydrology in Reykjavik: Rivers, streams, and lakes in Reykjavík, in-
cluding streams, now �owing in subsurface pipes, other major drainage pipes, and
pumping stations. Areas with combined and separate drainage systems are also
shown (based on data from Sævarsson, 2004). The orange areas have been studied
previously by students from the University of Iceland and Reykjavík University
(Hlöðversdóttir, 2011; Hreggviðson, 2010; Þorgeirsson, 2011).
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Figure 3.4: The Reykjavík drainage system (Orkuveita Reykjavíkur, 2007)
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4. Methods and data

4.1. Imperviousness related to land use

The extent of impervious surface cover in the various districts, neighbourhoods
and land use regions in Reykjavík was calculated using geoprocessing tools and a
geographical information system (GIS).

The data used in this section consisted of the district and neighbourhood layer avail-
able as from LUKR, Reykjavík's geographical information system, from 2013 (City
of Reykjavík, 2014b); the Corine land cover classi�cations from 2006 (Landmælin-
gar Íslands, 2013); and the impervious surface cover map by Lindh (2011), based on
SPOT-5 satellite imagery from 2002 and aerial photos from 2010; impervious sur-
face information also from LUKR, speci�cally the building and transportation layer
from 2013 (City of Reykjavík, 2014b). The Corine land cover classes (Figure 2.5)
were sorted into three groups: a mixed/residential group, a business group, and a
blue-green group which consists of natural areas including water bodies (Table 4.1).

Table 4.1: Corine class groups used in the analysis
Mixed-residential Business Blue-green
112 � discontinuous
urban fabric

121 � industrial and
commercial areas

141 � green urban areas

123 � ports 231 � pastures
124 � airports 312 � coniferous forest
133 � construction sites 313 � mixed forest
142 � sport facilities 322 � moors and heathland

324 � transitional woodland shrub
423 � intertidal �ats
512 � water bodies
523 � sea and ocean

Then, the impervious surface cover layer was intersected with districts, neighbour-
hoods and Corine class group layers and dissolved. For the impervious cover based
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on LUKR data, the transportation layer, the buildings layer and an additional 10 %
of lots (containing unmapped paths, car parks etc.) were assumed to be impervious,
according to the methodology of the EGC application (cf. City of Reykjavík, 2011).

4.1.1. Impervious surface per residents and per worker

The absolute extent of impervious surface only tells part of the story. The amount
of impervious surface per person shows how e�ciently it is used. The amount of
impervious surface per resident and per worker was calculated by dividing the total
impervious surface (as estimated by Lindh, 2011) for each district and Corine land
cover class group by the total daytime population in the area.

Information on the resident population and on employment in the districts comes
from data gathered in the preparation of Reykjavík's 2010-2030 municipal plan.
There, the number of workers was calculated based on the amount of �oorspace
in commercial buildings, with one job assumed as equivalent to 50-80 m2 (City of
Reykjavík, 2013). Data on residential and employment distribution broken down by
Corine class groups was not available.

The daytime population was thus calculated as the total resident population plus
the commuting workers, i.e, the total number of workers working in the area minus
the total number of workers living in the area (cf. U. S. Census Bureau, Demographic
Internet Sta�, 2013). For the Reykjavík districts, the total daytime population of a
district in residential/mixed areas was calculated as the sum of the number of the
district's permanent residents (who are assumed to perform 10 % of the jobs in the
districts) and, the number of commuting workers (who perform another estimated
10 % of the jobs in the mixed-residential areas). In the business areas the daytime
population only consists of workers, who perform an estimated 80 % of the jobs in
the district. The percentages used (80 %, 10 %, and 10 %) are estimates that were
inspired by the Pareto principle (Crovelli, 1995). Other users, customers, tourists,
visitors, and homeless people were not included. Nobody is assumed to work or live
in the blue-green Corine land use classes.

In the �nal step of the analysis, the relationship between the amount of impervious
surface per daytime resident (resident and worker), and the daytime population
density was computed for each district and for the focus neighbourhoods. In the
calculations for the focus neighbourhoods, the average population and job density
of the residential/mixed Corine class in the corresponding district was used.
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4.1.2. Quantifying the types of impervious surfaces

As Figures 2.3 and 2.4 showed, Lindh (2011) and the Reykjavík geographical infor-
mation system (LUKR) di�ered somewhat in their assessment of the amount and
types of impervious surface in Reykjavík. This called for further research, which
was carried out with the pin-point method. Although LUKR was useful for tracking
some types of impervious surface (roofs, roads, car parks, paths), many types of
impervious surface are not reported in LUKR. Additional data derived from aerial
pictures was thus also used to determine the type and purpose of impervious surface
at pin-point locations.

The pin-point method is well-known in ecological research as a way to estimate veg-
etation cover (Jonasson, 1988). It has already been applied to aerial images (Booth
et al., 2006), including for the speci�c goal of estimating the level of impervious
surface cover (Nowak and Green�eld, 2012).

The method once involved the use of a physical frame with pins. Today, a GIS layer
of points (for example, a waypoint gpx �le) is superimposed onto aerial photos on
the �City web viewer� where the photos which can be viewed at a 1:200 scale (City
of Reykjavík, 2014a). For Reykjavík, the frame consisted of a 55 x 55 grid of points
covering an area measuring 13.6 by 8.4 km (Figure 4.1). Smaller frames containing
about 200 points were also superimposed on the focus areas of Austurbær, Árbær,
and Grafarholt in order to provide more detail on them.

Figure 4.1: The grid used in the pin-point analysis
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For each point, the district it belongs to and the imperviousness of the land surface
was noted. If the surface was impervious, the purpose of the impervious surface
was also noted, i.e. for buildings, streets, car parks, paths, pedestrian areas or other
areas.

Further insight into the distribution and purpose of impervious surfaces in parts
of the focus areas was gained through analysing impervious surfaces according to
LUKR. The total and per-capita area of roofs and car parks, and the area and length
of streets and paths, was compared between Austurbær, Árbær and Grafarholt.
Paths include both separated foot and cycle paths and sidewalks along streets.

The information on transportation-related impervious surfaces, especially car parks,
was then compared with data on the demand for transportation spaces and car
parks derived from statistics on car ownership and car usage. Car ownership can be
understood as car parking demand at an arbitrary point during the night. In order to
measure car usage, the total number of parked cars in a given area at di�erent times
of the day was estimated, and the number of parked cars during the busiest hour
in the afternoon (between 16:00 and 17:00) was chosen as the proxy variable for car
usage in all planning areas. For a map showing the planning areas in Reykjavík, see
the Appendix. Parking is an important aspect of tra�c analysis, because each car is
parked approximately 95 % of the time (Shoup et al., 2005). Each car trip ends in a
parking space, and for cars which are used more often, more car parks are required.
The amount of car parking space can thus be clearly linked to other aspects of an
area. Tra�c �ow data was not used to measure car usage because the necessary
calculations would require more complex computer capabilities than possible to do
within the frame of this thesis. With transportation planning software, it would
probably be possible to measure the portion of tra�c in Reykjavík which originates
in particular neighbourhoods, and then to attribute a part of the impervious surface
of the city's road network to each originating neighbourhood.

Car ownership and the number of cars parked in each planning area was estimated
using available data from a transportation survey carried out from October to De-
cember 2011 (Capacent Gallup, 2011). The procedures used are shown in Figures
4.2 and 4.3. Car ownership density and car parking density, i.e. the number of owned
cars and parking instances per hectare, were mapped.

The amount of impervious surface per owned car and per parked car in Austurbær,
Árbær, and Grafarholt was calculated by multiplying the numbers of cars owned
and cars parked for the three neighbourhoods by 20 m2 per parked car (City of
Reykjavík, 2002), with the assumption that guests (between 16:00 and 17:00) do not
use private car parks. This required space demand has been put into relationship
with the percentage of impervious surface dedicated to car parking as found in the
results from the pin-point method. This value has been calculated as the arithmetic
mean of the amounts of the impervious surface area in the focus neighbourhoods
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and in their respective districts.

Figure 4.2: The procedure used to estimate car ownership rates in each planning
area

Figure 4.3: The procedure used to estimate the number of parking instances in each
planning area
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4.2. The environmental impact of impervious
surfaces on water

This section describes the methods and data used to explore the relationship between
impervious surface cover and load on the combined waste water system in Reykjavík,
as well as the connection between impervious surface cover and water quality in
Elliðaár.

In looking at these relationships, it was necessary to (1) delineate the area that
drains into the combined sewer pumping station, and the corresponding watershed
and impervious surfaces therein, (2) calculate rainfall within the watershed and
(3) compare the precipitation-to-runo� ratio of the sewage drainage area with the
percentage of impervious surfaces within the same area. The data used consisted of:
a digital elevation model for Reykjavík (Landmælingar Íslands, 2012), impervious
surface data layers of Reykjavík (City of Reykjavík, 2014b; European Environment
Agency, 2013; Lindh, 2011), precipitation data from the weather station in Einarsnes
(Orkuveita Reykjavíkur, 2013b), shape�les of Reykjavík's city drainage network
layout consisting of representations of pipes and manholes (Orkuveita Reykjavíkur,
2013a), and �ow data (measured as volume per time unit) in the Reykjavík Energy
pumping stations for the year 2012 (Orkuveita Reykjavíkur, 2013c). Flow data
at the pumping stations is incomplete, and over large time periods some of the
measurements are obviously false. In response to this problem, some �ow data has
been replaced by estimated values derived by interpolation or extrapolation.

4.2.1. Watershed and sewershed delineation methods

The procedure for the delineation of the drainage area of a pumping station (a
sewershed) is outlined in Figure 4.4.

All stormwater and combined waste water pipes and their manholes were classi�ed
according to the particular pumping station they lead to, using both the �zone�
attribute included in the geographical data and the utility network analysis feature
in ArcGIS. Next, the land area draining into each manhole was computed by iden-
tifying Thiessen polygons. Thiessen polygons have their corners on the midpoints
of the lines connecting pairs of manholes (Horvath, 2011). Finally, the integral cor-
responding to the land area (all the Thiessen polygons) draining to the manholes
which convey stormwater to a given pumping station was taken to represent the
sewershed of that pumping station. Some sewersheds are e�ectively subsewersheds
of other ones, because some pumping stations are connected in series.
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Figure 4.4: The sewershed delineation procedure

In addition to the sewersheds in the city's man-made drainage system, natural wa-
tersheds were outlined in accordance with local topography. This calculation was
made using a digital elevation model (DEM) and the ArcGIS hydrology tools in
the spatial analysis toolbox (ESRI, 2011). The method used to delineate natural
watersheds is outlined in Figure 4.5.

Both for the natural watersheds and pumping station sewersheds, imperviousness
per watershed was computed by intersecting the impervious surface layer with the
relevant watershed/sewershed layer in ArcGIS and then summing the amounts of
impervious surface found in the watersheds and sewersheds. For the pumping station
sewersheds, the impervious layer derived from Lindh (2011) was used. For the
natural watersheds, the impervious layers derived from EEA data were used, because
the layer derived from Lindh does not cover all of the watersheds of Elliðaár and
Úlfarsá.

4.2.2. Estimating runo� from rainfall and �ow data in
pumping stations (base�ow separation)

In general, �ow variation in pumping stations depends on four factors: the large
oscillation caused by higher hot water usage in winter than in summer, the changing
usage pattern of water across the hours of the day, the impact of the tides, and
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Figure 4.5: The watershed calculation procedure

the higher �ow due to runo� after rainfall or snowmelt (Sævarsson, 2004). The
�rst three factors are considered to be responsible for the �base�ow� through each
pumping station. A base�ow separation was performed to estimate the share of the
�ow in the pumping station which is attributable to precipitation, in the same way
as in Viessman and Lewis (2003). The procedure used for base�ow separation is
shown in the �owchart in Figure 4.6.

Finally, the procedure for constructing the rainfall-runo� graph is shown in the
�owchart in Figure 4.7.

The data used were climate data from the weather station in Einarsnes (Figure 3.3),
speci�cally precipitation records for 2012 (Orkuveita Reykjavíkur, 2013b; shown
in Figure 4.8), and �ow data from the pumping stations (Orkuveita Reykjavíkur,
2013c; shown in Figure 4.9).

The rainfall-runo� ratio was calculated from 14 April to 8 November 2012 (more
precisely, for hour 2500 until hour 7500 of the year 2012). In winter, when at
least a part of the precipitation falls as snow, and in spring during times of snow
melt, the relationship between precipitation and runo� is not as evident. While
�ow information for all pumping stations is available, precipitation data is available
from only from one weather station. It was thus assumed that rainfall was uniform
across the entire city. Of course, even if precipitation volumes were approximately
the same across the city, the timing of precipitation events probably varied more
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Figure 4.6: The base�ow calculation procedure

Figure 4.7: Construction of the runo�/rainfall graph

than this assumption would suggest.

33



4. Methods and data

Figure 4.8: Precipitation at the weather station in Einarsnes in 2012 (Orkuveita
Reykjavíkur, 2013b). The time period used in the analysis is shown in red.

Figure 4.9: Flow at the pumping station Ánanaust in 2012 (Orkuveita Reykjavíkur,
2013c). The time period used in the analysis is shown in red.

4.2.3. Water pollution and impervious surfaces

The subwatersheds of Elliðaár at the sample points were calculated by using the
methods described above. As the digital elevation model was inaccurate, some
auxiliary watersheds were computed in order to locate the tributaries of Elliðaár.
The watersheds were then assigned to the mapped �ow of the rivers. The impervious
cover of the subwatersheds was calculated, and related to the total concentration of
heavy metals and conductivity as measured by the Reykjavík city health department
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in 2009 (Reykjavíkurborg, 2010).

4.2.4. Data and data quality

The hourly �ow measurement data for all pumping stations has some missing or
obviously corrupt values. An attempt was made to manually replace the corrupt
values with estimated values, such as the average between previous and subsequent
values. The dates for which values were corrected are shown in Figure 4.10.

Figure 4.10: Flow data which needed to be changed

The �ow data at the pumping station on Faxaskjól is especially incomplete. Ob-
viously false measurements were recorded over long time periods. They have been
replaced manually by estimated values, often by means of interpolation from pre-
ceding or following �ow values.

4.3. Suggestions on how and where to limit and
mitigate impervious surface

4.3.1. Increasing density

If it can be shown that the amount of impervious surface per person and workplace
decreases when population and workplace density increases, then this �nding will be
applied to this section and will be used to discuss ideas from the Transport oriented
development (TOD) philosophy (Cervero et al., 2004). Possibilities for increasing
density along transportation routes for the parts of Árbær and Grafarholt which
belong to the Elliðaár and Úlfarsá watersheds were considered. If density is above
the Reykjavík average, such as in Austurbær, no suggestion is made to increase
it. More savings can be realised by increasing density from low to medium levels
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than from high levels (Banister, 2005). The data used for estimating the potential
for densi�cation are shape �les representing buildings, transportation infrastructure
and the public transportation routes.

In the two other focus areas, Árbær and Grafarholt, potential areas where mixed
high density development could take place were sought, with the aim of raising the
density to 70 residents and workplaces per hectare, which would lead to a decreased
amount of impervious surface per resident or workplace. Although public transport
is believed to become e�ective at 100 persons per hectare (Towers, 2002), the existing
system would also bene�t from a more moderate increase in density. The densi�ca-
tion areas lies within a 40 m bu�er adjacent to public transport routes, excluding
the paved central street lanes for vehicular tra�c, and existing buildings including a
20 m bu�er. The steps to estimate the area where building-up for densi�cation can
take place are shown in Figure 4.11. For simplicity, it is assumed that the additional
residents and workplaces will be located within the densi�cation strips, and that the
impervious cover on those strips after densi�cation will be 100 %.

Figure 4.11: Densi�cation potential calculation procedure

4.3.2. Increasing permeability

In order to mitigate some of the impacts of soil sealing, for lots in the part of the
three focus areas (Figure 3.1, page 20), stormwater in�ltration feasibility from roofs
was tested. The requirements according to the Portland conditions for downspout
disconnection (City of Portland, 2014) are a slope on the lot of less than 10 %, and
distances of 1.5 m to buildings with basements, 1.25 m to neighbouring lots, and
0.75 m to walkways. The in�ltration area should lie lower than the building. No
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attention is paid to whether the area �t for in�ltration according to the Portland
requirements is sealed. The input layers are the lot layer, the buildings layer and the
1 m contour lines for the selected areas from LUKR. The procedure is illustrated in
Figure 4.12.

Figure 4.12: Lot in�ltration feasibility calculation procedure
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5.1. The extent and types of impervious surfaces

5.1.1. Amounts of impervious surface by district and by
Corine land use class

The calculation of the amount of impervious cover in each district of Reykjavík based
on Lindh's estimation result in higher �gures (up to more than 50 %, as in Miðborg)
than those based on LUKR (Table 5.1). The adjusted LUKR values include the

Table 5.1: Impervious surface cover in each Reykjavík district according to Lindh
(2011) and LUKR (2013): absolute values in hectares and as a percentage of total
area
District Lindh (ha) Lindh % LUKR (ha) (ad-

justed)
LUKR % (ad-
justed)

1. Vesturbær 231.8 68.0 % 141.9 (162.1) 41.7 % (47.6 %)
10. Grafarholt 133.8 5.9 % 106.5 (144.5) 4.7 % (6.3 %)
2. Miðborg 243.8 63.2 % 145 (159.7) 37.6 % (41.4 %)
3. Hlíðar 138.9 42.8 % 100.5 (117.0) 30.9 % (36.0 %)
4. Laugardalur 442.7 65.1 % 315.8 (356.5) 46.4 % (52.4 %)
5. Háaleiti 239.7 53.4 % 190.3 (219.2) 42.4 % (48.9 %)
6. Breiðholt 226.6 39.0 % 160.7 (186.4) 27.6 % (32.1%)
7. Árbær 227.5 22.6 % 183.4 (216.8) 18.2 % (21.6 %)
8. Grafarvogur 492.3 40.6 % 284.8 (343.0) 23.5 % (28.3 %)

Reykjavík 2377.1 32.8 % 1628.8 (1905.4) 22.4 % (26.3 %)

additional 10 % of assumed lot area imperviousness (cf. Section 2.1). In absolute
terms, the impervious surface cover is largest in Grafarvogur and Laugardalur (443
and 492 ha respectively, using Lindh's data), and in relative terms, the impervious
surface cover is largest in Miðborg, Laugardalur and Vesturbær (63-68 %). Note that
impervious cover is not uniformly distributed within each district, but concentrated
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in particular areas depending on local land use. In percentage terms, impervious
surfaces make up 32.8 % of the city's area according to Lindh, and 22.4-26.3 %
according to data from LUKR. The di�erence between the results according to Lindh
and LUKR are largest in the districts of Vesturbær, Austurbær and Laugardalur.

The amount of impervious surface cover by Corine class within each district is shown
in Figure 5.1 and Table 5.2, using only data from Lindh (2011).

Table 5.2: Impervious surface cover in Reykjavík by Corine class groups within each
district (cf. Table 4.1)

Mixed-
Resid.

Mixed-
Resid.

Mixed-
Resid.

Business Business Business

District (ha) imp (ha) Imp % Imp (ha) Imp (ha) Imp %

1. Vesturbær 224.6 143.5 63.92 % 93.2 79.5 85.27 %
10. Grafarholt 129.2 93.8 72.64 % 186.0 20.7 11.15 %
2. Miðborg 86.2 60.1 69.75 % 232.5 156.7 67.37 %
3. Hlíðar 124.1 71.2 57.40 % 54.6 42.5 77.82 %
4. Laugardalur 242.8 139.6 57.49 % 370.2 288.5 77.94 %
5. Háaleiti 308.4 157.1 50.95 % 118.2 76.5 64.74 %
6. Breiðholt 393.6 197.8 50.25 % 33.4 15.1 45.06 %
7. Árbær 192.1 101.0 52.57 % 313.3 111.3 35.52 %
8. Grafarvogur 453.3 260.4 57.45 % 416.4 176.6 42.42 %

Total 2154.2 1224.6 56.85 % 1817.7 967.3 53.22 %

As for the districts, Breiðholt and Grafarvogur have the largest amounts of imper-
vious surface in their mixed-residential areas (ca. 260 hectares and 200 hectares),
Miðborg and Hlíðar the smallest (just larger than 60-70 hectares). Within the
business Corine classes Laugardalur has the largest amount of impervious surface
(288.5 hectares), followed by Grafarvogur and Miðborg (ca. 156-176 hectares) and
the smallest impervious areas of the business Corine classes are found in Grafarholt
and Breiðholt (ca. 15-20 hectares). The areas with the greatest percentage of im-
pervious surface are the two port areas: the new one at Sundahöfn (Laugardalur
district) and the old port near the city center (Miðborg district), as well as certain
other commercial areas, including the University of Iceland area; these zones were
all at least 76 % impervious. Most residential and mixed-use areas are between 50
and 75 % impervious. The imperviousness of green areas is below 15 %, except for
Öskjuhlið/Klambratún (the green areas in the Hlíðar district), where it is between
15-25 %.

The amount of the absolute impervious cover for each Corine class group and district
according to the cover by Lindh (2011) according to Table 5.2 is shown graphically
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Figure 5.1: The percentage of impervious cover for each Corine class area in Reyk-
javík, using data from Lindh (2011)

in Figure 5.2. In addition, the amount of pervious areas in the mixed-residential
and business areas are shown, as well as the amount of impervious surface in the
blue-green Corine class groups. The amount of unsealed area in mixed and business
Corine classes illustrates the degree and mix of sealing in these districts. For most
districts, Corine classes of blue-green areas have 5-25 impervious hectares, except in
Grafarvogur, where 45-50 hectares are impervious.

5.1.2. Impervious surface per capita and relationship with
population density

The daytime resident density for each district in the mixed-residential Corine class
ranges from 41 to 137 residents and workers per hectare (Table 5.3) and is in general
higher than the daytime population density in the business Corine class groups,
where there are 6-62 workers per hectare (Table 5.4). Again, the daytime resident
density is larger (> 60 residents or worker per hectare) in the mixed-residential
Corine classes in the central districts such as Miðborg, while it is lower (<60 residents
or worker per hectare) in the outer districts such as Grafarholt or Árbær. Similar
trends apply to the job densities in the business Corine clases.

The lowest amount of impervious surface per capita independent of land use by
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Figure 5.2: Imperviousness of Corine class groups, cf. Figure 2.5, impervious data
by Lindh (2011)

Table 5.3: Population and job density in areas which fall into the mixed-residential
Corine land use class (cf. Table 4.1)
District Area (ha) Residents additional

Workers
Daytime resi-
dent density

1. Vesturbær 224.6 14120 522.6 65.2
10. Grafarholt 129.2 5704 132.6 45.2
-Úlfarsárd.
2. Miðborg 86.2 10332 1472.4 136.9
3. Hlíðar 124.1 9476 527.2 80.6
4. Laugardalur 242.8 15285 1930.4 70.9
5. Háaleiti 308.4 13889 917.1 48.0
6. Breiðholt 393.6 20596 211.8 52.9
7. Árbær 192.1 10213 461.4 55.6
8. Grafarvogur 453.3 17958 809 41.4

district is in Breiðholt (110.0 m2) and the highest in Laugardalur (289.6 m2). Data
on the impervious surface per daytime resident by Corine class group and district
show that in mixed residential and business areas Miðborg and Hlíðar (Figure 5.3)
have the lowest amount of sealed area per person (50-70 m2), and Grafarvogur and
Grafarholt-Úlfarsárdalur the highest (140-160 m2). In Árbær and Breiðholt it is
95 m2. In the business Corine class groups, the amount of impervious surface per
worker ranges from 90-100 m2 in Breiðholt, Háaleiti, and Hlíðar to 270-300 m2 in
Árbær and Grafarvogur.
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5.1. The extent and types of impervious surfaces

Table 5.4: Population and job density in areas which fall into the business group of
Corine land use classes
District Area (ha) Workplaces Workplace

density
1. Vesturbær 93.2 4180.8 44.9
10. Grafarholt-Úlfarsárd. 186.0 1060.8 5.7
2. Miðborg 232.5 11779.2 50.7
3. Hlíðar 54.6 4217.6 77.3
4. Laugardalur 370.2 15443.2 41.7
5. Háaleiti 118.2 7336.8 62.1
6. Breiðholt 33.4 1694.4 50.7
7. Árbær 313.3 3691.2 11.8
8. Grafarvogur 416.4 6472.0 15.5

Figure 5.3: Impervious surface of areas in business and mixed-residential Corine
class groups, divided respectively by the number of people working and residing in
that district, in square metres

Areas with a high daytime population density have less impervious surface per
person (Figure 5.4), in contrast to areas with a low daytime population density.
The relationship is roughly linear when plotted on a logarithmic scale.

The graph suggests that at least for Reykjavík, it is possible to predict the empiri-
cally observed amount of impervious surface in an area if one knows the population
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Figure 5.4: The relationship between impervious surface per capita in m2 (both per
resident and per worker) and daytime population density in each of Reykjavík's
districts (logarithmic scale)

density or job density, using equation 5.1.

I = 847.8 ·D−0,51, (5.1)

where I stands for the impervious surface per person in m2, and D for the population
and workplace density (the number of residents and commuter workers per hectare).
According to this equation, a population and workplace density of 40 residents and
workers per hectare corresponds to impervious surface per capita of 130 m2 per
person, and is equivalent to the land surface of an area being 52 % impervious. For
a population/job density of 160 residents and workers per hectare, the amount of
impervious surface according to Equation 5.1 is 62.5 m2 per person/worker, and the
total impervious cover approaches 100 % of the surface area.

Table 5.5: Area, percentage of impervious surface cover, and impervious surface
cover per person/workplace in the three focus neighbourhoods
Neighbour-
hood

Watershed/
sewershed

Area (ha) Impervious
cover (%)

Impervious sur-
face per daytime
resident (m2)

Austurbær Tjörnin/
Lækurinn/
Ingólfsstræti

77.3 69.8 51

Árbær Elliðaár 63.7 52.6 94.6
Grafarholt Úlfarsá 64.8 72.6 160.7

Speci�c data on the three focus neighbourhoods in this study reveals that although
their sizes and impervious cover percentages are similar, the amount of impervious
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surface per daytime resident is more than three times larger in Grafarholt than in
Austurbær (Table 5.5), while the daytime population density is three times larger
in Austurbær than in Grafarholt according to Table 5.3.

5.1.3. The distribution of types of impervious surface in
Reykjavík

The results of the pin-point analysis for all the built-up areas of the city (Figure 5.5)
show that the most common types of impervious surfaces is to serve cars (43.5 %);
car parks alone make up 25.8 % of the total. The second most common imper-
vious surfaces are the roofs of buildings (23.9 %) and pedestrian areas (18.8 %).
Other impervious areas, such as unloading areas at the harbour, airport runways, or
unclassi�able areas make up 13.8 % of the total. By district (Table 5.6), the imper-
vious surface for cars is lowest in Vesturbær (33.9 %), and highest in Grafarvogur
(52.3 %). The percentage of impervious surface for pedestrians ranges from 13.4 %
to 29.7 % in Laugardalur and Breiðholt, respectively. A similar variation is seen in
the percentage of impervious areas for houses; from 15.4 % in Miðborg to 32.2 % in
Hlíðar. The percentage of other impervious areas is highest in the Miðborg district,
whereas this type was not observed in Hlíðar.

Figure 5.5: Distribution of impervious surfaces for Reykjavík according to pin-point
samples over the total city area

Lindh's (2011) calculation of the percentage of impervious surface in each district,
previously shown in Table 5.1, di�ers somewhat from the results obtained by the
pin-point method in some cases (Table 5.6). For the districts of Hlíðar, Laugardalur,
Háaleiti, Breiðholt and Grafarvogur on the other hand, the results of the pin-point
method and Lindh's (2011) estimate are very close to each other.
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Table 5.6: Types of impervious surface in each Reykjavík district, according to the
pin-point method
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% impervious
(Lindh)

68.0 5.9 63.2 42.8 65.1 53.4 39.0 22.6 40.6 32.8

% impervious
(pin-point)

60.9 18.8 51.0 43.0 65.4 54.6 42.7 32.1 41.5 41.4

% car 33.9 44.8 40.4 51.4 36.1 43.1 39.1 49.3 52.3 43.6
thereof parking 26.8 12.1 23.1 40.5 25.2 24.6 28.1 30.4 26.5 25.9
% houses 28.6 17.2 15.4 21.6 28.6 32.3 26.6 20.3 21.2 23.9
% pedestrian 16.1 17.2 21.2 24.3 13.4 24.6 29.7 20.3 14.4 18.9
% other 21.4 20.7 23.1 2.7 21.8 0.0 4.7 10.1 12.1 13.7

Austurbær, Árbær, and Grafarholt compared

Results from the pin-point method applied to the focus neighbourhoods show that
Austurbær is a very impervious neighbourhood (76 %), and Árbær and Grafarholt
somewhat less so (55-56 %, Table 5.7). The focus neighbourhoods are not repre-
sentative for the district they belong to in terms of the percentages of the types of
impervious surfaces (Table 5.6).

Table 5.7: Percentages of the land area in the Austurbær, Árbær, and Grafarholt
neighbourhoods covered by impervious surface, by type of surface

Austurbær Árbær Grafarholt
% Total percentage of
impervious surface

75.9 55.4 55.5

% car 34.1 44.6 40.0
- % streets 14.3 16.7 20.2
- % parking 19.8 27.9 19.8
% houses/roofs 42.0 27.9 22.1
% pedestrian 23.9 27.5 31.6
% other 6.3
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5.1. The extent and types of impervious surfaces

Among the di�erent types of impervious surface, vehicular transportation infras-
tructure accounts for the largest percentage of impervious surface in Árbær and
Grafarholt (40-45%, Table 5.7) and is for all three focus neighbourhoods ca. 5 %
less than in the respective district (Table 5.6). Half or more of these impervious
surfaces are parking spaces; these take up the lowest amount of space in Austurbær
and Grafarholt (19.8 %) and the highest in Árbær (27.9 %), both in the neigbour-
hoods (Table 5.7) and in the respective district (Table 5.6). Housing is the most
common purpose of impervious surface cover in Austurbær (42 %), but is around
28 % in Árbær and 22 % in Grafarholt (Table 5.7), and even less in the districts (15-
20 %, Table 5.6). The share of impervious areas for people, such as paths, patios,
squares, and school yards, is quite similar in all areas, at around 24-32 % (smallest
in Austurbær, largest in Grafarholt, Table 5.7) and 17-21 % (smallest in Grafarholt,
largest in Miðborg, Table 5.6).

The amount of impervious surface per resident and work place, sampled with the
pin-point method, is lowest in Austurbær and highest in Grafarholt (Table 5.8 and
Figure 5.6).

Table 5.8: Amount of impervious surface per person in the districts of Austurbær,
Árbær and Grafarholt, in square metres, by type of surface

Austurbær Árbær Grafarholt
Daytime resident density 136.9 55.6 45.2
Total impervious surface 55.8 99.7 129.8
car 19.0 44.4 48.9
- streets 8.0 16.6 24.8
- parking 11.1 27.8 24.1
houses/roofs 23.4 27.8 27.2
pedestrian 13.3 27.4 38.8
other 14.9

By type, impervious surface for cars takes up the smallest amount of space in Aus-
turbær (19 m2 per person), and the largest amount in Grafarholt (49.6 m2 per
person).

In comparison, housing and buildings take up similar amounts of space in the three
neighbourhoods: 23.4 m2 per person in Austurbær, 27.8 m2 in Árbær, and 27.2 m2

in Grafarholt. Impervious surface for pedestrians takes up 13.3 m2 per person in
Austurbær, but much more space in Árbær (27.4 m2) and Grafarholt (38.8 m2).

The impervious surface per person related to houses/roofs based on data from the
pin-point method (23-28 m2, Table 5.8) appears greater than in the data from LUKR
(20-25 m2, Table 5.9), as the aerial pictures used were not taken from directly above.
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Figure 5.6: The di�erent types of impervious surfaces in the three focus neighbour-
hoods

The data for the sample area reports street cover in Austurbær as of lesser extent
than in the LUKR data, but street cover in Árbær and Grafarholt as slightly greater
than in the LUKR data. The street system in Austurbær is the densest of the three
areas, with 213.6 meters of street per hectare. Austurbær's streets are the narrowest,
but they consume 14.8 % of the district's total land area. Due to Austurbær's
relatively large population, the street cover per inhabitant is the lowest of the three
districts, at 10.9 m2 per capita.

In Árbær and Grafarholt there are fewer streets per hectare, and they are wider
(widest in Árbær at 8.1 m on average; 7.7 m in Grafarholt). The street cover per
capita is 16.4 m2 in Árbær and 22.2 m2 in Grafarholt. In all three districts, total
path length (including sidewalks) is longer than total street length. The average
path width is highest in Austurbær at 2.8 m and narrowest in Árbær at 2.4 m.
Due to Austurbær's population density, it has the fewest square metres of paths per
person among the three districts.

The data on car parks and pedestrian areas shows the greatest di�erences between
the sample method and LUKR. Austurbær has the smallest amount of impervious
surface dedicated to car parking per capita; Árbær the largest. In Austurbær there
are a number of municipal parking garages, while in Grafarholt much of the parking
space is subsurface or otherwise integrated into buildings. Car parks and driveways
of smaller lots are not included in the LUKR data, nor are impervious surfaces
serving pedestrians.

Large car parks, according to LUKR data, take up the least area per capita in Aus-
turbær (5.3 m2/person), and the most in Árbær (20 m2/person). In Austurbær there
are a number of municipal parking car garages, while in Grafarholt much parking
is subsurface or otherwise integrated into buildings. Car parks and driveways of
smaller lots are not included. Despite this, in Austurbær there is more roof area
per person than car area per person (car area being de�ned as streets and large car
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Table 5.9: Di�erent types of impervious surfaces in the three focus neighborhoods
(based on data from LUKR)
Class Austurbær Árbær Grafarholt
Total area (ha) 77.3 63.7 64.8
Daytime population density 136.1 55.6 45.2
Roofs % 27.6 13.8 10.7
Roofs (m2/person) 20.3 24.8 23.7
Street area % 14.8 9.1 10.0
Large car parks % 7.2 11.1 7.6
Paths % 10.4 4.6 5.5
streets (m/ha) 213.6 112.1 130.3
paths (m/ha) 371.6 189.0 215.2
Width (m) street 6.9 8.1 7.7
Width (m) paths 2.8 2.4 2.5
Streets (m2/person) 10.9 16.4 22.2
Large car parks (m2/person) 5.3 20.0 16.8
Paths (m2/person) 7.6 8.2 12.1

parks); in Árbær and Grafarholt, there is more car area than roof area per person.

Impervious surface related to vehicles

The highest car ownership density is in scattered areas of the outer suburbs and
around the city center (Figure 5.7), especially in Austurbær. Car ownership density
is moderate in Árbær; it is low in the western part of Grafarholt and high in the
eastern part.

Cars dominate impervious surface in non-residential areas, because car parks have
been made available for them. The areas with the highest parking densities (be-
tween 16:00 and 17:00) are the University area, Austurvöllur, Höfðatorg-Borgartún,
Lágmúli and in general along Laugarvegur/Suðurlandsbraut (Figure 5.8). Peak car
ownership density (50-100 cars per hectare) is less than peak parking density during
the afternoon (75-300 cars per hectare).

The results of the comparison between the impervious surface cover per car owned
and per parking instance between 16:00 and 17:00 for the focus neighbourhoods of
Austurbær, Árbær and Grafarholt (Table 5.10) show that a similar amount of space
is dedicated to car parking in the di�erent areas of Reykjavík as a percentage of the
total area, though slightly less in Grafarholt. However, on a per-car basis, much
more space has been made available for car parking in the outer areas than in the
center: the occupancy rate for car parks is ca. 112 % in Austurbær, but 32 % in
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Figure 5.7: Number of cars (per hectare) in the Reykjavík planning areas. Calcu-
lations were made from transportation survey raw data. The planning areas are
shown in Figure A.1 and Table A.1 in the Appendix.

Figure 5.8: Number of parking instances between 16:00 and 17:00 (peak time) per
hectare in the Reykjavík planning areas, calculated from transportation survey raw
data
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Table 5.10: Car density, impervious surface per car owned, impervious surface per
parking instance, and the extent of parking areas in the focus neighbourhoods of
Austurbær, Árbær and Grafarholt

Unit Austurbær Árbær Grafarholt
Density of car ownership cars/ha 41.1 14.6 21.1
Density of parked cars between
16:00-17:00

cars/ha 43.1 10.2 4.1

Extent of car parks according to
LUKR

% of area 7.2 11.1 7.6

Average amount of impervious
surface used for parking (pin-
point method)

% of area 15.0 15.5 11.0

Average amount of impervious
surface used for parking (accord-
ing to transportation survey)

% of area 16.8 4.96 5.04

% of parking space actually used % carpark 111.9 32.0 45.7

Árbær and 46 % in Grafarholt. In addition, the amount of available parking space
measured with the pin-point method is roughly twice the amount of space taken up
by large car parks according to data from LUKR in Austurbær, and 40 % higher in
Árbær and Grafarholt.

5.1.4. Summary

This section presented basic calculations about the extent of impervious surface for
residential and business use (Table 5.1), and it calculated the number of residents
and jobs in the areas surveyed (Tables 5.3 and 5.4). In general, the percentage of
impervious surface in an area decreases with distance from the city center. With
these calculations it was possible to measure the relationship between population
density and impervious surface per capita (Figure 5.4 and Equation 5.1). The denser
the population in a given area, the smaller the amount of impervious surface per
person. The most extensive type of impervious surface is that related to motorized
transportation (Figure 5.5). A comparison of the three focus neighbourhoods shows
that the amount of impervious surface per person devoted to housing is quite con-
stant, but the amount devoted to vehicular and pedestrian infrastructure increases
as population density declines (Figure 5.6). In Austurbær, the densest focus neigb-
hourhood, car parks are used e�ciently, while car parks in the less densely populated
focus neighbourhoods are often underutilised (Table 5.10).
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5.2. Impacts of impervious surfaces on watersheds,
rainfall-runo� ratios, and water quality

5.2.1. Watershed delineation

In this section, both the drainage system sewersheds (according to the layout of
the waste water system) and the natural watersheds (according to topography) are
delineated, and the sewershed of the pumping stations is shown (in Figure 5.9).
It must be kept in mind that the Skeljanes sewershed is a subsewershed of the

Figure 5.9: Pumping station sewersheds. The percentage of impervious cover for
each sewershed is shown in Table 5.11

Faxaskjól sewershed, which is in turn a subsewershed of Ánanaust. Similarly, the
Ingólfsstræti sewershed is a subsewershed of the Laugarlækur sewershed, which is in
turn a subsewershed of the Klettagarðar sewershed. Total drainage areas thus di�er
from the areas shown; for example, the total drainage area for the Klettagarðar
pumping station is actually the combined area served by the pumping stations at
Ingólfsstræti, Laugarlækur and Klettagarðar (Figure 5.9).

The percentage of impervious surfaces in the sewersheds range from 50-90 % (Table
5.11) and are of the same order of magnitude as the percentage of impervious surfaces
in the Reykjavík districts (Table 5.1).
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Table 5.11: The amount of impervious surface cover in each of Reykjavík's pumping
station sewersheds (data from Lindh, 2011).
Sewershed Total

sewershed
area (ha)

Impervious sur-
face within the
sewershed

Percentage of im-
pervious area

Ánanaust 459.2 274.4 59.8 %
Skeljanes 142.5 64.6 45.3 %
Klettargarðar 1244.4 743.3 59.7 %
Ingólfsstræti 148.6 108.4 73.0 %
Laugarlækur 767.5 494.3 64.4 %
Ör�risey 26.4 25.2 95.2 %
Faxaskjól 347.8 180.1 51.8 %

There are some similarities between the sewersheds in Reykjavík (Figure 5.11) and
the natural watershed boundaries (Figure 5.10), particularly for the Laugarlækur
sewershed. There are di�erences too: the Lækurinn natural watershed drains to the

Figure 5.10: The natural watersheds in the combined sewer area (as in Figure 5.9),
for comparison

south to Faxaskjól pumping station, to the north to Ingólfsstræti pumping station,
and in between there is an area with separated waste and storm sewers. Ingólfsstræti
pumping station in addition receives stormwater from natural watersheds both to
the east and west of the Lækurinn watershed. The hypothetical streams where runo�
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would accumulate according to topography in the absence of a drainage system have
been computed and are shown, too.

The natural watersheds of a larger area which covers also the watersheds of Elliðaár
and Úlfarsá are shown in Figure 5.11. The three watersheds for Lækurinn, Elliðaár
and Úlfarsá have been shaded. The Lækurinn watershed, unlike the other two drains
largely through the combined sewer system, not through natural waterways. The
watersheds of Úlfarsá and Elliðaár reach beyond the municipal boundaries.

For Elliðaár, the subwatersheds according to the water quality sample points are
indicated, to be able to relate pollutant concentration at the sample point and
impervious surface upstream.

There is a large di�erence in watershed imperviousness in the study area. It is more
than 10 times higher in central Reykjavík at Lækurinn than in the Úlfarsá watershed
and most of the Elliðaár subwatersheds in the city's outskirt (Table 5.12). In the
Elliðaár watersheds the imperviousness is relatively low, ranging from 5 % upstream
to 7.1 % furthest downstream, and in the peripheries at Úlfarsá, Hólmsá and Suðurá
it is even less: 4.1 %, 3.9 % and 1.8 % (Table 5.12).

Table 5.12: Impervious surface at selected watersheds and subwatersheds (data from
EEA (2013)). The watersheds are de�ned in Figure 5.11.
Watershed total (ha) Impervious surface

within the sewer-
shed (ha)

Percentage of im-
pervious area

Lækurinn 254.9 116.8 45.8%
Úlfarsá 4938.6 202.2 4.1%
Elliðaár
E5/E6 28628.3 2039.3 7.1 %
E4 (west) 28444.9 1882.4 6.6 %
E3 (east) 28121.4 1584.3 5.6 %
E2 28078.4 1551.2 5.5 %
E1 27866.6 1379.5 5.0 %
Hólmsá (H1) 22877.1 881.2 3.9 %
Suðurá (S1) 1131.4 20.4 1.8 %
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Figure 5.11: The percentage of impervious cover for each natural watershed (data
from EEA, 2013)

5.2.2. Runo� and impervious surface

Runo� volume

The estimated runo� volume at the pumping stations varies by up to a factor of
28 (Table 5.13), as do the amounts of impervious surface in their sewersheds. The
runo� volume at the pumping stations attributable to precipitation as a result of the
base�ow calculations in general is only a small fraction of the total �ow (1.5-7 %).

Table 5.13: Estimated discharge at the pumping stations attributable to precipitation:
average values from April to November 2012
Pumping station total discharge (l/s) discharge induced by rain (l/s)
Ánanaust 881.0 34.3
Skeljanes 653.5 17.6
Klettagarðar 1204.5 72.0
Ingólfsstræti 175.7 8.1
Laugarlækur 569.4 38.8
Ör�risey 56.0 2.6
Faxaskjól 1083.3 16.9
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During the time period studied, the total precipitation in Reykjavík was 298 mm.
The relationship between the percentage of impervious surface cover in the pump-
ing station watershed and the runo�/rainfall ratio is shown in Figure 5.12. The
data show that the runo�/rainfall ratio increases with the percentage of impervious
surface cover in each sewershed, as calculated in Table 5.11.

Figure 5.12: The runo�/rainfall ratio as a function of impervious surface cover. The
data point for the pumping station in Skeljanes (shown in red) has been excluded
in the regression calculations.

When the outlier (data for the Skeljanes pumping station) is excluded, there is a
positive correlation between the percentage of impervious cover in a sewershed and
the rainfall-runo� ratio at its pumping station. The value for Skeljanes sewershed can
be considered an outlier, because the watershed is rather small and has in contrast
to all other sewersheds an irregular shape. It is close to the municipal boundaries
and there can be stormwater in�ow into the combined sewer from areas of separated
sewer systems, from the neighbouring municipality or the airport area which has
been counted as part of the Faxaskjól sewershed. The discharge at the Skeljanes
pumping station is calculated as larger than at the Faxaskjól pumping station, the
next pumping station downstream (see Table 5.13), and this fact also suggests that
the value should be taken with caution.

By extrapolating the resulting regression line, one can estimate that under 100 %
impervious conditions, one could expect a runo� �ow of 56.7 % of the �theoretical
runo�� ' where all precipitation runs o�. This would impy that some rain would
evaporate from the impervious surface or from leaves where a tree canopy is present
or run o� into adjacent pervious areas, instead of the drainage system.
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Heavy metals and conductivity in runo�

Despite a low overall level of imperviousness (ranging from 4-7 %, Table 5.12), the
amount of impervious surface in di�erent subwatersheds in the Elliðaár watershed
impacts heavy metal concentrations and water conductivity in the Elliðaár rivers
(Figure 5.13 and 5.14). Heavy metal concentration ranges between 2-12 µg/l and

Figure 5.13: Heavy metal concentration in rivers as a function of impervious surface
cover, for Elliðaár and its tributaries in blue, and for Úlfarsá in red

Figure 5.14: Conductivity in river water as a function of impervious surface cover,
for Elliðaár and its tributaries in blue, and Úlfarsá in red

conductivity 8.5-16 mS/m, and both values show a positive correlation with the level
of impervious surface. On average, an increase of one percent in imperviousness,

57



5. Results

above a threshold of 4 %, increases the total heavy metal concentration by 3.09 µg/l,
and conductivity by 2.46 mS/m. Note that both the conductivity and the metal
content in Úlfarsá (for a given percentage of impervious cover) runs slightly higher
than in the Elliðaár watershed.

5.2.3. Summary

This section presented data on the watersheds and pumping station sewersheds rele-
vant to the study areas. The percentage of impervious surface within the sewersheds
of the combined sewer system ranged from 45-90 % (Table 5.11). The percentage of
impervious surface within the Elliðaár and Úlfarsá watersheds ranged from 2-7 %
(Table 5.12). The amount of �ow through each pumping station attributable to pre-
cipitation was then determined and used to plot a graph showing the runo�/rainfall
ratio as a function of the percentage of impervious surface in each sewershed (Fig-
ure 5.12). This graph showed a linear relationship and suggested that 56.7 % of the
precipitation which falls onto impervious surfaces in the areas studied drains into the
sewer system. Also evident was a linear relationship between the percentage of im-
pervious surface in the Elliðaár and Úlfarsá watersheds and water quality indicators
in the rivers, speci�cally total heavy metal content (Figure 5.13) and conductivity
(Figure 5.14). This permits the conclusion that, all other things equal, additional
impervious surfaces in Reykjavík would increase the pressure on the sewer system
and the pumping stations, and also contribute to pollution in the cities' natural
rivers.

5.3. Densi�cation and stormwater in�ltration
feasibility in Árbær, Austurbær and Grafarholt

5.3.1. Densi�cation potential

The existence of a relationship between population density and impervious surface
per resident or workplace (Eq. 5.1, page 44) suggests that it is possible to reduce the
amount of impervious surface per person by increasing population density within ex-
isting built-up areas, in particular along current public transportation routes. This
section identi�es areas of potential densi�cation for two of the three focus neighbour-
hoods of Árbær, Grafarholt and Austurbær and shows densi�cation would impact
the impervious surfaces in both neighbourhoods. The desired new population and
workplace density of 70 persons/hectare would result in a corresponding impervious
surface of 97 m2 per person or workplace (Figure 5.15).
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Figure 5.15: Impervious surface per daytime resident (resident and worker) in the
focus neighbourhoods and densi�cation scenarios

Árbær

The total daytime population and job density of Árbær is 55.6 residents and work-
places per hectare, and the neighbourhood has 94.6 m2 of impervious surface per
person (Tables 5.3 and 5.5; Figure 5.15). The actual amount of impervious surface
per person and job is thus lower than the theoretical average of 109.2 m2 predicted
by Eq. 5.1, page 44.

The number of daytime residents of this area is about 3500. At the target density of
70 persons/hectare, this number would increase to 4450, a gain of 950 new residents
and jobs.

The proposed densi�cation of Árbær, with a targeted density of 70 persons/ha,
implies a total of 5.9 ha for additional housing or workplaces (Figure 5.16), an
increase of 17.6 % from its current situation.

If all new residents/jobs were located in these areas, the daytime population density
of these tracts would become 156 daytime residents per hectare, and the impervious
surface per person or workplace on this 5.9 ha would be 64.4 m2 according to Eq. 5.1
(Figure 5.15).

The percentage of impervious cover in the entire Árbær focus area would increase
from 52.6 % to 61.8 %, but the impervious cover per person or workplace would
decrease from 94.6 m2 to 88.3 m2 (Figure 5.15) � a total decrease of 6.3 m2 per
person or workplace.
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Figure 5.16: Árbær: Potential densi�cation areas

Grafarholt

If the density of the Grafarholt focus area were raised to 70 residents and jobs per
hectare, its population would increase by 1600 residents or workplaces, from 2930
to 4530. Figure 5.17 identi�es 9.9 ha which are candidate areas for densi�cation,
located on strips close to streets and near public transport, an increase by 21 %
from the current situation. The densi�cation e�ect within these strips would be
comparable with that in Árbær: there would 162 daytime residents per hectare, and
the impervious surface per person or workplace would be 63.2 m2 (Figure 5.15).

With densi�cation, the total impervious surface percentage for Grafarholt would
increase from 72.6 % to 87.9 %, and the level of imperviousness per person/job would
decrease from 160.7 m2 (for a population and job density of 45 per ha, Figure 5.15)
to 125.6 m2 (for a daytime resident density of 70 per ha) � a total decrease of 35.1 m2

per person or workplace.

5.3.2. In�ltration feasibility

This section presents proposals for soil sealing mitigation in the three focus neigh-
bourhoods of Austurbær, Árbær and Grafarholt. The hypothetical stream locations
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Figure 5.17: Grafarholt: Potential densi�cation areas

from the watershed analysis reported in section 5.2 are also shown. If stormwater
does not channel into the drainage system but is instead allowed to in�ltrate into
the soil, it would be likely to take these paths, whether below the surface or (when
precipitation exceeds in�ltration capacity) above the surface.

Árbær

In Árbær, 184 of 210 lots (87 %) ful�l the conditions for in�ltration, and 26 do not
(Figure 5.18). The principal reason why some lots fail to ful�l the conditions is that
the building is located too low on the lot. Stormwater from roofs should �ow away
from the building, but this may not happen if the building elevation is lower than
the average elevation of the lot.

Austurbær

The lots in Austurbær which ful�l the basic requirements for rain gardens or down-
spout disconnection are shown in Figure 5.19. 576 of 1138 lots (50.6 %) ful�l the
requirements for roof water in�ltration; 562 lots do not. The reasons why roof water
in�ltration is not feasible for some lots are too little space, overly steep lots, and a
building elevation that is too low relative to the elevation of the lot.
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Figure 5.18: Árbær: Lots which ful�l the conditions for in�ltration, and hypothetical
stream locations

Figure 5.19: Austurbær: Lots which ful�l the conditions for in�ltration, and hypo-
thetical stream locations
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Figure 5.20: Grafarholt: Lots which ful�l the conditions for in�ltration, and hypo-
thetical streams locations

Grafarholt

In Grafarholt (Figure 5.20), 115 of 169 lots (68 %) ful�l the in�ltration conditions. 54
lots do not ful�l them. All the lots would be large enough. In some cases the problem
is that the slope is too steep, but in many cases the reason why the in�ltration
requirements are not met is that the elevation of the building is insu�cient relative
to the elevation of the lot.

5.3.3. Summary

The previous sections showed that impervious surfaces negatively impact hydrolog-
ical resources. Thus, two ways of limiting their extent and mitigating their e�ects
in the focus neighbourhoods were evaluated. Strategies for limiting the extent of
impervious surface were based on the demonstrated inverse relationship between
population density and impervious surface per capita. Areas where possible den-
si�cation could take place were evaluated. In Grafarholt (Figure 5.17) and Árbær
(Figure 5.16) respectively, approximately 10 and 7 hectares of potential densi�cation
area could be identi�ed, which would decrease the impervious surface per person
in the area by 35.1 and 6.3 m2 per person. The chosen mitigation method was
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stormwater in�ltration through downspout disconnection on individual lots, which
is feasible only under certain conditions (involving lot size and slope). In all three
focus areas, downspout disconnection was possible for at least 50 % of lots (Figures
5.17, 5.19, and 5.20). Downspout disconnection would divert stormwater from the
sewer system, thus reducing the load on it, and would instead make use of the water
storage and puri�cation capabilities of the soil.
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6.1. Types of impervious surface in Reykjavík and
their distribution within the city

This study's �rst research question was about the nature and distribution of imper-
vious surfaces within Reykjavík: what do they consist of, how are they distributed
among the di�erent Corine classes and the districts in Reykjavík, and how do they
relate to population and workplace density and car ownership and usage?

Among European capitals, the amount of impervious surface per person in the Reyk-
javík capital area (181 m2 per capita) is only exceeded in three cases: Vaduz in
Liechtenstein, the city of Luxembourg and Nicosia in Cyprus. All three are in small
states, and have an even lower population density than Reykjavík. Their popula-
tion density ranges between 13.8 - 21.9 inhabitants per ha (European Environment
Agency, 2011b).

The study showed that the amount of impervious surface in Reykjavík (as a percent-
age of total land area) roughly decreases with distance from the oldest, most central
parts of the city. This is also true for the impervious cover of mixed-residential
Corine classes. In the mixed-residential areas in Grafarvogur and Grafarholt, the
percentage of impervious cover increases again, and the most recently built neigh-
bourhood of Grafarholt, has an even higher impervious surface cover than the central
district of Miðborg, according to data by Lindh (2011). The high imperviousness
of Grafarholt might actually be overestimated, because at the time the satellite im-
age used by Lindh (2011) was taken, Grafarholt was still under construction and
barren areas may mistakenly have been interpreted as impervious surface. Point
sample counts also indicated that the amount of impervious cover might be lower
than suggested by Lindh.

The amount of impervious surface cover in business-related Corine class groups in
each district varies. In districts in the older part of Reykjavík (west of Elliðaár),
business areas are more impervious than mixed residential areas, as expected. But
in other districts, business-related Corine class areas have lower percentages of im-
pervious surface, especially in Grafarholt-Úlfarsárdalur. The business class group
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actually includes very diverse types of land use, from golf courses to construction
areas to ports, and business-related Corine classes with a high amount of green,
unsealed surface are more often found in the outer and newer districts.

In the mixed-residential and business classes, unsealed areas range from small gar-
dens in the central areas of the city to large areas of grass around apartment blocks
and along road verges further east, with varying recreational and ecological value.
In the blue-green Corine class group, the amount of impervious surface is percent-
agewise quite large in districts which have relatively few green areas like Miðborg
or Vesturbær, and small in districts which have large amounts of green space, like
Árbær or Grafarholt-Úlfarsárdalur. In these districts with large amounts of green
space, the amount of total impervious surface (in absolute terms) is quite large
because of roads, or very recent development outside the current mixed-residential
or business Corine classes. The Corine class date boundaries date from 2006 and
building activity has taken place since then.

Among areas used for settlement and transport, the percentage of impervious cover
in central urban areas is higher than in more rural areas. This is not only true
in Reykjavík. Data from other countries also shows a relationship between the
percentage of impervious cover and the population size and density in the area.
In Berlin, the densest populated German federal state (38.3 inh/ha), impervious
surface makes up 70 % of settled areas. It makes up only 50 % of settled areas
in the least densely populated state, Mecklenburg-Western Pomerania (0.7 inh/ha)
(Wilke, 2013). In Durham, North Carolina, urban neighbourhoods have a higher
percentage of impervious cover than suburban neighbourhoods (Culler, 2010).

While the absolute and percentage �gures tell part of the story, looking at the
amount of impervious surface per person in a given district gives a better idea of
how intensively it is used by its residents and incoming commuting workers. The
amount of impervious surface per person and job is lower in urban, high-density
areas than in suburban, low-density areas. The data presented in this thesis shows
an inverse relationship between combined workplace and residential density and im-
pervious surface per person in Reykjavík. Similarly, in greater Vienna the amount
of impervious surface per capita is 300 m2 (Prokop et al., 2011), but in the smaller
Vienna UMZ it is less than half this �gure (European Environment Agency, 2010b).
Generally in European cities, the urban core is more e�ciently or intensively used
than the newer, low-density developments around the core. Land prices and pop-
ulation density are highest in the central core and decline with increasing distance
from the city center (Bertaud, 2004). Reykjavík does not appear to be an exception.
The amount of impervious surface per person/job is smaller where density is higher,
because streets and other infrastructure is shared by more people (Bertaud, 2013;
Carruthers and Úlfarsson, 2003).

Population density and land use a�ects the relative popularity of the various modes
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of transportation. Higher population densities, as in Austurbær, permit having more
services within walking distance (Saelens et al., 2003). Parking at high densities is
(physically) only possible in structured facilities (covered, often multi-level garages),
and thus more expensive. Thus car ownership per person is lower in higher-density
areas, further reducing each person's impervious footprint. Road space is limited,
too, and at higher population densities many people prefer not to drive (Bertaud,
2013).

In low-density areas at a greater distance from the center, impervious surface per
capita increases, especially the share of impervious surface per capita due to roads
and car parks. Dispersed living requires more transportation infrastructure, as in
Árbær or Grafarholt. Once this infrastructure is in place, the space it requires (as
well as the bu�er zones along arterial roads for noise protection) is not available for
other uses. This creates a vicious cycle �rst by restricting density, and then because
infrastructure availability enables people to live further away from their place of
employment (Glaeser and Kahn, 2004). Árbær and Grafarholt are examples of such
newer residential areas, where people enjoy quiet surroundings while contributing
to noise and pollution along their commuting routes, at others' expense. Land use
factors, such as population density and workplace density, and parking supply and
parking management, determine the travel behaviour which has an e�ect on the
prevalence of impervious surfaces (Litman, 2009).

For comparison, Barcelona has a resident population density of ca 160 inh/ha and
an impervious surface area of 30 m2 per resident. Car ownership is 360 cars per
1000 inhabitants; 50 % of all trips are made by bike or on foot, and only 20 %
by car or motorbike (European Commission, 2011). To take another example, in
Copenhagen an only slightly higher percentage of trips are taken by car, 29 %
(City of Copenhagen, 2011), the amount of impervious surface per person is higher
(150 m2), and the population density is much lower, at around 30 inh/ha. A higher
population density means shorter travel distances for residents, who save on travel
time. Emissions are lower, a viable public transportation system can exist, less land
needs to be used within and outside the city, and the smaller amount of impervious
surface has a positive impact on water quality. However, the example of Copenhagen
shows that residents can prefer public and active modes of transportation even in
cities with a relatively low population density.

Additional information on the di�erent types of impervious surface in Reykjavík
(houses, streets, or car parks) was obtained from high-resolution aerial pictures
using the pin-point method, because the LUKR layers were not complete in this
respect. The di�erence in the impervious cover values obtained using Lindh's data
and LUKR's data shows that many impervious surfaces, especially on private lots,
have not been registered in LUKR. The City or Reykjavík's estimate of an additional
10 % general imperviousness on lots beyond LUKR's �gures is too small. Otherwise,
data on the total amount of impervious cover obtained from the pin-point method
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and from to Lindh gives very similar results.

The share of impervious surfaces for car use in Reykjavík (43.5 %) as estimated in
this thesis is roughly similar to previous estimates that 50 % of land use in the city
is transportation-related (City of Reykjavík, 2004). Note that in the data presented
here, sidewalks and paths have not been counted as transportation-related land
use, but as pedestrian areas. If a third of the impervious surfaces for pedestrians
(total of 18.8 %, Figure 5.5, page 45) are assumed to be sidewalks or paths along
streets and roads, and if their area is added to that occupied by transportation-
related impervious surfaces, the share of transportation-related impervious surfaces
becomes 50 %. Other pedestrian areas are located on private or public lots.

Among all the purposes of impervious surface in Reykjavík, the share devoted to
cars is the single largest. Still, it is not as high as in the United States, where more
than 60 % of impervious surfaces are used for cars (Tilley and Slonecker, 2006). The
share of car-related impervious surfaces is higher in the Reykjavík suburbs than in
the central districts, because these suburbs were planned with space requirements
for cars in mind, including higher minimum parking requirements than in central
districts (City of Reykjavík, 2013). In Grafarholt, in addition to surface parking
spaces, there are subsurface parking garages. The share of impervious surface taken
up by housing is only slightly smaller in Reykjavík (23.9 %) than in the compara-
ble American study (29.1 %), and correspondingly impervious surfaces devoted to
pedestrian and other purposes in Reykjavík are more extensive than in similar areas
in the American study.

A few comparable numbers were found for urban areas in Europe. Within the
municipal borders of the German capital Berlin, buildings make up 30.2 % of the
impervious surfaces and streets, squares and paths 24.9 % (Leibniz-Institut für ökol-
ogische Raumentwickelung, 2010). Streets in Reykjavík make up 17.7 % of imper-
vious surfaces and pedestrian areas 18.9 %, a portion of the latter on private lots.
The purpose of the remainder of the impervious surfaces in Berlin is unknown, and
might well include car parks on lots. Car-related impervious surfaces in Reykjavík
make up a similar or smaller fraction of total impervious surface than in Berlin.

The share of car-related impervious surfaces in Austurbær is the smallest of the three
neighborhoods, and is consistent with the very low amount of impervious surface per
person and job in the neighbourhood. In Árbær and Grafarholt, the higher amounts
of impervious surface can be linked to the much higher share of car-related surface.

The e�ect of population density on the level of impervious surface per person can also
be seen in the data from LUKR. Although Austurbær has a longer street and path
network that takes up more land area, its amount of impervious surface per person
is lower than in Árbær and much lower than in Grafarholt. Because population
density is low in Grafarholt, the amount of impervious street surface per person
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there is as great as the amount of impervious roof surface per person. The fact
that ideas of sustainable development were not applied during the construction of
Árbær but did in�uence planning in Grafarholt (Reynarsson, 1999) resulted in a
relatively large amount of impervious area per job/person for pedestrians, to enable
local walking and cycling (Morgunblaðið, 1996), and a smaller share of impervious
areas for cars. However, in Austurbær the impervious share for cars is actually even
lower. Per person and workplace, Grafarholt has the largest amount of impervious
surface for cars of the three neighborhoods.

Regarding car ownership, it is clear that most city-center residents in Reykjavík own
and park cars, but there is little space dedicated to car parks. Parking demand is
balanced during nighttime and daytime. In Árbær and Grafarholt, the occupancy
rate for parking spaces is much lower, and there are great di�erences between night-
time and daytime parking rates, in particular, in Grafarholt in the west part, and
in Árbær in the adjacent industrial area to the north. In comparison to Austurbær,
one could say that car parking areas are underutilised in Árbær and Grafarholt,
at least during the daytime. This is clear from a comparison between the level of
demand for car parking (according to the results from the transportation survey)
and the amount of impervious surfaces dedicated to car parking.

6.2. Impacts of impervious surfaces

Compared to other countries, Iceland has a very high per capita impervious footprint
(515 m2) which can be linked to its very high per capita ecological footprint of 12.77
global hectares (Elvidge et al., 2007; Jóhannesson, 2010; Sutton et al., 2009). In
an e�ort to examine at least a part of the ecological impact of impervious surfaces
in Iceland, the second research question in this thesis was to determine whether
impervious surface in Reykjavík contributes to capacity problems in the combined
waste water sewers or to water quality degradation in receiving waters.

6.2.1. Imperviousness and runo�

Schueler (2003) proposed that impervious surface and runo� are proportional to each
other for watersheds in North America, and this study con�rmed that this is also
true for Reykjavík. The present study was able to predict (within the limitations of
the available data) that 56.7 % of the rain falling onto impervious surfaces within
the pumping station sewersheds actually �ows through the pumping stations. The
rest presumably evaporates o� the impervious surface, is intercepted by trees, or
runs o� into adjacent pervious areas, instead of into the drainage system.
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This conclusion must be quali�ed in a number of respects. The surfaces identi�ed as
impervious may actually be only partially impervious, for example if covered with
tiles. Likewise, surfaces identi�ed as pervious can be e�ectively impervious. Soil in
urban areas is often compacted, and although covered with grass, it may not have the
same in�ltration and water storage capabilities as undisturbed soil. No distinction
was made between impervious surfaces that are connected and unconnected to the
sewer system. Unconnected impervious surfaces, though they might not a�ect runo�
patterns, could contribute to other dynamics such as the heat island e�ect, the loss of
open space (with its related ecosystem services), and habitat fragmentation. While
the total impervious surface in a given area can be calculated from aerial photos or
satellites, additional knowledge, and on-site assessment, is needed to estimate the
amount of that surface which is connected to the sewer system (Roy and Shuster,
2009).

Based on a precipitation level of 800 mm per year, every impervious hectare within
pumping station sewersheds contributes 4520 m3 to �ow through the pumping sta-
tions each year. Stormwater is only a small fraction of the total waste water load and
not constantly present, but it comes in surges, when rain falls. Each surge during
a precipitation event has the potential to exceed the capacity of the sewage system,
leading to sewer over�ow that could contribute to coastal pollution and/or basement
�ooding. Studies by Hlöðversdóttir (2011), Hreggviðson (2010), and Þorgeirsson
(2011) have all concluded that the capacity of the present combined sewer system
will be exceeded if climate change causes an increase in the amount of precipitation
in the future, and the same applies if the amount of runo� increases due to further
soil sealing.

The observed relationship between impervious surface in sewersheds and �ow in
pumping stations is a rather rough estimate, which is not suitable for calculations
involving small areas. For the most part, a digital elevation model with 20 m
resolution was used in order to delineate the sewersheds and watersheds. A digital
elevation model obtained from 1-m contour lines in Reykjavík was also available
and was quite good, but the buildings were not included, and they a�ect water
�ow. As well, the detailed elevation model was only used on limited areas due to
computational complexity. Exact information on gutters was not available, only
on manholes. In some cases stormwater sewer connections from lots were available
in LUKR, but they were not used in this study. Further, in computing watershed
locations only the topography has been taken into account, and not the type of soil
or bedrock, the slope, or the vegetation. Subsurface streams might have di�erent
watersheds and it cannot be ruled out that the stormwater observed in the combined
sewer all came through the gutters in streets or downspouts. It is also possible that
some stormwater �owed into the pipes subsurface, at broken joints (Ellis, 2001). The
impervious surface data of Lindh (2011) and the European Environmental Agency,
also based on 20 m x 20 m satellite data, cannot re�ect all impervious surface
exactly. The smaller the areas for which impervious surface is calculated, the larger
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the error. The spatial resolution of the satellite data is not detailed enough to be
used to assess imperviousness on a lot level.

The rainfall-runo� ratio which has been calculated from the accumulated rainfall
and runo� data during the observation interval, from April to November, does not
necessarily coincide with the rainfall-runo� ratios for individual storm events. In
cases of light rain after dry periods, the rainfall barely wets the ground, whereas
heavy rainstorms lead to increased �ow in the pumping stations. The e�ect of wet
ground on the rainfall-runo� ratio has been noticed by Melanen and Laukkanen
(1980).

During the winter and spring the relationship between snowfall and meltwater runo�
can not be described as easily. Frozen soil is impervious, and piled snow can form
barriers to �ow (Caraco and Claytor, 1997).

However, it is clear that stormwater comes from above and �ows down, taking the
path of least resistance. It cannot �ow through impervious materials, but can �ow
into gutters, and over�ow in case the pipes are full, which can lead to basement
�ooding. It can seep into unsealed soil and �ow underground, or �ow above ground,
depending on the topography.

6.2.2. Imperviousness and water quality

Previous researchers have proposed that water quality decreases as the amount of
impervious surface in a watershed rises. Most literature proposes that the degrada-
tion threshold for biotic health is when impervious surfaces make up at least 8 %
of the land area of a watershed (Brabec, 2002). The maximum imperviousness of
the Elliðaár watershed is 7 %, and the present study showed a linear relationship
between heavy metal concentration and imperviousness in the Elliðaár watershed.

The Elliðaár river is ecologically pristine at the point where it enters the capital
area. In the parts of the river close to areas with the highest amounts of impervious
surface, chromium and arsenic levels are, on average, in the second highest category
according to the European water directive, re�ecting �good� ecological status, and
annual average values for arsenic are close to being in the third category, equiva-
lent to �moderate� ecological status (Reykjavíkurborg, 2010). In 2009, the annual
average for copper had already reached the third category, a re�ection of ecological
status that is no longer good (Reykjavíkurborg, 2010). The lower stretches around
the mouth of Elliðaár are already degraded, and further development and sealing in
the Elliðaár watershed would at some point lead to further degradation of the river
(Háskólasetrið í Hveragerði, 2004). The intensely sealed soils around Elliðavogur
only increase the overall imperviousness of Elliðár watershed by a few percent, be-
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cause the sealed area is relatively small in comparison to the overall watershed which
is mostly undeveloped.

Elliðaár's estimated average �ow on an annual basis is 5 m3/s (Hróðmarsson et al.,
2009), and this study calculated the impervious surface within its watershed as 2039
hectares. The total annual metal loadings corresponding to a metal concentration of
12.5 µg/l (in the river) were 0.966 kg/ha (deposited on impervious surfaces within
the watershed and washed into the river). The metal concentration per hectare
might even be higher, because not all of the runo� (and the pollutants it contains)
enters the river (only 0.57 % of the rain was found in the pumping stations) and
some runo� is captured in the retention basins through which stormwater passes
before entering the river. Vollertsen et al. (2009) noted that retention basins are
e�ective in cleaning metals from stormwater.

Given present data on the metal loadings per unit area of impervious surfaces, and
data on impervious surface attributed to cars, it is possible to estimate the impact
of cars on water quality. Based on the study's �nding that 43.5 % of the impervious
surface is dedicated to cars, and that the number of cars per 1000 inhabitants is 616,
it can be estimated that the average car in Reykjavík needs 145 m2 of impervious
surface and contributes to 14 g per year to the heavy metal budget of the city's
receiving waters.

Other areas have a higher degree of imperviousness than the Elliðaár watershed, but
they do not drain exclusively into natural rivers. The Tjörn/Lækurinn watershed has
an impervious cover of 45.8 %, but much of its runo� drains into the combined sewer.
In the Pond (Tjörnin), water quality measurements for bacteria and nutrients are in
the worst and second worst category (poor and bad ecological status), but for lead
they suggest a moderate to good ecological status. Surface water runo� is among the
main sources of pollutants in the Pond (Malmquist et al., 2008). In the Úlfarsá river,
the total metal content and conductivity are slightly higher than for the sections of
Elliðaár with the same degree of imperviousness. Potential reasons are that in the
Úlfarsá watershed roads make up a larger percentage of the impervious surface; that
the retention ponds along Elliðaár are more e�ective in removing metals; or that
relatively clean stormwater is conveyed out of the Úlfarsá watershed by pipes.

To reduce the metal concentration in the runo� from impervious surfaces in a wa-
tershed, one can reduce the amount of impervious surface in the watershed and/or
the amount of vehicular tra�c travelling over that surface. At the same time, the
treatment of runo� from such areas is especially important. The increase in wa-
ter conductivity that comes with increasing amounts of impervious surface can be
traced to higher quantities of de-icing or dust-binding salts. A shift to other de-
icing strategies, or simply a smaller overall transportation area, would reduce salt
use (Kaushal et al., 2005).
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In attempting to improve water quality, it is important to rule out other potential
sources of river pollution, such as the misdirection of sewage into the stormwater
system. Waste from industrial activity should not be released untreated into natu-
ral water bodies (Ólafsdóttir and Steinarsdóttir, 2009). Household wastewater adds
mainly to nutrient and bacteria contamination, while industrial e�uents may con-
tribute to salinity and heavy metal concentration. As Arnold and Gibbons (1996)
point out, the percentage of impervious surface can be understood as an indicator
used to describe the accumulated impacts of urban development, including industrial
activity and the resulting pollution.

Note that as the focus of this work has been on water, mitigation strategies for the
non-aqueous impacts of impervious surfaces have not been researched or considered.
These might include aesthetic impacts, impacts on climate, and the environmental
impact of the sealing materials themselves.

6.3. Solutions

The amount of impervious surface cover per person in Reykjavík is among the high-
est of all European capital cities (cf. Section 2.1). Impervious cover contributes to
elevated loads in the drainage system, higher �ow in pumping stations, and higher
metal concentrations and salinity in rivers. It would therefore be bene�cial to limit
impervious surfaces, even as the city undergoes further development, and to mitigate
their e�ects. The last research question in this study asked what can be done to de-
crease imperviousness per capita or to mitigate its adverse e�ects. Many ideas have
been already been discussed in the literature (see for example Center for Watershed
Protection, 1998; European Commission, 2012).

6.3.1. Limiting of impervious surfaces

The idea of densi�cation as a way to limit impervious surfaces might sound counter-
intuitive. Desealing, greening, and even limiting density come more easily to mind
as ways of lowering the percentage of impervious cover. But in fact, while these
other strategies might reduce soil sealing locally (measured as a percentage of the
land surface of particular areas), in most cases, impervious surface per capita will be
high. For a constant or increasing population, the percentage of impervious surface
measured over a larger area will remain high, too (Jacob and Lopez, 2009; Richards
et al., 2006). The real challenge is to limit the extent of impervious surface per
person and job, even as cities develop further and grow in population.
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This study looked into the possibility of new development within two focus areas in
Árbær and Grafarholt. This development would take place in so-called �densi�cation
areas,� along public transport routes, in a way that would increase the overall density
in both focus areas to 70 residents and jobs. This would mean adding 14 additional
jobs or persons per hectare in Árbær, and 25 per hectare in Grafarholt. This amount
corresponds to additional buildings for up to 950 residents or jobs in Árbær, and
1600 residents or jobs in Grafarholt. In Reykjavík overall, the average densi�cation
needed in order to accommodate 90 % of all new jobs and residents within the
present residential/mixed and business Corine classes (4000 ha) (City of Reykjavík,
2013) is 10.1 jobs or persons per hectare on average. These suggestions would thus
result in a degree of densi�cation above the average level needed. It could be argued
that densi�cation and development with high impervious cover should rather take
place within watersheds which discharge runo� directly into the sea, and not in the
watersheds of sensitive rivers (as in Árbær and Grafarholt).

In the densi�cation areas it was assumed that the impervious surface for 160 day-
time residents was 62.5 m2/person or job in the identi�ed densi�cation tracts along
public transport routes in Árbær or Grafarholt. Thus the total impervious surface
theoretically reaches 100 % according to Eq. 5.1, page 44.

This level of densi�cation is in accord with Reykjavík's current master plan, which
states that new developments should have 60 dwellings/ha (City of Reykjavík, 2013).
Flexible solutions to create more density (not necessarily only within the densi�ca-
tion areas) like converting garages into apartments or workshops, converting single
family to multifamily residences, giving incentives to rent out rooms, or permitting
other modi�cations are examples. What is needed in Árbær and Grafarholt as well
as in other predominantly residential areas is both more people and also more local
services and job opportunities; thus, densi�cation is not only about accommodating
more residents, but creating a better mix.

The densi�cation strategies proposed in this study do not only reduce the amount of
impervious surface per person in the neighbourhoods where they are deployed. They
also make better use of existing infrastructure. Densi�cation helps to maintain or
extend local levels of service, because existing areas will lose population if predictions
of a future drop in the number of persons per dwelling are accurate. New jobs
and living quarters can be created within these existing neighbourhoods and not
elsewhere � for example, not upstream in the same watershed � and no green�eld
soil sealing need take place (Richards et al., 2006).

For the Reykjavík capital area, the proposed densi�cation lies within a 400-800 m
radius of neighborhood cores or major transportation hubs, and within 400 m from
the main corridor of Reykjavík's public transport system. Current plans are for this
system to be upgraded, with either bus rapid transport (BRT) or light rail imple-
mented, though exact route and station locations have not been decided on (Samtök
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Sveitarfélaga á Höfuðborgarsvæðinu, 2014). It is likely that the neighbourhoods of
Árbær and Grafarholt (especially the eastern part of Grafarholt, which is in the
Úlfarsá watershed) will be just outside of this public transport zone, away from its
main hubs and roads (Samtök Sveitarfélaga á Höfuðborgarsvæðinu, 2014). Parts of
Austurbær, on the other hand, are is very likely to qualify as densi�cation areas as
envisioned by the proposed regional plan because of their central location.

Once a higher density is achieved, some desealing could be carried out in the in-
ner areas of the neighbourhood, or green roofs and walls could be created to meet
people's demand for green surfaces. Árbær and Grafarholt are not so dependent on
inner-neighbourhood green areas, as the neighbourhoods themselves are surrounded
by green space. Still, having public spaces in the neighbourhoods is important. In
Austurbær, rather than increasing density, remaining green space should be pro-
tected, and unnecessary sealing prevented or reversed. Densi�cation from a lower
starting density is more e�ective in reducing impervious surface per capita than den-
si�cation from higher starting densities (Jacob and Lopez, 2009). This can be seen
from Figure 5.15, where the slope of the graph showing the relationship between
density impervious surface per person gets smaller as density rises.

The densi�cation strips that this study proposes for Árbær and Grafarholt should
not be taken too literally. Some segments of the densi�cation areas are too small to
build on or are otherwise unsuitable. Small-scale build-up and innovative building
and site layout are required, which is a challenge for architects. In dense areas,
apartments and workplaces need not be large. In some cases the proposed 20 m
distance to existing buildings need not be maintained. Often two sides of buildings
demand more clearance space than others, but the consent of residents is required
to build closer to their homes. No consideration has been taken of land ownership.
As well, parts of the densi�cation areas con�ict with existing green areas, and also
con�ict with the Reykjavík master plan. However, only a portion of the proposed
densi�cation areas would actually need to contain buildings, so not every spot needs
to be built on. For example, narrow buildings could help preserve some green areas
and protect them from the street.

Car infrastructure in Reykjavík accounted for more impervious surface than any
other land use type. Within this category, more impervious surface was devoted to
parking than to moving automobile tra�c. Higher population density and a more
diverse mix of land uses tends to reduce vehicle travel (Bertaud, 2013; Litman, 2009).
Thus densi�cation, especially if it encourages mixed land use, can allow the amount
of impervious surface devoted to car parking to be reduced. The �guidelines on best
practice to limit, mitigate or compensate soil sealing� (European Commission, 2012)
encourage further public and active transportation, including car-sharing schemes,
as a means of limiting impervious surfaces; these approaches might be considered
for Reykjavík. Car parks, which currently prevail in the city, could in some cases be
replaced by structured parking or on-street parking (roads are wide). Another pos-
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sibility is for residents to share parking with adjacent commercial/industrial areas,
churches, schools, and sports facilities. Parking demand could also be decreased by
introducing more fees.

Just as water quality is monitored regularly, impervious cover should be monitored
regularly, following the suggestions made by Lindh (2011), in order to be able to
evaluate changes over time. Then, a target for maximum future soil sealing could
be formulated.

6.3.2. Mitigating the e�ects of impervious surfaces

While limiting impervious surfaces is the �rst-choice approach for achieving water
protection goals (European Commission, 2012), mitigation is necessary in the sealed
areas that remain. Among the available methods of mitigation, increasing roof
stormwater in�ltration by means of downspout disconnection in the three focus areas
is the one that this study focused on. Stormwater in�ltration and water handling
as close to source as possible is an option in Reykjavík, and mimics predevelopment
conditions as the original surface of the area was relatively permeable.

Roof stormwater in�ltration was deemed feasible on 50-90 % of the lots in the tested
focus areas of Austurbær, Árbær, and Grafarholt, according to the standards used by
the Portland recommendations (City of Portland - Environmental Services, 2011).
However, the conditions have to be evaluated for each site individually. Suitable
areas for in�ltration might currently be sealed, and thus would need to be desealed.
Not much is known about the soil quality and water storage capacity of many lots,
and how they would react to water in�ltration. In general, though, it is assumed
that Icelandic soil has good water storage capacity (Umhver�sstofnun, 2004).

Likewise, lots which are considered unsuitable for in�ltration according to the Port-
land standards (City of Portland - Environmental Services, 2011) can actually prove
suitable when assessed individually. Furthermore, it is often possible to disconnect
runo� from only a part of the roof area from the stormwater system, which reduces
the in�ltration area needed.

There are other stormwater management options, such as installing green roofs, or
stormwater harvesting and reuse, for example, for toilet �ushing or cleaning. The
net e�ect of this is to divert stormwater to the waste water sewer after reuse, and
conserves an equivalent amount of drinking water.

This study has not considered runo� in�ltration from impervious surfaces other
than roofs. This too, should be considered, either on green areas adjacent to these
surface or through permeable paving. Runo� from streets and lots which are not
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suitable for in�ltration could be directed to adjacent public land and integrated into
landscaping work�ow. Suitable vegetation can increase water uptake. In Reykjavík,
wetlands should be restored and created as suggested in the current municipal plan
(City of Reykjavík, 2013).

Ideally, pollutant removal could take place prior to in�ltration, especially from areas
more likely to be polluted. Runo� from roofs has, though, the lowest pollutant
concentration (Modaresi et al., 2010). The lay observer can con�rm this by noticing
a closely related fact: when snow falls, fresh white snow gets dirty very quickly along
main roads and less quickly on areas without motorized transportation, while snow
on roofs stays white. Rainwater in�ltration into the ground thus does not harm the
soil, or the groundwater even if the soil �ltering layer is too shallow � although this
can vary depending on the composition of roo�ng materials and paint (Garðabær,
2007).

Precautions should be taken to prevent unintended �ooding if for some reason in-
�ltration should fail. It may be necessary to make sure that no other houses are
located immediately downstream of the in�ltration area.

Natural water pathways, according to the topography of Reykjavík, were traced in
this study, and an awareness of these is necessary in order to prevent water from
�owing into the basement of the next house downstream. In some cases, it may
be possible to create alternative pathways. Future buildings should not be situated
within natural water pathways (Department of Environmental Protection, 2006).

Mapping data on these natural water pathways form what was called a �blue layer� in
Copenhagen (Leonardsen, 2013). Such a blue layer could be added to the Reykjavík
GIS. It would include natural watersheds, natural water pathways, and green infras-
tructure, as well as the sewersheds of the stormwater sewer, because the stormwater
system sometimes diverts water out of the watershed.

Another issue to consider is whether there might be problems with in-leakage into
defective pipes underground. Stormwater that in�ltrates into the ground can leak
into waste water pipes and create a higher load onto them (Swarner et al., 1994).
Furthermore, though it might be unlikely, one could imagine that if stormwater
sewers were removed from lots in order to allow stormwater to in�ltrate, people
who did not like the idea of stormwater in�ltration might deliberately connect their
stormwater downspouts into the waste water system.

The particular conditions characteristic of winter and spring in Iceland also need
to be considered. When rain falls on frozen earth, or when snow is melting, water
pathways and pooling areas at the surface are particularly important (Caraco and
Claytor, 1997).
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The planned neighbourhood in Urriðaholt with integrated green infrastructure will
provide an opportunity to study the e�ects of stormwater in�ltration under Icelandic
conditions. In addition, in�ltration could be tested on selected sites at di�erent
locations in Reykjavík.
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This study has related the available data on impervious surface cover in Reykjavík, as
estimated by Lindh (2011), the European Environment Agency (2013), and the City
of Reykjavík (2014b), to data on local watersheds, rainfall and runo�, population,
and car ownership. The results have been used to propose answers to important
questions about land use planning in Reykjavík.

Hydrological problems do not exist in isolation from other land use issues. The
city of Reykjavík has already noticed that continued low-density development is an
expensive waste of resources, and incompatible with the city's goals for greenhouse
gas emissions and air quality. The city has committed itself to densi�cation and
brown�eld development. This study found that the percentage of impervious cover
was highest in the city's oldest districts, and lower in newer districts in the eastern
part of the city. For residential and business areas, an inverse relationship between
population and job density and impervious surface per person was found. Residents
and workers in the oldest part of town have a much lower impervious footprint
(51 m2 per person in Austurbær) than in Grafarholt (160 m2). As for the purpose
of impervious surfaces, the highest share (43.5 % on average) is used for cars.

Impervious surfaces in Reykjavík contribute to capacity problems in the combined
waste water sewers and to water quality degradation in receiving waters. This study
found a linear relationship between surface sealing and the rainfall/runo� ratio,
and positive relationships both between surface sealing and metal concentrations in
runo�, and between surface sealing and water conductivity. The water quality at
the mouth of the Elliðaár river is no longer good; the river's watershed sealing level
is currently 7 %.

This is clear evidence that impervious surfaces in Reykjavík contribute to environ-
mental problems. The study proposes that the city needs to take steps towards
limiting and mitigating the impact of impervious surfaces.

Given that the city's population is increasing, future levels of impervious surface per
resident and job can be reduced by making low-density areas more dense, and by
building new developments at higher densities. While this might sometimes lead to
localised increases in impervious surface, the total percentage of impervious surface
and the amount of impervious surface per capita would decrease.
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Increasing density not only reduces the amount of impervious surface per capita,
it also makes public transport more e�cient. For two neighbourhoods, Árbær and
Grafarholt, this study estimated the theoretical densi�cation potential along bus
routes. An increase towards 70 inhabitants and jobs per hectare would reduce
the amount of impervious surface per capita in these neighbourhood by 6.3 m2 for
Árbær, and 35 m2 for Grafarholt. These �gures do not include the impervious
surface saved due to the �in�ll� jobs and due to residents not having to be located
in new developments outside the current built-up city area.

The study's examination of mitigation possibilities showed that stormwater in�ltra-
tion from roofs is theoretically possible on 50-90 % of the lots in Austurbær, Árbær,
and Grafarholt.

Another recommendation is that the city of Reykjavík incorporates a hydrology
dataset and an improved soil sealing dataset for its geographical information system
in order to provide more accurate information and monitoring. The most pressing
goals, though, are to reduce future impervious surface per capita by implementing
densi�cation strategies in current low-density areas; to educate the public and make
recommendations for lot owners; to start demonstration projects which show the
feasibility of desealing and green infrastructure (for example, on one schoolyard at
a time); and to monitor the ongoing status and impact of soil sealing.
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A. Appendix

A.1. An overview of Reykjavík planning areas

Figure A.1: Reykjavík planning areas

Table A.1: Reykjavík planning areas
No Name No Name No Name
3 Eiðsgrandi 4 Skjólin 5 Bráðræðisholt
6 Melarnir 7 Hagarnir 8 Hagar/stofnanir
9 Litli Skerjafj. 10 Háskólinn 11 Njarðargata
12 Skerjafjörður 13 Mýrargata 14 Framnesvegur
15 Bræðrab.stígur 16 Bræðrab.stígur 17 Slippurinn - Suðurbugt
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No Name No Name No Name
18 Landak.spítali 19 Landakotshæð 20 Hafnarhús - Miðb
21 Grjótaþorp 22 Tjörnin 23 Austurhöfnin
24 Austurvöllur 25 Alþingi 26 Lækjartorg
27 Iðnó 28 Arnarhvoll 29 Stjórnarráð
30 Lækjargata 31 Sóleyjargata 32 Laugavegur
33 Skúlgata (miðsv) 34 Laugavegur-Frakk 35 Skólav.stígur
36 Freyjugata 37 Njarðargata 38 LHS-norður
39 Skúlgata (austur 40 Laugavegur 41 Austurbæjarsk.
42 Hallgr.kirkja 43 Borgartún-Höfðatorg 44 Hlemmur-Lögreglu
45 Rauðarárholt 46 Miklatún 47 Kirkjutún
48 Laugavegur 49 Sjómannask. 50 Kennarahásk.
51 Vatnsmýri-Loftleiðir 52 Háskólinn í Reykjavík 53 Hlíðar-vestur
54 Skógarhlíð 55 Hlíðar-austur 57 Suðurhlíðar - vestur
58 Kringlan 59 Listabraut 60 Hvassaleiti
61 Sléttuvegur 62 Heiðargerði 63 Álmgerði
64 Eyrarland 65 Sogavegur-vestur 66 Hólmgarður
67 Hörgsland 68 Ásgarður 69 Sogavegur-austur
70 Ósland 71 Stjörnugróf 72 Lágmúli
73 Ármúli 74 Safamýri 75 Háaleitisbraut
76 Suðurlandsbraut 77 Ármúli 78 Skeifan (ve)
79 Skeifan (au) 80 Laugarnes-Köllun 81 Rauðalækur
82 Kirkjusandur-Str 83 Teigar 84 Sigtún
85 Laugardalur - no 86 Brúnavegur 87 Laugarásvegur
88 Laugardalur - su 89 Sundahöfn 90 Laugarás
91 Holtavegur 92 Langholtsvegur 93 Álfheimar
94 Vogar-Mörkin 95 Skútuvogur 96 Bryggjuhver�
97 Bíldshöfði -vestur 98 Bíldshöfði - austur 99 Ártúnsholt
100 Höfðabakki 101 Hálsahver� (ve) 102 Árbær (ve)
103 Hálsahver� (au) 104 Árbær (au) 105 Selás (no)
106 Selás (su) 107 Stekkir 108 Mjódd
109 Suður Mjódd-íbúð 110 Skógarsel 111 Bakkar- norður
112 Bakkar- suður 113 Seljaskógar 114 Jaðarsel -vestur
115 Vesturhólar 116 Vesturberg 117 Norðurfell
118 Jaðarsel -austur 119 Suðurhólar 120 Norðurfell
121 Suðurfell 123 Gufunes-norður-

iðnaður
124 Hamrahver�

125 Borgarhver�- no 126 Gylfa�öt 127 Foldir-suður
128 Engjahver�-suðu 129 Rimar-Smárarimi 130 Foldahver�-aust
131 Staðarhver�-nor 132 Húsahver�-austu 133 Keldur
134 Fossaleynir-Egil 135 Leirtjörn - miðkjarni 136 Grafarholt-vestu
137 Reynisvatnsheiði 138 Hádegismóar � golfvöl-

lur
139 Norðlingaholt

140 Suður-Mjódd-
atvinnuhhús

225 Úlfarsfell - fjallið 226 Ör�risey
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No Name No Name No Name
227 Súðarvogur 252 Ör�risey-landfylling 2 253 Vatnmýri - opið

svæði
254 Vísindagarðar 255 LSH-suður 256 Hlíðarfótur
257 Öskjuhlíð 258 Skerjafjörður-austur 297 Elliðaárvogur
298 Ártúnshöfði 300 Spöngin 304 Heiðmörk-suður-

Rvik
305 Elliðavatn-Rvík 306 Heiðmörk-norður-Rvík 307 Silungapollur
308 Rauðhólar-Hólmur 309 Suður-Mjódd-

atvinnuhús
325 Borgarhver�-suð

326 Rimar-vestur 327 Foldir-norður 328 Engjahver�-norð
329 Rimar-suður 331 Staðarhver�-suð 332 Húsaver�-vestur
336 Grafarholt-vestur 3 337 Grafarholt-austur 1 338 Grafarholt-vestur 5
339 Grafarholt-vestur 2 340 Grafarholt-vestur 6 341 Grafarholt-

atvinnusvæði
342 Grafarholt-vestur 1 400 BSÍ-Vatnsmýri 401 Hlíðarendi
403 Keldnaholt 404 Korputorg 405 Hamrahlíð - kirk
406 Úlfarsfell IIb-B 407 Lambhagi 408 Úlfarsfell IIa
409 Úlfarsfell Ia 410 Úlfarsfell IIIb 411 Úlfarsfell IIIa
412 Úlfarsfell IVb 414 Úlfarsfell Iva 415 Úlfarsá
416 Reynisvatnsás 417 Hólmsheiði - aus 418 Hólmsheiði - ves
419 Hólmsheiði - �u 420 Grafarholt-austu 421 Ör�risey-landfylling
425 Borgarhver�-vestur 426 Gufunes-suður-grænt 427 Foldir-norðvestur
428 Víkurhver� - su 429 Gufuneskirkjugarður 431 Korpuvöllur
528 Víkurhver� - no 709 Úlfarsfell Ib 720 Grafarholt-

námsmanna
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