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Abstract

Climate change is leading to rising temperatures as well as increasing the number of extreme
rainfall events. This is a matter of concern in Norway, given that it increases the runoff volume
from impervious surfaces and can potentially lead to pollutant load increment. Pollutants such as
heavy metals (HMs) are commonly found in areas traversed by high-trafficked roads. Heavy
metals can be transported through runoff to drinking water sources, causing adverse effects on the

environment and human health. Likewise, these pollutants have been associated with cancer.

This thesis aims to model runoff from Highway E-39, located in the catchment of Brusdalsvatnet
in Alesund, accounting for present and future rainfall regimes. To achieve the aim of the thesis,
three objectives were identified and pursued i) Develop an interactive geospatial map of the runoff
flow paths within the catchment of Brusdalsvatnet. ii) Quantify the volume of runoff that flows
from the catchment, crossing Highway E-39 and reaching Brusdalsvatnet, accounting for present
and future rainfall scenarios. iii) Quantify Heavy Metals load associated with runoffs, accounting
for present and future rainfall scenarios. This thesis was undertaken using a quantitative approach,
considering Geo-referenced data such as terrain data (DTM), road network, hydrological network,

rainfall data, and the RCP8.5 projection emission scenario.

The thesis includes three emission scenarios. The model Gage 1 considers current emissions while
Gage 2 and Gage 3 account for future emission scenarios. The delineation of runoff pathways was
engineered using ArcGIS Pro, whereas the computation of runoff volume and pollutants load was
carried out using SWMM (Storm Water Management Model) and SWAT (Soil and Water

Assessment Tool).

The results show that there is a close relationship between rainfall intensity and runoff volume,
being the main driven factors Impervious surface, low infiltration capacity, and to a lesser extent,
steep gradient. Moreover, a close interaction was observed between runoff volume and pollutant
washoff loading. The amount of pollutant loading increases significatively in the subcatchments
that are close to developed areas. Furthermore, it is projected that a noticeable runoff volume will
increase; thus, pollutant loading will increase in future rainfall regimes. These findings indicate
that climate change negatively affects factors such as rainfall, runoff, and pollutant loading,

increasing runoff volume and, subsequently, pollutant loading.



At last, according to the projections presented in this study, the Zinc loading will increase up to
45% for the period from 2060 to 2100. It represents a threat to drinking water sources, hence to
human health. The results of this study confirm that it is necessary to take mitigating and
preventive measures to reduce the effects of climate change on natural patterns and protect the
environment and human health. However, it should be noted that the dataset used in this study has
certain limitations. For example, it doesn't consider important variables such as soil type,
temperature, evaporation rates, sewer network, and wind speed. To enhance the accuracy of the

model, future studies should consider incorporating some of these variables.






Sammendrag

Vi ser at klimaendringene farer til bade stigende temperaturer samt tiltakende ekstrem
nedbgrshendelser. Dette gir grunn til bekymring i Norge, siden det gker avrenningsvolumet som
ikke naturlig absorberes grunnet ugjennomtrengelig overflater, og til slutt medferer til en gkt

forurensningsbelastning.

Forurensende stoffer som tungmetaller finnes ofte i omrader som krysses av sterkt trafikkerte
veier. Tungmetaller kan transporteres gjennom avrenning til drikkevannskilder og forarsake
negative virkninger pa miljget og menneskers helse. Disse miljggiftene har senere blitt satt i

forbindelse med kreft forekomster.

Denne avhandlingen tar sikte pa a modellere avrenning fra riksvei E-39 i nedslagsfeltet til
Brusdalsvatnet i Alesund ved & ta hensyn til ndvaerende og fremtidige nedbgrsscenarier. Mélet med

oppgaven ble videre delt inn i tre delmal

i) Utvikle et interaktivt geospatialt kart over avrenningsstreammene i nedbgrsfeltet til
Brusdalsvatnet.

ii) Kvantifisere volumet av avrenning som stremmer fra nedbgrsfeltet, krysser E-39 og nar

Brusdalsvatnet, med hensyn til navarende og fremtidige nedbgrsscenarier.

iii) Kvantifisere tungmetallbelastningen forbundet med avrenning, med hensyn til ndveerende og
fremtidige nedbgrsscenarier. Denne oppgaven ble utfert ved hjelp av en kvantitativ tilneerming,
med tanke pa georefererte data som hgydedata (DTM), veinettverk, hydrologisk nettverk,
nedbgrsdata og utslippsscenarioet RCP8.5.

Avhandlingen omfatter tre utslippsscenarier, der modellen Gage 1 tar hensyn til dagens utslipp,
mens Gage 2 og Gage 3 tar hensyn til fremtidige utslippsscenarier. Avgrensningen av
avrenningsveier ble konstruert ved hjelp av ArcGIS Pro, mens beregningen av avrenningsvolum

og forurensningsbelastning ble utfert ved hjelp av SWMM og SWAT.

Resultatene viser at det er en neer sammenheng mellom nedbgrsintensitet og avrenningsvolum, og
at de viktigste faktorene er ugjennomtrengelig overflate, lav infiltrasjonskapasitet og, i noe mindre
grad, bratt gradient.

Videre ble det observert et naert samspill mellom avrenningsvolum og forurensningsbelastning.

Mengden forurensende stoffer gker betydelig i delnedbgrfelt som ligger nar bebygde omrader.

iv



Det forventes en merkbar gkning i avrenningsvolumet og dermed i forurensningsbelastningen i
fremtidige nedbgrsscenarier. Disse funnene indikerer at klimaendringene pavirker faktorer som
nedbgr, avrenning og forurensningsbelastning negativt, noe som gker avrenningsvolumet og
dermed forurensningsbelastningen. I tillegg vil sinkbelastningen gke med opptil 45 % i perioden
fra 2060 til 2100, ifglge prognosene som presenteres i denne studien. Dette utgjar en trussel mot

drikkevannskildene og dermed mot menneskers helse.

Resultatene av denne studien bekrefter at det er ngdvendig a iverksette avbgtende og forebyggende
tiltak for & redusere virkningene av klimaendringer pa naturlige mgnstre, samt for a beskytte
miljget og menneskers helse. P4 den annen side har datasettet som er brukt i denne studien sine
begrensninger, ettersom det ikke tar hensyn til relevante data som jordsmonn, temperatur,
fordampning, kloakknett og vindhastighet. For a styrke modellen i fremtiden, bagr noen av dataene

nevnt ovenfor vurderes, til tross begrensingene.
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1 Introduction

1.1 Background

Over the last century and a half, anthropogenic activities have increased substantially, affecting
the environment, human health, and the economy leading to climate change (Kazemi Garajeh et
al., 2023, p. 2; Ortiz-Bobea et al., 2021, p. 306). Even though it is not possible to establish an exact
date when climate change started, 1976 is generally accepted as the beginning of the “climate
shift”(Meehl et al., 2007). As a consequence of the “Climate shift”, temperatures began to rise
mainly due to the greenhouse effect meaning the accumulation of greenhouse gases (GHGS) in the
atmosphere (Beldring et al., 2008; Ortiz-Bobea et al., 2021, p. 306; Trenberth et al., 2007, p. 238).

During the last 100 years, it has been observed an increase in land surface temperature of about 1
°C during the period 1906-2005 (Beldring et al., 2008, p. 439; Ortiz-Bobea et al., 2021; Skaland
et al., 2022, p. 539; Trenberth et al., 2007, p. 237). According to the last report of the
Intergovernmental Panel on Climate Change (IPCC), temperatures have risen 0.99 °C in the range
of (0.84 to 1.10) for the period from 1850-1900 to 2001-2020 and 1.09 °C in the range of (0.95
to 1.20) for the period from 1850-1900 to 2011-2020. Moreover, in high CO, emission scenarios,
the average global surface temperature can rise to 5.7 C for the period from 1850-1900 to 2081—
2100 (Arias et al., 2021, p. 59).

Furthermore, the IPCC Sixth Assessment Report state that due to the increase of anthropogenic
activity, and consequently, increment of greenhouse gases (GHGs), the following effects were
reported: “warming to the troposphere and upper troposphere humidity changes since 1979,
cooling of the lower stratosphere, precipitation increment, global mean sea level rise since 1971,
Arctic Sea ice loss since 1979, reduction in Northern Hemisphere spring snow cover since 1950,
the retreat of glaciers, and increased of atmospheric CO- since the early 1960s”. In sum, it causes

“warming of the global climate system since pre-industrial times” (Arias et al., 2021, p. 65).

The impact of climate change is well-known globally, and Norway is no exception. Furthermore,
in Norway, this phenomenon leads to higher temperatures, increasing precipitation and runoff,
extreme rainfall, poor water quality, and extreme weather conditions. (Hanssen-Bauer et al., 2017;
Kazemi Garajeh et al., 2023, p. 2; Skaland et al., 2022, p. 539). As a consequence of this, increasing
precipitation and runoff could potentially have adverse effects on raw and drinking water quality
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due to the amount of nutrients such as Nitrogen and Phosphorous that the water could contain.
Moreover, in Norway, the consequences of climate change have materialized very quickly, being
noticeable as floods, quick clay landslides, infrastructure deterioration, nutrient loss, and death
(Greipsland, 2016, p. 1; Nikel, 2019).

Several studies (Arias et al., 2021; Beldring et al., 2008; Greipsland, 2016; Hanssen-Bauer et al.,
2017; Meehl et al., 2007; Skaland et al., 2022; Trenberth et al., 2007) have concluded that
precipitation and temperature are the main factors that climate change will affect. Due to the
consequences of global warming, we it is essential to understand better climate change and its
impact on nature, environment, and society. In order to make a proper assessment, it is relevant to
carry out studies in natural and social science, taking into account phenomena such as “rainfall
discharge, energy fluxes to the ocean, heat fluxes, glacier mass balance, snow cover, and
permafrost conditions”(Pickering, 1996), because they have a direct effect on global climate (Arias
et al., 2021; Beldring et al., 2008, p. 439; Hanssen-Bauer et al., 2017). Since these factors are
influenced by land surface hydrological conditions, it is essential to consider variations such as
“changes in temperature mean values, seasonal variability, extremes of water availability including
snow, subsurface moisture conditions, and runoff” (Arias et al., 2021; Beldring et al., 2008, p. 439;

Hanssen-Bauer et al., 2017).

Given that the main manifestations of climate change are predicted to be more noticeable in
temperature and precipitation, it is vital to take into consideration that the annual average
temperature is directly related to the annual average precipitation (Beldring et al., 2008;
Greipsland, 2016, p. 1; Skaland et al., 2022, p. 539). According to projections of future scenarios,
global warming will lead to extreme temperatures with heat waves that last longer, are more
frequent, and are more intense. In addition, the cold periods will be shorter with warmer
temperatures during the day worldwide and with frost periods that last less both in the mid and
high latitudes (CH 10-4 1-1-3 Hanssen-Bauer et al., 2017; Meehl et al., 2007).

According to (Hanssen-Bauer et al., 2017; NCCS, 2022) and based on results from the Fifth
Assessment report by the Intergovernmental Panel on climate change (IPCC, 2013), the annual
average temperature in Norway for the period from 1971-2000 to 2071-2100 will increase by ca.
4.5 °C within an interval between 3.3°C and 6.4°C. Alike, the rising temperatures in western

Norway will be less severe, with an annual average precipitation of about 3.7 °C. Moreover, the
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heat will traverse Norway from the south to the north throughout the mainland, and the northern
part is the one that will get warmer on average. Likewise, the temperatures will increase from the
coast to inland. Consequently, the warm air that contains more moisture will increase the
probability of precipitation. It is predicted an increase of 18% in the annual average precipitation
inland in Norway in a range from 7% to 23 %. Besides, during the period 1971-2000, the mean
annual precipitation for the mainland was 1600 mm. Accordingly, the highest annual precipitation
level was registered in Western Norway with 3500 mm, and the lowest level was registered in
south-eastern Norway with 300 mm of precipitation. Moreover, the season that registered a
remarkable precipitation increment was the spring, given that from 1900 it registered an increment

of 27%. On the contrary, the summer season registered the smallest precipitation increase.

Precipitation is part of the Hydrological cycle and runoff, which is one of the several pathways
that water can follow to reach the oceans or evaporate and start the cycle again. In the bargain, the
precipitation-runoff interaction has, as a result, more runoff if the amount of precipitation
increases. However, the relationship between precipitation-runoff is not proportional. It is likely
because warmer temperatures lead to more evapotranspiration. Consequently, these interactions
are related to the runoff volume in Norway, which had a mean annual runoff of 1100 mm during
the period (1971-2000). Likewise, “The annual average runoff varies from 400 mm in the upper
part of the valley Gudbrandsdalen and interior parts of Finnmark to 5000 mm at the glacier

Alfotbreen in western Norway” (Hanssen-Bauer et al., 2017, pp. 27-29).

1.2 Research questions and objectives

Goal: This work aims to model runoff from Highway (E-39) located in the catchment of

Brusdalsvatnet in Alesund, accounting for present and future rainfall regimes.
1.2.1 To assess it, the following specific objectives must be addressed:

1. Develop an interactive geospatial map of the runoff flow paths within the catchment of

Brusdalsvatnet, Alesund, Norway.

2. Quantify the runoff volume to Brusdalsvatnet from Highway E-39, accounting for present

and future rainfall scenarios.
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3. Quantify Heavy Metals load associated with runoffs, accounting for present and future

rainfall scenarios.

1.2.2 Expected answers and outcomes:

1. Map the flow-path runoff within the catchment of Brusdalsvatnet.

2. Quantify the volume of runoff from Highway E-39 to Brusdalsvatnet.

3. Present projections of future runoff volumes.

4. Quantify the HMs load at Brusdalsvatnet.

5. Present projections of Heavy metals load in future rainfall scenarios.
1.3 Significance and contributions of the study

The increase in rainfall intensities caused by global climate change, as well as the expansion of
impervious urban surfaces, pose several challenges, such as the rising volume of runoff on
impervious surfaces and the resulting high pollutant load from the washoff. Furthermore, these
processes are especially dangerous when pollutants such as heavy metals (HMs) reach drinking
water sources, given that they are carcinogenic. Unfortunately, there is not yet a complete
understanding of the connection between climate change and intense rainfall. Likewise, it is
limited information about how infrastructures such as highways can affect the environment and
how the contaminants transported on these infrastructures can affect water bodies (Beldring et al.,
2008).

This study will try to shed some light on extreme rainfall's effects on runoff volume and pollutant
loading. Furthermore, to what extent are impervious surfaces affecting the runoff volume and

pollutants washoff.

1.4 Thesis Structure
Section 2.

This section laid the foundation for understanding the current global warming situation and how
the authorities worldwide try to develop sustainable solutions to the problem at hand. In this
pursuit, by working on model projections, the authorities and scientists are trying to understand
better what natural patterns can be affected by climate change and analyze its consequences.
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Therein, use the gathered knowledge to predict what could happen in the future and what kind of

preventive and mitigation measures should be taken in order to reverse the climate change effect.
Section 3

This section describes the study area and gives detailed information about the pre-processing data.
Moreover, aspects such as model calibration, simulation model reliability, and the justification of

the chosen emission scenarios are explained in detail.
Section 4, 5

Section 4 on ArcGIS Pro, SWAT, and SWMM lays the framework for the set of tools and methods
used in this thesis. Section 5 presents the results of the thesis, and these results are presented by
using figures, tables, maps, and graphs. Moreover, the most relevant outcomes related to the three

objectives of the thesis are presented and summarized.
Section 6,7

The results presented in Section 5 are discussed in depth in Section 6. Section 7 presents the main

findings, conclusion, and further work.
Appendix

Appendix A, in Section 4, presents the Classification levels of heavy metals in water from Miljg-
direktoratet 2020. Hence, the water samples used in this thesis can be compared with the

Norwegian standards.

Appendix B, in Section 4, shows the Classification levels of heavy metals in soil from Miljg-
direktoratet 2020. As such, the soil samples used in this thesis can be compared with the Norwegian

standards.

Appendix C, D, and E present the Subcatchments Runoff summary of the rainfall scenarios Gage

1, Gage 2, and Gage 3, respectively.
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2. Literature review

2.1 Main factors affected due to climate change
2.1.1 Temperature

As stated by the IPCC Sixth Assessment Report 2021, global warming is unequivocally an effect
of greenhouse gases GHGs and is influenced by human activity. Accordingly, the IPCC has a high
level of confidence in their projection due to the inclusion of a broader range of indicators to assess
the effect of anthropogenic activity and GHGs emissions on climate change. At last, the report
yielded that in the worst-case scenario (SSP5-8.5), it will be an increase in the average global
surface temperature of 4.4°C for the period from 1850-1900 to 2081-2100.

As reported by The Norwegian climate service Center (NCCS) report no. 1/2017, in Norway,
temperatures have varied with warming and cooling periods. Given that, during the period (1900-
1938), it registered an increment of about +0.32 °C, whereas, during the period of 1976-2014,
temperatures rose to +0,50 °C. Moreover, between those periods (1938-1976), the temperature
decreased by about -0,04 °C. Likewise, the mean average temperature in mainland Norway showed
an increment of about 1 °C in the period 1900-2014. Trgndelag and Norland-Troms were the
regions that showed the most significant temperature increase (Hanssen-Bauer et al., 2017, pp. 13-
16). Rising temperatures are leading to more precipitation, thus runoff volume and washoff

increment, which are the main factors studied in this research.
2.1.2 Precipitation

Anthropogenic-caused climate change has had a noticeable impact on the water cycle both at
global and regional scales since 1950, having a faster global land precipitation increment since
1980. Also, it occurred particularly in high altitudes in the Northern Hemisphere(Arias et al.,
2021). According to the SSPs projections, the precipitation increment will be proportional to the
temperature rising. Likely by 2-3% per °C, and as stated by IPCC, it will continue at least until
2100. Regarding extreme weather events such as extreme precipitation or extreme heat, the water
cycle variability will be more noticeable on extreme changes than on mean changes. As such, it is
predicted under all model projections worldwide. Alike, according to the projections published by
IPCC Sixth Assessment Report 2021, the global annual mean precipitation over land is projected
to increase by 2.4% under SSP1-1.9, 4.6% under SSP2-4.5, and 8.3% under SSP5-8.5 from the
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period 1995-2014 to 2081-2100. Moreover, the report claims that the precipitation increments,
and precipitation extremes will be related to runoff increment, particularly in northern high
latitudes (Arias et al., 2021, pp. 85-87). Since patterns such as precipitation are changing due to
climate change, modeling their future behavior is essential to environmental management to plan

and take preventive measures.
2.1.3 Evaporation and evapotranspiration

Evaporation and evapotranspiration are part of the hydrological cycle directly affected by climate
change. Furthermore, these changes will be noticeable globally, as it is predicted to increase
evaporation over the ocean. Moreover, evapotranspiration will probably increase over land, mainly
depending on future mean surface temperatures (Arias et al., 2021, p. 85). Notably, in Norway, the
mean annual evapotranspiration for the period 1971-2000 was about 500 mm, with an uncertainty
of 25% (Hanssen-Bauer et al., 2017, p. 27). The amount of precipitation depends among other
factors of evaporation and evapotranspiration, also affecting patterns such as runoff volume and,

to a lesser extent, washoff.
2.1.4 Runoffs from impervious surfaces

In general terms, rainfall positively affects flora and fauna, but when it rains intensely and for long
periods, the consequences can be negative. Moreover, the soil has a natural capacity to contain
water through infiltration. However, when it reaches its maximum capacity, the soil is saturated,
meaning it cannot infiltrate or contain more water. Hence, pervious surfaces are an essential
resource for infiltration, but their natural capacity is reduced due to rapid urbanization. In fact, the
expansion of impervious surfaces such as buildings, roads, and infrastructure does not allow water

to soak through the ground leading to rainfall runoff (Xiao et al., 2016, p. 162).

Runoff is a common consequence of impervious surface development and the increment of
precipitation extremes. Besides, rainfall-runoff is a phenomenon that is occurring more frequently
due to climate change. Therefore, it has become an important subject of study. Accordingly, when
the soil is saturated, water starts to accumulate on the ground surface, and then, rainwater runoff
starts to flow, transporting substances such as pollutants that are contained on the surface.
Likewise, surface runoff pollution is the main element of highway runoff pollution. Rainwater
runoff from highways contains various pollutants, including hydrocarbons, heavy metals (HMSs),

and de-icing chemicals such as sodium and chloride (commonly used in countries with cold
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climates. As well as sedimented and leached pollutants from the vehicle’s exhaust (Folkeson et
al., 2009, pp. 109,113; Wang et al., 2016, pp. 814-817).

Highway runoff pollution can highly affect vulnerable areas such as drinking water sources and
quality ecosystems. Following that, when a highway is built near a water body or the hydrological
system, it can transport pollutants through its network, increasing the probability of contamination
in vulnerable areas. Furthermore, vulnerable areas can be polluted, among other reasons, due to
traffic accidents that lead to oil spillage, vehicle exhaust sedimentation and filtration, de-icing salt,
and microplastic (Rutledge et al., 2022; Senduran et al., 2018, p. 336). In countries such as Norway,
which experience long periods of cold weather, it is common practice to use large quantities of
sodium chloride (NaCl) on roads to maintain their functionality. Therefore de-icing can be
considered a source of pollution both to groundwater and surface water (Enhuus et al., 2020, pp.
4-5). Moreover, according to ((Wang et al., 2016, p. 814), when the number of vehicles on the
countryside roads exceeds 30.000 per day, it directly affects the water bodies of the surrounding

areas, having water pollution as well the main consequence.

The rainwater runoff process can be divided into two phases. Firstly, the washoff takes most of the
substances from the roads and other surfaces with a high sewage content, suspending solids and
hydrocarbons. More specifically, as stated by the Europe design standard and the Australian
environmental protection department, the initial rainwater runoff is categorized as about 8~16 mm.
On the other hand, the second phase of rainwater-runoff usually contains cleaner water with less
precipitation intensity. The first phase, called initial rainwater, contains highly polluted water that
cannot be released directly into the water bodies. Instead, it must be transported through the sewer

network to a water treatment plant to be processed and then released into the river.

As a result, initial rainwater must undergo strict treatment processes, including solids settlement,
oil separation, and sand filtration, before being discharged into the sewage pipe (Folkeson et al.,
2009, p. 14). Rainwater from the second phase, which is relatively clean, can be released directly
into the water body. In accordance with this, the first phase of rainwater, which is the initial runoff,
washes away most of the pollutants on the surface. It first removes small particles and soluble
pollutants, followed by the removal of larger, immobile, and insoluble pollutants (Wang et al.,
2016, p. 818).
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2.2 Pollutants' sources, behavior, and convey

Runoff and washoff pollution from impervious urban surfaces mainly consist of pollution from
roofs and roads. Therefore, this document will focus on pollution from roads and how it can impact
vulnerable areas. Accordingly, pollutants from urban impervious surfaces can be divided into two:
particulate pollutants and dissolved pollutants. However, there is more feasible to find available

information about particulate pollutants than dissolved pollutants (Xiao et al., 2016, p. 162).

Different factors are essential to consider concerning the pollutant's transportation and spread.
Factors such as pollutants' physical and chemical properties, the intensity and duration of rainfall,
and soil roughness. Moreover, pollutants that are exposed to intense rainfall on the smooth ground
tend to get washed away quickly, reducing the pollutant's concentration time and increasing the
pollutant's transportation rate (Xiao et al., 2016, pp. 162-165).

Rainwater runoff from heavily trafficked roads is the primary source of pollution. According to
Folkeson et al. (2009), this type of road has five sources of pollution “traffic and cargo, pavement
and embankment materials, road equipment, maintenance and operation, and external sources”.
Additionally, the amount of pollutants a traffic road can generate depends on “road design, road
materials, road maintenance and operation, types of fuel used and traffic characteristics such as

volume of light and heavy vehicles, speed, and driving behavior”.

Pollution spreads mainly by being transported on the road's surface and by aerial transport.
Moreover, the polluted rainwater flows on the road’s surface, and only a low percentage of this
water can infiltrate through the pavement or cracks. Alike, most of the polluted water is infiltrated
when it reaches the ground or the drainage ditch on the sides of the road. Additionally, rainwater
pollutants such as HMs, organics, PAHs, and de-icing salt stay close to the road polluting plants,
animals, and soil. In fact, these pollutants disturb the biological processes of vegetation, animals,
and microorganisms and potentially contaminate surface water and groundwater (Folkeson et al.,
2009, pp. 109,114,120; Wang et al., 2016, p. 814).

Due to the negative impact that road surface pollutants and rainfall runoff have on the environment,
road planners and engineers are taking measures to prevent pollutants from spreading quickly. As
such, these measures are usually taken during the early stages of road planning since the current

legislation effectively protects the water bodies. Once the road is built, the responsibility rests on
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the road’s operators, being the most challenging part of offering exemplary service to the

community without contaminating the environment (Folkeson et al., 2009, pp. 107-109).
2.3 Heavy metals

Heavy metals (HMs) such as Zinc (ZN), nickel (Ni), copper (Cu), chromium (Cr), lead(Pb), arsenic
(As), mercury (Hg), and cadmium(Cd) are matter of concern to governments worldwide due to
their presence in drinking water. Besides, HMs are difficult and expensive to remove from the
environment due to their properties since they are stable, non-biodegradable, and accumulative
(Yan et al., 2018, p. 2). These pollutants are present in nature, but they have become a problem
mainly due to the excessive amount of waste that is currently necessary to store and process.
Moreover, industrial, agricultural, and household waste deposits are the primary source of drinking
water sources contamination. As such, the leaching of metals from metal deposits is a common

pathway HMs take to reach the hydrological system and pollute drinking water sources.

Furthermore, another pathway these pollutants take is impervious surfaces when they get washed
away from road surfaces through runoff. Landuse and traffic volume are the main parameters of
generating and distributing pollutants such as lead (Pb) and mercury(Hg). Various studies claim
that the amount of HMs in stormwater-runoff can exceed the threshold recommended for
recreational and drinking water, representing a risk to human health. Hence, drinking water quality
is important (Chowdhury et al., 2016, pp. 477-479; Ma et al., 2017, pp. 593,599).

Several studies, i.e., (Chowdhury et al., 2016; Ma et al., 2017; Yan et al., 2018), claim that HMs
have negative consequences on human health. For instance, in Bangladesh, according to a study
carried out in 2011, more than 40 million people were affected due to exposure to HMs. It was
demonstrated that exposure to these pollutants through drinking water could lead to chronic and
sub-chronic health effects. Furthermore, there is a total of 23 HMs that represent a risk to human
health. Among them, inorganic arsenic (As) and cadmium (Cd) are classified as cancerogenic.
Moreover, arsenic is also related to skin damage, cadmium is related to kidney damage, and
mercury (Hg) represents a high health risk. According to (Smith et al., 1992), drinking 1 liter of
water a day containing 50 pug/L organic arsenic could develop liver, lung, kidney, or bladder cancer
in 13 per 1000 persons. Being exposed to high amounts of organic arsenic through drinking water
is likely capable of causing between 200.000 and 270.000 deaths (Chowdhury et al., 2016, pp. 77-
80; Yanetal., 2018, p. 8).
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Due to the risk that exposure to HMs represents to human health, it is essential to identify the high-
risk areas considering all factors mentioned before in order to make a proper assessment.
Subsequently, developing a strategic plan to take preventive and mitigating measures is important.
In this pursuit, regulatory health agencies such as US EPA and The World Health Organization
(WHO) have given guidelines based on the non-observed-adverse-effect limit (NOAEL). These
guidelines give an insight into maximum concentrations of HMs in drinking water, including
pollutants such as As, Cd, Cr, Hg, Pb, Se, and Sb, since they have been linked to cancer
development and other diseases (Chowdhury et al., 2016, p. 481; Maet al., 2017, p. 599).

In Norway, the situation regarding water quality is much better than in other parts of the globe due
to its governmental policy. Nonetheless, the quality of raw water is still the object of concern, but
regarding drinking water, it has been remarkable improvements in the last 20 years. Accordingly,
the waterworks have to be approved by the Norwegian Institute of Public Health, so 9 out of 10
Norwegian receive water from waterworks. Furthermore, according to the authorities of this
country, water sources in Norway are well protected against pollution. Moreover, they state that
the level of pesticides, HMs, and other pollutants in water is low (Steinberg, 2017). However,
isolated events could change the conditions and affect the water quality. Therefore, continuous

monitoring of drinking water sources is recommended.
2.4 Previous research on stormwater runoff from highways and catchments

According to Sytsma et al. (2020), there is not yet a good understanding of how to account for
runoff that originates from impervious surfaces. Moreover, the study states that most of the
methods for quantifying connected impervious areas are based on assumptions about the meaning
of “connection”. This study developed a new conceptual model that tries to solve these issues by
using PyYSWMM and ArcGIS.

Furthermore, Martin et al. (2019), used Geographic Information System ( GIS) to build a TPP risk
map. This study aimed to develop a geospatial model capable of predicting the contribution that
thermal energy has to surface runoff in an urban catchment. Moreover, this study developed a
specific theoretical methodology that integrates the thermal potential of landuse, and thermal
decay. This methodology was applied to a case study watershed in Blacksburg, Virginia. The
result is that the Geospatial method applied is reliable and can be used in future research related to

the TTP risk map of thermal pollution management.
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On the other hand, SWMM has recently developed a new approach regarding urban stormwater
management. Since launching Low Impact Development (LID), several studies have developed
engineering models applying this approach. For example, this new tool was used by Baek et al.
(2020) to assess the performance of LID in Yongin, a small-Medium city in South Korea. As such,
applying this approach yields that it is necessary to adjust the method since it oversimplifies the
LID-associated numerical models. These challenges were overcome by modifying the water
quality model of LID. As a result, the modified model is reliable and thus will be applicable to
future research while designing LID facilities and a guideline for LID installation.

It is essential to highlight that LID is not the only feature that SWMM has regarding stormwater
management. SWMM has developed applications that help analyze the impact of the “sponge city
concept” on runoff volume derived from stormwater. Accordingly, sustainable drainage systems
(SuDS) and Green stormwater infrastructure (GSI) have become widely used in stormwater
control. According to a study conducted by (Dell et al., 2021) in the city of Fort Collins-USA, the
use of SWMM and its different methods make it feasible to build models which permit analyze
the impact of green-good practices on stormwater runoff as well as their effect on the sewer

network.

Tuomela et al. (2019) applied SWMM to shed some light on using constant source concentrations
while modelling pollutant loading. The study was conducted in Southern Finland and was based
on the event mean concentrations (EMC) function. This function was applied to different landuses
and considered on-site rainfall and discharge data. However, the simulated pollutant load results
were widely different from the samples, given that the results vary depending on the EMC data
source, weather conditions, and rainfall intensity. Lastly, the study states that the use of SWMM
is recommendable while performing modelling of stormwater pollutants loads and can provide

helpful information to decision-makers regarding stormwater management.

The discussed papers presented different applications of GIS, hydrological modelling to geospatial
analysis, and stormwater management. This thesis will be focused on the delineation of the runoff
pathways as well as on the computation of runoff volume and pollutant loading. Besides, future
rainfall scenarios will be modelled using the RCP8.5 approach.
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2.5 Geospatial Analysis (ArcGIS Pro)

Geospatial models, also known as GIS models, can be utilized for various applications, including
stormwater management, making them a valuable tool. Moreover, GIS with various spatial
analysis tools has become essential in the last decades while managing stormwater runoff from
urban areas, for instance, in cases when the runoff can potentially reach drinking water sources. In
accordance with that, GIS's ability to collect data, analyze data, data management, develop
predictive models, and digital visualization of the studied phenomena has turned GIS into an

accurate and reliable analysis geospatial tool (Mapscaping, 2022).

Regarding this thesis, GIS presents the possibility of computing an accurate and comprehensive
data analysis from sources such as digital terrain model (DTM), soil, and landuse. Likewise, these
inputs are used to develop a comprehensive understanding of the runoff pathways within the
catchment at Brusdalsvatnet, and to route runoff from Highway E-39 to the water body.
Additionally, this approach can help to identify areas with high runoff potential and develop
appropriate preventive and corrective measures. Furthermore, Geospatial models can be a key tool
regarding disaster management due to their capacity to develop predictive models which permit
the manager to simulate the impact of different stormwater strategies enabling the possibility of

always being a step forward (Esri, 2023).

At last, the GIS approach is cost-effective, enabling analyzing different stormwater scenarios
without the cost and time that the fieldwork entails. Besides, GIS can produce high-quality
visualizations, which gives a closer perception of the runoff pathways and, thus, the potential
damage to the drinking water source. Furthermore, using GIS allows interaction with other

programs due to its capacity to transform the outcomes in different file types (Esri, 2023).
2.6 Soil and Water Assessment Tool (SWAT)

The Soil & Water Assessment Tool (SWAT) is a geospatial analysis tool that enables users to
model projections of the quality and quantity of groundwater and surface water. Likewise, SWAT
has become a vital tool while undertaking studies about soil erosion control, non-source pollution

control, and climate change effects on natural patterns and landuse (SWAT, 2023).

On the other hand, given that SWAT has been on the market for about 20 years, it has allowed

modifying and refining the tool over the years. Even though SWAT is a complex geospatial
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analysis tool that can overwhelm the user initially, its use is recommended (SWAT, 2012). When
said, the use of SWAT is recommendable given that its results are reliable and have high accuracy,

enabling the user to present reliable results to the decision makers (Texas University, 2023).
2.7 Storm Water Management Model (SWMM)

The EPA Storm Water Management Model (SWMM) is a dynamic rainfall-runoff simulation
model. Moreover, using SWMM enables the user to model the generation and transport of runoff
and compute runoff volume. This approach permits the computation of the pollutant loads derived
from the runoff (S.L. NEITSCH, 2000, pp. 14-16). The principal capabilities of this engine are its
capacity to process up to 10 different pollutants, four buildup models, and three washoff models,
enabling use as a planning and design tool. Nevertheless, SWMM has some limitations, the most
relevant in its inability to account for pollutant interaction, lack of accuracy in process replication,

and absence of uncertainty analysis (Wijesiri et al., 2020, p. 4).
2.8 Future rainfall scenarios

Global warming and its consequences have forced governmental institutions and scientists to
actively work on solutions to change the course of the greenhouse effect. Therefore, it is crucial to
understand the global warming phenomena deeply to take adequate preventive and mitigating
measures. With that in mind, scientists worldwide have been working on developing climate
models which can give insight into how the future could look with different emission scenarios.

According to global and scaled climate projections, a substantial increase in temperatures is
expected in the 21st century in an interval from 3.3 °C to 5.7 °C in the worst-case scenario (Arias
etal., 2021, p. 63; Beldring et al., 2008, p. 439; Hanssen-Bauer et al., 2017, p. 6; CH 10-3 1.13-17
Meehl et al., 2007). As a result, institutions have been established to assess, plan, and implement
preventive and mitigating measures related to the impacts of climate change. Institutions such as
the Intergovernmental Panel on Climate Change (IPCC), which was created by the United Nations
Environment Programme (UN Environment) and the World Meteorological Organization (WMO)
in 1988 (IPCC, 2023).

In 2000 the IPCC published the Special Report on Emission Scenarios (SRES). Moreover, in 2014
they published a new approach to emission scenarios called Representative Concentration Pathway

(RCP) system. Lastly, in 2021 the IPCC published the last approach regarding emission scenarios
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called Shared Socio-economic Pathways (SSPs) (Arias et al., 2021, p. 52). These future emission
scenarios projections are based on the emission of anthropogenic greenhouse gases over time and
high-CO. emissions pathways. Likewise, something that all scenarios have in common, regardless
of the variables taken into consideration, is that temperatures will rise continuously. Nonetheless,
depending on the model's approach, the temperature increment varies from 1 °C to 6.7 °C (Mark
B, 2020; I. Hanssen-Bauer & Sandven, 2015; Literacy, 2015; CH 10-3 1.38-41 Meehl et al., 2007).

The SRES emission scenarios are based on storylines records that consider socioeconomics,
demographics, and technological and policy change factors. As well as how these factors can affect
the emission of anthropogenic greenhouse gases in the future. Furthermore, this data makes it
possible to model future emission scenarios. (Literacy, 2015). Likewise, the most critical SRES
scenario is the A1F1, also called “ business as usual”, in which it is estimated that intense use of
fossil fuel in the future having as result in the highest emission values with a projection of global
warming in the range of 3.5°C to 5.8°C in 2100. Furthermore, graphic patterns show that the
northern latitude will be the most affected with a temperature increase of approximately double
the global average temperature (Literacy, 2015; CH 10-3 1.45-46 Meehl et al., 2007; Nebojsa
Nakicenovic et al., 2000).

The next generation of model emission was the Representative Concentration Pathway (RCP)
system. This system has four possible scenarios RCP2.6, RCP4.5, RCP6.0, and RCP8.5.These
scenarios are named after their radiative forcing values, meaning the difference between the
sunlight absorbed by the earth and the sunlight reflected into space. Besides, The Representative
Concentration Pathway (RCP) system is the approach the Norwegian authorities used for their
emission model projection in 2015 (Mark B, 2020; I. Hanssen-Bauer & Sandven, 2015; Literacy,
2015).

The ultimate update from IPCC regarding climate change scenarios is the five illustrative scenarios
exposed in the Sixth Assessment Report (AR6). Furthermore, this new approach is based on the
Shared Socio-economic Pathways (SSPs), which consider the analysis of observations,
paleoclimate information, models, chemical & biological processes, and climate system
components. These emission scenarios are called SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, and
SSP5-8.5. This approach is the most relevant as it achieves higher accuracy and includes a wider

variety of greenhouse gases (GHGs) and air pollutants, as well as accounting for high-CO2
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emissions without considering mitigation measures and new low-CO2 emission pathways. This

represents an improvement over earlier WMO reports.

The Norwegian white paper on climate adaptation (Meld. St. 33 (2012-2013)) suggests that “to be
precautionary, the government wants risk assessments of climate change to be based upon the high
climate projections”. In this context, RCP8.5 and SSP5-8.5 are the worst-case scenarios. As such,
RCP8.5 projects an increment in fossil fuel use and no renewable energy sources, characterized by
the high emission of greenhouse gases into the atmosphere. This approach is based on current and
historical emissions patterns (Mark B, 2020; Hanssen-Bauer et al., 2017; Literacy, 2015). On the
other hand, SSP5-8.5 more accurately represents the current changes, e.g., air pollution control
and climate change mitigation stringency. Accordingly, these mitigation measures will affect the

influence of anthropogenic GHGs effect on climate change (Hanssen-Bauer et al., 2017).

Regarding which is the best approach to future emission scenarios and which measures must be
taken, it is something that we will not discuss in this document. However, it is essential to highlight
that it is quite a disagreement among scientists about how the emission patterns will look in the
future (Nexus, 2021).

3 Study area and data

3.1 Description of the study area

The study is a part of the Smart Water Management project, which aims to develop a
comprehensive system for monitoring, modelling, and simulating water and sewage systems. The
project is a collaborative effort between the Municipality of Alesund and the Norwegian University
of Science and Technology (NTNU) (United Future Lab Norway, 2021).

The focus of this research is on Brusdalsvatnet, a lake located on Uksengya in the municipalities
of Alesund and Skodje in Mgre and. Covering a total area of 7.52 square kilometers and sitting at
an elevation of 25.96 meters above sea level, Brusdalsvatnet has a volume of approximately 300
million cubic meters (Age Brabrand, 2013, p. 10). Brusdalsvatnet, the focus of this study, is
situated in Alesund municipality and has a total area of 7.52 square kilometers. The lake's outlet
is located on the west side and flows from east to west through Lillevatnet and Spjelkavikelva

before ending at Asfjorden. Brusdalsvatnet and Spjelkavikelva represent the largest watercourse
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in Alesund municipality, and in the northern part of the lake, the E-136 road and E-39 highway

run alongside. The lake has been the primary source of drinking water for Alesund since 1980, but

high levels of environmentally toxic brominated flame retardants (HBCDD) were discovered in

2009. However, subsequent studies carried out by the sanitary authorities concluded that the levels

of pollutants in the water were not harmful to human health (Seidu, 2021).

The catchment area of Brusdalsvatnet covers a total area of 8.09 square kilometers. It is particularly

steep in the central part, with a maximum slope value of 66.2% and a minimum slope value of

16.5%. The altitude of the catchment ranges from 25.2 meters above sea level to 351.39 meters

above sea level.
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Figure 1: Study area at Brusdalsvatnet in Alesund municipality. ArcGIS Pro.
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3.2 Data
3.2.1 Data Collection

In order to assess the impact that intense rainfall has on runoff volume and pollutants load at
Brusdalsvatnet, this study considered rainfall data from period 01.01.2021 to 31.12.2021 provided
by (MET Norway). Additionally, using Storm Water Management Model (SWMM), the volume
of runoff flow from the catchments through the highway is calculated. Further, continuing with
the process, the pollutant load that flows from the catchment into the lake will be computed to

assess water quality.

The data was provided by the Norwegian University of Science and Technology (NTNU) as part
of the development of the Smart Water management project. The dataset includes is presented in
Table 1.

Table 1: Summary of the data used in this study.

Data Spatial GIS data type Data source
resolution

Digital Terrain Model (DTM) Imx1lm GRID Hoydedata.no
Boundary of Alesund 10mx 10 m Polygon NTNU
Municipality
Landuse Imx1lm Polygon Geonorge.no
Road network Imx1lm Line Geonorge.no
Hydrological network Imx1lm Line NVE.no
Building area 1:5000 Polygon NTNU
Rainfall - - MET Norway
Climate scenarios - - Klimaservicesenter.no
Heavy metals samples - - NTNU

3.2.2 Notation of data

ARS50: Landuse classification in Norway AR50 adapted to a scale from 1:20.000 to 1:100.000.

This dataset provides information at an overview level (Eva Solbjgrg Flo Heggem, 2019).
Area Imperviousness-Perviousness (%): Area’s imperviousness is given in percentage.

C: Runoff coefficient. For the range from 0.35 to 0.95.
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C1: Maximum buildup possible.

C2: Build-up rate constant.

C3: Time exponent.

Csemc . Washoff coefficient (M/L3).

CMS: Unit of measure for runoff volume. Minimum-Maximum event mean value.
Exceedance frequency (%): the probability of precipitation/runoff occurs.

Grid_code: Used as a unit of measure. Raster layer data.

Hectares (ha): The subcatchments area is given in hectares.

m?: Volume of water in the study area.

mm/hr: Unit of measure for precipitation intensity. Minimum-Maximum events mean value.

ModelBuilder: “ Visual programming language for building geoprocessing workflows”

(ArcGisPro, 2022d).

Parameter ( ' ): Parameter in the Geoprocessing tool of ArcGIS Pro.

Pollutants water samples (ug/l): Water samples were measured in micrograms per liter.
Pollutants soil samples (mg/Kg TS): Soil samples were measured in milligrams per kilogram dry.
Precipitation/rainfall (mm): rainfall volume.

Temp (°C): Mean temperature.

Slope (%): Area’s slope value is given in percentage.

Weme : Amount of washoff (M/L?).

Weight : It is described as TS tarrstoff in Norwegian since the samples were analyzed in Norway.
Width (m): The width of runoff flow was given in meters.

X-Y unit (m): The Latitude of the study area was set to meters.

Z-unit (m): The Altitude of the study area was set to meters.
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3.2.3 Data processing

ArcGIS Pro 3.0.1 was used to process the data for this thesis using the ModelBuilder tool. The
dataset provided by NTNU needed to be processed before it could be used as input in the methods

discussed in Section 4.

The DTM and hydrological network of the study area were used to delineate the flow pathways,
using features such as elevation or slope. Further, the road network was used to snap Highway E-
39. Lastly, the raster layer building footprint was used to identify the developed areas within the

study area.

Firstly, the DTM, landuse, road network, hydrological network, and building footprint were
clipped to the extent of the study area. Extract by mask was used to clip the DTM. The mask used
was a polygon of the Alesund municipality area Alesund boundary. Further, it was snapped using
the Create features tool. The workflow is shown in Figure 2. Besides, landuse, road networks,
hydrological networks, and building footprints were clipped using the Clip tool, and the same mask

was used. Process shown in Figure 3.

DTM Alesund =)

DTM ——» Extract by Mask ——» Extract DTM1

e

Aalesund_boundary

Figure 2: Extracting the DTM to the study area extent. ModelBuilder workflow.
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Building Footprint Alesund =)

Building_footprint (3)

N

Aalesund boundary, i) - Building_footprint_Clip

)

Figure 3: Clipping the Building footprint data to the study area extent. ModelBuilder workflow.

Next, the landuse data provided by Geonorge.no was based on the Norwegian AR50 Landuse
classification, which does not take specifically into account road network.

Therefore, in order to calculate impervious and pervious surfaces, it was created a polyline
representing Highway E-39 and added to AR50 Landuse classification. Process shown in Figure
4,

Applying symbology to Landuse AR50 -
LanduseFrom Int > Output raster » Raster t{"z) > RasterT_Int_Lanuse39A
HEC_E39 tif v
oy 4
Symbology From L Updated Input Layer
>
Landuse ATS0 L
Geonorge (3)

Figure 4: Applying symbology to AR50 Landuse. ModelBuilder workflow.

Also, the rainfall data was in Excel format; therefore, in order to use the data as input in SWMM,
it was necessary to transform the data file from .xlIsx to .csv and then to .dat. Given that, this is the
file format allowed to use in SWMM. The same procedure was applied to future climate scenarios
data for periods 2031-2060 and 2060-2100, with a precipitation increase of 20% and 30%,
respectively. Figure 5 shows a hydrograph of the rainfall volume in Alesund municipality during
the year 2021.
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Figure 5: Hydrograph of Alesund Municipality for the year 2021. HEC-HMS.

Lastly, the measurements of heavy metals were provided by NTNU. Moreover, the values were
taken from the NTNU in the catchment
Brusdalsvatnet,2021 ”, the values are shown in Table 2 and Table 3 (Seidu, 2021).

report  “Concentration of heavy metals

Table 2: Locations and heavy metals measurements in water.

Pollutants NE1 NE2 AGRIC NW1 NW2
Zinc (ug/l) 32 19 34 3.9 8.6
Lead (ug/l) 1.4 2.3 4 <0.20 <0.20
Cadmium (ug/l) 0.053 0.01 0.06 0.01 <0.010
Chromium (ug/l) 2.1 2.6 4.8 <0.50 <0.50
Copper (ug/l) 6 4.2 13 1 1.3
Nickel (ug/l) 1.9 3.2 4.4 <0.50 <0.58
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Table 3: Locations and heavy metals measurements in soil.

Pollutants NEL NE2 NW1 NW2 NE3 AGRIC AGRIC
EAST

Zinc (ug/l) 43 46 38 55 70 81 42
Lead (ug/l) 8.4 8.3 6 9.2 11 11 12
Cadmium (ug/l) <0.20 <0.20 <0.20 <0.20 <0.21 <0.20 <0.20
Chromium(ug/l) 18 16 28 19 41 20 21
Copper (ug/l) 19 20 14 21 37 57 23
Nickel (ug/l) 14 14 16 14 34 42 21

4. Methodology

The methodology aimed to achieve three objectives; (i) The runoff flow paths within the catchment
were calculated and delineated. This process was engineered using ModelBuilder in order to
develop the Geospatial interactive map. (ii) The catchment was divided into 22 subcatchments to
calculate the volume of runoff, whereas the scenarios were calculated and projected. (iii) The load
of heavy metals was computed from the runoff volume previously calculated, accounting for

present and future scenarios.

4.1 Objective 1: Geospatial interactive map on the runoff flow pathways within the

catchment of Brusdalsvatnet

ArcGIS Pro version 3.0.1 was used to engineer the necessary procedures to accomplish the first

objective. Moreover, ModelBuilder was used to execute the workflow.
4.1.1 Computing runoff pathways

The raster layer DTM was corrected using the Fill spatial analysis tool, which fills sinks in the
raster to improve the data by removing small imperfections. The z-limit is the parameter that
determines which sinks will be filled and which ones will not (ArcGisPro, 2022b).After executing
the tool, the final DTM was generated, and it was used as input to calculate the flow direction
using the Flow Direction tool. The resulting layer was named FlowDirBrus. Subsequently, the
Watershed, Basin, and Flow Accumulation tools were used to compute the study area's watershed,

basin, and flow accumulation, respectively, for each computation.
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To compute the Brusdalsvatnet watershed, it was necessary to establish the Pour Point. This point
was located at a natural outlet within the study area and created using the Create Feature tool,
resulting in the feature class Pourpoint. Next, FlowDirBrus and Pourpoint were used as inputs in
the Watershed tool, generating the raster Watershed_Brusdalsvatnet as an output. The Grid_code
values of the Flow Accumulation output Flow ACCum were then segregated to only have
representative values. This was achieved using the Con tool with the expression "Where the value
is greater than or equal to 4000", since the Grid_code values were too coarse and ranged from 1 to
297023. The value of 4000 was chosen after evaluating the most suitable value from the
Flow_ACCum raster's Attribute table.

The outcome of this computation was Segwater_ways. Then, Segwater_ways was used as an input
in the Divide spatial analysis tool to compute the amount of flow that will not be accounted for as
runoff flow but instead will be accounted for as water loss through infiltration, evaporation,
evapotranspiration, and sewer network, resulting in the Flow_amount. In addition, to calculate the
flow paths within the catchment of the lake, the Stream to feature spatial analysis tool was utilized

with FlowDirBrus and Flow_amount as inputs and the Flow_paths feature class layer as the final.

Lastly, the symbology was set to refine the outcome and create a visually friendly layer, as shown

in Figure 6.
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Figure 6: Flow paths Feature Class symbology. ArcGIS Pro.

4.1.2 Building the Geospatial interactive map

To create an interactive geospatial map, a geoprocessing tool named Runoff Flow Calculator was
developed using ModelBuilder. The first step was to design the workflow model in ModelBuilder,
as shown in Figure 8. Next, the model's parameters (P) were set. The variables that were set as
parameters will appear in the geoprocessing tool, allowing for different inputs such as data, values,
and expressions. This makes it possible to create an interactive geospatial map with varying inputs.
(ArcGisPro, 2022c).

The parameters of the Runoff Flow Calculator Geo-spatial tool include DTM, Pour point, Flow
accumulation, Expression, Input raster or constant value, Segregated ways, and Flow amount. The

geoprocessing tool is shown in Figure 7.
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Geoprocessing e

® Runoff Fow Calculator

® x

Parameters Environments

Alesund_DTM
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Input raster or constant value 2
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i, Flow_amount
| Flood_amount |

Pourpoint

| Pourpoint v

i, Segwater_ways

| Bigwater_ways |
1, Flow_ACCum

[Flow_ACCum |

Expression

load [ Save X Remove

Y saL O %+
X

4000 -

Where |[VALWE - [isgre -

-+ Add Clause

Figure 7: Runoff Flow Calculator Geo-spatial tool. ArcGIS Pro.
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Runoff Flow Calculator Geo-spatial Tool
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Figure 8: Geoprocessing tool showing ModelBuilder’s workflow. ArcGIS Pro.
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4.2 Objective 2: Quantify the volume of runoff to Brusdalsvatnet from Highway E-

39, accounting for present and future rainfall scenarios
4.2.1 Computing the Basin, watershed, and subcatchments of the study area

Soil and water assessment tool (SWAT), an application of ArcMap 10.5, was used to compute the

study area's basin, watershed, and subcatchments.

Firstly, the Watershed Delineator tool was activated in order to insert the inputs and setup
parameters. Subsequently, the DTM raster of the study area and the Mask were inserted, then the
X-Y unit and Z-unit were set to meters (DTM projection setup). The DTM Terrain values vary in
the range from -0.340 to 576.455. Besides, the mask used is a polygon feature class that was
created previously and adjusted to Highway E-39. Thereafter, flow direction and flow
accumulation were calculated, whereafter, the stream definition area outcome was 10 (ha). This
approach seems to be the most useful since the stream definition was computed with different areas
such as 2(ha), 12(ha), 15(ha), 18(ha), 25(ha), 35(ha), being the most suitable Area: 10 (ha). Next,
the stream network was computed, resulting in the reaches and outlets of the study area. Using the
"Edit manually" option in the Outlet and Inlet Definition tab, only the reaches and outlets related
to highway E-39 were selected. After defining the outlets, the watershed was delineated, and the
sub-basin parameters were calculated. The outcome of the Watershed Delineator tool was as
follows: the study area basin, 22 reaches, 22 longest paths, 22 subcatchments, and 22 monitoring
points (outlets), one for each subcatchment.

4.2.2 Watershed delineation and projection of future rainfall scenarios

Storm Water Management Model (SWMM) was the chosen engine to model the water runoff

quantity simulations at Brusdalsvatnet.

Firstly, the Project default options were set up, with Horton as the chosen infiltration model and
Dynamic wave as the routing method. Next, the previously delineated SWAT watershed image
was imported as a .PNG file and used as a background to delineate the watershed and the 22
subcatchments using the Add object tool. Once the subcatchments were delineated and named
(from S1 to S22), the outfalls were created (from Out 1 to Out 22). As shown in Figure 9, one

outfall was designated for each.
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Figure 9: Subcatchments, Outfalls and Gages overview at Brusdalsvatnet lake. SWMM.
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Next, the variables Area, % Slope, % Impervious Surfaces, and Width were calculated for each
subcatchment. For this purpose, ArcGIS Pro (ModelBuilder) was used to calculate Area, % Slope,
and % Impervious Surfaces. Width, on the other hand, was obtained from SWAT, representing the
average width of tributary channels in meters. (S.L. NEITSCH, 2000). To calculate Area, the
Extract by Mask tool was used, which extracts each subcatchment from the DTM of the study area

using the DTM raster and the polygon feature class of the subcatchments as inputs.

Further, the Raster to Polygon tool was used to convert the raster output of the previous step (e.g.,
S1, subcatchment 1) to a polygon. This step is necessary in order to use the S1 feature class as
input in the next tool, Dissolve (Dissolve Fields: GRIDCODE), since this tool only accepts feature
layers as input.(ArcGisPro, 2022a). The Dissolve tool was used to dissolve the polygon based on
the GRIDCODE field, and the output was saved as a feature class layer named S1_Dissolve.
Subsequently, the area of the subcatchment was calculated from the attribute table of the
S1 Dissolve layer. This same workflow was applied to each of the 22 subcatchments. It is
important to note that the previous example was only for the first subcatchment (S1). The complete

workflow is shown in Figure 10.

Calculating % Slope Sub catchment 1

51

-

Extract by Mask » Extract_S1 — Skope * Slope_EaracSt - Reclassify +  Reclass_Skopl
»*
DTM_10_10.ti
Calculating Area Sub catchment 1
il Output polygo
n .
Raster to Polygen - ha“';'; - Dissolve - RasterT_Reclass1_Dissolve

Figure 10: Slope and Area computing process. ModelBuilder workflow. ArcGIS Pro.

In order to compute the % slope for each subcatchment, the following tools were used: Extract by
Mask, Slope, and Reclassify, as shown in Figure 10. The Extract by Mask tool was used to extract
the DTM values for each subcatchment, the Slope tool was used to calculate the slope in degrees,
and the Reclassify tool was used to assign suitable values to slope intervals, as shown in Figure
11.
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Figure 11: Setting up suitable interval values to Slope. ArcGIS Pro.

Finally, the Impervious surface percentage was computed using the Clip and Dissolve geospatial

analysis tools. The Landuse E-39 feature class, which was pre-processed, was used as the input,

and each subcatchment's polygon was introduced one by one as the Clip feature, resulting in

LanduseS2_Clip. This was then used as the input to the Dissolve tool, with Gridcode set as the

Dissolve Field. The resulting feature class layer was named LanduseS2_Clip_Dissolve, as shown

in Figure 12. The landuse types were identified by checking which grid code number corresponded

to each landuse type, allowing for the calculation of the area of each landuse type using the
Attribute table of LanduseS2_Clip_Dissolve. The data in the Attribute table was processed in

Excel to calculate the % landuse area and % Impervious/Pervious surface, as shown in Table 4.
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Landuse Areal Computation

Landuse E-39

—p LanduseS2_Clip_Dissolve

Clip (2) ——  LanduseS2_Clip —> Dissolve (2)

52

Figure 12: Landuse areal computation. ModelBuilder workflow. ArcGIS Pro

Table 4: Landuse area and Pervious-Impervious area calculation in subcatchment S2.

AR50 Gridcode  Area Landuse areal Type Impervious-
Classification (ha) % Surface Pervious Surface %
E-39 8 0.02 0.14 Impervious 25.54
10-Developed 4 4.00 25.40

81-Freshwater 6 0.08 0.51 74.46
20-Agriculture 3 0.87 5.53 Pervious

30-Forest 1 10.77 68.42

Area S2 Total 15.74 100% 100%

Next, rain gauges were created. Three rain gauges were used in this study and were named as

follows: Gage 1, Gage 2, and Gage 3, each representing a different rainfall scenario.

Gage 1: This rain gauge used precipitation data from Alesund in 2021, representing the first rainfall
scenario. The data was provided by MET Norway.

Gage 2: This gauge is based on RCP8.5 emission scenario and represents rainfall for the period

2031-2060, with a 20% increase in precipitation projection.

Gage 3: This gauge is also based on RCP8.5 emission scenario and projects rainfall for the period
2060-2100, with a 30% increase in precipitation projection.

Then, as shown in Figure 13, rain gauges and outlets were assigned, and values for area, width, %
slope, and % impervious were inserted for each subcatchment. However, the other parameters of

the subcatchments have default values.
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Subcatchment S1 n
Property Value

Name S1 C
X-Coordinate -3230.019
Y-Coordinate 3459.633

Description
Tag
Rain Gage Gage3
Outlet Out1
Area 12.67
Width 0366529
% Slope 16.933422
% Imperv 55.96
MN-Imperv 0.01
N-Perv 0.1

Dstore-lmperv 0.05

Dstore-Perv 0.05
%Zero-lmperv 25

: ] H o

Percent of impervious area with no depression storage (%)

Figure 13: Subcatchments parameters window. SWMM.

4.2.3 Water runoff modelling

The last step is to analyze the performance of the model by running a simulation. To do this, it is
necessary to set up the simulation options, which establish how the analysis will be carried (Lewis
A. Rossman, 2022, p. 31). Therefore, in the Simulation options, on the General tab,
Rainfall/Runoff was selected as the Process Model, Dynamic Wave as the Routing Model, and
Horton as the Infiltration Model. Then, on the Dates tab, Start Analysis was set to 01/01/2021,
Start Reporting was set to 01/01/2021, End Analysis was set to 12/31/2021, Time was set to 06:00,
Start Sweeping was set to 01/01, End Sweeping was set to 12/31, and Antecedent Dry Days was
set to 5. Finally, in the Time Steps tab, the Reporting Step was set to 1 day, and the Routing Step

was set to 20 seconds.

This model has no calibration due to a lack of observed data. Given that, parameters such as Runoff

volume, Peak runoff, and Total infiltration cannot be compared with on-site results.

For the purpose of this study, the model simulation will be validated by using the standards
established in the SWMM manual. According to the manual, the results have to reflect reasonable
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mass balance. Hence, “the errors represent the percent difference between initial storage + total
inflow and final storage + total outflow for the entire drainage system. If they exceed some
reasonable level, such as 10 percent, then the validity of the analysis results must be questioned”.
The results generated by running SWMM are continuity errors for runoff, flow routing, and
pollutant routing (S.L. NEITSCH, 2000, p. 158).

4.2.4 Emissions scenarios justification

Climate variables play a critical role in the hydrological processes that take place in the catchments,
without neglecting the importance of the catchment’s characteristics. In accordance with that,
climate variables such as temperature, precipitation, and shortwave and longwave solar radiation
have to be considered. Furthermore, it has to be considered to get a better understanding of the
processes that are taking place within a catchment (Mohammed et al., 2019, p. 679).

To carry out the study's second and third objectives, reliable precipitation serial data is required.
In this study, the precipitation data were obtained from The Norwegian Meteorological Institute
(MET Norway) for the period from 01.01.2021 to 31.12.2021. According to (Hanssen-Bauer et
al., 2017), In Norway, an increment in the annual average precipitation of 18% is predicted for the
period from 1971-2000 to 2071-2100. Furthermore, according to NCCS, in the worst-case
scenario (RCP8.5), precipitation will increase by about 10% to 20% from the reference period
1971-2000 to 2031-2060. Whereas form the same reference period to 2071-2100, the precipitation
will increase in the range of 20% to 30% in Mgre and Romsdal County (CH 10-20 1.41-43Meehl
et al., 2007; NCCS, 2022). The projection computed in this study will be based on the worst-case
scenario (RCP8.5), as recommended by the Norwegian government. Consequently, the highest

value of the NCCS projections will be used as input in this model, as shown in Table 5.

Table 5: Rainfall scenarios based on RCP8.5 emission projection.

Period Emission projection Precipitation increase %
2021 Rainfall data -

2031-2060 RCP8.5 20

2060-2100 RCP8.5 30
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4.3 Objective 3: Quantify Heavy Metals load associated with runoffs, accounting for
present and future rainfall scenarios

4.3.1 Heavy Metals samples

SWMM was used as the engine to compute the water quality analysis model. The data source for
this analysis was the project report "Concentration of heavy metals in the catchment
Brusdalsvatnet™ by NTNU. This report presents the results of heavy metals measurements in soil
and water samples taken at Brusdalsvatnet, with sampling carried out in the Northern and Southern
sections of the lake from September to October 2021 (Seidu, 2021, p. 2).

The water samples were classified according to the "Classification levels of heavy metals in water"
from Miljg-direktoratet 2020, as shown in Appendix A. Similarly, the soil samples were classified
according to the "Classification levels of heavy metals in soil" from Miljg-direktoratet 2020, as

presented in Appendix (Seidu, 2021, pp. 6,7).

The measurements used as input for SWMM were taken from the following sample points: NE1,
Agric, NW1, and NE3. Soil and water samples were taken at NE1, Agric, and NW1, while only
soil samples were taken at NE3. Table 6 and Table 7 present the heavy metals measurement values

for each location.

Table 4: Concentration levels of heavy metals in water (Seidu, 2021, p. 14).

Location Zinc Lead Cadmium Chromium (ug/l) Copper Nickel
(ug/l) (ug/l) (ug/l) (ug/l) (ug/l)

NE1 32 1.4 0.053 2.1 6 1.9

Agric 34 4 0.06 4.8 13 4.4

Table 5: Concentration levels of heavy metals in soil (Seidu, 2021, p. 17).

Location Zinc Lead Cadmium Chromium Copper Nickel
(mg/KgTS) (mg/KgTS)  (mg/KgTS) (Mg/KgTS) (mg/KgTS) (mg/KgTS)

NW1 38 6 <0.20 28 14 16

NE3 70 11 <0.21 41 37 34
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4.3.2 Water Quality Analysis

In order to carry out water quality analysis in SWMM, it is necessary to identify the pollutants to
be analyzed. In this case, they include Zinc, Lead, Cadmium, Chromium, Copper, and Nickel
(Seidu, 2021).

To begin the analysis, the Pollutant Editor window was opened, and the name of each heavy metal
was entered, using composed names that include the chemical name and the location where the
sample was taken. In total, there were 24 measurements with names such as ZincNE1, LeadNE1,
CadmiumNEZ1, ChromiumNE1, CopperNE1, NickeINE1, ZincAgric, LeadAgric, CadmiumAgric,
ChromiumAgric, CopperAgric, NickelAgric, ZincNW1, LeadNW1, CadmiumNW1,
ChromiumNW1, CopperNW1, NickeINW1, ZincNE3, LeadNE3, CadmiumNE3, ChromiumNE3,
CopperNE3, and NickelNE3. After that, the measurement unit chosen in this thesis, both for water
samples and soil samples it, was (ug/l). In addition, the Rain concentration value must be entered
(this process was repeated for each heavy metal measurement). After this, the landuse categories
that generate these heavy metals were defined, Residential Impervious and

Underdeveloped_Pervious, the two created categories.

Next, the parameters for the Buildup and Washoff functions were set to determine the quality of
runoff for each landuse category. For Residential_Impervious, the Max. Buildup was set to 50,
Rate Constant to 1.0, Power/Sat. Constant to 1, and Normalizer to AREA. The Washoff parameter
was set to Function Event-mean concentration washoff EMC, and Coefficient to 100. For
Underdeveloped_Pervious, the Max. Buildup was set to 25, Rate Constant to 0.5, Power/Sat.
Constant to 1, and Normalizer to AREA. The Washoff parameter was set to Function Event-mean
concentration washoff EMC, and Coefficient to 50. These parameter values are based on SWMM’s

manual version 5.2 (S.L. NEITSCH, 2000, p. 43).

The chosen function for the pollutant Buildup was the Power Function (POW), which means that
“Pollutant buildup (B) accumulates proportionally to time (t) raised to some power until a

maximum limit is achieved,
B = Min (C1, C2t ) 1)

“where C1 = maximum buildup possible (mass per unit of area or curb length), C> = buildup rate
constant, and Cz = time exponent” (S.L. NEITSCH, 2000, p. 76).
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Additionally, the Washoff chosen function was Event Mean Concentration (EMC).”This is a
special case of Rating Curve Washoff where the exponent is 1.0 and the coefficient C1 represents
the washoff pollutant concentration in mass per liter (Note: the conversion between user-defined
flow units used for runoff and liters is handled internally by SWMM). In each case, the buildup is
continuously depleted as washoff proceeds, and washoff ceases when no more buildup is
available” (S.L. NEITSCH, 2000, p. 77).

The formulation of Event Mean Concentration (EMC) is given as follows,
W eme = C 3eme (2)

where Wemc is the amount of washoff (M/L? ) and Csemc is the washoff coefficient (M/L3 ). The
washoff coefficient Csemc represents the washoff pollutant concentration in mass per liter” (Gulbaz,
2012, p. 4).

The final steps before running the simulation are, firstly, to assign a combination of landuse and
percentage of area to each subcatchment. This will be based on the values previously computed in
ArcGIS Pro and Excel. Secondly, the initial buildup must be defined so that it can be washed off
while the event is running. Consequently, the initial buildup will be based on the number of
Antecedent Dry Days for the period from August 27th, 2021, to August 31st, 2021, which is five
dry days.

4.3.3 Water quality modelling

Lastly, in order to run the simulation, it is necessary to follow the same procedure specified in
Section 4.2.3. Additionally, in the Simulation Options window in the General tap, the Process

Model Water quality must be checked.

5. Results and Analysis

The results of this study are based mainly on rainfall data, landuse, hydrological network, and
DTM from Alesund municipality. This data is the most critical regarding the computation of
outcomes and results. Besides, the rainfall data is for the period from 01.01.2021 to 31.12.2021,
having antecedent dry days of 5 days. According to the results of SWMM, during this period it
was registered 44 precipitation events, with a Minimum event mean value of 0.01 mm/hr and a

Maximum event mean value of 0.59 mm/hr, as well as a standard deviation of 0.18. Likewise, it
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registered 21 runoff events, with a Minimum event mean value of 0.02 CMS and a Maximum
event mean value of 0.17 CMS with a standard deviation of 0.04.

Figure 14 shows the precipitation intensity in the range of 0.01mm/hr to 0.15 mm/hr, having a 50
% probability of occurring during 2021. On the other hand, events with more precipitation intensity

in the range of 0.5 mm/hr to 0.55 mm/hr have a 7 % probability of taking place in the same period.

100

Exceedance Frequency (%)

0 0.05 0.1 0.15 0.2 0.25 03 0.35 04 0.45 05 0.55

Event Mean Precipitation (mm/hr)

Figure 14: Precipitation intensity related to the frequency of the events. Gage 1. SWMM.

Furthermore, Figure 15 shows that there is a 65% probability of runoff events with a volume
between 0.02 CMS and 0.06 CMS occurring in 2021. Conversely, events with high runoff
volumes have a 10% probability of taking place during the same period.
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Figure 15: Runoff volume related to the frequency of the events. Gage 1. SWMM.
This study does not consider factors such as temperature, evaporation, evapotranspiration, snow

melt, soil, or sewer network due to the complexity that it entails. However, the results are reliable,
as shown later in this section.
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5.1 Geospatial map

Runoff Pathways - Brusdalsvatnet Lake
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Figure 16: Runoff flow at Brusdalsvatnet, Alesund municipality.

5.2 Geospatial Tool for Calculating Runoff Flow

Runoff pathways
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Map authored by: Luis Baldedn
Credits: Alesund Municipality

The Geospatial Tool for Calculating Runoff Flow was created with the objective of allowing the same

computation that was performed at Brusdalsvatnet to be conducted in different lakes, with only

the DTM being required to be changed. Once the input data is entered, parameters such as flow

accumulation, pour point, the expression to segregate floodways and flow amount can be adjusted

to make the map interactive and adaptable. The geospatial tool is depicted in Figure 7 in Section

41.2.
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5.3 SWMM model’s simulation reliability

The results of the model simulation for both quantity and quality from Gage 1, Gage 2, and Gage
3 showed high reliability. Moreover, the results indicated good mass balance continuity errors for
both runoff and routing. Additionally, regarding quality routing continuity, the pollutants showed

a good balance between inflow and outflow, as shown in Table 8.

Table 8: Model simulation quality assessment.

Runoff Routing continuity Model simulation
Model Simulation continuity error % error % quality
Runoff Gage 1 -0.002 0.00 Good
Runoff Gage 2 -0.002 0.00 Good
Runoff Gage 3 -0.002 0.00 Good
Quality routing Gage 1 -0.001 0.00 Good
Quality routing Gage 2 -0.002 0.00 Good
Quality routing Gage 3 -0.002 0.00 Good

The Standard recommended threshold ranges from 0 % to 10 %. SWMM (S.L. NEITSCH, 2000, p. 158).

5.4 Stormwater runoff entering Brusdalsvatnet from Highway E-39

Based on the results obtained from SWMM, the rainfall volume in the source data resulted in a
proportional increase in runoff at Brusdalsvatnet. This increase is mainly driven by three factors:
impervious surfaces from developed areas, including Highway E-39, infiltration, and the steep
gradient. Similarly, Figure 17 demonstrates a strong correlation between rainfall volume and

runoff volume in Alesund municipality during the year 2021.
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Figure 17: Close Rainfall- Runoff relationship. Alesund 2021.Gage 1. SWMM.

The simulated runoff volume obtained from SWMM shows that all three rainfall scenarios have

total runoff values that fall within the average runoff range registered in Norway in 2014 (Hanssen-

Bauer et al., 2017).

Table 9 presents the most notable results of the runoff assessment data, revealing that in Gage 1,

Gage 2, and Gage 3, 17%, 21%, and 23% of the total rainfall turns into runoff, respectively.

Therefore, the runoff volume increases by approximately 4% and 2% in Gage 2 and Gage 3,

respectively.

Table 6: Runoff assessment data.

Model Rainfall Rainfall Total Total Total Runoff Runoff
Simulation Scenario Increase Rainfall Infiltratio  Runoff fl_'om Increase
(mm) n (mm) (mm) rainfall (%)
(%) (%)
Runoff Gage 1 2021 - 1742.5 1454.6 287.9 17 --
Runoff Gage 2 2031-2060 20 2091.0 1654.8 436.2 21 4
Runoff Gage 3  2060-2100 30 2265.3 1745.7 519.6 23 2

The EPA Storm Water Management Model calculates the runoff coefficient, which is a

dimensionless value that relates the amount of runoff to the amount of rainfall received. The value
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range varies from 0.35 to 0.95, with higher values assigned to areas with high imperviousness and
steep slopes and lower values assigned to areas with high infiltration capacity, such as permeable,
well-vegetated areas (Board, 2011, p. 1). Figure 18 shows the outcomes of the Runoff coefficient
analysis.

Table 10 presents the subcatchments S1, S2, S3, and S7 with the highest percent imperviousness
values related to Gage 3. Additionally, Figure 20 shows the highest slope values corresponding to
S9 and S14, followed by S2, S5, S6, S10, and S15 with a milder slope. These outcomes can explain
the Runoff Coefficient results, as the highest values are registered in subcatchments with the
largest impervious surfaces Table 10. This confirms that imperviousness plays a crucial role in
explaining the interaction between rainfall and runoff. Figure 22 shows a close relationship
between Total Runoff and Impervious surface, further confirming the Runoff Coefficient values.
In like manner, Figure 19 shows the subcatchments which present the highest impervious surface
values, hence S1, S2, S3, and S7. Alike, Figure 21 confirms the robust model results showing the
subcatchments that present the highest Total runoff values, S1, S2, S3, and S7, confirming the

simulations’ reliability.

Table 7: Runoff Coefficient analysis of the subcatchments with the higher impervious surface

percentage at Brusdalsvatnet. Using Gage 3 rainfall scenario.

Sub Impervious  Slope Total Total Total Impervious Runoff
catchment surface (%) Rainfall Infiltration  runoff runoff Coefficient
ID (%) (mm) (mm) (mm) (mm) (O
S1 Gage3 55.9 16.9 2265.3 742.5 1522.6 1267.5 0.67
S2 Gage3 25.5 29.4 2265.3 1289.9 975.4 578.6 0.43
S3 Gage3 55.0 10.1 2265.3 781.8 1483.2 1245.2 0.66
S7 Gage3 23.8 19.6 2265.3 1335.5 929.8 539.2 0.41

*Range (C)= 0.35 - 0.95 (S.L. NEITSCH, 2000).
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Figure 18: Runoff Coefficient (C) at Brusdalsvatnet, Alesund. SWMM.
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Subcatchments - Percentage Imperviousness
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Figure 19: Percentage Imperviousness at Brusdalsvatnet, Alesund. SWMM.
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Subcatchments - Slope
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Figure 20: Subcatchments Slope at Brusdalsvatnet, Alesund. SWMM.
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Subcatchments - Total Runoff
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Figure 21: Subcatchments Total Runoff volume at Brusdalsvatnet, Alesund. SWMM.
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Figure 22: Relationship between Total Runoff and Impervious surface. Gagel.

Table 11 shows the extent of contribution that Highway E-39 has to the volume of runoff since
this highway works as a means of runoff transport. It is possible to identify that subcatchments S1,
S3, S7, and S11 have the highest runoff volume due to their pavemented area. Hence, they
contribute the most to the increase of runoff volume and the potential transportation load of heavy

metals. This will be further assessed in the next section.
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Table 8: Pervious and Impervious areas showing the Total volume of runoff and the volume of

runoff originating in Highway E-39. Using the Gage 3 rainfall scenario.

Sub Impervious Impervious Pervious Total Runoff Sub
catchment surface surface surfaces runoff from catchment
Developed Highway E-  Undeveloped (mm) Highway Total
areas (%) 39 (%) areas E-39 (mm) Area (ha)
(%)
S1 55.1 0.9 44.0 1523 13.7 12.7
S2 25.4 0.1 74.5 975 1.0 15.7
S3 53.4 1.6 45.0 1483 23.7 6.8
S4 8.7 0.9 90.4 551 5.0 54.6
S5 0 0.3 99.7 455 14 31.9
S6 15 0.2 98.3 473 0.9 30.3
S7 22.4 14 76.2 930 13.0 125
S8 104 1.3 88.3 694 9.0 12.7
S9 3.0 05 96.6 531 2.7 28.1
S10 0.9 0.2 98.9 445 0.9 43.8
S11 12.1 1.7 86.2 702 11.9 7.7
S12 9.4 0.6 90.0 560 3.4 75.6
S13 10.5 1.2 88.3 590 7.1 69.2
S14 2.3 0.6 97.1 497 3.0 52.2
S15 1.2 0.7 98.1 401 2.8 110.6
S16 13.3 0.2 86.5 670 1.3 134
S17 0 0.6 99.4 379 2.3 33.2
S18 0 0.3 99.7 386 1.2 64.4
S19 0 0.1 99.9 338 0.3 57.3
S20 0 1.3 98.7 482 6.3 18.4
S21 0 0.8 99.2 413 3.3 43.5
S22 17.4 0 82.6 776 0.0 11.5
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5.5 Heavy Metals load associated with runoffs

Following the results of SWMM, there is a close relationship between the volume of runoff and
heavy metals load in the study area. Furthermore, Figure 23 confirms that subcatchments'
impervious surface is an important factor related to pollutants’ transport and load. Figure 24 shows

a close relationship between total runoff and pollutants washoff.
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Figure 23: Subcatchments impervious surface impact in pollutants load. Gage 1.
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Figure 24: Subcatchments Total runoff- Pollutants washoff interaction. Gage 1.

The results of heavy metals loading confirm that intense rainfall associated with climate change
directly affects the volume of runoff and, consequently, the loading of pollutants. In addition, the
transport of pollutants through runoff pathways and factors such as impervious surfaces and steep
gradients represents an effective means of pollutant transport that could potentially impact the

quality of drinking water at Brusdalsvatnet.

According to the results of Gages 1, 2, and 3 shown in Figures 25, 26, and 27, respectively, there
is a proportional increase in pollutant load in the three rainfall scenarios. This increment is closely
related to the volume of runoff. Furthermore, the results show wide variation of heavy metal loads
in the three systems. Zinc is the metal that presents the highest load value in all locations, followed
by Chromium, Lead, Copper, Nickel, and Cadmium. Additionally, the results indicate a significant
difference between heavy metal loads in water samples versus soil samples, with heavy metal

accumulation being much larger in soil samples due to the higher rate of buildup during the
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antecedent dry period. This leads to higher concentration values in soil samples. It should be noted
that the graphs are represented in percentages. Although the load of Cadmium in soil samples is
high, it is almost unnoticeable in the graphs due to its low value compared to other heavy metals.
Figures 25, 26, and 27 are represented in percentages to provide a better perspective on pollutants’

load, given the large load difference between water and soil samples.
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Figure 25: Heavy Metals load at Brusdalsvatnet. Gage 1.
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Figure 26: Heavy Metals load at Brusdalsvatnet. Gage 2.
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Figure 27: Heavy Metals load at Brusdalsvatnet. Gage 3.
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Continuing with the trend presented by the results of SWMM, Figures 28 and 29 show that the
water samples NE1 and Agric exhibit a proportional increase in pollutants load in each rainfall
scenario (Gage 1, Gage 2, and Gage 3). According to the results, Gage 3 is the future rainfall
scenario with the largest impact on pollutant loading, with Zinc being the pollutant with the highest
washoff accumulation. On the other hand, Lead, Cadmium, Chromium, Copper, and Nickel exhibit

similar loadings, even though their initial site sample values vary widely.

Rainfall-runoff-washoff interaction at system
level

Nickel Kg
Copper Kg
Chromium Kg
Cadmium Kg
Lead Kg

Zinc Kg

S. Runoff (mm)

Total Precipitation (mm)

0 500 1000 1500 2000 2500

T_ot_al_ S. Runoff Cadmium Chromium
Precipitatio

e (mm) ZincKg Lead Kg Kg Kg

Gage3 2265 520 357 229 223 231 248 231
mGage2 2091 436 299 191 186 194 207 193
mGagel 1743 288 196 125 121 126 135 126

Copper Kg Nickel Kg

Gage3 mGage?2 mGagel

Figure 28: Impact of future rainfall scenarios on runoff volume and heavy metals load. Site NEL.
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Rainfall-runoff-washoff interaction at

system level
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Figure 29: Impact of future rainfall scenarios on runoff volume and heavy metals load. Site Agric.

On the other hand, Figure 30 and Figure 31 demonstrate that there is much more variation in
pollutant loading in soil samples, both at NW1 and NE3. The results of the NW1 system reveal
that Zinc and Chromium have the highest loadings in Gage 1, Gage 2, and Gage 3, while Nickel,

Copper, and Lead exhibit intermediate values. Similarly, Cadmium has the lowest pollutant

loading value, and all loading values at NW1 are proportional to their initial site samples.
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Figure 30: Impact of future rainfall scenarios on runoff volume and heavy metals load. Site NW1.

Regarding the results of the system at NE3, Figure 31 shows a wide variation in pollutant loading,
with Zinc having the highest accumulation value. Additionally, Chromium, Copper, and Nickel
present intermediate accumulation values that are very close to each other, differing from the
results at NWL1. It is also important to note that the loading of Cadmium from soil samples in
Figure 31 appears insignificant compared to other pollutants at NE3. However, if this value is
compared to the Cadmium loading from water samples, it appears to be much higher than any of

the loading values of water samples.
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Figure 31: Impact of future rainfall scenarios on runoff volume and heavy metals load. Site NE3.

According to the results of SWMM, Zinc has the highest loading values among heavy metals due
to runoff transport. In order to assess the impact of total runoff volume on Zinc loading, the average
volume-weighted mean concentration will be calculated as follows: Total subcatchment load /
Runoff volume. This value will be called the Site Mean Concentration index, which will be used
to assess the relationship between Total runoff volume and Zinc load at the subcatchments of

Brusdalsvatnet, accounting for present and future rainfall scenarios (Tuomela et al., 2019, p. 721).

According to the Site Mean Concentration index shown in Figure 32, Figure 33, and Figure 34,
there is a close relationship between Total Runoff and Zinc Load at the subcatchments of
Brusdalsvatnet. The trend line in Figure 32 shows that, in most subcatchments, the volume of
runoff is closely related to Zinc loading. However, subcatchment S15 is an outlier, as the Zinc
loading is high, but the runoff volume is low. Lastly, the results of future rainfall scenarios Gage
2 and Gage 3 presented in Figure 33 and Figure 34 show similar values, with an SMC value of

0.09, which is also an outlier.
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Figure 32: Index of Zinc concentration at the subcatchments of Brusdalsvatnet. Gage 1.
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Figure 33: Index of Zinc concentration at the subcatchments of Brusdalsvatnet. Gage 2.

Page | 58



Total Runoff-Zinc load relationship
0.10

1on

0.08

o
o
o

oncentrat

20 30 40
Zinc Load (Kg)

o
[EEN
o

Figure 34: Index of Zinc concentration at the subcatchments of Brusdalsvatnet. Gage 3

5.5.1 Relationships and trends

As part of the SWMM results, several trends and relationships were identified. It is essential to
mention that some interactions, relationships, and trends were shown earlier in this section. As
such, the following graphs highlight the main trends found. Figure 35 confirms the close
relationship between runoff volume and % impervious surfaces in all 22 subcatchments, indicating
that area imperviousness and infiltration are the primary factors affecting runoff generation at

Brusdalsvatnet.
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Figure 35: Total Runoff volume-% impervious surface relationship. Gage 1.

Furthermore, the Site Mean Concentration Index applied in this study is represented in Figure 36
as a stacked graph. The graph shows the trend in runoff volume and Zinc loading through all the
subcatchments, accounting for Gage 1, Gage 2, and Gage 3. This trend confirms that higher runoff

volume and longer dry periods lead to higher pollutant loads.
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SMC Trend at Brusdalsvatnet
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Figure 36: Runoff volume-Zinc loading trend. Gage 1, Gage 2 and Gage 3.

6. Discussion

In this section, we will discuss the geospatial map and its reliability in displaying the runoff
pathways at Brusdalsvatnet, as well as the effectiveness of the tool in processing and displaying
different input data. Additionally, we will examine the rainfall-runoff and runoff-washoff

interactions.
6.1 Geo-spatial map at Brusdalsvatnet

The geospatial map at Brusdalsvatnet was computed using ArcGIS Pro. While the software has
high accuracy, the reliability of the outcomes depends on the quality of the input dataset. In this
case, the input dataset included the Pour point and DTM of Alesund municipality, which has a 1m
x 1m spatial resolution and was provided by Hgydedata.no. The high-resolution input data ensures
a high-quality output, but it is important to set the parameters correctly, such as correspondent

tools, coordinate system, and transformations, if necessary.
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The main goal of creating the Geospatial map was to identify the pathways the runoff can take on
its way to the lake and gain insight into the paths that pollutants could follow. While the map
provides some insight into runoff pathways, it is not as detailed as the pathways obtained through
SWAT. However, due to the large study area, using SWAT for watershed delineation would have
overwhelmed the data's processing and analysis. Therefore, ArcGIS Pro was chosen to delineate
the watershed, as the results from ModelBuilder were deemed to be the best for displaying the
entire delineated watershed. It is important to note that the accuracy and reliability of the map
depend on the quality of the input dataset and the correct parameter settings, such as the

correspondent tools, coordinate system, and transformations if necessary.
6.2 Runoff Flow Calculator Geo-spatial tool

ModelBuilder was utilized to compute the Runoff Flow Calculator Geo-spatial toll, where the
DTM and Pour point served as the only inputs for the tool, making it accessible and user-friendly.
However, it is crucial to set parameters such as the Expression of flow Accumulation correctly to
display only the relevant data. Moreover, the Pour point location must be assessed correctly to
obtain reliable results, and it should be placed at the lowest point of the study area. Nevertheless,
other factors such as the natural course of water, channels that divert the flow of water,
urbanization, and the research objectives were taken into consideration when placing the Pour
point in this study. Lastly, since the Runoff Flow Calculator Geo-spatial tool uses the tool divide
to account for infiltration, the outcomes of the tool may have low accuracy. To represent

infiltration, Divide was used, which is a coarse way, and therefore, the results may be affected.
6.3 Precipitation-Runoff relationship

Rainfall data for the period from 01.01.2021 to 31.12.2021 was obtained from MET Norway. The
analysis of the model simulation indicates high reliability in terms of both quality and quantity for
present and future rainfall scenarios. It is important to note that developing a reliable model is

essential for obtaining high-quality data.

The results of SWMM presented in Figure 17 Section 5.5 shows a close relationship between
rainfall volume and total runoff volume. Furthermore, these results have similarities with related
studies about the subject (Beldring et al., 2008; NCDEQ, 2017; Nie et al., 2009). The results of
this study are mainly focused on Gage 3, the worst-case scenario, because it allows effective

preventive and corrective measures, even in extreme situations. Moreover, it is a recommendation
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of the Norwegian government. Table 9 shows a 4% increase in runoff volume from the period
2011-2040 to 2041-2070, while the increment from 2041-2070 to 2071-2100 is only 2%. It is
impossible to provide a definitive explanation for the factors that led to this difference in runoff
volume. However, it is plausible that parameters such as landuse, infiltration, and slope, which

were taken into account in this study, may have contributed to these results.

According to the results presented in Table 10, subcatchments 1, 2, 3, and 7 showed the highest
runoff coefficient values in the study area, indicating that these subcatchments have poor
infiltration capacity. This study suggests that the main factors contributing to these results were
impervious surfaces resulting from urbanization, including Highway E-39, as well as steep terrain
gradients. Subcatchment S1, which is located close to the city center, had the highest impervious
surface value at 60%. Similarly, subcatchments S2 and S3, which are located near the city and
traversed by Highway E-39, had impervious surface values of 26% and 55%, respectively.
Subcatchment S7, located in a developed area and also traversed by Highway E-39, had a high
impervious surface value due to its small extension. It is important to note that Highway E-39 is

not the only road that traverses the Brusdalsvatnet catchment in the study area.

Table 10 shows the extent of the impact that area imperviousness has on model results. Parameters
such as Total Infiltration, Total runoff, and Impervious runoff are closely aligned with the value
of impervious surface, whereas slope, which is the second most important factor, presents a lower
impact on the results. It is important to mention that the infiltration rate plays a crucial role in
determining the runoff volume. Therefore, in this study, its values are closely related to the applied
model method, Horton, and impervious surfaces. However, it is worth noting that the impervious
surfaces' computation using ArcGIS Pro does not separate roads such as Bregnevegen and
Brusdalsvegen but presents the values of impervious surfaces as a whole. This thesis mainly
focused on Highway E-39, but other factors, such as landuse and terrain gradient, were also
considered. According to Table 10, subcatchments 1, 2, 3, and 7 showed the runoff coefficient
highest values of the study area, indicating poor infiltration capacity due to impervious surfaces

derived from urbanized areas and Highway E-39.

Figure 19 illustrates that S1 and S3 have the highest impervious surface values, and the results are
highly accurate due to the 0.0001-meter resolution of the landuse raster provided by Geonorge.no.

In addition, visual analysis was conducted to confirm the reliability of the results, and it was found
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that the total residential impervious surface was accurately considered for all factors within the
developed area. However, the fact that the surface area of Highway E-39 was not separated from
the residential impervious surface values made it challenging to calculate the volume of runoff
coming from the highway. In order to determine the specific value of runoff volume from Highway
E-39, it was delineated in ArcGIS Pro and added to the provided landuse data. Nonetheless,
delineating the highway separately does not ensure accurate results since factors such as
temperature, evaporation, and sewer network were not considered during computation. Moreover,
Bregnevegen road traverses S1 was not delineated separately, making it impossible to determine
its impact on runoff volume. Additionally, Brusdalsvegen is a crucial road that passes through all

subcatchments except S22, and its impact was not considered separately.

Figure 20 shows the slope values of the subcatchments at Brusdalsvatnet. According to the results
obtained by the SWAT model, S9 and S14 have the highest slope values, with 38.1% and 43.1%,
respectively. While analyzing the impact of slope on impervious surface, there is no clear
correlation between impervious surface, slope, and runoff volume. This may be due to the fact that
the slope results obtained from ArcGIS Pro differ from those obtained from the SWAT model,
despite the use of the same DTM. Therefore, a closer inspection was required both on the field and
through photos of the study area in order to assess and select the most appropriate value for each

subcatchment. Hence, the results may have some degree of uncertainty.

Analyzing the impact of Highway E-39 on the runoff volume within the Brusdalsvatnet catchment
is one of the main objectives of this study. Accordingly, the volume of runoff coming from the
highway was calculated, and the results presented in Table 11 show the relationships between
impervious surface of developed areas, impervious surface derived from Highway E-39, pervious
surfaces of undeveloped areas, total runoff, and specific runoff volume derived from Highway E-
39. The contribution of Highway E-39 to the total percent of the impervious area varies from 0%
at S22 to 1.7% at S11. As shown in Figure 37, in general, the values of % imperviousness derived
from Highway E-39 do not seem to represent a significant contribution to the total impervious
area. However, subcatchments S5, S17, S18, S19, S20, and S21 are the exception as they are
located in underdeveloped areas, and thus Highway E-39 has a significant contribution to %
imperviousness in these areas. It is important to highlight that not all road networks are considered

in this graph.
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Figure 37: Impact of Highway E-39 on Impervious surfaces increase. Gage 3.

Additionally, Figure 38 shows the contribution of Highway E-39 to the runoff volume. Its
contribution to the total runoff volume does not seem to be significant. However, if the entire road
network is considered, there could be a larger contribution to the runoff volume.
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Runoff volume derived of Highway E-39
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Figure 38: Impact of Highway E-39 on the total Runoff at Brusdalsvatnet. Gage 3.

Finally, as shown in Figure 22, there is a close interaction between impervious surface and total
runoff. However, values may vary depending on the rainfall scenario that is taken into
consideration. More details about total runoff volume can be found in Appendix C, D, and E, which
contain the subcatchment runoff summary related to Gage 1, Gage 2, and Gage 3, respectively.
Moreover, Figure 21 confirms the influence that impervious surfaces have on total runoff, as the
subcatchments with the highest impervious surface values are the ones that present the highest
runoff volumes. Nevertheless, it is important to note that in order to improve the accuracy of the
results, factors such as temperature, sewer network, evaporation, and soil should be considered in

future model simulations to achieve more accurate results.
6.4 Runoff-Washoff relationship

The results of the rainfall-runoff analysis were conclusive, demonstrating a close relationship
between these two phenomena. Subsequently, the simulation continued by running the water

quality process model to determine the pollutant load generated by the runoff volume.
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According to the SWMM manual standards, the water quality process model executed has high
reliability, as the results show very low values of uncertainty regarding the mass balance. The
results indicate a close relationship between runoff volume and pollutant loading, as depicted in
Figure 24. Impervious surface is the factor that was closely aligned with this interaction, as shown
in Figure 23. However, it is important to note that in some subcatchments, such as S22 with an
impervious surface of 17.4%, the value could be higher if the road Brusdalsvegen was considered,
leading to a different washoff load. The subcatchments with the highest total runoff values are S1,
S2, S3, and S7. The three main drivers leading to these results are impervious surfaces, infiltration,
and slope. Moreover, even though the relationship between Total runoff and impervious surface is

close, as shown in Figure 22, this is not the case for slope, as depicted in Figure 39.

Total Runoff - Slope Interaction
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Figure 39: The impact of Slope on Total runoff volume. Gage 1

Although the slope is a factor that usually plays an important role in runoff and washoff, the results
presented in Figure 39 show no close interaction between slope and runoff. Hence, this will be

reflected in the washoff loading. Additionally, it is important to mention that S9 and S14 are the
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subcatchments that present the highest slope values, whereas their impervious surface percentages
are low at 4% and 3%, respectively. Besides, the landuse in subcatchments S9 and S14 is mainly
composed of forest, with 92% and 85%, respectively. This could explain why their heavy metal
loads are relatively low, given that these areas are well-vegetated with high infiltration capacity.

On the other hand, factors that led to a wide variation in pollutant loading are the sample type, area
extension, and rainfall scenario projection. The values of the water samples were much lower than
the soil samples, which could be due to the buildup rate of the soil samples. Hence, more washoff
and thus, higher pollutant loading is generated. Likewise, area extension was crucial regarding the
high zinc loading results at subcatchment 15. Even though the runoff volume was low, the loading
of Zinc was high, which can be explained by the area extension. This subcatchment is the largest
in the study area, with 110.6 ha. Similarly, the last factor is the projected rainfall scenario, given
that the results of the three rainfall scenarios registered a continuous increment of pollutant loading
for the period from 2021 to 2100. Moreover, the increase in Zinc loading for the period from 2021
to 2065-2100 was 45%.

Lastly, according to the results of SWMM, there will be an increase of up to 45% in pollutant
loading, confirming climate change's impact on the environment. The equation is simple: more
precipitation equals runoff volume increase, consequently leading to more pollutant transport and
thus higher pollutant loading reaching water bodies. Accordingly, it represents a threat to human

health, hence the importance of taking preventive and mitigating measures to break the circle.

7. Conclusion and further work

This section will summarize this thesis, its main findings, confirmation or rejection of theories,
and conclusions. Additionally, suggestions will be provided for future research related to the aim

of this study. Likewise, the conclusion will answer the goal and research questions.
7.1 Conclusion

In this thesis, our aim was to investigate the relationship between climate change and extreme
precipitation, with a focus on analyzing links, behaviors, correlations, and interactions between
precipitation, runoff, impervious surfaces, and pollutant loads at Brusdalsvatnet. To achieve this,
we utilized several tools such as Geospatial analysis by ArcGIS Pro, ModelBuilder workflow, Soil
and water assessment tool (SWAT), Storm Water Management Model (SWMM), and sample data.
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The dataset used in this study comprised the Alesund Municipality's entire data, which provided
the foundation to configure future rainfall scenarios starting from the 2021 rainfall data. Future
rainfall regimes were based on RCP 8.5 emission scenarios, representing the worst-case scenarios
with a 20% and 30% rainfall increase during the periods 2031-2060 and 2060-2100, respectively.

We developed three models - Gage 1 for 2021, Gage 2 for 2031-2060, and Gage 3 for 2060-2100.
The models were then computed, and their results were analyzed. We tested the reliability of the

model and found it to be solid and dependable.

As shown in Table 8 in Section 5.3, the Runoff Quantity Continuity analysis and Quality Routing
Continuity analysis had good accuracy in Gage 1, Gage 2, and Gage 3, with an insignificant mass
balance continuity error. The Runoff continuity error is -0.002% and the Routing continuity error
is 0.000%. These percentages are within SWMM's manual standards, which suggest a maximum
recommendable threshold of 10%. However, since the model does not consider factors such as
temperature, soil, evaporation, evapotranspiration, and sewer networks, its accuracy and reliability
are solely dependent on the data used. Therefore, it is essential to emphasize that introducing some

of the mentioned factors could significantly improve the model's robustness.
In Section 1.2, we presented the overall aim as follows:

Goal: This work aims to model runoff from Highway (E-39) located in the catchment of

Brusdalsvatnet in Alesund, accounting for present and future rainfall regimes.

To answer the goal and research questions, the following conclusions were drawn: (i) There is a
close relationship between rainfall intensity and runoff volume in the catchment of Brusdalsvatnet.
The main factor driving the increase in runoff volume is impervious surfaces, which are potentiated
by low infiltration capacity and steep gradients. (ii) Highway E-39 plays an important role in
transporting pollutants through the runoff pathways to Brusdalsvatnet. (iii) A close interaction was
observed between runoff volume and pollutant washoff loading, with factors related to climate
change, such as antecedent dry periods and short-duration, high-intensity rainfall, potentiating the
pollutants loading. (iv) The amount of pollutant loading increases significantly in subcatchments
close to developed areas. (v) Future rainfall regimes are projected to result in a noticeable increase

in runoff volume and pollutant loading.
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7.2 Further work

The results of the model projection were capable of answering the thesis's goal. However, the
robustness of the model and the reliability of the results can be improved in future research. The
dataset used in this thesis lacks relevant information, such as soil, temperature, evaporation, sewer
network, and wind speed. Therefore, adding these inputs to the dataset can significantly improve
the results. Additionally, the sample data were not available in each subcatchment, which may
have affected the computation of pollutant loading. To reduce the margin of error, it is

recommended to gather several samples in each subcatchment.

Furthermore, working with different engines, as shown in this study, presents some challenges.
For example, deep knowledge and expertise are required for each program, and the methods used
in the programs may differ, potentially leading to different results for the same computation.
Therefore, it is important to consider these factors in the early stages of the study if considering

replicating this research.
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Appendix A

Classification levels of heavy metals in water from Miljg-direktoratet 2020.

Class i

Parameters|Class | Class lll Class IV Class V
Background level |Good Level Moderat Level |Bad Level Extremely Bad Level
Metals  |ug/L ug/l g/l ug/L

1) Class II Cd values depending on the hardness of the water: < 0.08 (<40 mg CaCO3 / L); 0.08
(40 - <50 mg CaCO3/L); 0.09 (50 - <100 mg CaCO3/L); 0.15 (100 - <200 mg CaCO3/L); 0.25

(>200 mg CaCO3 /L).

2) Class III Cd values depending on the hardness of the water: < 0.45 (<40 mg CaCO3 / L); 0.45
(40 - <50 mg CaCO3/L); 0.60 (50 - <100 mg CaCO3/L); 0.9 (100 - <200 mg CaCO3/L); 1.5

(>200 mg CaCO3 /L).

3) Class IV Cd values depending on the hardness of the water: < 4.5 (<40 mg CaCO3 /L); 4.5 (40
- <50 mg CaCO3/L); 6.0 (50 -<100 mg CaCO3/L); 9.0 (100 - <200 mg CaCO3 / L); 15 (=200
mg CaCO3/L). Values above belong to class V.
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Appendix B

Classification levels of heavy metals in soil from Miljg-direktoratet 2020.

Parameters Class I Class 11 Class I1T Class IV Class V
Extremely Bad

Background level Good Level Moderat Level |Bad Level Level

Metals TS TS m, TS TS TS

Lead 150 - 1480

Cadmium 25-16

Copper

Chromium 620 - 6000

Nickel 42 - 271

Zinc 139-750
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Appendix C
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