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Abstract

Climate change is a fact and the potential climate change impacts on infrastructure are necessary
to examine to ensure the safety and performance of societies. The evidence for climate change
is overwhelming, the changes have been observed and the projected future based on models
indicate further change. Several of the climate change impacts are predictable, though the
magnitude of the changes is unknown. Bridges are a part of the infrastructure that have a
substantially long service life, which make them important to consider when regarding the
impacts of climate change.

In this thesis a recently developed risk-based prioritisation method was reviewed. The method
qualitatively assesses the impacts of climate change on bridges, aiming to address the two
following question related to operation and management. Firstly, which climate change impacts
should be prioritised for a single bridge? Secondly, which bridge should be given precedence
when considering the potential impacts of climate change, for a group of bridges? The main
components of the method are hazard, exposure, vulnerability and consequence. These
components are assessed and aggregated into two ranking indices, level-1 ranking index
addressing the first question and level-Il ranking index addressing the second one. The review
was conducted to examine the practical feasibility of the method, evaluating its strengths,
weaknesses and possible improvements.

The potential climate change impacts selected for analysis of the method were increased
deterioration rates and increased stress due to expansion. The bridge selection comprised out of
seven roadway bridge located in different counties in Sweden. The relevant bridge information
for the selection was obtained from the Swedish Transport Administrations database, BaTMan.
The climate data used to evaluate the increase of the potential climate change impacts was
acquired from the Climate scenario database created by the Rossby Centre at the Swedish
Meteorological and Hydrological Institute.

The result of the review is that the risk-based prioritisation method is applicable, it addresses
the aforementioned questions and prioritisation for the bridge selection is obtained. The method
requires access to extensive data, both climate data and bridge data. It is also important to
acknowledge that several assumptions and simplification were adopted to enable the assessment
process.

Keywords: climate change; risk; bridges; qualitative assessment



Sammanfattning

Klimatforandringar ar ett faktum och de potentiella klimatforandringarnas inverkan pa
infrastrukturen &r nodvandigt att undersoka for att sakerstalla samhéllets funktion och sékerhet.
Bevis for klimatforandringar &r overvéldigande, forandringarna har observerats samt tyder
modelleringen av framtidens klimat pa ytterligare forandringar. Flera av klimatférandringarnas
inverkan pa infrastruktur ar férutsagbara, men storleken pa dessa ar okand. Broar ar en del av
infrastrukturen som har en lang livslangd, vilket gor dem viktiga att ta hansyn till nar det géller
effekterna av klimatférandringar.

| examensarbetet granskades en nyligen utvecklad riskbaserad prioriteringsmetod. Metoden
bedomer kvalitativt effekterna av klimatforandringar pa broar, och syftar till att ta itu med de
tva foljande fragorna. For det forsta, vilken av klimatforandringarnas effekter bor prioriteras
for en enskild bro? For det andra, vilken bro bor ges foretrade nar man beaktar de potentiella
effekterna av klimatférandringar for ett urval av broar? Metodens huvudkomponenter ar fara,
exponering, sarbarhet och konsekvens. Dessa komponenter utvarderas och sétts samma till tva
rankningsindex, level-1 rankningsindex som besvarar den fdérsta fragan och level-Il
rankningsindex som tacklar den andra. Granskningen genomférdes for att undersdoka metodens
praktiska genomforbarhet, identifiera mojliga forbattringar samt utvardera dess styrkor och
svagheter.

De potentiella effekterna av klimatférandring som valts for analys av metoden var 6kad
nedbrytning av overbyggnad och Okade spanningar i bron pa grund av expansion. Urvalet
bestod av sju vagbroar beldgna i olika lan i Sverige. Den vasentliga informationen for urvalet
erholls fran Trafikverkets databas, BaTMan. Klimatdata som anvandes for att utvardera
okningen av de potentiella effekterna av klimatférandring samlades in fran Klimatscenario
databasen skapad av Rossby Center vid Sveriges meteorologiska och hydrologiska institut.

Resultatet av granskningen ar att den riskbaserade prioriteringsmetoden &r applicerbar, den
besvara de ovannamnda fragorna och en prioritering for urvalet erhalls. Metoden kraver tillgang
till omfattande data, bade klimatdata och brodata. Det ar ocksa viktigt att konstatera att flera
antaganden och forenklingar antogs for att méjliggéra utvarderingsprocessen.

Nyckelord: klimatférandring; risk; broar; kvalitativ bedémning



Notations and abbreviations
Some of the most used notations and abbreviations in the thesis are listed below

Hazard index

Exposure index

Strength of evidence index
Vulnerability index
Consequence index

ir Relative bridge importance index

o< m=—zoT

1, Optimistic exposure

I, Pessimistic exposure

I, Normalised exposure

1, Normalised optimistic exposure

L,y Normalised pessimistic exposure

L, max Maximum pessimistic exposure

€c Output from model with current climate data

€o Output from model with optimistic climate data
€p Output from model with pessimistic climate data
RI; Level-I ranking index

RI;, Optimistic level-I ranking index

RI;, Pessimistic level-I ranking index

RI, Level-Il ranking index

R, Optimistic level-11 ranking index

RI,, Pessimistic level-1lI ranking index

W Weight assigned to the normalised exposure

WE Weight assigned to the strength of evidence

Wy Weight assigned to the vulnerability

Wec Weight assigned to the consequence

W Weight assigned to the relative bridge importance
AADT max Maximum annual average daily traffic

DLmax Maximum detour length

RCP Representative Concentration Pathway

RF Radiative Forcing

STA The Swedish Transport Administration (Trafikverket)
IPCC Intergovernmental Panel on Climate Change
GCM Global Climate Model

AADT Annual Average Daily Traffic

DL Detour Length
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1 Introduction

1.1 Background

The climate is changing, with the passage of time it has becomes more evident that significant
climate changes are occurring. In addition to the overabundance of observational evidence of
these changes, there are also numerous model projections which consistently indicate that the
climate system is changing at a remarkable rate. While at the same time there are large
uncertainties associated with the magnitudes of these changes, however the fact that the climate
is changing is undeniable.

The climate change may prompt unforeseen impacts or increase currently existing ones for
various sectors of our societies, one of these is sectors is the infrastructure. Bridges are a part
of the infrastructure that have a substantially long service life, sometimes exceeding 100 years.
To ensure safe and functional societies it is consequently vital to study the potential climate
change impacts on infrastructure.

Up to date, only a small number of studies have attempted to address the risks imposed on
bridges by climate change from a decision-making view in the context of infrastructure
management. Nasr et al. (2019a) recently developed a method for comparatively assessing the
impacts of climate change on bridges. The method aims to assess the effect of climate change
for several potential impacts for a certain bridge of interest as well as generating a prioritisation
system for a selection of bridges to determine which of these bridges should be given
precedence when considering the effect of climate change. The proposed method has only been
applied to hypothetical bridge examples to demonstrate its applicability. The climate change
impacts assessed for the hypothetical examples were increased scour rates, increased
deterioration rates, increased drainage problems and permanent inundation of bridge deck due
to sea level rise.

1.2 Objectives

The overall aim of this thesis is to review the method developed by Nasr et al. (2019a) and to
study the practical feasibility of the method on real case studies. The method could be a useful
tool for risk assessment considering climate change impacts for bridges as well as for other
infrastructures. The data for the case studies in this work was obtained from the BaTMan
database which is the Swedish Transport Administrations (STA) Bridge and Tunnel
Management system (STA, n.d.). The main objectives of this thesis are:

- To investigate the applicability of the method to real case studies, based on the data available
on the BaTMan database.

- To identify the strengths, weaknesses and possible improvements of the proposed method as
well as assess its compatibility with existing climate change projection from the SMHI
database, (SMHI, 2018a).



1.3 Limitations

The bridge selection assessed in the study were limited to steel or concrete roadway bridges.
The Swedish Transport Administrations database was the main source of information for the
bridges which limited the selection to bridges located in Sweden.

The available climate data obtained from SMHI, narrowed down the selection of potential
climate change impacts. The Climate scenario database accessible on SMHI, containing
necessary climate data sets for the review of the method consists of number of different climate
parameters, e.g. temperature, precipitation and wind. The main climate parameter utilized in
the study was temperature.

1.4 Scope identification and overall methodology of the study

The initial steps before executing the prioritisation method involves choosing a bridge selection,
a time frame and relevant climate change impacts for the time frame of interest. These choices
are determined by the decision maker and outside the scope of the reviewed method.

The bridge selection assessed in this study consists exclusively of roadway bridges made of
either steel or concrete. The database was studied to learn what information could be accessed.
The account for BaTMan was not granted complete access to the entire database, though the
essential bridge data was available.

The selection process of choosing the bridges for the assessment was done with consideration
to the limitations (e.g., roadway bridge, steel or concrete as bridge material) as well as with
some input from the Swedish Transport Administration. This amounted to the seven roadway
bridges with difference locations all over Sweden. Assumptions and simplification of the bridge
data were adapted to enable the assessment.

The time frame used in the assessment was a choice by the decision maker, partly governed by
the amount of available data for the required climate parameters. This led to the current climate
being represented by the 2010s and the investigated future climate represented by three different
decades; the 2050s, 2070s and 2090s. The decadal comparison of climate (i.e. considering the
climate parameters in a whole decade instead of a single year) was applied in order to obtain a
better representation of the climate. Several decades of the future were investigated to see how
the results of the review method would be affected.

The potential climate change impacts for the chosen time frame were investigated. Firstly, a
wide literature review was conducted to gain knowledge of the subject as well as adjacent
subjects, focusing mainly on climate change and the potential climate change impacts for bridge
structures. Furthermore, research on where climate data could be obtained was conducted, more
specifically scenario data. This led to the Rossby Centres research results which contained both
historical and scenario climate data pertinent for the assessment.

To fully utilize the risk-based prioritisation method two impacts were assessed, these were
chosen based on their relevancy for the time frame. In addition, the available climate data
narrowed down the selection of the climate change impacts. The main climate parameter
available and used in the study was the temperature which amounted to the two following



potential climate change impacts; increased deterioration rates and increased stress due to
thermal movements of the bridge deck.

1.5 Outline of the thesis

The core of this thesis is the risk-based prioritisation method. In order to present the method
and its components, the thesis starts with an introduction to climate change impacts and the
climate change parameters affecting them.

Chapter 2 presents the potential climate change impacts assessed in the study. In addition, the
emission scenarios that have been selected for assessment are described and the Climate
scenario database used to obtain the climate data is presented.

Chapter 3 presents the method, if no other references are presented in this chapter it should be
concluded that the information is a part of the method.

Chapter 4 describes the bridges which were selected for the study and how the selection process
was conducted. Moreover, the Swedish Transport Administrations BaTMan database used to
obtain the bridge data in the assessment is described in short.

Chapter 5 presents the bridge data and climate data used in the assessment together with some
of the assumptions and simplifications applied for the assessment.

Chapter 6 consist of a calculation example which describes all the steps in detail conducted
when determining the ranking indices for a single bridge. While in Chapter 7 the results of the
qualitative assessment for all bridge are presented. In Chapter 8 the results and the reviewed
method are discussed. Lastly, in Chapter 9 the conclusions of the study are presented.






2 Climate

2.1 Climate change impacts

Identifying the hazards and the associated potential risks for a certain structure are the initial
steps of risk assessment, this is then followed by analysing and evaluating the probability and
severity of the risks. Nasr et al. (2019b) examined over 190 research articles, which resulted in
identifying and categorising 31 potential climate change risks related to bridge structures.

Identification of the presented climate change risks was pursued in three ways. Firstly, some
risks were identified in previous literature as potential climate change risks. Furthermore, some
of the risks were identified by reviewing documented cases of bridge incidents, involving
failure, malfunction or damage, and then trying to connect these incidents to the projected
environmental hazards of the future. Lastly, additional risks were identified by contemplating
scenarios induced through the projected change of climate parameters which could affect the
performance and/or safety of bridges. The risks were categorised into seven main categories,
namely durability, serviceability, geotechnical, increased demand, accidental loads, extreme
natural event and operational risks.

For each category the related risks were grouped and the associated hazards were discussed.
The probability or severity of the risks were not addressed in the aforementioned article as the
main focus was solely to identify the potential climate change risks. In the article various
projected changes of climate parameters and phenomena were considered such as temperature,
heatwaves, precipitation, sea level, wind, relative humidity, etc. The two climate factors that
can affect the largest number of potential risks are the higher temperature and the increase of
precipitation (Nasr et al., 2019b). The research concluded that the two climate factors combined
could affect 25 of the 31 investigated risks. Table 1 presents the potential climate change
impacts assessed in this thesis, namely accelerated degradation of material and thermally
induced stress and the change of climate parameters affecting them.

Table 1 The studied climate change impacts and the climate change parameters affecting them, identified by Nasr
et al. (2019b).

Accelerated degradation of material Thermally induced stress

P Higher precipitation T Higher temperature seasonal
contrast

Tt Higher temperature T Higher temperature

Increase in intensity/frequency

CCt | Higher carbon concentration HW? of heatwaves

SR? Higher solar radiation SR? Higher solar radiation

RH? | Increase in relative humidity




The identified risks consists of both direct and indirect impacts of climate change on bridges.
Nasr et al. (2019b) emphasizes that for a bridge failure the reason for the incident is seldom
identified as one single cause, which results in the importance of viewing potential climate
change risks holistically instead of separately.

2.1.1 Accelerated degradation of material

A pertinent risk due to climate change relevant for bridges and infrastructure in general is the
increased rate of material deterioration and degradation (Kumar & Imam, 2013). Numerous
climate parameters affect the deterioration of the superstructure, the projected change of
parameters like higher temperatures, increased precipitation, increase in relative humidity, and
higher carbon concentrations in the atmosphere all induce accelerated deterioration (Nasr et al.,
2019b). It should be acknowledged that the projection of increase for a climate parameter may
only occur in some regions and under some scenarios.

An Australian study by Stewart et al. (2011) assessed the risk of corrosion initiation and damage
to concrete structures under future climatic conditions in two cities, namely Sydney and
Darwin. The climate parameters used in the assessment were carbon dioxide levels, temperature
and humidity adopting several models as well. One of the conclusions of this study was that for
some regions in Australia the risk of carbonation induced corrosion may increase by more than
400% by the year 2100. Regarding steel structures it is reasonable to assume that similar trends
can be expected (Nasr et al., 2019b).

2.1.2 Thermally induced stresses

The projected increase of temperature in the future may lead to an increased demand on the
deformation capacity of bridges; as a consequence, if the provided expansion joint is not
sufficient to accommodate this increase in demand an increase of restrained thermal stresses is
expected (Schwartz, 2010). Karl et al. (2009) points out that thermally induced stresses related
to the projected climate change can impair bridge operations and increase maintenance costs,
making it a risk worth considering. An additional climate parameter other than temperature that
may induce increased stress is higher solar radiation which may increase the temperature
gradient between the top and bottom of bridge decks (Nasr et al., 2019b).

Bridge structures endure complex thermal stresses that fluctuate continuously with time. The
magnitude of the thermal stresses is contingent on different factors such as the climatological
conditions, temperature variation inside the structure, geometry of the cross section and thermal
properties of the material as well as the geographical location and the orientation of the bridge
(Elbadry & Ghali, 1983).



2.2 Emission scenarios

The Intergovernmental Panel on Climate Change (IPCC) is a division of the United Nations
established to assess the science related to climate change. IPCC (2013) presented four different
emission scenarios in its most recent assessment report. Representative Concentration Pathway
(RCP) scenarios consist of time series that specify concentrations and corresponding emissions
related to greenhouse gases, aerosols and land use. The different scenarios are defined by
specific radiative forcing characteristics, the scenarios are RCP 2.6, RCP 4.5, RCP 6.0 and RCP
8.5. The number that describe the scenarios indicates the approximate Radiative Forcing (RF)
in W/m?, that each scenario will give rise to in the year 2100 or at stabilisation after 2100, which
is relative to pre-industrial RF values, see Figure 1. Radiative Forcing quantifies the change in
energy flux per surface area, which entails that positive radiative forcing contributes to surface
warming while surface cooling is the result of negative radiative forcing (IPCC, 2013).
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Figure 1 (Top) Total global mean radiative forcing for the four RCP scenarios. (Bottom) Changes in the global
average surface temperature relative to 1986—-2005 for the different emission scenarios (IPCC, 2013).

The lowest emission scenario is RCP 2.6 which is a relatively optimistic scenario, where climate
policies are a significant aspect. This scenario is also referred to as RCP3-PD, peaks at
approximately 3.0 W/m? and then declines to 2.6 W/m? in the year 2100 (IPCC, 2013). To
achieve such low levels of radiative forcing, a substantial reduction of greenhouse gas emissions
is required which could be enforced by implementing extremely stringent climate policies (Van
Vuuren, et al., 2011). For this scenario the global mean temperature is projected to increase by
the end of the century with 0.3°C to 1.7°C (IPCC, 2013).
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The highest emission scenario is RCP 8.5 and can be seen as a relatively pessimistic scenario
of the future, where climate policies are not implemented. The radiate forcing levels reaches
8.3 W/m? in the year 2100 and the RF afterward is on a rising trajectory (IPCC, 2013). This
scenario assumes a rapid population growth which reaches about 12 billion by the year 2100
and technological developments at a lower rate which results in a highly energy-intensive
scenario (Van Vuuren, et al., 2011). According to IPCC (2013) the projected increase for the
global mean temperature by the end of the century for RCP 8.5 is 2.6°C to 4.8°C. Figure 2
presented the annual mean surface temperature change for the two investigated representative
pathways, RCP 2.6 and RCP 8.5

RCP 2.6 RCP 8.5
Change in average surface temperature (1986—-2005 to 2081-2100)

32
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Figure 2 Change in the annual mean surface temperature for RCP 2.6 and RCP 8.5.

2.3 Climate scenario database

The Rossby Centre is a research unit at The Swedish Meteorological and Hydrological Institute
(SMHI) that engages in research on the climate system’s behaviour and the governing climate
processes (SMHI, 2018b). The main tools for the research activities are the global and regional
climate models developed within the Rossby Centre. For more than 20 years the research unit
has worked on model development and evaluation of data to increase the knowledge of the
future climate. The research consists of several aspects such as meteorological, oceanographical
and hydrological.

The result from the climate research at the Rossby Centre was generated into an interactive
database which is accessible on SMHI’s website. The climate scenarios were created by
combining emission scenarios, global and regional climate models for a specific modelled time
period (SMHI, 2019). Modelled future climate data always contain uncertainties. There is not
a climate model that is the best. For obtaining reliable results it is necessary to compare the
projections of different models.

Global climate models comprise of a three-dimensional grid which give a representation of the
whole atmosphere and the entire surface of the earth considering the land surface, oceans, lakes,
ice and their interactions (SMHI, 2019). Climate indices are calculated over time for each grid,
which represents a specific geographic location and elevation.

The grid spacing is generally quite large in a global climate model attaining a low resolution of
detail at regional level, the reason is that it requires a lot of computer power which restricts the



three-dimensional grid. Regional climate models are introduced when a smaller area of the earth
is of interest, achieving a more detailed model with a smaller grid spacing. Interactions
occurring in the surrounding area affecting the calculation area in a regional climate model are
managed by the results from a global climate model.

For the climate scenario analysis for Sweden, the Rossby Centre's regional atmospheric model
RCA which covers Europe was applied. This regional climate model consists of a grid
resolution over the land surface amounting to 50x50 km. The historical data from observations
is based on average values for a grid resolution of 4x4 km.

The database presents historical data and scenario data on several climate parameters for
various geographical areas. The values in the result for the scenario data are presented relative
to the mean values for the period 1961-1990. Scenarios and observations for Sweden are
presented in the Climate scenario database which describes the observed climate up until the
year 2018 and predictions for future climate development during the 21st century.

To obtain the relevant data from the database it is required to select a geographical area,
emission scenario, season and climate parameter. Data was collected for each bridge by
selecting the climate parameter of interest, the county corresponding to the location of the
bridge, lastly choosing the scenario considering an optimistic and pessimistic approach, see
Appendix 1.
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3 Risk-based prioritisation method

3.1 Overview of the employed prioritisation method

The safety and performance of bridges can significantly be affected by climate change impacts.
Climate change impacts can affect a bridge to a varying degree, some impacts are more severe
and can initiate bridge failure whilst other impacts only disrupt the normal function of a bridge
without endangering its structural safety. Considering the potential climate change impacts
relevant to bridges, the proposed method aims to address the following questions:

- For a certain bridge of interest, which climate change impacts should be prioritised?

- For a group of important bridges, which of these bridges should be given precedence
when considering the potential impacts of climate change?

The proposed method is an index-based risk method aiming at providing comparative
assessments that are impartial and performed systematically. The proposed method is founded
on the concept of risk and depends on assessing its different components. The four main risk
components are hazard (H), exposure (I), vulnerability (V) and consequence (C). These
components are represented with several indices and then combined into two different ranking
indices, referred to as level-I ranking and level-11 ranking which tackle the two aforementioned
questions.

The purpose of level-1 ranking is to prioritise the various climate change exposures for each
bridge in the selection, addressing the first question. Level-1l ranking is based on the results of
level-1 ranking, developing it to address the second question, achieving a prioritisation for the
entire bridge selection considering the impacts of climate change.

The level-1 ranking contains four indices that represent the four main risk components
accompanied by an additional index representing the strength of evidence (E). For level-II
ranking, an additional index which reflects the relative importance of the bridges in the selection
(ir).

The climate change impacts investigated are represented with models, to assess the increase in
the future relative to the current climate, this is achieved by introducing historical climate data
and scenario data in the assessment. Together with each model there is a need to identify the
vulnerability indicators of the bridge, i.e. to define different characteristics of the bridge which
demonstrate the susceptibility of the bridge to the impact of interest.

To represent the uncertainty in the assessment, each ranking index is evaluated twice which is
accomplished through once adopting an optimistic approach and then adopting a pessimistic
approach. This results in an optimistic and pessimistic value of level-1 and level-I1 ranking
indices and hence a lower and an upper limit are obtained for each ranking index.
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3.3 Level-l ranking

3.3.1 Hazard

In the method, hazard is referred to as the potential change of an environmental parameter
within a specific time period. Regarding the effects of climate change on bridges, the structures
may not be directly affected by the hazard itself, instead the hazard can incite an exposure which
subsequently may affect the bridge.

Exposures are instigated by the potential change of the environmental parameters, making these
environmental parameters essential to analyse. The hazard is not a factor in the ranking, in the
way that is contributes to value inserted in the ranking index equation, instead depending on
the hazard level adopted it guides the climate data used in the assessment. In the analysis the
hazard level is predefined by selecting a certain percentile of the probability distribution which
is adapted for all exposures. Furthermore, applying an optimistic approach and then a
pessimistic approach to the climate data. This results in a lower limit (Ho) and an upper limit
(Hp) of the hazard index.

Normal distribution was the probability distribution used to analyse the climate data related to
the environmental hazard. Normal distribution was adapted as there are no recommendations
when processing climate data, while for other data there is a specific distribution that may be
more suitable. The temperature data was the main environmental parameter utilized in this
thesis. The 25" percentile values of RCP 2.6 were used for the optimistic approach while the
75" percentile values of RCP 8.5 were used for the pessimistic approach, see section 2.2 and
Appendix 1 for more details. The percentiles used in the study were recommended in the article
by Nasr et al. (2019a), which the authors based partly on the uncertainty associated with tail
values of distributions.

3.3.2 Exposure

The exposure refers to the potential climate change impact on a bridge caused, or increased, by
the hazard. The exposure index (I) describes the potential increase of the investigated climate
change impact. This index is assessed twice, once optimistically (lo) based on lower limit of the
hazard index (Ho) and the second pessimistically (Ip) based on the upper limit of the hazard
index (Hp). lo and I, are determined with Equations 1 and 2 respectively.

€, — €
1, = max( , 0) (1)
eC
B e, — e,
Ip = max( o 0) (2)

where e, and ep represent the exposure under Ho and Hp respectively and ec represents the
exposure under the current climate conditions.

The exposure cannot yield a negative value, a negative value indicates that there is no increase
of the potential impact due to climate change when evaluating it with a specific model. If this
would be the case, I, and I, are then assigned a value of zero according to Equations 1 and 2.
For evaluating eo, €p, and ec in Equations 1 and 2, models connecting the exposure to relevant
environmental hazards are adopted.
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3.3.2.1 Models

The selected potential climate change impacts for the study of the method were; increased
deterioration rates and increased stress due to thermal movements of the bridge deck. The
increase of deterioration rates was one of the climate change impacts assessed when
investigating the practical feasibility of the proposed method for the hypothetical bridge
examples. Considering it had been assessed previously, a viable model was attained from the
article by Nasr et al. (2019a), presented in Table 2.

The increase of stress due to thermal movements of the bridge deck, was not documented in the
article about the risk-based method. Therefore, research was conducted to obtain a model for
this impact along with other indices. This led to the introduction of the model of thermal stress
due to change in temperature. Furthermore, in this thesis the assessment is conducted on
existing bridges that were built at a certain temperature in the past hence, i.e. construction
temperature. It was determined that the assessment of the impact would be done with
consideration to the construction temperature, comparing it to temperatures for the current and
future climate.

Additionally, another choice was made to separate the increased stress due to contraction and
increased stress due to expansion. To assess the increase of stress due to expansion, the
maximum of the temperature index for the current and future climate would be compared,
accounting for the construction temperature while for assessing the increased stresses due to
contraction it would be the minimum of the temperature indices instead, see Figure 3.

At Tmax of the
future climate

At Tmax of the
current climate

At construction
temperature

At T, of the
current climate

—
|
-
T

At T, of the
future climate

/,—\\_

Figure 3 Illustrating the thermal movement of the bridge deck, relative to the position at construction.
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Lastly, a choice was made to only assess expansion, excluding contraction from the assessment
as it is not likely that it will become colder in the future resulting in increased contraction.
Modifying the second climate change impact to comprise of increase of stress due to expansion.
The exposure of increased stresses due to contraction could be assessed as well, though with
the approach adapted in the thesis it would be considered a separate exposure. The models are
choice by the decision maker. The models representing each of the potential climate change
exposures are presented in Table 2.

Table 2 Models connecting the exposures of increased deterioration and increased stresses due to expansion to
relevant environmental parameters.

Potential

. Model
impact

Corrosion rate (Duracrete, 2000)

0.025 if T(£) < 20°C

Increased | i () =icor-20"(1+K-(T(£)-20)) and K= { ! o (3)
deterioration 0.073 if T(1) > 20°C
rates - - - - - - -
where icorr(t) is the corrosion rate at time t, icorr-20 i the corrosion rate at
20°C, T(t) is the temperature (°C) at time t and K is a factor that has the
values shown above.
Thermal stress
=a-E-AT 4
Increased | © ¢ @)
stress due to ) . - . .
expansion where o is the thermal stress, o is the coefficient of thermal expansion, E is

the Young's modulus of the bridge material, AT is the differential between
the maximum bridge temperature and the construction temperature of the
bridge (°C).

Increased deterioration rates

The model by Duracrete (2000) is well known and depicts the effect of temperature on the
corrosion rate, see Equation 3 in Table 2. The corrosion rate at 20°C, icorr-20, IS assumed to be
constant for the different time periods analysed. The factor K is set to 0.025 as all the
temperatures used in the assessment of the corrosion rate are less than 20°C. The remaining
factor being the temperature at a specific time. The annual mean temperature was the
temperature index used to describe the climate at a specific time. The optimistic and pessimistic
change of the exposure of the increased deterioration rates, Ipand lo, are calculated as shown
below.

IO :max( € — € ’ O) — max < icorr(t)o - icorr(t)c , O)

- oo (O
_ € — € B icorr(t)p B ic"””(t)c
I, =max ( e 0) — max < Lo () 0
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where
€= icorr(t)c = icorr—ZO'(l—i_K'(T(t)c - 20))

€ = icorr(t)o = icorr—20'(1+K'(T(t)o - 20))

& = icorr (D) = icorra0” (14K-(T(), - 20))

Also, where

T(t)e is the annual mean temperature for the current climate

T(t)o is the optimistic annual mean temperature for the future climate
T(t)p is the pessimistic annual mean temperature for the future climate

Increased stress due to expansion

The simplest way to determine displacement due to thermal expansion is to relate it directly to
the bridge length using the linear equation, see Equation 5.

AL=a-L-AT (5)

Moreover, thermal stress is determined as shown in Equation 4, see Table 2. These two
expressions were the foundation for assessment of the second exposure. Thermal movement
comprise of expansion and construction, in this thesis expansion is selected for further analysis.
The initial position of a bearing or an expansion joint at construction, is compared to the current
climate and to future climate to assess if there is any increase in thermal movements induce
stress.

The material parameters are assumed to be constant, the remainder being the change in
temperature. Emerson (1982) emphasises the gravity of accounting for the bridge temperature
at the time of placement of joints and bearings when conducting an analysis. The proposed
method accounts for the temperature the year of construction, which is presented by the annual
mean temperature. The optimistic and pessimistic change of the exposure of increased stress
due to expansion, I, and I, are calculated as shown below.

I, =max ( o~ % 5 O) =max <ATmaX’O — ATmax,c ’ 0)

€. AT, max,c
e,—e AT — AT,
I, =max ( r__= , O) =max < P e , 0)
€. ATmax,c
where

€. = ATmax,c = (Tmax,c - TO)
€ = ATmax,o = (Tmax,o - T())

€ = ATmax,p = (Tmax,p - TO)
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Also, where
Tmax,c
Tmax,o

Tmax,p
To

Is the construction temperature

3.3.3 Strength of Evidence

The strength of evidence index (E) accounts for the strength of evidence supporting the
occurrence, or increase, of each exposure as a result of the climate change. This index is
likewise assessed twice, once adopting an optimistic approach (E;) and then adopting a

pessimistic approach (Ep).

The description of the strength of evidence index applied in the assessment is presented in Table
3. The table is based on the classification of uncertainty obtained from Flage and Aven (2009),
Goerlandt & Reniers (2016) points out that this is used for the assessments the strength of

Is the maximum daily mean temperature for the current climate
Is the optimistic maximum daily mean temperature for the future climate

IS the pessimistic maximum daily mean temperature for the future climate

evidence, as it more advantageous than an uncertainty assessment.

Table 3 Values for the index E proposed by Nasr et al. (2019a)

Evidence Strong Average Weak
strength
E 1.0 1.0-0.2 0.2
One or more of the following | Conditions | One or more of the following
conditions are met: between conditions are met:
— Any assumptions made are | those — Some of the assumptions
judged as being very describing | made involve obvious
Description | reasonable. strong and | speculations.

— There exists a broad weak — There is a clear lack of
agreement/consensus among | evidences. | agreement among experts.
experts. — Some of the phenomena
— The phenomena involved involved are poorly
are well understood. understood.

Both the exposures analysed in the study are considered as relatively high strength of evidence
supporting their occurrence due to climate change. Therefore, each exposure was assigned an

index of 1.0 for both the pessimistic and the optimistic assessments.
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3.3.4 Vulnerability

The vulnerability refers to the susceptibility of a bridge to being affected by an exposure
triggered by the hazard. The vulnerability index (V) is determined by identifying relevant
characteristics of a bridge that represent the susceptibility of the bridge affected by a certain
exposure, in other words vulnerability indicators. Examples of vulnerability indicators are
location, traffic volume, bridge geometry and material.

The different vulnerability indicators are constructed into a vulnerability scoring scheme for
each investigated exposure. Every bridge in the selection is assigned a score based on its
characteristics. The vulnerability index is calculated using Equation 6.

K
Vii= Z Wi Sik (6)
k=1

where Vjj is the vulnerability index of bridge i towards exposure j, Wik is the weight of
characteristic k in assessing the vulnerability of exposure j, Sjk is the score assigned to bridge i
for characteristic k and K is the number of vulnerability indicators which are considered relevant
for a certain exposure. As the previous indices, the vulnerability index is assessed twice, once
optimistically and then pessimistically. The vulnerability scoring scheme for the exposure of
increased deterioration rates is presented in Table 4.
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Table 4 Vulnerability scoring scheme for the exposure of increased deterioration rates proposed by Nasr et al.
(2019a); the table is inspired by NYSDOT (1997) and Ramey & Wright (1997).

Bridge Traffic volume
Score material Age (A) Zone (Veh./day)
0
Reinforced A <30 years
or Rural
0.1 prestressed
concrete AADT < 4000
0.2 10 < A< 30 years
Properly
03 painted steel
Urban
30 <A<50years
0.4 (recently
rehabilitated)
Properly
05 impregnated 4000 < AADT < 25000
timber
30 < A< 50 years
0.6 (not recently Industrial
rehabilitated)
Not
0.7 (properly)
painted steel
A > 50 years
0.8 (recently
rehabilitated)
Not Coastal AADT > 25000
0.9 (properly)
impregnated A > 50 years
timber (not recently
1.0 rehabilitated)
Woet k 0.25 0.25 0.25 0.25
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For the second exposure of increased thermal stress due to expansion several vulnerability
indicators were noted in previous literature, i.e. the bridge deck material, geometry of the cross
section, support conditions, capacity and condition of the bearings and expansion joints
(Elbadry & Ghali, 1983; Moorty & Roeder, 1992; Branco & Mendes, 1993; SS-EN1991-1-5,
2003; Larsson, 2012). However, to the best of the author's knowledge, no previous literature
ranking the identified indicators exist and hence only the bridge deck material was used for
assessing the vulnerability of bridges to this exposure. The vulnerability indices for the second
exposure of increased stress were based on a table C.1 from SS-EN 1991-1-5 (2003) utilizing
the linear expansion for respective bridge deck material. Table 5 presents the coefficients of
linear expansion obtained from Eurocode and the vulnerability scoring for the exposure of
increased stress due to expansion assigned by the decision maker, namely the author of this
study.

Table 5 Vulnerability score for the exposure of increased stress due to expansion, the table is inspired by SS-EN
1991-1-5 (2003)

Eurocode Decision maker
Coefficients . Score
; of linear Bridge
Material expansion deck
(-10/°C) material Vo Vp
Concrete,
lightweight 7
aggregate )
Reinforced 01 06
concrete
Concrete,
other 10
Structural steel,
wrought 12
or cast iron
Structural 0.4 0.9
steel
Stainless 16
steel

This resulted in a vulnerability index range of 0.1-0.6 for reinforced concrete and 0.4-0.9 for
structural steel. Steel has a greater coefficient of linear expansion, indicating it more sensitive
to temperature change therefore it is assigned a higher vulnerability score than concrete.
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3.3.5 Consequence

The associated consequences with each exposure are accounted for with the consequence index.
The scale used for assigning the index C with assessments of the potential exposures is
presented in Figure 4. On the horizontal axis the various exposures are presented while the
vertical axis provides a score depending on the degree of the consequence, failure is defined as
total collapse. The scale provides an upper and lower limit for the index, representing an
optimistic and a pessimistic evaluation of the consequences.

Description C
Sudden undetectable failure is possible 1.0 5
Failure is possible with a short intervention period 0.9
0.84
Failure is possible with a medium intervention period 0.7
Failure is possible with a long intervention period 0.6 :I:
Failure is unlikely 0.5 I

Only functionality disruption is possible (serious disruption) 0.4
Only functionality disruption is possible (medium disruption) 0.3

Only functionality disruption is possible (little disruption) 0.2+

Negligible effects

Deterioration -

Scour -
Insufficient drainage

capacity
Thermally induced
stresses
Inundation due to
SLR

Figure 4 Scale for the index C, with assessments of five potential exposure modified after Nasr et al. (2019a).
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3.3.6 Level-l ranking index

To obtain the level-I ranking index (Rl1), the weighted product aggregation method is used to
combine the previously presented indices in one ranking index, see Equation 7. Nasr et al.
(2019a) states that this method was selected for the ease of application and its simplicity.

The optimistic values of the indices generate the lower limit for the ranking index (Rl1,) while
the upper limit of the ranking index is determined with the pessimistic values of the indices
obtaining (Rl1,p)

Ry =(1,"E"E-y"r-C ) 100 (7)
1,
Lon = (8)
? Ip,max
I
Ln =7 ©)
P Ip,max

where I, is the normalised value of I, or I, calculated as shown in Equation 8 and Equation 9
while W, ,Wg, Wy and Wc are the weights assigned to the different indices. In the assessment
performed in this study, equal weights were assigned to the different indices when evaluating
RIy, this results in weights of 0.25 for the level-I ranking index. If a decision maker would deem
an index more important, the index in question could be assigned a greater weight relative to
the other indices in the ranking.

All exposure indices used in calculation are normalised, to ensure that the exposure indices
have the same range of possible values from 0 to 1.0. For the level-I ranking index the
normalisation in Equation 8 and Equation 9 is performed with respect to the maximum I, over
all exposures for each bridge identifying Ipmax as the purpose of ranking is to prioritise the
different exposures for a certain bridge.

3.4 Level-ll ranking

3.4.1 Bridge relative importance

When ranking the different bridges in the selection a comparative assessment of the relative
importance of each bridge is required. For this purpose, an index representing the bridge relative
importance is introduced according to Equation 10.

AADT; . DL,
AADT, DL
l-V — max max (10)
2
where AADT; is the average annual daily traffic for a bridge i, DL is the detour length of a
bridge i, AADTmax and DL; are the maximum values of these indicators for the entire bridge

selection.

In the method presented in Nasr et al. (2019a), a third factor is proposed for the bridge relative
importance index, which is the replacement cost. As this information could not be obtained, the
index is only composed of the AADT and DL. The evaluation of the relative bridge importance
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may be given a better representation if more factors could be included. Nasr et al. (2019a) also
mentions there are other factors which are not reflected in these indicators such as military
importance or if the bridge is an essential part of the road network in case of an evacuation.

3.4.2 Level-ll ranking index

The level-I1 ranking index is created in the same way as level-1 ranking index by aggregating
the different indices into one ranking index (RI2), with the use of the weighted product method
resulting in Equation 11. The major difference being the additional index of the relative bridge
importance and when normalising the exposures for level-11 ranking, it is done with respect to
the maximum I, over all bridges for each exposure.

RL = (1,

n

E"ey"r.ce ) 100 (11)

where I, is the normalised value of I, or I, calculated as shown in Equation 8, Equation 9 and
W, We, Wy, We and W; _are the weights assigned to the different indices. Equal weights were
assigned to the different indices when evaluating Rl», this results in weights of 0.20 for the
level-1l ranking index. Rl is assessed twice, similar to Rl1, once adopting an optimistic attitude
and then a pessimistic attitude. The average Rl values over all exposures are used to rank the
bridges in the selection.
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4 Bridge selection

4.1 BaTMan database

The Swedish Transport Administration (STA) uses a management system referred to as
BaTMan (Bridge and Tunnel Management) which was developed to facilitate the management
process for the entire lifespan of a structure. BaTMan is a digital web-based system containing
a searchable database where users such as managers, consultants and planners can receive
support with management work regarding both inspection, procurement and action (STA, n.d.).
In the searchable database, users can find information on over 30,000 registered bridges,
register new information on specific structures, and check previously performed actions.

The Swedish Transport Administrations methodology which forms the basis for management
of structures is available in the BaTMan manual. In the manual the Swedish Transport
Administration (2019) states the importance of using a management system as it benefits both
the owner and the user. Through the implementation and documentation of conducted activities
owners can optimize their costs and in turn ensure safety and accessibility for road users. The
BaTMan manual describes the implementation of the various administrative steps and how
these are documented. In addition, there are measurement methods, concepts and definitions,
code lists etc. described in the manual.

The BaTMan database contains of information about numerous structures, covering different
areas and parameters. All structures that are registered in BaTMan are assigned an identity
number and information about the owner, manager, condition and geographical location are
catalogued (STA, 2019). Besides this general information the following data is added
continuously in the system; drawings, technical data, capacity, passages, inspections, performed
maintenance and data of monitoring.

4.2 Selection process

The bridge selection that was assessed with the method was chosen on the basis that the bridges
were well-known and located in different counties of Sweden. The bridge usage had to be road
traffic, which meant that exclusively pedestrian bridges were not eligible. The material
prerequisite of the bridge selection was that it had to be mainly constructed out of concrete and
steel.

The Long Span Bridge database created by Caprani and De Maria (2019) was a tool used to
narrow down the selection. Considering the criteria’s mentioned in the section above and the
limitations, the following bridges were chosen: Alvsborg Bridge, Uddevalla Bridge, High Coast
Bridge, North Traneberg Bridge and South Traneberg Bridge. In addition, two bridges were
added to the selection, these were recommended by the Swedish Transport Administration.
These two bridges are referred to as the West and East Bridge crossing the river Lagan. A total
of seven bridges were assessed, their geographical positions are presented in Figure 5.
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Figure 5 Map of Sweden with location of bridges marked out (Based on figure by Lokal Profil, CC BY-SA 2.5,
https://commons.wikimedia.org/w/index.php?curid=10214629)

4.2.1 Alvsborg Bridge

The Alvsborg Bridge is a suspension bridge located at the harbour entrance of Gothenburg, it
took three years to complete and the bridge was operational in 1966. The bridge connects the
north and south part of Gothenburg as it crosses the Gota Alv river. The bridge is located near
the coast as well as in the centre of the city. At the north abutment there is a large industrial
area.

The main span is constructed with a steel truss, while the end spans and pylons are made of
concrete. All the steel in the main span was repainted during 2007 (STA, n.d.). To maintain the
function and fulfil the safety requirements of the over 50-year-old bridge, continuous
maintenance is performed, during 2020 new pavement will be installed on the bridge (STA,
2020). During the past years other maintenance activities have been performed, such as
replacing the expansion joints at the abutments and installing a monitoring system to observe
the movements of the bridge (Mageba, 2015; STA, n.d.).

Today, the bridge is the second busiest route crossing the river, the first one being the Tingstad
Tunnel. The latest measurements performed of the traffic volume by the Swedish Transport
Administration (n.d.) for the Alvsborg Bridge were performed during 2019 and amounted to
55520 AADT.
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4.2.2 Uddevalla Bridge

The Uddevalla Bridge is a cable-stayed bridge with a semi-fan system crossing Sunninge Sound
located west of the city Uddevalla. The deck of the bridge is a composite structure, combing
steel and reinforced concrete while the pylons are reinforced concrete (STA, n.d.).

The route E6, originally passed through the city of Uddevalla, the planning of an alternative
route was initiated due to increasing traffic demands and associated delays (Mageba, 2012).
The result of the planning was a bridge as it was considered the best solution which could
integrate with the environment with a minimal impact. The new route due to the Uddevalla
Bridge shortened the previous route by 12.8 km (Mageba, 2012). The traffic volume on the
Uddevalla Bridge is about 19000 AADT (STA, n.d.).

4.2.3 North and South Traneberg Bridge

The original Traneberg Bridge is a double arch bridge located in central Stockholm, it was
constructed during 1932-1934. The bridge was the world's longest arch bridge cast in concrete
when it was completed, with a span of 181 meters (Stockholm stad, 2013). Separate traffic was
crossing over each bridge arch, a section of the bridge deck was utilized for road traffic while
the other section was used for the trams, later on the trams were replaced by the metro (Dufwa,
1986).

The condition of the Traneberg Bridge was gradually deteriorating as the result of the increasing
traffic volumes and extensive corrosion partially induced by road salt (Uusmann, 1997;
Hassanzadeh, 2014) Restrictions limiting the heavy traffic were imposed as the roadway was
in such a bad state. Under the prevailing circumstances the bridge underwent comprehensive
renovation and retrofitting during 1998-2005. The bridge was retrofitted by keeping the double
concrete arches and reconstructing the pillars and the deck (STA, n.d.). In addition, the third
arch bridge was built south of the original Traneberg Bridge. The new arch bridge is a
prefabricated steel arch that was cladded with concrete to merge with the original arches. The
new roadway bridge was inaugurated in 2002 and as it opened for traffic the renovation started
on the older structure.

The Traneberg Bridge is today a triple arch bridge consisting of three parallel parts, the first
arch for the metro, the second arch for road traffic moving west and the last arch constructed is
used for road traffic headed east. The arch bridge with the deck being operated by the metro is
excluded from the assessment as only roadway bridges are of interest in this thesis. Henceforth,
the other two bridge arches are referred to as the North and South Traneberg Bridge. The
distinction is made as the south bridge was built later to facilitate the north bridge. The North
and South Traneberg Bridge are highly trafficked bridges with approximately 60000 AADT for
each bridge (STA, n.d.).
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4.2.4 High Coast Bridge

The High Coast Bridge is a suspension bridge that crosses the Angermanélv River, connecting
the city Veda in Harnésands municipality in the south with the city Hornd in Kramfors
municipality in the north. The bridge is located in a rural area as well as near the coast as the
name of the bridge suggests.

The bridge was built 1993-1997 as a part of a larger project called the High Coast Project that
aimed to improve the standard of the E4 road in Vasternorrland county (J6rgensen, Petersen, &
Pettersson, 1999) The old route featured several bottlenecks and the Sandd Bridge which was
the previous bridge carrying the E4 road across the Angermanélv River did not fulfil the
requirements for live load.

The total length of the High Coast Bridge is 1867 meters, with a main span of 1210 meters. The
bridge deck in the main span is a multiple-cell steel box girder and the end spans are constructed
with prestressed concrete while the pylons are made of reinforced concrete (Jorgensen, et al.,
1999; STA, n.d.). The traffic volume for the High Coast Bridge was measured in 2019 to 4900
AADT (STA, n.d.).

4.2.5 West and East Bridge crossing Lagan

The Bridge crossing Lagan consists of two concrete highway bridges that carry the E4 road
across the river Lagan, located in a rural area of Vaggeryd municipality, Jonkdping County. A
distinction is made between the West Bridge and the East Bridge as they were built at different
time periods and as different construction types.

The East Bridge is a slab frame bridge with a total length of 24 meters that was built in 1979.
The West Bridge was built 15 years later, in 1994 as a continuous slab bridge with a total length
of 34 meters. Each bridge has a roadway consisting of two lanes with traffic headed in one
direction, the East Bridge carrying traffic moving north and the West Bridge carrying traffic
moving south. The bridges are exposed to similar traffic volumes, with an AADT of 7600 for
each bridge (STA n.d.).
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5 Data
5.1 Bridge data

The characteristics of each bridge in the selection are used in the assessment of the vulnerability
index for the exposures. How the different characteristics were obtained or determined as well
as some assumptions and simplifications adopted are presented in the succeeding subsections.
Table 6, presents the summary of the necessary bridge characteristic used to perform the
qualitative assessment.

5.1.1 Bridge material

Bridges are advanced structures constructed out of several elements and materials. The material
of the bridge is a parameter of importance for both climate change exposures analysed in this
thesis. To apply the proposed vulnerability scoring schemes and values in the assessment,
certain simplifications regarding the material of the bridge needed to be adapted.

For the exposure of increased deterioration rates, a representative bridge material for the whole
bridge was selected. As the model for this exposure is based on corrosion rates, the more
perceptive material to corrosion was chosen to represent the bridge. Therefore, if a bridge in
question had e.g. pylons out of reinforce concrete and a steel truss deck in the main span, the
chosen representative material for this bridge was determined to steel. This was the case for
some of the bridges in the bridge selection which had a substantial amount of steel as a part of
the superstructure. Some data was obtained from BaTMan regarding the condition of the steel
elements, though not for all bridges in the selection therefore it is assumed that all the steel is
properly painted.

The exposure of increased stress due to expansion, was assessed with consideration to the
longitudinal thermal movements of the bridge deck. As a result, defining the material of the
deck for each bridge was pertinent. For the bridges with more than one span, the structure of
the deck and material varied between the main span and end spans. To move forward it was
determined that for these bridges the material representing the bridge deck would be the
material in the main span. Moreover, for the bridge with a composite structure, steel was chosen
to represent the bridge deck due to the linear expansion coefficient being greater for steel than
concrete. For the slab bridges and concrete arch bridges in the bridge selection, determining the
representative material for the whole bridge and for the bridge deck was less challenging.

5.1.2 Age

Bridges deteriorate with age as they are affected by the environment and usage and therefore
susceptibility increases with age. A definition of rehabilitation was set as it was necessary for
the assessment of vulnerability for the first exposure. The bridge is considered rehabilitated if
extensive maintenance has been performed during the past 20 years, examples of maintenance
IS repainting the structural steel elements against corrosion or exchanging worn out concrete
elements.
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5.1.3 Zone

Several of the bridges in the selection are located near the coast and at the same time either in
an urban or rural area. Defining the specific zone for each bridge in the selection was
challenging, as the proposed vulnerability scheme for the increased deterioration rates does not
provide a detailed description of the zones mentioned. To facilitate the categorisation process a
definition of a coastal bridge was adopted based on Stewart et al. (2011) which states if the
bridge is located within 50 km from the coast it is seen as a coastal bridge.

5.1.4 Traffic volume

The AADT was obtained from the BaTMan database for each bridge, the latest measurements
performed for each bridge were used accounting for the total traffic on the bridge in question.
The traffic volume is assumed to be constant, no consideration to changes of the traffic volume
in the future are accounted for in the assessment.

5.1.5 Detour length

The definition of detour length is the total additional distance travelled by a vehicle if the bridge
is no longer operational. Generally, when crossing a bridge there is an origin and a destination
for the vehicle, though in this case is neither is defined. The only thing that is predetermined is
the desire to cross the bridge.

The detour length was determined with the use of Google Maps. To simplify the process of
determining the detour length some guidelines were set. The definition of the starting point is
the closest interchange before driving on to the bridge in question and the end point is defined
as the next available interchange when driving off the bridge. The use of the traffic interchange
as the start and end point is motivated by the fact that if the bridge would be closed this would
be where the driver takes another exit for the alternative route. If the bridge in question had
traffic in both direction which is the case for the majority of the bridges in the bridge selection,
the detour length was determined for approaching the bridge in both directions and the average
detour length was chosen to represent the bridge.
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Table 6 Characteristics of the bridge selection.

(km)

" North South .

Characteristics Aé\;is(lj:)o;g UdB(:iea/a;Ia Traneberg Traneberg H 'g?igoeaSt I?Yr\{ gste BEi?jSte

g g Bridge Bridge g g g
County Vaéstra Gotaland | Vastra Gotaland Stockholm Stockholm Vasternorrland Jonkdping Jonkdping
Bridge Properly Properly Reinforced Reinforced Properly Reinforced Reinforced
material painted steel painted steel concrete concrete painted steel concrete concrete
Bridge deck Structural Structural Reinforced Reinforced Structural Reinforced Reinforced
material steel steel concrete concrete steel concrete concrete
Inaugurated 1966 2000 1934 2002 1997 1994 1979
Age (years) 54 20 86 18 23 26 41
Recently Yes No Yes No No No No
rehabilitated
Zone Coastal Coastal Coastal Coastal Coastal Rural Rural
AADT 55520 18642 59577 56171 4909 7470 7644
(veh./day)
Detour length 8.20 12.9 7.50 7.50 24.4 3.00 4.40




5.2 Climate data

Obtaining climate data was a central point for the assessment of climate change impacts on the
bridge selection. The climate data for the assessment was obtained from the Climate scenarios
database created by the Rossby Centre, with the temperature being the main climate parameter
utilized in this thesis.

5.2.1 Temperature

The time frame used in the thesis is a decadal approach, the current climate is represented by
historical data from 2010-2018 and the future climate is represented by scenario data for the
2050s, 2070s and 2090s. A decadal comparison is chosen to obtain a good representation of the
analysed climate.

The air temperature is assumed to be the same as the bridge temperature, which is a
simplification of the reality as other climate parameter affect the bridge temperature (e.g. solar
radiation, wind speed etc.). This simplification is adapted due to the available climate data,
though in reality there is a difference between the air temperature and bridge temperature.

The temperatures used in the assessment of the exposure of increased deterioration rates and
for the exposure of increased stress due to expansion are presented in Table 6 and Table 7
respectively. For the exposure of increased deterioration rates the annual mean temperature was
used to while for the increased stresses due to expansion the maximum daily mean temperature
was used mainly. The use of these temperature indices for the assessment of the increased of
the exposures was a choice of the decision maker. The processed temperature data and the
procedure of obtaining the values in Table 7 and Table 8 is explained in Appendix 1.
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Table 7 The temperature change used for the exposure of increased deterioration rates; T: annual mean temperature.

Future climate

Bridge

Current
climate 2050s 2070s 2090s
Bridae for the
g 2010s 25" percentile | 75" percentile 25" percentile 75" percentile 25" percentile 75" percentile
of RCP 2.6 of RCP 8.5 of RCP 2.6 of RCP 8.5 of RCP 2.6 of RCP 8.5
T (°C) T (°C) T (°C) T (°C) T (°C) T (°C) T (°C)
Alvsborg | 4 ,g 7.18 9.17 7.27 10.2 6.99 11.2
Bridge
Uddevalla | 7 5 7.18 9.17 7.27 10.2 6.99 11.2
Bridge
North
Traneberg 7.11 7.12 9.13 7.11 10.2 6.75 11.2
Bridge
South
Traneberg 7.11 7.12 9.13 7.11 10.2 6.75 11.2
Bridge
High
Coast 3.21 3.60 5.92 3.57 7.16 3.13 8.41
Bridge
Vest 6.83 6.75 8.71 6.80 9.75 6.48 10.8
Bridge
East 6.83 6.75 8.71 6.80 9.75 6.48 10.8
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Table 8 The temperature indices used to assess the exposure of increased stress due to expansion; To: annual mean temperature at year of construction, Tmaxc: maximum daily
mean temperature representing the current climate, Tmaxo0, Tmax,p: Optimistic and pessimistic maximum daily mean temperature representing the future climate.

Future climate
Current
Construction | climate 20505 2070s 2090s
Bridae temperature | for the
9 2010s | 25" percentile | 75" percentile | 25" percentile | 75" percentile | 25" percentile | 75" percentile
of RCP 2.6 of RCP 8.5 of RCP 2.6 of RCP 8.5 of RCP 2.6 of RCP 8.5
TO (OC) Tmax,c (OC) Tmax,o (OC) Tmax,p (OC) Tmax,o (OC) Tmax,p (OC) Tmax,o (OC) Tmax,p (OC)
Alvsborg | 5 4 215 205 23.4 203 243 19.7 26.1
Bridge
Uddevalla | g 215 20.5 23.4 20.3 24.3 19.7 26.1
Bridge
North
Traneberg 6.80 235 22.4 25.3 22.4 26.6 22.1 28.0
Bridge
South
Traneberg 7.20 23.5 22.4 25.3 22.4 26.6 22.1 28.0
Bridge
High
Coast 3.40 19.3 18.7 21.3 18.4 22.0 18.2 23.5
Bridge
West 6.50 21.4 20.6 23.5 20.4 24.4 20.0 26.1
Bridge
E.aSt 4.80 214 20.6 23.5 204 24.4 20.0 26.1
Bridge




6 Calculation example

To easier comprehend the results, a calculation example is presented. The calculation example
is performed for the High Coast Bridge, located in Vasternorrland County. The selected future
decade for the calculation example is the 2070s. The calculations are performed in the same
way for the other bridges in the bridge selection, regardless of the investigated decades. The
selected decade solely alters the temperature data used in the assessment. The temperature data
obtained from SMHI is presented as the change of a specific temperature index, relative to a
reference value. The reference values for the temperature indices relevant for the qualitative
assessment are presented in Table 9.

Table 9 Corresponding reference value for the annual mean temperature and the maximum daily mean
temperature based on data from 1961-1990 for the High Coast Bridge.

Reference value
Bridge County Annual mean Maximum daily
temperature mean temperature
High Coast Bridge Vaésternorrland 1.9°C 18°C

The temperature values presented in the tables in this chapter are presented with consideration
to the reference values unless stated otherwise.

6.1 Hazard

For the exposure of increased deterioration rates the main temperature index used in the
assessment, was the annual mean temperature. For current climate, the annual mean
temperature for the 2010s is presented in Table 10. The value that is used to represent the current
climate for this exposure is obtained by taking the mean value over the decade which amounts
to 3.21°C.

Table 10 The current climate for Vasternorrland County during the 2010s, represented by the annual mean

temperature, Ta: annual mean temperature (°C), T(t).: representative temperature (°C), mean value over the
decade.

year | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018
Ta 0.80 | 4.00 270 | 330 | 440 | 400 | 330 | 3.10 | 3.30
T(t)c 3.21

For processing the future climate, accounting for the optimistic and pessimistic attitude, the
probability distribution and the hazards levels are introduced. The predefined hazard levels
were set to the 25™ percentile values of RCP 2.6 for the optimistic approach while for the
pessimistic approach the 75" percentile values of RCP 8.5 were adopted.

The Rosshby Centre used numerous global climate models when projecting the future climate
and generating the scenario data. The combinations of GCM’s and RCP scenarios used in the
analysis are presented in Appendix 1. The scenario data consists of several value for a single
year, depending on which of the RCP scenarios is investigated the amount of processed values
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differs. To obtain a single value for each year of the investigated future decade, the mean value
and standard deviation are determined. Furthermore, with the use of inverse normal distribution
and the specific percentile for each RCP scenario the value representing each year is calculated.
Lastly to attain a single value to represent the entire decade, the mean value is determined for
the values obtained with the probability distribution, see Table 11 and Table 12.

Table 11 The future climate for Véasternorrland County during the 2070s, represented by the annual mean
temperature for RCP 2.6. x: mean value, o5: standard deviation, T3, T6, T7: projected annual mean temperatures

(°C), Tn: temperature obtained for the 25th percentile (°C), T(t)o: representative temperature (°C), mean value
over the decade.

year | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079
Ts | 313 | 514 | 357 | 246 | 260 | 529 | 424 | 398 | 467 | 355
Te | 398 | 476 | 380 | 3.96 | 378 | 295 | 471 | 549 | 546 | 4.16
T; | 461 | 394 | 461 | 335 | 382 | 359 | 418 | 3.79 | 3.68 | 3.92
X 391 | 461 | 399 | 326 | 3.40 | 394 | 438 | 442 | 460 | 3.88
os | 074 | 061 | 055 | 0.75 | 069 | 1.21 | 0.29 | 093 | 0.89 | 0.31
Tn | 341 | 420 | 362 | 275 | 293 | 313 | 418 | 3.79 | 4.00 | 3.67

T(t)o 3.57

Table 12 The future climate for Vasternorrland County during the 2070s, represented by the annual mean
temperature for RCP 8.5. Xx: mean value, os: standard deviation, T19: projected annual mean temperatures (°C).
Tn: temperature obtained for the 75th percentile (°C), T(t)p: representative temperature (°C), mean value over the
decade.

year | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079
T, | 644 | 532 | 677 | 740 | 638 | 748 | 745 | 631 | 7.95 | 6.05
T, | 562 | 578 | 669 | 6.13 | 543 | 6.99 | 6.69 | 656 | 6.48 | 7.24
Ts | 592 | 667 | 6.04 | 569 | 620 | 6.33 | 7.12 | 484 | 6.30 | 6.26
Ts | 762 | 7.26 | 7.76 | 8.08 | 624 | 753 | 7.90 | 793 | 7.71 | 5.94
Ts | 531 | 692 | 809 | 751 | 7.16 | 7.15 | 7.54 | 6.83 | 7.82 | 7.95
Te | 620 | 801 | 7.02 | 765 | 782 | 651 | 7.32 | 6.01 | 6.70 | 8.31
T, | 666 | 6.02 | 762 | 6.31 | 561 | 6.44 | 588 | 7.07 | 6.67 | 5.46
Te | 529 | 577 | 737 | 652 | 7.02 | 540 | 555 | 6.48 | 6.30 | 557
To | 478 | 472 | 6.76 | 6.89 | 550 | 5.88 | 4.96 | 469 | 652 | 6.08
¥ | 598 | 627 | 712 | 691 | 637 | 663 | 6.71 | 630 | 6.94 | 6.54
os | 086 | 1.03 | 064 | 080 | 0.82 | 0.72 | 1.02 | 1.03 | 068 | 1.04
To | 656 | 6.97 | 756 | 7.45 | 693 | 7.12 | 7.40 | 6.99 | 7.40 | 7.24

T(t), 7.16
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The maximum daily mean temperature was the main temperature index used when assessing
the exposure of increased stress due to expansion. For the 2010s the current climate is presented
in Table 13. The value that is used to represent the current climate for this exposure is obtained
by taking the maximum values over the decade which amounts to 19.3°C.

Table 13 The current climate for Vasternorrland County during the 2010s, represented by the maximum daily

mean temperature, Tn: maximum daily mean temperature (°C), Tmaxc: representative temperature (°C), maximum
value over the decade.

year 2010 | 2011 | 2012 | 2013 2014 | 2015 2016 | 2017 | 2018
Tm 19.3 19.0 18.2 19.0 18.9 19.3 18.6 19.3 19.2
Tmax,c 19.3

The construction temperature was the second temperature index that was considered in the
assessment of the exposure of increased stress. The construction temperature for High Coast
Bridge is represented with the annual mean temperature from the year of construction which
for 1997 was 3.40°C.

Similar steps as for the exposure of increased deterioration rates are performed to obtain a single
value to represent the entire decade for the exposure of increased stress due to expansion. The
major modification being the use of a different temperature index. Starting with calculating the
mean value and standard deviation for each year of the decade. Moreover, a single value is
obtained for each year by applying the predefined percentile for each RCP scenario and using
the inverse normal distribution. Lastly to attain a single value to represent the entire decade, the
mean value is determined for the values obtained with the probability distribution, see Table 14
and Table 15.
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Table 14 The future climate for Vasternorrland County during the 2070s, represented by maximum daily mean
temperature for RCP 2.6. x: mean value, os. standard deviation, Ts, Te, T7: projected maximum daily mean
temperatures (°C), Tn: temperature obtained for the 25th percentile (°C), Tmaxo: representative temperature (°C),
mean value over the decade.

year | 2070 | 2071 | 2072 | 2073 | 2074 | 20/5 | 2076 | 2077 | 2078 | 2079
Ts 200 | 174 | 168 | 19.7 | 174 | 196 | 189 | 168 | 185 | 19.2
Te 220 | 193 | 182 | 20.7 | 216 | 181 | 214 | 242 | 223 | 199
Tz 190 | 183 | 19.7 | 208 | 193 | 208 | 19.2 | 189 | 179 | 21.2
X 203 | 183 | 182 | 204 | 194 | 195 | 198 | 200 | 195 | 201
s 153 | 098 | 141 | 060 | 208 | 139 | 134 | 383 | 236 | 0.99
Th 193 | 17.7 | 173 | 200 | 180 | 185 | 189 | 174 | 18.0 | 194

Tmax,o 18.4

Table 15 The future climate for Vasternorrland County during the 2070s, represented by the maximum daily mean
temperature for RCP 8.5. x. mean value, os. standard deviation, T1-9: projected maximum daily mean temperatures
(°C). Tn: temperature obtained for the 75th percentile (°C), Tmaxp: representative temperature (°C), mean value
over the decade.

year | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079
T1 201 | 196 | 213 | 201 | 218 | 218 | 218 | 227 | 206 | 231
T2 202 | 19.2 | 224 | 211 | 204 | 210 | 215 | 208 | 188 | 21.2
Ts 225 | 194 | 197 | 202 | 195 | 198 | 21.7 | 19.2 | 210 | 20.7
Ta 206 | 230 | 233 | 215 | 219 | 239 | 218 | 222 | 216 | 191
Ts 206 | 193 | 205 | 220 | 205 | 20.7 | 227 | 20.7 | 225 | 209
Te 206 | 227 | 213 | 212 | 228 | 231 | 250 | 216 | 225 | 229
T7 199 | 227 | 190 | 204 | 193 | 214 | 198 | 200 | 223 | 214
Ts 195 | 215 | 240 | 218 | 232 | 198 | 253 | 200 | 20.2 | 20.6
To 203 | 208 | 193 | 198 | 179 | 224 | 173 | 201 | 214 | 181
X 205 | 209 | 212 | 209 | 208 | 215 | 219 | 208 | 212 | 209
s 084 | 161 | 177 | 080 | 1.75 | 141 | 246 | 1.14 | 123 | 159
Th 211 | 220 | 224 | 214 | 220 | 225 | 235 | 216 | 220 | 220

Tmax,p 22.0
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6.2 Exposure

The expressions together with the values presented and described in section 3.3.2.1 are used to
determine the exposure index. Equation 3 and Equation 4 are assessed three times respectively,
once with the current climate, then with the optimistic future climate and lastly with the
pessimistic future climate. The exposure indices are calculated by using Equation 1, Equation
2, Equation 3 and Equation 4, obtaining the following:

Increased deterioration rates
icorr(t)L': icorr-ZO'(l + K(T(t)c - 20)) = icorr—ZO'(l + 0025(321 - 20)) = icorr—20'0'580
icorr(t)o = icorr-ZO'(l + K'(T(t)o - 20)): icorr-ZO'(l + 0025(357 - 20)): icorr-20.0-589

icorr(t)p = icorr-ZO' (1 + K(T(t)p - 20)) = icorr-ZO'(l + 0025(716 - 20)): icorr-20.0‘679

_ icorr(t)o B icorr(t)c _ ( icorr-20'0-589 B ico;ﬂr-20'0*580 _
1, =max < ) ,0 ] = max i 0.580 , O) =0.015
icorr(t)p - icorr(t)c icorr—20.0'679 - iCOl"V-ZO.O'SSO
I — = = .1
P max < icorr(t)c ’ A ( icorr-20'0-580 ’ O> 0.170

Increased stress due to expansion
ATpaxe = (Tmaxe — Tp) = 19.3 — 3.40 = 15.9°C
ATaxo= (Tmaxo — Tp) = 18.4 — 3.40 = 15.0°C

ATy = (Tmaxy — T) = 22.0 — 3.40 = 18.6°C

ATmax,o_ATmax,c 0) = (150—159 0)_0
AT, B e U T R

max,c

AT maxp — ATmax,c 18.9 —15.9
[, =max ATos , 0] = max (T, 0) =0.171

I, =max<

6.3 Strength of Evidence

The investigated exposures are considered as relatively high strength of evidence supporting
their occurrence due to climate change. The index E is therefore assigned a value of 1.0 for the
pessimistic and the optimistic assessment of the index, see Table 16. These values for index E
are valid for all the bridges.
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Table 16 Value of the Strength of Evidence index for each exposure.

Bridge Exposure Eo Ep
Increased deterioration rates 1.00 1.00
High Coast Bridge
Increased stresses due to expansion 1.00 1.00

6.4 Vulnerability

To assess the vulnerability of the bridge for the investigated exposure, Equation 6, Table 4,
Table 5 and Table 6 are utilized. Equal weights are assigned to the vulnerability indicators,
implying a value of 0.25 for the exposure of increased deterioration rates. While for the
exposure of increased stress due to expansion the only vulnerability indicator considered is the
bridge deck which amounts to a weight of 1.00. The obtained vulnerability scores accounting
for the characteristics of the High Coast Bridge relevant for the exposure of increased
deterioration rates are presented in Table 17. Table 18, presented the vulnerability scores used
in the assessment of the increased stress due to expansion.

Table 17 Vulnerability score for the exposure of increased deterioration rates.

Vulnerability indicators High Coast Bridge Vo Vp
Bridge material Properly painted steel 0.20 0.40
Age 10 < A< 30 years 0.10 0.30
Zone Coastal 0.70 1.00
Traffic volume 4000 < AADT < 25000 0.30 0.70
Table 18 Vulnerability score for the exposure of increased stress due to expansion.
Vulnerability indicators High Coast Bridge Vo Vp
Bridge deck material Structural steel 0.40 0.90

The optimistic and pessimistic vulnerability index is determined according to Equation 6,

obtaining the following:

Increased deterioration rates

V,=0.25-0.20 + 0.25-0.10 + 0.25-0.70 + 0.25-0.30 = 0.33

V,=0.25:0.40 +0.25-0.30 + 0.25-1.00 + 0.25-0.70 = 0.60

Increased stress due to expansion
V,=1.00-0.40 = 0.40
V,=1.00-0.90=0.90
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6.5 Consequence

To determine the values for index C, Figure 4 is used. For the exposure of increased
deterioration rates and the exposure of increased stress the obtained values for the C index are
presented in the Table 19.

Table 19 Consequence index score for the High Coast Bridge for each exposure.

Bridge Exposure Co Cp

Increased deterioration rates 0.50 0.60

High Coast Bridge

Increased stresses due to expansion 0.50 0.70

6.6 Bridge relative importance

To determine the bridge relative importance information about the traffic volume and detour
length is obtained in Table 6, for more details about the relative importance, see section 3.2.1.
For the assessed bridge selection, the South Traneberg Bridge had the highest traffic volume
which was 59577 AADT. The High Coast Bridge had the longest detour length which was 24.4
km and an AADT of 4909. Equation 10 is used to determine the bridge relative importance for
the High Coast Bridge.

AADT; | DL, 4909 244
. _ AADTow DLy _ 59577 244 _ o,

'r 2 2

6.7 Level-l ranking index

To calculate the level-I ranking index, the exposures need to be normalised as shown in
Equation 8 and Equation 9. The normalisation is performed with respect to the maximum I,
over all exposures for each bridge identifying Ipmax as the purpose of ranking is to prioritise the
different exposures for a certain bridge. The normalised exposures are calculated by using
Equation 8 and Equation 9, obtaining the following:

Increased deterioration rates

;o L0015
U Dmax 0171
I, 0.170

P R —
L Lmax 0.171

I, 0.171
L, = =———=1.00
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Equation 7, representing the level-I ranking index can be rewritten for the optimistic and
pessimistic attitude, see Equation 7a and Equation 7b.

Wi

Rl = (10 E)Ev)7-C)') 100 (7a)
/4

Rl = (1, E)Ev,-¢)') 100 (7b)

In the assessment, equal weights were assigned to the different indices when evaluating Rl;.
The defined indices from subchapter 6.2-6.5 along with Equation 7a and Equation 7b are used
to calculate the optimistic and pessimistic level-I ranking index:

Increased deterioration rates

RI,; = (0.09°%°-1.00°%°:0.33%%-0.50%%°)-100 = 34.8
RIL,; = (0.99"%1.00"%:0.60"*>-0.60"**)-100 = 77.3
Increased stress due to expansion

R, = (0°%:1.00°%°-0.40°%°-0.50°*°)-100 = 0

RI, ;= (1.00°%-1.00"%°-0.90%%°-0.70°%)-100 = 89.1

6.8 Level-ll ranking index

The level-1l ranking index builds on the results from the level-I ranking index, including the
bridge relative importance in the assessment as well as conducting the normalisation in a
different way. The normalisation is performed with respect to the maximum I, over all bridges
for each exposure. For the exposure of increased deterioration rates the maximum pessimistic
exposure is obtained from the High Coast Bridge, which amounts to the value of 0.170. While
for the exposure of increased stress due to expansion the Uddevalla Bridge attained the
maximum pessimistic exposure corresponding to a value of 0.209. The normalised exposures
are calculated by using Equation 8 and Equation 9, obtaining the following:

Increased deterioration rates

;oL 0015
2 Lymax 0170
;o I, _0.170_100
P2 Lmax 0170
Increased stress due to expansion
;o L, 0
2 Lmax 0.209

1 0.171
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Equation 11, representing the level-11 ranking index can be rewritten in a similar way as for the
level-1 ranking index, once for the optimistic attitude and secondly the pessimistic attitude, see
Equation 11a and Equation 11b.

Ril,,= (1::’15' 'EOWE'VOWV'COWC'irWi") -100 (11a)
RI,, = (lpn,[; .EPWE.VPWV.CPWC.lr ) 100 (11b)

When evaluating Rl equal weights were also assigned to the different indices. The defined
indices from subchapter 6.2-6.6 along with Equation 11a and Equation 11b are used to calculate
the optimistic and pessimistic level-Il ranking index:

Increased deterioration rates

RI, 5 =(0.09"*°-1.00°%:0.33%%%-0.50"%°-0.54%2%)-100 = 38.0
RI,, = (1.00°%°1.00°*°0.60°°:0.60*°:0.54%20)-100 = 72.1
Increased stress due to expansion

RI,, = (0°%°-1.00°%°-0.90"%°-0.70"*°-0.70°*%)-100 = 0

R, =(0.82°%°:1.00°%°:0.90°%°:0.70°%° - 0.70°%°)-100 = 77.5

P2~

To rank the bridges in the selection, the average Rl> values over all exposures are used:

38.0+0
R 4,0 = 2 =19.0

721+715

2,av,p = 2 748
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7 Results

The results from the qualitative assessment of the seven bridges are shown in Tables 20-22 for
the investigated decades and the visualisation of the results of level-1 ranking and level-1l
ranking, are presented in Figures 6-8 and Figures 9-11, respectively.

Nasr et al. (2019a) proposed method of visualisation used for the results of level-1 ranking, in
Figures 4-6, which is derived from the probability consequences diagrams with uncertainty
boxes proposed by Duijm (2015). In Duijm (2015) the presented diagram separates the
uncertainty of the probability and consequences. Instead the modified method for visualisation
of the level-I ranking results, distinguishes between the uncertainty resulting from the climate
side namely the hazard along with the exposure and the uncertainty resulting from the
vulnerability and consequences side. The benefit of this method of visualisation is that it assists
the decision maker by means of indicating whether climate change mitigation in itself can affect
the different exposures or if attention should be directed to the bridge structure and the related
consequences of each exposure. The more critical an exposure is for a certain bridge, the closer
it is located to the top right corner, which indicates a higher value of level-1 ranking.

The results of level-I ranking and level-1l ranking are not affected by the investigated decade
and as small differences in the values of the ranking indices are viewed as negligible, the same
prioritisation is obtained for all the decades when considering the addressed questions in the
method. Namely, for a single bridge which is the most critical climate change impact?
Furthermore, for a group of bridge which bridge is the most critical one considering the
potential climate change impacts?

The results of the level-I ranking for the investigated decades indicate that for all the bridges
the exposure of increased stress due to expansion is the more critical exposure. Considering the
results of level-1 ranking regarding the exposure of increased stresses, the bridges in the
selection would benefit significantly from climate change mitigation, this applies to all bridges.
The results of the level-I ranking imply that the exposure of increased stresses can also be
affected by decreasing the bridge vulnerability to this exposure and the potential consequences.

For the following three bridges; High Coast Bridge, North and South Traneberg Bridge, the
results of level-1 ranking indicate an increase of the exposure of deterioration for the optimistic
future climate for the 2070s and/or 2050s. Although, this does not affect the final conclusions
of level-I ranking index. Regarding the exposure of deterioration, the three bridge would benefit
from climate mitigation. The climate mitigation would have a greater impact on the distant
future, than the near future.

Several of the bridges are similarly ranked when analysing the results of the level-11 ranking
index, this leads to the bridges sharing places in the prioritisation. For the exposure of increased
stress, the following prioritisation is obtained based on the results of the level-I1 ranking index:
Alvsborg Bridge, High Coast Bridge and Uddevalla Bridge ranked highest (most critical)
followed closely by North and South Traneberg Bridge which are all similarly ranked. The East
and West Bridge are the least critical bridges for this exposure. In the same way a ranking of
the bridge selection is established for the exposure of deterioration. Starting with the following
four bridge in first place; Alvsborg Bridge, High Coast Bridge, North and South Traneberg
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Bridge, then Uddevalla Bridge on second place and a shared third place for the East and West
Bridge. When considering both exposures the same ranking is obtained as for the exposure of
increased deterioration.
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Table 20 Results of applying the method to the bridge selection for the 2050s; Det.: Deterioration, Str.: Stress; lon1, lpn,1: Optimistic and pessimistic normalised exposure indices for level-

1 ranking; lon,2, lpn2: Optimistic and pessimistic normalised exposure indices for level-2 ranking; Rl2av.: Average level-2 ranking index over all exposures for each bridge.

2050s Exposure Evidence | Vulnerability | Consequence Ry RI; Rlzay.
Ir
Brldge Io Ip Ionvl Ipnyl Ion’2 Ipnyz Eo Ep Vo Vp Co Cp RIl,O Rllvp RIZ,O Rlzvp RIZ,aV.O Rlz,a\/,p
-- Det. 0 0.07 0 061 0O | 059|100 |2100| 058 | 0.75 | 050 | 0.60 0 72.3 0 70.1
Alvsborg
Bridae 0.63 0 75.1
g Str. 0 0.11 0 100 O (082 1.00| 100 | 040 | 090 | 050 | 0.70 0 89.1 0 80.1
Det. 0 0.07 0 050 0 | 0591002100 033 | 0.60 | 0.50 | 0.60 0 65.1 0 61.8
Uddevalla
Bridge 0.42 0 69.2
g Str. 0 0.14 0 100 O |[1.00]|1.00| 100 | 0.40 | 090 | 050 | 0.70 0 89.1 0 76.6
North Det. 0 0.07 0 066 | 0 |064|2100|2100| 053 | 075 | 050 | 0.60 18.0 | 739 | 231 | 716
Traneberg 0.65 115 | 728
Bridge Str. 0 0.11 0 100 O |081|1.00|1.00| 010 | 060 | 050 | 0.70 0 80.5 0 74.0
South Det. 0 0.07 0 065 0 | 064|100 |2100| 038 | 0.63 | 050 | 0.60 164 | 70.2 | 214 | 68.4
Traneberg 0.63 10.7 | 71.0
Bridge Str. 0 0.12 0 100 O [0.83|1.00| 100 0.10 | 060 | 050 | 0.70 0 80.5 0 73.7
High Det. | 0.02 | 0.12 | 0.13 {093 | 0.15| 1.00 | 1.00 | 1.00 | 0.33 | 0.60 | 0.50 | 0.60 385 | 76.0 | 41.8 | 72.1
Coast 0.54 209 | 75.6
Bridge Str. 0 0.13 0 100 O (090 1.00| 100 | 040 | 090 | 050 | 0.70 0 89.1 0 79.0
Det. 0 0.07 0 050| O | 060100100 | 010 | 0.35 | 0.50 | 0.60 0 57.0 0 43.5
West
Bridae 0.12 0 49.4
a9 Str. 0 0.14 0 100 O |[099|1.00|1.00| 010 | 060 | 050 | 0.70 0 80.5 0 55.3
Det. 0 0.07 0 056 | 0 | 060100100 | 020 | 045 | 050 | 0.60 0 62.4 0 47.8
East
Bridae 0.15 0 52.2
g Str. 0 0.12 0 100 O (089 1.00| 100 0.10 | 060 | 050 | 0.70 0 80.5 0 56.6
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Table 21 Results of applying the method to the bridge selection for the 2070s; Det.: Deterioration, Str.: Stress; lonz, lpn,1: Optimistic and pessimistic normalised exposure indices for level-

1 ranking; lon,2, lpn2: Optimistic and pessimistic normalised exposure indices for level-2 ranking; Rl.av.: Average level-2 ranking index over all exposures for each bridge.

2070s Exposure Evidence | Vulnerability | Consequence Ry RI; Rlzay.
Ir
Brldge Io Ip Ionvl Ipnyl Ion’2 Ipnyz Eo Ep Vo Vp Co Cp RIl,O Rllvp RIZ,O Rlzvp RIZ,aV.O Rlz,a\/,p
-- Det. 0 0.11 0 062 0 |062|100|2100| 058 | 0.75 | 0.50 | 0.60 0 72.6 0 70.8
Alvsborg
Bridae 0.63 0 75.4
g Str. 0 0.17 0 100 O (082 1.00| 100 | 040 | 090 | 050 | 0.70 0 89.1 0 80.1
Det. 0 0.11 0 051 0 |062|100 (2100 033 | 0.60 | 0.50 | 0.60 0 65.4 0 62.3
Uddevalla
Bridge 0.42 0 69.5
g Str. 0 0.21 0 100 O |[1.00]|1.00| 100 | 0.40 | 090 | 050 | 0.70 0 89.1 0 76.6
North Det. 0 0.11 0 059 | 0 |066|100|2100| 053 | 075 | 050 | 0.60 0 71.9 0 72.1
Traneberg 0.65 0 73.9
Bridge Str. 0 0.19 0 100 0O |[091|1.00]|1.00| 010 | 060 | 050 | 0.70 0 80.5 0 75.8
South Det. 0 0.11 0 058 0 | 066|100 (2100 038 | 0.63 | 050 | 0.60 0 68.3 0 68.9
Traneberg 0.63 0 72.2
Bridge Str. 0 0.20 0 100 O (093] 1.00| 100 0.10 | 060 | 050 | 0.70 0 80.5 0 75.5
High Det. | 0.02 | 0.17 | 0.09 | 0.99 | 0.09 | 1.00 | 1.00 | 1.00 | 0.33 | 0.60 | 0.50 | 0.60 348 | 77.3 | 38.0 | 72.1
Coast 0.54 19.0 | 748
Bridge Str. 0 0.17 0 100 O (082 1.00| 100 | 040 | 090 | 050 | 0.70 0 89.1 0 775
Det. 0 0.11 0 054| 0 | 064100100 010 | 0.35 | 0.50 | 0.60 0 58.0 0 44.1
West
Bridae 0.12 0 49.6
a9 Str. 0 0.20 0 1.00| 0O |097|1.00|1.00| 010 | 060 | 050 | 0.70 0 80.5 0 55.0
Det. 0 0.11 0 060| O | 064100100 | 020 | 045 | 050 | 0.60 0 63.4 0 48.4
East
Bridae 0.15 0 52.3
g Str. 0 0.18 0 100| O (087 1.00| 100 0.10 | 060 | 050 | 0.70 0 80.5 0 56.3
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Table 22 Results of applying the method to the bridge selection for the 2090s; Det.: Deterioration, Str.: Stress; lonz, lpn,1: Optimistic and pessimistic normalised exposure indices for level-
1 ranking; lon,2, lpn2: Optimistic and pessimistic normalised exposure indices for level-2 ranking; Rl.av.: Average level-2 ranking index over all exposures for each bridge

2090s Exposure Evidence | Vulnerability | Consequence Ry Rl Rlzay.
Ir
Brldge Io Ip Ionvl Ipn’]_ |0n12 Ipnyz Eo Ep Vo Vp Co Cp RIl,O Rllyp Rlzyo Rlzlp RIZ,aV.O Rlzva\/_p
-- Det. 0 0.14 0 052 | 0 | 064|100 |100| 058 | 0.75 | 050 | 0.60 0 69.5 0 71.3
Alvsborg
Bridge 0.63 0 75.7
g Str. 0 0.28 0 100| 0 |0.82 100|100 | 040 | 0.90 | 050 | 0.70 0 89.1 0 80.1
Det. 0 0.14 0 043 | 0 | 064|100 100 | 033 | 0.60 | 050 | 0.60 0 62.6 0 62.8
Uddevalla
Bridge 0.42 0 69.7
g Str. 0 0.34 0 100| O | 100 |1.00]|1.00| 040 | 0.90 | 050 | 0.70 0 89.1 0 76.6
North Det. 0 0.15 0 055 0 | 068|100 |100| 053 | 0.75 | 050 | 0.60 0 70.6 0 724
Traneberg 0.65 0 73.3
Bridge Str. 0 0.27 0 100 O |081|1.00|100| 020 | 060 | 050 | 0.70 0 80.5 0 74.1
South Det. 0 0.15 0 054| 0 | 068|100 | 100 | 038 | 0.63 | 050 | 0.60 0 67.1 0 69.2
Traneberg 0.63 0 715
Bridge Str. 0 0.28 0 100| 0 |0.83|100]|1.00| 0.10 | 0.60 | 0.50 | 0.70 0 80.5 0 73.8
High Det. 0 0.22 0 085| 0 |1.00 | 100 |1.00| 0.33 | 0.60 | 050 | 0.60 0 745 0 72.1
Coast 0.54 0 74.4
Bridge Str. 0 0.26 0 100| 0 | 078|100 | 1.00| 040 | 0.90 | 050 | 0.70 0 89.1 0 76.7
Det. 0 0.15 0 048 | 0 |0.66 | 100 |1.00| 0.10 | 0.35 | 050 | 0.60 0 56.3 0 44.4
West
Bridae 0.12 0 49.4
a9 Str. 0 0.31 0 100 O |092 100 |100| 020 | 060 | 050 | 0.70 0 80.5 0 54.5
Det. 0 0.15 0 053| 0 |0.66| 100|100 | 0.20 | 0.45 | 050 | 0.60 0 61.6 0 48.8
East
Bridae 0.15 0 52.2
g Str. 0 0.28 0 100| 0 |0.83|100]| 100 | 0.10 | 0.60 | 0.50 | 0.70 0 80.5 0 55.7
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Figure 6 Visualisation of level-I ranking results for the 2050s; Det.: Deterioration, Str.: Stress.
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Figure 7 Visualisation of level-I ranking results for the 2070s; Det.: Deterioration, Str.: Stress.
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Figure 8 Visualisation of level-I ranking results for the 2090s; Det.: Deterioration, Str.: Stress.
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Figure 9 Visualisation of level-1I ranking results for the 2050s.
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Figure 11 Visualisation of level-11 ranking results for the 2090s.
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8 Discussion

When analysing the obtained results from the assessment of the bridge selection, it must be
acknowledged that even though the proposed method aims to be unbiased, there is an inherent
subjectivity and uncertainty in the assessment. Furthermore, it is necessary to consider that the
exposures have been normalised and several assumptions have been adopted. Thus, the ranking
indices should not be considered as quantitative measures of risk and the results should not be
interpreted outside of the purpose of the method as this may lead to misguided conclusions.
Additionally, minor differences in the values of the ranking indices for the different alternatives
should be regarded to be insignificant.

The subjectivity is for example reflected in the choice of the values for the indices E, V, and C.
Furthermore, the subjectivity also resides in the selection of the different vulnerability
indicators used to assess the vulnerability index. The decision maker makes subjective choices
of the weights throughout the whole assessment, the weights for the vulnerability indicators as
well as choosing the weights for the different indices for level | ranking index along with level
Il ranking index. Another source of subjectivity is associated with models chosen for evaluating
the increase of each exposure as well as the assumptions adopted when applying these models.

The proposed method requires a model for each climate change impact. The models chosen to
describe the exposures only consider one factor, the temperature. There are other factors such
as relative humidity, precipitation or solar radiation which also can influence the climate change
impact on the bridge structure. It would be interesting to assess the same potential impact with
different models to see how the choice of the model can affect the values of the ranking. The
future climate was represented by the 2050s, 2070s and 2090s, another aspect would be to see
how the results of the assessment change if another time frame would be adopted e.g. the near
future such as the 2030s or 2040s. The results from the method of the investigated future
decades were similar over all the decades obtaining the same prioritisation, though for the 2050s
compared to the 2070s and 2090s slight deviations were noted in the results. In addition, the
current models were assessed relative to the 2010s. Noting that the temperature in 2010s is
already affected by climate change (higher than the preindustrial climate) another interesting
aspect would be to see how the results be affected if the average climate from, e.g. 1961-1990,
would be considered instead of the 2010s.

For the exposure of increased stress due to expansion, the vulnerability index was only based
on a single vulnerability indicator, the bridge material. This leads to unreliable assessment of
the vulnerability for this exposure. The most critical exposure for all the bridges in the selection
was the increased stress, though if more indicators would have been considered the results may
have been different.

The proposed method requires substantial amount of data. Outside of the scope of the method,
a vital step is to determine a suitable model for evaluating the increase of an exposure, the
choice of model is related to the data. Both historical and future climate data associated with
the different scenarios are necessary for the assessment which may be difficult to obtain.
Nonetheless, acquiring climate data is an inherent prerequisite to assessing the impacts of
climate change on infrastructure.
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Furthermore, bridge data is essential for the assessment, along with relevant literature about
vulnerability indicators related to the exposure in question and additional information to rank
these to construct a vulnerability scoring scheme. The necessary bridge data was obtained from
BaTMan, the database was sufficient for the exposures assessed in this thesis, though it may
not be for all potential climate change impacts. In this study only two climate change impacts
were considered for seven bridge, it would be interesting to see how feasible the method could
be on a larger scale, with numerous potential climate change impacts, for a larger bridge
selection or considering both aspects.

The method relies on the decision maker partly making the right or more correct choices
regarding models and assigning of indices. For the decision maker or the person that conducts
the assessment there is a need for wide knowledge or expert elicitation which is vital to obtain
a reasonable assessment. For the exposure of increased stress due to expansion, the results
reflect the quality of the assessment of the exposure may not have been optimal. Several choices
were made during the assessment process and there are numerous aspects which could impact
the final results, from the choice of model to the temperature index used. The assessment of this
exposure needs to be investigated and developed further.
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9 Conclusions

The proposed method is practically feasible on real case studies, it addresses the aforementioned
questions which is the aim of the method, supplying the decision maker with a qualitative
assessment of the bridge selection. The obtained results from the assessment can assist the
decision maker to assign the restricted resources with consideration to climate change. Further
examining the visualisation of the results of level | ranking which demonstrates which aspects
can influence the exposure in question; whether climate change mitigation is advantageous or
if focus should be on the bridge structure along with the related consequences. Although like
any risk method, implementing the method includes making assumptions and using data and
models that have varying degrees of uncertainty.

The choice of models for the potential climate change impacts are outside the scope of the
method. It is up to the decision maker to make a choice of which impacts to assess as well as
with which models to assess these with. Various climate change risks have been identified in
previous literature, to facilitate the assessment process it would be favourable if the method
came with an appendix with proposed models for potential climate change impacts. This is not
an improvement for the method, merely a proposal of development of it as an entirety.

If the method would be used by others, it could be favourable to clarify and explain the different
aspects of the method further and possibly supply some guidelines, as there are many choices
to be made by the decision maker. Noting that the presented guidelines are not a requirement
rather there as assistance. Things that could be clarified is e.g. the hazard index, as it is not an
index treated like the others. The hazard index is not inserted in the main equations for the
ranking indices, namely Equation 7 and Equation 11. Instead the lower limit and upper limit of
the hazard index is used to determine the optimistic and pessimistic exposure. Another matter
is the equations for level-1 ranking and level-II ranking index, it is explained in text that the
indices are assessed optimistically and pessimistically, though for the reader it could be to an
advantage to have the equations be presented as Equation 7a/7b or Equation 11a/11b. The risk-
based prioritisation method has potential though needs to be developed and examined further.
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Appendix 1

The temperature data processed and the procedure to obtain the final values is presented in this
appendix. The climate data for each bridge is dependent on its location, the geographical area
used to obtain the temperature data was the counties of Sweden. All the temperature data was
obtained from the Climate scenario database (SMHI, 2018a), which is based on research by the
Rossby Centre. The temperature data in the database is presented as the change in temperature
index relative to a reference value which is the mean value of the temperature index for 1961-
1990.

The main temperature indices used in the assessment of the exposures was the annual mean
temperature and the maximum daily mean temperature. The reference values for the maximum
daily mean temperature were not presented in the database, instead the values were obtained
from SMHI (2014). The relevant counties for the bridge selection and the corresponding
reference values used in the calculation are presented in Table 23.

Table 23 Relevant County for each bridge and corresponding reference value for the annual mean temperature
and for the maximum daily mean temperature based on data from 1961-1990.

Reference value
Bridge County Annual mean Maximum daily
temperature mean temperature
(°C) (°C)

Alvsborg Bridge

Vastra Gotaland 6.1 20
Uddevalla Bridge
North Traneberg
Bridge

Stockholm 5.8 22
South Traneberg
Bridge
High Coast Bridge Vasternorrland 1.9 18
West Bridge

Jonkoping 5.6 20
East Bridge

The different temperature indices used in the assessment are presented with consideration to
the reference value unless stated otherwise, this implies that the values shown in the following
tables are the change in the temperature indices added to respective reference value.
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Increased deterioration rates

For the exposure of increased deterioration rates, the temperature index used was the annual
mean temperature. The current climate is based on historical data for the 2010s, the annual
mean temperature for the current climate is presented in the Table 24. The final value that is
used in the assessment for each county is the average of the annual mean temperature for the
decade.

Table 24 The current climate during the 2010s, represented by the annual mean temperature.

Current climate
Annual mean temperature (°C)
County 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018
Vastra Gotaland 490 | 7.70 | 6.60 | 690 | 840 | 790 | 7.50 | 7.50 | 8.10
Stockholm 510 | 750 | 650 | 690 | 790 | 790 | 7.20 | 7.20 | 7.80
Vasternorrland 0.80 | 400 | 270 | 3.30 | 440 | 400 | 3.30 | 3.10 | 3.30
Jonkdping 470 | 7.20 | 6.10 | 640 | 790 | 7.40 | 7.00 | 7.00 | 7.80

The time periods analysed in the future are the 2050s, 2070s and 2090s, which are presented by
scenario data. For the optimistic approach the RCP 2.6 was adopted while for the pessimistic
approach the RCP 8.5 was used instead. The Rossby Centre applied several global climate
models generating the scenario data. Table 25, presents the utilized combinations of GCM’s
and RCP scenarios used in the analysis. The scenario data consists of several value for a single
year, depending on which of the RCP scenarios is investigated the amount of processed values
differs.

Table 25 The global climate models used by the Rossby Centre in the analysis of the Climate scenarios.

Denoted | Country/Institute | Model name RCP 2.6 | RCP 8.5
yl Canada CCCma-CanESM2 X
y2 France CNRM-CERFACS-CNRM-CM5 X
y3 EU ICHEC-EC-EARTH X X
y4 France IPSL-IPSL-CM5A-MR X
y5 Japan MIROC-MIROC5 X
y6 UK MOHC-HadGEMZ2-ES X X
y7 Germany MPI-M-MPI-ESM-LR X X
y8 Norway NCC-NorESM1-M X
y9 USA NOAA-GFDL-GFDL-ESM2M X
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In Tables 26-37, the optimistic and pessimistic scenario data for the annual mean temperature
is presented for the different counties and decades. Normal distribution is used for the scenario
data, the mean value and standard deviation are determined for each year. With these parameters
established and the predefined hazards levels for the respective RCP scenario a single value can
be obtained for each year. The hazard levels being the 25" percentile for the optimistic approach
while for the pessimistic approach the 75" percentile is adopted. Furthermore, acquiring the
annual temperature for the assessment valid for both optimistic and pessimistic approach
involved calculating the mean value for each investigated future decade.
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Table 26 The future climate for Vastra Goétaland County during the 2050s, represented by the annual mean
temperature for RCP 2.6 and RCP 8.5.

Vaéstra Gotaland County

Annual mean temperature for RCP 2.6 (°C)

model | 2050 | 2051 | 2052 | 2053 | 2054 | 2055 | 2056 | 2057 | 2058 | 2059

y3 829 | 850 | 762 | 701 | 705 | 780 | 708 | 8.09 | 7.88 | 7.75

y6 795 | 834 | 841 | 799 | 685 | 800 | 714 | 769 | 7.38 | 7.70

y7 766 | 7.04 | 693 | 718 | 799 | 817 | 691 | 494 | 792 | 7.29

Annual mean temperature for RCP 8.5 (°C)

model | 2050 | 2051 | 2052 | 2053 | 2054 | 2055 | 2056 | 2057 | 2058 | 2059

yl 770 | 9.06 | 860 | 9.04 | 917 | 879 | 853 | 9.21 | 9.98 | 8.04

y2 889 | 818 | 924 | 782 | 843 | 949 | 902 | 9.26 | 875 | 8.76

y3 923 | 958 | 894 | 871 | 761 | 914 | 881 | 9.89 | 871 | 8.63

y4 832 | 916 | 736 | 85 | 100 | 10.7 | 935 | 991 | 837 | 6.98

y5 812 | 894 | 871 | 834 | 982 | 950 | 834 | 791 | 890 | 948

y6 835 | 885 | 968 | 958 | 892 | 9.17 | 813 | 899 | 9.64 | 102

y7 745 | 727 | 790 | 789 | 825 | 822 | 7.19 | 844 | 846 | 8.82

y8 801 | 691 | 783 | 885 | 848 | 838 | 861 | 756 | 7.64 | 8.42

y9 950 | 894 | 933 | 830 | 837 | 815 | 764 | 886 | 823 | 8.32
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Table 27 The future climate for Stockholm County during the 2050s, represented by the annual mean temperature
for RCP 2.6 and RCP 8.5.

Stockholm County

Annual mean temperature for RCP 2.6 (°C)

model | 2050 | 2051 | 2052 | 2053 | 2054 | 2055 | 2056 | 2057 | 2058 | 2059

y3 817 | 824 | 695 | 725 | 731 | 764 | 701 | 783 | 810 | 7.48

y6 795 | 833 | 815 | 784 | 683 | 774 | 714 | 783 | 7.58 | 7.65

y7 763 | 709 | 714 | 688 | 765 | 825 | 691 | 480 | 7.60 | 7.24

Annual mean temperature for RCP 8.5 (°C)

model | 2050 | 2051 | 2052 | 2053 | 2054 | 2055 | 2056 | 2057 | 2058 | 2059

yl 752 | 9.02 | 844 | 9.04 | 9.04 | 856 | 839 | 889 | 9.89 | 8.02

y2 877 | 874 | 938 | 803 | 890 | 959 | 942 | 957 | 890 | 8.97

y3 879 | 952 | 897 | 876 | 764 | 9.03 | 875 | 9.78 | 867 | 791

y4 843 | 919 | 724 | 856 | 10.06 | 10.71 | 939 | 995 | 796 | 6.36

y5 769 | 887 | 898 | 826 | 934 | 937 | 842 | 816 | 882 | 9.61

y6 791 | 867 | 942 | 940 | 867 | 9.12 | 812 | 873 | 935 | 9.62

y7 733 | 727 | 707 | 7./8 | 826 | 803 | 741 | 832 | 843 | 8.95

y8 768 | 6.60 | 765 | 866 | 869 | 840 | 878 | 7.64 | 7.83 | 8.72

y9 942 | 892 | 948 | 841 | 803 | 785 | 7.85 | 878 | 842 | 8.27
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Table 28 The future climate for Véasternorrland County during the 2050s, represented by the annual mean
temperature for RCP 2.6 and RCP 8.5.

Vésternorrland County

Annual mean temperature for RCP 2.6 (°C)
model | 2050 | 2051 | 2052 | 2053 | 2054 | 2055 | 2056 | 2057 | 2058 | 2059
y3 500 | 533 | 359 | 390 | 430 | 426 | 3.37 | 3.90 | 475 | 444
y6 450 | 514 | 510 | 412 | 295 | 4.02 | 3.69 | 4.09 | 410 | 4.46
y7 405 | 323 | 312 | 382 | 367 | 443 | 357 | 146 | 3.89 | 4.06
Annual mean temperature for RCP 8.5 (°C)
model | 2050 | 2051 | 2052 | 2053 | 2054 | 2055 | 2056 | 2057 | 2058 | 2059
yl 391 | 638 | 482 | 583 | 558 | 548 | 566 | 6.22 | 6.77 | 520
y2 503 | 551 | 596 | 449 | 525 | 6.30 | 598 | 6.07 | 580 | 6.08
y3 507 | 656 | 575 | 580 | 495 | 575 | 584 | 6.06 | 561 | 4.90
y4 498 | 649 | 381 | 567 | 761 | 860 | 6.25 | 6.86 | 462 | 351

y5 345 | 536 | 525 | 471 | 6.01 | 578 | 473 | 520 | 536 | 572

y6 474 | 535 | 549 | 646 | 611 | 634 | 533 | 573 | 595 | 6.42

y7 346 | 434 | 448 | 397 | 480 | 455 | 385 | 500 | 522 | 5.02

y8 430 | 357 | 386 | 524 | 550 | 503 | 554 | 3.72 | 3.96 | 5.09

y9 598 | 535 | 642 | 472 | 464 | 437 | 505 | 541 | 466 | 4.36
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Table 29 The future climate for J6nkodping County during the 2050s, represented by the annual mean temperature
for RCP 2.6 and RCP 8.5.

Jonkdping County

Annual mean temperature for RCP 2.6 (°C)
model | 2050 | 2051 | 2052 | 2053 | 2054 | 2055 | 2056 | 2057 | 2058 | 2059
y3 765 | 789 | 710 | 658 | 6.69 | 7.30 | 6.67 | 7.72 | 7.25 | 7.26
y6 747 | 789 | 807 | 749 | 675 | 7.67 | 6.85 | 7.30 | 694 | 7.46
y7 722 | 661 | 648 | 659 | 759 | 781 | 659 | 445 | 743 | 6.87
Annual mean temperature for RCP 8.5 (°C)
model | 2050 | 2051 | 2052 | 2053 | 2054 | 2055 | 2056 | 2057 | 2058 | 2059
yl 731 | 862 | 825 | 861 | 869 | 822 | 803 | 872 | 940 | 7.56
y2 841 | 772 | 884 | 738 | 820 | 9.03 | 872 | 885 | 836 | 8.24
y3 877 | 917 | 855 | 820 | 705 | 853 | 838 | 941 | 828 | 7.97
y4 798 | 895 | 706 | 794 | 954 | 10.1 | 889 | 952 | 8.06 | 6.59
y5 780 | 841 | 838 | 771 | 9.11 | 885 | 805 | 7.30 | 8.42 | 8.88
y6 791 | 843 | 923 | 899 | 856 | 869 | 752 | 850 | 9.15 | 9.62
y7 706 | 671 | 736 | 751 | 781 | 7.74 | 6.89 | 791 | 797 | 850
y8 749 | 639 | 743 | 837 | 805 | 800 | 821 | 7.25 | 7.38 | 8.05
y9 903 | 846 | 885 | 811 | 766 | 7.76 | 7.07 | 818 | 8.06 | 7.83
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Table 30 The future climate for Vastra Goétaland County during the 2070s, represented by the annual mean
temperature for RCP 2.6 and RCP 8.5.

Véstra Gotaland County

Annual mean temperature for RCP 2.6 (°C)

model | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079

y3 729 | 791 | 737 | 644 | 593 | 852 | 777 | 752 | 791 | 791

y6 762 | 7./8 | 748 | 769 | 753 | 681 | 847 | 916 | 9.12 | 7.88

y7 782 | 779 | 753 | 748 | 778 | 728 | 7.87 | 7.20 | 7.00 | 7.69

Annual mean temperature for RCP 8.5 (°C)

model | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079

yl 962 | 869 | 9.79 | 957 | 967 | 105 | 10.7 | 891 | 10.1 | 9.47

y2 865 | 887 | 964 | 859 | 936 | 10.2 | 932 | 102 | 9.38 | 9.58

y3 967 | 912 | 943 | 864 | 852 | 930 | 962 | 785 | 9.08 | 9.1/

y4 990 | 10.2 | 102 | 105 | 935 | 109 | 101 | 10.7 | 10.2 | 9.59

y5 937 | 105 | 10.7 | 106 | 103 | 999 | 106 | 105 | 114 | 112

y6 925 | 113 | 946 | 980 | 11.0 | 9.16 | 9.89 | 10.2 | 9.93 | 113

y7 955 | 932 | 104 | 9.02 | 811 | 929 | 942 | 104 | 9.18 | 855

y8 820 | 932 | 987 | 989 | 972 | 875 | 884 | 959 | 937 | 953

y9 881 | 790 | 979 | 106 | 898 | 897 | 835 | 8.05 | 10.2 | 9.56
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Table 31 The future climate for Stockholm County during the 2070s, represented by the annual mean temperature
for RCP 2.6 and RCP 8.5.

Stockholm County

Annual mean temperature for RCP 2.6 (°C)

model | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079

y3 691 | 800 | 696 | 584 | 584 | 870 | 782 | 741 | 785 | 71.77

y6 755 | 799 | 730 | 753 | 744 | 681 | 832 | 891 | 9.12 | 7.63

y7 790 | 756 | 744 | 721 | 763 | 751 | 789 | 721 | 6.80 | 7.35

Annual mean temperature for RCP 8.5 (°C)

model | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079

yl 930 | 861 | 992 | 9.71 | 946 | 104 | 106 | 885 | 10.1 | 9.24

y2 874 | 919 | 100 | 906 | 922 | 101 | 987 | 1051 | 9.67 | 9.77

y3 966 | 9.19 | 930 | 843 | 853 | 9.07 | 9.76 | 792 | 893 | 9.13

y4 100 | 101 | 10.2 | 104 | 938 | 10.7 | 10.2 | 111 | 103 | 9.56

y5 932 | 10.2 | 10.7 | 106 | 103 | 103 | 11.1 | 103 | 113 | 111

y6 959 | 113 | 965 | 983 | 111 | 9.28 | 10.2 | 946 | 985 | 114

y7 941 | 922 | 103 | 891 | 836 | 935 | 932 | 10.1 | 948 | 848

y8 800 | 912 | 997 | 101 | 983 | 873 | 865 | 9.48 | 920 | 9.03

y9 873 | 803 | 956 | 106 | 899 | 887 | 846 | 839 | 9.83 | 9.73
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Table 32 The future climate for Véasternorrland County during the 2070s, represented by the annual mean
temperature for RCP 2.6 and RCP 8.5.

Vésternorrland County

Annual mean temperature for RCP 2.6 (°C)
model | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079
y3 313 | 514 | 357 | 246 | 260 | 529 | 424 | 398 | 467 | 3.55
y6 398 | 476 | 380 | 396 | 3.78 | 295 | 471 | 549 | 546 | 4.16
y7 461 | 394 | 461 | 335 | 382 | 359 | 418 | 3.79 | 3.68 | 3.92
Annual mean temperature for RCP 8.5 (°C)
model | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079
yl 644 | 532 | 677 | 740 | 638 | 748 | 745 | 631 | 7.95 | 6.05
y2 562 | 578 | 6.69 | 6.13 | 543 | 699 | 669 | 656 | 6.48 | 7.24
y3 592 | 667 | 6.04 | 569 | 620 | 6.33 | 7.12 | 484 | 6.30 | 6.26
y4 762 | 726 | 776 | 8.08 | 6.24 | 753 | 790 | 793 | 7.71 | 594
y5 531 | 692 | 809 | 751 | 716 | 715 | 754 | 6.83 | 7.82 | 7.95
y6 620 | 801 | 702 | 765 | 782 | 651 | 732 | 6.01 | 6.70 | 8.31

y7 6.66 | 6.02 | 762 | 631 | 561 | 644 | 588 | 7.07 | 6.67 | 546

y8 529 | 577 | 737 | 652 | 702 | 540 | 555 | 648 | 6.30 | 557

y9 478 | 472 | 6.76 | 6.89 | 550 | 588 | 496 | 469 | 652 | 6.08
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Table 33 The future climate for J6nkodping County during the 2070s, represented by the annual mean temperature
for RCP 2.6 and RCP 8.5.

Jonkdping County

Annual mean temperature for RCP 2.6 (°C)

model | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079

y3 6.74 | 745 | 687 | 588 | 541 | 809 | 722 | 7.09 | 749 | 761

y6 719 | 751 | 700 | 726 | 693 | 641 | 810 | 865 | 8.63 | 7.38

y7 735 | 7.26 | 695 | 713 | 7.34 | 678 | 7.35 | 6.86 | 6.53 | 7.27

Annual mean temperature for RCP 8.5 (°C)

model | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079

yl 921 | 814 | 941 | 918 | 928 | 100 | 103 | 852 | 9.67 | 8.91
y2 803 | 836 | 913 | 831 | 893 | 9.79 | 909 | 9.85 | 9.04 | 911
y3 928 | 865 | 915 | 802 | 815 | 884 | 924 | 756 | 8.60 | 8.73
y4 944 | 9./8 | 971 | 101 | 9.01 | 105 | 9.62 | 105 | 9.79 | 9.30
y5 9.06 | 100 | 10.2 | 101 | 980 | 9.81 | 104 | 100 | 109 | 106
y6 899 | 109 | 898 | 932 | 106 | 879 | 958 | 954 | 957 | 11.0
y7 901 | 896 | 995 | 844 | 7.74 | 9.038 | 896 | 9.78 | 8.70 | 8.04
y8 758 | 897 | 948 | 953 | 932 | 833 | 836 | 924 | 9.01 | 9.00
y9 841 | 769 | 932 | 102 | 856 | 866 | 791 | 760 | 9.74 | 9.26
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Table 34 The future climate for Vastra Goétaland County during the 2090s, represented by the annual mean
temperature for RCP 2.6 and RCP 8.5.

Véstra Gotaland County

Annual mean temperature for RCP 2.6 (°C)

model | 2090 | 2091 | 2092 | 2093 | 2094 | 2095 | 2096 | 2097 | 2098 | 2099

y3 6.23 | 740 | 755 | 789 | 833 | 814 | 6.11 | 6.24 | 7.08 | 7.35

y6 695 | 797 | 807 | 814 | 708 | 773 | 888 | 7.06 | 792 | 7.36

y7 723 | 715 | 747 | 669 | 6.44 | 6.76 | 853 | 7.92 | 7.77 | 7.69

Annual mean temperature for RCP 8.5 (°C)

model | 2090 | 2091 | 2092 | 2093 | 2094 | 2095 | 2096 | 2097 | 2098 | 2099

yl 981 | 105 | 112 | 121 | 110 | 108 | 120 | 11.2 | 113 | 108

y2 890 | 921 | 103 | 100 | 103 | 105 | 101 | 110 | 9.65 | 10.8

y3 105 | 108 | 104 | 981 | 114 | 105 | 110 | 992 | 104 | 10.2

y4 109 | 108 | 102 | 112 | 105 | 109 | 104 | 117 | 116 | 114

yo 10.7 | 115 | 110 | 116 | 109 | 123 | 105 | 121 | 123 | 126

y6 941 | 120 | 129 | 11.2 | 118 | 110 | 122 | 115 | 113 | 116

y7 872 | 109 | 103 | 981 | 969 | 864 | 965 | 9.73 | 9.89 | 10.0

y8 9.07 | 10.7 | 10.7 | 100 | 9.23 | 897 | 9.36 | 10.0 | 10.7 | 941

y9 116 | 108 | 11.0 | 964 | 899 | 9.73 | 100 | 100 | 982 | 9.78
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Table 35 The future climate for Stockholm County during the 2090s, represented by the annual mean temperature
for RCP 2.6 and RCP 8.5.

Stockholm County

Annual mean temperature for RCP 2.6 (°C)
model | 2090 | 2091 | 2092 | 2093 | 2094 | 2095 | 2096 | 2097 | 2098 | 2099
y3 620 | 705 | 7.09 | 7.79 | 811 | 804 | 577 | 599 | 597 | 7.10
y6 708 | 751 | 773 | 816 | 707 | 785 | 870 | 7.34 | 800 | 7.44
y7 699 | 718 | 731 | 659 | 6.06 | 645 | 858 | 8.05 | 7.73 | 7.30
Annual mean temperature for RCP 8.5 (°C)
model | 2090 | 2091 | 2092 | 2093 | 2094 | 2095 | 2096 | 2097 | 2098 | 2099
yl 994 | 10.2 | 109 | 119 | 109 | 106 | 11.8 | 11.0 | 111 | 10.7
y2 937 | 955 | 108 | 9.67 | 103 | 10.7 | 104 | 11.2 | 10.2 | 111
y3 10.3 | 10.7 | 106 | 9.83 | 114 | 104 | 109 | 10.1 | 106 | 105
y4 110 | 110 | 102 | 111 | 106 | 108 | 104 | 116 | 117 | 114
y5 106 | 11.3 | 109 | 11.7 | 110 | 124 | 108 | 124 | 125 | 1238
y6 986 | 118 | 126 | 112 | 117 | 113 | 122 | 114 | 114 | 115
y7 8.79 | 106 | 10.3 9.5 947 | 884 | 9.77 | 9.62 | 993 | 10.0
y8 924 | 104 | 109 | 10.1 | 9.17 | 9.00 | 945 | 10.0 | 108 | 9.20
y9 114 | 109 | 11.2 | 968 | 9.09 | 964 | 10.0 | 9.71 | 9.78 | 9.82
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Table 36 The future climate for Véasternorrland County during the 2090s, represented by the annual mean
temperature for RCP 2.6 and RCP 8.5.

Vésternorrland County

Annual mean temperature for RCP 2.6 (°C)
model | 2090 | 2091 | 2092 | 2093 | 2094 | 2095 | 2096 | 2097 | 2098 | 2099
y3 159 | 289 | 312 | 442 | 496 | 423 | 248 | 188 | 255 | 3.94
y6 404 | 450 | 417 | 503 | 399 | 444 | 553 | 471 | 453 | 3.70
y7 328 | 333 | 372 | 314 | 275 | 334 | 522 | 450 | 448 | 3.47
Annual mean temperature for RCP 8.5 (°C)
model | 2090 | 2091 | 2092 | 2093 | 2094 | 2095 | 2096 | 2097 | 2098 | 2099
yl 729 | 731 | 827 | 857 | 807 | 785 | 881 | 7.90 | 7.78 | 7.45
y2 6.38 | 6.83 | 802 | 613 | 709 | 743 | 746 | 812 | 7.68 | 853
y3 772 | 736 | 816 | 7.09 | 883 | 7.83 | 821 | 7.21 | 794 | 8.16
y4 837 | 841 | 735 | 860 | 830 | 811 | 728 | 9.11 | 9.01 | 9.23
y5 786 | 825 | 819 | 9.04 | 825 | 924 | 749 | 997 | 9.04 | 9.63
y6 736 | 877 | 964 | 893 | 873 | 897 | 941 | 855 | 894 | 8.70
y7 577 | 792 | 717 | 651 | 654 | 579 | 693 | 6.65 | 7.30 | 6.65

y8 662 | 787 | 800 | 6.71 | 668 | 642 | 6.82 | 6.90 | 815 | 6.54

y9 815 | 815 | 767 | 6.13 | 6.06 | 6.11 | 6.77 | 6.28 | 6.18 | 6.74
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Table 37 The future climate for Jénkoping County during the 2090s, represented by the annual mean temperature
for RCP 2.6 and RCP 8.5.

Jonkdping County

Annual mean temperature for RCP 2.6 (°C)

model | 2090 | 2091 | 2092 | 2093 | 2094 | 2095 | 2096 | 2097 | 2098 | 2099
y3 583 | 697 | 721 | 757 | 799 | 765 | 545 | 581 | 6.34 | 6.77
y6 653 | 758 | 756 | 750 | 6.64 | 748 | 843 | 6.62 | 753 | 6.91
y7 6.68 | 6.75 | 688 | 6.19 | 588 | 623 | 795 | 752 | 730 | 7.25

Annual mean temperature for RCP 8.5 (°C)

model | 2090 | 2091 | 2092 | 2093 | 2094 | 2095 | 2096 | 2097 | 2098 | 2099
yl 944 | 100 | 108 | 116 | 105 | 104 | 114 | 108 | 110 | 104
y2 855 | 893 | 100 | 957 | 100 | 10.2 | 961 | 105 | 9.38 | 10.6
y3 10.1 | 103 | 100 | 931 | 109 | 10.2 | 105 | 9.62 | 10.1 | 9.87
y4 105 | 104 | 9.77 | 106 | 10.2 | 10.7 | 100 | 11.3 | 111 | 109
y5 10.3 | 111 | 105 | 111 | 105 | 119 | 10.2 | 116 | 121 | 123
y6 916 | 115 | 124 | 105 | 113 | 10.7 | 116 | 11.1 | 109 | 113
y7 825 | 106 | 981 | 945 | 919 | 834 | 937 | 938 | 951 | 9.71
y8 860 | 10.2 | 104 | 971 | 872 | 856 | 880 | 9.72 | 10.2 9.1
y9 111 | 104 | 10.7 | 938 | 873 | 9.40 | 962 | 9.77 | 950 | 9.37
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Increased stress due to expansion

For the exposure of increased stress due to expansion the maximum daily mean temperature
was the temperature index used for the exposure. The maximum daily mean temperature is the
greatest value of the daily average temperature during a year. The same time period as for the
previous exposure is adopted, meaning the 2010s for the current climate and the 2050s, 2070s
and 2090s for the future climate.

The historical maximum daily mean temperature was not available for the 2010s, the current
climate was instead presented by scenario data obtained from the Rossby Centre. The procedure
to determine a single value to represent the decade, was conducted by firstly averaging the value
for the optimistic and the pessimistic scenario data for every single year. The result of the
average maximum daily mean temperature representing the current climate is presented in the
Table 38. The final value that was used in the assessment for the current climate was taken as
the maximum of the maximum daily mean temperature for the decade.

Table 38 The current climate during the 2010s, represented by the average maximum daily mean temperature
based on pessimistic and optimistic scenario data.

Current climate
Maximum daily mean temperature (°C)
County 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018
Vastra Gotaland 20.8 21.1 | 19.7 | 209 | 20.7 | 20.8 | 20.1 | 215 | 20.9
Stockholm 23.2 22.7 | 220 | 229 | 229 | 23.2 | 229 | 235 | 225
Vasternorrland 19.3 190 | 182 | 19.0 | 189 | 193 | 186 | 19.3 | 19.2
Jonkdping 21.0 213 | 198 | 209 | 21.1 | 209 | 205 | 214 | 210

Considering that the bridges are existing bridges, the temperature at construction was included
for the second exposure. This was represented with the annual mean temperature from the year
of construction for each bridge. Though for the North Traneberg Bridge which was finished in
1934, the historical data of the annual mean temperature could not be obtained as the accessible
data starts from 1961. To include the North Traneberg Bridge in assessment of the second
exposure the temperature data from 1961 was used instead.

In Table 39, the change of the annual mean temperature for the different construction years,
which subsequently amounts the constructions temperature by adding the change of annual
mean temperature to the reference value noted for each county presented in Table 23.
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Table 39 The change of the annual mean temperature for the construction year.

Change in the annual mean

Bridge Construction year temperature (°C)
Alvsborg Bridge 1966 -1.00
Uddevalla Bridge 2000 1.90
North Traneberg Bridge 1934 1.00
South Traneberg Bridge 2002 1.40
High Coast Bridge 1997 1.50
West Bridge 1994 0.90
East Bridge 1979 -0.80

In Tables 40-51, the optimistic and pessimistic scenario data for the maximum daily mean
temperature is presented for the different counties and decades. Similar calculation procedure
as for the annual mean temperature is adopted for the maximum daily mean temperature. The
predefined hazard levels are the same, i.e. 25" percentile for RCP 2.6 and 75™ percentile for
RCP 8.5. Normal distribution is used along with the hazard levels and a single value is obtained
for each year. The average of the values over the future decade of interest is the representative
value for the maximum daily mean temperature used in the assessment.
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Table 40 The future climate for Vastra Gotaland County during the 2050s, represented by the maximum daily
mean temperature for RCP 2.6 and RCP 8.5.

Véstra Gotaland County

Maximum daily mean temperature for RCP 2.6 (°C)
model | 2050 | 2051 | 2052 | 2053 | 2054 | 2055 | 2056 | 2057 | 2058 | 2059
y3 225 | 244 | 232 | 213 | 20.7 | 199 | 201 | 222 | 238 | 20.7
y6 241 | 208 | 218 | 227 | 211 | 191 | 205 | 238 | 213 | 196
y7 227 | 200 | 211 | 214 | 200 | 226 | 193 | 21.1 | 191 | 217
Maximum daily mean temperature for RCP 8.5 (°C)
model | 2050 | 2051 | 2052 | 2053 | 2054 | 2055 | 2056 | 2057 | 2058 | 2059
yl 223 | 209 | 236 | 261 | 214 | 211 | 227 | 236 | 296 | 213
y2 233 | 185 | 206 | 214 | 232 | 216 | 236 | 208 | 206 | 214
y3 241 | 223 | 205 | 201 | 193 | 218 | 234 | 243 | 231 | 196
y4 23.0 | 227 | 193 | 245 | 223 | 227 | 230 | 229 | 20.7 | 233
y5 215 | 244 | 234 | 204 | 240 | 234 | 214 | 220 | 187 | 223
y6 230 | 208 | 225 | 254 | 209 | 226 | 21.1 | 209 | 252 | 26.6
y7 238 | 219 | 177 | 201 | 218 | 223 | 203 | 20.7 | 20.7 | 229
y8 216 | 21.0 | 203 | 266 | 208 | 208 | 234 | 218 | 215 | 215
y9 217 | 199 | 236 | 210 | 241 | 231 | 206 | 265 | 204 | 224
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Table 41 The future climate for Stockholm County during the 2050s, represented by the maximum daily mean
temperature for RCP 2.6 and RCP 8.5.

Stockholm County

Maximum daily mean temperature for RCP 2.6 (°C)
model | 2050 | 2051 | 2052 | 2053 | 2054 | 2055 | 2056 | 2057 | 2058 | 2059
y3 26.7 | 258 | 234 | 232 | 236 | 232 | 222 | 230 | 260 | 223
y6 25.9 | 229 | 226 | 244 | 212 | 225 | 236 | 249 | 234 | 221

y7 230 | 218 | 226 | 243 | 21.7 | 264 | 216 | 221 | 213 | 222

Maximum daily mean temperature for RCP 8.5 (°C)

model | 2050 | 2051 | 2052 | 2053 | 2054 | 2055 | 2056 | 2057 | 2058 | 2059

yl 241 | 245 | 252 | 265 | 240 | 241 | 242 | 272 | 304 | 229

y2 241 | 213 | 229 | 224 | 259 | 239 | 256 | 220 | 222 | 23.0

y3 256 | 239 | 224 | 235 | 210 | 23.7 | 26.0 | 270 | 23.7 | 214

y4 242 | 256 | 223 | 263 | 247 | 243 | 258 | 25.2 | 23.0 | 247

y5 231 | 258 | 249 | 233 | 233 | 254 | 239 | 232 | 216 | 248

y6 254 | 229 | 26.2 | 237 | 233 | 250 | 23.0 | 238 | 263 | 27.6

y7 2477 | 237 | 214 | 232 | 240 | 245 | 224 | 231 | 244 | 283

y8 235 | 226 | 226 | 276 | 250 | 223 | 244 | 245 | 247 | 256

y9 250 | 222 | 246 | 233 | 257 | 249 | 231 | 26.2 | 227 | 240
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Table 42 The future climate for Vasternorrland County during the 2050s, represented by the maximum daily mean
temperature for RCP 2.6 and RCP 8.5.

Vésternorrland County

Maximum daily mean temperature for RCP 2.6 (°C)
model | 2050 | 2051 | 2052 | 2053 | 2054 | 2055 | 2056 | 2057 | 2058 | 2059
y3 19.0 | 215 19.6 | 18.3 17.7 174 | 17.2 19.1 | 21.0 | 205

y6 213 | 209 | 205 | 203 | 192 | 183 | 223 | 233 | 198 | 19.2

y7 199 | 193 | 201 | 199 | 174 | 200 | 183 | 195 | 175 | 196

Maximum daily mean temperature for RCP 8.5 (°C)

model | 2050 | 2051 | 2052 | 2053 | 2054 | 2055 | 2056 | 2057 | 2058 | 2059

yl 209 | 200 | 208 | 222 | 205 | 21.7 | 212 | 212 | 253 | 199

y2 214 | 189 | 201 | 206 | 212 | 205 | 215 | 195 | 190 | 20.3

y3 214 | 213 | 184 | 201 | 178 | 19.0 | 208 | 200 | 214 | 19.7

y4 206 | 216 | 186 | 227 | 232 | 198 | 208 | 21.8 | 204 | 20.8

yo 201 | 220 | 197 | 187 | 211 | 213 | 194 | 194 | 191 | 226

y6 198 | 20.1 | 206 | 215 | 208 | 20.1 | 199 | 194 | 236 | 2238

y7 221 | 204 | 176 | 176 | 194 | 19.7 | 180 | 19.1 | 205 | 205

y8 209 | 19.2 | 186 | 235 | 18.7 | 198 | 20.7 | 203 | 213 | 19.7

y9 194 | 182 | 214 | 206 | 211 | 19.7 | 208 | 21.8 | 184 | 21.2
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Table 43 The future climate for Jonkoping County during the 2050s, represented by the maximum daily mean
temperature for RCP 2.6 and RCP 8.5.

Jonkdping County

Maximum daily mean temperature for RCP 2.6 (°C)
model | 2050 | 2051 | 2052 | 2053 | 2054 | 2055 | 2056 | 2057 | 2058 | 2059
y3 223 | 232 | 232 | 206 | 202 | 205 | 199 | 23.0 | 238 | 20.3
y6 239 | 209 | 209 | 225 | 200 | 19.7 | 212 | 231 | 221 | 205
y7 23.7 | 194 | 206 | 21.2 | 199 | 235 | 204 | 204 | 200 | 205

Maximum daily mean temperature for RCP 8.5 (°C)

model | 2050 | 2051 | 2052 | 2053 | 2054 | 2055 | 2056 | 2057 | 2058 | 2059

yl 219 | 20.7 | 229 | 26.2 | 220 | 211 | 224 | 252 | 295 | 225

y2 224 | 187 | 199 | 211 | 238 | 21.1 | 238 | 201 | 20.7 | 21.2

y3 226 | 21.2 | 205 | 20.2 | 19.7 | 21.8 | 250 | 233 | 226 | 194

y4 234 | 233 | 216 | 244 | 225 | 227 | 229 | 228 | 201 | 234

y5 204 | 236 | 225 | 198 | 229 | 232 | 230 | 216 | 189 | 213

y6 239 | 211 | 225 | 230 | 211 | 228 | 211 | 214 | 249 | 27.2

y7 233 | 222 | 176 | 211 | 217 | 232 | 201 | 215 | 20.7 | 234

y8 204 | 213 | 203 | 265 | 204 | 204 | 234 | 23.7 | 219 | 227

y9 224 | 202 | 249 | 213 | 240 | 243 | 210 | 26.1 | 212 | 225
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Table 44 The future climate for Vastra Gotaland County during the 2070s, represented by the maximum daily
mean temperature for RCP 2.6 and RCP 8.5.

Véstra Gotaland County

Maximum daily mean temperature for RCP 2.6 (°C)
model | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079
y3 223 | 20.1 | 186 | 20.7 | 19.0 | 229 | 20.1 | 195 | 195 | 233
y6 218 | 219 | 184 | 21.0 | 244 | 190 | 227 | 254 | 225 | 228
y7 211 | 203 | 224 | 242 | 222 | 250 | 210 | 199 | 206 | 239
Maximum daily mean temperature for RCP 8.5 (°C)
model | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079
yl 216 | 227 | 232 | 211 | 243 | 229 | 235 | 223 | 218 | 257
y2 21.0 | 199 | 245 | 219 | 229 | 225 | 243 | 248 | 20.7 | 229
y3 269 | 220 | 198 | 216 | 202 | 226 | 219 | 21.1 | 234 | 252
y4 209 | 25.1 | 248 | 238 | 218 | 263 | 20.7 | 249 | 214 | 225
y5 226 | 214 | 239 | 249 | 217 | 21.0 | 250 | 206 | 256 | 231
y6 234 | 266 | 214 | 236 | 242 | 251 | 276 | 223 | 239 | 247
y7 241 | 280 | 255 | 229 | 219 | 231 | 233 | 224 | 253 | 229
y8 223 | 221 | 261 | 258 | 243 | 21.0 | 254 | 229 | 23.7 | 236
y9 225 | 229 | 212 | 230 | 199 | 23.0 | 208 | 215 | 219 | 196
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Table 45 The future climate for Stockholm County during the 2070s, represented by the maximum daily mean
temperature for RCP 2.6 and RCP 8.5.

Stockholm County

Maximum daily mean temperature for RCP 2.6 (°C)
model | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079
y3 270 | 234 | 211 | 230 | 209 | 269 | 233 | 213 | 221 | 26.3
y6 242 | 223 | 212 | 224 | 251 | 20.1 | 247 | 26.6 | 268 | 22.7

y7 244 | 228 | 258 | 238 | 234 | 279 | 223 | 230 | 226 | 26.1

Maximum daily mean temperature for RCP 8.5 (°C)

model | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079

yl 239 | 249 | 253 | 233 | 258 | 246 | 254 | 252 | 23.8 | 285

y2 229 | 233 | 292 | 244 | 242 | 241 | 252 | 279 | 232 | 252

y3 29.7 | 239 | 230 | 234 | 234 | 239 | 244 | 230 | 261 | 29.2

y4 239 | 26.2 | 276 | 273 | 250 | 278 | 23.7 | 27.7 | 240 | 241

y5 245 | 238 | 26.0 | 28.7 | 243 | 23.7 | 278 | 243 | 272 | 242

y6 265 | 301 | 233 | 261 | 265 | 254 | 293 | 243 | 255 | 276

y7 256 | 30.1 | 253 | 246 | 21.7 | 251 | 256 | 235 | 250 | 244

y8 235 | 253 | 274 | 282 | 293 | 234 | 285 | 255 | 243 | 247

y9 246 | 257 | 229 | 248 | 226 | 245 | 223 | 225 | 23.7 | 235
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Table 46 The future climate for Vasternorrland County during the 2070s, represented by the maximum daily mean
temperature for RCP 2.6 and RCP 8.5.

Vésternorrland County

Maximum daily mean temperature for RCP 2.6 (°C)
model | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079
y3 200 | 174 | 168 | 19.7 | 174 | 196 | 189 | 168 | 185 | 19.2
y6 220 | 193 | 182 | 20.7 | 216 | 181 | 214 | 242 | 223 | 199
y7 190 | 183 | 19.7 | 208 | 193 | 208 | 19.2 | 189 | 179 | 212

Maximum daily mean temperature for RCP 8.5 (°C)

model | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079

yl 201 | 196 | 213 | 201 | 218 | 218 | 218 | 227 | 206 | 231

y2 202 | 19.2 | 224 | 211 | 204 | 210 | 215 | 208 | 188 | 21.2

y3 225 | 194 | 197 | 202 | 195 | 198 | 21.7 | 19.2 | 210 | 20.7

y4 206 | 230 | 233 | 215 | 219 | 239 | 218 | 222 | 216 | 191

y5 206 | 193 | 205 | 220 | 205 | 20.7 | 227 | 20.7 | 225 | 20.9

y6 206 | 227 | 213 | 212 | 228 | 231 | 250 | 216 | 225 | 229

y7 199 | 227 | 190 | 204 | 193 | 214 | 198 | 200 | 223 | 214

y8 195 | 215 | 240 | 218 | 232 | 198 | 253 | 200 | 20.2 | 20.6

y9 203 | 208 | 193 | 198 | 179 | 224 | 173 | 20.1 | 214 | 181
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Table 47 The future climate for Jonkoping County during the 2070s, represented by the maximum daily mean
temperature for RCP 2.6 and RCP 8.5.

Jonkdping County

Maximum daily mean temperature for RCP 2.6 (°C)

model | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079

y3 218 | 21.0 | 186 | 200 | 19.2 | 221 | 19.7 | 20.2 | 198 | 233

y6 222 | 217 | 188 | 209 | 244 | 190 | 222 | 254 | 231 | 214

y7 218 | 21.0 | 228 | 239 | 214 | 243 | 219 | 208 | 213 | 254

Maximum daily mean temperature for RCP 8.5 (°C)

model | 2070 | 2071 | 2072 | 2073 | 2074 | 2075 | 2076 | 2077 | 2078 | 2079

yl 227 | 232 | 23.0 | 211 | 242 | 226 | 236 | 222 | 218 | 248

y2 211 | 202 | 241 | 220 | 221 | 232 | 240 | 258 | 216 | 23.7

y3 271 | 224 | 205 | 21.1 | 20.7 | 21.1 | 21.7 | 21.1 | 23.7 | 248

y4 211 | 255 | 253 | 25.0 | 218 | 259 | 204 | 268 | 214 | 229

y5 218 | 215 | 228 | 251 | 231 | 210 | 255 | 208 | 244 | 229

y6 252 | 270 | 21.0 | 233 | 257 | 246 | 275 | 214 | 243 | 26.1

y7 238 | 281 | 253 | 234 | 224 | 23.7 | 232 | 21.7 | 244 | 232

y8 214 | 225 | 254 | 253 | 253 | 209 | 253 | 234 | 231 | 23.0

y9 226 | 233 | 210 | 226 | 20.7 | 223 | 209 | 215 | 220 | 210
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Table 48 The future climate for Vastra Gotaland County during the 2090s, represented by the maximum daily
mean temperature for RCP 2.6 and RCP 8.5.

Véstra Gotaland County

Maximum daily mean temperature for RCP 2.6 (°C)
model | 2090 | 2091 | 2092 | 2093 | 2094 | 2095 | 2096 | 2097 | 2098 | 2099
y3 219 | 19.7 | 200 | 20.7 | 19.2 | 23.0 | 20.2 | 185 | 196 | 205
y6 184 | 202 | 212 | 206 | 190 | 23.8 | 199 | 21.8 | 229 | 242
y7 199 | 209 | 212 | 183 | 210 | 208 | 233 | 21.7 | 18.7 | 21.0
Maximum daily mean temperature for RCP 8.5 (°C)
model | 2090 | 2091 | 2092 | 2093 | 2094 | 2095 | 2096 | 2097 | 2098 | 2099
yl 272 | 246 | 252 | 312 | 238 | 245 | 290 | 255 | 287 | 320
y2 232 | 215 | 235 | 232 | 213 | 212 | 236 | 21.8 | 231 | 217
y3 236 | 26.7 | 21.9 | 236 | 245 | 219 | 241 | 225 | 243 | 216
y4 225 | 209 | 222 | 247 | 2277 | 264 | 220 | 242 | 254 | 248
y5 209 | 254 | 245 | 242 | 225 | 259 | 237 | 227 | 259 | 28.8
y6 243 | 266 | 309 | 248 | 241 | 27.0 | 275 | 264 | 235 | 252
y7 30.2 | 239 | 286 | 227 | 232 | 248 | 257 | 249 | 215 | 234
y8 228 | 270 | 241 | 271 | 232 | 241 | 230 | 227 | 282 | 235
y9 247 | 233 | 252 | 241 | 234 | 259 | 242 | 241 | 250 | 219
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Table 49 The future climate for Stockholm County during the 2090s, represented by the maximum daily mean
temperature for RCP 2.6 and RCP 8.5.

Stockholm County

Maximum daily mean temperature for RCP 2.6 (°C)

model | 2090 | 2091 | 2092 | 2093 | 2094 | 2095 | 2096 | 2097 | 2098 | 2099

y3 234 | 226 | 218 | 224 | 21.0 | 247 | 235 | 227 | 221 | 23.0

y6 215 | 221 | 230 | 251 | 208 | 274 | 225 | 253 | 260 | 25.2

y7 217 | 235 | 248 | 21.7 | 226 | 23.1 | 245 | 242 | 204 | 224

Maximum daily mean temperature for RCP 8.5 (°C)

model | 2090 | 2091 | 2092 | 2093 | 2094 | 2095 | 2096 | 2097 | 2098 | 2099

yl 289 | 269 | 274 | 320 | 268 | 26.1 | 299 | 26.7 | 296 | 321

y2 26.2 | 235 | 258 | 244 | 239 | 240 | 252 | 240 | 258 | 245

y3 259 | 288 | 240 | 271 | 278 | 243 | 283 | 2/.0 | 274 | 258

y4 264 | 239 | 252 | 271 | 26.7 | 295 | 242 | 26.1 | 280 | 26.8

y5 244 | 279 | 26.1 | 261 | 248 | 288 | 26.2 | 26.6 | 27.7 | 332

y6 282 | 301 | 329 | 269 | 264 | 272 | 282 | 265 | 26.7 | 264

y7 276 | 253 | 30.2 | 23.7 | 255 | 25.7 | 26.7 | 28.7 | 242 | 242

y8 25.7 | 26.7 | 27.3 | 296 | 246 | 248 | 257 | 254 | 299 | 258

y9 240 | 244 | 275 | 25.0 | 244 | 275 | 258 | 257 | 265 | 25.0
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Table 50 The future climate for Vasternorrland County during the 2090s, represented by the maximum daily mean
temperature for RCP 2.6 and RCP 8.5.

Vésternorrland County

Maximum daily mean temperature for RCP 2.6 (°C)
model | 2090 | 2091 | 2092 | 2093 | 2094 | 2095 | 2096 | 2097 | 2098 | 2099
y3 192 | 175 | 183 | 186 | 179 | 212 | 180 | 159 | 170 | 19.3
y6 179 | 204 | 189 | 190 | 192 | 226 | 199 | 211 | 216 | 219
y7 177 | 193 | 209 | 177 | 193 | 193 | 203 | 205 | 165 | 19.7
Maximum daily mean temperature for RCP 8.5 (°C)
model | 2090 | 2091 | 2092 | 2093 | 2094 | 2095 | 2096 | 2097 | 2098 | 2099
yl 241 | 232 | 237 | 260 | 221 | 222 | 236 | 231 | 242 | 235
y2 215 | 209 | 233 | 21.0 | 198 | 214 | 215 | 21.7 | 233 | 21.0

y3 221 | 195 | 202 | 209 | 229 | 208 | 261 | 21.7 | 220 | 215

y4 23.7 | 200 | 226 | 246 | 230 | 252 | 205 | 23.1 | 247 | 232

y5 201 | 225 | 224 | 224 | 213 | 220 | 214 | 229 | 229 | 241

y6 23.0 | 247 | 264 | 227 | 229 | 27.1 | 258 | 227 | 227 | 21.7

y7 223 | 226 | 236 | 209 | 225 | 215 | 216 | 227 | 203 | 20.9

y8 228 | 239 | 224 | 238 | 211 | 230 | 221 | 221 | 243 | 23.7

y9 215 | 204 | 219 | 217 | 211 | 221 | 204 | 21.7 | 213 | 219
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Table 51 The future climate for Jonkoping County during the 2090s, represented by the maximum daily mean
temperature for RCP 2.6 and RCP 8.5.

Jonkdping County

Maximum daily mean temperature for RCP 2.6 (°C)
model | 2090 | 2091 | 2092 | 2093 | 2094 | 2095 | 2096 | 2097 | 2098 | 2099
y3 21.7 | 208 | 199 | 206 | 186 | 22.0 | 205 | 20.2 | 194 | 20.8
y6 190 | 196 | 210 | 216 | 191 | 251 | 209 | 232 | 235 | 242
y7 205 | 21.2 | 21.0 | 183 | 229 | 210 | 228 | 216 | 193 | 21.2
Maximum daily mean temperature for RCP 8.5 (°C)
model | 2090 | 2091 | 2092 | 2093 | 2094 | 2095 | 2096 | 2097 | 2098 | 2099
yl 266 | 25.0 | 252 | 315 | 242 | 244 | 282 | 250 | 291 | 319
y2 25.0 | 216 | 23.0 | 229 | 214 | 214 | 232 | 224 | 226 | 219
y3 23.8 | 264 | 225 | 244 | 244 | 226 | 234 | 236 | 245 | 222
y4 231 | 216 | 225 | 248 | 230 | 26.1 | 221 | 249 | 246 | 255
y5 21.2 | 243 | 239 | 243 | 227 | 265 | 244 | 224 | 256 | 29.1

y6 247 | 26.1 | 308 | 249 | 240 | 257 | 271 | 26.2 | 243 | 255

y7 293 | 25.2 | 279 | 226 | 216 | 229 | 27.0 | 25.2 | 21.7 | 244

y8 232 | 259 | 244 | 283 | 243 | 23.0 | 226 | 245 | 272 | 234

y9 244 | 233 | 253 | 245 | 234 | 263 | 248 | 245 | 249 | 217
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