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1. Overview

This document presents high-level risk assessments for Calgary and Edmonton homes for the Alberta
Climate Ready Homes project. It measures risk in two ways: (1) using The City of Calgary’s (2024a)
risk classification system under its climate risk assessment framework, and (2) in terms of the average
annual loss. The Alberta Climate Ready Homes project team will compare the risk calculated here
across the eight climate hazards associated with this project. The comparison will inform the project
team’s decision about which four hazards will be the focus of exploration for new potential multi-
lateral incentives: packages of monetary transfers and communication to homeowners or developers
from other adaptation co-beneficiaries.

The hazards included are:
1. Hail

Extreme heat
Wildfire smoke
Basement flooding
High wind

Wildfire

Drought

© N o un ok~ w N

Winter storm

The present effort represents a high-profile project using a risk and resilience assessment (CRRA).
This risk assessment employs the following first three steps of the CRRA. (It omits two more steps,
which have to do with designing adaptation measures and performing a benefit-cost analysis.)

1. Establish the scope of the assessment
2. Select the infrastructure elements and climate hazards to consider

3. Calculate risk

The following chapters present the high-level risk assessment for each of the hazards listed above.
For each hazard, we provide the climate risk and resilience assessment and a quantitative estimate of
the long-term annual average loss to homes in each city on both a citywide total and per-capita basis.
We refer to this loss as the expected annualized loss (EAL). Each assessment concludes with hazard
specific limitations and a summary of results.

The scope of assessments focuses on risks borne directly by residents within residential homes.
Regional-level concerns such as water quality and quantity, power consumption, or healthcare system
utilization are not considered as the risks are not borne by the homeowner or occupant.

Following the high-level risk assessments, we present a social vulnerability analysis using Natural
Resources Canada’s natural human settlement data set. One can use the social vulnerability
component to identify the highest risk neighbourhoods in Calgary and Edmonton.

The last two chapters provide general limitations in conducting high-level risk assessments, and
references cited.



1.1 Summary of Results

Risk is calculated in two ways. First using the climate risk and resilience assessment and a quantitative
estimate of the long-term annual average loss to homes in Calgary and Edmonton on both a
citywide total and per-capita basis. The results are summarized below. In Table 2, EAL refers to
citywide expected annualized loss, and EALp refers to the expected annualized loss per capita, both
in approximate 2026 Canadian dollars.

Table 1. Recap of the high-level risk assessments using the climate risk and resilience assessment

8 6 Low

Calgary Baseline 12 | High 15 | High 10 Medium | 12 | High Medium
2050s 16 | High 15 | High 20 NSNEe Medium | 16 | High 16 | High 8 | Medium
2080s SUENE 10 | High 20 EeNEnE Medium | 20 16 | High 8 | Medium
Edmonton [:FEATS Medium | 15 | High 10 Medium | 12 | High 12 | High 6 | Low
2050s 12 | High 15 | High PVl Extreme Medium | 16 | High 16 | High 8 | Medium
2080s 15 | High 15 | High 20 ESNENE Medium | 20 20 20 Medium
Table 2. Recap of per-capita and city-level expected annual loss for Edmonton and Calgary
Year EAlpc | EAL EALpc | EAL EALpc | EAL EALpc | EAL
Calgary Baseline $270 $230,000,000 $360 $300,000,000 $360 $300,000,000 $42 $35,000,000
2050s $9,900 $22,000,000,000 | $540 $1,200,000,000 $320 $670,000,000 $76 $160,000,000
2080s $52,000 | $140,000,000,000 | $620 $1,700,000,000 $280 $710,000,000 $79 $200,000,000
Edmonton [:FEATS $960 $830,000,000 $32 $28,000,000 $360 $310,000,000 $42 $36,000,000
2050s $14,000 | $28,000,000,000 | $38 $78,000,000 $320 $670,000,000 $76 $160,000,000
2080s $22,000 | $57,000,000,000 | $48 $130,000,000 $280 $740,000,000 $79 $210,000,000

- Year EAlpc | EAL EALpc | EAL EALpc | EAL EALpc | EAL
Calgary Baseline $50 $42,000,000 $6 $4,600,000 $0.50 $450,000 $0 $0
2050s $11 $23,000,000 $9 $18,000,000 $0.60 $1,300,000 $0 $0
2080s $11 $28,000,000 $10 $25,000,000 $0.60 $1,500,000 $0 $0
Edmonton [:FEA[f $50 $43,000,000 $6 $4,800,000 $0.50 $440,000 $0 $0
2050s $11 $23,000,000 $9 $18,000,000 $0.60 $1,100,000 $0 $0
2080s $11 $29,000,000 $10 $26,000,000 $0.60 $1,300,000 $0 $0

N




2. Hail

Synopsis

Hail risk rises from high in the baseline period (1981-2010) to extreme in the 2080s in The City
of Calgary, and from medium to high in The City of Edmonton, using The City of Calgary’s
Climate Risk Assessment Framework.

We also estimated risk in terms of expected annualized loss: a long-term average annual
monetary loss that assigns an acceptable monetary value to avoiding future deaths and injuries
using Government of Canada regulatory values. On a per capita basis, the risk rises from
approximately $400 to $600 per person per year between the baseline year and the 2080s in
Calgary, and from approximately $30 to $50 per person per year in Edmonton. On a citywide
basis, the total value rises from $300 million per year to almost $2 billion per year between the
baseline period and the 2080s in Calgary, and from approximately $30 million per year to over
$100 million per year in the same period in Edmonton. Homeowners bear about 34 of these
losses through their insurance premiums. The broader community bears the remainder through
loss of productive investment and additional carbon emissions required for rebuilding.

2.1 Climate Risk and Resilience Assessment

2.1.1 Scope

Step 1 in a climate risk and resilience assessment is to define the scope of the assessment. The risk
assessment estimates the risk from hail damage to homes in The City of Calgary and The City of
Edmonton. It accounts for climate change in the 2050s and 2080s.

A hailstorm can be defined as a severe convective storm that drops pellets of frozen rain at least 5 mm
in diameter when they reach the ground.

2.1.2 Select infrastructure elements and climate hazards

Step 2 in a climate risk and resilience assessment is to define the infrastructure elements to consider
and to characterize the climate hazard.



2.1.2.1 Infrastructure elements

Table 3 lists the infrastructure elements included and our rationale.

Table 3. Infrastructure elements considered in this high-level risk assessment

Asset categories ‘ Social cohesion

Built infrastructure assets We consider homes, especially building repairs. We exclude content
replacement costs and additional living expenses because hailstorms
typically only damage roofs and exterior cladding, rarely if ever damaging
contents or displacing occupants.

Human well-being Government of Canada (2023) commonly considers health outcomes in
benefit-cost analysis. But we exclude health outcomes because hail
harms very few people.

Natural environment We exclude the natural environment. While hail commonly damages
crops and yard vegetation, Alberta Climate Ready Homes does not
address crop damage, and will offer no adaptation measures to protect
yard vegetation.

Ecosystem health and The Government of Canada (2023) commonly considers the social cost
biodiversity of greenhouse gases in benefit-cost analysis. We can estimate the social
cost of embodied carbon in the materials, delivery, and construction
of repairs.
Other Insurance overhead and profit. Insurers pay most of the cost to repair

hail damage to homes, and they tend to pass on these costs plus their
cost to do business to policyholders, so we consider these additional
costs in the form of insurance overhead and profit.

Indirect business interruption. The money sent to restore property to its
pre-disaster state is lost to productive investments; the Government of
Canada (2023) refers to this phenomenon under the label “gross
domestic product (GDP) multiplier effects.” We refer to it here as indirect
business interruption.

2.1.2.2 Climate hazards

For consistency with past calculations, we use likelihood scores calculated by The City of Calgary
(2024, Table 3, severe storms) and The City of Edmonton (Climate Resilience Consulting 2018 and
K. Chantler, The City of Calgary, written commun., July 25, 2024, Table 4). In both cases, the
likelihood is 3 in the baseline year, 4 in the 2050s, and 5 in the 2080s, as shown in Table 4.

Table 4. Likelihood of hail impact as defined by The City of Calgary (2024)

Likelihood rating Qualitative descriptor

Calgary Baseline (1981-2010) | 3 Possible
2050s 4 Likely
2080s 5 Almost certain
Edmonton | Baseline (1981-2010) 3 Possible
2050s 4 Likely
2080s 5 Almost certain




2.1.3 Calculate risk

Step 3 in a climate risk and resilience assessment is to calculate the risk by establishing the
consequences and then estimating the risk rating.

2.1.3.1 Establish consequences

Since 2008, hailstorms have produced insured losses exceeding $1 billion in Calgary and $50 million
in Edmonton, which seems to qualify as moderate to significant damage or loss, meaning medium to
high consequence under The City of Calgary (2024) Table 4. Let us assign high consequence in
Calgary and medium consequence in Edmonton.

2.1.3.2 Perform risk analysis

Table 5 shows the results of the risk equation specified on page 14 of The City of Calgary (2024) report.

Table 5. Hailstorm risk to Calgary and Edmonton homes

Period Exposure | Likelihood | Consequence | Risk rating Risk
rating classification

Calgary Baseline 1 3 4 12 High

2050s 1 4 4 16 High

2080s 1 5 4 20
Edmonton | Baseline 1 3 3 9 Medium

2050s 1 4 3 12 High

2080s 1 5 3 15 High

2.2, Risk Analysis, Expected Annualized Loss
2.2.1 Method

Let us quantify risk in terms of expected annualized loss, EAL, meaning the long-term average annual
monetary cost to recover from the hazard of interest.

There are three general approaches to estimate engineering risk. From most to least preferred they are
(1) empirical, (2) analytical, and (3) expert judgment. If one possesses sufficient empirical evidence of
past losses, one calculates averages and trends in these observed losses or relates loss to a variety of
independent variables through regression analysis. If one lacks sufficient empirical evidence, one can use
an analytical approach: create a mathematical model of the phenomenon in question, where the
components of the model use a mixture of past evidence and first principles. Lacking sufficient time or
resources, one can resort to expert judgment.

In the present case, we have empirical evidence via insurance claims data, which is paired with an
analytical approach. For example, suppose one could identify n recent hailstorms in the past m years in
the community of interest, where for each hailstorm one knows the total homeowner insurance loss, C.
One can get homeowner insurance losses in past hailstorms from CatlQ (2024a). We include personal
property damage claims amount and insurer adjustment expenses, omitting sewer backup claims.

For each hailstorm, one would want to account for inflation by factoring the loss by the ratio of
the consumer price index in the reference year y divided by the consumer price index at the time of the
hailstorm, CPI,/CPl;. One can get consumer price index from Statistics Canada (2024a).



Since not everybody carries insurance, we factor up the insurance claim amount by the ratio of the
number of homes, denoted here by Nhomes, to the number of homeowner insurance policies, denoted
here by Nposs. One can get Nhomes from Statistics Canada (2023a) and Nposs from CatlQ (2024b).

To account for population growth since the hailstorm, one can factor up by the ratio of population in
the reference year to the population at the time of the storm, denoted here by Popref/Pop;. One can
get population history from Macrotrends (2024a,b).

The foregoing reflects the costs to homes. Property insurers bear most of those costs. Insurers do not
perform those repairs for free. They charge the insured property owner an insurance premium that,
under ideal conditions, covers repair costs, claims adjustment costs, other expenses, contingencies,
and profits. Let fop denote the overhead and profit cost as a fraction of long-term average repair cost
(called pure premium). Overhead and profit costs tend to amount to for = 50% of the long-term
average repair costs the insurer pays (Schofield 1998, pg. 17).

Money absorbed to repair hail damage is lost to investment in other areas. Homeowners experience
a real cost of interrupting their lives to deal with repairs. Let f; denote these indirect losses as a
fraction of the long-term average repair cost. Indirect costs f; might not significantly add to economic
losses or they might double the direct losses (Hallegatte 2015); Let us take a middle amount and add
fi=50% to the repair costs.

There are also environmental losses: energy expended to produce and install repair materials and to
dispose of debris. Let fc denote the environmental costs as a fraction of the long-term average repair
cost. Environmental (carbon) costs might amount to fc = 0.1% of the repair costs (Porter 2024 pg. 36).

Equation (1) summarizes the foregoing. In the equation, EALf refers to the long-term average
annual loss in reference year ref, and other parameters are as previously defined.

n

EALref = lZC, ) CPIZOZS ’ NhomeS ) Pop'ef ) (1 + fOP +f; + fC) (1)
m°; CPI. Npo,s Pop.

Where

EALref = expected annualized loss in a reference year such as the middle of the baseline period

m = number of years in the list of storms

i = acounter1,2,...n

G = lossin event

CPloo26 = estimated consumer price index in year 2026, extrapolated from current trends

CPlj = consumer price index in the year of event /

Nhomes = number of homes in Alberta

Npols = number of person-lines (mostly homeowner) insurance policies in Alberta

Popret = city population in a reference year such as the middle of the baseline period

Popj = city population in the year in which event i occurred

for = overhead and profit cost as a fraction of long-term average repair cost

fi = indirect losses as a fraction of the long-term average repair cost

fc = environmental costs as a fraction of the long-term average repair cost



Then one can estimate EAL in a future year y as shown in equation (2).

D, Pop,
EAL =FEAL_, . —L.—* @)
3% ref D P
ref Opref
Where
EAL, = expected annualized loss in future year y
Dy = estimated number of hail days per year in future year y
Dref = estimated number of hail days per year in the reference year such as the middle of the
baseline period

Popy = estimated city population in future year y

How to account for population and how hail swaths only affect a portion of the population? Let us
normalize EAL by the community population to express the long-term average risk on a per capita
basis, as shown in equations (3) and (4).

EAL ,
EAL = ! (3)
pc,ref
Pop_,
EAL
EAL oy = Y 4)
ey Pop,

Where

EALpcref = per-capita expected annualized loss in the reference year such as the middle of the
baseline period

EAlpcy = per-capita expected annualized loss in year y

2.2.2 Application

Let us evaluate EAL for the same periods as shown in Table 5, using the middle of the baseline period
(1981-2010) as the reference year, 1996.

We found that CatlQ’s estimate of Alberta homeowner fire policies slightly exceeds the estimated
number of housing units, possibly because some people carry more than one homeowner policy on
the same property. Some carry separate policies for the building and contents. Sometimes a policy
auto-renews, and the homeowner loses track. Some mortgage lenders include buildings insurance as
part of the mortgage package (Powell, 2023). Because we lack evidence of penetration rates below
1.0, we took Nhomes/Npols = 1.0.



We acquired the consumer price index (CPI) for shelter in Calgary and Edmonton from Statistics
Canada (2024a, b) respectively. We acquired city population history for Calgary and Edmonton
from Macrotrends LLC (202443, b), respectively. Figure 1 shows CP/ and population for both cities.
We project values after 2023 from past data by assuming that recent growth rates in population

and CP/ of approximately 1% per year continue indefinitely.

We acquired insurance claims data from CatlQ (2024a) for the past m = 16 years (2008 through

2023, inclusive). Table 6 presents recent hailstorms in Calgary, selected from a larger list of severe

convective storms because CatlQ indicates that the storm included losses from hail and Calgary

appeared among the list of communities affected by the storm. (We considered limiting the list to

events in which the word “hailstorm” appears in the name because that would imply that CatlQ

considered hail the dominant contributor to loss. However, the resulting lists appeared too limited.)

Table 7 shows storms that affected Edmonton and included hail.

By applying the results shown in Figure 1, Table 6, and Table 7 to equations (2), (3), and (4), one can
estimate the expected annualized losses from hail damage to homes. Refer to Table 8 for results.
We round quantities in the table to two significant figures to reduce the appearance of excess accuracy.

Figure 1. (A) Consumer price index for shelter, and (B) Population
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Table 6. Calgary hailstorms

Year Description Insurance Inflation Population | Cost, 2026
claims C; CPl2026 Popyef CAD
CPI; Popi
1 12023 Calgary Hailstorm. Date: July 15, 2023 $89,331,000 1.15 0.50 $51,599,953
2 2022 Early July Severe Storms. Dates: July 07, 2022 — $17,733,000 1.24 0.51 $11,279,963
July 08, 2022
3 2022 Prairies Severe Storms. Dates: June 23, 2022 - $16,070,000 1.24 0.51 $10,222,128
June 24, 2022
4 {2021 Alberta and Saskatchewan Severe Storms. $7,880,000 1.35 0.52 $5,546,913
Dates: August 31, 2021 — September 01, 2021
5 |2021 Calgary Hail and Flooding. Date: July 02, 2021 $470,240,000 1.35 0.52 $331,012,758
6 | 2020 Central Alberta and Saskatchewan Hailstorms. $17,943,000 1.40 0.53 $13,360,349
Dates: August 02, 2020 — August 03, 2020
7 | 2020 Calgary Area Hail and Flash Flooding. $102,302,000 1.40 0.53 $76,174,017
Date: July 24, 2020
8 2020 Hailstorms in Alberta, Strong Prairie Winds. $701,928,000 1.40 0.53 $522,655,232
Dates: June 13, 2020 - June 14, 2020
9 |2018 Early-August Prairie Storms. Dates: August 01, $46,343,000 1.44 0.56 $37,343,547
2018 — August 04, 2018
10 | 2017 Alberta Severe Storms. Date: July 23, 2017 $31,028,000 1.47 0.57 $26,227,794
11 | 2016 Prairie Long Weekend Severe Storms. $213,008,000 1.49 0.59 $187,461,876
Dates: July 30, 2016 — August 01, 2016
12 | 2016 Southern Alberta and Saskatchewan Severe Storms. | $33,633,000 1.49 0.59 $29,599,383
Dates: July 15, 2016 —July 16, 2016
13 12016 AB/SK/MB Severe Storms. Dates: July 08, 2016 — $10,887,000 1.49 0.59 $9,581,318
July 11, 2016
14 | 2016 Prairie Severe Storms. Dates: June 28, 2016 — $49,127,000 1.49 0.59 $43,235,182
June 30, 2016
15 | 2015 Southern Alberta Severe Storms. Dates: August 04, | $60,322,000 1.49 0.61 $54,404,007
2015 - August 05, 2015
16 | 2015 Alberta and Saskatchewan Severe Storms. $4,747,000 1.49 0.61 $4,281,287
Date: July 22, 2015
17 | 2012 Calgary Hailstorm. Dates: August 14, 2012 $62,736,000 1.63 0.66 $67,253,945
18 | 2012 Calgary Hailstorm. Dates: August 12, 2012 $284,809,000 1.63 0.66 $305,319,576
19 |2010 Bridlewood Hailstorm. Dates: August 22, 2010 $54,835,000 1.67 0.69 $63,381,890
20 | 2010 Calgary Hailstorm. Date: July 12, 2010 $216,951,000 1.67 0.69 $250,766,195
EALref $295,448,01 1




Table 7. Edmonton hailstorms

Year Description Insurance Inflation Population | Cost, 2026
claims G; CPl2026 Popref CAD
CPI; Popi
1 12023 Prairie Severe Storms. Dates: July 24, 2023 - $13,767,000 1.1 0.50 $7,700,674
July 26, 2023
2 | 2020 Central Alberta and Saskatchewan Hailstorms. $17,943,000 1.27 0.53 $12,183,243
Dates: August 02, 2020 — August 03, 2020
3 | 2019 Edmonton Area Hailstorm. Date: August 02, 2019 $43,947,000 1.29 0.55 $30,879,306
4 12017 Alberta Severe Storms. Date: July 23, 2017 $31,028,000 1.36 0.57 $24,253,378
5 |2017 Mid-July Central Alberta Severe Storms. $11,288,000 1.36 0.57 $8,823,390
Dates: July 12,2017 - July 13, 2017
6 | 2017 Central Alberta Severe Storms. Date: June 20, 2017 $16,960,000 1.36 0.57 $13,256,971
7 12016 AB/SK/MB Severe Storms. Dates: July 08, 2016 — $10,887,000 1.38 0.59 $8,882,419
July 11, 2016
8 | 2016 Prairie Severe Storms. Dates: June 28, 2016 — $49,127,000 1.38 0.59 $40,081,435
June 30, 2016
9 (2013 Edmonton Severe Storm. Date: July 02, 2013 $34,768,000 1.43 0.64 $31,810,602
10 | 2012 Edmonton Flooding. Dates: July 11, 2012 - July 12, 2012 | $47,206,000 1.45 0.66 $45,116,853
EALref $27,887,471

Table 8. Expected annualized loss from hail damage

Period y Baseline EAL Population Storm Year-y EAL, Popy, million | Year-y per
2026 $ million growth frequency 2026 $ capita EAL,
Popy Dy million 2026 $
Popret Dref
Calgary Baseline $300 1.00 1.00 $300 0.8 $360
2050s 2.67 1.52 $1,200 2.2 $540
2080s 3.39 1.74 $1,700 2.8 $620
Edmonton | Baseline $28 1.00 1.00 $28 0.9 $32
2050s 2.39 1.17 $78 2.1 $38
2080s 3.05 1.48 $130 2.6 $48




2.3 Conclusions

According to The City of Calgary’s (2024) Climate Risk Assessment Framework and Process Guide,
hail represents a high risk in Calgary in the baseline period and 2050s, and an extreme risk in the
2080s. It represents a medium risk in Edmonton in the baseline period and high risk in the 2050s
and 2080s.

It may be desirable later in the project to express hail risk in monetary terms. We estimated the
long-term average annual repair cost for homes using recent insurance claims data, accounting for
inflation and population growth. We estimate that hail damage to Calgary homes will rise from
$300 million per year to approximately $1.7 billion per year between the baseline period and the
2080s, in 2026 constant dollars. In Edmonton, residential hail losses will rise from $28 million to
$130 million in 2026 constant dollars over the same period.

It may also be useful to think of expected annualized losses as the long-term average cost per person
per year. In the baseline period, hail cost Calgary residents approximately $360 per person per year,
rising to $540 per person in the 2050s and $620 per person per year in the 2080s, in 2026 constant
dollars. In Edmonton, the losses will rise from about $32 to $38 to $48 per person in the same
periods, in 2026 constant dollars.

Table 9 recaps these results, rounded to two significant figures to reduce the appearance of excessive
accuracy.

Table 9. Summary of high-level hail risk assessment for Calgary and Edmonton

Period Risk rating | Risk Total EAL 2026 | Per capita EAL
classification $ million 2026 $

Calgary Baseline 12 High $300 $360

2050s 16 High $1,200 $540

2080s 20 $1,700 $620
Edmonton | Baseline 9 Medium $28 $32

2050s 12 High $78 $38

2080s 15 High $130 $48

2.4 Hazard-Specific Limitations

First, the high-level hail risk assessment presented here is based in part on the expert judgment of the
hail consequence ratings in Calgary and Edmonton. It assumes that hailstorms increase in frequency
in proportion to severe convective storms, because climate models do not currently predict future
trends in hailstorm frequency.

Second, the expected annualized loss calculation is based on storms that had at least some hail losses
and caused at least $30 million in insured loss (the current threshold for inclusion in the CatlQ
database). It omits storms that caused less than $30 million in loss. On the other hand, it includes
losses from wind and flooding.

1M1



3. Extreme heat

Synopsis

e Heat wave risk rises from high in the baseline period (1981-2010) to extreme in the 2050s and
2080s in The City of Calgary and The City of Edmonton, using The City of Calgary’s Climate
Risk Assessment Framework.

e We also estimated risk in terms of expected annualized loss: a long-term average annual
monetary loss that assigns an acceptable monetary value to avoiding future deaths and injuries
using Government of Canada regulatory values. We find that per capita the risk rises from tens
or hundreds of dollars per person per year in the baseline year to tens of thousands of dollars
per person per year in the 2050s and 2080s. On a citywide basis, the total value rises from
hundreds of millions of dollars per year in the baseline period to tens of billions per year in the
2050s and potentially exceeding $100 billion per year in the 2080s. These are not monetary
losses, but rather acceptable regulatory costs to avoid future life-safety impacts of heat waves.
The broader community bears most of the loss through healthcare expenses.

3.1 Climate Risk and Resilience Assessment

3.1.1 Scope

Step 1 in a climate risk and resilience assessment is to define the scope of the assessment. The risk
assessment estimates the risk of injuries, costs to the healthcare system, and quality of life impacts
from heat waves in The City of Calgary and The City of Edmonton. It measures those impacts with a
combined single value of The City of Calgary’s (2024a) consequence rating (1-5). In the alternative
approach discussed later, it also measures the consequences in terms of (a) the number of fatalities,
(b) the number of hospitalized severe injuries, and (c) the acceptable regulatory cost to avoid those
fatalities and injuries when viewed as fatalities and injuries to unknown people at an unknown time in
the future. It accounts for climate change in the 2050s and 2080s.

Heat waves can be defined as an event for which Environment and Climate Change Canada (2024)
issues a heat warning. It does so in Calgary or Edmonton when “two or more consecutive days of
daytime maximum temperatures are expected to reach 29°C or warmer and nighttime minimum
temperatures are expected to fall to 14°C or warmer.”

Why measure only heat-related injuries, healthcare costs, and quality of life? These are the harms
that leading authorities such as Public Safety Canada (2024) and Health Canada (2024c) focus on
when they discuss heat waves. See, e.g., Clark et al. (2021), Nolan (2024), Koppe et al. (2004) for
further explanation. Note that other authors consider other loss measures: Zuo et al. (2015) mention
extra power consumption and water consumption and water quality changes. Garcia-Leon et al.
(2021) address how heat waves reduce people’s economic productivity.

3.1.2 Select infrastructure elements and climate hazards

Step 2 in a climate risk and resilience assessment is to define the infrastructure elements to consider
and to characterize the climate hazard.



3.1.2.1 Infrastructure elements

Table 10 lists the infrastructure elements included and our rationale.

Table 10. Infrastructure elements

Asset categories ‘ Considerations

Built infrastructure assets Heat does not significantly damage the built infrastructure and is omitted
from analysis.

Human well-being We include occupant deaths, nonfatal injuries, and psychological trauma
suffered by people in their homes in heat waves. Government of Canada
(2023) commonly considers health outcomes in benefit-cost analysis.
Health outcomes include occupant deaths and nonfatal injuries.

Natural environment Heat waves aggravate wildfires and can harm vegetation. But we will
address wildfires separately, and there appears to be no strong consensus
that one should mitigate heat damage to yard vegetation.

Ecosystem health and Heat does not significantly damage the built infrastructure and thus,

biodiversity greenhouse gas emissions from reconstruction and is omitted from
analysis.

Other Extra power consumption, water consumption, and water quality

changes are a concern from a regional perspective but removed from this
analysis as the risk is not borne directly by residents during a heat event.

Indirect business interruption. The money sent to restore property to its
pre-disaster state is lost to productive investments; the Government of
Canada (2023) refers to this phenomenon under the label “gross
domestic product (GDP) multiplier effects.” We refer to it here as indirect
business interruption.

3.1.2.2 Climate hazards

Table 11 presents The City of Calgary’s (2024a) estimates of median number of heat waves per year
and maximum heat wave duration during the baseline period, in the 2050s, and in the 2080s under
the high-emissions climate change scenario, RCP 8.5.

Table 11. Estimated frequency and duration of Calgary heat waves, City of Calgary (2024a)

‘ Number per year ‘ Duration (days)

Baseline (1981-2010) 0.2 0.5
2050s (2041-2070) 3.0 4.8
2080s (2071-2100) 7.1 10.6




For Edmonton, Climate Resilience Consulting (2018) offers estimates on the annual number of heat
waves in the baseline period (1961-1990), 2050s (2041-2070) and 2080s (2071-2100) under the
business-as-usual mitigation assumption. Climate Resilience Consulting (2018) does not estimate the
duration of heat waves, but the Climate Atlas of Canada by the Prairie Climate Centre (2019) does
for RCP 8.5. Table 12 presents these estimates.

Table 12. Estimated frequency and duration of Edmonton heat waves

‘ Number per year ‘ Duration (days)

Baseline (1961-1990%) 1.0 1.4
2050s (2041-2070) 4.1 49
2080s (2071-2100) 5.0 6.3

* Climate Resilience Consulting (2018) baseline period for number of heat waves per year. The Prairie Climate Centre’s (2019a)
baseline period is 1976-2005 for duration.

The City of Calgary (2024a) requires one to express the likelihood of a heat wave in terms of
probability in a given year, which one then expresses in terms of a likelihood rating and qualitative
descriptor. One can convert an occurrence rate to a probability by equation (5). In the equation,

P is the probability of one or more events in a year, e is 2.718 (a quantity called Euler’s number),

R is the average number of heat waves per year, and t is the period for which one wants a probability,
namely t = 1 year. The equation makes a common statistical assumption: that heat waves occur at
random, at a long-term average rate of R times per year. Mathematicians call this a Poisson process.
(See for example Ang and Tang 1975 for more details on Poisson processes).

(5)

In the equation,

probability of one or more events in a year
Euler's number (2.718)

average number of heat waves per year

P
e
R
t

period for which one wants a probability

For example, using the Calgary baseline value of R = 0.8 per year and t = 1 year, equation (5)
produces the following annual probability.

1-2.71808
0.55

P



Table 13 expresses these probabilities with a numerical likelihood and a qualitative descriptor.

Table 13. Likelihood of heat wave impact as defined by The City of Calgary (2024a)

Period Average Annual Likelihood Qualitative descriptor
annual probability, | rating

events, R P

Calgary Baseline 0.2 55% 3 Possible
2050s 3.0 95% 5 Almost Certain
2080s 7.1 99% 5 Almost Certain
Edmonton | Baseline 1.0 63% 3 Possible
2050s 4.1 98% 5 Almost Certain
2080s 5.0 99% 5 Almost Certain

3.1.3 Calculate risk

Step 3 in a climate risk and resilience assessment is to calculate the risk by establishing the
consequences and then estimating the risk rating.

3.1.3.1 Establish consequences

Since the focus of this high-level risk assessment is on health and safety risks associated with
heatwaves, the consequence score is determined using the scoring guidelines provided in Table 4

of the Climate Risk Assessment Framework Guide (City of Calgary 2024a). To guide the selection of
an appropriate score, a short literature review was conducted, and its findings are summarized here.

Guo et al. (2017) examined the impacts of heat waves on mortality in 400 communities in 18 regions.
Their analyses suggests that in Canada, heat waves increase mortality rates by 5-10%. Statistics
Canada (2023b) indicates that mortality among the general population averages 860 per 100,000
people per year, so a 5-10% increase would amount to 0.1 to 0.2 deaths per 100,000 person-days of
heat wave.

City of Calgary (2022) reports that a five-day heat wave in June 2021 killed 66 people across the
province out of a population of 4.3 million people, an excess death rate of 1.5 per 100,000 people,
or 0.3 per 100,000 person-days. Henderson et al. (2022) find that a 2021 record-setting 6-day heat
dome in Vancouver, BC during the early summer resulted in 263 more deaths among a population of
3.05 million than the same period in previous years, suggested a heat-related fatality rate of 1.4 per
100,000 person-days. Thus, fatality risk from heat waves appears to be about 0.2 to 2 deaths per
100,000 person-days of heat wave.

Kovats et al. (2004) observed about 16,940 excess hospital admissions and 1096 excess deaths during a
six-day heat wave in 1995 in greater London, UK, or about 15 hospital admissions per fatality.

For purposes of the high-level expected annualized loss estimate, using the aforementioned evidence,
let us choose a mortality rate in the middle of the range of estimated values and estimate that a heat
wave in Calgary or Edmonton kills 1.0 person per 100,000 person-days of heat wave and requires

15 life-threatening hospital admissions per 100,000 person-days of heat wave. These consequences
can be described as causing “fatality or significant irreversible disability,” the criteria for a
consequence score (5) extreme in Table 4 of City of Calgary (2024a).
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3.1.3.2 Perform risk analysis

Table 14 presents the resulting risk, calculated using the risk equation on page 14 of The City of
Calgary (2024a).

Table 14. Heat wave risk to Calgary and Edmonton homes

Period Exposure | Likelihood | Consequence | Risk rating Risk

rating classification
Calgary Baseline 1 3 5 15
2050s 1 5 5 25 Extreme
2080s 1 5 5 25 Extreme
Edmonton | Baseline 1 3 5 15
2050s 1 5 5 25 Extreme
2080s 1 5 5 25 Extreme

3.2 Risk Analysis, Expected Annualized Loss
3.2.1 Method

Let us also quantify risk in terms of expected annualized loss, EAL, meaning the long-term average
annual monetary cost to recover from the hazard of interest.

There are three general approaches to estimate engineering risk. From most to least preferred they
are (1) empirical, (2) analytical, and (3) expert judgment. If one possesses sufficient empirical evidence
of past losses, one calculates averages and trends in these observed losses or relates loss to a variety
of independent variables through regression analysis. If one lacks sufficient empirical evidence, one
can use an analytical approach: create a mathematical model of the phenomenon in question, where
the components of the model use a mixture of past evidence and first principles. Lacking sufficient
time or resources, one can resort to expert judgment.

In the present case, we have limited empirical evidence of heat waves in Calgary and Edmonton,
too little to estimate a long-term average. Therefore, an analytical approach follows.

Our goal is to estimate citywide expected annualized loss in baseline years, 2050s, and 2080s,
both on a total basis and on a per-capita basis, in 2026 constant dollars. Let us denote the per-capita
annualized loss by EALpc and the total amount by EAL. We calculate them as follows:

(Nf.Lf+Nh'Lh)

EAL, =R-D-
100,000 (6)
=R-D-C
N,-L+N,-L
C: f f h h (7)
100,000
EAL = EAL,, -Q (8)



In the equations,

FALpc
EAL

R

Q

Nf
Nh
Ly

Lp

C

per-capita expected annualized loss
total expected annualized loss

average number of heat waves per year
average duration of heat waves in days

population, using The City of Calgary (2024c) Long Term Population Forecast for Calgary
and Macrotrends LLC (2024b) for Edmonton

heat wave fatalities per 100,000 person-days, taken here as 1.0 as discussed above
heat wave hospitalized injuries per 100,000 person-days, taken here as 15 as discussed above

acceptable regulatory cost to avoid one statistical fatality, the death of one unknown
person among a population at an unknown time the future. The Government of Canada
(2023) suggests using Lf = $6.5 million in 2007 Canadian dollars, or $9.9 million in 2026
Canadian dollars using the Consumer Price Index (extrapolating Statistics Canada 2024c).
acceptable regulatory cost to avoid a hospitalized injury, that is, a life-threatening injury
requiring hospitalization suffered by an unknown person at an unknown time in the
future. The Government of Canada (2023) does not offer Lp, but the Federal Aviation
Administration (2022) suggests that in the US, the value of avoiding a statistical
hospitalized injury is about 0.4 times the value of avoiding a statistical fatality. (Note that
the way in which healthcare is delivered in the two countries has little to do with how
either country values statistical lives). Thus, using the US factor of 0.4 and the Canadian
value of Lf, Lh =0.4 x L= 0.4 x $9.9 million = $3.9 million in 2026 dollars. This values
one hospitalized injury as the geometric mean of the values for abbreviated injury severity
(AIS) codes 4 (severe injury) and 5 (critical), as defined by the Association for the
Advancement of Automotive Medicine (2001).

a constant, as defined in equation (7), above:

For example, suppose

o n T =

o 10-89.9M+15-$3.9M

100,000 person — day (9)
= $690/ person — day
0.2 per year
0.5 days

$690/person-day
825,000 people

Then using equation (6), one estimates the per-capita EAL as follows.

FALpc

RxDxC
0.2/year x 0.5 days x $690/person-day

$69 per person per year (showing two significant figures)

Using equation (8), one estimates citywide EAL as follows.

EAL

EALpc x Q
$69 per person per year x 825,000 people
$57,000,000 (showing two significant figures)



3.2.2 Application

Table 15 presents results of the foregoing calculations. Per-capita expected annualized loss is
calculated as shown in equation (6). Total citywide expected annualized loss is calculated as shown in
equation (8). The table shows the results rounded to two significant figures to reduce the appearance
of excessive accuracy.

Table 15. Expected annualized loss from heat waves. Money is in current dollars and
rounded to two significant figures.

Period Annual heat Duration, D, | Per-capita Population, Q Total annual loss, EAL
waves, R days annual loss,
EALpc
Calgary Baseline 0.2 0.5 $64 830,000 $53,000,000
2050s 3.0 4.8 $9,200 2,100,000 $20,100,000,000
2080s 7.1 10.6 $48,000 2,500,000 $120,000,000,000
Edmonton | Baseline 1.0 1.4 $900 860,000 $780,000,000
2050s 4.1 49 $13,000 2,100,000 $27,000,000,000
2080s 5.0 6.3 $20,000 2,600,000 $53,000,000,000

3.3 Conclusions

Under The City of Calgary’s (2024a) Climate Risk Assessment Framework and Process Guide, heat
waves represent a high risk in Calgary and Edmonton under baseline conditions, rising to extreme risk
in the 2050s and 2080s.

On a per capita basis, if requlations could avoid the statistical deaths and hospitalizations resulting
from future heat waves, using Government of Canada acceptable costs, the value rises from tens or
hundreds of dollars per person per year in the baseline year to tens of thousands of dollars per
person per year in the 2050s and 2080s. On a citywide basis, the total value rises from hundreds of
millions of dollars per year in the baseline year to tens of billions per year in the 2050s and potentially
exceeding $100 billion per year in the 2080s.

Table 16 recaps these results. Remember these are not monetary losses. They represent the regulatory
value of avoiding the fatalities and injuries that will occur if the Alberta municipalities do not change
existing and new buildings to adapt to increasing risk of extreme heat.



Table 16. Summary of high-level heat risk assessment for Calgary and Edmonton. Money is in
current dollars. Consider estimates accurate to +50%.

Period Risk rating | Risk Per-capita annual | Total annual loss, EAL

classification loss, EALpc
High $64 $53,000,000
2050s 25 Extreme $9,200 $20,100,000,000

Calgary Baseline

2080s 25 Extreme $48,000 $120,000,000,000
Edmonton | Baseline 15 High $900 $780,000,000

2050s 25 Extreme $13,000 $27,000,000,000

2080s 25 Extreme $20,000 $53,000,000,000

3.4 Hazard-Specific Limitations

First, the expected annualized loss calculation is based on limited data about the number of people
killed and injured per 100,000 person-days of heat waves. They omit heat-related building damage,
electricity costs, loss of production, harm to house pets, and others. The limited data means that the
estimates of fatalities and injuries may be high or low. The omissions mean that the expected
annualized losses may be higher than the figures calculated here.

Second, we used Edmonton’s official source (Climate Resilience Consulting 2018) for the number of
heat waves per year but a different source (the University of Winnipeg’s Prairie Climate Centre 2019a)
for the average duration of heat waves per year. Both use the same representative concentration
pathway (RCP), but their models differ in other ways. The differences do not affect the risk rating or
risk classification.



4. Wildfire smoke

Synopsis
e Wildfire smoke risk rises from high in the baseline period (1981-2010) to extreme in the

2050s and 2080s in The City of Calgary and The City of Edmonton, using The City of Calgary’s
Climate Risk Assessment Framework.

e We also estimated risk in terms of expected annualized loss: a long-term average annual
monetary loss that assigns an acceptable monetary value to avoiding future deaths and injuries
using Government of Canada regulatory values. On a per capita basis, the risk rises from $8 per
person per year in the baseline period to $16 per person per year in the 2050s and 2080s. On a
citywide basis, the total value rises from $7 million per year in the baseline period to $30 million
per year in the 2050s and $40 million per year in the 2080s. These losses are mostly associated
with the monetary value of deaths and nonfatal injuries caused by the wildfire smoke. The
losses are mostly borne by the people who suffer the deaths and nonfatal injuries. Ash cleanup
takes a small amount of time, and therefore has some value, but the time and value seem small
compared to the costs associated with deaths and nonfatal injuries.

4.1 Climate Risk and Resilience Assessment

4.1.1 Scope

Step 1 in a climate risk and resilience assessment is to define the scope of the assessment. The risk
assessment estimates the risk of injuries, costs to the healthcare system, and quality of life impacts
from wildfire smoke in The City of Calgary and The City of Edmonton. It measures those impacts with
a combined single value of The City of Calgary’s (2024a) consequence rating (1-5). In the alternative
approach discussed later, it also measures the consequences in terms of (a) the number of fatalities
and hospitalized severe injuries, which appear to be the primary concern by leading authorities
(Health Canada 2013, 2021), (b) the amount of money that the federal government would consider
acceptable to spend to avoid those fatalities and injuries, (c) the cost to clean up ash, (d) the value

of lost productivity and of other outdoor work activities. It accounts for climate change in the 2050s
and 2080s.

Wildfire smoke is measured in hours per year. The City of Calgary’s Climate and Environment
Department defines wildfire smoke as “when smoke is observed and visibility is less than 9km at the
Calgary International Airport weather station” (City of Calgary 2024d). Edmonton uses a similar
measure; “when visibility is less than 9.7 kilometres, or six miles. The statistic is generally measured
from May 1 to Sept. 30 each year” (Black 2024). Figure 2 depicts the wildfire smoke hours since 1990
in both Calgary and Edmonton.
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Figure 2. Hours of wildfire smoke since 1990, per year (City of Calgary 2024d; Black 2024)
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4.1.2 Select infrastructure elements and climate hazards

Step 2 in a climate risk and resilience assessment is to define the infrastructure elements to consider
and to characterize the climate hazard.

4.1.2.1 Infrastructure elements

Table 17 lists the infrastructure elements included and our rationale.

Table 17. Infrastructure elements considered in this high-level risk assessment for wildfire smoke

Asset categories ‘ Considerations

Built infrastructure | We consider homes, content replacement costs and additional living expenses for
assets people temporarily displaced by wildfire smoke. According to the Environmental
Protection Agency (2024), the major impact of smoke on built infrastructure assets is
clean-up activities. These are generally limited to sweeping, mopping, and vacuuming.

Human well-being | We include occupant deaths, nonfatal injuries, and post-traumatic stress injuries
caused by wildfire smoke. Government of Canada (2023) commonly considers
health outcomes in benefit-cost analysis. Health outcomes of wildfire smoke include
occupant deaths and nonfatal injuries. Health Canada (2024a) warns that wildfire
smoke can produce mild, serious, or in rare cases life-threatening or fatal outcomes,
as well as mental health impacts. Kim et al. (2021) show that burning houses release
toxic and mutagenic pollutants in wildfire smoke that burning vegetation does not.

Natural We exclude the natural environment. Wildfire smoke does not directly damage the
environment natural environment as related to residential homes.

Ecosystem health The Government of Canada (2023) commonly considers the social cost of

and biodiversity greenhouse gases in benefit-cost analysis. One can in principle estimate the social
cost of embodied carbon in the materials, delivery, and performance of work to
clean up indoor ash deposited by wildfire smoke after wildfires. But since sweeping,
mopping, and vacuuming involve negligible greenhouse gas emissions, we ignore
this consideration.

Other Indirect business interruption. The money spent to restore property by cleaning up
ash from wildfire smoke is lost to productive investments; the Government of
Canada (2023) refers to this phenomenon under the label “gross domestic product
(GDP) multiplier effects.” We refer to it here as indirect business interruption.
However, the money spent to clean up ash seems modest compared with the health
impacts, so we ignore this consideration.




4.1.2.2 Climate hazards

The City of Calgary’s Climate Risk Assessment Framework (City of Calgary 2024a, Table 3) offers
estimates of the likelihood of wildfire and relates it to smoke days: unlikely in the baseline period
(likelihood rating 2) and likely in the 2050s and 2080s (likelihood rating 4). Climate Resilience
Consulting (2018) does not mention wildfire, so it is necessary to estimate it by other means.

Let us use Wang et al. (2017, Table 1) to relate Edmonton’s wildfire spread days to Calgary'’s.

In Wang et al. (2017, Figure 1), both Calgary and Edmonton lie just east of the Southern cordillera
zone, which implies they have the same likelihood of impact. We therefore take Edmonton’s
likelihood rating as equal to Calgary’s, as shown in Table 18. Note that one can estimate different
likelihoods using Calgary’s estimate of smoke hours by year (City of Calgary 2024d), but for
consistency, this Climate Risk and Resilience Assessment uses City of Calgary’s (2024a) likelihood
ratings, as shown in the table.

Table 18. Likelihood of wildfire smoke impact as defined by The City of Calgary (2024a)
wildfire spread days

Period Likelihood rating Qualitative descriptor
Calgary Baseline 2 Low

2050s 4 High

2080s 4 High
Edmonton | Baseline 2 Low

2050s 4 High

2080s 4 High

4.1.3 Calculate risk

Step 3 in a climate risk and resilience assessment is to calculate the risk by establishing the
consequences and then estimating the risk rating.

4.1.3.1 Establish consequences

Consequences of wildfire smoke alone can be difficult to separate from other commonly co-occurring
hazards (e.g. wildfire, heat). However, much is known about poor air quality, particularly PM2.5.
Health Canada (2024b, Table 6) estimates that poor air quality led to 17,700 premature deaths
nationwide in 2018, or 49 premature deaths per 100,000 people, which it values at $139 million
(2020 CAD) per year.

Health Canada (2024b) also estimates nonfatal injuries nationwide from poor air quality. It estimates
that poor air quality resulted in 9,700 emergency room visits and 2,600 hospital admissions from
cardiac and respiratory emergencies, plus 63,000 acute bronchitis episodes, for a total of about
72,000 nonfatal injuries: approximately 4 nonfatal injuries per premature death. It values the nonfatal
injuries at about $7.3 million per year, or about 5% of the value of the deaths.

Health Canada (2024b) cites Matz et al. (2020) to estimate wildfire smoke losses. Matz et al. (2020)
estimate that in the years 2013 to 2015 and 2017 to 2018, wildfire smoke caused 1,300 Canadian
deaths annually (within a factor of 2 either way), or about 7.4% of the total deaths caused by poor
air quality.
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Matz et al. (2020) estimate PM2.5 from wildfire smoke contributed to 48 deaths annually in Alberta
Census Division 6 (around Calgary) and 45 in Alberta Census Division 11 (around Edmonton). They
value all the health impacts from wildfire smoke in the two places at $363 million and $334 million,
respectively, per year, including medical costs, reduced workplace productivity, pain and suffering,
and the impacts of increased mortality risk.

Since Calgary accounts for 85% of the population of Alberta Census Division 6, one can estimate
from Matz et al. (2020) that wildfire smoke kills about 40 Calgarians annually in 2013 to 2015 and
2017 to 2018. Assuming the same 4:1 ratio of injuries to deaths, wildfire smoke injures
approximately 160 Calgarians annually and costs approximately $305 million per year in medical
costs, lost productivity, and so on.

Edmonton accounts for approximately 68% of the population of Alberta Census Division 11.
Using the same logic, we can estimate that wildfire smoke kills 31 Edmontonians, injures 130, and
costs $229 million per year in medical costs, lost productivity, and so on.

Calgarians and Edmontonians also bear clean-up costs. We do not know how much time people
spend cleaning up ash from distant wildfires. Thomas et al. (2017) performed a literature search of
all sources of wildfire loss for the US National Institute of Standards and Technology. They found no
publications that treated cleanup cost, but they estimated that the combined cost of cleanup and
remediation for wildfire damage was two orders of magnitude smaller than the life-safety impacts.
(They only estimated costs in orders of magnitude, not in dollar amounts.) Let us therefore assume
that costs to clean up after wildfire smoke amounts to 1% of the life-safety impacts of wildfire
smoke: $3 million per year in Calgary and $2 million per year in Edmonton.

The number of wildfire smoke hours in the baseline period was lower than in recent years by about a
factor of 5 to 10, according to The City of Calgary (2023) and Classen (2023), who was citing an
Environment and Climate Change Canada chart. And the populations were lower in the baseline
period by 10% to 30%. But even after scaling for smoke hours and population, wildfire smoke
would have killed and injured several Calgarians and Edmontonians and cost tens of millions of
dollars. Using The City of Calgary’s (2024a) Table 4, which classifies degrees of various consequences,
one can reasonably assign a consequence score of 5 (extreme) to wildfire smoke, because it causes
“Fatality or significant irreversible disability.”

4.1.3.2 Perform risk analysis

Table 19 presents the resulting risk, calculated using the risk equation on page 14 of The City of
Calgary (2024a).

Table 19. Wildfire smoke risk to Calgary and Edmonton homes

Exposure | Likelihood | Consequence | Risk rating Risk

rating classification
Calgary Baseline 1 2 5
2050s 1 4 5 20 Extreme
2080s 1 4 5 20 Extreme
Edmonton | Baseline 1 2 5 10
2050s 1 4 5 20 Extreme
2080s 1 4 5 20 Extreme
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4.2 Risk Analysis, Expected Annualized Loss
4.2.1 Method

Let us also quantify risk in terms of expected annualized loss, EAL, meaning here the long-term
average annual monetary cost to recover from the hazard of interest.

There are three general approaches to estimate engineering risk. From most to least preferred they
are (1) empirical, (2) analytical, and (3) expert judgment. If one possesses sufficient empirical evidence
of past losses, one calculates averages and trends in these observed losses or relates loss to a variety
of independent variables through regression analysis. If one lacks sufficient empirical evidence, one
can use an analytical approach: create a mathematical model of the phenomenon in question, where
the components of the model use a mixture of past evidence and first principles. Lacking sufficient
time or resources, one can resort to expert judgment.

In the present case, we have limited empirical evidence of exclusively wildfire smoke damage in
Calgary and Edmonton, too little to estimate a long-term average. Therefore, an analytical approach
follows.

Our goal is to estimate citywide expected annualized loss in baseline years, 2050s, and 2080s, both in
total and per-capita, in 2026 constant dollars. Let us denote the per-capita annualized loss by EALpc
and the total amount by EAL.

We begin by estimating losses per 100,000 population per smoke hour. We calculate it as follows.

As shown in Table 20, we scale the average annual losses that Matz et al. (2020) offer for the census
division by the ratio of the city population to the census division population. As shown in Table 21 we
estimate the region’s number of smoke hours per year as the geometric mean of the smoke hours for
the two cities during the years that Matz et al. (2020) considered. We use The City of Calgary (2023)
to estimate average smoke hours in Calgary and Classen (2023) to estimate the average smoke hours
in Edmonton during the same period. We take the regional average smoke hours as the geometric
mean of the two cities, based on the assumption that the long-term average of the two cities is
about equal. Finally, as shown in Table 22 we calculate the losses per 100,000 population per smoke
hour by dividing city losses during the Matz et al. (2020) averaging period by city population and the
region’s average smoke hours. We get consumer price index data from Statistics Canada (2024a, b).
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Table 20. Estimated city-level losses in during 2013-2015 and 2017-2018

Parameter

CD 6

(Calgary)

Cch 1
(Edmonton)

Comment

CD deaths 48 45 Matz et al. (2020) smoke deaths in the census division (CD) during
2013-2015, 2017-2018

Injury/death 4.1 4.1 Ratio of injuries to deaths in Health Canada (2024b)

CD injuries 197 185 Matz et al. (2020) CD deaths x Health Canada (2024b) ratio of injuries to
deaths

CD health cost | $363,000,000 | $334,000,000 | Matz et al. (2020) CD health costs during 2013-2015, 2017-2018

CD population 1,563,768 1,434,231 2017

City population | 1,336,000 981,280 2017, https://www.calgary.ca/research/population-profile.html

City % of CD 85% 68% City population as a fraction of census division population

City deaths 41 31 Matz et al. (2020) census division deaths scaled in proportion to city
population as a fraction of census division population during 2013-2015,
2017-2018

City injuries 168 126 Matz et al. (2020) census division deaths x Health Canada (2024b) ratio of
injuries to deaths

City health $ $310,127,845 | $228,517,944 | Matz et al. (2020) census health costs scaled by ratio of city population to

census division population

City cleanup $

$3,101,278

$2,285,179

1% of city-level health impacts

City total $

$313,229,124

$230,803,124

City-level health costs + cleanup costs during 2013-2015, 2017-2018

Table 21. Estimated total smoke hours during 2013-2015 and 2017-2018

Smoke hours

Calgary

Edmonton

Region

Comment

Average

955

360

586

Region total smoke hours = geometric
mean of total smoke hours in Calgary and
Edmonton

Table 22. Estimated losses per 100,000 population per smoke hour

Loss measure ‘ Calgary ‘ Edmonton ‘ Geomean* | Comment

Deaths 0.003 0.009 0.005 City deaths / city population in
100,000s / city total smoke hours

Injuries 0.013 0.036 0.022 City injuries / city population in
100,000s / city total smoke hours

Costs 2020 CAD | $24,307 $65,335 $39,851 City total $ / city population in
100,000s / city total smoke hours

Cost 2026 CAD $33,938 $91,223 $55,641 Costs 2020 CAD x (estimated 2026
consumer price index)/(2020 consumer
price index)

* Geomean = geometric mean of Calgary and Edmonton values (i.e., square root of the product)
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Equations (10) and (11) show how one can estimate per-capita expected annualized loss (EALpc) and
city-level expected annualized loss (EAL), respectively.

R-U
EAL=—— (10)
100,000

EAL=EAL, -Q (11)
In the equations,
EALpc = per-capita expected annualized loss
EAL = total expected annualized loss
R = average number of wildfire smoke hours per year. City of Calgary (2023) and Classen

(2023) estimate that the two cities each had about 15 hours of wildfire smoke per year of
the baseline period. Wang et al. (2017) offer estimates of the increase in fire spread days

in future decades. In the nearby Southern cordillera zone, they estimate an 83% increase
by the 2050s and 90% increase by the 2080s. Thus,

= 15 hours/year (baseline)
= 27 hours/year (2050s)
= 29 hours/year (2080s)

u = cost of health impacts and cleanup per hour of wildfire smoke per 100,000 people, as
shown in Table 22

= 0.026 deaths
= 0.109 injuries
= $278,000 (2026 CAD)

Q = projected population, using The City of Calgary (2024c) Long Term Population Forecast for
Calgary and Macrotrends LLC (2024b) for Edmonton

4.2.2 Application

Table 23 presents the results of applying equations (10) and (11). The numbers in the table are
rounded to two significant figures to reduce the appearance of excessive accuracy.

Table 23. Expected annualized losses from wildfire smoke. Monetary values are in estimated
2026 CAD

Period Smoke Population | Deaths | Injuries | EALpc EAL
hours/yearR | Q
Calgary Baseline 15 830,000 3 14 $8 $6,900,000
2050s 27 2,100,000 |15 63 $15 $32,000,000
2080s 29 2,500,000 |19 77 $16 $40,000,000
Edmonton | Baseline 15 860,000 3 14 $8 $7,200,000
2050s 27 2,100,000 |15 63 $15 $32,000,000
2080s 29 2,600,000 |20 80 $16 $41,000,000
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4.3 Conclusions

Under The City of Calgary’s (2024a) Climate Risk Assessment Framework and Process Guide, wildfire
smoke represents a high risk in Calgary and Edmonton under baseline conditions, rising to extreme
risk in the 2050s and 2080s.

Table 24 recaps these results. Remember these losses represent the regulatory value of avoiding the
fatalities and injuries that will occur if the Alberta municipalities do not change existing and new
buildings to adapt to the changing frequency and severity of wildfires and their associated smoke.

Table 24. Summary of high-level heat risk assessment for Calgary and Edmonton. Money is
estimated 2026 CAD.

Period Risk rating | Risk Per-capita annual | Total annual loss, EAL

classification loss, EALpc
Calgary | Baseline 10 58 $6,900,000
2050s 20 Extreme $15 $32,000,000
2080s 20 Extreme $16 $40,000,000
Edmonton | Baseline 10 High $8 $7,200,000
2050s 20 Extreme $15 $32,000,000
2080s 20 Extreme $16 $41,000,000

4.4 Hazard-Specific Limitations

First, the high-level wildfire smoke risk assessment presented here is based in part on the expert
judgment of the consequence ratings of wildfire smoke in Calgary and Edmonton. It assumes that
wildfire smoke increases in frequency in proportion to wildfires, because available climate models do
not currently predict future trends in wildfire smoke frequency. It also does not consider changes in
wildfire frequency in other parts of Canada and the United States that may cause changes in the
frequency or severity of smoke days in Calgary or Edmonton.

Second, the expected annualized loss calculation is based on limited data about the number of
people killed and injured per 100,000 person-days of wildfire smoke hours. They omit wildfire damage,
heat-related building damage, electricity costs, loss of production, harm to house pets, and others.
The limited data means that the estimates of fatalities and injuries may be high or low. The omissions
mean that the expected annualized losses may be higher than the figures calculated here.

Finally, averaging over the population obscures how wildfire smoke impacts a segment of the
population, rather than affecting everybody. Still, examining per-capita loss allows one to compare
risk between large and small communities more easily. It also overlooks acute shocks versus long-
term, cumulative exposure.
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5. Basement flooding

Synopsis

e Basement flood risk rises from high from the baseline period (1981-2010) and the 2050s to
extreme in the 2080s in both The City of Calgary and The City of Edmonton, using The City of
Calgary’s Climate Risk Assessment Framework.

e We also estimated risk in terms of expected annualized loss. We find that per capita losses rise
from about $6 per person per year to $10 per person per year in both cities. Citywide expected
annualized losses rise from about $5 million per year in the baseline period to about $25 million
per year in the 2080s in both cities. Homeowners bear about 34 of these losses through their
insurance premiums. The broader community bears most of the remainder through loss of
productive investment and additional carbon emissions required for rebuilding.

5.1 Climate Risk and Resilience Assessment

5.1.1 Scope

Basement flooding damages buildings and their contents. This high-level risk assessment considers
damage to homes in Calgary and Edmonton during the baseline period and in the 2050s and 2080s,
accounting for climate change.

5.1.2 Select infrastructure elements and climate hazards

Step 2 in a climate risk and resilience assessment is to define the infrastructure elements to consider
and to characterize the climate hazard.
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5.1.2.1 Infrastructure elements

Table 25 lists the infrastructure elements included and our rationale.

Table 25. Infrastructure elements considered in this high-level risk assessment

Asset categories ‘ Considerations

Built infrastructure | We consider homes: building repairs, content replacement costs and additional living
assets expenses for people displaced by property damage. Homeowner insurance policies
commonly cover these costs. See, e.g., Fowler (2024).

Human well-being | We include occupant deaths and nonfatal injuries. Government of Canada (2023)
commonly considers health outcomes in benefit-cost analysis. Health outcomes
include occupant deaths and nonfatal injuries.

Natural Building damage generally does not harm the natural environment, except via the
environment embodied carbon involved in repairs: that is, the disposal of debris from damaged
buildings, and the manufacturing, delivery, and installation of repair materials.
We count this cost under ecosystem health and biodiversity.

Ecosystem health | The Government of Canada (2023) commonly considers the social cost of

and biodiversity greenhouse gases in benefit-cost analysis. We can estimate the social cost of
embodied carbon in the materials, delivery, and construction of building repairs, and
the disposal of debris.

Other Insurance overhead and profit. Insurers pay most of the cost to repair damage to
homes, and they tend to pass on these costs plus their cost to do business to
policyholders, so we consider these additional costs in the form of insurance
overhead and profit.

Indirect business interruption. The money sent to restore property to its pre-disaster
state is lost to productive investments; the Government of Canada (2023) refers to
this phenomenon under the label “gross domestic product (GDP) multiplier effects.”
We refer to it here as indirect business interruption.

5.1.2.2 Climate hazards

Basement flooding results from rainfall in severe storms. (Basements can also flood from riverine
flooding and from sunny-sky groundwater infiltration, but those hazards are not addressed here.)
Table 26 presents The City of Calgary’s (2024a) assignment of the likelihood rating for severe storms
during the baseline period, in the 2050s, and in the 2080s under RCP 8.5. Climate Resilience
Consulting (2018, pp. 42 and 44) estimates a modest (10%) increase in maximum 1-day precipitation
between the baseline period and 2080s, and a larger (20%) increase in maximum 5-day precipitation.
It does not address the number of severe storms or the number of severe precipitation days per year.
The Prairie Climate Centre’s (2019b) Climate Atlas of Canada does. It estimates heavy precipitation days
(10 mm) in Edmonton increasing from 9.3 to 10.4 to 11.2 days per year in the baseline period, 2021-
2050, and 2051-2080. Its estimates for Calgary in the same periods are similar: 8.9 to 9.9 to 10.5 days
per year. These estimates are close enough to take Edmonton’s likelihood ratings as equal to Calgary’s.

Table 26. Likelihood ratings for severe storms, after City of Calgary (2024a) Table 3

Baseline (1981-2010) 2050s (2041-2070) 2080s (2071-2100)
Calgary 3 4 5
Edmonton 3 4 5
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5.1.3 Calculate risk

Step 3 in a climate risk and resilience assessment is to calculate the risk by establishing the
consequences and then estimating the risk rating.

5.1.3.1 Establish consequences

The CatlQ database (CatlQ 2024a) shows that 22 summer storms struck Calgary, Edmonton, or

both between April 2013 and September 2023. (Calgary experienced 12 storms, Edmonton 6, and

4 affected both). These storms caused average basement flood losses of approximately $2.9 million,
and a maximum of $16 million in basement flood losses. The average summer storm causing
basement flooding affected 150 homes in Calgary, Edmonton or both. CatlQ data for those two cities
in those 22 summer storms show that the average basement flood cost $19,000 per home to repair,
with repairs taking weeks to complete.

(Another figure commonly used, $43,000 per home, seems to originate from Moudrak and Feltmate
2019. They base their figure on an uncited statement from the Insurance Bureau of Canada related
to a single event: the Toronto flood of July 2013. But the CatlQ data from that storm shows that

the average claim for sewer backup or water in homes was approximately $27,000, or $36,000 in
2019 CAD. The inflation-adjusted figure isn't far from $43,000 but it only reflects one storm in one
of Canada’s costlier communities. For present purposes it seems more prudent to use an average loss
under local conditions in 22 Calgary and Edmonton storms.)

The average per capita basement flood loss in these 22 summer storms was $2.08 per city resident.
All dollar figures are in estimated 2026 CAD, using Statistics Canada 2024c tables of the consumer
price index.

These figures draw on City of Calgary (2024c) and Macrotrends LLC (2024 a,b) for city population
history and Statistics Canada (2024c) for the consumer price index.

Basement floods do not generally hurt people, damage the natural environment, or affect ecosystem
health and biodiversity, with one exception: repairs require the manufacture, delivery, and installation
of repair materials, and the disposal of debris, all of which requires energy and therefore imposes a
carbon cost.

A loss of $19,000 of damage to each of 150 homes taking weeks to repair seems to satisfy The City
of Calgary’s (2024a) Table 4 definition of high consequences (with a score of 4 on its 1 to 5 scale):
“May result in significant damage, loss, or require complete replacement.”
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5.1.3.2 Perform risk analysis

Table 27 presents the resulting risk, calculated using the risk equation on page 14 of The City of
Calgary (2024a). Note that the City of Calgary (2024a) framework calls for calculating assigning the
value of “exposure” as 0 (not exposed) or 1 (exposed).

Table 27. Basement flooding risk to Calgary and Edmonton homes

Period Exposure | Likelihood | Consequence | Risk rating Risk
rating classification

Calgary Baseline 1 3 4 12 High

2050s 1 4 4 16 High

2080s 1 5 4 20 Extreme
Edmonton | Baseline 1 3 4 12 High

2050s 1 4 4 16 High

2080s 1 5 4 20

5.2 Risk Analysis, Expected Annualized Loss
5.2.1 Method

Let us also quantify risk in terms of expected annualized loss, EAL, meaning the long-term average
annual monetary cost to recover from the hazard of interest.

There are three general approaches to estimate engineering risk. From most to least preferred they
are (1) empirical, (2) analytical, and (3) expert judgment. If one possesses sufficient empirical evidence
of past losses, one calculates averages and trends in these observed losses or relates loss to a variety
of independent variables through regression analysis. If one lacks sufficient empirical evidence, one
can use an analytical approach: create a mathematical model of the phenomenon in question, where
the components of the model use a mixture of past evidence and first principles. Lacking sufficient
time or resources, one can resort to expert judgment.

In the present case, CatlQ offers insurance claims data about catastrophe losses from basement
flooding since 2008. As previously noted, the average flooding event affecting either or both cities
cost $2.08 per capita in insured basement flood loss (2026 CAD).

Our goal is to estimate citywide expected annualized loss in baseline years, 2050s, and 2080s, both in
total and per-capita, in 2026 constant dollars. Let us denote the per-capita annualized loss by EALpc
and the total amount by EAL. We calculate them as follows:

EAL,, =R-U, -(1+f,
EAL=FAL,, -Q (13)

+f +1) (12)
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In the equations,

EALpC =
EAL =
R =

Upc =

for =

f-/ =

fc =

per-capita expected annualized loss
total expected annualized loss

annual rate of storms causing basement flood losses. The City of Calgary (2024a) Table 18
does not offer a rate of severe convective storms, only mean number of days with
convective events: 22.9 in the baseline period (1981 through 2010), increasing to

34.7 days in the 2050s and 39.9 days in the 2080s. The CatlQ database shows

16 catastrophic storms caused basement flooding in Calgary during the 11 summers
between April 2013 and September 2023. So, on average, Calgary experienced about
1.5 convective storms per year that were severe enough to cause basement flooding.

Let us take R as proportional to the mean number of days with severe convective events
and assume about 25 days per year during the period 2013 to 2023. As previously noted,
Edmonton’s mean number of days with severe convective events is like that of Calgary, so
we take R to have the same values in Edmonton as in Calgary. See Table 28 for results.
Per-capita per-event insured losses per storm, as discussed in section 5.1.3.

$2.08 per person per storm.

Insurance overhead and profit factor

0.5, based on Schofield (1998, pg. 17).

Indirect losses as a fraction of the long-term average repair cost. Money absorbed to
repair flood damage is lost to investment in other areas. Homeowners experience a real
cost of interrupting their lives to deal with repairs. Let f; denote these indirect losses as a
fraction of the long-term average repair cost. Indirect costs f; might not significantly add
to economic losses or they might double the direct losses (Hallegatte 2015 figure 3 or
equation 1 with @ =0, r=0.10 and N = 0 to 6); Let us take a middle amount:

0.5, based on Hallegatte (2015).

Environmental costs as a fraction of the long-term average repair cost. Environmental
(carbon) costs might amount to fc = 0.1% of the repair costs (Porter 2024 pg. 36, using
Magwood et al. 2023 for the quantity of embodied carbon in a building and Environment
and Climate Change Canada 2022 for the social cost of carbon).

projected population, per Table 28. The table reflects The City of Calgary’s (2024c¢) Long
Term Population Forecast and Macrotrends LLC (2024b) for Edmonton.

Notice that equation (12) implies four sources of loss:

1. Insured losses. This loss is borne directly by the insurer, but the homeowner pays premiums that,
on a long-term average basis, transfer those costs from the insurer to the homeowner.

2. Overhead and profit costs. This cost is borne by the homeowner. It amounts to $0.50 per $1.00
of insured loss.

3. Indirect losses. This cost is borne by the broader community and amounts to $0.50 per $1.00 of
insured loss.

4. Carbon costs. This cost is borne by the broader community and amounts to $0.005 per $1.00 of
insured loss.

So, for every $1 of insured loss, the homeowner pays (on a long-term average basis) $1.50 and the
broader community about $0.505. The homeowner bears about 75% of the total $2.005.
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5.2.2 Application

Table 28 presents results of the foregoing calculations. Per-capita expected annualized loss is
calculated as shown in equation (12). Total citywide expected annualized loss is calculated as shown
in equation (13). The table shows the results rounded to reduce the appearance of excessive accuracy.

Table 28. Expected annualized losses from wildfire smoke. Monetary values are in estimated
2026 CAD

City Period Event rate, R | Population | Per-capita annual loss, | Total annual loss,
per year Q EALpc EAL

Calgary Baseline 1.3 830,000 $6 $4,600,000
2050s 2.1 2,100,000 | $9 $18,000,000
2080s 24 2,500,000 | $10 $25,000,000

Edmonton | Baseline 1.3 860,000 $6 $4,800,000
2050s 2.1 2,100,000 | $9 $18,000,000
2080s 24 2,600,000 | $10 $26,000,000

5.3 Conclusions

Under The City of Calgary’s (2024a) Climate Risk Assessment Framework and Process Guide,
basement flooding in severe convective storms represent a high risk in Calgary and Edmonton under
baseline conditions and in the 2050s, rising to extreme in the 2080s. Per capita losses rise from about
$6 per person per year to about $10 per person per year in both cities. Citywide expected annualized
losses rise from about $5 million per year to about $25 million per year in the 2080s in both cities.
Table 29 recaps these results.

Table 29. Summary of high-level heat risk assessment for Calgary and Edmonton. Money is
estimated 2026 CAD.

Period Risk rating | Risk Per-capita annual | Total annual loss, EAL
classification loss, EALpc

Calgary Baseline 12 High $6 $4,600,000

2050s 16 High $9 $18,000,000

20805 20 $10 $25,000,000
Edmonton | Baseline 12 High $6 $4,800,000

2050s 16 High $9 $18,000,000

2080s 20 $10 $26,000,000
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5.4 Hazard-Specific Limitations

First, for purposes of calculating per capita loss, this analysis exclusively assigns to Calgary all the
basement flood loss from a storm that affects Calgary but not Edmonton, regardless of other places
where the storm causes damage. Similarly, it exclusively assigns to Edmonton all the basement flood
loss from a storm that affects Edmonton but not Calgary. And it assigns exclusively to Calgary and
Edmonton all the loss from a storm that affects both Edmonton and Calgary. All of which will tend to
overestimate per capita loss.

Second, it assumes that the rate of storms that cause basement flooding increase in proportion to the
mean number of days with convective events (thunderstorms).

Third, it ignores basement flooding that happens outside of catastrophes such as groundwater
infiltration and basement flooding that is largely uninsured, such as riverine flooding.

Fourth, it ignores human health impacts from mold.

Finally, it ignores losses that did not rise to the level of an insurance catastrophe (currently $30 million
insured loss per event). Average per-event losses would be slightly higher if smaller losses were
included.
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6. High wind

Synopsis
e Wind risk remains high from the baseline period (1981-2010) into the 2050s and 2080s in both

The City of Calgary and The City of Edmonton, using The City of Calgary’s Climate Risk
Assessment Framework.

e We also estimated risk in terms of expected annualized loss: a long-term average annual
monetary loss that assigns an acceptable monetary value to avoiding future deaths and injuries
using Government of Canada regulatory values. We find that per capita losses fall from about
$360 per person per year to $280 per person per year in both cities. Because demographers
expect city populations to rise faster than meteorologists expect high wind days to fall in future
severe convective storms, the citywide total losses rise even while per-capita losses fall. Citywide
expected annualized losses rise from about $300 million per year in the baseline period to
about $700 million per year in the 2080s in both cities. Homeowners bear about 34 of these
losses through their insurance premiums. The broader community bears most of the remainder
through loss of productive investment and additional carbon emissions required for rebuilding.

6.1 Climate Risk and Resilience Assessment

6.1.1 Scope

Step 1 in a climate risk and resilience assessment is to define the scope of the assessment. High winds
damage buildings and their contents. This high-level risk assessment considers wind damage to
homes in Calgary and Edmonton during the baseline period and in the 2050s and 2080s, accounting
for climate change.

6.1.2 Select infrastructure elements and climate hazards

Step 2 in a climate risk and resilience assessment is to define the infrastructure elements to consider
and to characterize the climate hazard.
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6.1.2.1 Infrastructure elements

Table 30 lists the infrastructure elements included and our rationale.

Table 30. Infrastructure elements considered in this high-level risk assessment

Asset categories ‘ Considerations

Built infrastructure | We consider homes: building repairs, content replacement costs and additional living
assets expenses for people displaced by property damage. Homeowner insurance policies
commonly cover these costs. See, e.g., Fowler (2024).

Human well-being | We include occupant deaths and nonfatal injuries. Government of Canada (2023)
commonly considers health outcomes in benefit-cost analysis. Health outcomes
include occupant deaths and nonfatal injuries.

Natural Building damage generally does not harm the natural environment, except via the
environment embodied carbon involved in repairs: that is, the disposal of debris from damaged
buildings, and the manufacturing, delivery, and installation of repair materials.
We count this cost under ecosystem health and biodiversity.

Ecosystem health | The Government of Canada (2023) commonly considers the social cost of

and biodiversity greenhouse gases in benefit-cost analysis. We can estimate the social cost of
embodied carbon in the materials, delivery, and construction of building repairs,
and the disposal of debris.

Other Insurance overhead and profit. Insurers pay most of the cost to repair damage to
homes, and they tend to pass on these costs plus their cost to do business to
policyholders, so we consider these additional costs in the form of insurance
overhead and profit.

Indirect business interruption. The money sent to restore property to its pre-disaster
state is lost to productive investments; the Government of Canada (2023) refers to
this phenomenon under the label “gross domestic product (GDP) multiplier effects.”
We refer to it here as indirect business interruption.

6.1.2.2 Climate hazards

Table 31 presents The City of Calgary’s (2024a) assignment of the likelihood rating for high winds
during the baseline period, in the 2050s, and in the 2080s under RCP 8.5. The City of Calgary
measures high winds in terms of average number of days with maximum wind gusts > 90 km/hr,
referred to here as high wind days. It estimates that in the baseline period, Calgary experienced

4.1 high wind days, decreasing to 3.3 in the 2050s and 2.6 in the 2080s. Climate Resilience
Consulting (2018) does not offer likelihood ratings for high winds in Edmonton. Nor does the Prairie
Climate Centre’s (2019) Climate Atlas of Canada. The National Building Code of Canada (National
Research Council Canada 2022 Table C-2) shows the wind hazard of the two cities to be similar.

We therefore take Edmonton’s likelihood ratings as equal to Calgary’s.

Table 31. Likelihood ratings for high winds, after City of Calgary (2024a) Table 3

Baseline (1981-2010) 2050s (2041-2070) 2080s (2071-2100)
Calgary 3 3 2
Edmonton 3 3 2
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6.1.3 Calculate risk

Step 3 in a climate risk and resilience assessment is to calculate the risk by establishing the
consequences and then estimating the risk rating.

6.1.3.1 Establish consequences

We summed the inflation-adjusted personal property losses reported by CatlQ (2024a) for all storms
that affected Calgary, Edmonton, or both between 2008 and 2023. We divided these losses by
number of storms affecting each city to estimate the average per-event loss per city. The CatlQ
database shows that the average of 21 severe convective windstorms that struck Calgary between
April 2008 and September 2023 caused average per-event personal property losses of approximately
$150 million (estimated 2026 CAD, using Statistics Canada 2024c tables of the consumer price
index), with some storms costing nearly $1 billion. The average loss across 10 severe convective
windstorms in Edmonton is $34 million (estimated 2026 CAD), with some storms costing over

$60 million. For each storm, one can also divide the inflation-adjusted personal property loss in each
storm by the city population in the year in which the storm took place to arrive at a per-capita
personal property loss in each storm. The 26 catastrophic severe convective windstorms that affected
either or both Calgary and Edmonton cost an average of $89 per capita per event, with some storms
costing many times that figure. These figures draw on City of Calgary (2024c) and Macrotrends LLC
(2024a,b) for city population history and Statistics Canada (2024c) for the consumer price index.

Severe convective windstorms have hurt people. According to the Canadian Disaster Database
(Public Safety Canada 2024), a windstorm on August 1, 2009, killed a Calgary toddler and injured
two other Calgarians when debris fell from a construction site (CTV News 2009; Cole 2019). A severe
storm on August 3, 2018, produced an EF-4 tornado that killed 1 person in his home and caused
building damage that injured two more in their nearby home near Alonsa, MB (CTV News 2018).

A storm on August 7, 2014, injured 6 people in Airdrie, but we do not know whether the injuries
occurred in homes, or in vehicles, or elsewhere. The same storm injured 75 people in Camrose, AB,
where a stage collapsed at the Big Valley Jamboree. Lightning from a severe thunderstorm in Calgary
on July 28, 1981, killed two people (Strong 1982). We could find no evidence of deaths or injuries in
Calgary or Edmonton homes damaged by winds since 1980. However, tornadoes often damage
homes and kill people, In the US, tornadoes kill 11.4 residents of mobile home parks per 10 million
people per year, and 0.5 in other housing (Brooks 1997).

We see no reason why future severe winds cannot kill or injure Calgarians or Edmontonians in

their homes as they have elsewhere; that they have not done so in the past is probably due to luck.
This degree of loss satisfies The City of Calgary’s (2024a) Table-4 definition of extreme consequences
(consequence score 5), an event that results in “Fatality or significant irreversible disability.” Note that
future winds also “May result in significant damage, loss, or require complete replacement” of
structures, which also qualifies for a consequence score of 5.
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6.1.3.2 Perform risk analysis

Table 32 presents the resulting risk, calculated using the risk equation on page 14 of The City of
Calgary (2024a).

Table 32. Wind risk to Calgary and Edmonton homes in severe convective windstorms

Exposure | Likelihood | Consequence | Risk rating Risk
rating classification

Calgary Baseline 1 3 5 15 High
2050s 1 3 5 15 High

2080s 1 2 5 10 High

Edmonton | Baseline 1 3 5 15 High
2050s 1 3 5 15 High

2080s 1 2 5 10 High

6.2 Risk Analysis, Expected Annualized Loss
6.2.1 Method

Let us also quantify risk in terms of expected annualized loss, EAL, meaning the long-term average
annual monetary cost to recover from the hazard of interest.

There are three general approaches to estimate engineering risk. From most to least preferred they
are (1) empirical, (2) analytical, and (3) expert judgment. If one possesses sufficient empirical evidence
of past losses, one calculates averages and trends in these observed losses or relates loss to a variety
of independent variables through regression analysis. If one lacks sufficient empirical evidence, one
can use an analytical approach: create a mathematical model of the phenomenon in question, where
the components of the model use a mixture of past evidence and first principles. Lacking sufficient
time or resources, one can resort to expert judgment.

In the present case, CatlQ offers insurance claims data about severe convective windstorms since
2008. As previously noted, the average windstorm affecting either or both cities cost $89 per capita
in insured loss (2026 CAD). There does not appear to be a strong temporal trend in that per capita
loss figure. That is, catastrophic windstorms in Calgary and Edmonton show no sign of costing more
or less per capita over time during the last 16 years.

Our goal is to estimate citywide expected annualized loss in baseline years, 2050s, and 2080s, both in
total and per-capita, in 2026 constant dollars. Let us denote the per-capita annualized loss by EALpc
and the total amount by EAL. We calculate them as follows:

EAL, =R-(U-(14f, +f +£)+V) (14)
EAL = EAL,, -Q (15)

P
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In the equations,

EALpc
EAL
R

Upc

fOP

fi

fe

per-capita expected annualized loss
total expected annualized loss

annual rate of windstorms, based on The City of Calgary (2024a) Table 19, mean number
of days with maximum wind gusts > 90 km/hr. As previously noted, Edmonton’s wind
hazard is similar to that of Calgary, so we take R to have the same values in Edmonton as
in Calgary. Table 31.

Per-capita pre-event insured losses, as discussed in section 6.1.3.
$88.94 per person per windstorm.

Per-capita, per-event value of life safety. Tornadoes and other strong winds could kill
Calgarians and Edmontonians in their homes. But we find no evidence that any of the

26 severe convective storms since 2008 did so. This is a situation where The City of
Calgary's (2024a) framework gives a different assessment of consequences than past
empirical evidence does. The two approaches are not the same. The measure risk
differently. They can conflict. Because this part of the analysis must rely on actual historical
losses, we therefore neglect per capita life-safety losses for this calculation.

$0 per person per windstorm
Insurance overhead and profit factor
0.5, based on Schofield (1998, pg. 17).

Indirect losses as a fraction of the long-term average repair cost. Money absorbed to
repair wind damage is lost to investment in other areas. Homeowners experience a real
cost of interrupting their lives to deal with repairs. Let f; denote these indirect losses as a
fraction of the long-term average repair cost. Indirect costs f; might not significantly add
to economic losses or they might double the direct losses (Hallegatte 2015, figure 3 or
equation 1 with @ =0, r=10.10, and N = 0 to 6); Let us take a middle amount:

0.5, based on Hallegatte (2015).

Environmental costs as a fraction of the long-term average repair cost. Environmental
(carbon) costs might amount to fc = 0.1% of the repair costs (Porter 2024 pg. 36, using
Magwood et al. 2023 for the quantity of embodied carbon in a building and Environment
and Climate Change Canada 2022 for the social cost of carbon).

projected population, per 31. The table reflects The City of Calgary’s (2024c) Long Term
Population Forecast and Macrotrends LLC (2024b) for Edmonton.
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6.2.2 Application

Table 33 presents results of the foregoing calculations. Per-capita expected annualized loss is
calculated as shown in equation (14). Citywide expected annualized loss is calculated as shown in
equation (15). The table shows the results rounded to reduce the appearance of excessive accuracy.

Table 33. Expected annualized loss from high winds in severe convective windstorms. Money
is in current dollars and rounded to reduce the appearance of excessive accuracy.

City Period Event rate, R | Population | Per-capita annual loss, | Total annual loss,
per year Q EALpc EAL

Calgary Baseline 2.0 830,000 $360 $300,000,000
2050s 1.8 2,100,000 | $320 $670,000,000
2080s 1.6 2,500,000 | $280 $710,000,000

Edmonton | Baseline 2.0 860,000 $360 $310,000,000
2050s 1.8 2,100,000 | $320 $670,000,000
2080s 1.6 2,600,000 | $280 $740,000,000

6.3 Conclusions

Under The City of Calgary’s (2024a) Climate Risk Assessment Framework and Process Guide, high
winds in severe convective windstorms represent a high risk in Calgary and Edmonton under baseline

conditions and in the 2050s and 2080s.

Because of The City of Calgary’s (2024) expected decline in the frequency of high wind days, per
capita losses fall from about $360 per person per year to about $280 per person per year in both
cities. Because population rise outstrips the reduction in high wind days, expected annualized losses
rise from about $300 million per year to about $700 million per year in the 2080s in both cities.

Table 34 recaps these results.

Table 34. Summary of high-level wind risk assessment for Calgary and Edmonton. Money is in
current dollars. Consider estimates accurate to +50%.

Period Risk rating | Risk Per-capita annual | Total annual loss, EAL
classification loss, EALpc

Calgary Baseline 15 High $360 $300,000,000

2050s 15 High $320 $670,000,000

2080s 10 High $280 $710,000,000
Edmonton | Baseline 15 High $360 $310,000,000

2050s 15 High $320 $670,000,000

2080s 10 High $280 $740,000,000
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6.4 Hazard-Specific Limitations

First, this analysis assumes that the loss associated with windstorms results from wind damage,
including tornadoes. In fact, some loss comes from hail and some from wind-driven rain. (The loss
figures exclude flood damage, life-safety impacts, and psychological trauma.)

Second, for purposes of calculating per capita loss, it exclusively assigns to Calgary all of the loss from
a storm that affects Calgary but not Edmonton, regardless of other places where the storm causes
damage. Similarly, it exclusively assigns to Edmonton all of the loss from a storm that affects
Edmonton but not Calgary. And it assigns exclusively to Calgary and Edmonton all of the loss from a
storm that affects both Edmonton and Calgary. All of which will tend to overestimate per capita loss.

Third, tornadoes and strong winds kill and injure people in their homes, so we include the

potential for death and injury in the consequences for the high-level risk assessment under The City
of Calgary (2024a) method. But we find no evidence of deaths or nonfatal injuries in Calgary or
Edmonton homes since 1980, and therefore neglect life-safety losses in the calculation of expected
annualized loss.

Finally, it ignores losses that did not rise to the level of an insurance catastrophe (currently $30 million
insured loss per event). Average per-event losses would be slightly higher if smaller losses were
included.
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7. Wildfire

Synopsis

e Wildfire risk rises from medium risk in the baseline period (1981-2010) to high risk in the 2050s
and 2080s in The City of Calgary. It rises from high to extreme in The City of Edmonton, using
The City of Calgary’s Climate Risk Assessment Framework.

e We also estimated risk in terms of expected annualized loss: a long-term average annual
monetary loss that assigns an acceptable monetary value to avoiding future deaths and injuries
using Government of Canada regulatory values. This is a long-term average annual monetary
loss from property repairs, additional living expenses, other insurance costs, broader economic
consequences, and embodied carbon involved in repairs. We find that expected annualized
losses rise from about $400,000 per year to about $1.4 million per year in the 2080s. Per capita
losses rise from about $0.50 per person per year to $0.60 per person per year. These are mostly
monetary losses from property damage, and exclude wildfire smoke, which is addressed in a
separate high-level risk assessment.

7.1 Climate Risk and Resilience Assessment

7.1.1 Scope

Step 1 in a climate risk and resilience assessment is to define the scope. The City of Calgary (2024a,
page 22) judges that “the physical risk due to wildfire is low within most areas of the city,” and
focuses on “the potential to experience increased wildfire smoke and poor air quality days due to the
higher number of wildfire days expected and the prevailing westerly wind direction.” At the same
time, it recognizes that “Some communities in Calgary are situated beside forested areas, grasslands,
river valleys and parks that can have fire control problems. In the past we have experienced multiple
grass fires, such as those on Nose Hill” (The City of Calgary 2024e).

There may be growing cause for concern about wildfire flames in Calgary and Edmonton. A grass fire
in the Denver suburbs of Superior and Louisville from December 30, 2021, through January 1, 2022,
burned 2,440 hectares, destroyed 1,084 residential buildings and 9 commercial buildings, killing

2 people and costing US $2 billion (Boulder County 2022; CBS News 2022). Grass fires in the
wildland urban interface (WUI) may be more the rule than the exception in coming years: Radeloff

et al. (2023) found that “within the perimeters of the wildfires that burned from 1990 to 2020 in the
conterminous US, grassland and shrubland covered 64.0% of the area burned (33.7 million ha),
whereas only 27.3% was forest (14.4 million ha) and 8.7% was other land cover (4.6 million ha).”

In Montana and in other northern US states that border Alberta, Saskatchewan, and Manitoba,

WUI fires burned more grass and shrublands than forests.

The risk assessment estimates risk associated with wildfire flames in The City of Calgary and The City
of Edmonton. It measures those impacts with a combined single value of The City of Calgary’s
(2024a) consequence rating (1-5). It accounts for climate change in the 2050s and 2080s.

7.1.2 Select infrastructure elements and climate hazards

Step 2 in a climate risk and resilience assessment is to define the infrastructure elements to consider
and to characterize the climate hazard.
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7.1.2.1 Infrastructure elements

Table 35 lists the infrastructure elements to be included and our rationale.

Table 35. Infrastructure elements considered in this high-level risk assessment

Asset categories ‘ Considerations

Built infrastructure | We consider homes: building repairs, content replacement costs and additional living
assets expenses for people displaced by fire damage. Homeowner insurance policies
commonly cover these costs. See, e.g., Fowler (2024).

Human well-being | Grass fires at the wildland urban interface sometimes cause deaths and injuries and
can displace residents. Government of Canada (2023) commonly considers health
outcomes in benefit-cost analysis. We consider them in the climate risk and
resilience assessment, but since these impacts seem likely to be much smaller than
property losses, we do not attempt to quantify them later in the expected
annualized loss analysis.

Natural We exclude the natural environment because harm to people, buildings, and other
environment property tends to dominate wildfire losses for the perspective of this assessment;
damage to residential homes and occupants.

Ecosystem health The Government of Canada (2023) commonly considers the social cost of
and biodiversity greenhouse gases in benefit-cost analysis. We can estimate the social cost of
embodied carbon in the materials, delivery, and construction of building repairs.

Other Insurance overhead and profit. Insurers pay most of the cost to repair fire damage to
homes, and they tend to pass on these costs plus their cost to do business to
policyholders, so we consider these additional costs in the form of insurance
overhead and profit.

Indirect business interruption. The money sent to restore property to its pre-disaster
state is lost to productive investments; the Government of Canada (2023) refers to
this phenomenon under the label “gross domestic product (GDP) multiplier effects.”
We refer to it here as indirect business interruption.

7.1.2.2 Climate hazards

Table 36 presents The City of Calgary’s (2024a) assignment of the likelihood rating for wildfires
during the baseline period, in the 2050s, and in the 2080s under RCP 8.5. We found no comparable
measures for The City of Edmonton. Climate Resilience Consulting (2018) does not offer likelihood
ratings for wildfire in Edmonton, nor does the Prairie Climate Centre’s (2019a) Climate Atlas of Canada.

For Edmonton, let us use Wang et al. (2017) to compare Edmonton’s wildfire spread days to
Calgary’s. In Wang et al. (2017, Figure 1), both Calgary and Edmonton lie in a common region just
east of the southern cordillera zone, which implies they should have the same likelihood of impact.
But since the likelihood ratings involve a degree of judgment, Edmonton reached a different conclusion,
estimating likelihood ratings of 3, 4, and 5. We are faced with a choice: consistency based on consistent
fire environment but inconsistent with Edmonton’s judgment, or inconsistent with the fire environment
and consistent with Edmonton’s judgment? We chose to honor Edmonton’s judgment.

Table 36. Likelihood ratings for wildfire, after City of Calgary (2024a) Table 3

Baseline (1981-2010) 2050s (2041-2070) 2080s (2071-2100)
Calgary 2 4 4
Edmonton 3 4 5
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7.1.3 Calculate risk

Step 3 in a climate risk and resilience assessment is to calculate the risk by establishing the
consequences and then estimating the risk rating.

7.1.3.1 Establish consequences

As noted, the 2021-2022 Marshall Fire in the Denver suburbs of Superior and Louisville burned
2,440 hectares, destroying 1,093 buildings, killing 2 people, and costing US $2 billion (CAD $2.7 billion).
However, analysis of the 5,911 grassfires recorded in Alberta’s historical wildfire database that spans
from 2006 to 2023 (Alberta Government 2024) shows that the average grassfire burns 87 hectares.
The Marshall Fire burned 30 times the area of the average Alberta grassfire. Only five Alberta
grassland fires between 2002 and 2018 burned more than 1,000 hectares, and only two grassland
fires burned more area than the Marshall Fire: May 5, 2023, near Sturgeon Lake, 5,500 hectares, and
May 1, 2016, near Fort McMurray, 485,000 hectares. The Sturgeon Lake Complex wildfire destroyed
45 buildings. The Fort McMurray wildfire destroyed 2,400 homes.

Scaling by burned area from Fort McMurray or the Marshall Fire, we can estimate that the average
grassfire in Calgary or Edmonton is generally not deadly and might on average destroy 10 buildings
and cost CAD $20 million, within a multiplicative factor of 4 either way. That degree of loss seems to
satisfy The City of Calgary’s (2024a) Table-4 definition of high consequences based on the potential
for structural damage (consequence score 4), an event that “may result in significant damage, loss, or
require complete replacement.”

7.1.3.2 Perform risk analysis

Table 37 presents the resulting risk, calculated using the risk equation on page 14 of The City of
Calgary (2024a).

Table 37. Wildfire risk to Calgary and Edmonton homes

Exposure | Likelihood | Consequence | Risk rating Risk
rating classification
Calgary Baseline 1 3 5 15 Medium
2050s 1 3 5 15 High
2080s 1 2 5 10 High
Edmonton | Baseline 1 3 5 15 High
2050s 1 3 5 15 High
2080s 1 2 5 10

7.2 Risk Analysis, Expected Annualized Loss
7.2.1 Method

Let us also quantify risk in terms of expected annualized loss, EAL, meaning the long-term average
annual monetary cost to recover from the hazard of interest.
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There are three general approaches to estimate engineering risk. From most to least preferred they
are (1) empirical, (2) analytical, and (3) expert judgment. If one possesses sufficient empirical evidence
of past losses, one calculates averages and trends in these observed losses or relates loss to a variety
of independent variables through regression analysis. If one lacks sufficient empirical evidence, one
can use an analytical approach: create a mathematical model of the phenomenon in question, where
the components of the model use a mixture of past evidence and first principles. Lacking sufficient
time or resources, one can resort to expert judgment.

In the present case, we lack evidence of grassfire losses in Calgary and Edmonton. The closest
grassfire to either city that appears in Alberta Government’s (2024) 18-year record was 35 km from
Calgary City Hall (April 3, 2006). Therefore, an analytical approach follows.

Our goal is to estimate citywide expected annualized loss in baseline years, 2050s, and 2080s, both in
total and per-capita, in 2026 constant dollars. Let us denote the per-capita annualized loss by EALpc
and the total amount by EAL. We calculate them as follows:

EAL=R-A-N-((V,-+V. +V,)-(1+£,)+(Q,, U,,))

ALE OP

(16)
=R-A-N-C
CZ(Vb'+Vc+VALE)'(1+f0P)+(Qcoz'Ucoz) (17)
EAL

EAL,, = —— (18)
In the equations,
EAL = total expected annualized loss
R = annual wildfire ignition rate per 100 km2 of grass- and shrubland like the areas

surrounding Calgary or Edmonton. Erni et al. (2024) cite Thompson and Morrison’s (2020)
treatment of grassland fires of Canada’s Central-Western Prairies and forest-agricultural
mix. The latter offer a map (Figure 3) of the estimated number of fires per 625 km2 during
the 17-year period 2002-2018. Both Calgary and Edmonton fall in pixels labeled 0 to

8 wildfires per 625 km2 per 17 years, or a median value of 4 wildfires per 625 km2 per

17 years or 0.038 wildfires per 100 km2 of grassland per year. Wang et al. (2017,
extrapolated from Table 1) offer estimates of the increase in fire spread days in future
decades. In the nearby Southern cordillera zone, they estimate an 83% increase by the
2050s and 90% increase by the 2080s. Thus,

R =0.038/100 km2/yr in the baseline period
R =0.070/100 km2/yr in the 2050s
R =0.072/100 km2/yr in the 2080s

A = land area of the buffer of grass- and shrublands at the city boundary with the same width
as the average grassfire. Alberta Government'’s (2024) historical wildfire data suggest an
average burned area of 87 hectares among 5,911 grassfires between 2006 and 2023,
which is the area of a circle approximately 1 km in diameter. Using historical satellite
imagery in Google Earth, we estimate that in the middle of the baseline period (1996),
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Calgary had a perimeter of approximately 97 km. Edmonton’s perimeter in the baseline
period (1996) was approximately 95 km. Let us assume that a city’s land area grows in
proportion to population and that its perimeter grows in proportion to the square root of
the land area and therefore in proportion to the square root of the population. Thus,

A =97 km2 for Calgary in the baseline period

A =95 km2 for Edmonton in the baseline period

average number of buildings destroyed in a wildfire. As proposed in section 7.1.3., and
with an uncertainty of 4 times either way,

N=10

average building replacement cost per destroyed home

= $380,000 in 2023 CAD according to our analysis of CatlQ (2024b) insurance policy data
= $436,000 in 2026 CAD, based on recent inflation and Statistics Canada (2024c)
consumer price index figures. Note that every $1.00 of home value is about $0.50
building replacement cost, $0.30 content value, $0.10 ancillary structures such as garages
and fences, and $0.10 use value (i.e., $0.10 of additional living expenses per $0.50 of
building value lost).

average content value per destroyed home

= $234,000 in 2023 CAD according to our analysis of CatlQ (2024b) insurance policy data
= $269,000 in 2026 CAD

average additional living expense cost per destroyed home

= $78,000 in 2023 CAD according to our analysis of CatlQ (2024b) insurance policy data
= $90,000 in 2026 CAD

insurance overhead and profit factor

= 0.5, based on Schofield (1998, pg. 17).

guantity of embodied carbon in construction and demolition of a home and its contents.
We estimate this based on Magwood et al.’s (2023) estimate of 184 kg CO,e/m2 to
produce the building’s structure, enclosure, and partition materials, 74 kg CO,e/m2 to
produce the mechanical equipment, appliances, and finishes, 26 kg CO,e/m2 for
transportation and initial installation, and 26 kg CO,e/m2 for demolition and disposal, for
a total of 310 kg CO,e/m2. We add 70% of the carbon in the building to account for
household contents based on their relative replacement cost, for a total of 527 kg
CO,e/m2, Statistics Canada (2019) suggests an average house has an occupied area 200 m2.
The product 0.527 tonne/m2 x 200 m2 yields

Qcoz = 105 tonnes.

social cost of carbon per tonne, currently $80, rising $15 annually to $170 in April 2030
(Environment and Climate Change Canada 2022). However, since the baseline period
predates the social cost of carbon, we are faced with a choice between assigning zero
value to emissions in the baseline period or choosing some other value. Clearly emissions
in the baseline period had a cost, one that we are paying now, even if it was not
acknowledged at the time. Since the mitigation measures we are examining will last long
past 2030, let us use the eventual value:

=$170



EALpc = per-capita expected annualized loss

Q = projected population, using The City of Calgary (2024c) Long Term Population Forecast for
Calgary and Macrotrends LLC (2024b) for Edmonton.

C = a constant, as defined in equation (17), above. This is the monetary value of burning
down a house and its contents, including additional living expenses, insurance costs,
and carbon.

= (Vb + Ve + Vaw) « (1 + for) + (Qcoz « Uco2) «
=($436,000 + $269,000 + $90,000) « (1.5) + (105 tonne « $170/tonne)
=$1,210,000

For example, in the baseline period for Calgary,

R = 0.038/100 kmz2/year
A = 97 km2

N = 10 houses

C = $1,210,000 per house

Then using equation (16),

EAL RxAxNxC
0.038 fires/100 km2/year x 97 km2 x 10 houses/fire x $1,210,000/house

$446,000/year (2026 CAD)

And using equation (18),

EALpc = EALIQ
= $446,000/year / 855,000 people
= $0.52 per person per year

Figure 3. Thompson and Morrison (2020) estimated fires per 625 km2 in 2002-2018
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7.2.2 Application

Table 38 presents results of the foregoing calculations. Citywide expected annualized loss is
calculated as shown in equation (16). Per-capita expected annualized loss is calculated as shown in
equation (18). The table shows the results rounded to reduce the appearance of excessive accuracy.

Table 38. Expected annualized loss from wildfire flames. Money is in current dollars and
rounded to reduce the appearance of excessive accuracy.

Period Ignitions/100 Population | Buffer area Total annual loss, EAL | Per-capita annual
km?2/year, R Q km2, A loss, EALpc

Calgary Baseline 0.038 850,000 97 $450,000 $0.50

2050s 0.070 2,100,000 | 152 $1,300,000 $0.60

2080s 0.072 2,700,000 | 172 $1,500,000 $0.60
Edmonton | Baseline 0.038 890,000 95 $440,000 $0.50

2050s 0.070 1,800,000 | 135 $1,100,000 $0.60

2080s 0.072 2,200,000 | 150 $1,300,000 $0.60

7.3 Conclusions

According to The City of Calgary’s (2024a) Climate Risk Assessment Framework and Process Guide,
wildfires represent a medium risk in Calgary and Edmonton under baseline conditions, rising to high
risk in the 2050s and 2080s. Expected annualized losses rise from about $400,000 per year to about
$1.4 million per year in the 2080s. Per capita losses rise from about $0.50 per person per year to
$0.60 per person per year. Table 39 recaps these results.

Table 39. Summary of high-level wildfire risk assessment for Calgary and Edmonton. Money is
in current dollars. Consider estimates accurate to +50%.

Period Risk rating | Risk Per-capita annual | Total annual loss, EAL
classification loss, EALpc
Calgary Baseline 8 Medium $0.50 $450,000
2050s 16 High $0.60 $1,300,000
2080s 16 High $0.60 $1,500,000
Edmonton | Baseline 12 High $0.50 $440,000
2050s 16 High $0.60 $1,100,000
2080s 20 $0.60 $1,300,000
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7.4 Hazard-Specific Limitations

First, this analysis assumes circular wildfires that are always the average area for grassland and
shrubland wildfires, which leads to the assumption that only wildfires that ignite within 1 km of city
boundaries can spread into the city. Larger fires could occur and therefore affect the cities from a
greater distance, albeit with lower probability. It also ignores prevailing winds, which probably
increase the upwind land area and decrease the downwind and area from which fires can spread to
the urban area.

Second, it assumes that wildfire burn rates in grasslands far from cities apply to burn rates near cities.
Presumably municipal fire departments would more aggressively suppress nearby wildfires because
they could attack them faster. It is also worth noting that the risk of wildfire is not uniform across the
city. It rings the city’s edges at the wildland-urban interface, putting some areas at substantially higher
risk than others.

Third, the number of buildings burned by the average fire in the wildland-urban interface is highly
variable. We have used a middle number for present purposes. Because of the limited objectives of
this high-level risk assessment, we have not performed a sensitivity analysis to test the sensitivity of
EAL to the range of possible values of this and other uncertain variables.
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8. Drought

Synopsis
e Drought risk is low in the baseline period (1981-2010) and increases to medium the 2050s and

2080s for both The City of Calgary and The City of Edmonton, using The City of Calgary’s
Climate Risk Assessment Framework.

e We also estimated risk in terms of expected annualized loss: a long-term average annual
monetary loss that assigns an acceptable monetary value to avoiding future deaths and injuries
using Government of Canada regulatory values. We found that for drought risk, there are
negligible costs per year for homeowners at baseline or into the future. It is worth noting there
are substantial losses from drought from the regional perspective, but residents do not bear
these costs directly.

8.1 Climate Risk and Resilience Assessment

8.1.1 Scope

Step 1 in a climate risk and resilience assessment is to define the scope. The risk assessment estimates
the risk of low precipitation on quality of life in The City of Calgary and The City of Edmonton due to
the need for water conservation and efficacy. Losses in agricultural production and ecological stressors
are predominant concerns of droughts (Ding 2011). It measures the risk to homes and residents from
low precipitation with a combined single value informed by The City of Calgary's (2024a)
consequence rating (1-5). It accounts for climate change in the 2050s and 2080s.

Why only decrease in quality of life and ecological damage? Droughts mostly harm the agricultural
sector when municipal water systems are not available (Yusa 2015). Secondary effects are also
substantial (e.g. increase cost of food, impacts to the tourism industry, Ding 2011) but are not costs
placed directly on the homeowner.

8.1.2 Select infrastructure elements and climate hazards

Step 2 in a climate risk and resilience assessment is to define the infrastructure elements to consider
and to characterize the climate hazard.
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8.1.2.1 Infrastructure elements

Table 40 lists the infrastructure elements included and our rationale.

Table 40. Infrastructure elements considered in this high-level risk assessment

Asset categories ‘ Considerations

Built infrastructure | Damage to residential homes is not a critical component in drought risk and therefore
assets not included in this assessment.

Human well-being | Government of Canada (2023) commonly considers health outcomes in benefit-cost
analysis. We consider them in the climate risk and resilience assessment. Within
urban environments occupant deaths and nonfatal injuries are not common with
drought, we do not attempt to quantify them.

Natural The natural environment is substantially impacted by drought. We consider these costs
environment in relation to residential homes outdoor space to plant a drought resistant garden.

Ecosystem health As drought losses do not involve re-building homes, greenhouse gases from carbon
and biodiversity are not considered.

Ecosystem health and biodiversity are substantially impacted by drought but are
outside residential property boundaries and thus not included.

Other Human wellbeing in the form of loss of green space around the home.

8.1.2.2 Climate hazards

Table 41 presents The City of Calgary’s (2024a) assignment of the likelihood rating for drought during
the baseline period, in the 2050s, and in the 2080s under median ensemble. The City of Calgary
measures meteorological drought.

Table 41. Likelihood ratings for drought, City of Calgary (2024a) Table 12

‘ Baseline ‘ 2050s median ‘ 2080s median
Number of dry days 296.2 296.7 296.8
Number of dry spells 5.9 6.0 6.0
Drought days 63.9 75.6 83.8
Return period of 2-week 55.0 27.5 18.3
drought (years)

No similar metrics exist for Edmonton. Table 42 presents the Climate Atlas of Canada by the Prairie
Climate Centre (2019b) projected change in mean dry days.

Table 42. Likelihood ratings for drought in days, Climate Atlas

Baseline (1976-2005) 2021-2050 2051-2080
Low Carbon projection, 229.2 227.6 227.8
dry days
High Carbon projection, 229.2 228 2283
dry days

In both cities the number of dry days does not change much into the 2080s compared to baseline,
with a consistent pattern between cities. For this reason, we assign the same likelihood to Calgary
and Edmonton.



8.1.3 Calculate risk

Step 3 in a climate risk and resilience assessment is to calculate the risk by establishing the
consequences and then estimating the risk rating.

8.1.3.1 Establish consequences

Given the predominate driver of losses from drought are agricultural and to municipal water
management, consequences are minimal for homeowners in urban environments. Water conservation
plans would require changing behaviour such as fewer toilet flushes. Over the long-term residents may
opt to plant outdoor gardens that do not require watering.

8.1.3.2 Perform risk analysis

Table 43 presents the resulting risk, calculated using the risk equation on page 14 of The City of
Calgary (2024a).

Table 43. Drought risk to Calgary and Edmonton homes

Exposure | Likelihood | Consequence | Risk rating Risk
rating classification
Calgary Baseline 1 3 2 6 Low
2050s 1 4 2 8 Medium
2080s 1 4 2 8 Medium
Edmonton | Baseline 1 3 2 6 Low
2050s 1 4 2 8 Medium
2080s 1 4 2 8 Medium

8.2 Risk Analysis, Expected Annualized Loss
8.2.1 Method

Let us also quantify risk in terms of expected annualized loss, EAL, meaning the long-term average
annual monetary cost to recover from the hazard of interest. In the case of drought, the annual loss
borne by the homeowner is negligible.

There are three general approaches to estimate engineering risk. From most to least preferred they
are (1) empirical, (2) analytical, and (3) expert judgment. If one possesses sufficient empirical evidence
of past losses, one calculates averages and trends in these observed losses or relates loss to a variety
of independent variables through regression analysis. If one lacks sufficient empirical evidence, one
can use an analytical approach: create a mathematical model of the phenomenon in question, where
the components of the model use a mixture of past evidence and first principles. Lacking sufficient
time or resources, one can resort to expert judgment.

In the present case, we rely on expert judgment. During a drought residents would be asked to
conserve water and stop using water for recreational purposes, such as car washing and filling pools,
and limit the use of optional yet needed activities such as clothes and dish washing. In the short term,
residents may save water on their utility bill. We see no obvious monetary losses in homes from
drought. While some authors describe mechanisms by which people could contract more disease
during droughts, we could find none that quantify this effect.
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We estimate expected annualized loss as follows:

EAL,, =R-U,, (19)
EAL=EAL, -Q (20)

In the equations,

EALpc = per-capita expected annualized loss.
EAL = total expected annualized loss
R = annual rate of droughts, calculated as the inverse of the return period of a 2-week

drought as shown in Table 41. For example, in the baseline year, the mean recurrence
interval for a 2-week drought is 55 years, so baseline R = 1/(55 years) = 0.018/year

Upc = per-capita loss per drought.
= $0 per person per drought.

Q = projected population, per Table 44. The table reflects The City of Calgary’s (2024c¢) Long
Term Population Forecast and Macrotrends LLC (2024b) for Edmonton.

8.2.2 Application
Table 44 presents results of drought.

Table 44. Expected annualized loss from drought

City Period Rate of 2-week Population | Per-capita annual Total annual loss,
drought, R Q loss, EALpc EAL
Calgary Baseline | 0.018 830,000 $0 $0
2050s 0.036 2,100,000 | $0 $0
2080s 0.055 2,500,000 | %0 $0
Edmonton | Baseline 0.018 860,000 $0 $0
2050s 0.036 2,100,000 | $0 $0
2080s 0.055 2,600,000 | $0 $0




8.3 Conclusions

Under The City of Calgary’s (2024a) Climate Risk Assessment Framework and Process Guide, drought
represents a low risk in Calgary and Edmonton under baseline conditions and medium risk in the
2050s and 2080s. Table 45 recaps these results.

Table 45. Summary of high-level drought risk assessment for Calgary and Edmonton.
Money is in approximate 2026 Canadian dollars. Consider estimates accurate to +50%.

eriod R a 0 R Pe apita a a otal a al 1o A

Calgary Baseline 6 Low $0 $0
2050s 8 Medium $0 $0
2080s 8 Medium $0 $0

Edmonton | Baseline 6 Low $0 $0
2050s 8 Medium $0 $0
2080s 8 Medium $0 $0

8.4 Hazard-Specific Limitations

First, this analysis assumes only the perspective of the resident, and not larger societal concerns and
costs associated with drought.

Second, it does not place a value on gardens that suffer from the lack of watering, nor the loss
associated with wellness and limited access to green gardens.

Third, as noted above, we found no literature that quantifies other health impacts. A limitation of the
high-level risk assessments is they omit these hard-to-quantify losses.
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9. Winter storm

Synopsis
e Winter storms pose a medium risk in the baseline period (1981-2010), 2050s, and 2080s in

both The City of Calgary and The City of Edmonton, using The City of Calgary’s Climate Risk
Assessment Framework.

e We also estimated risk in terms of expected annualized loss. On a per capita basis, the risk in
both cities is $11 per person per year in the baseline year and falls to $2 in the 2050s and
2080s. The reduction in per-capita risk results from a substantial decline in the average annual
number of heavy snowfall days, from 0.9 per year to 0.2 per year. Population growth partly
counterbalances the decline in event rate. Total citywide losses in both cities decline from
$9 million per year in the baseline period to $6 million per year by the 2080s. Homeowners
bear about 34 of these losses through their insurance premiums. The broader community bears
the remainder through loss of productive investment and additional carbon emissions required
for rebuilding.

9.1 Climate Risk and Resilience Assessment

9.1.1 Scope

This high-level risk assessment considers homes in Calgary and Edmonton during the baseline period
and in the 2050s and 2080s, accounting for climate change.

9.1.2 Select infrastructure elements and climate hazards

Step 2 in a climate risk and resilience assessment is to define the infrastructure elements to consider
and to characterize the climate hazard.



9.1.2.1 Infrastructure elements

Table 46 lists the infrastructure elements included and our rationale.

Table 46. Infrastructure elements considered in this high-level risk assessment

Asset categories ‘ Considerations

Built infrastructure | We consider homes: building repairs, content replacement costs and additional living
assets expenses for people displaced by property damage. Homeowner insurance policies
commonly cover these costs. See, e.g., Fowler (2024). We also consider rented homes.

Human well-being | We include occupant deaths and nonfatal injuries. Government of Canada (2023)
commonly considers health outcomes in benefit-cost analysis. Health outcomes
include occupant deaths and nonfatal injuries.

Natural Building damage generally does not harm the natural environment, except via the
environment embodied carbon involved in repairs: that is, the disposal of debris from damaged
buildings, and the manufacture, delivery, and installation of repair materials. We count
this cost under ecosystem health and biodiversity.

Ecosystem health The Government of Canada (2023) commonly considers the social cost of greenhouse
and biodiversity gases in benefit-cost analysis. We can estimate the social cost of embodied carbon in
the materials, delivery, and construction of building repairs, and the disposal of debris.

Other Insurance overhead and profit. Insurers pay most of the cost to repair damage to
homes, and they tend to pass on these costs plus their cost to do business to
policyholders, so we consider these additional costs in the form of insurance
overhead and profit.

Indirect business interruption. The money sent to restore property to its pre-disaster
state is lost to productive investments; the Government of Canada (2023) refers to
this phenomenon under the label “gross domestic product (GDP) multiplier effects.”
We refer to it here as indirect business interruption.

9.1.2.2 Climate hazards

The City of Calgary (2024a) measures several climate hazards, one of which — heavy snowfall — clearly
relates to winter storms, and it does so closely enough that we treat them as synonymous. “Heavy
snowfall” means more than 10 cm in 24 hours, which happened on 0.9 days per year in the baseline
period and is projected to happen on 0.2 days per year in the 2050s and 2080s, according to The City of
Calgary (2024a) Table 21. Table 47 presents The City of Calgary’s (2024a) assignment of the likelihood
rating for heavy snowfall during the baseline period, in the 2050s, and in the 2080s under RCP 8.5.

Climate Resilience Consulting (2018) offers no likelihood information for heavy snowfall in Edmonton.
Nor do the Prairie Climate Centre’s (2019) Climate Atlas of Canada or the National Building Code of
Canada (National Research Council Canada 2022 Table C-2). But the two cities have approximately the
same number (£5%) of heavy precipitation days (at least 10 mm of liquid, approximately equivalent to
10 cm of snow) in the baseline, 2050s, and 2080s according to the Prairie Climate Centre’s (2019b)
Climate Atlas of Canada. We therefore take Edmonton’s likelihood ratings as equal to Calgary’s.

Table 47. Likelihood ratings for heavy snowfall, after City of Calgary (2024a) Table 3

Baseline (1981-2010) 2050s (2041-2070) 2080s (2071-2100)
Calgary 3 3 2
Edmonton 3 3 2
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9.1.3 Calculate risk

Step 3 in a climate risk and resilience assessment is to calculate the risk by establishing the
consequences and then estimating the risk rating.

9.1.3.1 Establish consequences

The CatlQ database (CatlQ 2024a) contains records of insurance losses in only 2 catastrophic winter
storms that struck Calgary, Edmonton, in January 2021 and January 2024. The storms caused an
average personal property loss in Calgary of $13 million per storm and $15 million per storm in
Edmonton, or approximately $5.94 per capita per storm in either city, all figures in estimated 2026
CAD. These losses only consider damage to homes; they omit vehicle damage in automobile
accidents. They draw on City of Calgary (2024c) and Macrotrends LLC (2024a,b) for city population
history and Statistics Canada (2024c¢) for the consumer price index.

The Canadian Disaster Database shows no winter storm deaths in Alberta since 1980. Various sources
report motor vehicle deaths associated with various snowstorms, e.g., O’'Donovan (2023), and severe
cold events have killed people in Alberta: on January 30, 1989, and December 18, 1989, cold events
killed a total of 20 people and injured 100 across western and central Canada, according to the
Canadian Disaster Database (Environment and Climate Change Canada 2024). But we found no
evidence of people dying in their homes in winter storms, such as by roof collapses due to heavy
snow load.

That degree of loss seems to satisfy The City of Calgary’s (2024a) Table-4 definition of medium
consequences (consequence score 3), an event that results in “Moderate damage to asset or system.
Minor repairs and some equipment replacement or restoration.”

9.1.3.2 Perform risk analysis

Table 48 presents the resulting risk, calculated using the risk equation on page 14 of The City of
Calgary (2024a). Note that the City of Calgary (2024a) framework calls for assigning the value
“exposure” as 0 (not exposed) or 1 (exposed).

Table 48. Winter storm risk to Calgary and Edmonton homes

Period Exposure | Likelihood | Consequence | Risk rating Risk
rating classification

Calgary Baseline 1 3 3 9 Medium

2050s 1 3 3 9 Medium

2080s 1 2 3 6 Medium
Edmonton | Baseline 1 3 3 9 Medium

2050s 1 3 3 9 Medium

2080s 1 2 3 6 Medium
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9.2 Risk Analysis, Expected Annualized Loss
9.2.1 Method

Let us also quantify risk in terms of expected annualized loss, EAL, meaning the long-term average
annual monetary cost to recover from the hazard of interest.

There are three general approaches to estimate engineering risk. From most to least preferred they
are (1) empirical, (2) analytical, and (3) expert judgment. If one possesses sufficient empirical evidence
of past losses, one calculates averages and trends in these observed losses or relates loss to a variety
of independent variables through regression analysis. If one lacks sufficient empirical evidence, one
can use an analytical approach: create a mathematical model of the phenomenon in question, where
the components of the model use a mixture of past evidence and first principles. Lacking sufficient
time or resources, one can resort to expert judgment.

In the present case, CatlQ offers insurance claims data about winter storms since 2008. As previously
noted, the average winter storm affecting either or both cities cost $5.94 per capita in insured
property loss (2026 CAD).

Our goal is to estimate citywide expected annualized loss in baseline years, 2050s, and 2080s, both in
total and per-capita, in 2026 constant dollars. Let us denote the per-capita annualized loss by EALpc
and the total amount by EAL. We calculate them as follows:

EAL,, =R-U,, -(1+f, +f +f) (1)
EAL=EAL,, -Q (22)

In the equations,

EALpc = per-capita expected annualized loss.
EAL = total expected annualized loss
R = annual event rate, per Table 49. The table uses The City of Calgary (2024a) Table 21 heavy
snowfall days per year and applies the same rate to Edmonton.
Upc = average per-capita per-event insured property loss, as discussed in section 9.1.3.
= $5.94 per person per event
for = Insurance overhead and profit factor
= 0.5, based on Schofield (1998, pg. 17).
fi = indirect losses as a fraction of the long-term average repair cost. Money absorbed to

repair property damage is lost to investment in other areas. Homeowners experience a real
cost of interrupting their lives to deal with repairs. Let f; denote these indirect losses as a
fraction of the long-term average repair cost. Indirect costs f; might not significantly add
to economic losses or they might double the direct losses (Hallegatte 2015); Let us take a
middle amount:

= 0.5, based on Hallegatte (2015)
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fc = environmental costs as a fraction of the long-term average repair cost. Environmental
(carbon) costs might amount to fc = 0.1% of the property repair costs (Porter 2024 pg. 36,
using Magwood et al. 2023 for the quantity of embodied carbon in a building and
Environment and Climate Change Canada 2022 for the social cost of carbon).

= 0.001

Q = projected population, per Table 49. The table reflects The City of Calgary’s (2024c) Long
Term Population Forecast and Macrotrends LLC (2024b) for Edmonton.

9.2.2 Application

Table 49 presents results of the foregoing calculations. Per-capita expected annualized loss is
calculated as shown in equation (21). Citywide expected annualized loss is calculated as shown in
equation (22). The table shows the results rounded to reduce the appearance of excessive accuracy.

Table 49. Expected annualized loss from winter storms. Money is in current dollars and
rounded to reduce the appearance of excessive accuracy.

Annual winter Population | Per-capita annual Total annual loss,
storm days, R Q loss, EALpc EAL
Calgary Baseline 0.9 830,000 $11.00 $8,900,000
2050s 0.2 2,100,000 | $2.40 $5,000,000
2080s 0.2 2,700,000 | $2.40 $5,900,000
Edmonton | Baseline 0.9 860,000 $11.00 $9,200,000
2050s 0.2 1,800,000 | $2.40 $5,000,000
2080s 0.2 2,200,000 | $2.40 $6,200,000

9.3 Conclusions

Under The City of Calgary’s (2024a) Climate Risk Assessment Framework and Process Guide, winter
storms represent a medium risk in Calgary and Edmonton under baseline conditions and in the 2050s
and 2080s. Because of The City of Calgary’s (2024) expected decline in the frequency of heavy snow
days, per capita losses fall from about $11 per person per year to $2 per person per year in both
cities. The decline in event rate because of climate change outstrips the increase in population, so
expected annualized losses decline from about $9 million per year in the baseline period to about

$5 million per year in the 2050s, rising to $6 million per year in the 2080s in both cities. Table 50
recaps these results.

Table 50. Summary of high-level winter storm risk assessment for Calgary and Edmonton.
Money is in current dollars. Consider estimates accurate to +50%.

Period Risk rating | Risk Per-capita annual | Total annual loss, EAL
classification loss, EALpc
Calgary Baseline 9 Medium $11.00 $8,900,000
2050s 9 Medium $2.40 $5,000,000
2080s 6 Medium $2.40 $5,900,000
Edmonton | Baseline 9 Medium $11.00 $9,200,000
2050s 9 Medium $2.40 $5,000,000
2080s 6 Medium $2.40 $6,200,000
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9.4 Hazard-Specific Limitations

First, this analysis ignores winter storm losses that did not rise to the level of an insurance catastrophe
(currently $30 million insured loss per event). Average per-event losses would be slightly higher if
smaller losses were included.

Second, for purposes of calculating per capita loss, it exclusively assigns to Calgary all the loss from a
storm that affects Calgary but not Edmonton, regardless of other places where the storm causes
damage. Similarly, it exclusively assigns to Edmonton all the loss from a storm that affects Edmonton
but not Calgary. And it assigns exclusively to Calgary and Edmonton all the loss from a storm that
affects both Edmonton and Calgary. All of which will tend to overestimate per capita loss.
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10. Social vulnerability

10.1 Introduction and Method

Disasters disproportionally affect some individuals more than others and the social risks form a spatial
pattern whereby some neighbourhoods are impacted more than others (Cutter, Boruff, and Shirley
2003). As the World Meteorological Organization puts it, “inequality and disaster vulnerability are
two sides of the same coin” (World Meteorological Organization 2023).

To understand the social vulnerability of Canadian communities, Natural Resources Canada (NRCan)
completed a large study on the social fabric of Canada (Journeay et al. 2022) and paired this with
their national risk model (CanSRM). The social vulnerability data, otherwise known as the national

human settlement layer (NHSL), uses standard measures of social vulnerability to map the social fabric.

The total social vulnerability score, drawn on for the analysis of Calgary and Edmonton
neighbourhoods, uses a composite variable of 20 indicators that account for social vulnerability based

on a principal component analysis. The variables included are a percentage of the population that are:

—_

Employed as a healthcare worker
Immigrated to Canada, last five years
Lone parent with at least three children
Moved in the last year

People with no fixed workplace

Under 6 years old

Self-identifies as Indigenous heritage

No knowledge of English or French

O ©® N vk~ W

No secondary school education

—
o

. Uses public transit to commute to school or work

N
N

. Households with limited maintenance capacity (i.e. primary person responsible for house
maintenance is under 25 or over 65)

12. Buildings in area classified as non-residential

13. Private household living conditions not large enough for a family
14. Number of people per hectare within the settled area

15. Building stock built before 1975

16. One income household

17. Employed in the retail sector

18. Shelter costs exceed 30% of income

19. Labour force unemployed

20. Employed part-time

The total social vulnerability score is a value ranging from 0 to 11. It is a relative score of social
vulnerability compared to communities that are otherwise similar. The higher the total social
vulnerability score, the more vulnerable the community is. A value of O indicates the lowest level of
vulnerability. Higher values are given based on how far above the standard deviation the mean value
is. If a variable is above the expected mean, it would mean the community has reduced capacity to
prepare for and recover from a disaster compared to other similar communities.

For full documentation, see the NRCan Open S&T Repository linked in the references.
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The NRCan social fabric data is provided at the settlement area. To understand the high-risk
neighbourhoods in Calgary and Edmonton, we took the neighbourhood boundaries in both cities
and joined attributes by location so that the social fabric settlement areas aligned with the
neighbourhood boundaries. This averaged the data across a larger area. A limitation in averaging the
social fabric data across the neighbourhood is that it takes the average score. For instance, if there is
a single building that houses many vulnerable people, it will skew the results for the neighbourhood.

The Alberta Climate Ready Homes team intends to target invitations for engagement sessions to
representatives from the highest-risk neighbourhoods.

10.2 Calgary

Figure 4 illustrates the geographic distribution of social vulnerability in Calgary. The high-risk
neighbourhoods in Calgary classified as residential established or residential complete include the
following:

_

Downtown commercial core

Martindale Figure 4. Social vulnerability in Calgary
Taradale

Falconridge
Downtown West End
Forest Lawn

Rundle

Forest Heights

© 0 N O U AW

. Castleridge
10. Albert Park/Radisson Heights
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10.3 Edmonton

Figure 5 illustrates the geographic distribution of social vulnerability in Edmonton. The high-risk

residential neighbourhoods in Edmonton are:

—_

Central McDougall
Canora

Westwood

Eastwood

West Jasper Place
Spruce Avenue
Britannia Youngstown
Abbottsfield
McCauley

O X N oV A W

10. Balwin

Figure 5. Social vulnerability in Edmonton

63



11. Limitations

We do not intend these high-level risk assessments to be used as a textbook or journal article or
scholarly instruction on how to perform risk assessments. It is meant mostly to rank eight climate
hazards, so it aims for relative order-of-magnitude accuracy, rather than high precision. We aim for
these estimates of expected annualized loss to be accurate only within £50%. Since we are
concerned with evaluating risk on an order-of-magnitude basis, the limited accuracy is appropriate for
intended purposes. There are other limitations worth noting.

First, one cannot place a value on a human life. Despite this, governments have chosen to do so to
ensure that safety-related laws and regulations make economic sense. The US and Canada have
adopted the idea that one can assign an acceptable cost to avoid statistical deaths and injuries using
people’s willingness to pay for safety measures that reduce their own chance of death and injury in
small amounts. For example, if people on average spend $960 for safety measures that reduce their
chance of death by one in 10,000, that would imply that a federal agency should also be willing to
spend $960 to avoid a one in 10,000 chance of death for each person. By scaling these values, one
arrives at the acceptable regulatory cost to avoid one statistical fatality: $960 for one in 10,000,
$9.60 per one chance in a million (called a micromort), or $9.6 million for each statistical fatality
avoided. The interested reader can find more details at Urban Institute (1991), Chestnut et al. (1999),
Bellavance et al. (2009), Federal Aviation Administration (2022), and Government of Canada (2023),
among others.

Second, it is important to note that expressing risk in terms of a long-term annualized average loss
smooths out severe shocks. People may care more about the large, rare shocks than they do about
long-term averages. But expressing risk in terms of EAL is consistent with Calgary's (2024a)
methodology, which also multiples frequency and severity of loss to present a qualitative measure of
long-term average impact. Further averaging over the population obscures how hazards impact a
small segment of the population, rather than affecting everybody. Still, examining per-capita loss
allows one to compare risk between large and small communities more easily.

Third, as with all hazards examined, living through a hazard takes a toll on residents’ psychological
well-being, even if tangentially impacted by the hazard. This toll includes factors like loss of access to
greenspace, loss of sleep, and inability to participate in recreational activities. Stress impacts other
areas of life such as workplace productivity and connection to community. A limitation of the
high-level risk assessments is they omit these hard-to-quantify losses.

Fourth, we only included loss data from catastrophic events, specific instances are noted in the
individual hazard analyses.

Lastly, the assessments present risk in two ways: according to The City of Calgary’s (2024a) risk
category and in terms of average annualized loss. Do they agree? Is it reasonable to call hundreds of
dollars per capita per year a high risk, and thousands an extreme risk? Opinions can differ. The labels
seem reasonable to the author.
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