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Abstract
All levels of government must prepare for an increase in adverse weather events related to climate change. 
Developing resilient transportation infrastructure is critical to minimizing disruptions, economic loss, and human 
health impacts. A challenge for national and regional governments, however, is understanding how to prioritize 
investments given risk levels and limited resources. This study proposes a framework, using the Region of Peel, 
Canada as a case study to identify and prioritize key risks in a critical economic sector for the region: intermodal 
goods movement. The framework integrates projected changes in weather patterns, estimating the damage to 
infrastructure, interruption of economic activity, and adverse impacts on the workforce, accounting also for 
impacts on communities, for sound policy formulation. The framework will underpin a data collection plan to 
inform future policy and investment in strengthening adaptation and resilience to the most likely hazards affecting 
goods movement. The framework was designed with a view to being easily adapted to other sectors and regions.

Keywords: Climate change, transportation, risk management, adaptation, risk assessment, intermodal goods 
movement

INTRODUCTION
Climate change is increasing the frequency and severity of adverse weather events, which have cascading 
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impacts on a region’s economy. Regarding the region under consideration-Peel-studies using RCP 
(Representative Concentration Pathways) have yielded projections that demonstrate a likelihood of 
significant deterioration of operating parameters even under optimistic scenarios[1-3]. The RCPs represent 
potential future climate scenarios under varying emission levels and thereby enable an assessment of likely 
trends in weather factors[2]. Forecasts predict significantly higher temperatures and a likelihood of more 
intense rainstorm events during the summer. During winter, forecasts suggest an unpredictable pattern of 
snow events and large variations in temperature ranges[2,3]. This means that the intermodal transportation 
and storage system is particularly vulnerable to flooding, heatwaves, and the resulting erosion of land, 
degrading operational conditions and infrastructural capacity[3-7]. Identifying the business case supporting 
the significant financial commitment needed by cities and regions can justify the required investment to 
strengthen and enhance infrastructure to prepare for the consequences of climate change[7-9]. There is a 
distinction to be made between the need for a national approach to adaptation planning and approaches at 
local levels which may be more granular to ensure resilience of livelihoods[8-10].

A common critique of national economy-wide initiatives dealing with climate change impacts is that they 
are too expensive. However, recent studies have demonstrated that failing to invest in adaptation and 
resilience measures could lead to even greater economic costs, with projected losses of up to 5.18% of the 
world’s GDP (Gross Domestic Product) per capita by 2050 under “business as usual” approaches[10,11]. 
Furthermore, the Institute of Sustainable Finance estimates significant damage to Canada’s economy in the 
absence of adaptation-focused investment, with a projected loss of capital output of $2.773 trillion under a 
2-degree Celsius warming scenario[12]. The Swiss Re Institute also identified an annual reduction of 6.9% in 
the Canadian economy by 2050 without impactful worldwide measures to deal with climate change[13]. In 
this context, the Region of Peel provides an ideal case study to delineate a process to assess the aggregate 
value at risk due to climate change-related events at a local level using the mechanism of measuring the 
impact on a critical economic system for the entire eastern Canadian economy[2,4,13,14]. This will require 
drawing on the changing projections of weather hazards and the consequent impact on component parts of 
the sector in terms of the personnel, property, and value affected[15,16]. Previously developed models for the 
U.S. Department of Transportation and urban planning state that the identification of value at risk can be 
drawn from first identifying IDF (Intensity-Duration-Frequency) curves of key weather events based on 
assessing the result of various RCPs and hence the likely variations in physical conditions. The emphasis in 
this framework has been on both the physical and the human aspects of operations that ensure timely 
movement of goods[1,6,15,17]. This points to the need to use or develop a data set that integrates the projected 
changes in weather, current design parameters of infrastructure, and census of employees[18,19].

The framework first identifies critical hazards that can have the most significant impact on the intermodal 
transportation system in the Region of Peel. This is essential since the adaptation plans for many regions 
could be economically unfeasible given the sheer number of potential hazards[16,17]. Next, the framework 
delineates the impact of these hazards by defining the value of physical infrastructure, workforce, and 
aggregate economic impact. This enables estimation and planning of the costs of business and regional 
economic activity that may arise from the most likely hazards affecting critical points in the system. The 
framework's primary goal is to develop a strategy for adaptation that enhances the entire system's resilience, 
reducing recovery times and long-term damage[6,15,20,21]. The key aim of this paper is to outline a conceptual 
grounding through a review of key literature that validates the proposed evaluation mechanism that enables 
guidelines for policy and investment decisions in strengthening adaptation and hazard resilience.
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LITERATURE REVIEW
On February 27th, 2022, the second working group of the Intergovernmental Panel on Climate Change 
(IPCC) released a report highlighting key risks to economic and social infrastructure posed by climate 
change. The report conveys significantly increasing negative consequences on economic activity and 
livelihoods across the world, even in regions not naturally prone to hazardous weather conditions[2]. 
Transportation infrastructure will be particularly impacted, resulting in risks to economic activities based 
even on an assumption of a middle-of-the-road SSP (Shared Socioeconomic Pathway) scenario[2,22-24]. The 
SSPs provide an assessment of potential social and economic conditions resulting from varying climate 
change mitigation efforts[24]. Rapid degradation of operational capacity and frequent disruptions to goods 
movement are just a few of the adverse consequences of even moderate changes in climate change as 
emissions are controlled at current levels[16,18].

An overview of projected climate-related changes in Canada reveals increasing intensities of higher 
temperatures and precipitation compared to the 1950-2010 period, underscoring the need for 
socioeconomic vulnerability assessments[1,3,4,12]. Various commercial and public sectors are unprepared to 
deal with the impacts of climate change on the ability of the Canadian economy to cope and maintain high 
standards of living[24-26]. Climatic projections resulting from scientific models utilized by the IPCC and other 
government and non-governmental climate monitoring organizations, as well as commercial organizations 
such as insurance companies, have identified that climate-related adverse events are increasing in frequency 
and intensity, which has a consequent impact on the economy in two ways[27-29]. The first is that the 
frequency and intensity of adverse weather events directly affect commercial and residential activities in 
inhabited regions[3,23]. The second is the vulnerability of natural resources, especially those on which the 
viability of economies and livelihoods of a local populace depend, given the high likelihood of compound 
events, such as drought coupled with heatwaves[23,27,28]. These events result in rapid degradation and 
significantly slowed post-event recovery. Hence, it is critical to assess the area under study and develop a 
plan to look at the probability and likelihood of various risks to identify the most feasible modifications and 
the corresponding investment needed to implement measures to strengthen critical infrastructure 
components[29-31]. This process of modifying and strengthening key components of regional economies falls 
under the required adaptation planning that needs to be undertaken to ensure socioeconomic welfare and 
financial stability in climate change scenarios[2,12].

There is already considerable awareness of the increasing risks of flooding to domestic and commercial 
infrastructure resulting from increased precipitation, mainly due to the increasingly expensive insurance 
premiums paid by homeowners and commercial entities[20,32-34]. In addition to premiums, national and local 
budgets for infrastructure maintenance are expected to become inadequate under worsening climate change 
scenarios[26,34]. Roads are expected to be particularly vulnerable to the effects of climate change, with large 
increases in maintenance and rebuilding costs[27]. The impact on railways is an additional area of concern 
due to delays and expected damage to loading and guidance infrastructure especially those part of lines 
close to large water bodies[34-36]. Additional areas of concern relate to other increasingly intense hazards, such 
as prolonged heatwaves, which affect the viability of physical infrastructure and the well-being of 
employees[16].

One way to adapt infrastructure to counter the impact of climate change is to develop, for both the short-
term and long-term, robustness (the ability to withstand shocks), redundancy (the ability to use alternate 
pieces of infrastructure), resourcefulness (the ability to deploy significant resources for alleviation of adverse 
impact), and rapidity (the ability to counter adverse impacts in a timely fashion)[37-39]. Therefore, 
infrastructure design must account for the possibility of failure and the consequences of that failure, 
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pointing to the need for updated design parameters for handling capacity, weather stresses, and significant 
uncertainty[38,39].

Another way to identify the level of vulnerability to climate change impacts is to assess the extent to which 
operations related to the infrastructure will be affected and whether the system can adjust to novel or 
intensified stresses[18], meaning that the desired outcome is not the resilience of every infrastructure 
component, but that the system as a whole is resilient enough to withstand potential internal failures so as 
to prevent significant cascading consequences[34,40]. When a disruptive event occurs, a lack of redundancy 
and robustness in regional transportation systems, for example, could cause prolonged blockages of 
container movement, affecting supply chain activities across regions and sectors[18,19,39]. Transportation 
systems are susceptible to increasingly intense weather events and the greater prevalence of gradual 
degradation through increased erosion[6,41-43]. The most used road and rail paths are not the only key parts of 
an intermodal transportation system. There are also critical stationary assets that need to be assessed in 
terms of the ability to withstand significant weather events during operational activities[21,23,44].

Fichtinger et al. (2015) highlighted that the level of resiliency within complex transportation networks is 
important to monitor to mitigate risks[45]. Previous approaches have looked at key physical infrastructure 
components vulnerable to unforeseen changes in climactic range, which impact their operational 
viability[22]. The framework proposed in this article identifies issues in a value chain that could lead to 
economic risks[46], integrating findings related to the occurrence and consequences of climate change on 
transportation systems. The primary outcome highlights the need to understand the current condition of 
infrastructure and the consequences of expected changes in its capacity to handle adverse conditions[44].

METHODOLOGY
To identify the impact of climate change on the movement of goods and supply chains, and conduct climate 
hazard assessment, three key steps are followed. The first is developing an inventory of the intermodal 
transportation system entities in the region. Then, it is important to identify risk estimates based on the 
likelihood of various climate hazards. The third step is to estimate the potential economic consequences of 
the subsequent climate hazard risks[33,44]. Steps two and three follow other government-funded studies in the 
United States that sought to develop a comprehensive assessment process of the likely risks and mitigation 
efforts needed to safeguard key transportation assets[7,16]. An initial draft framework was presented and 
vetted at a workshop involving key stakeholders in the Region of Peel, who provided invaluable feedback in 
developing the details of the individual assessment steps and knowledge gaps that need to be filled for its 
implementation. The threat to the movement of goods and services in Peel Region due to climate change 
depends on the degree to which normal expected weather patterns are changing, resulting in more frequent 
and intense flooding and storms[1,3]; higher annual temperatures characterized by more frequent and longer 
heatwaves[4,45]; and increasing erosion[23,31,46].

Case study in the Region of Peel
The Region of Peel is located at a key intersection point in the Greater Toronto Area and the Great Lakes 
Region [Figure 1]. Peel’s goods movement sector comprises a network of roads and rail as part of the 
transportation pathways along with many storage and transfer sites; it facilitates the movement of $1.8 
billion in goods[5] every day and contributes almost $50 billion to the region’s economy, accounting for 
about 40%[5]. The region is critical to normal operations and the distribution of goods, services, and people 
not only in Canada but internationally, given it is also host to Canada’s largest airport and the CN 
(Canadian National Railway) Brampton Intermodal Terminal which handles 60% of CN’s intermodal 
traffic. The logistics of the cross-border supply chain that affects so much economic activity in the 
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Figure 1. Peel Region within the Greater Toronto Area (left) and Eastern Canada and the United States (right) ©Google.

Northeast and Midwestern United States as well as Eastern Canada runs through the region[14,32]. Previous 
assessments of vulnerability to the impacts of climate change in Canada’s road and rail system combined 
with the volume of goods movement in this region necessitate the development of a framework for 
prioritizing and investing in resilient infrastructure beyond current design parameters[27,35,47]. Much of the 
current planning for disasters and adverse events affecting citywide and regional transportation systems 
relies on parameters derived from historical data rather than on predictive RCPs/SSPs. This planning also 
largely disregards the varied consequences of climate change on the economy and social 
welfare[2,21,29,35,48].  The results of previous assessments of the vulnerability of Canada's road and rail 
system to the impacts of climate change and the volume of goods movement in this region therefore 
necessitate the development of a framework for prioritizing and investing in resilient infrastructure beyond 
current design parameters[27,35,47].

Projection of changes in climate in the Peel Region
Average annual temperatures in the Region of Peel are expected to increase by 2 °C by the 2050s and 
4 to 5 °C by the end of the century[47,48]. Another worrying trend is the projected increase in levels of extreme 
annual precipitation: 21% by the 2050s and up to 25% by the 2080s, assuming a mid-range increase in 
greenhouse gas concentrations[3]. Also of concern is the increased number of days with extreme heat 
conditions[2], with the number of heatwaves expected to increase in frequency and intensity[3,49]. 
Precipitation is expected to be an issue in the Great Lakes region, where proximity to a large body of water 
has been shown to result in lower-than-expected water when needed and, conversely, flooding at other 
times[3,50]. In winter, snowfall is expected to increase, but the winter season in general is expected to become 
shorter, with less predictable and more frequent thawing. The changes in the freeze-thaw cycle will increase 
the amount of meltwater flowing through natural and manmade drainage systems into the Great Lakes 
earlier than normal[3,17,47]. Coupled with the increase in precipitation, there is a need to reinforce crisis 
planning efforts around flooding and erosion, especially near roads, rail, and stationary infrastructure[51]. 
Erosion is an issue of particular concern given the more rapid and less predictable freeze-thaw cycles which 
may increase the frequency and severity of erosion, resulting in more significant damage to road surfaces 
and foundations[48]. The proximity of the region to Lake Ontario increases vulnerability to erosion resulting 
from intense precipitation, with water runoff affecting infrastructure conditions such as rail embankments 
and roads close to the shorelines[1,7].
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Another area of concern is the increasing prevalence of “compound extreme events”, which refers to 
occurrences of multiple hazards in force at the same time, such as drought and heatwaves, storms, and 
flooding. Compound extreme events severely complicate the ability of local and national governments to 
undertake emergency measures[16,27,49]. Zscheischler et al. highlight the importance of developing frameworks 
for risk assessment due to more frequent extreme weather patterns and that the assessment process must 
integrate greater margins for projected factors and thus the consequent measurable cumulative events, such 
as flooding, water deficiencies, and erosion[30,50]. Systems thinking is an impactful approach to designing 
frameworks to address the multi-faceted and far-reaching consequences of extreme compound events[7,22].

There can now be a risk prioritization process based on an outlined layout of the region, its economic 
sectors or the sector in question, and weather patterns. The intermodal transportation system depends on 
timely movement through specific paths to key installations in the region. This means that there are 
expected vulnerabilities at key choke points within the system: Pearson airport, CN Brampton Yard, and 
corporate container storage points[3,5,52]. The specific paths to these key locations are also of key interest. The 
likely physical damage can be expected to come from rapid destruction related to precipitation and slower, 
but equally significant, consequences related to erosion (scouring, soil displacement, weakening of built 
components) leading to movement stoppage and capacity impairment[5,6,16,48,50]. The ranking of the risks to be 
considered will be identified based on the potential economic damage and, hence, the reinforcement 
investment needed. This is where the framework is utilized to outline key data requirements.

RISK ASSESSMENT FRAMEWORK
The framework presented in Figure 2 represents the key processes required for an economic vulnerability 
assessment of the intermodal transportation system. The framework identifies the most likely hazards and 
their consequent impacts on the most-used modes of transportation with enough flexibility built in to 
develop in-depth consideration of other modes where needed[44]. Considering the importance of the region 
as a critical conduit for goods, the framework identifies risks from three perspectives:

- Infrastructure: the vulnerability of pathways and installations to damage;

- People: injury and mortality in the labor force;

- Economy: impact on supply chain and goods movement economic activities.

The data collection process will thus have to be multi-faceted to develop a comprehensive picture of the 
value-at-risk for the sector in the region under consideration. The next sections will outline the key sources 
in segments that will be part of the data collection process. This will be outlined in stages as they will be 
brought together to summarize the vulnerabilities to prioritize investment decisions. The stages are as 
follows:

The first stage is climate Hazard Risk Identification: directed towards sources that identify current and 
projected weather patterns. This includes assessing the various hazards likely to affect the system under 
consideration. While climate change is expected to create changes in the way various hazards interact with 
components of economic sectors, the consequences are different for various stakeholders. This also means 
that the corresponding reinforcement and allowances for recovery and resilience will need to change based 
on the results of this and consequent steps. A process is outlined to generate a vulnerability assessment with 
an emphasis on identifying points of concern in built infrastructure and pathways. This should include 
assessing the physical conditions as well as welfare of the people who are part of the system. It should be 
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Figure 2. Proposed assessment framework.

noted that a significant amount of the data is already collated by regional and federal government agencies 
and trade associations[4,52,53]. The data garnered will be used to develop a combined risk map providing 
measurements for the frequency and severity of likely events[46]. This will mirror supply chain vulnerability 
assessments. The resulting decisions resulting from this process concern the identification of points of 
weakness that result in the most economic damage and, accordingly, the needed reinforcements.

Application of framework - processes and key outcomes
The application of the framework uses Peel Region to show how to define a recurring risk assessment 
process. There is enough commonality throughout transportation systems around the world that the 
framework can be used in other regions without significant modification. Regarding other economic 
sectors, some aspects can be modified to account for variations in processes and priorities in deliverables. It 
should be noted that studies examining the impact of climate change on economic sectors in general involve 
identifying what is “normal” in operating conditions and how much the respective sector is vulnerable to 
variations in temperature, precipitation, and other physical aspects of weather patterns[15,17,28]. Thus, this 
framework is adaptable to developing a risk map for disparate economic sectors with modifications as 
necessary. The first key step is assessing and defining what hazards should be of concern based on the 
location, function, and reach of the system under study. This then enables defining consequences for key 
players in the affected sectors. The outcome at the end of this process for policymakers, government 
officials, industry actors, and local communities is to be able to assess and define the points of key 
vulnerabilities and monitoring. The data collection process will require institutional involvement across the 
board, from climate monitoring departments to local industry, government, and community groups, to 
garner economic data.

Stage 1: climate hazard risk identification
Chang et al. (2021) developed a framework to implement transportation asset management based on the 
most likely hazards that will impact specific points in the goods movement system, which supports budget 
prioritization and allocations to reinforce these vulnerable nodes to prevent cascading impacts on the rest of 
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the transportation system[44]. Other government-funded studies emphasize that it is not likely that all climate 
change-related weather hazards will affect all points in the system equally, which therefore means that a 
targeted approach is needed to develop resilience in transportation systems[16,17,33]. The general outline of the 
proposed steps in the hazard prioritization process is outlined in Figure 3.

The critical step after identifying specific hazards is to identify their likelihood of occurrence. The IPCC has 
identified that various levels of greenhouse gas emissions are likely to create specific outcomes for specific 
hazards depending on the geographic site and situation of the area[17,23,28]. This means Peel Region can expect 
the likelihood of each hazard to vary compared to selected baseline averages, for example, the 1981-2010 
baseline in a 2016 study commissioned to examine the consequences of climate change[4]. The next step is to 
identify the severity of impacts based on three factors:

- Duration: This is the number of hours or days that each hazard is expected to prevail. Studies show that a 
change in the expected frequency, especially related to flooding from intense storms affecting key 
transportation system components (road, rail, and installations), will impact spatial reach and damage 
potential[1,53,54].

- Spatial reach: This is defined by the geographic extent of the projected damage. The aim is to identify the 
level of disruption expected during each projected event. This should be limited to the extent of disruption 
to operational activity and hence direct damage. Some supply chain impact could be included but the scope 
needs to be defined to include immediate damage[27,44,55].

- Damage potential: The damage potential to the facility or pathway should be quantified in terms of repair 
and replacement cost per projected incident. This should also include, if applicable, the cost of redesigning a 
facility that is able to withstand a higher level of hazard occurrence. The economic damage caused by 
disruption could be a difficult metric to ascertain with high accuracy, but estimates can be made based on 
surveying companies and cargoes[7,29,31,33].

These measures provide an aggregate potential impact on the intermodal transportation system which 
enables the planners to prioritize hazards. The IPCC in 2012 and then in 2021 highlighted the increased 
prevalence of what it defined as compound extreme events, which complicate planning and preparation for 
the transportation systems. Hence assigning costs and budget allocations for disaster management becomes 
a difficult exercise[16,27,28,30]. This makes the outcome of adverse events even more uncertain and affects the 
specifications of how to design for an economic scenario in which significant climate changes have 
occurred.

Stage 2: vulnerability assessment to define impacts
Previous studies undertaken on goods transportation systems have identified specific points of vulnerability 
that need to be related to the identified priority hazards. The British Columbia Ministry of Transportation 
and Infrastructure has identified the need for preparedness at the provincial level to protect critical local 
infrastructure which supports several sectors and towns due to the critical flow of goods[56]. Recently 
published reports have identified the interdependencies of the system in which each sub-section is 
connected, which should be kept in mind as the assessment is developed[26]. Each component identified as 
part of the vulnerability assessment section of the framework will have varying degrees of impact because of 
the prevalence of each hazard. This is a feature of non-linear systems and developing remedial actions will 
require identifying critical points for reinforcement or developing services that maintain the required 
handling capacity[6,29,57,58]. Below are the grouping and key points to identify under each vulnerability 
assessment.
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Figure 3. Climate hazard prioritization process.

Infrastructure vulnerability
This is the most critical part of the framework as failures in any essential node of the physical infrastructure 
will result in cascading impacts across the system. The following points have been highlighted as the 
primary metrics to assess.

Condition and carrying capacity
The assessment of the intermodal infrastructure system must be carried out on both the stationary facilities 
and pathways. The proposed mechanisms are based on previous research and consequent 
recommendations by the United States Department of Transportation to prepare infrastructure for the 
effects of climate change[7,22].

Assessing road and rail pathways
The process of assessing road and rail pathways starts with comprehensively mapping the flow of goods and 
services; such maps are partially available from local databases and can be complemented by additional 
federal and provincial government data[1]. Rail mapping should be easier due to the specified paths taken, 
whereas road mapping would require the identification of high-density paths for cargo movement[36,59]. The 
next step is to overlay key pathways with projected flood, temperature, and erosion mapping in terms of 
intensity and duration developed by government and international agencies with data that can then be 
projected to identify the consequences of climate change[51].

Assessing stationary facilities
The process of assessing stationary facilities draws on previous frameworks to analyze and update the status 
of key infrastructure with respect to expected climatic changes[7,52]. Stationary points include key facilities 
such as the CN Brampton Intermodal Terminal, which makes transportation of goods through the region 
economically efficient but also increases the risk should there be an adverse event, due to a lack of 
redundancy[4-6]. The facilities include not just government-owned and maintained facilities but also many 
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privately owned facilities such as warehouses that are critical to the intermodal transportation 
infrastructure[5,60]. Another key stationary facility is Pearson Airport, encompassing its runways, roads, and 
buildings that house passengers, employees, vehicles, aircraft, and equipment[1,52]. The steps to be 
undertaken to assess the condition and requirements of stationary facilities are outlined in Figure 4.

This section draws on studies identifying the most at-risk points in an intermodal transportation system, 
which integrate the volume of goods transferred at risk and the consequent impacts on other components of 
the system. The importance of the Peel Region as a critical node for the flow of goods through the Eastern 
Canadian economy is well established[5,14,61]. An analysis requires identifying the sub-components of the 
system responsible for the highest volume of goods and services, disruptions to which would be deleterious 
for consumers and businesses[4,27,31]. The interdependencies between infrastructure, people, and the economy 
are reflected in the importance of these nodes. Any disruption has the potential for significant downstream 
economic impact.

This and the following sections identify the primary use of the framework outlined at the beginning of the 
methodology section. The cost of adapting cities and other built locations to the consequences of climate 
change is getting increasingly expensive as the world slips into complacence or unwillingness to take drastic 
steps[23,26,33]. The prioritization of investment into a more resilient economy can take place when the most 
vulnerable points are identified and the most likely value of cascading failure estimated[37,44]. This is a key 
goal of this framework through the process outlined here. This identification of the most consequential 
vulnerable points can allow governments and private organizations to come together to develop modus 
operandi and robust physical infrastructure for minimal disruption of regional and national 
economies[1,23,31].

Infrastructure impact points
As outlined previously, the framework will enable the identification of key impact points relating to the 
corresponding component at this stage of the assessment. For infrastructure, the key outcomes of the 
vulnerability assessment must be the following.

Damages and repair costs
As outlined in studies of the vulnerability of infrastructure to climate change, one key driver of such costs is 
that of repair, whether continuous or as needed. Without planning for the increased capacity needed, the 
cost of repair and replacement will be substantial. Ness et al. for Canada estimate a cost of CAD (in 
Canadian Dollars) $3.4 billion by mid-century[27].

Reduced service life
Connected to the damages and repair costs is the estimation of the reduction in service life due to increased 
pressures on facilities and pathways. Much planning is undertaken at a timescale that does not integrate the 
impacts of climate change[26,27]. It is also critical to understand how the consequences of climate change will 
reduce the life of many current components of the intermodal transportation infrastructure, whether due to 
erosion or heat that degrades structural integrity[1,26].

Travel disruptions
Travel disruptions are expected to be the most difficult to measure, considering the challenges of identifying 
exactly how many people would be affected by failure points in a system with consequent impacts on the 
movement of traffic. This also applies to the inability to undertake or complete scheduled work that is 
halted due to weather events as the climate becomes more unpredictable[7,27].
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Figure 4. Assessing the condition of stationary facilities.

Labor force impact points
Goods movement in the Region of Peel accounts for four out of every nine jobs and CAD $29 billion in 
labor income, according to previous studies carried out by the Region of Peel[5]. This means that the 
transportation of goods and services is critical to the economic welfare of the region and any disruptions 
will impact livelihoods[1,5,32]. The welfare of employees who face loss of income due to adverse events has 
been an issue made clearer by the COVID-19 crisis, whereby shut-downs have been undertaken out of 
necessity. This can also be expected in the intermodal transportation sector, where a significant proportion 
of the employees are expected to hold precarious jobs, rendering them economically and physically 
vulnerable to the consequences of adverse events affecting operations[60,62]. The labor force of the intermodal 
system can be divided into three categories: transportation workers, facility (private and public) workers, 
and maintenance crews. A process for understanding the vulnerabilities of each group and their 
interconnected functions requires a data collection process and classification such as that outlined in 
Table 1.

These data can be collated from regional and national government and industry agencies that collect and 
use these data for planning projects and income taxation. These data points describe the demographic 
composition and access to services needed to tackle immediate needs and the long-term impacts of climate 
change. This could range from health impacts during heatwaves to injuries on the job dealing with sudden 
storms[6,21,49]. It is important to identify the likelihood of loss of life and limb to develop a planning 
mechanism for the welfare of the affected employees and dependents. This needs to be extended to not just 
the personnel working directly in the intermodal transportation system but also the various privately owned 
facilities for storage and transfer[5,6].

Economic impact points
The economy of the region and the importance of the intermodal transportation system draw from the flow 
of goods and services from the United States to and from the eastern port of Nova Scotia, Canada and 
through multiple intermediary points[14]. The CN Brampton Intermodal Terminal handles 60% of 
intermodal traffic[5]. The importance of the region to the economic welfare of surrounding towns and cities, 
and hence consequences of any disruption, is well established[61-64]. This means that disruptions to goods 
movement will affect sectors that rely on the timely delivery of commodities. A proposed mechanism to 
assess the economic vulnerability is presented in Table 2. The data from various sources such as national 
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Table 1. Labor vulnerability and classification

Data Purpose for collection

Transportation workers - rail (non-maintenance) Identify workforce involved in direct transportation of goods 

Transportation workers - rail (maintenance and emergency 
crews)

Identify at-risk workforce in case of adverse events

Truck operators Identify road intermodal transportation-focused workforce 

Goods handling facility (CN Brampton Yard, Pearson) Identify workforce related to various publicly run road/rail paths and 
facilities 

Warehouse staff and frontline workers Identify workforce in warehousing - directly involved in logistics 

Table 2. Economic vulnerability assessment

Step # Activity to be undertaken

1 Layout of rail and road maps for high-density cargo transfer

2 Identify key goods transfer points in the region

3 Identify critical warehouses in region

4 Classify commodities transferred as for end use or for storage for later transfer

5 Integrate flood maps and assess changes in flood prevalence under varying climate change scenarios

6 Assess frequency and severity of high-temperature days

7 Identify preparedness for consistent high temperatures - commodities & workforce

8 Map potential risks in terms of loss of goods and increased costs of maintenance

9 Estimate potential delays due to adverse events by the value of goods affected

transportation planning, industry reports, and surveys of local entities can provide the necessary 
components for the assessment.

Presentation of framework application to stakeholders
A seminar was undertaken as part of the framework development process to evaluate the viability of the 
conceptual foundations of the framework, the availability of key data needed, and community buy-in. 
Critical personnel who would be instrumental in implementing the data collection plan, setting up the 
results, and identifying urgent follow-up steps were part of the seminar. The first point raised was the need 
to develop an updated flood map that took into consideration both significantly changed projected weather 
patterns and the increasing levels of development[1]. Another important point that was raised was the issue 
of overlapping jurisdictions and hence decision-making authority which is also stated later as an avenue to 
develop further research[5,14]. Another intriguing insight provided from the seminar was the need for a 
coordinated assessment with transportation companies and logistics hubs as to key priorities, which ensures 
that investment is not duplicated and, in some cases, enhances the efficiency of resulting reinforcing 
mechanisms based on the priorities of the various stakeholders[32,44].

Limitations
There were some limitations to the development of this framework. One limitation included a lack of a 
comprehensive source of data, which presented challenges to preliminary quantification of some elements 
or the identification of certain qualitative outcomes. In addition, there was no department with direct 
responsibility for coordination, given the governance structure of the region, which could have facilitated 
data access as well as the issue of communicating the urgency of the situation to key decision makers. A 
further limitation to this framework may be the high-level perspective it takes; there may be more granular 
considerations, i.e., for individual businesses or neighborhoods. However, the framework provides a basis of 
interpretation for these and give both decision makers and individual businesses a model for risk 
identification.
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CONCLUSIONS
The consequences of climate change necessitate developing a systemic risk assessment plan. The 
development of the framework considered both the physical consequences on individual components and 
the consequent impact on various economic sectors beyond the transportation system being examined. This 
requires comprehensive data collection and an information framework with clear outcomes to be able to 
identify weak points and long-term effects. The first phase of the framework, the hazard prioritization 
process, draws on the standard intensity-duration-frequency mechanism to identify, list, and prioritize 
hazards by potential monetary impact. The next phase of the framework addresses the key impact points 
where the most likely hazards will impact operations in the stationary (loading, storage, routing facilities) 
and pathway components (road and rail) of the intermodal transportation system. This leads to an 
estimation of at-risk value identified at key points in the sector[42,44], allowing for the identification of the 
investments needed to reinforce current and future infrastructure. Another important outcome of the 
framework is an estimation of the economic consequences of disruptions to movement in the intermodal 
transportation system. These include the value of goods at risk, especially perishables that need to be 
delivered within a specified time to prevent wastage[64]. Following this, estimations may be made regarding 
income loss for businesses and workers connected to the goods transportation network. The latter will 
include the health consequences for workers at various points in the system, which may stem from injuries 
or the long-term effects of weather changes[49].

The information-gathering process and the resulting decision making as to the prioritization of investments 
will require multi-level stakeholder involvement. This means that only government led measures, even if 
well-coordinated, will not be successful in disaster risk management under revised projections related to 
climate change[20,65]. It will also need the expanded involvement of the private sector in informing the 
awareness and response programs to sudden weather events and gradual degradation of key assets. The 
private sector involvement will range from logistical companies and health organizations to financial 
institutions, including banks and insurers[39,66,67]. It is important to recognize the concerns regarding the 
workforce capacity and investment needed to develop responsive mechanisms to deal with economic 
consequences of climate change. The key outcome is the development of a multi-pronged approach to risk 
management that ties in with national and regional adaptation planning[67]. The plans will tie into 
government policies and commercial investment for economic growth, resilience planning, and risk 
management.

Potential research and policy implications
There are certain avenues that can be further examined for modification of the framework and the potential 
extension of the conclusions from the study. The research does not directly examine the potential 
jurisdictional conflicts that arise from the need to lead and coordinate critical remedial actions. As 
mentioned partially in the limitations, the region and the sector under consideration fall under a patchwork 
of government entities responsible for various aspects of sector operations and for emergency response[1,4,13]. 
Any cascading failure will impact the economy of the entire eastern Canadian region, and thus, it is in the 
vested interest of all agencies, governments, and companies to develop a comprehensive plan to monitor 
and respond to any adverse event[26,33]. The availability and planning of a support structure for the workforce 
in the sector can be developed to compensate for vulnerabilities to economic loss and physical harm[6,15]. For 
example, research in other sectors has identified the vulnerability of lower-income residents[25,49]. The 
infrastructure ready to support personnel from this sector and others in the geographic vicinity should be 
further examined.
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Regarding future policymaking, the framework points to certain key measures that can be taken by the 
respective jurisdictional authorities by themselves and in collaboration with private sector players. As 
outlined, a comprehensive assessment will enable the identification of specific hazards that may affect the 
sector. This, in turn, will empower specialist teams to develop infrastructure standards that take into 
consideration higher physical stress parameters and longer timelines[6,42]. Other policy measures include 
developing a flexible and larger budget for undertaking emergency repair and long-term renovation of 
vulnerable and critical infrastructure points. This can be coupled with the development of local or 
alternative supply chain sources, reducing the need to import critical goods from across distances[13,55].
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