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ABSTRACT

This research explores the impact of various factors on helicopter operability and
response times during Search and Rescue (SAR) operations Gatlaglian Arctiomarine
environmentUsing the Helicopter SAR Operations Model (HESARO) to simulate scedarios
such as the number of people in distress, incident locations, and seasonal vareatibrise
Royal Canadian Armed Forces Helicopter Environmental Operability Model (RHEO) to assess
challenges faced by Cormorant helicopters in adverse weather, the study evaluates the
Maximum Expected Time of Rescue for Helicopter Operations (MHETIR The HESARO
model, built as a Discrete Event Simulation (DES),is&ablly simulates the sequence of SAR
events (e.g., helicopter takeoff, refueling, search, and rescue) at specific time intervals. This
eventbased approach enables the assessment of SAR operations under predefined conditions.
To account for variabilittand uncertainty, the model integrates Monte Carlo Simulation (MCS),
introducing randomness into key factors such as weather, takeoff preparation, and hoist time
for Persons in Distress (PID). Through multiple simulation runs, the model captures a broad
range of possible SAR outcomes, enhancing its ability to reflect the unpredictability -of real
world operationsThe results highlight significant spatial and temporal variations in response
times, with northern zones showing extended durations, particularly during winter months when
METR-HT exceeds 26 hours. In contrast, south@rctic zones demonstrate faster response
times, with durations falling below 15 hours in summer. These findings emphasize the need for
seasonal preparedness in Arctic SAR operatidhs. insights derived from this study have
implications for improving the IMO Polar Code, advising ship operators on safety protocols,
and supporting strategic planning by the Canadian Coast Guard and Armed Forces as maritime

traffic and incident risks coimiue to rise in the Arctic.

Key words: Search and Rescue, Maximum Expected Time of Resalieopter operations,

Canadian Arctic
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1. INTRODUCTION

Globalwarmingrepresents a fundamental and urgent issue that is extensively explored and
debated worldwide. One of its most significant impactdimate changewhich has a strong
effect in the Arctic region. Temperatures in the Arctic have increased atresalg four times
the global average (Bintanja & van der Linden, 2013). This warming has led to a dramatic
reduction in Arctic Sea ice extent, which is shrinking by approximately 12.2% per decade due
to warmer summer temperatures (Lindsey & Scott, 2022).

According to WWF Arctic (2024), this loss of sea ice is occurring alongside a global surge
in demand for resources, new shipping routes, and economic opportunities. The reduction in
sea ice has facilitated the exploration and use of new shipping routessstize Northwest
Passage, which connects the Atlantic and Pacific Oc8aib. @@velopmerg have led to a rise
in shipping traffic in the Canadian Arctic, driven by both commercial and tourism activities
(Mudryk et al. 2021).

However, the increase in shipping activity has several adverse conseqbearetes. (2021)
emphasize that Arctic shipping not only introduces risks to local ecosystems, such as threats to
marine mammals from increased underwater noise and vessel strikes, but also poses broader
environmental hazards like oil spills, emissions of sulfur and mtraxides, and black carbon
emissions that contribute to climate chanbas last one is due to carbon residtles, when
deposited on ice and snomeducetheir reflectivity (albedo).Furthermore, the growing human
presence in the Arctic, driven by ieased shipping, underscores the need for robust Search
and Rescue (SAR) operations to respond effectively to maritime incidents that could result in

severe environmental impacts and loss of life.

1.1 CONTEXT

1.1.1 Search and Rescue ithe Arctic

As these risks increase, special efforts from government organizaterequiredin
particular when considering disastenscold climatesthe coordination afesponse tdisasters
becomes even more challenging and essertslta et al. (2018) identifies cold disasters
(disasters occurring in cold environments) as particularly challenging due to three main factors.

The first one is thencreasedhallengeo survivedue to low temperatures and extreme weather.
1



Mak et al.(2011)highlights that this survivability depended on many factors, sudhalevel

of protection evacuees have against the eslavell as thair quality inside lifeboats and life
rafts The secondactoris that due to these low temperatures and extreme weather, there is also
a sparser populatidn the regiorthatresults inlimited physical and social infrastructurihis

lack of infrastructureaffectsthe ability to deliver aid, mobilize resources, and coordinate
effective communication during disaster response, making it more diticdlsloweto reach
affected areas quickly and efficientlyastly, cold disasters often involve complex institutional
arrangements and occasionally disputed jurisdictions. ddnslead taambiguities related to
the mandates, obligations, and limitatiersuch as jurisdictional authority or the capacity to
respond effectivelyof various countries and authorities, whiaften need to be clarified while
the disaster is ongoing.

In the Canadian Arctic, the incidents are respontdethd coordinated by multiple
organizations. The National SAR Manual presents federal SAR policy and outlines the federal
SAR organization and interdepartmental structure to provide successful SAR (DND, 2014).
The Canadian Coast Guard (CCG), in collaboratidth the Royal Canadian Air Force
(RCAF), operates a coordinated SAR system that deliversaber and aerial response to
maritime incidents. The RCAF has been mandated by the government to provicke etk
aircraft and crews for maritime SAR operations. The SAR system includes the operation of
three Joint Rescue Coordination Centres (JRCCs) that are funded, established, and operated by
the CCG and RCAF. In Canada, there are three JR&&@8igurel, which are JRCC Victoria
in British Columbia JRCC Trenton in Ontarjcand JRCC Halifax in Nova ScotidRCC
Halifax oversees SAR incidents in the eastern region and coordinates SAR alerts and
emergency responses. Additionally, there is a Marine Rescueedtte (MRSC) based in
Quebec Cityand one in StJ o h.Migegole of the MRSC is to alleviate therkload of the
JRCC in regions with heavy marine traffilc.this way, these three regions divide responsibility

for SAR operationgacross Canadand they can be observedrigurel below.



Figurel: Map of Canada showing 3 Search and Rescue red@asadian Coast Guard, 2019)

Figure 1 represents how the responsibility is shared between the three JIR@Es
Canadian ArcticJRCC Victoria is responsible for the primary SAR response in the Yukon
Territory, while JRCC Trenton oversees the Northwest Territories and Nunavut, including
northern Baffin Island. JRCC Halifax handles SAR operations for the southern half of Baffin
Island (Department of National Defence, 2018).

However, challenges persist in implementing SAR effectively in Canada, particularly
in remote and Arctic regions. Research highlights deficits in SAR risk governance, such as
limited organizational capacity, dispersed responsibilities, and inadequatehodtake
engagement. These governance challenges complicate SAR response efforts in vast maritime

areas with varying risk profiles and changing climatic conditions (Cucinelli et al., 2023).

1.1.2 Challenges inArctic Search and Rescue

SARoperations in the Arctic face unique challenges depending on the type of response
asset. For instance, marine response $a@éce concentrations, which significantly impacts
routes and increases response times (Choi et al., 200Sjaghimi (2024)estimated these

increases as well &oddardet al.(2024)who calculated the ice riskdjusted Estimated Time
3



of Arrival for polar class shipsin contrast, air response is most affected by adverse weather
conditions. According to Zacharovs§ and LerR
turbulence, icing, and storms are the greatest factors to helicopter opedatiaddition to

directly affecting flight safety and transit times, extreme conditions can also cause airport
closures or disrupt fuel supply chains, further delay®dr air assets from reaching incident

sites.A notable example occurréa November 2023, when a snowstorm with winds exceeding

100 km/h in Arviat prevented planes from landing or taloffgfor over 24 hours (Antunes,

2023). Additionally, Ohi and Kim (2020) affirm that visibility and crosswind speeds are key
factors influenc ng f I i ght di sruptions. These chal |l e
rapidly changing environments, where varying weather conditions across its extensive areas
can complicate timely and effective rescue responses.

Given these intensified risks arde extra challenging environment f@AR, the
International Maritime Organization (IMO) created the International Code for Ships Operating
in Polar Waters, known as the Polar Coahich addresses not only SAR but also ship design
and operationsto increase safety ofhips in polar waters as well asquipmentand
environmenral protectionn these remote locations. One of the specifications in the Polar Code
is that the equipment and supplies necessary for survival in a maritime emergency must remain
operational to anticipate survivability of people on board foiMagimum Expected Time of
RescugMETR), which must be at least five day§10, 2(24).

Gudmestad and Solberg (2019) suggest that survivors would likely not endure five
days under the current equipment regulations. The definition of "sufficient" equipment in these
regulations is uncleafPower et al.2019) Moreover, the Polar Code does not adequately
address all potential health risks, particularly mental health, physical mobility, and dehydration.
There is also evidence of insufficient understanding and implementation of the Polar Code.
Furthermore, various sources indicate ttmhpletinga rescue i days is insufficient to reach
some remote locations, especially under challenging environmental conditions, due to the
limited infrastructureand the fact that response assets in Canada are concentrated in the South.
(Mostaghimi, 2024Solberg, 2017)

The limited infrastructure and extreme conditions prevalent in the Arctic render the
five-day stipulation outlined in the Polar Code impractical for m&#R operations, as
corroborated by the findings of MahoneyR&thon (2023) and Mostaghimi (2024).



1.1.3 Modeling and Analysis of Search and Rescue

Several studies have explored the modeling and analysis of SAR operations, focusing
on predicting times to improve strategic planning. Previous research has addressed aspects such
as optimizing response times, determining the optimal location of SAR svéa&dlari et al.,

2018), enhancing communication systems, and assessing the impact of environmental
conditions on operational efficiency. Forouzangohar (2022) contributed by developing a
locationallocation model that not only improves SAR vessel covesdgeg Canada's East
Coast but also integrates transit time estimation mechanisms, balancing cost, coverage, and
resource allocation. These studies provide valuable insights into SAR challenges and solutions
in Arctic environments.

Stoddard et al. (2024), for instance, focused on determining the fastest route between
two locations in the Arctic by ship, accounting for ice risk. Similarly, Mostaghimi (2024)
estimated travel time based on various incident locations throughout thaa@efedic, while
also evaluating key factors that contribute to efficient SAR operations for marine resources,
with a focus on estimating the Maximum Expected Time of Rescue (METR) using marine
assets. While both studies focus on marine resouzeesn Mehr et al. (2023)nvestigated
SAR response by aizarrinMe hr 6 s wor k expl ored how factor
of helicopters, and operational conditions affect the overall success and duration of SAR

operations when using the Cormorant-C#D helicopters.

1.1.4 Research Contributions

This research contributes to the field by analyzing how weather conditions impact helicopter
operability in the Canadian Arctic, with a specific focus on the Corm&aRthelicopterfor
marineincidents The study examines key factors affecting helicopter operability and uses
simulation techniques to estimate the MaximixpectedTime of Rescuei Helicopter
Operationg METR-HT) under various weather conditions. By exploring different scenarios
across locations and times of the year, this research ainnhamee SAR strategic planning

and improve operational effectiveness in the Arctic.



1.2 RESEARCH OBJECTIVES AND QUESTIONS

The primary aim of this research is to investigate how weather conditions influence
the operability of helicopters in SAdperationgmpacts on response tini@ ship incidentsn
the Canadian Arctiandto determine the METRor helicopter responsé&he study addresses
these key objectives by evaluating helicopter performance under various weather conditions,
identifying the factors that affect MEFRT, and simulating strategic scenarios across different
locations and times of the year. The research is guided by the following specific objectives and

research questions:

- To evaluate the impact of weather conditions on the operabilitiR @AF
helicopters useth Search andRescue operations in the Canadian Arctic.

- To determine the MaximumxpectedTime of Rescue (METR) for helicopter
based rescues.

- To simulate strategic scenarios to identify MET& helicopter operations
considering varying weather conditiaisough incident locati®and times of the
year

Research Questions:

Q1: How does the weather impact helicopter operability in the Canadian Arctic?
1 QL1.1: What specific weather factors affect tperability of theCormorant

helicopter, and in what ways?
1 Q11.2: How datheseweather factors vary across different locations and times
of the year in the Canadian Arctic?

Q2: What is the METRor helicopter operations in the Canadian Arctic?

1 Q2.1: What factors influence the METR for helicopteres?
1 Q2.3: How do varying weather conditions impact MEMR in different

locations in the Canadian ArcBic

1.3 THESIS OUTLINE

This thesis is organized into six chapters. Chapter 2 provides a comprehensive

overview of existingesearch oArctic shipping and SAR operations. It also examines previous
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studies related to helicopter operability and the METR. Chapter 3 details the research methods,
data collection procedures, and analysis techniques used in this study. It explains the simulation
models applied tahe SAR scenariashow they are determinednd their relevance to
understanding METR. In Chapter 4, the findings of the research are presented, highlighting the
effects of weather conditions on helicopter operability and METR. This chapter provides an
analysis of how varying weather conditionsluginceresponse timeChapter 5 interprets the
results in the context of the existing literature, exploring the implications for SAR operations
and strategic planning in the Arcas well asuggesting directions for future reseatgimally,

Chapter 6 summarizes the key findings and contributions of the research.



2. LITERATURE REVIEW

During a ship incident event, especially when located in Polar Waters, surviving in the
harsh environment conditions is challengiigcause of this, multiple efforts from SAR
organizations are made to ensure prompt respongiatishipsare equipped witappropriate
survival equipment. This reality isqually importanfor northern Canadn maritime areas.
Consequently, thifiterature review aims to understand relevant aspec&Ast for marine
incidentstheirtypesand frequencyAnticipatingthemodding required to answer the research
guestionsthe aeronautical response system #@gaadrganizationare described as well, and
earlier model developments to gain insighta@nonautical SAR operatioase reviewedThe
overallaim is to provide a basis afinderstanihg the importance of METR investigations in
the Canadian Arcticand to review previous related work

This chaptempresentsa thematic literature review to outline and provide a basis for
understanding key aspects $AR in the Canadian Arctic, focusqatimarily on helicopter
response for building the modahd performing the analyses answer the research questions
outlined in the introduction. The literature review starts by giving an overview of ship activities
in the Canadian Arctic in order to understand the extent and nature of maritime activity in these
waters Insights from existing literature on historical ship acctdem this region are discussed,
highlighting the types and frequency of incidents that necessitate helicopteof@idions.
Patterns and common factors identified in emergencies that may impact the METR are
discussed, drawing from existing researfthaddition, in section2.2, an overview of the
Canadian SARystem its structurepperationsand challengeare presentedrhen,in section
2.3, a review of simulation modelf®r maritime SAR operationsn the Canadian Arctics
provided describingexisting modelswith similar aimsto the current work These themes
together set the scope and provide an information basis to develop and construct the proposed

model to investigate the METR.

2.1 ARCTIC MARITIME SAFETY AND SHIP ACCIDENTS

2.1.1 Overview of Ship Activity in the Canadian Arctic

Arctic shipping has experienced significant changes due to climate change, which has

led to a reduction in sea ice cover and opened new shipping riyutls. periodof 2013to
8



2023, maritime traffic in the Canadian Arctidasincreased by 37% as reported by PAME
(2020) According to the same source, the number of unique ships entering the Polar Code area
was 784 inSeptembeR013, whereas ithe same month i2023, this number increased to
1,122. This rise in activity brings new challenges to maritime safety and highlights the need for
an effective SAR system.

Maritime activity in the North is vital for the communities that rely anwith
approximately 95% of supplies to this regibaingtransported by sea (Transport Canada,
2018). As the Northwest Passa@®/NP) becomes more accessible due to climate change,
predictions indicate that shipping activity will continue to rise. This increase is not only driven
by the accessibility of new routes but also by the expansion of project proposals in the Canadian
Arctic (Drewniak & Dalaklis, 2018). Besides supplying communitikgther maritime
activities in the Arcticonsist offishing, supporting industrial operations, exporting resources,
research, and tourism (Eguiluz et al., 2016).

However, the decrease in sea ice, while facilitating more shipping activity, also raises
the risks involved. The Arctic remains a harsh environment where ice conditions, including the
southern shift of pack ice and the presence of drifting old ice (Qf)ince to pose significant
threats to maritime safety (Drewniak et al., 202hese conditions can create choke points in
narrow channels, presenting considerable navigation hazards. Additionally, vessels navigating
these treacherous waters pose riskéhéofragile Arctic ecosystem and the traditional secio
cultural environments (Fu et al., 202This evolving situation underscores the importance of
robust SAR capabilities to address the heightened risks associated with Arctic sfWitsog
et al.,2004)

While some studies, like Sheehan et al. (2021), have projected that the shipping season
could extend to 2.5 months by 2030 due to reduced ice coverage, this view is now challenged
by more recent findings:or instanceCook et al. (2024) argue that despite the overall decline
in sea ice, the presence of myldar ice (MYI1) and the formation of ice choke points in key
areas of the NWP maneducethe length of the shipping season. Their analysis of shipping
routes from 2007 to 2021 suggests that some regeantscularly along the northern route, have
seen a significant reduction in navigable weeks due to these persistent ice hazards. This
contrasting evidence highlights the complexity and variability of Arctic ice conditions and
suggests that predictions ah extended shipping season may be overly optimistic, especially
for certain sections of the NWP. Allianz Global Corporate & Specialty (2020) [10] pmints
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that although the consistency of accident investigation reports is currently lacking, these reports
play a crucial role in enhancing safety and preventing future accidents by providing insights
from past incident€Consideringhis, the next subsection wpkesentesults of work focusing

on historical incidents in the Canadian Arctic.

2.1.2 Analysis of Historical Ship Accidentsin Canadian Waters

Historical data on ship accidents in Canadian waters shows common patterns.
Transportation Safety Board of Canada (2023) shows that in 2022 there were 197 shipping
accidents with most of themconcerningfishing vessels (30%) and cargo vessels (23%). In
addition, the mainaccident typeswere collision, grounding and fire/explosion which
represented 32%, 25% and 178gpectively Comparablyin the period2010to 2019, the lead
cause is machinery damage/failure in ship&rictic waters, often aggravated bgrsh weather
conditions and limited navigational aids (Allianz Global Corporate & Specialty, 2020).

Another study from past incidentstise one byStoddard and Pelot (2020)sing a
spatiotemporal analysis of maritime SAR incidents from 2005 to,20%8asonal patteia
elucidatedwith ahighernumber oftases in summer months. Furthermoris, study analyzed
the severity of incidentacrossCanadian waters The results emphasize the important role of
historical data to support SAR decisioraking and highlight the importance for ongoing
improvements in safety protocdts shipsand rescue capabikisfor SAR servicesAlthough
Stoddard and Pelot (2020) focused on the Atlantic region, their findings on the seasonal pattern
of incidents, with higher occurrences in the summer months, may still offer relevant insights
for this research. The mulgiear analysis highlights eaneased maritime activity in the summer,
which could similarly impact SAR operations in the Arctic. Additionally, the presence of
incidents during the winter months underscores the importance of testing scenariosigdar
as weatheand operational challenges persist throughout the entire year.

When analyzing historical ship incidents, it is crudéalthe purposes of the current
work to gain insights ito cases involving aerial response. The Canadian Armed Forces
responds to more than0®0 SAR calls per yeaountrywide with around J000 requimg the
deploymenbf SAR air assets (Frost, 202The author also notes a rise in the numbenhede
callsinvolving aerial response based on data from 2015 to.2@4.8lso shows an increasing
tendencyin aeronautical response operati@hu® to climate change and tredatedincreasd

shipping activity in the north.
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Ng (2014) highlights the importance of helicopter assets in SAR operajives their
capability to providerapid response and aerial viewing when searchidditionally,
helicopters can perform vertical landings, eliminating the need for a runway or landing
infrastructure, unlike most fixeding aircraft that require horizontal landing spadeis makes
helicopters particularly versatile for operations in remote areas and for responding to incidents
at sea, where they can hover and perform rescuesuvitieeding landing infrastructurin
contrast Solberg et al. (2017) cite some limitations of helicopters, incluthieg restricted
flight times due to limited fuel capacijtyvhich is worsened by the scarcity oéfueling
infrastructure in northern regions. Other challenges include crew rest requirements, technical
issues, weather restrictions, limited range, and visibility concéims.limited @pacity to
rescuenumerousdndividualsis another critical factor, particularly as cruise ship traffic in the
Arctic increases.

Despite these limitations, helicopters remain highly effective for responding to
incidents involving smaller vessels, where their quick deployment can significantly reduce loss
of life. Furthermore, in cruise ship scenarios, helicopters can provide wiipbg, such as
delivering supplies ocoordinatingthe operationThis supportis evidenced fronthe research
vesselAkademik loffe incident in 2018, when CCG vessels were deployed for the rescue and
CC-130H Hercules aircraft (a fixed wir§AR Unit) and GH-149 Cormorant helicopters were
tasked. The Hercules arrived on scene 8 hours after the first distress messlagedcasted
and stood byn theshipd s | ¢ ardirtg mround it. The Bell 429 helicopterAR Unit from
the CCG vessel Amundsen) was deployed to oversee the evacuation (Transportation Safety
Board of Canada, 2018).

In addition, helicopters caprovide directoperatonal support byrescuing people in
major scenarios as welin exampleof such as casis the Viking Sky cruise ship incident
which happened near the Norwegian caas019with 1,373 persons on boart@ihe large
scale SAR operation involved multiple agencies, with helicopters serving as the primary asset
for hoisting people in distress from the ship (DSB, 2020 rescue operation was a success
even with high waves and adverse weattiex operation was completafter 18 hoursvith
475 peoplerescued from the cruiship, including 466passengers and 9 crew memb@ise
remaining passengers stayed on the ship, as the situation improved when the vessel regained

some propulsion power and was able to maneuver.
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In conclusion, helicoptersan offer a highly effective SAR response due to their
numerous advantagesven in harsh conditions and remote ar@ashighlighted by Karatas et
al. (2017), if allocated strategically they are the most effective vehicles for responding to
maritime incidents thanks to their capabilities such as air search, rapid personnel and equipment
transport, reduced patient transptime, specialized equipment for various incidents, and

reliable operation in challenging environments.

2.2 OVERVIEW OF CANADIAN SAR OPERATIONS AND CHALLENGES

SAR in Canada is a collaborative effort involving various agencies, reflecting the vast
size of the country and its diverse terrain and weather conditions. The National Search and
Rescue Program (NSARP) involves national, provincial, and municipal govetsyrakngside
other SAR organizations, to deliver SAR services nation@Biterernment of Canada, 2018)

When the distressvolvesships, there are two main entities responsible to provide response to
maritime SAR, the Canadian Coast Guard and the Canadian Armed Forces. This section will
introduce these two organizations as well as the challenges faced and gaps in the context of the

Canadian Arctic.

2.2.1 Structure and Operations of Canadian SAR

According to Funston (2014), SAR operations in the Arctic are uniquely challenging
due to the vast and remote area they cover and the unforgiving environment. SAR missions
include air, ground and maringith different organizations dividg theresponsibilityfor these
operations

The regulatory context for Maritime SAR in Canada is shaped by a complex interplay
of international and national laws and agreements. As Cucinelli et al. (2023) note, Canada is a
signatory to several international conventions, including the UN Conventitred_aw of the
Sea, SOLAS, and the SAR Convention. These conventions establish general principles and
requirements for SAR operations.

At the national level, Canadian legislation, such as the Canada Shipping Act, Marine
Liability Act, Emergency Management Act, and Oceans Act, provides the legal framework for
implementing these international obligations. Additionally, the Canadian Aercalaahd
Maritime Search and Rescue manual (CAMSAR) outlines specific guidelines and standards for

coordinating and operationalizing SAR response.
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Cucinelli et al. (2023) also gives context dmetagencies and actors involved in
Maritime SAR in Canada These responsible authoritiderm a complex network of
organizations working together to ensure a coordinated and effective response to maritime
emergenciesAs introduced irSection 1.1.1the Canadian Coast Guard (CC#3)the primary
agencyto coordinate maritime SARas the task to provide specializedwater response
resourcesThe Royal Canadian Air Force (RCAF) provides aerial SAR capabilittesRCAF
has been mandated by the government to provide dedicated aircraft and crews for maritime
SAR operations.

Additionally, federal vessels and aircraft are taskgdloint Rescue Coordination
CentregfJRCQ with SAR response duties based on their capabilities (CCG, .ZDIFYRCCs
are staffed by the Department of National Defence (DND) and C&@rse@ng the entire
process of SAR operations, from initial planning to final execution (Government of Canada,
2019). DND also plays a key role in developing national SAR policies and working
collaboratively with the CCG on marine SAR.

Transport Canada (TC) serves as the lesgllatory authorityfor overseeing and
regulating transportation systems in Canagdting shipping legislation and safety standards
and supporting aeronautical SAR prevention. Other federal partners, such as Parks Canada,
Environment and Climate Change Canada, and Public Safety and Emergency Preparedness
Canada, also contribute to SAd®forts. Additionally, provincial, territorial, and municipal
governments may provide technical support and scientific advice.

To better understankdow these agencieare dividedDND (n.d.) published an info

brief containingall the governmen$AR respons@genciespresented in thEigure2 below.

Aeronautical Maritime
Lead: Department of National ’ Inland SAR (GSAR)
Def . F[')ND Lead: Department of Fisheries ) )

efense ( )} and Oceans (DFO) Lead: Provinces, Territories,

Primary Response: Royal Primary Response: Canadian Municipalities

Canadian Air Force (RCAF) Coast Guard (CCG) Response: Emergencies Measures

Sacondary Response: All other

Federal assets, Civil Air Search

and Rescue Association

(CASARA), contracted

resources, and volunteers on
equest

Organizations, Royal Canadian Mounted
Palice (RCMP), Ontario Provincial Police
(OPP), Sireté du Québec (SQ), Ground

Search and Rescue (GSAR) Volunteers,

other organizations, contracted services,
Federal resources on request.

Secondary Response: All other
Federal assets, Canadian Coast
Guard Auxiliary (CCGA),
contracted resources, and
volunteers on request.

Figure2: All of Government SAR Response Agencies (DND, n.d.)

The current work focuses on theronautical, more specifically, tioyal Canadian
Air Force (RCAF)which provides therimaryair response. This organization has resources to
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support eaciRCCand the assetse listed below inTable 1(Canada, Department of National
Defence, 2022)

Tablel: SAR aircraftoperated by th®oyal Canadian Air ForcgCanada, Department of National
Defence, 2022)

Aircraft Type
CH-146 Griffon Rotary
CH-149Cormorant Rotary

CC-130HHercules Fixed Wing
CC-295 Kingfisher Fixed Wing

The table shows all four types of air assets from the RCAF as welthisi# a rotary
(helicopter) or a fixed wingsset In addition,eachof themhas a specifiaumber of crew
requiredto operateandthe number of SAR Technicians (SAR Teclm®ededvho are experts
trained to provide advanced medical treatment and rescue in remote or inaccessible areas.

Figure3 complements the information froable 1 incluling the location whereachasset is
based.

0 250 500 TS0 1,0001,2530 Kiometres
(I [N SN NS S—
w— Canadian SAR Arsa

SAR Locations
JRCC
©  Main Operating Base

LIS# ® Secondary Operating base
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B NE j“;ﬁ—‘ CH-143
_____‘ &\ O._ o Cormorant
UsA - () Lo » '1-:‘;_4 Gk CH-146 Griffon
C-295
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LINEEASSIEIED S SANS EEASSIETEAFION

Figure3: Location of primary and secondary Air SAR assatiaptedrom DND, n.d.)

Each asset is adequate for specific kind of misdi@n.example,ite Hercules is a

capableaircraft that can quickly transport emergency supplies and SAR personnel to remote
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locations.The Cormorant is a powerful helicopter equipped with three engines, allowing for
extended search missioiAR Techscan be lowered from the helicopter to rescue individuals

in remote areas or from shigshas a large cargo area with capaor up to 12 peopleThe
helicopter is essential in this context since it can access some remoterackagssels cannot

or cannot easily reaclespecially when challenges such as heavy waves and sea ice are
encountered (The Standing Senate Committeéisireries and Oceans, 2018).

According toHarila (2019) SAR operations include 5 stages, the notification of an
emergencythe first measurementie preparation of the SAR operatidhe deployment of
emergency resources and lastlye ttonclusion of the SAR operatiokiennedyet al. (2013)
also describes the relevant phases of SAR operatibinsughdividing only in 4 phaseslThe
phases arghown inFigure4, the stages of a SAR operatimtlude initial communications,

travel to location, search period and rescue activities

Phase 1:

Initial
Communications

Phase 3:
Search Period

Figure4: Exposure timeline and relevant phasESAR operationsennedyet al, 2013)

Kennedyet al.(2013) highlights these 4 phagbat are in the process of exposure time
thatthey calculate intheir work. Each phase includes their start points and Rhdse 1 starts
with the emergency event and ends with the resource departure2Pi@ds with the resource
departure and ends with the arrivaltla incidentiocation. Phase 3 starts with theival at
location and ends with the location péople in distress. Lastl{?hase4 is the time between
locating peoplen distress and is completed whepeopleare successfullipocated in a rescue
resource. Thauthor affirms that théactors influencingotal exposure time miglaffect only
one phase, multiple or all phasg®wnin Figure4.

Lastly, Zarrin Mehr et al. (2023) dividee SAR process into several distinct phases.
Unlike previous models, the authors introduce additional steps, resulting in a total of nine
phases. Phase one involves confirming the distress notification. Phase two focuses on decision

making based on thedation, weather conditions, and available resources. Phase three is the
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preparation of the helicopter, while phase four covers the flying stage. Phase five involves the
search, and phase six addresses the rescue. Phases seven and eight pertain to the weather
impact and the coordination of multiple helicopters, if necessastly, phase nine involves

disembarking the survivors.

2.2.2 Challenges in Arctic SAR

Arctic SAR operations face numerous challenges. These include difficult and
dangerous operating conditions, limited support infrastructure, and unreliable communications.
Coordination and cooperation issues further complicate efforts, especially sineeypBAR
assets are located in southern Canada, resulting in vast distances to cover. Additionally, there
are fewer vessels of opportunity and aircraft available for quick response, thedamigrface
presents unique obstacles, and extreme weathertiomsdoften exacerbate these difficulties.
Russell (2011) notes that the harsh Arctic environment significaathplicatesSSAR efforts,
with thechanging environment reqing additional response capabilities in the area to enhance
the SAR effectiveness.

Ikonen and Andreassen (2019) idensieveralgaps regarding Arctic SARsuch as
lack of coordination,inadequatecontingency planning, poorly charted areas, outdated
technology, and unreliable communication systemdinding from the authors through an
exercise in Icelang that shipcrews typically do not want to call in an incident to the JRCC
right away and will try to correct it alone, efeasesponse authorities want to knadvout a
possible needb rescueas soon as possible so they can prepare. This is important because if
industry is late alerting the response authoritieen the whole response is delaypditing
lives at risk. TheNorway Coast Guard noted that if they are notified right away, they can move
helicopters or have response assets on standby in the region to facilitate a rapid response if the
situation worsens.

Fuston (2014) analyses the gaps in resp
mentions infrastructure, training, communications, monitoring and notification, response
equipment, governance issues, and insurance.

The remoteness of the Arctic poses a significant challenge for SAR. Bouchard (2020)
highlights the need for improvemeim airport infrastructure, including increasing the number
of airports up north and better positioning SAR technigialh®f whom are currently located

in southern regions. The author also mentions the importance of investments in weather
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monitoring capabilitiesgiven theless predictable weatheonditions as well as improved
lighting systemdor the airports runwaysas these areritical for operationalsafetyin low
visibility conditions.

In addition to these operational challenges, governance deficits further complicate
SAR efforts in the Arctic. Cucinelli et al. (2023) idegtifey deficits in organizational capacity,
such as the shortage of resources and personnel, particularly in remote northern regions, which
affects response times. Furthermore, the dispersed responsibilities among various agencies
hinder coordination, delayg critical decisions. Different perceptions of risk between SAR
authorities and local communities also creatdlenges, emphasizing the need for beitage
of Indigenous knowledgir SAR operations.

2.2.3 Helicopter operability

As discussed irBection 2.1.2, helicopters facarious challenges Arctic SAR
operations, primarily due to weathewnditionsand rangeestrictions Kennedy et al. (2013)
identifies additional factorthat impactoperations and consequently, totascuetime. The
authors includelistance from airport, distance from shore, type of response resource, physical
state of response resources and syeammunication effectiveneasdcapability, preparation
of response crew, state of evacudémnedy et al(2013) alsonotethatfor marine response
the training and experience of the vessel's captain and crew significantly influence SAR
operations, especially in harsh environmelfitss argued thathtese factorgan significantly
influence the total response tini@ marine incidents in the Arctic. Wheocusing on the
weatherconditions various factors impact helicopter operabilityin particular theas s et s 0
performancesuch asreduced range, decreased speed, or even flight cancellations to ensure
safety. According to Ferrari (2019), hese critical weather factors include visibility,
temperature, wind and precipitatioiihis highlights the importance of considering those
conditions when calculatinigelicopter times.

These weather conditions vary considerably based on the location and time of the year.
Karatas et al. (2017) conducted a stinlyhe Aegean Seaegionto determinean allocation
plan of SAR helicopters considering proximity to potential incident locations. The ssiioov
how the weather varies across different stations and the importance of considering them when
calculating helicopteresponsetimes. According to thee authors three weatherfactors

impacting helicopter operability are thunderstorm, heavy precipitation anevifoch should
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all be accounteébr in the vicinity of station. For the calculation of probability distributions of
these 3 weather conditions, the study used historical weather data in the vicinity of 9 different
stations along the coastline of the Aegean $eaddition to considering weather conditions,

this work alsoaccounts for probability distributions of helicopter failure raBystem failures

in SAR vehicles can significantly impact operations. Despite scheduled maintenance,
unexpected failures can occur, partarly during peak seasongo consider thisaratas et al.
(2017)usedhistorical data to determine probability distribusotihat vereused as inputs in

their work.

Severalktudies consider the weather impactlomexpected time of arrival (ETApr
marine assets, highlighting the importanceaisidering weather when estimating transit time
Whereas for helicopter operatioitsis likely that otherfactorsinfluence transit and rescue
operation timesthese studies confirm the importance of including weather conditions in SAR
vesseloperations modeling and analysis. For examPieonsen et al. (2015) studied how to
generate an optimum router shipsbased on weather forecasts. The model considers the
impacsin fuel consumption and how weather routing impacts finding minimum time of arrival
usingstorm avoidance.

Additionally, Mostaghimi (2024) developed a simulation model to estimate the
Maximum Expected Time of ResciieVessel Transit (METR/T), accounting for varying
conditions such as ice coverage, time of year, bathymetry, agoicg capabilities of vessels.
This methodology aligns with the importance of accounting tfar factors influencing
helicopter SAR operations, particularly when considering weather and environmental
conditions that affect response times in the Arctic. Incorporating such variables/@sphe
accuracy of SAR modeling and strategic planning for Arctic operations.

Siljander et al. (2015) applied Gl&ased tools to evaluate SAR response times,
considering environmental conditions like wave height and the capabilities of SARuhits
Gulf of Finland Their work highlights how prevailing wave conditions and harsh
environmental factors can significantly affect SAR response times, especially in remote regions
such as the northwest Atlantic and Arctic. This supports the importance of including
environmetral factors like adverse weather when estimating response timssdtegic SAR
planning. New methods are required to better estimate the impact of these conditimta on
SAR time.
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Although these works show the importance of considering weather factors when
calculating total response times, they primarily focus on mdorased SAR operations. In
contrast, very few studies have addressed the impacts of weather conditions on penséses
in SAR, patrticularly within the Canadian Arctic. Some of these works are presented in Section
2.3, but even those studies have significant limitations, sualot@sonsidering historical
weather datéor operating conditionsr considering only sumen monthsThis gap iditerature
highlights the need for further research in this area.

The presentvork aims to fill this void by focusing specifically on how weather conditions
influence helicopter operability and response times in Arctic SAR operations. As discussed in
Section 2.2.3, the unpredictable and harsh weather conditions in the Arcticqplagred role
in limiting helicopter performanandincreasingotal times By incorporating detailed weather
data and helicopter performance metrics, this study will contribute to more accurate SAR
response models and strategic planning fatiArescue operations, addressing the limitations
left by previous studies and providing insights into the complex realities of Arcticf@AdR

responses.

2.3 EXISTING WORKS FOR SAR OPERATIONS IN THE CANADIAN ARCTIC

Several models have been developed to simulate SAR operations, each with its own
strengths and limitationZarrin Mehr et al. (2023g¢mploys Discrete Event Simulation and
Monte Carlo Simulation to predict SAR outcomésplemented in Matlab codé&arlier,

Piercey et al. (2019roposed aleterministicapproachto estimateexposuretimes inPolar
regions based on a set of closéam formulasimplemented using Python programmingisTh
latter approach is more focused on integrating SAR operational data sttaightforward
predictive model, rather than simulation technigeigsh asMonte Carlo.

This distinction reflects the differing focuses of the two wodarrin Mehr's model
is aimed at exploring various scenarios through stochastic processes that can support strategic
decisions, while Piercey et al.'s work is deterministic, providing a practical calculation method

to estimate exposure times basediserdefinedSAR variables and operational constraints.

2.3.1 Rescue Time Simulation

Zarrin Mehr et al.(2023) investigated the factors that influence SAR operations when

using helicopter assets, focusing on the Cormorantl@¥H helicopter type. The study
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examined which factors have the greatest impact on SAR operations and analyzed how distance
PID, refueling locatiorand the number of helicopters affect tbal timeof the operation. The
author also validated his model to ensure its predictions were consistent and accurate.

To achieve those objectivegarrin Mehr develogd a macrescale SAR model and
implemented this in IATLAB code to simulatéhelicopterSAR operationenCanada 0 s E&¢
Coast. Using aDiscrete Event Simulation approachZarrin Mehr introducel stochastic
elements t@account for operationaincertaintiesto gain insightgo the variability associated
with SAR operations. The model considers essential elements of the SAR opeiatiadsg
the incident location, number of people in distress, helicopter badeefueling locations,
helicopter specificationshenumber of helicopters operatingthe areaandtheseasonWhile
Zarrin Mehr et al. (20233dopts a generic approach to differentiate helicopter operability in
summer and winter conditions, focusing primarily on factors like distance and the number of
helicoptersthe currentresearch specifically addresses the detailed representation of weather
conditions and their impact on helicopter SAR response operationscurhest workaims to
provide a moreefinedunderstanding of how varying weather conditions influd¢ontad times

Zarrin Mehr et al. (2023esearch also emphasizes the importance of model validation
through reaworld case studies. The model's plausibility was demonstrated by successfully
replicating the timeline of the Viking Sky incident, with the simulation results aligning closely
with adual rescue operations, showing a high degree of accubagdjtionally, the research
extends its applicability to Arctic scenari@asdicating asignificant reduction in rescue times
when helicopter basewe relocatedloser toincident sites, particularly for smaller survivor
groups. This validation procepsints to the usefulness$ the model and its potential to inform
strategic decisions in SAR operations under varying conditions.

Kennedy et al. (2013)eveloped aet of interlinked deterministformulasto calculate
the exposure time at amycation in theArctic. Their approach considers the different phases
of the SAR process given a marine incident, the response resources, the key factors influencing
the duration of exposure time, and theidentlocation. For this, emergency scenaneere
selecteda survey and workshop for expert opinion and lastly, data analysis for congtancti
exposure timenapwas performedThe authas state that there are 15 factors that influence
exposure timethe distancebetween emergency site aadport, distancdetween emergency
site andshore, wind and waves, air temperature and precipitéti@combination ofow air

temperatures and precipitation can lead to icing conditions, which significantly impact SAR

20



operationy, ice condition, type of response resource, physical state of response resource and
crew, communication effectiveness, preparation of response crews, communication capability,
state of evacuees, visibility, bathymetry, training of captain and crewthenaiccuracy of
environmental models (for example for drift predictions and weather conditions). For the
scenariosKennedy et al. (2013elected 8 locations and weather scenafiusse scenarios
were chosen based on general low and high conditiatieer than a detailed historical
evaluation for each location.

Figure 5 below shows the results obtained, where the 'low range' corresponds to
scenarios involving helicopter response, and the 'high range' corresponds to scenarios involving

marine response.
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Figure5: Results of the model by Kennedy et al. (2013) showing merged exposure time ranges based

onair and marin€Canadian resources.

In the model, he time of the year considered is Afidgust, not accounting for other
periods when incidents could occur too. In addition, the results account only for low and high
environmental conditionsot consideringonditionsthat could occur in betweemhe authors
emphasize that the maribased exposure time ranges are highly dependent on the specific
time of year. They recommend further research to define exposure time ranges for the shoulder

seasons of the operational period to better undetstaw varying environmental conditions
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throughout the year impact response and transit times in the Ataticontrastthe present

work extends this analysis by accounting not only for shoulder seasons but also for the extreme
winter conditions in the Canadian Arctic, providing a more comprehensive view of response
times across all seasons.

Piercey et al. (2019) developed a comprehensive methodology for estimating exposure
time in Polar regions, building on earlier work by Kennedy et al. (2013). Their approach
considers several key variables critical to SAR operatiscue craft speed, capacity, and
range proximity of bases and ports to the rqutee number of individuals awaiting rescaed
the number of survival crafts deployed. Additional factmsrelated toSAR response time
which are communication delays, and task force deployingme. The methodology is
particularly significant in the context of the International Maritime Organization's Polar Code,
which requires that lifsaving appliances be functional for at least five days default
minimum value for théMaximumExpectedTime of Rescue in Polar regioreccording to the
Code The study's findings suggest that as new and more remote routes open in these areas,
exposure times may exceed this fol@y benchmark, potentially leaving evacuees vulnerable
beyond the functionalriits of their lifesaving equipment. This work underscores the need for
enhanced SAR capabilities and preparedness in Polar regions as maritime activity continues to
expand into these challenging environments.

Hunter and Rempel (202Xpnducted a case study simulating the evacuation of a
cruise ship with 2,000 passengers along the Northwest Passage in August. Their analysis
utilized a mixedinteger programming capacitated vehicle routing model to assess
transportation and logistics challenges. The study established a Discrete Glob@ &&p
system to partition the Canadian Arctic into hexagonal cells, allowing for a granular analysis
of potential evacuation routes. Howevigrshould benoted that the study assumed optimal
conditions, such as the continuous availability of SAR resowmdghe absence of weather
delays. This represents a bease scenario antherefore likely doesot fully capture the
complexities of realvorld evacuations. Recognizing the need for medical care and repatriation
to southern Canada, the authorsconsidered the distance to Forward Operating Locations
(FOLs) as a crucial factor in evacuation planning. Additionallyy #stimated community
response capacity based on population size to assess potential supplementary support. By
categorizing cells based dactorssuch agproximity to communities and traffic density, the

model provids insights into potential fatalities and response times. This case study
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demonstrates the value of modeling tools in evaluating SAR capabilities and informing
decisionmaking in the context of larggcale evacuations in the Arctic, while acknowledging
the need for further research to address the potential limitations of agsdewsh conditions.

In particular, the lack of accounting for weather conditions, wietbese are found to
significantly influencethe operability of response assets as described in Sectioni2.2.3,
limitation which should be addressed in folloyp research.

2.3.2 Evaluation of Simulation Models

The current body of research on SAR operatibas produced several models addressing
various factors that influence rescue operations. A detailed comparison of these models is
presented i able2: Comparison of previous related studiegich highlights their objectives

and the factors theynclude in their modelsuch as geographical context, environmental
conditions, and types of SAR assets (air or marine).

Table2: Comparison of previous related studies

Historical

L i . Ai

Paper Objective Cana@ar Environmental g
Arctic . Responst¢
Conditions

Mostaghimi (2024) Estimate METR vor vessels response T T
Mehr (2023) Investigate factors impacting total SARtime T T
Karatas & Gunal (2017)  Allocation plan of SAR helicopters T T
Mahoney & Python (2023) Evaluate SAR exposure times T T
Proposed study Estimate METR for helicopter response T T T

Note: topicis considered T (i 2LJAO A& bh¢ O02yaAiARSNBR

As presented in Section 2.218aratas et al. (2017) employ a hybrid methodology combining
optimization and simulation for allocating SAR helicopters in the Aegean Sea, showing that
integrating both methods leads to more efficient resource utilization. However, this model is
tailored tothe Aegean Sea, a region that is significantly less harsh and remote compared to the
Canadian Arctic. The distances in the Aegean Sea are much shorter, and the region does not
experience the extreme environmental conditimnghe vast, remote areas that are typical in
the Arctic. As a result, while the model may be effective for stlistance, relatively mild
environment s, I'ts applicability to the Arct
While existing studies, like those by Karatas et al., offer valuable insights into SAR
operations, the gap between their focus areas and the unique challenges of Arctic environments

leaves an opportunity for further research. This study addresses thidergasaby focusing

23



on helicoptetbased SAR operations in the Canadian Arctic, which includes long distances,
remote locations, and extreme weather conditions.
Mahoney & Python (2023) also focus on SAR exposure time§rbiittheir study tothe

United States (US) ArcticAdditionally, while Mostaghimi (2024) provides a model for
estimating METR for vessels, it does not cover helicopter SAR operations, which are a crucial
component of SAR responses in remote Arctic regions. Moredeaernn Mehr et al. (2023)
examines factors impacting SAR timafsair responséutincludes a limited number of cases
in the Arctic region anthcks accouning for historical weather conditions

In summary, as shown in Table 1, none of the existing models fully address all critical
aspects necessary for comprehensive Arctic SAR modeling, particularly doassd SAR
operations in the Canadian Arctic. The gaps in the literdtuirecluding the ornssion of
seasonal variability, the limited focus on Arctic regions, and the absence of integrated air
response modeling are precisely where this study contributes. By developing a model that
incorporates these elements, this study aims to enhance AR and response efficiency

in Arctic regions.
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3. METHODOLOGY

The research methodology for this study incorporates both qualitative and quantitative
approaches. Semsiructured interviews were conducted for preliminary data gathering,
followed by data collection from Environment a@imate Change Canada.d.) which
provided historical weather dagaurced fromweather station®cated atirports across Canada
used in this current worl hese datasets were processed and analyzed through the development
of two quantitative modal the Helicopter Environmental Operability Model (section 3.2.4)
and the Helicopter Search and Rescue Operations Model (Sectiontd.2xX)lore helicopter
totaltimes of CH149 Cormorant helicopters in Canadian Arctic SAR operatwits a focus
on weatheimpactssupported by statistical analysisis studyaims to establish the METRr
helicopter operationso help decision makers withupdatesto the IMO Polar Codeavhich
specifest he shi pbs operating | oc ategupmenbndboad. t i me

This chapter presents theethoddevelopedexplaining the conceptual approach and
its key components. It also outlines the data sources used, and the assumptions made during its
application Figure 6 provides a flow chart illustrating the logical steps of the methodology,

helping to clarify the process of addressing the research questions.

3.1 INTERVIEWS

The interviews were divided into two distinct phases, the first one focused on getting
initial information around the theme and the second one focused on getting insights for the
modelling development and validation. It is important to mention that fdr jpodses of the
i ntervi ews, an ethics application was submnm
Board (REB) (file # 202-6883). This application included all the questions that were used in
the interviews, interview protocols, processes to andrg/mata, ensuring that the study met
ethical guidelines and standards.

In addition to these elements, the REB application also required detailed information
about the recruitment process for interview participants, including how individuals would be
approached, the criteria for inclusion, and steps taken to ensure voluatacipation. The
application outlined how informed consent would be obtained, ensuring that participants were

fully aware of the nature of the research, their rights, and the option to withdraw at any time
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without consequence. Furthermore, it specified the procedures for data storage and security,
detailing how interview recordings and transcripts would be securely stored to protect

participant confidentiality.

| 3. Methodology |

‘ 3.1 Interviews J

v _ v

3.1.1 Phase One ] | 3.1.2 Phase Two

(3.2 Helicopter Search and Rescue |
Operations Model

; L \ v

3.2.1 Helicopter SAR response model from Mehr ‘ ‘ 3.2.3 Overview of the updated helicopter SAR |
et al. (2023) ) | response model

. ¥ : p v

{ 3.2.2 Update process of the model J ‘3.2.4 Helicopter Environmental Operability Model 1

3.3 Weather Data Analysis

"3.4 Helicopter Routes for Center points in Shipping Safety
L Control Zones

‘ 3 5 Test matrix for analyzing helicopter SAR response |

\ 2.6 Final Statistical Analysis |

Figure6: Flow chart showing structure @hapter 3

The REB also required a risk assessment, which involved evaluating any potential
risks to participants (such as emotional distress or discomfort) and explaining how these risks
would be mitigated. Finally, the application included a plan for how resultddwos
communicated to participants, ensuring transparency and the opportunity for participants to

receive summaries of the research findings if desired.

3.1.1 Phase One

The first phase aimed to gather general information related to the research theme,
including Cormorant specifications and limitations, and factors influencing the METR.
addition,it aimed toreach consensus on how the model should look (i.e., what is included or
excluded and why), prioritize factors of influenaéentify which governmentlocal or
international resources are available to respond to incidents in the North and what their
capacities and capabilities akénderstand the decisienaking proess at different phases of

the SAR missiomndverify findings from the literature reviewndidentify relevant databases
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With those objectives, the model development was supported by real world information,
making itmore reliable.

The workshop was focused on Arctic maritime and aeronautical SAR planners,
responders, and managers, marine shipping consultants, and international pahisgghase
consisted of a thregday workshop that lasted for around four hours and a half each. The
workshop washeld online due to restrictions during the CoMifl pandemigtaking place in
February 2022 using the Zoom platform. All the sessions were recorded using the platform
tools and the attendees were informed of being recomlextcordancevith REB. In the
beginning of the session, a link leading to a folder was provided with documents that would
facilitate the discussion, such as the sl i
document, acronyms, a definitions document, and lastly, a docymesenting the project in
more details.

Each day of the workshop fo@don distinct parts of the researatith the first day
of interviewstargetingSAR planners, the second foowgson aeronautical responders including
DND, air fleet pilots/operators, SAR techs, CASARA and lastly, the third session with marine
responders such as CCG, CCGA, classification societesnariners.

The first day of workshop had the goal to gain a better understandifbparameters
and variables should be accounted for in the maadbkht influences rescue time and how
decisionsduring the SAR response proceasee made.During the session, polls were
administeredso the group could gather everyone's opinions based on their experiences and
expertise.The polls included questions about tBepectedTime of Rescue under different
conditions and how the time of year influences SAR operations. Inrgtedll, participants
were asked whether they believed the time of year affects rescue operations, providing a simple
yes/no respons@dditional polls were designed to explore the relationship between the number
of Persons on Board (POB) and the time required for rescue.

In addition to brainstorming about the presentation of results, the design of the METR
model, and identifying the key factors influencing MEYBuch as divisions of time, space,
and peoplé discussions also focused on the project assumptions and how theyrshanodel.
These assumptions, including the criteria for selecting a place of safety and defining operational
parameters, were integral to the design of the METR framework. For example, the assumption
of where a rescue operation concludeefined as alpce of safety where survivors' immediate
needs, such as food, shelter, and medical care, are addressed (IAMSAR, @ed&)y
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informs how the model calculates rescue times and outcomes. In the third part of the discussions,
the group posed situational questions, using hypothetical locations and timeframes, to leverage
the expertise of attendees in fully understanding the madgwelerlying challenges and refining

its accuracy.

The second day directed attentitnwhich factorsinfluence rescue time and how
decisions are madound taking andtilization of resourcesThe second day ¢fieworkshop
started with questions focused on what are the factors that influenS&Bé&meswhen an
aeronautical asset is operating. The first half of the morning was focused on distress notification
and the transit time, followed by the second half #iaed athe onscene times up to the time
when the last person is rescued and return to a place of.afethiatday, discussion about
how weather, sea conditigrand the number of people on board influeSédr time, andfor
these hypothetical questiomssumingan incident with differenPOB and weather conditions
were made.

Fouri nt er vi ewees partici pat ettreeiolwhomlare wor
members of the Canadian Armed Forces and the fourth one being a representative from IMP
Group (Industrial Marine Products), specifically from its Aerospace and Defense .skector
addition,researcheron METR and SAR were also preseotaling18 people.

Prior to conducting the interviews, a detailed plan for extracting and analyzing
information from the discussions was established as part of the REB approval process. After
the interviews were completed, the transcription automatically generated by theplaform
was carefully crosshecked against the original recordings to ensure accuracy and correct any
errors. The transcription was then organized into a consistent format in an Excel spreadsheet,
segmenting and labeling key themes, concepts, andceeg-ollowing the guidance of Miles
et al. (2014), thisollowed thecontent analysisethodologysystematically displagg the data,
allowing for the extraction of critical insights on how weather conditions impact helicopter
operability in SAR operations. This process facilitated clear conclusions and informed the
development of th&CAF Helicopter Environmental Operability ModdRKHEQ) - Section
3.2.4 and the Helicopter SAR Operations MottEEARO)- Section 3.2.3, aligning with the

research goals.
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3.1.2 Phase Two

The second phase of the interviews happened in the last stageRHiH® and the
HESARO modelslevelopmentThe goal was to validatealuesthat wereobtainedfrom the
first phase and that eve being used in the simulation such as helicopter range, helicopter
maximumspeedand tank capacitparametersas well assariablesconcerningtimes, such as
wait times,weather factors impacting spe@adtake off preparatiotimes The objective was
to make sure that no misunderstandihgd occurredn the firstphase In addition, the focus
was on collecting data and validating the refueling stops most frequently used in Canada for
routes to the Arctic. This process involved crokecking the stopsitmally identified through
SkyVector(n.d.) with actual data, alongith validating the output of thelESAROand the
RHEOmodesk. This phase was divided into twalphasesan online interview for more open
discussion and afterards somevalidations through email for questions that were more direct.
Regarding the firssubphasgit took place online in the same way as the first phase of
interviewsin February of 2024 using the Zoom platforimvo SAR helicopter pilots and one
SAR Tech with experience in the Arctiparticipated in tis sessionThis interview lasted one
and a half hours and began with a review of the recording consent, an introduction of the
attendees, and an outline of the project context, followed by an update on the stage of model
development at the time of the interviebose stagesonsisted of literature review, interviews,
workshops, modelling desigiRHEO model) andassumptionsand some preliminary rurcf
theHelicopter SAR response model fratarrin Mehr et al. (2023After this first introduction,
those preliminary results were presented in which, three incident locétiafsnes4, 8 and
13 presented in Section 3vgre tested in the Canadian Arctic using the model developed by
Zarrin Mehr et al(2023)
The goal with selecting the three incident locatiomas to validate if the total time
(which includes checking distress notification, takeoff preparation, transit time, refueling,
searching and rescue time) aligned withrealistic values for SAR operatiorier those
scenarios. In addition, refueling stops, base where the helicopter takes dieammhporary
base (where people in distress will be placed) were the focus for validatwell For eaclof
the threeselectedocations, 4 different scenas were selectedhese includé varying the

number of people in distress (12 or 24 people) and the season (summer or winter).
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The second part of this interview was pgeeparequestions tosupport the model
development. For this, the focus was to validate assumptions, reconfirm values frimst the
workshop and validation of the weather model. The questions are described in sbgl@mce

The first question related to the validation of refueling stops. As mentioned previously,
in this Phase 3 incident locations were tested and the goal with the first questiovhetagr
the refueling stops selected for those locations made sernke SAR expertand if it was
consistentith reality. The second question was similar to the first, but now validating the bases
nearby the incident location selectech@asmporary base for droppirgjf rescued people. The
third question focused on the validatiof important numbers that represent the SAR system,
including helicopter capacity, pickup time, typical times such as distress notification and
helicopter preparation time, helicopter range, fuel tank capacity and maximum speed. The
fourth question wat validate thelevelopedveather model and its numbers that represent the
thresholds for helicopter operation (descrilredection 3.2.3). The fifth questidocused on
the delay factor associated withfavorable conditions terms of impact on helicogr range.

The focus on this question wasdiotainnumbers tamplementin the model. The sixth question
related to visible moisture, checking any other condition besides fog, rain, drizzlecolaud
snow and icevhichleads to freezing surfacesthe presence of low temperatsrd he seventh
question was similar to the fifth bédcused orunderstanding the speed reductassociated
with each weather parameter. The eighth question was to alinetherany additional weather
factors impact the SAR operation besides the previous four that eleened fronthe first
phase of interviews. Lastly, thenethquestionis relatedto crew change and readiness level
depending othetime of the day or season.

After theinterviewsession, a followup email was sent to one of the available pilots
to validate the refueling stops. The main objectives were to detewhietiercertain airports
are preferred over othefer SAR operationsidentify any airports that are avoided or non

preferred, and confirm that all listed airports providé Aiel, which is used in the Cormorant.

3.2 HELICOPTER SEARCH AND RESCUE OPERATIONS MODEL

The simulation model applied in this research is based on the work developed by Mehr
et al. (2023). The model used Bgrrin Mehr et al. (2023% aDiscrete Event Simulation (DES)
that as explained by Babulak and Wang (2010), involves creating models that minvioréhl
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systems, usingtochasticcomputational and mathematical methods. It simulates the dynamic
behavior of these systems by tracking events as they occur in sequence and produces
comprehensive reports on performance outcoagin Mehr et al. (2023gmploys Monte

Carlo methods to represent uncertainty and randomness ihetlvepter SAR) process
Harrison (2010) explains thionte Carlo simulation applies random sampling and statistical
techniques to approximate mathematical functions and replicate the behawomplex
systems.

To account for these uncertainties, the model incorporates probability distrifotions
selected variables suchtakeoffpreparatiortime, search timandhoist time Zarrin Mehr'set
al. (2023)work focused on incidents along the east coast of Canada, using Gander, Airport
Newfoundlandas the Canadian Forces Base from which the Cormorant helicopter takes off.
The SAR system simulation begins with the distress notification and concludes when the last
person in distress is rescued and brought to a place of safety. The model opertites-step
logic, updating at each stage of the simulation.

Zarrin Mehr et al. (2023)also tested two scenarios in the Canadian Arctic,
demonstrating that the model can be applied beyond the east coast. In this current research,
based on the interviews discusse®éttion 3.1, additional locations were selected for testing
to cover the entire Arctic regigisection 3.4 iffable 7) including more remote locations and
other Canadian Forces Bases besides Gander (e.g., CFB Cdmasjition,a description of
the development and methodology used ttoeg RCAF Helicoper Environmental Operability
Model RHEO)can be found irsection 3.2.4s well aghe Helicopter SAR Operations Model
(HESARO)

3.2.1 Hédlicopter Search and Rescue resp@e model fromZarrin Mehr et al. (2023)

To simulatehe SAR operation fohelicoptersesponseZarrin Mehr et al. (2023)sed
the fow chartin Figure7 belowto represent the steps of the process.

The process starts with the distress notification, and depending on multiple factors
represented in the flow chart, the helicopter will be deployed. After this step, the preparation to
take off occurs, followed by the flying model, searching model andieesmdel. These last
three happen depending on factors such as sufficient fuel, possibility of performing the rescue

and finding PID. The process is concluded when all the survivors are picked up.
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Figure7: Simplified SAR Operation Flow Chart for Helicopters (Zatehr, 2023)

The weather impacts applied in Meh et al. (2028)inal model employs a time

stepping approackampling from probability distributions in a Monte Carlo approach to

account forchangesn the SAR process. The weathiactor conditions(which arecoefficient

factorvariables thatare integrated into the model through a matrix of size 1001x2, representing

time steps from minute 0 to minute,@00 (the maximum simulation time defined). The second
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column of this matrix consists afeatheffactors, thatwere applied uniformly across time steps

and so weather impacts were assessed at fixed time inté&aalsveather factors multiplied

by the helicoptermaximum speed to account fochanges caused bgifferent weather
conditions. These factors vary based on whether the simulation is set in summer or winter, with
distinct distributions for each season.

For example, in the summer scenario, a random number is generated from a normal
distribution with a mean of 1 (representing 'Very Good' weather) and a standard deviation of
0.01 (the difference between 'Very Good' and '‘Good’). Conversely, in wintersttibution
has a mean of 0.97 ('‘Bad’) and a standard deviation of 0.01 (the difference between 'Bad' and
‘Very Bad').

Besides the weather variables, it is importanhtmduce other variablesom Zarrin
Mehr et al. (2023}hatimpactthe response times in his mod€hese variableare searching
time, hoising time and take off preparation timeo account for uncertainty in the preparation
phase,Zarrin Mehr et al. (2023)ntroduced a randomization process. This process first
generates a random value to determine whether the incident occurs during normal working
hours (weekdays, 8 hours/day) or outside of these hours. If the incident occurs during working
hours, the prepatian time is drawn from a normal distribution with an average of 30 minutes
and limitedto 45 minutes. For incidents outside of these hahespreparation time is longer,
following a distribution with an average of 90 minutes and a maximum of 120 minutes.

For the search tim&arrin Mehr et al. (2023)seda rormal distributon with a mean of
30 minutes and a standard deviation of 10 minttesample the variable randomijhe same
wasdone for hoist time of PID but this one witlean of 5 minutes and standard deviation of
2 minutes.

The parameters used in the modedre the helicopter capacity, helicopter range,
helicopter speeduel tank capacity, fuel critical level and maximum spesgummarized in
Table3.

In section3.2.2 a table with a summary of these parameters and variables described
earlier is presented as well as what changes were applied in the development of the HESARO

model.
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Table3: Parameters regarding helicopter specificatfonshe Search and Rescue response model
from Zarrin Mehr et al. (2023)

ZarrinMehr et al.

Parameters (2023) Unit
Passenger capacity 15 people
Helicopter Range 1185 km
Fuel tank capacity 3416 kg
Fuel critical level 133 kg
Refueling time 30 minutes
Maximum Speed 277 km/h

3.2.2 Updateto the modelprocess

The development of the simulation modi@lowed a meticulous process that began
with a comprehensive review and testin@afrin Mehr et al. (2023)riginal Helicopter Search
and Rescue resps@ model The primary aim was to understand the underlying logic and
evaluate its applicability to various polar region locations. This initial phase involved several
testing sessions where input modifications were made based on the validations from the first
andsecond phases of interviews.

During these sessions, specific parameters such as incident locations, refueling stops,
air bases, and the operational specifications of the Cormorant helicopter were updated. These
modifications were essential to tailor the model to the unique requiterme8S8AR operations
in the Arctic regionThe changes made theparameterare highlighted in the table below.

Table4: Parameterspdated fronSearch and Rescue response model #amin Mehr et al.(2023)

ZarrinMehr et al.

Parameters (2023) Present work Unit
Passenger capacity 15 12 people
Helicopter Range 1185 1143 km
Fuel tank capacity 3416 4000 kg
Fuel critical level 133 600 kg
Refueling time 30 30 minutes
Maximum Speed 277 241 km/h
Distress check time 15 3 minutes

For the first parameter ifable 5, it was informed by the pilots that #satedcapacity

for the Cormorant HEL49is 12 peopleso this number should be considered. It was mentioned
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thatemergencygasesave occurretvhere20 people had to be transported, thetconservative
approach was chosen.

For the helicopter range, the unit used by pil®ia nautical mileswhich is 617 nm
To use in the HESARO modehis number was converted and the number used was 1143 km.

The third row ofTable4addr esses the Cormorant hel
helicopter can hold up to 4,200 kg of fusthough it wasuggested using 4,000 kg as the limit
for planning when gravity refueling is wused
the nozzle opening. Due to limited refueling options and infrastructure in the Arctic, 4,000 kg
was selected for the meld Fuel consumption and capacity in the model are calculated in
minutes. For example, 4,000 kg of fuel with a burn rate of 800 kg per hour provides 5 hours or
300 minutes of flight time.

Pilots typically plan to land with at least 400 kg remaining as a safety nfardiights
in the southern regionso it was recommended to use a higher number for the Arctic (600kg
as shownin the fourth row of the table)As introduced beforepn average, the helicopter
consumes about 800 kg of fuel per hour, which gives it approximately 4.75 hours of airborne
time.

Lastly,theC o r mo roptimal épgeds 130 knots in calm conditiondast row in
Table 5)and the average refueling time for these assets is 30 minutes.

Besides the specifications descripeee variables associated with different phases of
the SAR procesare also essential for modebnstructionand the calculations of total time.
Fourseparate times were validated in the second phase of interviews. They are distress check
time, take off preparation time, search time and pick up fithey are summarized ifable6
below.

From the interviews, the SME affirmed that the Search Time and Hoist Time were
valid and align with realistic times. About the takeoff preparation, the updated posture time for
Canada at the time of the interviews were of 120 minutes. It was informedrthaticopters
that number is often less than that, but no details were given. In this way, the chosen approach
was using a triangular distributiovith minimum values of 45 minutes, mode 75 minutes and
maximum of 120 minutesThis approach takes into acmt that it usually takes less than 120
minutes until take off after distress notification, but also that sometimes that upper limit is
reached. According tKissell & Posering2017),the triangular distribution is used when the

relationship between variables is understood, but there is not enough data for a full statistical
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analysis. It is often applied in simulations where little is known about thegdatrating
process, and is sometimes called a "lack of knowledge" distribution for this reason.

Table5: Variablesupdated from Search and Rescue response modelaorim Mehr et al. (2023)

Variables ZarrinMehr et al. (2023) Present work

Normally distributed with Normally distributed with a
a mean of 30 minutes an mean of 30 minutes and a

Search Time

a standarddeviation of 10 standard deviation of 10
minutes. minutes.
Normally distributed with Normally distributed with a
Hoist time a mean of 5 and standart mean of 5 and standard

deviation of 2 minutes deviation of 2 minutes

Normally distributed with
a mean of 150 minutes Triangular distribution with
Take off preparation time and standard deviation o' lower limit of 45, upper limit
30 minutes(detailed in 120, and mode 75 minutes
Section 3.2.1)

For the distress notification, if it is by radio it takes up to 3 minutes. Although, it is
possible to havexceptionsvhere it could take an hour to get notified. In terms of modelling,
the time considered was 3 minutes.

The second phase of development focused on improving the simulation of weather
impacts. This began with an-depth review of the original code, ensuring that any
modifications followed a consistent structure and minimized coding errors. The updated
weathe model (see section 3.2.4) accounts for the spatial and temporal variability of weather
conditions, a critical factor for accurately simulating SAR operations in the challenging Arctic
environment.

IncorporatingS M E @eadback, the update also introduced weather checks abffake
and landing, emphasizing conditions at these key points. While helicopters can adjust routes or
altitudes midflight, weather at air bases and refueling stops remains a primary concern. As a
result, the weather impact matrix fradarrin Mehr et al. (2023}jdescribed in section 3.2.1)
was adapted to reflect conditions at specific stop locations, rather than fixed time intervals.

Practically, the model now generates weather conditions forstéaplocation along
the route. Ifadverseneather is encountered at a refueling stop, the delay factor influences the

helicopter's speed for the entire leg to the next stop. This spatial approach better simulates the
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operational realities of SAR missions in the Arctic. A detailed explanation of the changes made
can be found in section 3.2.4.

3.2.3 Overview of theHelicopter Search and Rescu®perations Model

In adaptingZzarrinMe hr 6 s model for this work, seve
mace aspresented iTable4 andTableb. In addition, the modificationselated to weather will
be presented in Section 3.2'hese modificationsesulted theHelicopter SAR Operations
Model (HESARO aimedat better represemtg the unique conditions and challenges of the
Arctic region. These changes are illustrated flowchartin Figure8 later in this section and
are categorized into adjustments to the weather model.

As mentioned in section 3.2.1, the original weather modéainnMe hr 6 s s i mul
classified conditions as Very Good, Good, Bad, and Very Bad. To enhance the model's
applicability to the Arctic environment, these conditions were redefined to Favorable,
Unfavorable, and Ngo. This change reflects the critical decispoints for helicopteSAR
operations, particularly regarding ta&# and landing, where weather plays a crucial role.

The HESARO model is structured as a Discrete Event Simulation (DES), where the
sequence of SAR operations (such as helicopter takeoff, refueling, search, and rescue) is
simulated at specific interval$his sequences presented ifrigure 8. Each event within the
SAR operation is modeled based on predefined conditions, capturing the sequence of activities
that unfold as th&AR operatiomprogresses. However, Arctic SAR operations require a more
dynamic approach due to variable weather conditions and extensive distances, which are better
addressed through the integration of Monte Carlo Simulation (MCS).

In this DES framework, MCS introduces randomness by sampling key influencing
variables, such as weather conditions, takeoff preparation time, and hoist time for PID. This
combination of DES and MCS allows the model to simulate numerous SAR scenarios,
captuing the inherent unpredictability of reaforld operations. For instance, weather
conditions along the helicopter's roditat takeoff, refueling stations, atemporary base are
subject to stochastic variability, ensuring that each simulated rescue apeeéiects different
possible outcomes. This randomness is crucial for accurately representing the variability
encountered in Arctic conditions.

Weather conditions are now associated with specific locations along the helicopter

route through a routbased matrix. For each leg of the journey, the matrix adjusts helicopter
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speed and fuel consumption according to the sampled weather conditions at each stop. For
example, if the helicopter departs from Gander and stops at Goose Bay and Igaluit before
reaching Pond Inlet, the weather at each stop directly influences the imaébt that leg. If
adverse weather is encountered at Goose Bay, a delay factor is sampled from the Monte Carlo
Simulation, adjusting the helicopter's speed from Goose Bay to Igaluit. Such adjustments are
essential to ensutbatthe model accurately reitts operational challenges faced during Arctic

SAR missions.

Historical weather dates essential to fully leverage the enhanced mauielviding a
realistic basis for thetochastic variables sampled during MCS.

In conclusion, the modifications address key weather challenges in Arctic SAR
operations, i mproving the model 6s 3.2%will i cab
investigatethe specifics othe RCAF Helicopter Environmental Operability Mod@RHEO),
introduced in the flow chart below Figure8, providing a comprehensive understanding of its
implementation and impact on the simulation.

The diagram outlines the logic flow of the HESARO model, distinguishing between
deterministic and probabilistic elements. The simulastants with the distress notification and
ends when the last person in distress is disembarked at the temporary base (closest airport to
the incident location).

Distress Notification (Deterministic): The process begins with the notification of a
distress event (top left of the diagramhich usually takes 3 minutes as showTable4 in
Section 3.2.2.

Preparation for Takeoff (Probabilistic): Once resources atleployed the helicopter
undergoes preparation for takeofhe model uses a triangular distribution as shownaible
5.

Weather Check @robabilistic): Before takeoff, the model evaluates the weather
conditions. If the weather o-go, the model transitions Wait for Better Weathe2( orange
dof). The helicopter cannot take off until the weather improves. If the weelttzgges to
favorableor unfavorable conditionghe helicopter proceeds to the flying model.

Flying Model (Deterministic and Probabilistic): The helicoptertakes tothe air,
transitingto theLast Known Position(KP).

1 Probabilistic: If unfavorable conditions are met, the model adjusts fuel
consumption and speed tbie helicopter.
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1 Deterministic:If fuel is insufficient toget to LKP, the helicopter must stop for
refueling.

Distress _| Preparation
notification to take-off

YES.

"RHEO
Model

Wait for ]
better
weather

Adjust fuel
consumption
and speed

eathe
unfavorable?

Searching Has HC

model V“W :
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weather
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Rescue
Model

Go back to
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Yes

!
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Figure8: Flow chartshowingHelicopter ®arch and Rescu@perations Modeihdicating weather

modifications in orange

Fuel Check and Refueling (Deterministic and Probabilistic):

91 Deterministic: If fuel is insufficient, the helicopter stops for refueling.
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1 Probabilistic: After refueling, the model checks weather conditions again,
which are probabilistically determined. If it's afgo condition, the helicopter
walits for better weather.

Arriving at Incident Site (Deterministic): Once fuel and weather conditions are
favorabléunfavorable the helicopter resumes its flight to the incident location. The model
checkswhetherthe helicopter has reached the site. If it has, the search operation lfeigins
has not, it goes back to flying model.

Search Model(Probabilistic): Upon arrival at thencidentsite,which is the LKPthe
helicopter conducts a search to locate the Persons in DistressI(Ptf¥).same way as Zarrin
Mehr et al. (2023)the model does not include the simulation of various search patterns
replicate specific realorld search operations. Instead, the model selects a search time for each
runat random from a normal distribution (MC#)the PID is successfully spotted, the model
moves to the rescue phase. If not, the helicopibrcontinue searching while fuel is still
sufficient

Rescue ModelDeterministic and Deterministic):

1 Probabilistic:Once the PID has been located, the helicopter begins rescuing
the individualsand thehoist timeis normally distributed as show irable5.

1 Deterministic:The model checks if all survivors have been hoisted into the
helicopter.

Return to Base (Deterministic): After the rescue, the helicopter returns the
temporarybase with the survivors. If all the survivors are successfully rescued and disembarked
at the base, the simulation ends.

Recurrent Weather Checks (Probabilistic): Throughout the entire process, the
model continuously checks for weather changes and adapts accarNiongjy conditions and
refueling are key decision points that may alter the course of the mission.

Themodifications madareindicated by the orange datsFigure8. A moreaccurate
classification of weather conditions (Favorable, Unfavorablegdlavas introducedo replace
the original categories (Very Good, Good, Bad, Very Bad). This enhances decahory
accuracy regarding mission viabilignd delayghroughlinking the three differentveather
conditionslevels todifferentweatherdelayfactorsbased on weather conditiofmesented in
Section 3.2.4at landing/takeoff points. At this point (1), the helicopter is still at the base and
if aNo-go condition is encountered it will wait for better weather (2). The waitdineegtoNo-

40



go conditionsis sampled based on the explanation in section At@r the wait time,if
Favorable or Unfavorable conditiomse encountered, the helicopter is ready to fly (flying
model starts). A check fodnfavorableweather conditions was added (3), allowing for
adjustments in fuel consumption and speed if unfavorable weatharitf#jhose adjustments
detailed inSection 3.2.4) When stopping at refuelingasions the weather in that location will
be checked influencing whether the mission carcged or needs to wait due Mo-go
conditions (6). This includes the logic for waiting periods at refueling sdapstoNo-go
conditions accounting for delays and adjusting the timeline basedsampledweather

conditions at intermediate stops.

3.2.4 Royal Canadian Armed Face Helicopter Environmental Operability Model

The Royal Canadian Armed Force Helicopter Environmental OperalfiRfEO)
modelwas developed based on insights from the first phase of the inter(Beaton 3.1.1
and validated during the second phgdection 3.1.2)The second day of the workshegrved
to identify key weather parameters influencing helicopter operability, namely visibility,
precipitation (specifically freezing precipitation and thunderstorms), air temperature, and wind.
It was determined that weather impacts on the Cormorant higictgh into two categories:
those preventing the helicopter from landing or taking off, and those affecting its speed, fuel
consumption, and consequently, its range. To address the weather impacts as outlined in
research question Q2.3, these impacts weategorized into three types: Favorable,
Unfavorable, and Ngo.

The next step was to extract information from the same interview to complete what
was referred to as theHEO that accounts fdfavorable, Unfavorabland No-go weather
conditions Of the four weather parameters considered, onlydttemperature and wirdd
were categorized as leadingdobfavorable' conditions. In these cases, the helicopter could
still fly, but its speed and/or fuel consumption would be negatively impacted. Precipitation and
visibility were not classified undddhfavorable' because they elitly determine whether flight
is possible or not. These two factors either result Faadrabléor No-go' decision, with no
intermediate impact on operability as in the case of temperature andhalid3 in Section
4.1shows the validated threshold values for these conditions.

Lastly, it was important to understand how those Unfavorable angoNmnditions

impact the METRHT. Unfavorable weather conditions related to air temperature occur when
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the temperature falls below 5°C in the presence of visible moistuties case, the pilots turn
on the anticing systems and for that,ig also requiredo turn on the auxiliary power unit to
drive thoseresulting inmore fuelbeingburnt. The typical fuel burn rate increases by 15 to
20%. In the model, if the weather is unfavorable due to temperature, the fuel burnt is adjusted
then t020%, choosing the conservative approach. The smasdlso be affected by low
temperatures and air densigfthowgh the helicopter can still fiatits maximum speed, more
fuel would beburntin this situationAlternatively, pilots usually choose to reduce the speed by
10% to mitigate tbse effects, and hence this reduction was applied in the model too.

On the other hand, unfavorable weather due to wind happens with presence of
headwind, which is the wind that faces the helicopteéhe opposite directioto which it is
flying. Therefore, the impact of wind on the helicopter operation is due to both wind speed and
wind direction and this impact will depend on the aircraft direcliorcalculate the helicopter's
direction and factor in wind components, the SkyVector (n.d.) website, an online aeronautical
chart service for flight planning, was usé&ar eah incident location, the direction from the
SAR bases (either Gand€omoxor Greenwood)depending on the scenario) to the incident
site was entered as the route origin. This step was crucial to account for wind direction along
the flight path, as the wind's influence on the helicopter's speed and fuel consumption varies
depending on whether is a headwind, tailwind, or crosswinBurthermore, thealculated
wind components were named as crosswind, headwind, and taiegpdctively The wind
vector hen was broken down into those component vectors using the formulas below.

0O WY 0E— p
00 W'Y i G

HC- stands for Headind Component
CC- stands for Crosswind Component
WS- is the wind spee(.e.,the magnitude of the wind vector)

/ - is the angldifference betweethe helicopter direction and the wind direction

Wind direction refers to the geographic (true) direction from which the wind
originates, rather than the magnetic direction. It is averaged over tireitwte period leading
up to the observation time and is reported in tens of degrees. For exampleéing ofeb

corresponds to 90 degrees, indicating an east wind, while 36 represents 360 degrees, indicating

42



wind from the geographic North Pole. A value of zero indicates calm conditions with no wind
(Environment and Climate Change Canada. (n.d.)

Theinput of the formulawasthe windspeedhat was obtained frornistorical dataas
introduced in thdeginning of Chapter.3 he historical dataereextracted fronmEnvironment
and Climate Change Canada. (n.d/fich provides hourly data observatiofitie theta is the
angle difference between the wind directideterminedalso fromthe historical datand the
aircraft direction calculated using SkyVector (n.d.)

The impact of headwind on the helicopagspeed is directd subtractedfor instance
if the helicopter is flying at 130 knofsvhich is the maximum speagsed in the HESARO
model) and faces a headwind of 20 knots, the resulting speed is 110 knots. In this logic, to
calculate the delay factor for wirfdihich is thespeed reduction factpthe formula below was

used

©00p —— (3)

WDF- Wind Delay Factor
HC- stands for Headwind Component

MSi maximumCormorantairspeedvithout compromising fuetonsumption

For the Noego conditions, the numbers for wind and air temperature were
straightforward as observed iffable 8 presenting the RHEO in Chapterléis smilar, for
precipitation, but instead of number thresholds, the presence of thunderstorms or freezing
precipitation were considerédtb-g o (t aken from the coluras 6we.
explained in Section 3.3).astly, for the visibility parameter, a decision on wttaeshold
numbershouldbe used had to bmade sincethat one is dependent on every case and every
location where the helicopter is going to land. From the interviews, it wastkthiat pilots
distinguish between two types of visibility operations, the Visual Flight Rules (VFR) and
Instrument Flight Rules (IFR). VFR involves pilots navigating primarily isyal reference to
the ground, using their sight and maps. In contrast, IFR is more restrictive and procedural,
requiring pilots to rely on aircraft instrumentation to maintain controlled parameters of altitude,
flight path, departure, and arrival instrocts.

VFR operations require clear skies, which can be particularly challenging to model
accurately given the uncertain conditions of the Canadian Arctic. Therefore, for the current
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work, it wasdecidedo use IFR thresholds for visibility in the model, adopting the conservative
choice. According to subject matter experts, IFR weather criteria are the most criticat Go/No
Go consideration for Arctic operations. This is especially true for aircraft suitie &3H149
Cormorant, which needs to fly in a straight line to its effective rédithe maximum safe
distance the helicopter can travel while ensuring it has enough fuel to return safely to the base
or a refueling point. The effective radius takes intooaot fuel consumption, weather
conditions, and the need to avoid obstacles. To ensure safe operations, the Cormorant typically
climbs to an altitude that allows for IFR clearance if necessary, staying within this range to
account for unpredictable conditis.

The VFR minimums are a 3@0ot ceiling and % mile visibility. For IFR, the
minimums are set at 400 feet above the lowest useable published approach minimum for the
intended airport, and the forecast visibility at the destination must be at least lemit ¢ian
the lowest published visibility for the intended approach. Since different airports have varying
minimum visibility requirements (e.g., Eurekaldt miles, Alert at %2 mile, and Igaluit at 3/8
mile), a conservative approaalas adopted ithis researchThe minimum visibility threshold
was set aR miles (3.2 kilometers) for all locations (assuming an average of 1 mile published

for all airports).

3.3 WEATHER DATA ANALYSIS

To investigate the spatial and temporal variability of weather conditions in the
Canadian Arctic, historical weather data for various locations of refueling stops and air bases
were gathered. A Python script utilizing Selenium and WebDriver was develmpetbmate
the downl oad of weather data from Environme
Data for 43 locations (observed in figure 10, Section 4.1.1) spanewegyears (20182019)
were collected, with the dataset providing hourly weathegmiasions.

The raw data fields extracted include temperature (°C), wind direction, wind speed
(km/h), visibility (km), and a descriptive ‘'weather' field that captures conditions like
thunderstorms freezing precipitation or fog. Additionally, geographic and tirmelated
columns such as station name, longitude, latitude, year, month, and day were also included to
differentiate the specific location and time of each observation. These fields were critical for
mapping the wather conditions to the specific incident kimas and SAR base operations.
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To streamline the analysis process, a flow chart was developed to illustrate each step
of the data analysis. This approach ensures a systematic and transparent methodology,

facilitating the thorough examination of weather patterns across different tichéscations.

Data
preparation

Distribution calculation T .
for headwind Distribution calculation
?L:n:‘?lgor\élgles of wait fimes for no-go
conditions

conditions)

RHEO model
(explained in
Section 3.2.4)

Inputs
historical
data

station name and
month (presented

Group data by ]
in Section 4.1.1)

Qutput
for
MATLAB
code

Probability
calculations

Figure9: Flow chart for data analysis presented in this Se@i8n

The flow chart presented in Figure 8 shows that the code starts by receiving all the
data downloaded for all locations and all months and then consolidates this information into
one comprehensive dataframe, which combines all the weather data intouaesdrtarimat for
further analysis. The dataset is structured such that each row of this dataframe represents an
hour, with corresponding weather conditions for the following columns. For the data
preparation (first action symbol of the flow chart), the rovith missing data are filtered out,
and the RHEO model, defined in Section 3.2.4, is applied to categorize the weather data into
favorable, unfavorable, amdb-go conditions (second action symbol of the flow chart in Figure
8). The RHEO model was used to assess each weather \@riabiperature, visibility, wind,
and precipitatiod against the predefined thresholds. Based on this assessment, four new
columns wee added to the original dataframe, with each column indicating whether the
respective variable émperature, visibility, wind, or precipitation) was categorized as
favorable, unfavorable, &to-go for each hour.

Python's pandas library was employed to efficiently manipulate and analyze the
data (third action symbol of the flow chamtfigure §. The dataset was filtered based on the
RHEO model and the frequency of each weather category was calculated for each station
month combination. Subsequently (fourth action symbol of the flow chart), the probability of
occurrence for each category was determined by dividing the catefjtihg RHEO model
count by the total number of observations for that statilonth. Ths probabilistic

representation allowed for a quantitative assessment of weather condititeisns of the
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favorability, unfavourability or No-go condition, facilitating comparisons across different
locations and time periods.

As outlined before, delays arise from two primary factors: (1) the wait time
during No-go conditions until it is safe to resume flights, and (2) the impact of unfavorable
weather conditions on helicopter speed and fuel consumpfioese are described in the
following subsections (3.3.1 and 3.3.2).

3.3.1 Wait times due toNo-go conditions

The next step (fifth action symbol of the flow chartFigure § was the analysis of
duration forNo-go conditions. The accurate estimation of delays due to weaihditions is
a critical component in the operational modeling of helicopter activities for the complete
temporal analysjssinceit supports the result of total timascouning for realisticconditions
in the METR estimation The data preparation for durations was conducted using Python with
the primary objective of quantifying the potential wait timEsis was achieved by identifying
sequences of consecutive rows that indicated the same weather condition, specifically focusing
on periods wheréNo-go conditions were sustained over tink®r instance, if the dataset
indicated a No-go" condition starting at 09:00 and ending at 12:00 on February 13th of a
certain year, this period was represented by three consecutive rovesi [&@lgod condi t i c
The duration for this condition was thus recorded as three hours. A custom script was developed
to iterate through the dataset, detecting transitions between different weather conditions and
calculating the duration of each identified period. The scpptiically captures the start and
end times of each periarf consecutive conditions in a certain weather category according to
the RHEO mode| computes the durationf each of these periodis hours, and stores these
values for subspientprobabilisticanalysis.

For the analysis, the computed durations were aggregated to derive insights that would
serve as inputs in the Matlab modBhese insights werebtainedirom the statistical analysis
of the categoricaNo-go andUnfavorable weather conditions. For each month and location,
calculations were performed for key statistics, including the mean, median, minimum,
maximum, standard deviation, and quartild$is methodological approach enabled the
quantification of the impact of weather on helicopter operationsjfggadly through the lens

of operational delays due to adverse weather condifidresinsights gained from this analysis
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were vital for defining the time interva(bins) used in the simulation in the MATLAB code,

allowing us to categorize the durationNd-go and unfavorable conditions more effectively

3.3.2 Delay factor for unfavorable wind

Unlike air temperature, whichasa constantlelayfactor for helicopter speed in the
HESARO model wind is more variable. To quantify the impact of wind on delays in the
simulation, a function was developed to calculate wind delay factors based on the analysis
discussed in Section 3.2Msing formulg3) presented in that Section

In this step, a new dataset was created by filtering for headwind components greater
than 0 knots. The dataene then grouped by station name and month for further analysis.
Similar to theNo-go' step, a descriptive analysis was conducted to understand the distribution
of headwind components. Based on this analysis, a function was developed to process each row
of the data frame. This function divides the data im@ intervals (binsaccording to specific
percentiles and standard deviation values, atigwor a more detailed understanding of the
data distribution.

Finally (last symbol of the flowchart in Figurg,8he data described was downloaded
as csv files for each zone of tBhipping Safety Control Zon€SSC2 (shown in Figure 10,
Section 3.4to be used as input in the MATLAB code.

3.3.3 Royal Canadian Armed Force Helicopter Environmental Operability Modet
MATLAB implementation

The probability data calculatedexplained in Section 3.3served as the foundation
for the weathedelayfactor generation process implemented within the MATLAB code. The
functionto sampleweatherdelayfactorstakes station names and months as inputs. The code
then generates random numbers between 0 afrdml a uniform random distributioto
simulate random weather events. By comparing these random numbers with the cumulative
probabilities for eacRHEO categoryof weather conditionthe code assigns a specific weather
condition (favorable, unfavorable, dto-go) to each parameter using a helper functmn
sample the weather conditiofhus, me condition is generated for each of the four weather
parameterassigning Favorable, Unfavorable or-§o to wind; Favorable, Unfavorable or No
go to visibility; Favorable, Unfavorable or Nyp to temperaturegnd Favorable, Unfavorable

or No-go to precipitation. Based dhose 4 conditions, a decisioior each refueling stofs
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made which is ageneral conditiorfgshown in Figur® belowwith a hypothetical examplef

Wind Pracipitatic emperaturd  Visibility
Condition Condition Condition Condition

Sampling Sampling Sampling Sampling

weather

General
Weather
Condition

Figurel10: Flowchart showing hypothetical example withelogical process of defininghe weather

condition for each refueling stop

In Figure10, it can be seen that for each of the four parameters (wind, precipitation,
temperature, visibility), if any of them are categorized asgNg the overall condition for that
location is automatically set to "Ngo." This reflects the critical importanc# any single
severe condition on helicopter operability. If none of the parametersigdNdut at least one
is categorized as "Unfavorable," the general condition is set to "Unfavorable." Finally, if all
parameters are "Favorable," the overall condiis "Favorable," meaning the helicoptat
proceed withouwveatherdelays.

In cases where more than one factor is labeled as "Unfavorable,” the model evaluates
which parameter has the greatest impact on the helicopter's performance and applies the delay
corresponding to that factor. The same logic is applied when multiplggdNoonditions are
presentThe reason for that is that METR means 0
reasonabl e choice needs to be made bet ween

conservative choice is needed, as opposed to a totally comserapproachAs noted by
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Mostaghimi (2024), it is important to adopt a conservative yet reasonable approach to ensure
safety and reliability in calculating METR, without overly inflating expected delays.

To determine the delay due to unfavorable weather conditdisiction to sample
delay factoravas implemented to process the wind data. For each fuel station, the function
extracts the relevant wind spedidcretizedhat varies for eacimonth. A headwind component
iIs sampled from these bins, and the wind delay factor is computed using the given {@ymula
from Section 3.2.4This factor quantifies thepeededuction due to headwindsd it is applied
to the maximum speed of the helicopter in knots converted to kilometers pdphesanted in
Table5 in Section 3.2.2 The function outputs an array containing the station name, headwind
component, and the calculatgpeedlelay factordue to wind conditionfor each station.

Lastly, No-go conditions necessitate halting helicopter operations until weather
conditions improve. To estimate the duration of these delays, the futtcjenerate wait times
processes the local weather data for each station and condition. It identifies the thledant
quartileof No-go value for each condition (e.g., Wind_o, Precipitation_Nao). Thethird
quartile value represents the upper quartitalue of the No-go duration, providing a
conservative estimate of the wait time required for conditions to improve sufficiently to resume
operations. Lastly, for the output generation, the function compiles an array of locations and
corresponding wait times, providing detailed overview of expected delays unéi&r-go
conditions.

In the simulation, weather conditions are generated for each refueling station
bases This allows for differentegsto encounter varying weather conditionsUlifavorable
weather conditions occur on multiple legs, the RHEO model applies different weather delay
factors for each affected leg. As a result, the helicopter's speed can be adjusted differently on
each leg based on the specific weather conditions ereredntieading to varying impacts on
travel time across the route.

This methodology enabled a comprehensive analysis of delays due to both unfavorable
andNo-go conditions, thereby allowing a representative impact on helicopter operation. The
integration of historical data and statistical analysis ensures that the model reflects realistic

scenarios, contributing to more accurate decisnaking processes.
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3.4 HELICOPTER ROUTES FOR CENTER POINTRN SHIPPING SAFETY CONTROL
ZONES

The approach to dividing the Canadian Arctic into representative zones for testing
incident locations was guided biye Shipping Safety Control Zontscreatea foundation for
determining incident points. Transport Canada established the Arctic Shipping Safety and
Pollution Regulations (ASSPR), which regulate navigation kt@meered waters in compliance
with the Polar Code. This framework divides the Canadiatic into sixteen Shipping Safety
Control Zones (SSCZs), as illustrated in Figl®eadapteffom Canadian Coast Gua(2012).

For the selection of incident locations, one site was chosen for each zone, primarily
based orits geographical center. This approach was only modified when the center point fell
on land. In those cases, the nearest offshore point to the center was selected. Furthermore, when
the center of one zonewa® closeta nei ghboring zoneds center
was determined based on expert inponsideringhe aim of havingepresentation afifferent
enough scenarggbased on maritime routedistance and weather pattern3he zones can be

observed irFigurel0, in whichthe blue stars represent the selected incident locations.

W W

Figure11: Shipping Safety Control Zonest incident locationsepresented by blue stars
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Although the SSCZs cover vast areas, they do not fully encompass Hudson Bay and
James Bay, as illustrated Higure 11. To achieve complete coverage of the entire Canadian
Arctic marine region, an additional zone (Zone 17) was manually added to cover the area of
interest. The incident location for this zone, along with the other 16 zones originally from the
SSCZ, is provide in Table 7.

Table6: Latitudeandlongitudeof incident locations for each of th& Zones (seealsoFigure 10)

Zones Latitude Longitude
1 80.2 -116.5
2 73.9 -110.1
3 78.0 -92.1
4 72.5 -128.7
5 68.7 -87.1
6 74.5 -97.0
7 69.3 -99.7
8 66.5 -77.9
9 70.4 -65.1
10 65.7 -61.0
11 69.2 -1160
12 70.2 -1320
13 74.1 -81.3
14 61.3 -83.0
15 61.8 -69.6
16 62.0 -91.9
17 56.54 -81

Subjectmatter experts (SME) provided essential insights for selecting refueling stop
locations(as mentioned in section 3.),.2ll of which are Canadian airports witbtA-1 fuel
availability, which isa type of aviation fuel used in CormorduaticoptersThe refueling stops
across Canadasedin the modekreshown inFigure12in Section 4.1.1.

The refueling stops were pselected for each zone using SkyVector (n.d.) and
validated through interviews with pilots and subject matter experts (SME&s¥e refueling
stations are considered as potential stops only if they are located between the base and the
incident locationor close to it Based on these petermined refueling stations, the model
generates the route by calculating the shortest strtanghtlistanceThe model dynamically
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checks the closest avail able station based
IS needed.

As for the selection of the base from which the helicopter departs, this decision was
made based on expert input. SMEs indicated that for incidents located in the north, towards
Baffin Island or east of Resolute Bay, helicopters would typically depart @ander For
incidents west of Hudson Bay, the responding helicopter would depart from Comox. These base

assignments were poetermined in the model to reflect rerabrld operational decisions.

3.5 TEST MATRIX FOR ANALYZING HELICOPTER SAR RESPONSE

In order to analyze and compare the SAR response #aness locations and seasons
effectively, a comprehensive test matrix was developed. This matrix was designed to test the
key factors known to influence the Maximum Expected Taffeescue (METR). Based on the
literature review and insights gained from interviews, the most critical parameters identified for
testing include the number of Persons in Distress (PID), weather conditions, and geographic
locationof an incident

The decision to test various Pl Ds was i
is 12 peopldexcluding crew)

Weather conditions are a significant variable affecting SAR operations. To account for
weather variations throughout the year, a probabilistic model was developed (section 3.3). This
model considers monthly changes in weather to provide a more accurasergation of the
conditions faced during SAR missiotigoughout the yeaihe decision to use monthly data
rather than seasonal averages was made to capture the subssaiatiennsthat can occur
within a single season. This approach ensures thanhduel reflects realistic and granular
weather variations, enhancing the reliability of the simulation results.

The choice of locations for testing was based on the SSCZ (Search and Rescue
Shipping Coordination Zones) outlined in Section 3.4, which considers ship activity in the
Canadian Arctic. By selecting central locations within these zones, the test matritxoaims
evaluate the SAR response across different regions, each with its own unique challenges and
conditions. This geographic diversity in testing ensures that the model is robust and applicable

to various operational contexts within the Arctic.
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A series of test scenarios were designed to cover a range of conditions for each of the
parameters identified.hese scenarios included cases where the PID was set to 12, with each
scenario tested under the specific weather conditions of each month. A probabilistic model was
used to simulate realistic weather patterns for these monthly variations. Additionally, the
scenarios were adjusted based on geographic locatidtgsting pointpositionedn the SSCZ
(Figure 10)to assess SAR response throughoat@anadian ArcticThe resulttest matrix is

presented below.
Table7: Test matrix with all scenarios testedusingthe HESARO model

SenarioID  PID Month Geographic Location (SSCZ2)
1 12 January SSCZ Zone 1
2 12 February SSCZ Zone 1
3 12 March SSCZ Zone 1
X 12 X SSCZ Zone 1
12 12 December SSCZ Zone 1
13 12 January SSCZ Zone 2
X 12 X SSCZ Zone 2
24 12 December SSCZ Zone 2
X 12 X X

204 12 December SSCZ Zone 17

Notethat he matrix includes 12 monthly tests for each of the 17 SSCZ zones, resulting
in a total of 204 test scenarid®y systematically varying these parameters, the test matrix
provides a comprehensive framework for analyzing the factors that influence SAR response
times. The results from these tests were used to compare and analyze the METR, providing
valuable insightinto the effectiveness and efficiency of helicopter SAR operations in different
conditions.

The structured approach outlined in this section ensures that all critical factors
affecting SAR response times are thoroughly tested and analyzed. The results from these tests
form the basis for the subsequent analysis and discussion, hapexgplore howweather
factors vary with spatiotemporal variationsl(®Q) as well as how different factardluence the
METR for helicopter times (Q2.1This detailed testing framewogkves insights ito how the
model behaves under different conditipessuringts reliability for realisticSAR responses in

the challenging conditions of the Arctic.

53



3.6 FINAL STATISTICAL ANALYSIS

For the final statistical analysis, various descriptive analyses were conducted on the
results for each month and location. This included analyzing several key fadioescing
helicopter SARtimes One aspect of the analysis focused on the percentadéo-gb
conditions. This analysis showed how offd¢n-go conditions occurred across the different
scenariopresented in the test matrix in tabled@ditionally, the 3rd quartile of the duration of
No-go conditions was analyzed. This represents the time below which 75% biotbe
condition durations fall, giving insight into how loip-go conditions typically last once they
occur.

Finally, a probability distribution analysis of the weatdetayfactors(resulted from
unfavorable conditionsaffecting helicopter speed was conducted for a selected set of six
scenarios. These weatltslayfactorsare dependemnvariables like wind spekand direction
as well as temperature as describeddation3.2.4 which can impact helicopterrival time.

The combination of these analyses provides a comprehensive understanding of how weather

conditions influence the operational capacity of IfdRcopters across the Canadian Arctic.
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4. RESULTS

As described irBection3.2.4 the RHEO model was developed tmetterunderstand
helicopter operability in the Canadian Arctic. This includes analyzinfptivaveather factors
(wind, precipitation, visibility and temperaturtijat impact its operations dividingachinto
threedifferent conditionsFavorableUnfavorable andNo-go. The last two are the onleading
to a higheMETR for helicopter rescue. To better understand th#sets Section4.1presents
an analysis of the conditions and weather factors separately for different locations across
Canada (including helicopter bases and refueling stapdjor the 12 months of the year. The
probabilitiesof Favorable, Unfavorable and Mm conditionswere applied to the simulation
model as described Bection3.2 To give detailed insights ionthe HESARO modelarious
results for two scenarios were selectedanalysis, andlescribed in detail isection4.2 In
this section, totahelicopter SARimes are presented, as wellthsir distributionas afunction
of distance and weather impacts are included (from unfavorable@gd conditions). Other
model elements are alspalyzedsuch as the search time distributiBarthermore, in Section
4.3 the results of the HESARO model are presented, with all scerdrite test matrix
presented iMable7 (Section3.5), as well as a comparison of the model's performance with
different numbers of PIDAs a validation of these results, the final valoéSAR total tims
(discretized using the third quartile) were compared to those obtainedHbcopter Search
and Rescue response model frdarrin Mehr et al. (2023priginal model for the same 17

Zones.

4.1 RESULTS FROMROYAL CANADIAN ARMED FORCE HELICOPTER
ENVIRONMENTAL OPERABILITY MODEL

The development process of tHESARO model was described in Sectio.3.1n
addition, the RHEO modetlas described in Section 3.2vhich was essential to account for
weather delays in the HESARO modehe base for the RHEO model is presented in the table
below, showing the thresholds for the probability analgsislucted
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Table8: RHEO model thresholddor each weather factor

Sstem s [IEAGHABIEN] Unfavorabic NG

wind (knots) Ngng or headwind 55 knots
tailwind
Air temperature (C) >=0 5°C ’ visible -43°C
moisture
Visibility (miles) >2miles - <=2 miles for landing and take off
Precipitation None - Freezing precipitation/thunderstorms

Table9 details the thresholds for each weather condition (Favorable, Unfavorable, and
No-go) for the weather factors that impact Cormorant Helicopter operability and, consequently,
the METRHT. In Section 4.1.1, the probability results from applying these thresholds to

historical data are presented.

4.1.1 Frequency and Analysis of Nego Conditions

In this section, the probabilities of encounterMg-go conditions are presented for
the four different weather factors, based on data from weather stations (airports) that serve as
refueling stops for helicopter SAR operations in the Canadian Arctic and used for the scenarios
tested in this work. This alyais illustrates how these probabilities vary across different stations
and throughout the months of the year. The stations used in the modgrasentedh Figure
12
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Figurel2 Map of Canada with AIRSS zones and stations used in this work

Figurel2displays theairportsused as refueling stops and bases in the model, providing

context for interpreting the outputs discussed later in this section.

In Figure 13, theprobabilitiesof No-go conditions due teemperature are presented,

showing how these probabilities vary throoghdifferent months of the year and different

stations.The thresholds to defingo-go conditions due to temperature are presentSegation
4.1, Table8.
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Figure13: Probability of encountering temperattnedatedNo-go conditions at the weather stations in

the Canadian Arctic

In Figurel3, it can be seen that the probabilityNa-go conditions due to temperature
is very low, with the majorityof casesclose to zero. This is because the threshold for
temperature is verpw, -43 degrees for helicopter operatioBg¢tiord.1, Table8). The graph
shows that the highest probability of encounteribgpayo condition due to temperatures below
-43°C is for Sanirajak Airport, amounting to 3% for the month of February. Other locations
show probabilities between 0 and 1%, with most of these occurring in the months of January,
February and March. Temperatuedated No-go conditions also occur in December, for
example at Watson Lake, showing a 1% probabilithafgo in that month.

Figure 14 shows the probabilities dNo-go for the precipitation weather factor,
obtained according to the procedure described in section 3.3 using the RHEO model of section
3.2.4.The thresholds to define Ngo conditions due to precipitation are presented in Section

4.1 Table8.
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Figure14: Probability of encounteringrecipitationrelatedNo-go conditions at the weather stations in

the Canadian Arctic

In Figurel4, it can be seen that the probabilityNi-go conditions due to precipitation
is significantly higher across the year and in different stations, compared to those obtained for
the temperature weather factor. In section 3.2.3, this threshold is described, based on the
rationale that cases ®fo-go conditions due to precipitation happen when there is freezing
precipitation and/or thunderstorms.

In Figurel4, the stations are placed togethgtheir respective zones. In Table 7, the
stations are grouped according to8®CZzones ofigurell The graphn Figurel4indicates
that the probability oprecipitationrelatedto No-go conditionss higherduring the summer
monthsfor airports likeKugluktuk, Ivujivik and Kangigsujuagq i.e. from Jundo September
On theother handhigher probabilities are encountered for February and other winter months

for airports like Terrace Airport and Williams Lake Airpoftheairports on theight sideof
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Figurel4 arecharacterized by stations located in the West of Cafdds.can be observed in
Table9, which lists the airports located in each zone.

Table9: Distribution of stationby SSCZzone

Sation Name Zone
ALERT CLIMATE 1
STEFANSSON ISLAN 2
GRISEIORD 6
RESOLUTE BAY 6
GJOA HAVEN 7
SANIRAJAK AIRPOR 8
CLYDE RIVER 9
PANGNIRTUNG 10
CAMBRIDGE BAY 11
KUGLUKTUK 11
ULUKHAKTOK 11
INUVIK 12
SACHS HARBOUR 12

CLIMATE

TUKTOYAKTUK 12
POND INLET 13
CORAL HARBOUR 14
IVUJIVIK 14
KINNGAIRIRPORT 15
IQALUIT 15
KANGIQSUJUAQ 15
RANKIN INLET 16
KUUJJUARAPIK 17
SANIKILUAQ 17

Not all zones have stationstimem which is why some of them are not shown in the
table. In addition, stations in southern Canada (outside of the Canadian Arctic) were also used
as refueling stops since the RCAF SAR bases are in southern locaadhes10 shows the
southern stations used in tHESAROmMode| which are divided between locations in the East
(E) and West (Wpf Canada
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Tablel0: Distribution of station$ocated insouthernCanada

Sation Name Zone
GANDER INTL
GOOSE BAY
KUUJJUAQ
LA GRANDE RIVIE
SCHEFFERVILLE

WABUSH
GREENWOOD
LA GRANDE 4
MONT JOLI
COMOX
FORT ST. JOHN
HAY RIVER
HIGH LEVEL
NORMAN WELLS
PRINCE GEORGE
TERRACE
WATSON LAKE
WHITEHORSE
WILLIAMS LAKE
YELLOWKNIFE

giZ|g|g || ||| |2 || mmm|m|m|m|m|m|m

In Tablel0, it is shownthat 9 stations were usadound the East side and 11 used in
the West.Stations locatedut of the SSCZ Zones, meaning that they are in Southern Canada
andto the west of Hudson Bay are classified as West (W), while those to the east of Hudson
Bay are classified as East (Ejudson Bay is large body of watetio the South of Zone 14
showedn Figurellin Section3.4.

Figure 15 shows the probabilities of an RCAF helicopter encountering “natated
No-go conditions, analyzed as per the proceduBeation3.3.2according to the criteria of the
RHEO model in sectior3.2.4and thresholds presented in Secdoh Table8.
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Figure15: Probability of encounteringind-relatedNo-go conditions at the weather stations in the

For this weather factor, the higher probabilitiesMargo conditions are for stations

like Rankin Inlet, Sanikiluag, Resolute Bay and Clyde Riveng&ol6, 17, 6 and 9 rable9)

and for themonths ofOctober and April. The probabilitied No-go condition for windare all
relatively low, with a ca. 5% probability at Sanikiluag being the maximum one. The reason for
this is that the thresholdr wind is high (as presented iiable8). Helicopters can operate in

winds up to 55 knots, and higher wind conditions are relatively rare in most of the Canadian

Arctic. Compared to Temperature, the highest prolgvilas 1%in Watson Lake Airport and

around 0.7% in Sachs Harbour andf&teson Island.
Figure 16 shows the probabilities of an RCAF helicopter encountevisgility -

relatedNo-go conditions, analyzed as per the proceduBeation3.3.2according to the criteria

of theRHEO model in sectior8.2.4and thresholds presented in Sectdoh Table8.
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Figure16: Probability of encounterinfjyo-go-relatedVisibility conditions at the weather stations in

the Canadian Arctic

Figure 16 shows that probabilities dflo-go conditions due to visibility are higher
when compared to the othiareeconditions whichhapperoften in winter monthsgspecially
January and Februaimthile Temperatur€onditions showthe highest probability 1%r No-
go, Wind 5%, Visibility can get up to 25%as seen in Gjoa Haven Airpodhd the majority
between 10 and 20%speciallyin January and February

For a deeper analysis of M@ conditions, beyond assessing the probabilities of
occurrence, it is essential to evaluate their duration when they do occur. This is because wait
times due to N@o conditions have a direct impact on the Maximum Expected @irRescue
for Helicopter Operations (METHRIT). For the results of METRIT in this work, the third
quartile ofthose durations were selectéitb illustrate this, two locations, Gjoa Haven and
Sanirajak, were selected for analysis, as both exhibiteez@orprobabilities of temperature

No-go conditions during the winter months (January, February, and March). The following
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graph Figurel?) presents the analysis for temperature conditions at Gjoa Haven, followed by
three additional graphs detailing Precipitation, Wind, and Visibility conditions.
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Figure17: Comparison oflescriptive statistics fdo-go conditiondurationsdue to temperaturier

Gjoa Haven in January, February and March

Figure 17 showsthat the duration of Ngo condition due to Temperature in Gjoa
Havenhas a Median of less than one hour for January. In compaasmmd three hourg
February and eleven hours in Marthis also possible to conclude that March had only one
occurrencegiven thatStandard DeviatiofSD) is zero for that month anéirst and third
quartiles are also at 1The analysis for Precipitation for the same location was also done and

it is presented below.
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Figure18: Comparison of descriptive statistics for4Jo condition durations due firecipitationfor
Gjoa Haverfrom January to December
Figure18 shows that higher durations due to precipitation occur in Kdayober and
November.
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Figure19: Comparison of descriptive statistics for4§o condition durations due tasibility for Gjoa

Haven from January to December
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Figure20: Comparison of descriptive statistics for4go condition durations due tind for Gjoa
Haven from January to December
The following graph Kigure 25) presents the analysis for temperature conditions at

Sanirajak Airportfollowed by three graphalsodetailing Precipitation, Wind, and Visibility
conditionsin Figure26, Figure27 andFigure28.
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Figure21: Comparison oflescriptive statistics fddo-go conditiondurationsdue to temperaturier

Sanirajak Airporin January, February and March
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Figure21 shows that the duration of Ngo condition due to TemperatureSanrajak
Airport has a Median a® hoursfor January. It is also possible to conclude that March had only
one occurrence, given that Standard Deviation (SD) is zero for that month and first and third
quartiles are also at 11. The analysis for Precipitation for the same location was also done and

it is presented below.
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Figure22: Comparison of descriptive statistics for4Jo condition durations due firecipitationfor

Sanirajak Airporfrom January to December
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Figure23: Comparison of descriptive statistics for4go condition durations due tasibility for
Sanirajak Airporfrom January to December
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Figure24: Comparison of descriptive statistics for4yo condition durations due wind for

Sanirajak Airporfrom January to December
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Sanirajak experiences the highest durations in July and October, with the third quartile
at 6 hours in July and around 4 hours in October. In contrast, Gjoa Haven shows the highest
durations for Nego conditions due to wind in March, April, and Septemiéh values around

4 hours and hours, respectivel{seeFigure24).

4.1.2 Frequency and Analysis olUnfavorable Conditions

This section presents graphs showing the probabilities of unfavorable conditions for
RCAF helicopter operations due to temperature and wind, making use of the procedure
described in sectioB.2.4and theRHEO model described in sectid3.3 These probabilities
are higher thalo-go conditions. As introduced in secti8r2.4 unlike forNo-go conditions,
in unfavorable conditions helicopter operations can proceed, butaditbrseeffects on the
helicopter transit speed, its fuel consumption and its rafigare 25 shows the probabilities
for temperatureelated unfavorable conditions for the different stations and over the course of

the year.
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Figure25: Probability ofUnfavorablerelatedTemperatureonditions at the weather stations in the

Canadian Arctic

In Figure 25, the seasonal patterns are more consistent thaNdayo conditions
(Figure14), with the higher probabilities generally associated with the winter months and the
lower ones imonths likeJuly, August and Septembdrhat is whyyellow/orangecolors are
observed on the bottom part of the graph llog on the top. Several statignsuch agCoral
Harbour,Rankin Inlet and Resolute Bashow temperatureelated probabilities of unfavorable
conditions close to 100% for December, January and February. Other stations frequently have
the probabilities as close to 80% for the same months.

Figure 26 shows the probabilities fawind-related unfavorable conditions for the

different stations and over the course of the year.
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Figure26: Probability ofUnfavorablerelatedWind conditions at the weather stations in the Canadian

Arctic

Figure 26, similarly to Figure25, showsrelativdy high probabilities of windrelated
unfavorable conditions for the winter months in most stations. Notably, there are high
probabilities also in summer months for many statismsh asKuujjuaq E), Tuktoyaktuk
(Zone 12)and SanikiluagZone 17) This is due to variations in wind direction, which are more

influenced by the geographical location of the stations than by the time of year

4.2 DETAILED INSIGHTS INTO HELICOPTER SAR RESPONSE FOR SELECTED
SCENARIOS: ANALYSIS RESULTS

To enable more hdepth insights ito how helicopter SAR response operations
proceed according to the model, and to provide a basis for understanding the finally resulting
response times, it is important to understand the model IGhiapter 3), the inputsSection
4.1, 3.2.2and3.2.4 and finally the model outputs.
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In this section, some SAR response scenarios are selected, for which detailed insights
in the model representation of the helicopter SAR operations are presented. For this, Zone 12
and Zone 13 were selected, dflaowithé helicagpteiSAR t h ¢
response times and the final MEFHR' were obtainedThe scenarios were selected to be
sufficiently distinct, providing insights into how weather factors, location, and time of year
impact the resultsThese two zones are defined basedtlugir geographical positioning,
representing the eastern and western extremes Qfathadiamrctic region(Figurell). This
distinction highlights the differing environmental and operational conditions between the east
and west of th€anadiarrctic. In this way,different air bases from which RCAF helicopters
respond are considered. Consequently, these scenarios also represent different refueling stops
and therefore different operational conditions, due to the differences in distances between

refueling stationsrad different weather conditions

4.2.1 Detailed Resultsfor Scenarios atZone 13

For the tested scenarias Zone 13(ScenaridD from 145 to 156 imrable7 in Section
3.5), the helicopter is deployed from Gander Airport, with the community of Pond Inlet serving
as a temporarigaseto transporipeople in distress. The selected refueling stops are Goose Bay,
Kuujjuaq, Iqaluit, Pangnirtung and Clyde River. The route used in the model is shBigara
27, which shows the RCAF SAR base (Gander Airport), refueling stations, temporary base
(Pond Inlet), and the incident location, represented as Last Known Position (LKP).

Figure27 shows theotentialrefueling stops. It also shows the representation of each
leg of the routgindicated by the numbers Figure 27. In aviation, a leg means the single
direction between two points flown or in terms of modeling, they represeatdievithin the
network (Kannon et al., 2015). It is noted that the 8th leg overlaps with the 6th and 7th legs.
The 6th leg represents the helicopter going from Pond Inlet to LKP, followed by the 7th leg that
is whenthe helicopter is searching between LKP and RHal finally, after the rescue, the 8th

leg is the path from the PID location back to Pond Inlet.
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Figure27: Helicopter route foscenarios witlincident location in zone 1&cenarial45 to 156)

Tablel1; Time and route distribution for each month in zonevitB PID 12

Scenario Cannot 3“Quartile Time

ID Month 8Legs| 9Legs| 11Legs| of Total SAR
rescue (hours)
Time

145 January 790 6241 | 2815 154 9 24.8
146 February 9208 6803 | 2218 71 8 24.7
147 March 855 6514 | 2495 136 9 25.6
148 April 679 6371 | 2747 203 9 244
149 May 573 6655 | 2588 184 9 24.2
150 June 269 7794 | 1834 103 8 21.9
151 July 0 9263 680 57 8 21.3
152 August 0 9237 701 62 8 21.0
153 September| 278 7124 | 2371 227 9 21.7
154 October 691 5332 | 3580 397 9 22.6
155 November 889 5298 | 3529 284 9 24.6
156 December 968 5658 | 3162 212 9 24.3

Note: Leg means the single direction between two points flown or in terms of modeling,

represent the arcs within the network
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Table11 shows the simulation results for scenario 1, i.e. for an incident with 12 PID
located in zone 13 (incident location with latitude 74.1 and longH8tl&, see alsbigurell),
for all months of the year. The simulation with,Q@0 iterations each month indicates that in
the majority ofthe cases, the entire SAR operation is completed in 8 legs, as shown in the
example ofFigure27. In addition, 8% of the iterations for the navigational seagoonths of
June, July, August and Septembemyl 27% for the wintefDecember, January and February)
required 9 legs. For example, to obtain the 27% for the winker,calculaton was
(3162+2815+2218)/30000, where 30,000 represents the total iterations (10,000 for each
month). For those cases, the additional leg compared to the route shokiguire 27 is
characterized by the refueling stop at Clyde River Airport.

Furthermore, when analyzing the numbier§able 11 for SAR operation casesn
average, 1.7% of the iterations for the navigational season and 1.6% for the winter required 11
legs. These percentages were calculated based on the total number of iteystibed for 11
legs in column Gerformed acrosdune, July, August and September or December, January
and February for winter monthBor all caseausingl1 legs the extra legs when compared to
the route represented Figure 27 are also associated with a refueling stop at Clyde River
Airport. In addition, as the search takes a long time in these cases, the amount of fuel would not
suffice to locate the PID, hoist them into the helicopter, and bring the rescued people back to
thetemporary base at Pond Inlet. In that way, the helicopter goes back to the refuelitmg stop
fill up again. In those conditions, the 7th leg is from Pond Inlet to LKR8tthiss searching and
flying to PID, the 9th is flying back to Pond Inket refue| the 10th is flying back to PID and
rescuing peopleandthe 11th is flying back to Pond Inlet and completing the SAR operation.

In Table 11, the third column shows the number it#rationsof the Monte Carlo
simulation in which the helicopter could not complete the redbose cases are explained in
detail in Sectior.3.1 In addition, h Table11, the third column showthatfor the months of
July and August, all simulation runs results in operations which were completszhtrast,
the number of incompletescuesncreases significantly from November to March.

The simulation results also provide insights in difeerent phasesf the responding
SAR helicoptemprocesgrom the time when a distress call is received, until all PID are dropped
off at the temporary base. The sequence of the operational status of a responding helicopter
over timefor the month of September with 12 PID in Zoned8hown inFigure28.
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Figure28: Timeline showinghe sequence of the operational status of the respohdiigpterover

time, example case forrascuen zone 13 with 12 PID iseptember

Figure28 shows when each of the steps of the SAR operation occurs according to the
simulation, starting with checking distress notification, followed by the takeoff prepar&tien.
pink triangle pointing to the right shows when the helicopter starts flyihg. operation
continues until it needs to stop for refueling (green squareé)this is repeated four timds.
this example the helicopter stopped due tegd@onditions angroceededvhentheconditions
changed, so the search start@thK sta). The same logic continues until the helicopter
completegherescue operatiortigure28 also shows what was the weather factor for each leg
of the helicopter. This shows thtte firstthree legs were affected by unfavorable weather
conditions.

Another result which can provide insightsam he si mul ati on model ¢
shown inFigure29. This shows the distance traveled by the responding SAR helidopter
the RCAF base to the temporary basesfunction of the time.
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Figure29: Total distancgin km) covered by the SAR helicopter over tirfie minutes)in zone 13

with12 PID in Septembdsample result from 1 of 10,000 iterations)

The figure illustrates the total distance covered by the SAR helicopter over time. The
diagonal segments of the line represent the periods during which the helicopter is moving,
progressively covering more distance until the SAR operation is completdy inhiais case
results in a total of over 3500km traveled in over 1500 min@&Bshpur$. The horizontal
segments in the graph indicate the time spent by the helicopter at refueling stops, during which
no distance is adde&ach legis linear, which means that the helicopter travels at a constant
speed between each refueling stop. In addition, one larger segment can be seen close to minute
1,100, during which the helicopter stopped for a longer period. This correspondidotga
condition which lasted 180 minutes in this example case.

The next output represents the search tintegare30 below, which occurs from the
moment at which the SAR helicopter arrives at the LKP location, until the PIDs are located.
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Figure30: Search time distribution for zone 13 in Septemivich PID 12

The histogram shows the distribution of search times, measured in minutes, for SAR
helicopter operatiam The data shows a roughly normal distribution, peaking around 30
minutes, which indicates that the most frequent search time is approximately 30 minutes. A
significant bar at the zero mark indicates the number of instances where the helicopter was
unableto conduct a rescue, leading to no search phase being initiated.

Figure31shows the distribution of the total SAR operation times, i.e. the time at which

all PID are dropped off at the temporary base.
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Figure31: Total time distribution for zone 13 in SeptemB¢D 12

This histogram represents the probability density distributiortheftotal SAR
operation timegin hours) for a response to 12 PID in zone 13 occurring September. The
histogram shows a bimodal distribution, with two distinct peaks. The first and higher peak
occurs around 21 hours, indicating that the most common total time for the operationsis in th
range. The second, smaller peak is between 24 and 25 hours.

The second peak iRigure 31 indicates the operations which were more severely
affected fromNo-goand Unfavorableonditions, influencing the total SAR operation duration.

As seen irFigure 40 in Section 4.3.1or September,,888 of 10000 cases did not present a
No-go condition, representing approximately 84% of the cases. This explains the shape of the
distribution inFigure30. For the other 16%, the average wait time dué¢d@o conditions was

3 hourgseeTablel12), which also aligns with the second peak of total times distribution. Table
10 shows the average wait time for the other months when helicopters perform SAR operations

in zone 13.
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Tablel12: Average wait time per month dueNm-go conditionger legin zone 13

Month Average Wait Time (hours)

4.6
4.5
4.6
4.2
4.4
4.0
3.0
3.5
3.0
3.1
3.9
3.9

[l B —
g I Lo ) RN IS R T B B L
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Table 12 shows thatwaiting times due toNo-go conditions are higher in the first
months of the yeaandstartto decrease in June onward until November wiheyy increase

again.
4.2.2 Detailed Results for Scenarios at Zone 12

For the tested scenarias zone 2 (Scenario ID from 133 to 144 irable7 in Section
3.5), theRCAF SARhelicopter is deployed from the base in Comox on the west side of Canada,
with TuktoyaktukAirport serving as a temporary baee transferringpeople in distress. The
potential refueling stops are Terrace Airport, Watson Lake Airport, Norman Wells Airport and
Inuvik Airport. The route given by the modeldspictedin Figure32, and in the same way as

in Figure27 for zone 13, it shows thBAR base, refueling stationeemporary basend LKP.
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Figure32: Helicopter route for incident location in zone 12

Figure32 shows the potential refueling stops. It also shows the representation of each
leg of the route. As shown ihable 13 later in this Section cases in which a responding
helicopter uses 6 and 7 legs were the most common occurrences. In the route defigted in
32, from the 4th leg onward, the route is overlapped by the labels for the airports and LKP. For
better visualizationfFigure 33 and Figure 34 provide a zoome¢th view of the route, clearly

showing the details when 6 and 7 legs are required.
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Figure33: Detailed route from leg 4 tofér a case of a responding SAR helicopter to an incident in
zone 12response to 12 PID faeptember
Figure33is a representation of a case in which the responding SAR helicopter uses 6
|l egs, where the 4th | eg represents the

corresponds to the search period, during which the helicopter flies from LKP to the PID

location, while the 6th leg is the path from PID back to Tuktoyakigkort (temporary base

in this case).
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Figure34: Detailed route from le§ to 7 for a case of a responding SAR helicopter to an incident in

zone 12response to 12 PID in September

In Figure34, an example case of an operation involving 7 legs is presented. Differently
from the whole route previously presented, the helicopter used Norman Wells Airport as one
of the refueling stops, followed by a refueling stop in Tuktoyaktuk (5th fegm Tuktoyaktuk
to LKP). The 6th leg corresponds to the transit from LKP to PID and the 7th leg represents the
flight back to Tuktoyaktuk (temporary base), after the PID are rescued from the incident scene.

Tablel3shows the frequency of cases for 6, 7 and 8 legs as wk#asmber of cases
when helicopter cannot complete the rescue, for a Monte Carlo simulation of scenario 2 with
10,000 iterations.
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Tablel13: Time and route distribution for each month in zo@envith PID 12

Scenario Cannot 6 7 8 3¢Quartile Time

ID Month rescue Legs | Legs | Legs of Total (Hourg
SARITime

133 January 759 1931 | 7310 0 7 18.5
134 February 584 2704 | 6712 0 7 17.3
135 March 0 3603 | 6396 1 7 16.5
136 April 0 4351 | 5647 2 7 16.2
137 May 0 6877 | 3121 2 7 15.8
138 June 0 8946 | 1052 2 6 154
139 July 0 9839 | 160 1 6 15.3
140 August 0 9149 | 851 0 6 154
141 September 0 5927 | 4073 0 7 15.9
142 October 0 2955 | 7044 1 7 17.1
143 November 0 2094 | 7905 1 7 17.3
144 December 691 2378 | 6931 0 7 17.3

Note:Leg means the single direction between two points flown or in terms of modeling, they rep

the arcs within the network

In Table1l3thesimulation resulfor an incident with 12 PID located in zoh2 (incident
location with latitude 70.16 and longitud&31.95 see alsd-igure11), for all months of the
year. The simulation with 1000 iterations each monthdicates that in the majority of the
cases, the entire SAR operation is completed legs in the winter months and 6 legs for the
summer monthas shown in the example Bigure 32, Figure33 andFigure 34. In addition,
only 6.91% (obtained from 691/10007.5%6 and5.8%% of the iterations resulted in conditions
when the helicopter could not complete the rescue onlipémember, January and February
consecutively

Furthermore, only 1 or 2 cases out of theDQO iterations resulted in a flight pattern
requiring 8 legs to complete the helicopter SAR operation, depending on the month. For those
cases, the legs are characterized as follows: the 1st is the voyage from Comox to Terrace
Airport, the 2nd Terrace to s¥sonLake the 3rd from Watson Lake to Inuvik, the 4th Inuvik
to LKP, whereas the 5th leg corresponds to the travel from the LKP to the location of the PID,
i.e. the 5th leg emulates the search period. Theieesperation starts bthie helicopter goes
back to the refueling stop dueitesufficientfuel, which explains the extra legs 6 to 8. Thus,
the 6th leg represents the helicopter going back to Tuktoyaktuk for disembRiKirfd any
werealready rescuednd refuelingthe 7th leg is from Tuktoyaktuk back to the PID location
and finally, the 8th leg is the voyage back to the temporary base.
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Similarly to zone 13the simulation results also provide insights indiféerent phases
of the respondin@AR helicopterprocesdrom the time when a distress call is received, until
all PID are dropped off at the temporary base. The sequence of the operational status of a
responding helicopter over tinfier the month of September with 12 PID in Zoneid38hown
in Figure35.
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Figure35: Timeline showinghe sequence of the operational status of the respohdigpterover
time, example case forrascuen zone 2 with 12 PID in September

Figure35 shows when each of the actions of the helicopter SAR operation occurs in
the simulation, starting with checking distress notification, which is followed by the takeoff
preparation.The pink triangle pointing to the right shows whtre helicopterstarts flying,
which in this case occurs a bit before the 100th minute. The same logic continues until the
helicopter completes the rescue operation.

Another result which can provide insigltéot he si mul ati on model ¢
shown inFigure36, similarly to Figure29 for zone 13 This shows the distance traveled by the
responding SAR helicopter from the RCAF base to the temporary base in function of the time.

This graph is represented belowHigure 36.
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Figure36: Total distance (in km) in function of the total time (in minutesjone 2 with 12 PID in

Septembefsample result from 1 of 10,000 iterations)

The figure illustrates the total distance covered by the SAR helicopter over time. The
diagonal segments of the line represent the periods during which the helicopter is moving,
progressively covering more distance until the SAR operation is completdy inhiais case
results in a total of ove2,500 km traveled in ove®00 minutes (5 hours). The horizontal
segments in the graph indicate the time spent by the helicopter at refueling stops, during which
no distance is added. The trend in each leg isfjivesich means that the helicopter travels at
a constant speed between each refueling stop. The smaller segments associated with a non
moving helicopter (constant total distance over a time period) are associated with the time spent
at a refueling station.

The next output represents the search tinfriegare37, which occurs from the moment

at which the SAR helicopter arrives at the LKP location, until the PID are located.
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Figure37: Search time distribution for zone€1n Septembewith PID 12

The histogram shows the distribution of search times, measunadures, for RCAF
SAR helicopter rescue operatioridie yaxis represents the frequency of occurrentés
results show a roughly normal distribution, peaking after 30 minutes, which indicates that the
most frequent search time is between 30 and 40 minutes.

Figure38shows the distribution of the total SAR operation times, i.e. the time at which
all PID are dropped off at the temporary base.
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Figure38: Total time distribution for zoneZlin SeptembePID 12

This histogram represents the probability density distributiortheftotal SAR
operation timegin hours) for zone 12 in September related to SAR helicopter operations. The
histogram shows again a bimodal distribution, with two distinct peaks. The first and larger peak
occurs around 15 hours, indicating that the most common total time for themperatround
this number. The second, smaller peak is around 18 hours.

The second peak iRigure 38 indicates the operations which were more severely
affected fromNo-goand Unfavorableonditions, influencing the total SAR operation duration.

As seen irFigure 16, for Septembe8,561 0f 10,000 cases did not presenia-go condition,
representing approximately6®% of the cases. This explains the shape of the distribution in
Figure38. For the othel 4%, the average wait time dueNo-go conditions wag.9hours(see
Table14), which also aligns with the second peak of total times distributiable 14 shows

the average wait time for the other months when helicopters perform SAR operations in zone
12.
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Tablel14: Average wait time per month dueNw-go conditions in zone 12

Month Average Wait Time (hours)
1 5.1
2 3.5
3 3.1
4 2.5
5 3.2
6 2.0
7 24
8 2.5
9 2.5
10 3.9
11 3.8
12 4.3

Table14 shows that waitingimesdue toNo-go conditions are higher tranuary and
Decembelandstart to decreaseom Februaryonward until NovembefThe smaller numbers

are from June to September.

4.3 RESULTS FROMTHE HELICOPTER SAR OPERATIONS MODEL

The simulation resultsf third quartilefor total SAR operatiortimes across all 17
zones PID 12and all months of the year are outlined in the test matrix described in Section

3.5, with the corresponding heat map displayeBigure39.
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Figure39: Heatmap showinthird quartile forhelicopterSAR timesoperationsvith 12 PID

The heatmap shows the third quartile of the total SAR response time for zones 1 to 17
introduced inFigure11l. It is noted that for zone 1, two locations were selected because of its
large size and because different routes are needed for each of these, resulting in significantly
different rescue timedhis can be further observedrigure40that shows the map of Canada
with maximum and minimums of these times for each zZNp&that zones 1.3 and 3 show the
highesttotal times(in darker color), followed by zone Ilfor which the simulation indicates
that rescue operations can only be completed during the summer months.

It is also possible to observe that Zones 1.3 and 3 show the hilginésjuartile for
helicopter total SAR time§n darker colors). This is primarily because these zones represent
some of the most remote areas in the Canadian Arctic, as highlighted in Figar&ddion
3.4. The remoteness of these zones increases the likelihood of encoubtefangrableand
No-go conditions.
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Zone 1.1 showthatoutside of the summer montHSAR operations are not possible
This is due to the high incidence Ohfavorable weather conditions from October to May,
combined with the significant distances to the nearest refueling points.

Zones 12, 5, 6, 13, 14 and 16 also show high nunitek4ETR-HT. All zones exhibit
lower totalSAR times(in lighter colors)during the summer months, particularly in June, July,
August, and Septembdro complete this analysis, a map showing the minimum and maximum
values of METRHT over the course of a year for the different zones is presenkegiure40.

This map confirms that more remote locations are associated with higher values of tMIETR
as can be expected.

In Figure4Q0, it can be observed that Zone 1 has multiple incident locations. This is
because, for the original incident location showrFigure 11, the helicopter was unable to
complete the rescue. As a result, two additional locations were selected: 1.1 in the southern part
of Zone 1, 1.2 (the original location), and 1.3 in the northern part of Zone 1. Interestingly,
although 1.3 is farther northan 1.2, rescue conditions are more favorable due to a different
route being used. In this case, the helicopter approaches from the east (Gander Airport) instead

of from Comox, which is the approach used for Zone 1.1.
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Figure40: Map of Canada divided into AIRSS zones with min and max valugsrdfquartilesover

the course of a year for helicopter SAR operations, cased &/RD

4.3.1 Influence of weather conditions on helicopter SAR operations

To further understand the impacts of bdtb-go and unfavorable conditions on the
duration of helicopter SAR operations according to RiEO model, graphs showing the
frequency and duration ®fo-go conditions for each month and zone are presented as well as

the number of occurrences when the helicopter could coatplete therescue due to
unfavorable conditions.
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Figure41: Heatmap showing the percentage of SAR operations in each zone and month where at least

oneNo-go condition was encountered

The heatmap helps toderstand areas with higher occurrencddmgo for helicopter
SAR operations throughout the year across the Canadian ,Asbbwingthe percentagef
cases in which at least oN®-go condition is encounteredih general, it is possible to observe
darker area®sn both extreme sides of the heatmap, indicating higher occurrences in winter
months. When comparing the different zones, it is seen that zones 2, 4, 10, 11, 12, 15 and 17
experience lower effects froldo-go conditions. To gain deeper insightsoithe effects of
theseNo-go conditions on the METRIT, a heatmap with the durations lé-go conditions
when they occur is presented below.

92



Zone_1- 5.0 6.0 6.0 4.5 6.0 5.0 4.0 4.0 4.0 35 5.0 4.0

Zone 2 - 6.8 6.0 6.2 5.0 5.0 4.5 4.0 4.0 5.8 5.0 4.0 5.0
Zone_3 - 6.8 4.0 6.2 4.0 4.8 5.0 55 5.0 5.0 5.0 4.0 5.0 12
Zone_4- 5.0 42 3.0 3.0 4.0 2.0 3.0 3.2 35 4.2 5.0 5.0
Zone_5- 5.0 5.2 5.0 4.0 5.0 4.8 5.0 5.0 4.0 3.5 5.0 4.0
Zone_6- 6.8 6.0 6.2 4.0 4.8 5.0 5.5 5.0 5.0 5.0 4.0 5.0 10
Zone_7 - 6.8 5.0 6.0 4.0 4.0 5.0 55 5.0 5.0 5.0 4.0 5.0
Zone_8 - 5.0 5.2 5.0 4.0 5.0 4.8 5.0 5.0 4.0 i 5.0 4.0
Zone 9 - 6.0 6.0 6.0 5.0 6.0 5.0 4.0 4.0 4.0 35 5.0 4.0 -8
Zone_10- 6.0 5.0 6.0 5.0 6.0 5.0 5.0 5.0 4.0 4.0 6.0 4.2
Zone_11- 6.2 3.0 4.0 4.0 4.0 5.0 3.0 4.0 3.5 4.8 5.0 4.5
Zone_12 - 5.0 4.2 3.0 ) 4.0 2.0 3.0 3.2 35 4.2 5.0 5.0 -6
Zone_13 - 5.0 6.0 6.0 5.0 6.0 5.0 4.0 4.0 4.0 3.5 5.0 4.0
Zone_14 - 4.8 42 6.0 4.0 6.0 5.0 2.0 4.0 4.0 35 5.0 4.0
Zone_15- 6.0 5.0 6.0 5.0 6.0 5.0 5.0 5.0 4.0 4.0 6.0 4.2 B
Zone_16 JENER: 12.5 6.0 5.0 5.2 5.0 3.5 4.0 5.0 5.0 6.0 5.0
Zone_17 - 4.0 4.0 5.0 4.0 3.8 42 4.0 3.0 5.0 3.0 4.0 45
Jaln Ff.l‘b Mér A;I)r Méy Juln JI..I| AL:lg Silep Olct Ncl:rv De.ec N

Figure42: Heatmap showingveragedurations(hours)of a No-go conditionoccurring during a given

helicopter SAR operation, f@ach zone and month

Similarly to observations made for Figure 28, these results show that longer wait periods
due toNo-go conditions occur in the winter months, with some zones seeing extended delays
throughuntil May. Lighter areas in zone 4, 12 and 17 indicates that these zones are less
impacted by waiting time delays dueNwo-go conditions. Lastly, zone 16 show a very high
wait time for the months of January and February, which can delay trips for more than half day
on average.

When considering unfavorable conditions, a clear way to understand their impact is by
examining cases where the helicopter is unable to comppletescue.The heatmap below

show these occurrences depending again on location and months of the year.
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Figure43: Heatmap showingumber of incomplete rescue operatiémseach zone and montut of
10,000 iterations

The heatmap illustrates the number of occurrences, out of 10,000 model iterations,
where the helicopter was unable to complete the rescue. This happernbevistance to the
next refueling stop exceeds the helicopter's range, which is often reduced due to unfavorable
weather conditions. While these occurrences are relatively-raiece refueling stops are
typically spaced closely enough tumfavarabeo mmo
conditions- exceptions do occur, as indicated by the instances shown on the heatmap. Most of
these instances, except for Zone 1 (the most remote zone), happen during the winter months
when maritime traffic is signifantly reduced or nonexistent. In these cases, the current
iteration is stopped, and the model moves on to the next one.

The heatmap indicates zones with higher occurrence of incomplete rescue operations
such asZonez 9 and 13. Although the occurrence of such instances is significantly lower for
the summer months, they are also present. One example is September which had 274 and 278

occurrences respectivelgr zones9 and 13 Based on this heatmap, 3 zones were selected to
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interpret occurrencesf incomplete rescue operatiomsdinvestigatevhetherthese correspond
to unfavorable conditions. Probability density graphs are presented below for zones 1, 15 and
16.

Zone 1 was chosen because in the heatmap, all months had occurrences of no rescue
operations.Figure 44 shows the distribution of the weather factors in the helicopter SAR

operations simulation model for zone 1, in January.
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Figure44: Probabilitydistribution oft h eeatbbevacto® v ar i abl e of the SAR he

modelfor Zone 1 in Jamary

Figure44 showsthat there is a high incidence of weattletayfactor of 0.9 which is
higher than incidences of weather delay fadtowhich represents favorable conditiombe
weather factor in this context reflects the impact of weather on the helicopter's speed. For
example, a value df indicates Favorable conditiors) there is no impact in the helicopter
speed. On the other hand, fadd® indicates that the helicopter's speed is reduced by 10% due
to unfavorable weather conditions. This reduced speed leads to delays, increasing the total SAR

operation time.
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Figure45 shows the distribution of weather factors in the helicopter SAR operations

simulation model for Zone 1 i&eptember
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Figure45: Probabilitydistribution oft h eeatbewacto® v a for thee ISARehelicopter operations

modelfor Zone 1 inSeptember

While a weather factor of 0.9 is lower than Favorable conditions (where the weather
factor would be 1, indicating no speed reduction), it still significantly contributes to higher
METR-HT and increases the likelihood of incomplete rescue operaticthe model.

Zone 15 was chosen contrast taZzone 1, where for all months and all iterations the
helicopter was able to complete rescue operafimure46 shows that for January #one 15,
there is a high probability of weather factor Qc@used by high probability of Unfavorable
conditions) significantly higher when compared to weather factor 1.

The heatmapn Figure 43 shows how weather factors impact incomplete rescue
operations by directly influencing the hel.]
- reflecting how much weather slows the helicoptavas emphasized to show its role in

reducing the helicopter's speed and range. This reduction, combined with long distances
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between refueling stops, can lead to incomplete rescues. However, in Zone 15, no incomplete
rescues occur despite the presence of unfavorable weather. This suggests that, while weather
factors are crucial, they only lead to incomplete rescues when thaaigbetween refueling

stops is greater than the helicopter's range under reduced conditions. Therefore, highlighting
weather factors is essential to understanding how these elements contribute to incomplete
rescues, particularly in zones where distancesvéen stops exacerbate the effects of

unfavorable conditiongzigure46 below showshe distribution foZone 15
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Figure46:. Probabilitydistribution oft h eeatbewactod v a for thee IBARehelicopter operations
modelfor Zonel5in Jaruary (left) andAugust (right)

Finally, Zone 16 was chosen for analysis because, in some months, the SAR helicopter
could not complete the rescue, whereas in others, all operations were sudcesséul
simulation February, for example, had 909 instances of incomplete rescues, while August had
none Figure43) . This difference is directly Ilinke
probability of unfavorable conditions is evident in the weather factor distribution

Figure47, which shows significantly more weathedlated delays compared to August.
These unfavorable conditions reduce the hel
completing the operation and the total operation time. For instanEggtne 39, February
tot al SAR time is 24.6 hours, compared to A
not only explain the incomplete rescues but also lead to an increase in the overall SAR operation

time.
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4.3.2 Additional tests for different number of Personsin Distress

The analyses executed in Section 4.1 for the different zones in the Canadian Arctic,
over the course of a year across various months, as$2rRéD. This number reflects the
capacity of the RCAF SAR helicopter, as describe@able4, Section3.2.2 This selection
also represents a plausible upper limit for rescue needs in a significant number of incident cases
occurring in Canadian Arctic marine areas, as demonstrated by Stoddard & Pelot (2020). This
is due to the high rate of incidents involvinghing and recreationavessels in the region.
According to PAME (2020), fishing vessels are common in these waters, typically manned by
crewslower than 15people, reflecting their smaller size compared to large cargo ships or
tankers.

Nevertheless, it is important to consider other types of vessels navigating in the
Canadian Arctic, as their rescue needs may vary significantly based on the type ofAgessel.
noted byCoplandet al. (2021)besides fishing vesselere has been a notable increase in
pleasure craft, bulk carriers, and passenger ships in the region, particularly since 2005.
Additionally, Stewart et al. (2010) and Johnston et al. (2012) have documented a rise in cruise
ship activity in the Arctic, wth itineraries more thmadoubling between 2005 and 2013 (Dawson
et al., 2014). This highlights the growing presence of expedition cruise ships, which often carry
between 100 to 200 passengers.

Given the diversity of vessels operating in the Canadian Arctic, it is essential to
consider varying rescue needs based on vessel type and capacity. A PID scenario of 50 was
selected for commercial vessels, as these ships generally carry fewer passengarscato
larger vessels like cruise ships. However, commercial vessels can still reach capacities of
around 50 individuals, as observed in instances where large pleasure crafts or cargo vessels
operate in the region. Johnston et al. @01ighlighted tfat in three out of the four most recent
years studied, pleasure crafts with over 50 people on board were recorded. Furthermore, the
growing presence of expedition crusessels, which can carry significantly more passengers,
supports the use of a 200 PID scenario. Thi
phase of interviewSection3.1.] and findings in Mostaghimi (2024), where vessel capacity
plays a crucial role in determining rescue needs. Therefore, both the 50 and 200 PID scenarios
account for a range of rescue needs across different vessel types, making them crucial for

modeling SARoperations effectively.
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In addition to the choice of PID, the month of September was selected for testing the
scenarios in this section. Stoddard & Pelot (2020) indicatertbaths within the navigational
season June, July, August, and Septembsee the highest number of maritime incidents, with
September stilbeing part of this seasoithis period presents relatively favorable weather
conditions, which allow for continued vessel activity. As showRigure39, September also
features higher total response times compared to July and August, which makes it particularly
important for studyindETR-HT. The combination of incident frequency and response time

patterns justifies September as a sensible month for testing these scenarios.

Results for PID 50 in zone 13 in September

A scenario for 50 PID requiring rescue in Zone 13 during the month of September was
tested, for which various results are described below. The aim is to understand the impact of
the number of PInthe METRHT. For the route, the same graph types as in Figures 16 and
Figure 23 are used for the case of 12 PID, enabling a comparison. For this scenario, the results

of the total distance traveled by the SAR helicopter over time are shown in Figure 35.
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Figure49: Total distance (in km) in function of the total time (in minutes) in zawith 50 PID in

September
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Since the capacity of the SAR helicopter is limited to 12, when arriving at the scene,
the helicopter will hoist 12 people, go back to the temporary (@sed Inlet in this case)
disembark the rescued people, and then go back to the PID location to rescue another batch of
people. This process is repeated until all 50 PID are rescued. This explaifrgywes9 has
more steps with shorter time intervals from ¢200 min onwards, since the distances between
the PID location and the temporary base are shibréer other legs of the trip

The timeline chart complemenEgure 49 by illustrating the various stages of the
rescue operation, highlighting key differences when compared tateeof 12PID scenario
(Figure29in Sectiord.2.]). The detailed results anme Figure50.
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Figure50: Timeline showinghe sequence of the operational status of the respohdlivgpterover

time, example case forrascuen zone 13 with 50 PID in September

In this figure, the helicopter arrives fibrefirst time at the PID location around minute
1,200, after which the rescue operation starts. Subsequently, the helicopter must go back four
times to rescue the remaining people. Thus, the rescue operation is completed only after around

2,000 minutes (i.e, ca, 1.5 days).
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For this scenario, the total SAR operation time is showngare51, with the highest

peak appearing around 32 hours.
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Figure51: Total time distribution for zone 13 in SeptemB¢b 50

This histogram represents the probability density distribution of the total SAR
helicopter operation time (in hours) for zone 13 in September for a scenario with PID 50. The
histogramnow shows three distinct peaks. The first and highest peak occurs around 32 hours,
indicating that the most common total time for the operation is around this number. The second,
smaller peak is around 38 hours. The third and smallest peak appears around 47 hours.

The presence of multiple peaks in the histogram likely results from the interaction
between the increased mission complexity and the impact of unfavorabMoagw weather
conditions. In the PID 12 scenario, the second peak was primarily influenced by wait times due
to No-go conditions. However, with a PID of 50, additional legs are required for refueling, and
longer distances must be covered. As a result, the helicopter is more susceptible to delays
caused by its speed addlay weathefactors. This comtbutes to a wider distribution of total
SAR operation times, reflected in the additional peaks. Each peak represents a cluster of
operations with varying delays due to differences in weather and refueling requirements, which

makes sense given the increhsemplexity of the higher PID scenatrio.
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Table 15 shows information related to how many legs it took for the RCAF SAR
helicopter to complete the rescue operation for the scen&®RID in zone 13 in September.

Table15: Time and route distributioBeptembein zone B PID 50 based on 10,000 iterations of the
HESARO model

Month Cannot 16 Legs| 17 Legs| 3“Quartile | Time(hours)
rescue
9 763 6295 2942 17 36.9

Note:Cannot Rescue: numberitgfrations (out of 10,000) where the helicopter was unable to complete
rescue. 16 and 17 Legs: The number of iterations that required either 16 or 17 legs (refueling stops
segments) to complete the SAR operation, with varying legs bapedatiomal conditions and flight paths

Table 15 shows that in most cases, the helicopter could complete the SAR operation
with 16 legs. Each time the helicopter travels to the PID location and returns to the temporary
base to disembark people, 2 legs are added. Compared to PID 12, 4 extra hoisheaatio
needed, which results in 8 extra legs.

The histogram shown iRigure 52 below shows the distribution of weather factors

impacting the helicopter speed for all,Q@O iterations in the Monte Carlo simulation.
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The histogram shows that in most cases, the helicopter speed is not significantly
impacted by weather conditions, as the most frequently occurring weather factor is 1. This
factor indicates favorable conditions feachleg of the operation. However, since weather
conditions are sampled for each refueling stop, the weather factor can vary by leg, potentially
leading to delays or adjustments in speed. The overall distribution reflects these varying
conditions, as some legnay experience unfavorable condiBpinfluencing the total operation
time. The second most common value is a weather factor of 0.9, which is fixed as described in
section3.2.2 indicating unfavorable temperature. To visualizeNbego conditions, a box plot

of the distribution of the wait time due lp-go conditions is presented figure53.
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Figure53: Box plot showing statistical metrics of the distribution of wait times duéotgo

conditions, case of PID 50 in Zone 13 in September

The box plot shows that the third quartileslaround 5 hours witla medianof 4.5
hours and a maximum value of 6 hours, and a minimum around 3 hours. The distribution also

contains some outliers between 1 and 2.5 hours.
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Results for PID 200 in zone 13 in September

Thecase fo200people in distress for September a¢sotested for Zone 13, and the
results are described below. The goal is to understanopacts foa higher number of PID
and check patterns as the one described Béiigle 15. Thegraph of total distance ovémeis

presentedbelow.
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Figure54: Total distance (in km) in function of the total time (in minutes) in zone 12 fo2B0ON

September

In this case, when gettingtoithe scene, the helicopter will hoist 12 people, and as for
PID 50, go back tehe temporary base, disembark and go bacth&PID location to rescue
another load of people. The process is repeated until 200 people are rescued. This explains why
in figure 33 the process is repeated multiple times.

The chart showing the timeline complemehRigure55 showing multiple steps dhe

rescue operatignvhich differs when compared to PID 12.
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Figure55: Timeline showinghe sequence of the operational status of the respohdiivgpterover
time, example case forrascuen zone 13 with 200 PID in September

In this chart, the process of going back to the base, disembarking and refueling is
repeated 17 times.

The total time graph now shows the highest peak around 71 hours.
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Figure56: Total time distribution for zone 13 in SeptembmrPID 200

This histogram represents the probability density distribution of the total time (in hours)
for zone 13 in September related to SAR helicopter operations for PID 200. The histogram
shows now two distinct peaks. The majority of the data is concentrateadattal 70 to 80
hour range, with the highest probability density (around 0.12) occurring near 70 hours. This
indicates that most occurrences in the dataset have a total time in this range. There is a smaller
cluster of data points around 120 ho(ggactly5 days) indicating that there are some cases
where the total time is significantly longer than the primary group.

Lastly, compared to PID 50, that mostly completed the rescue with 16 legs, PID 200
resultshad40 legs, totaling 75 hours (around 3 days) to complete the rescue opénatoms
of total SAR helicopter time#1D 12 resultsvere21.7 hours, PID 58vere36.9 hours and PID
200were75 hours.

Comparing results for PID 12,50 and 200in zone 13 in September

Comparing the results of the different PID scenarios in Zone 13 (12, 50, and 200)

reveals how the number of people in distress (PID) directly impacts the SAR operation's
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complexity and overall duratio.able16 below shows how #se differences in PID impact

total SAR operation time.

Table16: Comparison of 3rd Quartile for total SAR operation time for PID 12, 50 and 200

PID 12 50 200
Hours 21.7 36.9 75
Days 0.9 1.5 3.1
Legs 8 16 40

In the base case of PID 12, the RCAF helicopter can complete the operation within
one cycle, leading to shorter rescue times, fewer refueling stops, and less exposure to adverse
weather conditions. This results in a relatively predictable and condengatiapéme, with
the majority of operations being completed within 22 hours.

However, the introduction of PID 50 and PID 200 demonstratesnitreasing
challenges faced during largstale rescues. As the number of people to be rescued increases,
sodoes the number of legs required, leading to significantly longer operation times. The SAR
helicopter must undertake multiple trips between the incident site and the tenfjamagy it
is possible to hoist people and place them sarfellge temporary baséhis is reflected in the
multiple peaks in the total time distribution fortboscenarios, where mission delays and
operational difficulties introduce greater variability.

In particular, the PID 200 scenario exemplifies the strain on SAR resources, with
operation times stretching up to 75 hours. This suggests that as the PID rises, the helicopter's
capacity limitations and the extended mission duration contribute to a grosknof mission
failure, as seen in the instances where the helicopter could not complete th€Xe8tareP 1D
12 compared @3 for PID 50)

4.4 MODEL VALIDATION : COMPARISON WITHZARRINMEHRO®G S MODEL

As a partial validation of thelIESARO model developed in this thesis, the original
model byZarrin Mehr et al. (2023)as applied for the same locatidial 17 zones)refueling
stops and bases as presented fotdbematrixin Section3.5. The tests were made for PID 12.

In addition, & his model only allows making a distinction between summer and winter

conditions in a relatively higkevel manner, the summer scenario was selected, as these are
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assumed to be comparable with the weather conditions of the month of September as used in
theHESAROmModel. The results are presented ablel7.

Tablel17: Comparison of results fro@arrin Mehr et al. (2023for the summer and PID 1hd the
HESAROmModel(September) and PID 12

Summer Current model (Sep| ,
- - Comparison
Zone |Time (hours Time (hours)
Zone 1.1 21.7 23.0 Higher
Zone 2 20.1 20.1 Higher
Zone 3 25.2 29.1 Higher
Zone 4 16.1 17.6 Higher
Zone 5 19.6 21.6 Higher
Zone 6 20.3 22.0 Higher
Zone 7 17.9 19.5 Higher
Zone 8 17.1 20.1 Higher
Zone 9 18.7 19.7 Higher
Zone 10 16.9 17.7 Higher
Zone 11 15.8 15.5 Lower
Zone 12 14.6 15.9 Higher
Zone 13 20.7 21.7 Higher
Zone 14 17.3 22.8 Higher
Zone 15 14.1 154 Higher
Zone 16 18.8 21.7 Higher
Zone 17 12.3 12.6 Higher

Tablel17 presents a comparison of model outputs for the summer season with a PID
of 12, highlighting differences between the current modelZardn Mehr's original model,
which serves as the baseline. In Zone 11, the current model yields a lower-NMEV&ue,
with a reduction of 0.3 hours (18 minutes) compareghitoinMe hr 6 s model . Whi |
the HESARO model tends to produce higher MEHTRvalues as expected based on the RHEO
model, it can also show lower values due to other variables within the model that influence the

total METR-HT.
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5. DISCUSSION

5.1 DISCUSSION ON SENSITIVITY ANALYSIS

This chapter aimto interpret and discuss the results showiCirapter4 andhow

they answer the research questions present@thapter 1. Section 5.1 presents a discussion
usingsensitivity analysis, showing how changing key variables can affect the results presented
in Chapter 4. Section 5.2 shows a summary of the assumptions used in the model, to provide
transparency on the evidential basis, possible optimistic or conservative biases, and to provide
transparency about the choices made in the model. Additioi@ippter Swill discuss the
study's limitations and offer suggestions for using and extending the results for practical
applications in section 5.4, and directions for future research in section 5.5.

The findings suggest that weather factors have significant impacts on helicopter SAR
operations and consequently, play a big role in whether-ttey 3equirement for METR can
be achieved. The SAR helicopter operation time especially depends on the yeae afd on
the location in Canada where the incident occurs, which influences the number of refueling
stops available and the routes taken. The following discussion provides an interpretation of the

sensitivity analysis and how each parameter impactetudts.

5.1.1 Incident locations

The locations of the incidents selected in this thesis comprehensively cover the entire
Canadian Arctic waters, making uskthe segmentation ia the SSCZs shown iRigure11l
and selecting a representative location within each. Nevertheless, each SSCZ zone covers a
very extensive area, especially zones 1, 6 afat @xample thatover vast amounts of sea.
Incident locations in othdpbcationsevenwithin these SSCZ might change the results of the
total SAR operation times presentedrigure 39. When comparingones 1 and 8neighbor
zones) it is clearhow these values can vary significantly, not only due to the larger distances
involved but also because different routes may require additional or alternative refueling stops.
Figure39in section 4.3 shows how zone 1.1 presents lower values of the total SAR operation
time, with an average of 23 hours compared to 27 hours in zone 1.3 for summer months. In this
case, this was due to smaller distanicesveen incident location and tRCAF basewhen

comparing 1.1 and 1L.Blowever, the results also indicate that theARGAR helicopter cannot

110



rescue people in zone 1.1 from October to May. In addition, for zone 1.2 operations are not
possible for any time of the year.

To complete thisnalysis;Tablel8shows howachange in incident locations can impact
the total rescue time even within the same zone.

Table18: Total SAR operationiime differenceghours)within the same zonfr PID 12

Location in
zone 9
South 205 20.7 211 202 197 178 166 166 17.0 184 20.3 205
North 239 238 240 226 221 213 19.8 193 19.7 215 225 227
Originally
tested and
presented
in Figure39
Note: Southlocation refers tdatitude67.9andlongitude-62.4while North is latituder2 and longitude72.7

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

23.0 227 233 219 213 204 197 193 197 205 222 218

The table shows the impact of the location of incident locations even within the same
zone due to longer distances from helicopter bases or even the need of extra refueling stops or
different ones.

5.1.2 Helicopter bases

The location of helicopter bases is another factor influencing the SAR helicopter
operation total time. In case thagerelocated closer to the incident location, helicopters would
need to fly shorter distances, and fewer refueling stops would be needed. Bouchard (2020)
addresses the need for air bases in Northern locations, and the test redaitlyiehr et al.
(2023)provide insights ito the difference of using a base up north versus using bases which
are already currently operational (e.g. in Gander). The author investigates a case using Gander
as the main base compared to a scenario in which there were a base in Igaluit, with results
showing a total SAR operation time of around 10 hours for the summer months with 15 PID,
compared to 19 hours when a helicopter is deployed from Gander for the same conditions. A
difference of 9 hours plays a significant role in the survivability of peopdsiress, due to the
often harsh and extreme weather conditions in the Canadian Arctic.

In this study, the total SAR operation times for different base locations were also
tested. This test mirrors the work Bgirrin Mehr et al. (2023which compared response times
when the helicopter took off from a base in Gander versus one in Igaluit. For Zone 13 in
September with a PID of 12, the results showed a total SAR operation time of 14.2 hours when

hypothesizing the base in Igaluit. Thisnt@sts with the 2hour total time shown in the
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heatmap Figure 39) for the same month and zone when the base is in Gander. Additionally,
the test with Igaluit as the base indicated that only one refueling stop was required.

5.1.3 Refueling stops and refueling times

Throughout the testing phases describe8ention3.1.1and3.1.2 improvements in
the selection ofhe refueling stops used in the model were made based on validations in the
interviews and testing the model. One example of the improvement in the usage of refueling

stops is presented below for zone 8, for which a series of tests was performed.

Table19: Firstround oftess for zone 8 PID 12 and refueling stops

Cannot 9 10 3rd Time
Month rescue 6legs 7legs 8legs legs legs quartile (hours)

1 7721 1605 250 422 2 3 14.7
2 6629 2511 324 534 2 6 16.7
3 7506 1790 255 447 2 3 16.1
4 5629 3001 431 935 4 6 18.5
5 4908 3380 522 1181 9 6 18.8
6 2749 5732 521 991 7 6 18.7
7 1360 7257 390 992 1 6 18.6
8 1378 7364 471 787 0 6 18.6
9 2633 4976 786 1576 22 7 6 19.3
10 6712 2073 377 828 9 1 6 16.3
11 7301 1585 320 778 13 3 6 16.3
12 8262 1070 186 475 7 3 12.3

The first test reveals a high number of iterations where the helicopter was not able to
complete the mission, which is representedhgysecond columim Table20. This is because,
in the first test, the distance in leg 3 was too long for the helicopter to reach the next refueling

stop.
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Table20: Second round akss for zone 8 PID 12 and! refueling stops

Month ?eir::g[ 7legs 8legs 9legs 10legs 11legs qu?;rr?ile (Jg:g)
1 7721 7381 850 1759 10 8 21.6
2 6629 7931 702 1360 7 7 21.3
3 7506 7667 820 1503 10 7 22.5
4 5629 7127 840 2012 21 8 21.2
5 4908 7109 734 2128 27 2 8 21.3
6 2749 7986 667 1338 9 7 20.1
7 1360 8451 403 1138 8 7 19.5
8 1378 8544 533 922 1 7 194
9 2633 7114 913 1946 26 1 8 20.5
10 6712 6928 881 2152 37 2 8 20.4
11 7301 6823 790 2342 44 1 8 22.1
12 8262 6983 729 2266 22 8 21.2

When comparing both results, the second test shows that all iterations were able to

completetherescue operation, unlike the previous test where it@pationspresented failures

preventing the rescue. By adding an extra stop at Kangigsijuaq Airport, as shéiguarab?,

the helicopter was able to compleiéiterations
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Figure57 shows not only the importance of a strategic choice of refueling stops in order

to complete the mission, but also the impact of one extra stop on the total rescue time. Although,

it is important to account that in the first table, the results of time weeieced because most
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values when calculating from the,Q00 iterations were zero or close to zero because operations
could not be completed.

Furthermore, when considering refueling times, the value used in the model was 30
minutes. But as discussed in sect®B.2this time can take up to 3 hours. If considering this
time, the total time would increase considerably. For zone 13, for example, the results in section
4.2.1show that the helicopter had to stop 5 times for refueling, which could ind¢heatsal

rescue timéoy 15 hours

5.1.4 Weather assumptions

The two main categories related to the weather which impact the total SAR operation
time are the unfavorable conditions and M@go conditions, as explained in chapter 3. The
unfavorable conditions impact the speed, range and fuel consumption of the responding
helicopter, whileNo-go conditions will affect the wait time, which extends until weather
conditions improve so that the helicopter can resume its operations. Based on the descriptive
statistics of those conditior{presented in Sectiof.1.1), in this model the third quartile for
both unfavorable anNo-go conditions was selected to use in the model simulation. Based on
that, variations on that choice could impact the total SAR operation time when varying between
more and less conservative approaches.

The average duration dfo-go conditions due to visibility across all airpdiite. bases
and refuelingstation$ and all months is 3.9 hours for the third quaxiigvait times due to No
go conditionsOn the other hand, the first quar@mounts tdl.1 hoursAt the other extreme,
the maximum duration of Ngo conditions due to visibility averages 23 hours across all zones
and monthsFor No-go conditions due to precipitation, this average of maximum vasuge2
hours, and 7.6 hours for wirrélatedNo-go conditionsThis analysis demonstrates that using
more conservative assumptions in the model can lead to an increase in total SAR operation time
of up to one day (PID 200 compared to PID 12). Thisease could be even greater when
considering higher PIDs. For instance, in the case of cruise ships with 2000 passengers, the total
operation time could exceed thed&y guidance for METR, underscoring the importance of

PID as a critical factor influemoy SAR total times.
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5.1.5 Helicopter speed andakeoff preparation

Other important variables influencing helicopter times include aircraft speed and
takeoff preparatiotime. This section explores the impact of varying assumptions related to
these factors, drawing insights from initial findings.

One exploration focused on helicopter speed. For instance, it was observed that when
reducing the speed from 240 to 180 knots in zone 13, helicopter operations could not complete
rescues in January and February. Although this observation stems fromngdpskey
operational parameter, it serves as an initial insight rather than a conclusive test.

Regarding takeoff preparation, as discussed in Chapter 3, a triangular distribution was
assumed, with a minimum of 45 minutes, a mode of 75 minutes, and a maximum of 120
minutes. Subject Matter Experts (SMEs) during the second phase of interviews nbthd tha
standard zhour response posture could occasionally be exceeded, for instancd)elicotter
maintenance. If an additional 120 minutes were factored into preparation timses,ould
entail a significant increasehen consideringexposure timesespecially given the harsh

conditions of the Arctic.

5.2 DISCUSSION OF STUDY RESULTS

The analysis of the model results offers key insights into the helicopter operability and
its impact on METRHT across the Canadian Arctic. The results reveal significant spatial and
temporal variations, reflecting the influence of both geographical asdsal factors on SAR
operations in the harsh and remote Canadian marine areas.

The heatmap shown Figure39 provides a clear representation of how the total time
varies throughout the year. An important observation is that there are higher SAR operation
times during the winter months, particularly from November to March, across most zones. For
instance, zones B, and 6 exhibit notably high times in the early winter months, with vafues
third quartilereaching up t&1 hours(for PID of 12) This suggests that these areas experience
challenging weather conditions during the harsh winter months, which results in more
significant effects of weather conditions for both unfavorableNmdo conditions. In contrast,
the summer months, especially from June to September, generally show lower total SAR

operational times, indicating better conditions for helicopter missions. The results indicate a
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reduction in the total time to complete operations during these months. Zones such as 17, 10,
and 9 illustrate these improved conditions, with opengimes dropping below 15 hours.

For the winter months, an important consideration is the number of incomplete rescue
operations, as shown iRigure 43 (Section4.3.]). If these incomplete operations were
successfully completed and included in the MEATR calculations, the overall numbers would
likely increase. This is because incomplete rescue operations are primarily caused by
unfavorable conditions, which are oftdre main contributors to delays in total SAR operation
times.

Figure40in Section4.3 maps out the zones and their corresponding tiparames,
offering a spatial perspective on thesults It highlights significant geographic variability
across the Canadian ArctMore rorthety zones like zones 1 and 3 (as also observed from the
heatmap), consistently report the longest dpanaimes, especially during the early winter
months, with values exceeding 26 hours. This reinforces the understanding that northern
regions face more severe weather conditions which delay rescue operations.

In contrast, southBr zones like zones 10, 9, and 17 demonstrate shortertiomera
times, reflecting better weather conditions in these regions. The proximity of these zones to the
bases in the south also contribute to these lower times, suggesting that rescue operations can be

conducted morexpeditiously

5.3 IMPLICATIONS OF THERESULTS

The insights gained from the analysis of helicopter SAR response operations could
guide adjustments to IMO policies, leading to updates in the guidance documentation associated
with the Polar Code. In particular, the updated knowledge about helicoptensegpnes, the
operational difficulties in the Canadian Arctic, and the estimates for METRould be used
to definemorerealistic METR values for use on the Polar Ship certifidatéhis context, it is
important tolink the relationship between MET&d METRHT. While METR isfocusedon
the Maximum Expected Time of Rescue of any asset (the main focus is to guarantee
survivability), METRHT is focusecbn Maximum Expected Time of Rescofethe Helicopter
Cormosant operations which can often be the same depending on contexts of the incident (e.g.

locations, PID, weather).
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An example of a scenario where MEFFR could differ from METR is during a large
scale maritime disaster that involves both helicopters and ships in the rescue effort. In such
cases, while helicopters might arrive faster and start evacuating people, shipgaka
significantly longer to reach the incident due to factors like distance, sea conditions, or ice
barriers. In this scenario, METRT would reflect the shorter helicopter rescue time, while the
overall METR would be extended to account for the lorgigp arrival time. Consequently,
METR would be defined by the ship's slower response, leading to a longer time compared to
METR-HT, as the full rescue operation includes both as€gtghe other hand, if an incident
occurs in a location with difficult ship access, such as areas with harsh ice conditions where
icebreakers may be delayed or unable to operate, the helicopter becomes the primary response
asset. In this situation, METR wioualign with METRHT, as the helicopter would be
responsible for the seue operations.

The findings underscore the critical need for tailored SAR strategies across different
zones and seasons. For instance, in Zones 1 and 3, where the total SAR operation duration is
consistently high, assuming an increase in shipping and marine activityoalkiced in Chapter
1, there is a pressing need for enhanced preparedness, including possibly of resources
availability up north and specialized equipment to cope with the harsh weather conditions.
Additionally, the lower variability in opeti@n times duing the summer months suggests that
this period allows for more reliable planning of complex SAR operations, such as major cruise
ship incidents. This predictability ensures that helicopters can be strategically deployed, even
in the face of largscale energencies requiring extensive coordination and resources.

The findings suggest thtkite numbeof Persons in Distress (PIBignificantlyimpacts
helicopter SAR operations, which in turn in
5-day METR requirement. As demonstrated in the analysis of PID 12, 50, and 200 scenarios,
increasing the number of PID places additional strain on SAR op&afithis not only
increasesoperation times but also pushes the MEHR closer to or beyond the-day
threshold, particularly in scenarios involving larger groups of pedpleaddition, hese
challenges suggest that marine support, especially in mordger@radghern zones, becomes
essential for largescale rescues, where relying solely on aerial assets may not be sufficient.

Understanding spatial and temporal variations is crucial for optimizing the efficiency
and effectiveness of SAR missions across the Canadian Arctic. These results provide critical

support for decisiomakers, particularly in determining when reduced respaimes are
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justified based on specific factors such as location, season, and the nature of the emergency.
Mastaghimi (2024) highlights the importance of assessing METR to ensure devising a realistic
and consistent approach for recommendations to flag states on safstyptions and
operational guidelines. Additionally, gaining insight®iMETR will assist in the review and
approval of polar operation manuals, offering an eviddrased evaluation of proposed
response times and enhancing the reliability of helicdpfgR operationsin this way, his

analysis can contribute to establishing practical and efficient regulatory standards, thereby
improving the safety measures for ships navigating polar areas, as the METR value is related
to the need for safety equipment and supplies onboard.

The findings from the METRYT analysis offer an important analytical foundation to
guide ship operators with more accurate response time expectations based on simwated real
world scenarios. These results can help in advising on necessary operational preparations, such
as the adequaayf onboard survival equipment and the strategic positioning of rescue assets,
ultimately improving compliance and safety in Arctic operations.

Moreover, the insights gained from this study can inform the Canadian Coast Guard
and Canadian Armed Forces for strategic and tactical planning, especially with respect to the
deployment of helicopters in response to changing environmental conditionpenadianal
challenges in the Arctic. The findings could set a basis fevatuating current strategies, such
asgreateipreparedness of ships traveling to locations with higher MBTRalues, to improve
survivability in case adversity strikes. Finallje results can be used in discussiabhsut
investments in better infrastructure up north to prepare for the increased traffic of ships in this

region.
5.3.1 Impact of final assumptions

Building upon the approach outlined by Mostaghimi (2024), various factors in the
development of this model also directly impact the MEAR output. To evaluate the
conservativeness of the model and its outcomes, a conservativeness rating was calculated for
the final assumptions influencing these outpilithle 21 presents the ranked assumptions by
their conservativeness within each category (with higher ranks indicating more conservative

assumptions). The final assumptions used in the model are highlighted in yellow.
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Table21: Different assumptions for each factor with their relative ranking

Factors Assumption Possible Final
influencing METR P Rank Unit assumption
count values
HT rank
15 seated 1
Helicopter _ 5 Can carry up People 5
passenger capacit to 12 2
stretchers
Temporal division Hourly 1
of weather data 2 Daily 5 Day/hour 1
25th 1
Wait time 4 S 2 Hours 3
distribution ?5th 3
Highest 4
Value
inal pp 25th 1
homogenizing soh |2
helicopter SAR 4 _75th 3 Hours 3
Value
A i it Minimum 1
ggregating resu 3 e > ) 5
over 7 years :
Maximum 3

To quantify the conservativeness of the assumptions, the same method employed by
Mostaghimi(2024)was adapted. The following formula was used to determine the scale portion

for each assumption:

YO CPEQ OFCRAE [ 6 & 1) 0-Qé-¢

®3)

The scale is set to4, representing the highest conservativeness level, and the
assumption count is the number of possible values for a given factor.d&tezmining the
scale portion, the final assumption rank is multiplied by this portion to compute the final

assumption score, using the formula:

"OQE@Ial 6 6 1 OGRE FQQEGI Al 6 & i OREH D Crpéd OfCRBAE { 6 & 74 QL &

The final conservativeness rating is then obtained by rounding the final score to the

nearest whole numbefor example, for the factor "Helicopter passenger capacity,” which has
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two possible values, the scale portion is calculated/as- 2 Multiplying this by the final
assumption rank of 2 (representing the assumption of carrying up to 12 strettisesbjaired
2 X 2 =4. Thus, thefinal assumption score 4. The conservativeness rating was obtained by
conventional rounding the calculated score to the nearest whole nanaeithis way in this
case, the conservativeness rating was also 4.

The conservativeness ratings for the model's final assumptions are summarized in
Table 22, which follows the same methodology to rank the assumptions. The final scores

indicate how conservative each assumption is within its respective category.

Table22: Final assumptions conservativeness ratings

Factors . Final Scale Final .
: ) Assumption . : . Conservativenesg
influencing count Assumption | portion per | Assumption ratin
METRHT Rank assumption Score 9
Helicopter
passenger 2 2 2 4 4
capacity
Temporal
division of 2 1 2 2 2
weather data
Wait time
distribution 4 3 1 3 3
Final cutoff for
homogenizing
helicopter SAR 4 3 1 3 3
time
Aggregating
results over 7 3 2 1.333333333 2.66666667 3
years

This approach provides a standardized and quantitative evaluation of the model's
assumptions, allowing for clear communication of conservativeness levels, similar to

Mostaghimi's method, offering transparency and aiding in the interpretation of the. results

5.4 LIMITATIONS AND RECOMMENDATIONS

While the current model provides valuable insights into helicopter SAR operations in
the Arctic, several elements could be improved. If a priority were to be selected, Section 5.4.8
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would take precedence. The modgeérs significant insights, but to be fully utilized by experts,
authorities, or companies, some level of training would be necessary. Additionally, creating an
intuitive interface could facilitate broader interaction and application.

The model can also be adapted to other geographical locations beyond the Canadian
Arctic, but this would require validation updates, such as recalibrating base locations, incident
points, and refueling stops. Differences in operational phases and tirpesdoig on the
organizational structure in each country, would also need to be explored. Further limitations

and recommendations for future work are discussed in the subsections below.

5.4.1 Extended dataset

While the model is based on historical weather data and provides a robust analysis of
patterns of weather impacts on helicopter operations, it is important to consider that ongoing
climate change may alter these patterns in the future. This could resoltarfrequent or more
severe unfavorable adb-go conditions, e.g. longer periodsNd-go conditions, potentially
affecting the accuracy of the model's predictions over time. Future studies should account for
these changes to ensure the continued acgarad relevance of the model.

5.4.2 Route and optimizationmodels

The selection of refueling stops was a critical factor in determining the final route for
helicopter operations. This selection was based on expert judgments and verified using
SkyVector (n.d.Jo ensure that the refueling points were along the mndenveniently located
between the base and the incident site. However, the current approach, while effective, could
be further enhanced by integrating optimization models into the route selection process. This
could better account for the possibility theglicopters reroute their flight paths in case of
unfavorable oNo-go conditions in certain areas of the Canadian Arctic, insteadninuing
the originally determined flight path and waiting at a station when that statiohldige
conditions.

Incorporating optimization models for the helicopter route selection could refine the
selection of refueling stops by considering various factors such as airport size, which affects
the types of fuel available and the refueling methods (e.g., drum refwelinel pumps), fuel
availability, and the strategic location of these airports to ensure optadal distancesThis
approach could potentially lead to more efficient and reliable route planning by improving how
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the model accounts for the total distanceltbicopter must travel during the SAR operation
and the reliability of fuel availability at each airport.

5.4.3 Further validation of model

One of the key aspects of model plausibility, as highlighte&dayin Mehr et al.
(2023) is the validation process through reairld case studiesZzarrin Me hr 6 s r es e«
successfully replicated the timeline of the Viking Sky incident, with the model results closely
aligning with actual rescue operations, the
in the current study such a validation prodessot performed, which represents a limitation.
While this research provides important insighit® ithe helicopter times and operability in the
Arctic through testing different conditions as discussed in section 5.1, the lack of a direct
validation against historical SAR incidents leaves uncertainty regarding the model's accuracy
under realworld corditions, indirect validation through comparisons widrrinMe hr 6 s mo d €

notwithstanding.

5.4.4 Use of historical incident data and shipping traffic

While the incident locations were selected based on geographical centers and adjusted
for proximity and relevance, future work could explore a more nuanced selection process that
incorporates the volume of shipping traffic and the associated risk fasta@adh zone. High
traffic areas may represent greater probabilities for ship accidents, making them more
vulnerable and critical for SAR operations. In particular, zones with frequent shipping routes
and harsher weather patterns may present heightekegwisich could influence the selection
of incident locations.

Future iterations of the model could prioritize these factors by usingveeld data
on shipping traffic densities, accident histories, and maritime risks. By integrating this
information, the model could provide a more comprehensive analysis of SARraeso

allocation and response times, particularly in areas where the risk of incidents is higher.

5.4.5 Weather at incident location

In the current model, weather conditions were primarily considered at SAR bases and
refueling stops, as these locations are crucial for helicopter operations due to the critical nature
of landing and takeoff. The model also accounted for weather at tpertam base nearest to

the incident location, which provided valuable insights into the operational feasibility of SAR
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missions. However, one limitation of the model is that it did not directly include weather
conditions at the incident location itself.

While the weather at incident locations can significantly impl&ego conditions, and
thus potentially significantly affect exposure time, thereremno public data available to
incorporate these conditions into the current model. Recognizing this gap, future research could
aim to include weather data at incident locations by using improved datasets. This would

provide a more comprehensive assessmiekitEdr R-HT.

5.4.6 Search Model

As highlighted byzZarrin Mehr (202), in actual SAR operations, the choice of search
patterns depends on factors such as the location of the incident, elapsed time since the initial
alert, weather conditions, and other critical variables. Enhancing the model with these different
search algethms would allow for a more comprehensive and realistic simulation of SAR

missions, as the current approactountdor search time is very simplistic.

5.4.7 Factors impacting METR

While the model developed in this study provides crucial insights into the effects of
weather conditions and other essential variables that impact helicopter operability in Arctic
SAR operations, it is important to recognize that the model does not éalbyiat for all the
influencing factors identified in the literature. As discussed by Kennedy et al. (2013), factors
such as the physical state of response resources and crews, type of response resource (e.g
marine response versus air response), stateaciuees and the training of crew members can
all significantly impact the total response time during marine incidents in the Arctic. Given
these complexities, there are factors that could complement the total METR. Future work could
aim to integrate theskctors comprehensively, enhancing the accuracy of the estimates for

METR-HT under varying conditions.

5.4.8 IncompleteRescue Operations

The numbers shown iRigure 43 (Section4.3.]) reflect a limitation of theRHEO
model that could be addressed in future work. If the helicopter is unable to reach the next
refueling stop, the operation is marked as incomplete, and the simulation proceeds to the next
iteration. A possible improvement would be to incorporate wait tifleesunfavorable

conditions, similar to how Ngo conditions were handleection3.3.1). After these wait
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times, the weather delay factor would return to 1 (representing Favorable conditions where
range andpeed are unaffected). This adjustment would allow these delays to be factored into
the METRHT calculations, resulting in times that more closely reflect realistic total SAR
operation durations.
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6. CONCLUSION

This research aimed to address two critical questions related to helibapesel SAR
operations in the Canadian Arctic. The first focused on understanding how weather conditions
impact the operability of SAR helicopters, specifically the Cormorant, whieys a pivotal
role in SAR missions in this region. The second question aimed to determine the Maximum
Expected Timeof Rescuebased onhelicopter operations (METRT) and the factors
influencing it. To achieve this, the research had three main objectives

Evaluating the influence of weather conditions on helicopter operability.

Estimating the METR for helicoptdrased rescues.

Simulating strategic scenarios to understand how MHETRvaries for different
weather conditions and operational challenges.

Through addressing these research questions and objectives, this study provides
valuable insights into the operational constraints and challenges faced by SAR missions in the
Arctic.

This study has demonstrated that weather conditions in extreme Arctic climates are a
dominant factor affecting helicopter SAR operation times and operability for SAR missions.
The findings reveal that helicopters often falmego or unfavorable conditions due to weather
constraints including visibility, wind speeds and directions, precipitation and temperature,
significantly affecting the METRHT. Notably, the analysis showed that MEFH is heavily
influenced by location andeasonality, with more favorabktonditions and shorter response
times generally occurring more frequently during the summer months. Conversely, winter
conditions contribute to a longer METIRT and an increased probability that a helicopter SAR
operationcannot be completed.

The strategic simulations provided a detailed understanding of how various factors
weather, location, base proximity, and refueling stop optiangeract to determine helicopter
rescue times. The results also highlighted the need for adaptable SAR strategies across different
zones, as operability varied significantly based on regional weather patterns and remoteness.

The insights from this study offer a significant contribution to both the academic
understanding and practical application of SAR missions in the Canadian Arctic. These findings
can have direct implications for updating and refining IMO policies, spebyfitee Polar

Code, and associated national technical guidance documents, by offering ebdsede
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recommendations for response times and operational limitations. In particular, the contribution
of METR-HT serves as a key metric for policymakers and industry stakeholders on which to
base operational decisions, especially regarding preparedness in Agaticteones.

Further, this study underscores the importance of enhancing SAR preparedness in
regions with consistently high total time values. Improved infrastructure, availability of
refueling stops, and the strategic deployment of specialized rescue equipmentiatdarru
ensuring safe maritime operations in the Arctic. These findings also support the Canadian Coast
Guard and Armed Forces in optimizing their SAR strategies to account for changing
environmental conditions and operational challenges, especially rtheno regions
experiencing increasing traffic intensity.

While this research provides a comprehensive analysis of METR and weather impacts
on helicopter operability, several limitations and directions for future work are also highlighted.
Moreover, while the current model effectively identifies strategic refgedtops and routes, it
could be further improved by integrating advanced optimization models to determine the flight
path given evolving weather patterns. These models could consider additional factors such as
airport size, fuel availability, and proximgitto both bases and incident sites, to construct
realistic routes. Future research could also focus on validating the model against historical SAR
incidents, ensuring its accuracy in rearld scenarios.

In conclusion, this research provides essential insights into the operational challenges
faced by helicopter SAR missions in the Canadian Arctic. By developing a comprehensive
model to evaluate METHRIT accounting for weather conditions, it offers a criti@aalytical
foundation for improving SAR strategies in this harsh and dynamic environment. As the Arctic
becomes increasingly accessible due to climate change, the findings of this study provide
critical insights forimproving the safety of maritime operations. By addressing the unique
operational challenges faced in the Arctic, this research contributes to a safer and more resilient

SAR framework for supporting decisions on future shipping operations.
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