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Abstract 

 

With maritime resources dominating over 60% of Cook Islands, 83% Kiribati and 90% 

of Palau’s economic activity, climate change uncertainty through increased impacts of 

storms, cyclones, floods, landslides, bushfires, heatwaves and tsunamis for future 

Pacific ports, shipping and maritime supply chains will significantly constrain coastal 

communities’ capacity to survive and prosper. This paper identifies flaws in existing 

climate change risk management techniques; by proposing mechanisms to predict true 

risk events and associated impact costs for stakeholders to more reliably ascertain 

supply chain and coastal vulnerability beyond existing qualitative approaches.  It 

establishes historic probabilities of climate change risk events across the Pacific as a 

basis for more accurately determining the probability of future extreme events. 

Providing a risk-perception survey for Pacific maritime supply chain stakeholders, 

compares the extent of climate change risk awareness with reality. It presents a risk-

vulnerability matrix of existing climate change across an entire Pacific maritime supply 

chain, using a Cook Islands case study, proposing conditional probabilities of maritime 

supply chain asset failure, projecting a risk analysis for vulnerable community 

stakeholders to prioritise risk. It identifies how these disruptive risks can be 

transformed into risk opportunities, through improving survey techniques and learning 

from existing Pacific, climateproofing, adaptation strategies. 
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I: INTRODUCTION, CLIMATE CHANGE AND PACIFIC MARITIME 

SUPPLY CHAIN OVERVIEW:  

 

How resilient is our world to projected climate change? How significant are the risks 

and associated impact costs to coastal communities? Given adaptation costs and so 

many other significant challenges to development, should climate change really be 

prioritised? As coastal communities become increasingly vulnerable to existing and 

projected climate change impact consequences from an increased frequency, duration 

and intensity of temperatures, sea level rise, storms, cyclones, floods, landslides, 

bushfires, heatwaves and tsunamis (IPCC 2015), increasing research has concentrated 

on the Pacific as among the most significantly exposed and immediate locations, 

receiving significant global funding and attention. However existing research has 

concentrated on communities, agriculture, disaster risk management, health, education, 

overall economies, coastal ecosystems and key infrastructure but ignored the 

underlying ports, shipping and maritime supply chain/ecosystem, which supports not 

just small Pacific island nation states including the Cook Islands and Kiribati but 

Singapore, Hong Kong, Australia and the United Kingdom. Globally over 90% of the 

world’s trade is seabourne, based on ports and shipping, yet coastal infrastructure and 

economies have yet to be sufficiently prioritised against emergent climate change risk 

and natural disasters.  
 
Global sudden climate-change related events (defined as natural disasters) directly 

threaten lives, property, trade, economies, communities and ecosystems which 

influence maritime supply chains directly from production to consumption with 

reduced resources, revenue, delayed cargo throughput, economic activity and increased 

risk exposure/economic impact costs. This threat is more evident for those 

nations/areas more vulnerable, especially the Pacific Islands region. Hurricane Katrina 

cost over $150 billion in direct economic impact costs to the USA. 2012 floods in the 

Solomon Islands (SPREP 2014), from demolished natural ecosystem, climate 

protection barriers including mangroves and sand dune erosion, cost over $55 million 

in taro crop production, residential property and physical infrastructure damage alone. 

A more recent, example occurs from Cyclone Pam’s storm surge consequences on the 

small Pacific island, developing state of Vanuatu on 13th March 2015. Its 300 

kilometre per hour winds caused damage to over 48,000 homes, 100,000 homeless and 

24 deaths (Flannery and Steffen 2015), with as yet unascertained high economic and 

other opportunity costs. This is just among the latest in a history of increasingly severe 

natural disasters in one of the world’s most highly geographically, economically and 

socially exposed regions. Therefore, this paper seeks to ascertain just how vulnerable 

truly are Pacific maritime supply chain stakeholders to climate change, as a prototype 

method, not just for an individual risk event or stakeholders as for previous research but 

across an entire supply chain system.  

 

Given existing supply chain risk management fails to identify, define, manage and 

adapt to climate change risks (section 2) especially for low probability high impact 

events; this research seeks to address projected climate change uncertainty by 

ascertaining an integrated risk-vulnerability matrix method to more accurately 

determine which risks to prioritise, the probability of historic and future risks 

occurring, the conditional probability of a maritime supply chain asset/system failure 

from a risk event. Sections 3 and 4 identify climate change risks for a Pacific maritime 

supply chain and stakeholders through a PHD thesis, Cook Islands case study. This 
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provides a Pacific example that has prioritised climate change risks but significantly 

ignored and underestimated risk from a maritime supply chain, stakeholder perspective. 

To address Matrix Stage II Climate Change Risk Identification, section 3 identifies 

stakeholder profiles and survey results for Climate Change Risk Perceptions of Pacific 

Maritime Supply Chain Stakeholders (Stage III), to calculate the historic probability of 

a climate-change related risk occurring before projecting future risk events across a 

Pacific maritime supply chain. This considers the extent to which climate change risk 

perceptions reflect empirical evidence, whether risks are over or underestimated in 

relation to potential impact costs and which risks to prioritise. Section 4 applies this 

developed risk-vulnerability matrix results. It identifies this case study’s background, 

demographics, maritime supply chain, environment/ecosystem and climate. It provides 

a Pacific maritime supply chain Vulnerability-Risk Analysis (Matrix Stage IV), 

calculating existing/historic conditional probabilities of maritime supply chain 

asset/ecosystem /system failures based on climate change specific risk events and 

factors affecting risk probability of occurrence. Section 5 outlines Cook Islands 

climateproofing adaptation strategies that other Pacific and global maritime supply 

chain stakeholders can implement to minimise vulnerability and enhance resilience. As 

summarised in section 6, providing a practical method application, further verifies the 

validity of this thesis devised, conceptual and analytical framework over existing 

method limitations, enabling Pacific maritime and global supply chain stakeholders 

including governments, researchers, businesses and individuals with limited resources 

and significant constraints in climate change risk prioritisation (Matrix Stage VI). 

 

II: HOW EXISTING RISK MANAGEMENT METHODS FAIL FOR CLIMATE 

CHANGE RISKS ON MARITIME SUPPLY CHAINS AND PROPOSED 

METHOD 

 

Whilst more extensively developed in an IAME 2017 paper submission and undertaken 

University of Tasmania thesis, the lack of a consistent, existing risk management 

method to adjust to climate change risks, has significantly multiplied risk vulnerability 

and associated impact cost consequences for coastal communities, especially for 

dependent maritime supply chain stakeholders.  When existing risk management theory 

considers global supply chain disruption risks, these have primarily concentrated on 

landside not coastal stakeholders, resources and economic activities (Kern et al. 2012, 

Kazemia and Szmerekovsky 2015, Hasania and Khosrojerdib 2016). However, this 

paper formally defines maritime supply chains as a sequence of processes through 

which a commodity/commodities is produced, transported, processed, distributed, sold 

and eventually utilised or consumed, (occasionally recycled) to connect initial producer 

supply with final consumer demand, through beneficiation/manufacturing, ports, 

intermodal transport, customs, finance and the associated economic hinterland in 

Figure 1. Maritime supply chains and dependent coastal communities including the 

Cook Islands differ in being highly dependent on seaports and shipping, with maritime 

economies and livelihoods completely dependent from production via fisheries to 

transport by sea and exports; whilst dominated by maritime ecosystem resources such 

as seafood and pearls in trade. These have virtually no land based economic hinterland 

or stakeholders, with significant maritime asset interdependency highly vulnerable to 

ocean and climate risks. Typhoons, tsunamis, storms, seal level rise, increased 

temperature, floods, droughts, changes ocean currents/thermohaline circulation and 

species migration are particularly maritime climate risk influenced, whilst shipping, 

seaports and coastal assets/ecosystems as key maritime supply chain stages, further 
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emphasise how maritime supply chains differ from conventional supply chains, though 

both remain vulnerable. 

 
Figure I: A Pacific Maritime Supply Chain 
 

 
 
Whilst previous climate change impact studies concentrated on aggregate economic 

sectors rather than specific stages, stakeholders and products/commodities; the most 

significant, relevant, qualitative impact studies and methods have only recently 

concentrated on ports, shipping; intermodal transport and general supply chains as 

separate stages. Becker et al. (2011) proved among the first to utilise a survey to 

identify climate change disruption risks, impacts and adaptation solutions for seaports, 

consulting 208 International Association of Ports and Harbours stakeholders with 93 

responses. 53% considered climate change would affect them but 88% agreed more 

research was necessary to understand its impacts. This survey method provided 

advantages of considering stakeholder perceptions towards climate change; the extent 

of their awareness and the degree to which they are prioritising supply chain adaptation 

solutions to incorporate into this paper’s research method. UNCTAD (2011) similarly 

used a survey instrument among its 200 members to identify port vulnerability to 

climate change risks and associated stakeholder adaptation responses. However, these 

primarily concentrates on port administrators. A number of climate change survey 

studies including UNCTAD (2011), and Kreie (2013 for global supply chains), also 

selectively ignore key supply chain stakeholders as economically peripheral or 

involving too much time, resources and effort to incorporate a risk event’s economic 

impact in study methods for stakeholders. However, this paper agrees with Becker and 

Caldwell (2015 for a Gulfport USA seaport case study), that climate change impact and 

adaptation strategies can no longer be constrained to just consulting direct port 

stakeholders involved. Ports alone and industry assessments of adapting supply chains 

to climate change (CSR 2011; BSR (2015) are insufficient and uninformed to resolve 
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potential event disruptions on maritime supply chains. In contrast, this paper improves 

upon existing qualitative method studies by including as many supply chain 

stakeholders as possible for a single commodity including customs, the financial and 

insurance sector, value-added/beneficiation, consumers, subsistence fishermen, 

ecosystems and small entrepreneurs all ignored by past sources. 

 

These and other existing risk management studies are primarily qualitative with few 

case studies utilising probability and empirical data. Qualitative over quantitative 

method advantages overcome common research issues of limited data specifically 

relevant to a study and in directly accessing the experience/knowledge of principal 

qualified stakeholders to obtain specific insight into key research objectives. Yet 

qualitative studies relying on stakeholder perceptions, combined with considered 

climate change uncertainty significantly contributes to risk method flaws including 

subjective understanding of risks, complexities in forming probabilities ignoring factors 

affecting risk; and providing unclear indications of how risk probabilities are 

calculated. Existing research emphasises climate change uncertainty for various supply 

chain stakeholders and coastal communities in risk identification, estimation, analysis 

and adaptation (McEvoy and Mullet 2013; Scott et al 2013; Smith 2015) 

 

This paper considers conventional risk management theory provides insufficient 

practical guidance to locating and assessing climate change risk impacts, true supply 

chain resilience and vulnerability to coastal communities and Pacific maritime supply 

chain stakeholders, especially for maritime supply chain stakeholders and coastal 

communities with limited time, financial and other resources. The majority of 

conventional predictive models including existing event tree, cause and frequency 

analysis, Bayesian networks, HAZOP, What If? Markovian chain analysis, Monte 

Carlo simulations, VAR, real options approach, transactional costs and resource 

dependence theory and risk event/fault trees (Ellis, Shockley and Henry 2011; Kern et 

al. 2012, Ghadge and Kalawsky 2015), assume risks remain static, time remains 

constant or based on historic time series data; without considering the projected rate or 

increase in the probability of an event occurrence, its duration, frequency and intensity 

and how risks can be multiplied thorough vulnerability, resilience, adaptive capacity, 

constraints to adaptation and increased interdependence. Given potentially significant 

impact, maladaptation and opportunity costs, sections 3 and 4 provide a Cook Islands 

empirical case study of the following integrated risk-vulnerability matrix in Figure II. 

 
Figure II: Proposed Vulnerability-Risk Analysis Matrix for a Maritime Supply Chain 
 

 
Stakeholder Consultation/Field Research/Literature Review 

 
 

➢ I: DEFINE RISK AND VULNERABILITY:      Figure 2.1 Maritime Supply Chains 

Figure 5.2: Maritime Ecosystem/Resources 

 

 

➢ II: RISK IDENTIFICATION  

Identify General and Specific Projected Climate Change Risk Types (Long and Short Term), 

calculating the probabilities of risk event occurrences where possible 

 

 

➢ III: RISK PERCEPTION  

Identify Stakeholder Psychological Awareness of Climate Change Risk Events and Projections 
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➢ IV: RISK-VULNERABILITY ANALYSIS:  

Establish Climate Change Risk Projections; Scenario Assumptions and Time Horizons:  

-Identify current vulnerabilities, risks and resilience of supply chain assets, stakeholders, functions, 

infrastructure, ecosystems and systems. 

 

 

➢ V: RISK EVALUATION:  

To identify climate and non-climate change related factors which affect the rate of risk growth and 

impact costs plus future risks presented by projected climate change, competitors and 

interdependent supply chains influencing conditional risk probabilities of asset/system failure.  

 

 

 

➢ VI: RISK PRIORITISATION:  

To rank risks by urgency/risk probability and magnitude of climate change impact costs 

 

 
                             Figure 3.2 Risk Event Tree and Impact Cost Analysis (Future Research) 
 

 

➢ VII: RISK ADAPTATION/TREATMENT:  

(This stage is addressed separately providing climateproofing risk adaptation strategies, aimed at 

minimising supply chain impact costs from associated risks), to manage, transfer, reduce or avoid 

risk. 

 

 

 

➢ VIII: MONITORING AND REVIEW:  

To evaluate proposed adaptation strategies’ effectiveness to reduce disruption risk impact costs through 

reducing vulnerability and increasing resilience across a maritime supply chain and its stakeholders. 

 

This paper summarises Stages I-VI. It considers climate change risk impacts for Pacific 

maritime supply chains and coastal communities can only be accurately measured via a 

method which links this matrix to a combined climate change risk and maritime supply 

chain impact event tree; the factors affecting the probability of a risk occurrence, 

factors which influence supply chain vulnerability/resilience to these risks, direct and 

indirect impact costs across the supply chain in Figure III. Unlike previous risk 

management probabilities assuming the status quo remains over an event or asset’s 

lifetime, this framework considers climate change risk events as fundamentally 

dynamic rather than static (merely reliant on historic time series data, given risk, 

uncertainty and climate change), including increases in yearly accumulative Pacific 

climate change risk for equation 2. Accumulating risk considers taking existing climate 

change risk projections, which when estimated a given percentage range increase over 

25, 50, 100 years, is converted to yearly percentage increases in alignment with 

stakeholders who consider risk preparation and management on an annual basis instead 

of an asset’s lifecycle. This enables stakeholders, academics and policy makers to 

continuously improve probabilities over time with more reliable information. This 

method provides flexibility across time horizons, supply chain stakeholders and climate 

change scenarios, adjusting event probabilities and degree of confidence/results 

significance based on available and simulated data.   
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Figure III: Climate Change Risk and Maritime Supply Chain Impact Event Tree Analytical Framework 

 
 
LEGEND 

Operational Risks:        Indirect Risk Event Impacts 

Spatial-Temporal Risks of Climate Change                                                   Factors Affecting Impact Costs 

Direct Risk Event Impacts                                                                              Factors Affecting the Probability of Risk
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To validate this conceptual framework, tree and matrix, through identifying and 

defining risks, the proposed research methodology will incorporate the probabilities or 

likelihood of a projected climate change risk occurrence combined with its 

consequences (impact costs) across Pacific maritime supply chains for IPCC scenarios. 

To calculate average probability of a specific independent, future short term climate-

change risk event occurring, this method proposes as its contribution to risk 

management theory; a measure that integrates the risk type, its probability of 

occurrence, its past data/potential accumulative risk, an event’s frequency, its duration 

and climate change related/non-climate related factors that influence the probability of 

a risk occurrence along with the climate change scenario and time horizon. Specific 

climate change scenarios and time horizons are verified scientifically through the IPCC 

while meteorological data is independently provided and consistently established by the 

SPC, SPREP and Australia’s CSIRO/Bureau of Meteorology). In the absence of 

established equations for Pacific maritime supply chain stakeholders to accurately 

determine climate change risks, conditional probabilities of asset failure and 

resilience/impact costs, this thesis devised the following equations 1-9. An interaction 

or joint probability is necessary for calculating certain related events – i.e. historical 

correlation between storms and flooding; earthquakes, tsunamis and landslides; 

precipitation and storms, sea surface temperature/wind velocity and cyclones; 

earthquakes and volcanoes simultaneously. Risk concentration increases asset 

vulnerability, increasing conditional individual/joint probability of an asset’s failure.  

 

To calculate the average probability of a specific independent historic short-term risk 

event occurring for equations.1-5, the Poisson distribution is utilised to calculate the 

probability of x occurrences per unit time for this paper’s conceptual methodological 

contribution in adjusting existing probability risk management theory. For the Poisson 

distribution, probability, cumulative and joint probability can be calculated. The 

distribution allows for fewer observation values than the normal distribution with a 

normality and continuous distribution assumption of all possible values. To resolve 

problems of selective recall and limited information, the method proposes emphasising 

recent past events for which stakeholder data potentially exists, to estimate the expected 

average number of risk events per year given historical actual events and future 

projected increases in frequency/probability of occurrence. These are adjusted for 

increased accumulating risks per year to calculate future probabilities and impact costs 

as the expected value of damage in a future year plus the accumulated sum of impact 

costs. As a pioneering research method for climate change risk management for 

maritime supply chains, the equations and method provide research advantages of 

being adaptable to divergent climate change risks, asset types, scenarios, stakeholders 

and stages. It can incorporate resilience, vulnerability accumulated risk and factors 

affecting the probability of risk occurrence and adaptation costs.  

 

Probability of a Historic Pacific, Climate Change Risk Event Occurring  

                                                                               = 𝑃(𝑥) =  
𝑒−λλ𝑥

𝑥!
  𝑓𝑜𝑟 

x =0,1,2 

λ > 0
       (1) 

 

Where P(X) = The probability of X risk events for the given time period 

λ = The expected/ mean rate of climate change risk event per unit of time 

e = Mathematical constant approximately 2.71828 

x = Number of Climate Change Risk Events I.e. Storm (S), Flood (F), Bushfire(B), Cyclone (C), 

Drought (D), Gale (G), Heatwave (H), Landslide(L), Earthquake (E), Tsunami (T), Volcano (V).  
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Probability of a Future Climate Change Risk =       

                            =     𝑃(𝑥) =  
𝑒−λλ𝑥

𝑥!
 + ∑ 𝑃(𝑥1 ∆𝑡 − ∆𝑡−1) + 𝑃(𝑥1)𝑃(𝑥2) 𝑓𝑜𝑟 

x =0,1,2 

λ > 0
       (2) 

 
Where 𝑃(𝑥1)𝑃(𝑥2)  = Joint Probability of an Event i.e. (C+F) or Cyclone combined with flood,  

  x1 = Climate Change Event Risk 1 and x2 = Climate Change Event Risk 2 

             ∑ 𝑃(𝑥1 ∆𝑡 − ∆𝑡−1) *= Climate Change Accumulating Risk Probability based on climate change 

scenario projections, engineering design standards, business forecasts and climateproofing adaptation 

measures 

 

Probability of a Maritime Supply Chain Disruption P(x1≤x≤xn) 

                                                                      = 𝑃 (𝑥1) + 𝑃(𝑥1 + 1) + 𝑃(𝑥2 + 2) + 𝑃(𝑥𝑛 )  

                                                                   = 𝑒−𝜆(𝜆𝑥1 + 𝜆𝑥2 + 𝜆𝑥3 + 𝜆𝑥𝑛)    (3) 

 

Where n= Number of observations/stakeholders which can be individually calculated for each individual 

maritime supply chain stakeholder, stage, system, location and commodity 

 

Conditional Probability of a Maritime Supply Chain Asset Failure given a climate 

change risk event occurring i.e. P (Berth Damage| Flood) =   

 
Assuming a joint density function and cumulative distribution function associated with this density |yx|y  

x) = fX,Y (X,Y)    for all x values such that f(x) x > 0  

 
𝑷𝒏 =

𝑵!

𝒏!(𝑵−𝒏)!𝒇𝒕𝒏𝟏−𝒇𝒕𝑵−𝒏                    

𝒅𝑷

𝒅𝑻
= (𝟏 − 𝒑(𝒕)𝒇 𝒘𝒊𝒕𝒉 𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝒄𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏 𝑷 (𝟎) =  𝟎)   and    (𝟏 − 𝒇𝒕)𝒏 =  𝒆𝒏𝒇𝒕 

=  𝑒−𝑛𝑓𝑡 𝑛𝑓𝑡

𝑛!
+ 𝑃(𝑥1𝑛𝑓𝑡 )𝑃(𝑥2𝑛𝑓𝑡)

𝑒−λλ𝑥

𝑥!
 + ∑ 𝑃(𝑥1 ∆𝑡 − ∆𝑡−1) + 𝑃(𝑥1)𝑃(𝑥2) 𝑓𝑜𝑟 

x =0,1,2 

λ > 0
                 (4)

               

Where the failure number during the interval is provided by the binomial distribution; f = failure and t = 

time period for asset failure. If P(ft) is the probability of failure at time t, P(t) = 1-e-ft as cumulative 

probability distribution    

𝒑(𝒕) =
𝒅𝑷

𝒅𝑻
= 𝒇𝒆−𝒇𝒕 (∆𝒕 − ∆𝒕−𝟏)                      (5) 

 

Unlike previous studies which provide generalised, qualitative descriptions of overall 

macroeconomic climate change risk consequences and projected likelihood (Oswald 

2011; Kiele et al. 2014), this paper will overcome existing literature gaps to calculate 

and establish specific risk events across an entire Pacific maritime supply chain case 

study, across multiple stakeholders and stages. This aims to provide specific guidance 

to stakeholders to further understand these consequences. Once a specific climate 

change risk event probability is calculated from the above method; the conditional 

probability of an asset failure e.g. P(Flooding| Berth damage) can be calculated. This 

probability can be ascertained from evaluating historic and current time series data of 

risk event impacts from stakeholder consultation, field research and secondary source 

evaluation of asset properties and conditions as indicated in the survey. This method’s 

research significance is that unlike previous literature (Furlow and Potter 2015; BSR 

2015), which considers only either short or long term risks, this integrated methodology 

and figure combines both risk types and multiple interconnected climate change-supply 

chain dimensions, to assist stakeholders when analysing risks; It includes the flexibility 

to consider additional dimensions as information becomes increasingly available to 

reduce uncertainty over projected climate change risks and impact costs. 
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III: CLIMATE CHANGE RISK IDENTIFICATION AND PERCEPTION 

SURVEY RESULTS FOR A PACIFIC MARITIME SUPPLY CHAIN  

 

To improve upon existing climate change uncertainty for Pacific maritime supply chain 

stakeholders and coastal communities to understand impact costs and adapt, this paper 

proposes stakeholders need to identify specific local and global, climate change risks 

potentially affecting maritime supply chains.  As existing Pacific data appears scattered 

across myriad sources, not previously accessible or locatable in a centralised source or 

system, acknowledged by the official stakeholders contacted, this paper derived from a 

thesis which provided long term climate change projection risks and short-term risk 

events based upon its centralised historical Pacific time series data from 1900 to 2015 

and Table I Cook Islands example. Identifying risks enables supply chain stakeholders 

to anticipate the probability that various risk event types will affect them for a 

particular year/other time horizon or climate change scenario and which risks are worth 

marginalising/avoiding given finite resources. Utilising equations 1-3, provided the 

expected probability of any number of climate change risk events for various risk types 

for the Cook Islands in Table II based on accumulated and expected risk. Equations 4 

and 5 provide an estimation of future climate change risk events to produce Table III. 

 
Table I: Cook Islands Chronology of Climate Change-Related Risks 1900-2015: 

 

Year No of Risk Events Observed Values 0 Year No of Risk Events Observed Values 0 

1900   0 1961   0 

1901   0 1962   0 

1902   0 1963 2S, 2C, 2(S+C) 6 

1903   0 1964 H 0 

1904 C 1 1965   0 

1905 S, C 2 1966   0 

1906   0 1967 2S, C 3 

1907   0 1968   0 

1908   0 1969 2C, H 3 

1909   1 1970   0 

1910   0 1971 H, G 2 

1911   0 1972 C 1 

1912 C 1 1973 H 1 

1913   0 1974 H 1 

1914 S, C, T 2 1975 H 1 

1915   0 1976   0 

1916   0 1977   0 

1917   0 1978   0 

1918   0 1979   0 

1919 E 1 1980 2S, 1G 3 

1920   0 1981 S 1 

1921   0 1982 G 1 

1922   0 1983   0 

1923   0 1984   0 
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1924   0 1985   0 

1925   0 1986   0 

1926 S, C 3 1987 S, C, S+C 3 

1927   0 1988 H 1 

1928   0 1989 C 1 

1929 C 1 1990 S, C, S+C 3 

1930   0 1991 S 1 

1931 S, C, S+C 3 1992 S 1 

1932   0 1993   0 

1933   0 1994 S 1 

1934   0 1995   0 

1935 S, C  2 1996 H, C, S, (S+C) 4 

1936   0 1997 2H, 2C, S, G, S+C 7 

1937   0 1998   0 

1938   0 1999 H 1 

1939 D 1 2000 H 1 

1940   0 2001 S,C, F 3 

1941 S, C, S+C, 3 2002 C 1 

1942 S, C, S+C 3 2003   0 

1943 2S, 2C, 2(S+C) 6 2004   0 

1944 S, C, (S+C) 3 2005 3C 3 

1945   0 2006   0 

1946 S, C, (S+C) 3 2007 H 1 

1947   0 2008 H 1 

1948 C 1 2009   0 

1949   0 2010 T, E, C, S 4 

1950 2C 2 2011   0 

1951   0 2012   0 

1952   0 2013   0 

1953 H, S, T 2 2014   0 

1954   0 2015 D 1 

1955 H 1 2016    

1956   0 2017     

1957   0 2018     

1958   0 2019*     

1959 S, C, S+C 3 2020*     

1960 H, T 2      

 

Table II: Historic Climate Change Risk Probabilities for Cook Islands Maritime 

Supply Chains  
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Expected Probability of a Cook Islands Climate Change Related Risk Event 1900-2015 

Total Average No of Events 
 = 107 

λ=0.9304 Landslides = 0 λ = 0 Drought = 2 λ = 0.0435 

P(X=0) 0.3944 P(X=0) 0 P(X=0) 0.9828 

P(X=1) 0.3669 P(X=1) 0 P(X=1) 0.0171 

P(X=2) 0.1707 P(X=2) 0 P(X=2) 0.0001488 

P(X=3) 0.0529 P(X=3) 0 P(X=3) 1.854E-07 

P(X=4) 0.0123 P(X=4) 0 P(X=4) 3.75E-08 

P(X=5) 0.002291 P(X=5) 0 P(X=5) 1.3061E-11 

Bushfire = 0 λ = 0 Tsunami = 2 λ = 0.0435 Earthquake = 0 λ = 0 

P(X=0) 0 P(X=0) 0.9828 P(X=0) 0 

P(X=1) 0 P(X=1) 0.0171 P(X=1) 0 

P(X=2) 0 P(X=2) 0.0001488 P(X=2) 0 

P(X=3) 0 P(X=3) 1.854E-07 P(X=3) 0 

P(X=4) 0 P(X=4) 3.75E-08 P(X=4) 0 

P(X=5) 0 P(X=5) 1.3061E-11 P(X=5) 0 

 
Volcano = 0 λ =0 Flood = 1 λ = 0.0867 Storms = 29 λ =0.2522 Cyclone = 36 λ = 0.313 

P(X=0) 0 P(X=0) 0.9913 P(X=0) 0.7771 P(X=0) 0.7312 

P(X=1) 0 P(X=1) 0.0088 P(X=1) 0.196 P(X=1) 0.2289 

P(X=2) 0 P(X=2) 0.0000375 P(X=2) 0.0247 P(X=2) 0.0358 

P(X=3) 0 P(X=3) 0.000001088 P(X=3) 0.002078 P(X=3) 0.003737 

P(X=4) 0 P(X=4) 2.3664E-10 P(X=4) 0.000131 P(X=4) 0.0002924 

P(X=5) 0 P(X=5) 4.1775E-13 P(X=5) 0.00006607 P(X=5) 0.00001831 

Gale = 5 λ =0.0435 Heatwave =17 λ = 0.1478 S+C = 14 λ =0.1217 
  

P(X=0) 0.9524 P(X=0) 0.8626 P(X=0) 0.8854 
  

P(X=1) 0.0416 P(X=1) 0.1274 P(X=1) 0.1078 
  

P(X=2) 0.0009059 P(X=2) 0.009422 P(X=2) 0.006557 
  

P(X=3) 0.00001313 P(X=3) 0.0004642 P(X=3) 0.000266 
  

P(X=4) 1.428E-07 P(X=4) 0.00001715 P(X=4) 0.000000805 
  

P(X=5) 1.24E-09 P(X=5) 0.00000507 P(X=5) 0.000000197 
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Table III: Predicting Current/Future Climate Change Risk Event Probabilities for Cook Islands Maritime Supply Chains 
 

 Current 2017 2018 2019 2020  Current 2017 2018 2019 2020  

Flood = 1 λ = 0.0867     Storms = 29 λ =0.2522      

P(X=0) 0.9913 0.9833 0.9753 0.9673 0.9593 P(X=0) 0.7771 0.7691 0.7611 0.7531 0.7451  

P(X=1) 0.0088 0.0168 0.02488 0.03288 0.04008 P(X=1) 0.196 0.204 0.212 0.22 0.228  

P(X=2) 0.0000375 0.0000375 0.0000375 0.0000375 0.0000375 P(X=2) 0.0247 0.0247 0.0247 0.0247 0.0247  

P(X=3) 0.000001088 0.000001088 0.000001088 0.000001088 0.000001088 P(X=3) 0.002078 0.002078 0.002078 0.002078 0.002078  

P(X=4) 2.366E-10 2.366E-10 2.3664E-10 2.3664E-10 2.366E-10 P(X=4) 0.000131 0.000131 0.000131 0.000131 0.000131  

P(X=5) 4.178E-13 4.178E-13 4.1775E-13 4.1775E-13 4.178E-13 P(X=5) 0.00006607 0.00006607 0.00006607 0.00006607 0.00006607  

Future  Current 2017 2018 2019 2020  Current 2017 2018 2019 2020  

Bushfire λ = 0     Tsunami = 2 λ = 0.0435      

P(X=0) 0 0 0 0 0 P(X=0) 0.9828 0.9748 0.9668 0.9588 0.9508  

P(X=1) 0 0 0 0 0 P(X=1) 0.0171 0.0251 0.0331 0.0411 0.0491  

P(X=2) 0 0 0 0 0 P(X=2) 0.0001488 0.0001428 0.0001428 0.0001428 0.0001428  

P(X=3) 0 0 0 0 0 P(X=3) 1.854E-07 1.854E-07 1.854E-07 1.854E-07 1.854E-07  

P(X=4) 0 0 0 0 0 P(X=4) 3.75E-08 3.75E-08 3.75E-08 3.75E-08 3.75E-08  

P(X=5) 0 0 0 0 0 P(X=5) 1.3061E-11 1.306E-11 1.3061E-11 1.3061E-11 1.3061E-11  

Future  Current 2017 2018 2019 2020  Current 2017 2018 2019 2020  
Heatwave 
=17 λ = 0.1478     T+E λ = 0      

P(X=0) 0.8626 0.8546 0.8466 0.8386 0.8306 P(X=0) 0 0 0 0 0  

P(X=1) 0.1274 0.1354 0.1434 0.1514 0.1594 P(X=1) 0 0 0 0 0  

P(X=2) 0.009422 0.009422 0.009422 0.009422 0.009422 P(X=2) 0 0 0 0 0  

P(X=3) 0.0004642 0.0004642 0.0004642 0.0004642 0.0004642 P(X=3) 0 0 0 0 0  

P(X=4) 1.715E-05 1.715E-05 0.00001715 0.00001715 1.715E-05 P(X=4) 0 0 0 0 0  

P(X=5) 5.07E-06 5.07E-06 0.00000507 0.00000507 5.07E-06 P(X=5) 0 0 0 0 0  
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Given stakeholder adaptation constraints, established risk management theory often 

ignores which risks should be prioritised, how and why but often fails to provide 

consistent objective criteria by which time series data can ascertain if stakeholders are 

becoming more or less vulnerable. Based on thesis section criteria in Figure IV; this 

paper advocates prioritising risk utilising time series data, allocating resources towards 

the most frequent or probable risk event types by considering Figure V, illustrating that 

cyclones represent the highest proportion of existing recorded risks (33%), followed by 

storms (27%) unlike bushfires, earthquakes and volcanoes. For low probability, high 

impact risk events, considering projected increases in historic data initially, combined 

with climate change scenario, projected increased frequency, duration and intensity, 

counteracts stakeholder uncertainty as new risk types are considered highly unlikely by 

this paper to emerge, so stakeholders consciously ensure they know how risks threaten 

individual operations, underlying ecosystem and entire maritime/general supply chain 

system. Whilst the Cook Islands has more time to adapt related human, natural, 

technology, infrastructure, equipment, information, communication, system and other 

assets to long term IPCC (2015) scenario risks including precipitation, temperature, 

higher emissions and sea level rise, mitigation of emissions needs to be prioritised 

immediately to ensure supply chain and physical survival, avoiding even greater risks. 

 

Figure IV: Criteria To Prioritise Climate Change Risks 

 
• Probability of Event then Asset Failure/ Urgency 

• Frequency 

• Rarity –Ecological Sustainability 

• Impact Cost Magnitude/Duration 

• Vulnerability/ Resilience 

• Revenue Earning Capacity/Functional Significance and Asset Interdependency  

(utilities, roads, port, transport, bridges, communication/information/disaster risk 

management/emergency services 

• Time/Recovery Time 

• Constraints to Adaptation 

• Adaptive Capacity 

• Resources Available 

 

 

The advantages of ascertaining historic and future risk through probabilities, time series 

data and piecharts emphasises the uniqueness of location specific risks affecting 

localised impact costs as previous Pacific climate change research primarily treats risks 

as equally likely to increase for all areas as does conventional risk management for 

supply chains. E.g., where Cook Islands stakeholders could consider disruptions 

through heatwaves and cyclones as most significant and urgent, Nauru’s equatorial 

position and stable climate, favour only droughts and floods. This research utilises 

existing risk related disasters as a basis for ascertaining future expected probability of 

risk event occurring depending on the climate change risk type and maritime supply 

chain stage/geographical location, rather than previous climate change impact studies 

that merely identify a projected increase in severity, intensity and frequency for all 

types.  
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Figure V: Prioritising Cook Islands Climate Change Risks For A Pacific Maritime 

Supply Chain 

 

 
 

This paper and thesis’s analytical contribution also establishes a survey, considering  

the extent to which Cook Islands stakeholders perceived climate change risk accurately, 

their ability to learn and experience events to validate its theory proposed risk 

perception management stage, unestablished in conventional risk management theory. 

This aimed to overcome subjective stakeholder perceptions estimating risk as Low, 

Medium or High or a Likert scale from 0-5, with no standard risk estimation criteria to 

evaluate their psychological capacity to accurate determine, estimate, value and 

understand risks sufficiently. Given subjectivity of stakeholder risk perceptions, this 

paper proposes this stage to consider the extent to which stakeholder risk awareness is 

actually measured accurately to minimise risk omission, under and overestimation and 

ascertain the validity of assigned probabilities. It advocates considering stakeholder 

identification of past risks – event frequency, duration and intensity/impact costs along 

with asset failure against existing risk events to provide objective risk identification 

criteria for future research. 

 

To ascertain how the Cook Islands are vulnerable to climate change risks, this thesis 

derived paper contacted 350 maritime supply chain stakeholders of which 147 

responded, providing a response rate of 42%. Of those 147, 119 were familiar with 

climate change risk generally for national and international climate change legislation 

and disaster risk management policy strategies, of potential adaptation funding sources 

and responses by international professional associations; research and competitors. 

Curiously it was primarily the 3 international foreign banks, 2 insurance and 6 shipping 

companies and 8 aquaculture/fishing companies based abroad that remained both 

unaware and unconcerned about how climate change risks personally affected their 

operations and supply chains, unaware of local climate change efforts. This indicated 

that foreign businesses in particular especially underestimated the vulnerability of their 

local Cook Islands enterprises. Only the 22 government and 8 NGO’s who responded, 

actually could provide an accurate indication of climate change risk perceptions rating 

it in alignment with the data; since key public assets have significantly benefited from 
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existing efforts to emphasise climate change awareness for these sectors. In particular 

smaller businesses, organisations and individuals including 37 subsistence fishermen, 5 

local aquaculture/2 value adding, 12 retail; 12 logistics and distribution, 5 recreational, 

22 consumers, 2 marketing, and the Customs Department–even larger insurance 

companies were unable to determine which were the most significant historic, current 

and future risks, citing limited resources and no centralised information available. 

Whilst virtually all interviewed demonstrated awareness of climate change given 

significant aid agency and local government efforts, stakeholders considerably 

underestimated long term and short-term risk event frequency, beyond the last 15-20 

years, reflecting age, experience and lack of data/resources/priorities. All agreed time 

series information, accurate charts involving risks and more specific field research 

rather than greater general information about climate change awareness would benefit 

them.  

 

Stakeholders on average differed from 7-27 years of experience, seldom exceeding 30 

years yet were practically experienced with climate change indicating considerable past 

experience of climate change events in contrast to developed nations encountering a 

greater frequency of low probability, high impact events. Education levels ranged from 

primary level for subsistence to postgraduate degrees for international companies and 

government. However, the survey results considered that stakeholders relying on 

memories and limited records underestimated the number of disasters by 70-80 on 

average, indicating problems of risk underestimation in depending on memory. Survey 

results indicated the most significant long-term risks were sea level rise, changes in 

species migration and precipitation. The least significant were changes in temperature 

and current, although stakeholders had not considered currents, wind velocity, soil 

composition and wave energy. The most significant real short-term risk events of 

cyclones, storms and heatwaves were considered to be among the least significant, 

stakeholders considering floods, tsunamis and landslides as more likely, which does not 

reflect Table I and II probabilities and historic time series data. This further validates 

the need for basic information over climate change risks and vulnerabilities that affect 

individual stakeholders and entire maritime supply chain system, to improve existing 

climate change risk identification and management to minimise vulnerability in the 

Cook Islands, Pacific and globally. 

 

IV: PREDICTING CLIMATE CHANGE RISKS FOR A PACIFIC MARITIME 

SUPPLY CHAINS: THE COOK ISLANDS RISK-VULNERABILITY MATRIX 

 

Globally, tropical Pacific Ocean maritime supply chain boundaries expand over 

155,557,000 square kilometres of ocean territory (8,497,017 sovereign nation land 

area) with 38,039,400 people (UNESCAP 2016). Yet world and localised climate 

change risk consequences extend beyond individual stakeholders and supply chains 

within dependent island territories and 16 sovereign states. Whilst existing climate 

change and supply chain risk management impact studies are land centred and 

separated; this paper contrasts in emphasising the maritime sector as more significant 

and vulnerable for Pacific and global trade, resources, climate change risks, economies, 

ecosystems, supply chains and stakeholders. With limited land area and natural 

resources, most Pacific maritime supply chains and island nations are vulnerable to 

other nations and ocean-spanning seaborne trade route connections. This paper’s thesis 

derived case study, the Cook Islands, capital Avarua on Rarotonga Island a self-

governed constitutional monarchy since 1965 consist of 20,700 people over 15 coral 
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atoll islands and 2 submerged reefs (Figure VI); just 236 kilometres2 land area but 

2.200,000 kilometres2 of Pacific Ocean (SPC 2015). Its climate and climate change 

projections are summarised below. Its economy is dominated by tourism and offshore 

sector banking services but as Table IV summarises, it essentially depends upon the 

Pacific Ocean for maritime supply chain centred products including pearls and fish 

exports as 87.7%, with refined petroleum imports of 25%) the second highest 

percentage occurs from vessels/vehicles (4.7%); the third highest includes iron 

structures (2.1%) to replace frequent coastal environment and adverse risk event 

exposure. Top 5 export trade partners include Japan, Turkey, Thailand, China and 

South Africa. Top import partners include New Zealand, China, Fiji, Australia and 

Turkey. 

 

Figure VI: The Cook Islands 

 

 
 

Author unknown, 2016, http://www.vidiani.com/map-of-cook-islands. 

 

Table IV: Cook Islands Trade Overview 2015 

 

 

A previous published thesis book chapter involved ‘Adapting Climate Change 

Projections To Pacific Maritime Supply Chains,’ (Dyer 2017) to reduce stakeholder 

uncertainty in downscaling global and regional projections. The Cook Islands and other 

Pacific nations experience a near equatorial tropical climate with similar characteristics 

in air/sea surface temperatures, seasonal variations, humidity, winds and other climate 

related factors (Mori et al. 2013; New Zealand Office of Chief Science Advisor 2013; 

GDP $* million Exports (Type) Value $* % Exports Imports (Type) Value $* % Imports 

309.23  Total 
Fish  
Pearls 
Citrus fruit 

34,000,000 
20,040,000 
9,418,000 
476,000 

100 
60 
27.7 
1.4 

Total 
Petroleum 
Vessels/vehicles 
Iron Structures 

143,000,000 
35,900,000 
7,860,000 
2,950,000 

100.0 
25.1 
5.5% 
2.1% 
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McCubbin, Smit and Pearce 2015). Precipitation and cyclone seasons frequently occur 

between November-April, extending between October-May during El Nino conditions, 

the dry season between May-October.  The Cook Islands, consists of 2 archipelagos. 

North and South Group climate varies from a minimum temperature range of 19-24◦ 

Celsius in July (Figure VII) to a maximum of 27-30◦ Celsius in December. Based on 

local data and Pacific Climate Future model projections, (Figure VIII), mean climate 

change temperature is projected to increase from a 0◦ Celsius baseline in 2000 for all 

three scenarios to a 0.5◦ increase under a B1, 1.1◦ (A1B) and 1.5◦ Celsius (A2) 

scenarios for the short-term adaptation (2030) time horizon. By 2055 for a medium-

term adaptation time horizon; mean projected temperature is expected to increase by 1 ◦ 

under a B1, 1.5◦ (A1B) and 3◦ Celsius (A2) scenarios; accelerating to, 2◦ under a B1, 3◦ 

(A1B) and 5◦ Celsius (A2) scenarios under a long-term adaptation time horizon (2090 -

2100). Average wind speed is projected to increase between 5-15% and ocean PH 

decrease of 0.1-0.3, increasing acidification by 2050, damaging ecosystems and 

increasing infrastructure corrosion costs. Current southeast trade winds shifting latitude 

and direction and a decrease in the South Pacific gyre; weakening currents are 

anticipated to further complicate navigation and reduce marine ecosystem nutrient 

flows. 

 
Figure VII: Cook Islands Climate: Mean Annual Precipitation and Temperature 

 

 

 

Source: Australian Bureau of Meteorology and CSIRO 2014, page 32. 
 
Figure VIII: Cook Islands Climate Change, Projected Mean Temperature Rise 
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This section proposes a more accurate means to ascertain the vulnerability of Pacific 

maritime economies, supply chain systems, operations and stakeholders to the above 

projected risks based on the risk-vulnerability matrix Section 2 proposed, in a 

summarised form for the Cook Islands as a prototype for future research. As Figure I 

illuminated, a Cook Islands maritime supply chain consists of resource 

extractors/producers including subsistence, recreational, domestic and international 

commercial fishing/aquaculture; industry, value adding and beneficiation including 

pearls and pharmaceuticals, the port, customs authority and government, 

importers/exporters and freight forwarders; logistics transport and distribution; 

wholesale/retail; marketing/publicity, consumers and the financial banking/insurance 

sector directly along with other supply chains/economic/state sectors indirectly. 

However, a significant flaw of established risk management theory is that it completely 

ignores not only climate change risk uncertainty but also the status and sustainability of 

underlying environments and ecosystems that provide supply chain resources. This 

thesis derived paper’s further original contribution proposes before any supply chain 

risk assessment can be undertaken, it is necessary to consider existing environmental 

conditions prior to evaluating climate change risks to future resources, to ensure future 

prosperity, sustainability, performance and ultimate risk survival. Figure IX illustrates a 

Pacific maritime ecosystem as the basis of Figure I Cook Islands and other maritime 

supply chains. Whilst ecosystem purposes are summarised in Table V, existing risk 

management theory fails to protect maritime supply chain stakeholders by ignoring 

how assets, stakeholders, operations and systems will be adversely affected from risks 

and impact cost consequences from a loss of coastal protection, natural resources, 

oxygen, water supply and other essential Pacific maritime ecosystem functions, 

reducing natural resilience/enhancing impact cost consequences. This paper therefore 

proposes active risk monitoring, identification, analysis and adaptation extends to 

ensuring both marine and terrestrial ecosystems remain functional and thrive.  

 

The Cook Islands environment includes extinct volcanoes, coral reefs and atolls, 

seagrasses but no mangroves. As with other Pacific and global maritime supply chains, 

its ecosystem contributes to economic activity through sand formation for 

beaches/coral reef formation for coastal tourism to geographical physical island 

formation to wave energy dispersal barriers as natural resilience against sudden 

disruption risks and influences the quality/quantity/habitats and survival of 

interconnected Figure IX maritime and other terrestrial resources for fisheries, forestry, 

mining, jewellery and other economic activity. Although risk management prioritises 
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business operations to non-natural assets, the Cook Islands Bishop Museum identifies 1 

trochus species, 66 seaweed, 11 oysters, 83 seabirds, 2 squid, 5 ray, 19 shark, 20 

reptiles, 22 maritime mammals, over 664 fish, 232 crustaceans, 109 echinoderms, 539 

molluscs, 70 clam/6 giant clam, 11 oysters and 34 eel species aside from plants, coral 

reefs and land based ecosystems, which this paper considers directly or indirectly 

influence maritime supply chain and tourism activity. Therefore, this risk-vulnerability 

matrix provides among the first to assess climate change risks to resources as a 

rudimentary stage to assessing risks to producers and whether disruptions remain 

temporary or become permanent. 

 

Figure IX: A Pacific Maritime Ecosystem/Maritime Supply Chain Resources 
         

Photosynthesis    Sun/Climate          Greenhouse Gas mitigation 

sink/Respiration 

 Connection to Maritime Supply Chain    SKY                                     

                               

           Birds               

           

  

LAND       Amphibians   OCEAN                          

Humans     Sharks/Rays   

 Mammals  

Reptiles    Squid    Crabs

  Eels 

     Fish     Crustaceans 

Trochus      Oysters/Clams/Molluscs   Echinoderms  

   Krill  

 

  Worms   Invertebrates     Coral/polyps 

   Zooplankton                                                           

 

     Phytoplankton    seaweed/plants 

 

 

 

Table V: Ecosystem Functions for Maritime Supply Chain/Economy Stakeholders 
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Ecological Economic 

Biomass/Biodiversity Life Formation and Habitat Life, Food, Material 

Conservation Supply of Natural Resources, Reduced Imports 

Biological/Physical/Chemical Redundancy against Uncertainty 

Growth, Reproduction, Trade, Production, Consumption, Income/Profit 

Respiration/Oxygen/Photosynthesis Greenhouse gas mitigation source sink 

Water supply/purification. Food security/Nutrition 

Protection Protection –Vulnerability and Resilience 

Ocean Chemistry, currents, salinity Risk Identification, Monitoring, Prioritisation, 

Adaptation 

Coral atolls –geographical physical formation, 

continued growth and survival 

Risk Enhancement if Ignored –Legal, 

Reputational, Insurance, Security, Operational, 

Impact Costs 

Sand formation, nourishment and sediment Opportunity 

Evaporation, Condensation and Absorption Insurance against Maladaptation,  

Climate Regulation –calcification, stratification Future Sustainability and Survival 

Counter eutrophication Knowledge –Existing and Potential/Spiritual 

Detoxification Stability/Security/ Increased Adaptive Capacity 

Population equilibrium Aesthetic/Cultural/Social 

 Tourism 

  

Only 0.2% of world possesses coral reefs, yet home over 33% of all planetary global 

marine biodiversity and ecological capital. The Cook Islands provides a significant 

Pacific maritime supply chain case study its capital island Rarotonga encircled by reef. 

With Kiribati it possesses among the planet’s largest Exclusive Economic Zones of 

maritime terrain and potential maritime resources, yet limited land areas. However, 

existing and projected climate change risks including increased ocean acidification and 

salinity, coral bleaching and disease, increased sea level rise, decreased salt crystals and 

increased salt spray pressure along with higher sea surface, land and air temperature 

rises (Rongo and Dyer 2015) have contributed to a significant increase in reducing 

coral reef areas 30% from 1990’s to 2001 and 6% further by 2015. In the 1970’s coral 

took 10 years to recover. In 1990’s 21 years to recover but increased sea surface 

temperature threatens this as with a projected increase in coral bleaching events. 

Repeated reef bleaching and disease risk events from 1991-2014 from cyclones, sea 

surface temperatures, and invasive species (1991, 1994, 195-1998, 2006, 2010, 2014) 

emphasise ecosystem vulnerability. Rongo and Dyer (2015) consider even with existing 

climate change and other pressures, the following Table VI Cook Islands species have 

declined rapidly from 1970-2014 in a Rarotonga coastal reef survey with the exception 

of predator porcupine fish, invasive Indian mynahs and oceanic sharks from a decline 

in deeper water from trawling, combined with the Cook Islands 2012 declaration of a 

Shark sanctuary. Therefore, this paper considers the high vulnerability of Cook Islands 

maritime resources; specifically affected by historic Pacific climate change risks, 

decreasing species numbers and habitats threatening future maritime supply chain 

commercial resource security for production, value adding/aquaculture and remaining 

stages. Yet each of these species is worth investing in as ecological capital, given 

existing commercial demand and future potential research, whilst 20 species (UNFAO 

2010) possess value being favoured ornamental/aquarium fish. 

 

Table VI: Cook Islands Risks and Maritime Ecosystem Species Decline 1970-2015 
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 Species Terrestrial/ 

Freshwater 

Cook Islands Location Climate Change/Variability Risk Impacts 

Whitebait Rarotonga Extinct from droughts–formerly favoured floods 

Dusky sleeper Mangaia, Atiu, Mauke Droughts 

Western gambusia Rarotonga Drought/Drained swamp 

Tilapia# Mangaia, Atiu, Mauke Increased sediment/siltation/Drought 

Freshwater eel Rarotonga, Avatiu Drought, increased salinity 

Marine species   

Hatchet/Giant seahares Mangaia, Rarotonga Drought/ changes in species migration/loss 

Lined seahare Mangaia, Rarotonga Droughts/change in biodiversity 

Serrated swimming 

crab 

Aitutaki, Rarotonga coastal erosion 

Coconut Crab Mangaia, Rarotonga Preferred delicacy, coastal erosion, soil 

sedimentation 

Sargassum Mitiaro, Atiu, Mangaia Cyclones, storms, tsunamis, 

Tangled hair seaweed Mangaia, Rarotonga, Cyclones, storms, tsunamis, 

Sea grapes Atiu, Aitutaki, 

Mangaia, 

SST 

Sponge seaweed Mangaia, Rarotonga,  SST,  

Seagrass parrotfish Mauke, Mitiaro, Atiu Change in species migration and biodiversity 

SST, Air, SLR, Flooding 

Increased ocean acidification 
Scribble/Silver 

rabbitfish 

Mauke, Mitiaro, 

Rarotonga 

Forktail rabbitfish Mauke, Mitiaro, 

Rarotonga 

Rudderfish Mangaia, Mitiaro, 

Mauke 

Marine Reef Fish Affected include 

Fringelip/ warty lip 

mullet 

Atiu, Aitutaki, 

Rarotonga 

 

Marbled/brown cod Mangaia, Rarotonga Marbled grouper 

lunar tail/peacock cod Mangaia, Rarotonga Yellowfin goatfish 

Brown moray Mangaia, Rarotonga Barracuda 

Red snapper Rarotonga, Atiu Convict/Black/Yellowfin surgeonfish 

Rose mouthed turban Mangaia, Rarotonga Mackerel scad 

Branching coral Rakahanga, Manihiki Bull’s eye 

Winged mussel Rakahanga, Manihiki Green triggerfish  

Black lipped pearl 

oyster 

Rakahanga, Manihiki Orange spotted emperor 

Trochus, Giant clam Rarotonga Napoleon wrasse 

Brown pencil urchin Mangaia, Mitiaro, 

Mauke 

Big eye bream 

Star shaped limpet Mangaia, Mitiaro, 

Mauke 

Topsail drummer 

Pelagic  Unicorn fish 

Reef sharks Aitutaki, Rarotonga 5 Banded parrotfish  

Skipjack/yellowfin tuna Mangaia, Mitiaro, 

Nassau 
Squirrelfish 

 

Rongo, 2015. # Introduced 

 

Given IPCC (2015) climate change projections range from 0.5-1.5 m sea level rise, 1 to 

5 degrees Celsius (2030 to 2100), 0.1-0.3 ocean PH increase from 8.08 (1980-1999) 

and 1-8% precipitation increase, the above species and interconnected Figure 5.2 

ecosystem are further expected to decrease rapidly in numbers, sizes and quality. From 

1980-1999, average Cook Islands sea surface temperature was 26.5 degrees Celsius. 

Coral with maximum temperatures of 25-29 degrees Celsius as with other maritime 

ecosystems have resilience limits, which collapse. PCCASP, SPC and SPREP (2015) 
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project further coral area eradication of 25 to 65% by 2030, 50 to 75 (2055) and 90%-

100% by 2100 unless reefs are restored. Increased sea level rise, wind velocity, wave 

energy, reduced surface runoff during El Nino/droughts for the Islands, risks to river 

flow, changes to oceanic currents, freshwater, lagoon/estuaries and soil sedimentation 

along with changes in species migration and reduced biodiversity provide future 

climate change risks. ENSO has already affected skipjack tuna migration as a key 

maritime supply chain staple, its catch rate, quality and size have significantly 

decreased. These are projected to initiate a 20% reduction in nutrient supply, producing 

fewer zooplankton, algae and primary biomass, and lower coral cover/slower recovery 

rates which affects all other species. The lower the biodiversity, the more significant 

the existing species in preserving the functionality and value of local ecosystems and 

environments.  

 

Without recovery (further pressurised by invasive species including crown of thorn 

starfish) and prioritising future ecological capital, maritime ecosystem resources 

decline increasing extinction rates as catches unsustainably increase, multiplying 

ecosystem pressure further. Lower tides increase exposure for subsistence fishermen 

who need motorised boats to increasingly access catches, affecting species. Increased 

ocean currents and turbulence, wind velocity combine to provide rougher ocean 

conditions, exposing existing delicate species such as algae and crustaceans to further 

pressure. Terrestrial ecosystems and supply chains are similarly affected. Changes 

include mangos blooming earlier in July whilst apples and other, less temperature 

resistant fruit have stopped germinating. This research concentrated on maritime supply 

chains specifically given that unlike other global regions including North America, 

South America, Europe, Russia, China, India and Japan, significant global and Pacific 

climate change research exists for ecosystems and biodiversity, (UNFAO 2010) even 

provided in a specialised Cook Islands Directory of Sources. This paper proposes 

affected stakeholders utilise sources when checking risks to maritime ecosystems and 

species, considering which are rarest, most vulnerable and most crucial for the 

maritime supply chain to prioritise conservation/resources/ reserves as most saving 

with eco agencies, local community and government stakeholders. 

 

The future of Pacific maritime resources for maritime supply chains are further 

threatened by existing environmental pressures across supply chain locations and 

constraints as small developing island states identified in this survey. For the Cook 

Islands, these specifically include pollution, over-fishing over-development, sensitive 

habitats, subsistence lifestyles, overpopulation, shore vegetation removal, competing 

land use, waste dumping, coastal erosion/physical topography, beach sand mining and 

limited freshwater supply for atolls/Mangaia, Rarotonga and Aitutaki lagoon 

contamination, potentially enhancing climate change risks further. Volcanic islands 

with limited land areas, soil fertility, low crop yield/productivity, and soil for 

agriculture, increase coastal fisheries dependence. Draining wetlands for taro 

production lowers biodiversity and flood protection. Lacking environmental reserves 

and sustainability, Cook Islands ecosystems will be significantly constrained in 

satisfying future Table V maritime supply chain performance, revenue, resilience and 

production requirements increasing potential impact costs as in future research, whilst 

multiplying risks to subsequent maritime supply chain stages of production/value 

adding and beneficiation/manufacturing. Without managing fisheries and agriculture 

ecosystem risks, stakeholders will lack the resources to ensure future production, 

income and recovery from long and short term risks, given that without renewing 
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resources, the Cook Islands and other Pacific nations will increasingly be unable to 

afford adaptive capacity or participate in global maritime supply chain activities, 

lacking minerals, fuel and other products. This may necessitate even more aid, long 

term economically unsustainable, whilst developed nations face increased security and 

other costs from immigration pressures, as more coastal exposed developing nations 

face collapsing ecosystems, economies and submerged land areas from higher 

instability, unless risk is pre-empted by increasing natural risk mitigation systems. This 

paper further proposes future research concentrates on specific climate change risk 

implications for Pacific maritime supply chain stakeholders and ecosystems, as specific 

location, ecosystem and supply chain risk type consequences differ yet have been 

ignored. Increased landslides multiply soil sedimentation, coastal erosion and species 

habitat loss but present fewer maritime risks then tsunamis, storms, increased wave 

energy, floods, cyclones and droughts to coral reefs and less mobile/more fragile 

maritime species assets such as algae, trochus and black lipped oysters. Whilst seabirds, 

crustaceans, reptiles, invertebrates, fish and mammals including humans possess 

limited adaptive capacity with sufficient warning to prepare for sudden risks 

temporarily, certain physical, economic and environmental constraints prohibit 

permanent adaptation to long term risks without sufficient prioritisation and investment 

in maritime ecosystem functions as climateproofing risks.  

 

For this thesis and derived paper; section 3’s risk perception survey indicated that 

whilst 107/147 stakeholders indicated certain climate change awareness of ecosystems, 

none had considered these functions or need to integrate ecosystems as effective risk 

management and resource security for maritime supply chains. Given low market 

prices for consumers and existing environmental pressures, the maritime ecosystem 

remains undervalued relative to potential risk and impact cost aversion. In particular 

international financial services/insurance ignored the historically successful role of 

coastal asset protection, where ecosystems were valued, whilst international companies 

were particularly ignorant, lacking concern about potential risks to Pacific 

maritime/land ecosystems and their future resources even those with resources to adapt. 

More attitudes focused on prioritising short-term risk events (89.2% of stakeholders) 

without considering long term risk pressures which undermine maritime ecosystem 

resource survival for production, aquaculture, own or other supply chain operations. 

 

This paper proposes utilising localised existing sources including geophysical 

topographic maps, statistics, stakeholder consultation and physical field research 

observation can more effectively determine localised climate change risk and 

vulnerable stakeholders. These and Figure IX confirmed for Rarotonga that of 237 

registered businesses and 7108 potential stakeholder inhabitants –as producers, 

employees or consumers; over 81% were concentrated around the coast and within 0.5-

1.5 metres of the ocean/a potential river flood source and less than 100 metres above 

sea level. It similarly indicated the vulnerability of the airport, seaport, fuel supply 

tanks, and key coastal roads with limited accessibility into the mountainous hinterland 

with only 2 main roads circulating the island. High precipitation levels and soil 

composition indicate potential for landside and soil erosion damage. Whilst the coral 

reef provides partial coastal protection, Aviatiu’s port expansion has partially 

eliminated this. Field research identified that whilst key infrastructure in electricity, 

telecommunications, the Cook Islands Trading Company, 2 local shipping companies, 

the airport, Port Authority, government including National Environmental Service; 

Triad Petroleum and Pacific Energy were all prioritising climateproofing for risk 
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adaptation and had minimised supply chain delays/vulnerabilities; other parts of the 

maritime supply chain remained neglected, uninformed and risk exposed.  

 

Figure IX: Avarua, Rarotonga 

 

 
 

Cook Islands Government 2016. 

 

This paper identified that only 25 of the key Pacific maritime supply chain stakeholders 

that responded were partially prepared psychologically/commercially yet all 350 

remained physically exposed to the above projected climate change risk as in Figure 

IX. Existing fishing operations, aquaculture, pearl, seaweed and recreational lack coral 

reef and natural coastal protection to infrastructure, people, transport and equipment 

along with environmental pressures threatening the future of maritime resources; 

especially ocean acidification, salinity, temperature, currents, wave energy, wind 

velocity, precipitation, cyclones and storms. This subsequently affects the vulnerability 

to the resource inputs, outputs, quality, capacity and performance of existing 

manufacturing, industry and beneficiation, similarly dependent on resources, exposed 

physically and remain underprepared for existing and projected risk events. Although 

the sea and airports, with key infrastructure are climate-resilient to an extent despite 

being physically exposed; none of the importer/exporter or 12 logistics/transport/ 

private sector storage companies analysed nor the wholesale/retail upon which they 

rely. Nor were the 2 marketing/publicity companies concerned and aware that affect 

reputation, nor the 3 major international banks and several local insurance firms 

conscious of projected risks; impact costs and adaptation strategies. 
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Figure X: Cook Islands, Rarotonga Topographical Map of Climate Change Vulnerabilities. 
 

 
 

 

Cook Islands Government 2016. 
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This paper forecasts in a major risk event occurrence i.e. a tsunami, cyclone, flood or 

storm; that the majority of producers, key infrastructure and consumers would 

experience significant impact cost damage if not collapse. Even those few stakeholders 

who were aware of climate change risk, prioritising emissions mitigation and 

adaptation including the port; would be overwhelmed by significant congestion, of the 

subsistence, recreational and private sector, maritime supply chain stakeholders and 

businesses who remain completely vulnerable and unprepared for existing risks; 

regardless of projected IPCC (2015) increases in risk event frequency, duration and 

intensity. Insufficient stakeholder cooperation, research prioritisation and information 

sharing has historically and remains projected to loss of life and ecosystems, physical 

commodity/resources damage –to stockpiles, crops, fishery yields/catches. Supply 

chains experience other costs include port, cargo and supply chain infrastructure, clean-

up, damage costs, repair costs, asset replacement costs, port recovery costs, opportunity 

costs of resources. Examples include port approaches, port limits, breakwaters, turning 

basins, fairways, berths, docks, channels, pavements, container stacking areas, quay 

walls, port authority, customs, damage to terminals, cargo warehouses, offices, 

hazardous cargo storage zones, commercial businesses, water, electricity, sewerage and 

bunkerage. These include equipment damage, repair and maintenance costs. Examples 

include operator vehicles, synchrolifts, stacking equipment, cranes, container scanning 

facilities, reach stackers and container reefer points. 

 

Other projected port impact costs, yet to be estimated, analysed or calculated for the 

Cook Islands or elsewhere in research prior to this paper’s thesis include port and 

supply chain service costs including pilotage, mooring, tugs and towing, salvaging, 

dredging, customs, stevedoring, drydocks/repairs, waste disposal, navigation, vessel 

tracking, communication, information, security, hazard warning systems, inspection, 

freight forwarding. These include technology damage –security, navigation, customs 

and administration and physical damage to road, rail, shipping and air as intermodal 

transport types. Stakeholders can experience increased cleaning/storage costs, cargo 

loading/unloading costs and other port/cargo dues from delays. Shipping cost losses 

include reduced economies of scale, increased fuel consumption costs, increased daily 

fixed shipping costs per TEU.  Increased shipping variable costs i.e. crew wages, 

stores, port dues plus time, voyage and spot charter costs, brokerage costs, contract of 

affreightment and carriage penalty charges. Stakeholders throughout the supply chain 

experience increased evacuation/relocation costs for businesses along with 

production/disruption/ sales revenue/input costs; increased information, 

communication, administration, marketing and recovery costs to minimise reputational 

costs and recover to business as usual. These subsequently reduce port throughput 

volumes, values and revenue. It reduces potential customs/government revenue; 

imposes higher consumption/consumer costs and financial sector loss including 

loan/investment costs/loss of profit, capital potential, bankruptcy, insolvency and 

insurance throughout the entire supply chain.  

 

The vulnerability of individual Cook Islands and maritime supply chain system 

stakeholders to risks provides higher impact costs beyond; influencing and influenced 

by risks and consequences to domestic land supply chains, and increasingly globalised 

systems, including reputational costs, higher imports, reduced exports, increased costs 

to foreign exchange and balance of payments with higher unemployment. Increased 

maintenance costs include routine, periodic, rehabilitation, deferred and 

unexpected/unpredictable. Other costs include trade diversion and contingency 
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rerouting costs, increased opportunity costs to business/supply chains, higher legal, 

technical and regulatory compliance costs and costs to tax revenue which affects 

financing potential of supply chain infrastructure/functions. Evaluating the extent of 

costs emphasises the extent to which not just local but global stakeholders have 

continued to underestimate the true vulnerability of international trade and global 

maritime supply chains to existing and projected climate change risks. This excludes 

existing risk management and climate change, impact studies existing failure to 

currently ascertain increased ecosystem damage/coastal erosion costs to resources and 

natural/coastal protection/biodiversity cost affecting current, past and future 

vulnerability and risk exposure. It excludes risks to/by other supply chain partners and 

subsequent climate change mitigation, adaptation asset replacement, elevation, 

relocation, recovery, retreat/surrender, migration and ecological rehabilitation response 

strategy costs. In ignoring the extent of true risks and impact costs, these factors not 

only amplify true climate change vulnerability for the Cook Islands and others but the 

capacity to survive by financing existing climateproofing adaptation strategies 

summarised in section 5. 

 

Section 5: Cook Islands Climateproofing Adaptation Strategies 

 
The Cook Islands have sought to reduce climate change risk event vulnerability 

through the following adaptation strategies. 

 

• 1987: Relocation of coastal breakwater from cyclone 

• 1992: Ratified and implemented Kyoto. 

• 2005: Airport protected its radar and other electronics and secured 3 months 

fuel supply. Pacific Energy and Triad Petroleum were persuaded to improve 

stockpiles up to 6 weeks, training and invest in underground cables/pipelines 

and more elevated tanks 

• 2007-2014: $27,600,000 Climateproofing of Avatiu Harbour with dredging and 

expanding port areas, strengthening and constructing seawalls and offshore 

breakwaters, elevating container stacking areas, improving lighting and 

relocating vulnerable sheds to withstand up to 500 cm in sea level rise, higher 

wind speeds up to 150 kilometres per hour, increased precipitation wave height 

and energy (Blacka, Flocard and Parakoti, 2013; Cook Islands Port Authority 

2014, Asian Development Bank 2015). It invested in mobile forklifts, cranes 

and a 5 ton tug that can be easily removed and stored along with updated crew 

training. It committed $4,000,000 to Penrhyn, $3,200,000 to Aitutaki and 

several million to improving outer island ports. Aware of the need to secure 

other vulnerable targets, it extended adaptation to other maritime supply chain 

stages and economic hinterland connections including $2,900,000 in sealing 

Rarotonga roads and $2,400,000 in outer Island roads. 

• 2010 Cyclone Pat Recovery and Reconstruction Plan for Aitutaki established 

$530,416 committed to improving disaster risk reduction in foreign aid with 

$200,000 to improving waste management, $24,000 on a climate risk warning 

system and $200,000 on improving general infrastructure resilience. It also 

allocated $1,356,870 to local economic recovery, aid being conditional on 

stakeholders considering climate change awareness to enhance future resilience, 

which developed countries have yet to consider. $1,000,000 of this was 
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allocated to small entrepreneurs, $194,870 to restore livestock and $55,000 for 

more climate resistant taro production. 

• 2012: The National Infrastructure and Preventive Infrastructure Investment Plan 

require considering climate change for any potential maintenance/upgrades to 

preserve and enhance performance, flexibility and productivity.  

• 2012-2016: extend maritime sanctuaries, impose fishing restrictions in days and 

quotas, increase community-based enforcement, ecotourism and prioritise 

aquaculture to ensure future maritime food and resource security in its 2012-

2016 National Aquaculture Development Plan. 

• 2013: Nationally, $512,343 was invested in improving disaster risk event 

response training to Emergency Management Cook Islands 

• 2016: Ratified COP21 Paris  

 

However; this research identifies the continued lack of international and domestic 

private business, community and individual stakeholder, climateproofing risk 

identification and adaptation efforts which it proposes are prioritised in future research. 

It proposes evaluating the extent to which existing climateproofing strategies have 

enhanced resilience, reduced vulnerability; preserved stakeholder requirements, 

ecological capacity sustainably and minimised disruption cost/accelerated recovery 

times/rates in a risk event monitoring and review stage, against projected existing and 

accumulated risk. It suggests providing standardised criteria to ascertain each asset, 

system, operation and ecosystem’s potential vulnerability to climate change including 
provide and identify the location/geography, potential climate change and non-climate 

change risks, history of risk exposure, asset characteristics, ecosystem/resilience 

/vulnerability, number of potentially affected stakeholders, risk type/probability of risk 

plus conditional probability of an asset failure, degree of asset/supply chain 

interdependence, performance and stakeholder requirements are affected. 

 

VI: CONCLUSIONS, POLICY AND THEORETICAL SIGNIFICANCE FOR 

STAKEHOLDERS AND DIRECTIONS FOR FUTURE RESEARCH 

 

In conclusion, this paper aimed to address how aware, resilient and vulnerable Pacific 

maritime supply chain systems, stages and stakeholders are to current and future 

climate change risk events through a physical Cook Islands case study example. Given 

these risks project an uncertain future for Pacific and global ports, shipping and 

maritime supply chains; it considers the failure of conventional risk management 

methods to adequately predict true stakeholder vulnerability. Managing risk,’ infers 

readjusting to normal conditions and a stable long run equilibrium or ‘business as 

usual,’ whereas IPCC 2015 climate change projections infer multiple extreme events 

increasing in risk frequency, duration and intensity as the new normal. However, 

conditions may not be normalised or stabilised, especially if emissions are not 

substantially reduced and the underlying maritime ecosystem/resources restored. Risk 

Management often ignores the role of stakeholder consultation and how to overcome 

existing challenges of stakeholders in sufficient and accurate risk determination, the 

role of psychological expectations influencing risk probability and impact cost 

consequences. Risk management merely considers existing scenarios as the extent of 

maximum possible risk, underestimating worst case examples with dependence on 

stakeholder risk perceptions rather than measuring historic risk through time series 

data. Long run equilibrium assumes constant growth rates, a supporting population, 
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functioning economy and resources able to effectively monitor, respond, identify and 

adapt to risk events over time, ignoring climate change which infers risk adaptation and 

resources are sustainably secured whilst still possible. It assumes risk as static rather 

than fundamentally dynamic and ignores how globalisation has increased supply chain 

asset/system interdependency and risk vulnerability to single catalyst events. This not 

only presents theoretical limitations but restricts key supply chain stakeholders from a 

managerial/policy perspective in predicting true climate change risks and opportunities. 

 

To validate its conceptual framework of empirical probabilities rather than qualitative 

stakeholder perceptions; this paper proposed an improved risk-vulnerability matrix for 

risk management stakeholders for more accurate risk identification, given scarce 

resources and other constraints to adaptation. It established equations and a risk-event 

tree from a thesis to enable policy makers and researchers to more effectively 

determine projected climate change risks, impact costs and adaptation strategies. For 

the Cook Islands, it produced the first centralised Pacific climate change risk time 

series data for all risk events from 1900 to 2015 with 107 events. Cook Islands 

stakeholders can therefore prioritise cyclones (33% of all events) followed by storms 

(27%) based on thesis and paper derived criteria including resources available, 

stakeholder adaptive capacity, resilience, vulnerability and frequency, ignored by 

previous risk management research. The least significant were volcanoes, earthquakes 

and bushfires Field research established that 119/142 Pacific maritime supply chain 

stakeholder respondents were generally aware of projected climate change risks but all 

stakeholders generally underestimated the total historic number by 70-80; illustrating 

the problems of relying on stakeholder perceptions and consultation rather than 

laboriously determining all climate change risks. The survey sample indicated the need 

to distinguish between physical adaptive capacity/risk and psychological 

 

This paper further proposes utilising downscaled Pacific climate and climate change 

projections to predict true climate change risks and opportunities, indicating the need 

for stakeholders to adapt to 2-5 degrees Celsius higher average temperatures and a 30% 

reduction in coral reefs 1990-2001 and a further 6% by 2015, with projected 25-65% 

loss of reefs and related maritime ecosystem resources of 25-65% by 2030. It identified 

that whilst government has invested in over $27,600,000 climateproofing for Aviatu 

port, $4,300,000 in roads and $530,416 in disaster risk management training; utilising 

topographical maps, stakeholder consultation and physical field research observation; 

both private and government maritime supply chain stakeholders remain significantly 

physically vulnerable, whilst the community/subsistence and commercial/private sector 

remain vulnerable from a resources, unadapted operational and human psychological 

risk underestimation, perspective. With over 237 businesses and 7108 potential 

producers, employees and consumers vulnerable for the Cook Islands; it considers 

stakeholders face significant direct and indirect projected costs to lives, properties, 

ecosystems, resources, systems, for relocation, recovery and adaptation, despite over 3 

decades of climate change adaptation efforts. Future research proposes determining the 

effectiveness of adaptation solutions. Though vulnerable, certain Pacific case studies 

appear more psychologically prepared for climate change risks based on existing 

natural disaster events, given limited physical capacity with existing funding/research 

being Pacific orientated in contrast to developed world ports, supply chains and 

stakeholders which fail to prioritise climate change considered even less prepared as a 

direction for future research. These fail to recognise it as a key problem and could learn 

from the Pacific and existing risk to consider uncertain future as these stakeholders 
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learn from physical experience not to underestimate risk but to prioritise climate 

change, whereas previous research illuminated limited climate change awareness, 

effective methods, case studies and action priorities among global supply chain 

researchers and stakeholders.  
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