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Every aspect of human operations faces a wide range of risks, some of which can cause serious 
consequences. By the start of 21st century, mankind has recognized a new class of risks posed 
by climate change. It is obvious, that the global climate is changing, and will continue to 
change, in ways that affect the planning and day to day operations of businesses, government 
agencies and other organizations and institutions. The manifestations of climate change 
include but not limited to rising sea levels, increasing temperature, flooding, melting polar sea 
ice, adverse weather events (e.g. heatwaves, drought, and storms) and a rise in related 
problems (e.g. health and environmental). Assessing and managing climate risks represent one 
of the most challenging issues of today and for the future. The purpose of the risk modeling 
system discussed in this paper is to provide a framework and methodology to quantify risks 
caused by climate change, to facilitate estimates of the impact of climate change on various 
spheres of human activities and to compare eventual adaptation and risk mitigation strategies. 
The system integrates both physical climate system and economic models together with 
knowledge-based subsystem, which can help support proactive risk management. System 
structure and its main components are considered. Special attention is paid to climate risk 
assessment, management and hedging in the Arctic coastal areas.    
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I. INTRODUCTION 
The climate of our planet is changing continuously impacting the nature and humanity and 

affecting the regular daily operations of various organizations, institutions, businesses and economic 
entities. There is increasing scientific and empirical evidence that the earth’s climate undergoes 
change, both on short-term (decades) and long-term (thousands of years) basis [1]. Some essential 
facts that show climate alterations are as follows. The globally-averaged air surface temperature on 
our planet has increased by ~0.80 C since 1880, with two-thirds of the worming occurring since the 
1970s. Also the ocean is warming up notably in the top layer. The thickness of such a layer is about 
several hundred meters. The amount of heat accumulated in the ocean accounts about 90 percent of 
the total heat stored in the land, air and ocean since the mid of 1970s. Sea level has risen globally 
and the average rising rate continues to grow. Current sea level growth rate is about 3.2 mm per 
year, and rates of sea level rise are spatially and temporarily inhomogeneous. Ocean currents are 
changing, in particular in the North Atlantic. There are lots of scientific arguments that the intensity 
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and frequency of different extreme natural events, including weather events such as heatwaves, 
tropical cyclones, cold waves (snaps), extreme rainfall and droughts are changing around the world 
under global warming. Altered rainfall patterns in different parts of the world, melting polar sea ice, 
flooding and a rise in related problems (e.g. health and environmental) serve also as indicators of 
global climate change. 

The projected changes in climate such as a rise in sea level, changes in temperatures, the 
direction and the power of ocean waves, wind, precipitations, ice-cover and extreme weather events 
will affect the human activities in coastal areas around the globe (e.g. [2, 3]). The coastline of many 
countries including Russia is highly populated and has a well-developed infrastructure. Coastal and 
ocean activities, such as the marine transportation, port activities, offshore development of 
hydrocarbons, fishing, leisure activities, recreation and tourism, industrial activities which require 
seawater supply, are inalienable part to the economy. Coastal habitats, which are home for variety of 
living species, are strongly affected by climate change via sever weather events, sea level rise and 
rainfall patterns. The coastal zones already face a variety of problems caused by climate change. For 
example, coastal flooding, water pollution and erosion of shorelines influence the economic 
infrastructure and coastal ecosystems. The impact of continuing global warming will apparently be 
the cause of the deterioration of all these problems. Climate change is anticipated to be more notable 
in polar and subpolar regions compared to other geographical regions due to the phenomenon 
known as a polar amplification [1]. Since Russian Northern coast is a vast territory lays for a few 
thousand kilometers, assessment of the climate change impact on human activities and on the 
environment in these geographical areas is a very critical issue for the Russian Federation.  

By the start of 21st century, mankind has recognized risk posed by climate change. This risk 
referred to as a climate risk is a result of climate change that can directly and/or indirectly affect 
natural and human systems. Climate risk assessment and management represent a very important 
component in developing adaptation measures to mitigate the consequences of global warming.  
Adaptation to climate change implies elaborating practically feasible mechanisms to manage risks 
arisen from climate impacts in order to protect people and strengthen the economy.    

Generically risk management is a process that enables the identification of risks, followed by 
an estimate of their consequences and the likelihood of those consequences occurring. Risk 
management methods are already widely used in the development of climate change adaptation 
plans and strategies. Due to the time-lagging of the earth’s climate system, climate risk is long term 
and systematical. However, climate risk assessment and management till now represents a new 
research area having a number of essential features, which require further consideration and 
exploration. Apparently, the integration of risk assessment and management techniques with 
economic and weather and climate models is one of  the most appropriate and beneficial strategies 
for the development of climate risk management systems, which actually are decision support tools 
for societal, industry planning and adaptation (e.g. [4-6]). The risk modeling system discussed in 
this paper serves as a framework and methodology to quantify risks caused by climate change and to 
support the development of adaptation measures as well as hedging strategies. This system is a 
continuously upgraded intellectual instrument that allows for users to facilitate the assessment and 
management of climate change impacts on human activities including activities in coastal zones. 



The system integrates knowledge-based subsystem, outputs of various recognized climate models, 
downscaling techniques, weather generators and also multi-sectoral economic models. 

 
II. RISKS OF CLIMATE CHANGE AND ITS QUANTIFICATION  

Risk is an inherent part of almost any human activity. Depending on the context, there are 
lots of definitions of risk in use. The ISO 31000: 2009, a family of standards relating to risk 
management codified by the International Organization for Standardization, defines the risk as the 
“effect of uncertainty on objectives” [7]. Here uncertainties include events, which may or may not 
occur, and uncertainties caused by vagueness or a lack of information. This definition includes both 
negative and positive impacts on objectives. In business practice, risk is understood as the amount of 
loss that can be expected to occur due to some event during a given time interval. Climate risk, 
which results from changes occurring in the earth’s climate system, represents a new risk facing our 
civilization today. The effects of climate change are already being felt around the world. It is 
expected that these effects will be more severe in the future. Climate related risks are generated by a 
wide range of natural hazardous events that can happen suddenly. However, some of these events 
can evolve slowly. Usually climate risk is associated with strong events the occurrence frequency of 
which is low. According to last several reports of Munich Re, a German reinsurance group which is 
leading company in the world, the number of natural catastrophic events, including weather-related 
events, has a positive trend over the last few decades.  For example, since 1980 the number of severe 
floods has almost tripled, and storms have nearly doubled, which Munich Re’s insurance experts 
link, at least in part, to the impact of climate change. Analysis provided by the world’s second-
largest reinsurer, Swiss Re, is completely consistent with Munich Re data. 

Climate alteration directly affects social and natural systems. Risks arisen from impacts of 
the physical climate system represent direct climate risks. This relates to extreme values of the 
climate and weather variables and extreme natural events. Thus, direct risks of climate change are 
related to industries and human activities that strongly depend on the environmental conditions. 
However, climate change is also a source of indirect risks such, for example, as legal and regulatory 
risks, litigation and reputation risks, competitive and production risks. These risks do not arise 
directly from changes to climate system and related climate or weather variables, but from the range 
of consequences produced by climate change (Fig. 1). These consequences may affect the 
organization’s capacity to achieve its goals and objectives. 

 
 
 
 
 
 

 
 
 

Fig. 1. Links between climate change and risk. 
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The risks to society and ecosystems from increases in GHGs and climate change necessitate 
the development of effective approaches to identifying and understanding these risks. Diverse 
climate and weather information is required as an input into climate risk assessment process. Since 
climate remains today an extremely complex area of scientific study, the main method for exploring 
climate is mathematical modeling. Consequently, climate change projection data used in climate risk 
assessment process represent an output from climate models driven by various scenarios of GHG 
and aerosol emissions. In order to quantify risk, various techniques are available today for the use in 
different industries and businesses [8]. Two major approaches that can be helpful to estimate risks 
associated with climate change are a natural hazard-based approach and a vulnerability-based 
approach. The Glossary of the IPCC Fifth Assessment Report defines hazard as follows [9]: “The 
potential occurrence of a natural-induced physical event or trend, or physical impact, that may cause 
loss of life, injury, or other health impacts, as well as damage and loss to property, infrastructure, 
livelihoods, service provision, and environmental resources. In this context, the term hazard usually 
refers to climate-related physical events or trends or their physical impacts”. Mathematically the 
scale of risk associated with hazardous events over certain period of time can be determined in 
statistical sense as the product of an event occurring multiplied by the severity associated with that 
event (Fig. 2): 

( )∫ ∑
Ω

×=
events

llee dtSPSPR ,                                                                                                        (1) 

Here R is total risk; [ ]endtt ,0=Ω  is a time interval of interest; Pe is probability of the event; Se is the 

function for severity of the event: ( ) ∑ ×=
loss

ddlle SPSPS , , where Pd is probability of a type of loss 

(damage) for the event; and Sd is severity of a type of loss (damage) for the event. Climate-related 
risks, however, can be associated not only with natural hazards but also with small-amplitude slow-
changing fluctuations of climate variables and their trends, which are the result of climate change. In 
this case risk can be defined as the likelihood of exceeding critical thresholds of some criteria 
obtained by vulnerability analysis (vulnerability-based approach).  
 
 
 
 
 
 
 
 
 
 

 
Fig. 2. Hazard-based risk definition. 
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vulnerability as follows: "The propensity or predisposition to be adversely affected. Vulnerability 
encompasses a variety of concepts including sensitivity or susceptibility to harm and lack capacity 
to cope and adapt”. In climate change publications, vulnerability is considered as a function of the 
character, magnitude, and rate of climate variation and change to which a system is 
exposed, together with its sensitivity and adaptive capacity. Exposure is another factor of risk that is 
defined as “The presence of people, livelihoods, species or ecosystems, environmental services and 
resources, infrastructure, or economic, social, or cultural assets in place that could be adversely 
affected” [9]. Both vulnerability and exposure must be determined for assessing and managing risks 
since risk actually is a function of hazard, exposure and vulnerability [8]. 

Since risk in its most general form is considered as random variable, in complicated cases it 
is required the development of realistic risk assessment models based on advanced mathematics and 
computer modeling. Such models allow for predicting the behavior of complex systems operated in 
changing environmental conditions in the presence of uncertainty. In this context one of the most 
complicated and important models are those, which attempt to quantify effects of climate change. 
Acquiring knowledge about climate risks is the first step toward managing it and, consequently, 
reducing it. This knowledge is acquired by means of climate risk analysis. 

 
III. ESSENTIALS OF RISK ASSESSMENT AND MANAGEMENT 

Climate risk management is defined as follows [9]: “The plans, actions or policies to reduce 
the likelihood and/or consequences of risks or to respond to consequences”. A number of standards 
developed by the International Organization for Standardization (ISO) provide the general 
framework for climate risk assessment and management. Standard ISO 31000:2009, Risk 
management – Principles and guidelines [7], provides main principles, framework and a process for 
managing risk. This standard can help any organization regardless of its size, activity or sector 
increase the likelihood of achieving objectives, improve the identification of opportunities and 
threats and effectively allocate and use resources for risk treatment. Standard ISO/IEC 31010:2009, 
Risk management – Risk assessment techniques focuses on risk assessment, which helps decision 
makers understand the risks that could affect the achievement of objectives. This standard 
concentrates on risk assessment concepts, processes and the selection of risk assessment techniques. 
The next document, ISO Guide 73:2009, Risk management - Vocabulary complements ISO 31000 
by providing a collection of terms and definitions relating to the management of risk.  

Generally, risk assessment is the process of analyzing potential losses from a given hazard 
using a combination of known information about the situation, knowledge about the underlying 
process, and judgment about the information that is not known or well understood. Since risk is 
defined as the product of a hazard and the probability that this hazard occurs (see above), these two 
values must be known (estimated) in order to define risk. Risk assessment consists of four general 
steps [8]: (a) hazard identification; (b) exposure assessment; (c) effect assessment; and (d) risk 
characterization (description of the nature of adverse effects, their likelihood, and the strength of the 
evidence behind these characterizations). Estimating risk is based on modeling, analyzing historical 
data, breaking down the system into known subsystems using techniques such as event trees or fault 
trees, analogy with similar situations, comparison with similar activities, or by using a combination 
of methods. Risk assessment creates the basis for making a decision about future actions. Risk 
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assessment is performed primarily for the purpose of providing information to those who make 
decisions about how that risk should be managed. 

Risk management combines a risk assessment with decisions on how to address that risk. 
According to ISO 31000:2009, the risk management process involves: (a) setting objectives and 
establishing the context of the risk assessment; (b) identifying the risks; (c) analysing the risks to 
determine the level of risk, which is defined as the combination of the consequences and likelihood 
of the risk; (d) evaluating the risk, to decide if a risk is acceptable, tolerable or unacceptable; (e) 
treating the risks, focusing on those risks which are intolerable; and (f) monitoring and review, to 
continuously refine and improve the assessment and risk treatments. The first three steps represent 
risk assessment process. 

 
IV. COASTAL ZONES AND THEIR VULNERABILITY TO CLIMATE CHANGE 

Coastal zones are the interface between the continents and oceans. These zones are very 
important because a majority of the world's population inhabit such zones. Coastal areas are also 
characterized by significant natural and ecological values. Assessing coastal vulnerability to climate 
change has a high priority in the risk management and in the development of adaptation strategies. 
Climate changes impose extra pressure on coastal zones by increasing vulnerability on already 
highly vulnerable areas [10]. Vulnerability is a function of the character, magnitude and rate of 
climate variation to which a coastal system is exposed, its sensitivity and adaptive capacity. 
Formally, this can be expresses as follows:  

Vulnerability = function (Exposure, Sensitivity, Adaptive Capacity) 

It is obvious that vulnerability is directly proportional to exposure and sensitivity, but inversely 
proportional to adaptive capacity. Hence reducing vulnerability requires reducing exposure via 
specific measures, or increasing adaptive capacity via activities that are focused on the realization of 
sustainable development priorities. Vulnerability assessment has much in common with risk 
assessment and, generally, includes the following steps: (a) registering assets and resources in a 
coastal system; (b) ranking these resources; (c) identifying potential threats to each resource; and (d) 
mitigating the most severe vulnerabilities for the most valuable resources. Climate change 
vulnerability assessment aims at assisting decision-makers in adequately responding to climate 
change by investigating how projected climate changes affect human activities and natural systems. 
The assessment depends on the system under consideration. Each assessment is undertaken at the 
relevant spatial and temporal scales, and the results are appropriate only at those scales.  

Coastlines undergo permanent changing via the action of various factors such as wave power 
and direction, wind velocity, tides, rates of relative sea level change, sediment supply, removal and 
transport, the intensity and frequency of extreme natural events, etc. Climate change affects all of 
these drivers and consequently induces additional vulnerability to coastal zones [1]. So, climate 
change strongly threatens coastlines. Sea level rise represents the most important source of risk for 
coastal areas caused by climate change. Additional risks for coastal zones are flooding, erosion, 
changes in sea-surface temperature, altered precipitation, changes in ocean chemistry and ice-cover, 
loss of ecosystems, freshwater shortage, the intensity, frequency and duration of extreme weather 
events. Table 1 shows main climate change drives that directly and indirectly affect coastal zones.  

 



Table 1. Main climate change drivers and possible direct and indirect impacts on coastal zones [11]. 
Climate change driver Main direct physical effect Potential secondary and 

indirect impacts 
Changes in sea level and 
sea-surface temperature 

Increased coastal erosion 
Increased inundation of coastal wetlands and lowlands 
Increased risk of flooding and storm damage 
Increased salinization of surface and ground water; 
Poleward migration of species 
Increased algal blooms 

Infrastructure and economic 
activity impacted 
Displacement of vulnerable 
populations 

Altered precipitations Altered lowland flood risk 
Water quality impacts 
Altered river sediment supply 

Implications for erosion and 
flooding 

Altered wave characteristics 
Changes in storm frequency 
and intensity 
Melting ice 

Altered wave run-up, erosion and accretion 
Increased waves and surges 
Rapid uplift of the coast 

Further erosion 
Further storm damage 

Increased concentration of 
GHG in the atmosphere and 
ocean 

Increased ocean acidification 
Increases disruption to food chains 

Impaired movement and 
function of high oxygen 
demand fauna  

    
Various geographical regions are exposed differently to climate change [1, 4, 10]. For 

example, along the Baltic coastline, the vulnerability to flooding and erosion due to sea level rise is 
presumed to be low. Most impacts are projected for marine ecosystems, since the migration of 
species from the semi-enclosed sea will be difficult when the sea surface temperature rises. Other 
main hazards and vulnerabilities are storm surges, salt water intrusion, socio-economic 
vulnerabilities (i.e. fisheries). Significant sea level rise, storm surges, a large number of low-lying 
areas and high economic and population densities make flood-risk a main concern for the North Sea 
countries. Altered salinity, salt water intrusion, loss of marine habitats, ecosystems and biodiversity 
are also relevant to this geographical region. In the Barrens and Norwegian marine basin, the main 
climate risk is flooding due to sea level rise and changes in both the direction and the power of 
waves. The possibility of the coast rapid uplift and an increase in the frequency and magnitude of 
storms, including storm surges, is indeed a concern along Norway’s and Russia’s coast. It is 
important to emphasize that humans can increase their vulnerability by urbanisation of coastal flood 
plains, by deforestation of hill slopes or by constructing buildings in risk-prone areas. Vulnerability 
is an individual to a given geographical region, industry sector or economic entity and depends on a 
number of characteristics (e.g. ecological, socio-economic, technological). Since exposure, 
sensitivity and adaptive capacity vary in time, vulnerability is also changes in time. Vulnerability 
assessment requires diverse instruments at different time and space scales, in different geographical 
locations taking into account policy objectives. Since the implications of climate change are long-
term and dynamical changes in coastal zones are extremely complex, response on climate change 
requires integrated vulnerability and risk assessment and management instruments that cover a wide 
range of scales from local to continental.     

 
 
 



V. GENERIC STRUCTURE OF CLIMATE RISK ASSESSMENT AND MANAGEMENT SYSTEM 
The core components of the system discussed in this paper are shown in Fig. 3. It consists of 

several modules of models. Aggregated economic models of various scales (e.g. multi-sectoral 
regional- and multi-sectoral city-scale models, economic entities (plants, enterprises, energy 
generation facilities models) together with human system models (such as energy, infrastructure, 
population, transport, food, health, sciences, technology models) and historical climate and 
economic data are used to assess an economic impact of climate and harmful events, and to estimate 
the sensitivity of economic output with respect to variations in climate variables and hazards. 
Retrospective climate and economic data allow one to calibrate economic models and then apply in 
a risk assessment process. Economic impact modeling serves also as the threshold detector giving us 
an acceptable risk estimates for each particular economic activity. Acceptable risk is a risk that is 
understood and tolerated usually because the cost or difficulty of implementing an effective 
countermeasure for the associated vulnerability exceeds the expectation of loss. The system includes 
also models of species biodiversity, water resources, forest growth, terrestrial carbon cycling and 
land use to assess climate change impact on ecosystems.  

 
 
 
 
 
 

 
  
 
 
 
 
 
 
 
 

Fig. 3. The core components of risk assessment and management system. 
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research models, whose outputs passed through quality control and scientific assessments of climate 
change. To obtain local-scale climate information downscaling techniques both dynamical and 
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for missing climate information and represent it in the form required by the tools of risk 
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management, some stochastic weather generators are used in the system. Climate information is then 
used to assess the risks of climate change and develop adaptation options including hedging. 

One of the most important components of the system is the economic assessment module. 
There is a very big uncertainty on how climate variables affect various industries and businesses. 
Assessing the economic impact of climate change is an extremely complex problem with a large 
uncertainty about both the future changes in the earth’s climate system caused by natural and 
anthropogenic processes and the ensuing impact on economic and social activities. Quantitative 
mathematical models that describe the relationship between economic output and climate variables 
represent one of the main and important instruments for estimating of economic impact of climate 
change (e.g. [12, 13]). Aggregated economic models used in the system are formulated based on the 
production function approach. A production function states the quantity of output Q that an 
enterprise, firm, city, region or country can produce as a function of the quantity of inputs to 
production nxxx ,,, 21   known also as factors of production (such as labor, capital, energy, 
temperature, precipitation, wind speed, the number of heating degree and cooling degree days, etc.): 

( )nxxxfQ ,...,, 21= . In our study, the empirical transcendental logarithmic (translog) production 
function is used:   
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where r is the real discount rate, i is an indicator of economic sector (economic entity), t is time, β0, 
β1,…, βn  are unknown coefficients, and εit is the error. Using historical economic and climate 
information, we can estimate the coefficients of the model (2). A business impact analysis is also 
used to determine the potential impacts resulting from the interruption of business processes that are 
sensitive to climate variables. By differentiating the model output Q (or Qln ) with respect to some 

input factor nx  (or nxln ), we obtain an absolute nS  and relative R
nS  sensitivity functions: 

nn xQS ∂∂= , n
R
n xQS lnln ∂∂=  

 
Function nS  shows changes in the output Q due to variations in the input factor nx . The relative 

sensitivity function R
nS  is used to compare input factors to find out what factor is the most important 

for a certain percent change in the input factor. If nxδ  is a small variation in the input parameter nx  

caused by climate change, then the change in output Q induced by nxδ  is estimated as 

( ) nnn SxxQ δδδ ≈ . Sensitivity is then used to assess the vulnerability of climate change. When 
combined with likelihood of occurrence, climate vulnerability using the equation (1) can be 
redefined in terms of climate risk. The results of an assessment represent quantitative descriptions of 
modelled changes in systems under consideration caused by climate alterations for a given GHG 
emission scenarios.  
 

 
 



VI. CLIMATE DERIVATIVE AS A SOURCE OF CAPITAL INVESTMENT FOR ADAPTATION 
There is no doubt that a large amount of capital investment is required to implement climate 

change adaptation plans. As a rule, the source of these investments is central (federal) governments 
or international financial institutions (e.g. World Bank, International Finance Corporation, 
International Monetary Fund). At the same time the global derivative market may be considered as a 
huge potential source of capital investment for the realization various adaptation programs around 
the globe. The size of the over-the-counter (OTC) derivative market, according to “the Economist”, 
accounted about $700 trillion, and the size of the market traded on exchanges totaled additional 
more than $80 trillion. Since any derivative is a financial product, the value of which depends on 
several key parameters, one of the most important issues is the determination of price of derivative. 
Climate modeling and downscaling together with the stochastic financial simulations provide the 
foundation for estimating prices of special derivative instruments known as climate and weather 
derivatives, which can serve as a source of investments for the implementation of climate adaptation 
programs.   

A derivative is simply a contract or security whose payoffs depend on the price of some 
underlying index or asset. In climate derivatives the underlying index is represented by climate-
related indexes namely temperature, wind, precipitation, etc. Currently derivative contracts are let 
on a monthly or seasonal basis and will be let over a number of years. Climate derivatives, as one of 
the most powerful instruments to control climate risk, allow hedging against changes in the mean 
and/or standard deviation of the climate. This financial instrument can be very important for 
companies, organizations and businesses that have long-term exposure to the climate. Climate 
derivatives can be structured as put or call options, swaps or collars [14-16].  

A critical issue faced by buyers and sellers of climate derivatives is the determination of a 
suitable pricing model. The most important input into such a model is an accurate knowledge on the 
future behavior of the underlying climate index, its expected value and volatility. In our system, to 
produce synthetic time series of climate variables used in determining underlying indices, stochastic 
weather generator (WG) is applied. Climate data, climate change scenarios, information on climate 
change and variability from GCMs, and weather data for various geographical regions serve as an 
input into WG. All of these data must pass through the quality control. Several thousands of 
realizations for each climate scenario are required to calculate reliable estimates of underlying 
indices that take into account future climate conditions. Then from the expected probability 
distribution of the climate index (or indices) the pricing of climate derivative can be easily derived.   
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