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Introduction 
As actuaries, we are trained to model uncertain futures. Probabilities are one of the most used tools 
in our actuarial toolkit, and are a very powerful metric. The common example that affects everyone’s 
daily life is the weather – probabilities are used to make predictions which help us to decide whether 
or not to take that umbrella! 

Climate change has many uncertainties over an extended period. This paper considers combining 
probabilities, a Markov model and the Representative Concentration Pathways (RCPs) to gain useful 
insight into what RCP the earth may be in at future points of time. 

Markov Models 

Markov models are based on probabilities which are used to determine the “transition rates” between 
“states”. For example, when looking at disability insurance, the states could be defined by people’s 
health e.g., healthy state, disabled state, recovered state and dead state, with the transition rates 
being the probabilities of moving between these states. The time spent at any one state is sometimes 
referred to as the “state holding time”.  

The fundamental assumption in a Markov model is the ‘memoryless’ property – that moving to a 
different state depends on only the model’s current state and not any previous one. In a Markov model 
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of the weather, for example, the probability of it being rainy tomorrow depends only on what the 
weather is like today. In fact the weather example would be defined as a discrete-time Markov model, 
as we are observing an event happening each day.  

There are many versions of Markov models including discrete-time models (when changes happen at 
specific states) and continuous-time models (when changes are continuously occurring). Markov 
models can also have transition rates that are constant over time (homogenous) or vary across time 
(non-homogeneous).1 In simple Markov models, the state holding time is not dependent on any 
previous or future state. In the disability insurance example above, we would want the state’s holding 
time to depend on the previous state, e.g. it might be expected that someone recovered for 20 months 
should be considered differently to someone recovered for 2 months in terms of staying healthy. More 
complex models like semi-Markov models can help in these scenarios whereby the ‘memoryless’ 
property only holds at some points (and the state holding time can be modelled as a probability 
distribution). 2 

Another version of a Markov model is a hidden Markov model. This was famously first used for speech 
recognition and was later used to in the analysis of biological sequences such as DNA.3 In a hidden 
Markov model, the states cannot be observed directly, but there are observable outcomes which are 
influenced in a known way by the outcomes of the hidden states. In short, there is an additional layer 
of problem solving in a hidden Markov compared to a simple Markov model. However, the desired 
output is the same – finding the best set of state transitions to reach your final destination.   

The key takeaway is that you can use a mixture of Markov models to more closely model your chain 
of events.4 The main output is a probability or a likelihood of reaching a certain state at a specified 
future time. This makes Markov models potentially useful for calculating the probability of which of 
the Representative Concentration Pathways (RCPs) earth would be in by the year 2100. 

Representative Concentration Pathways (RCPs) 

We can apply a Markov model to carbon emissions in various different ways5 but in this paper, we 
focus on using a particular source of data. The Intergovernmental Panel on Climate Change (IPCC) has 
prepared four scenarios called Representative Concentration Pathways (RCPs).6 Each pathway has 
been developed using published literature and reviewed repeatedly by various stakeholders.  

 

1 Casualty Actuarial Society, 2004 Multi-state transition models with actuarial applications James W. Daniel 
https://www.casact.org/sites/default/files/database/studynotes_daniel.pdf 

2 The University of Western Ontario, 2016 Actuarial Modelling with Mixtures of Markov Chains Yuzhou Zhang 
Actuarial Modelling with Mixtures of Markov Chains (uwo.ca) 

3 Nature Biotechnology, 2004 What is a hidden Markov model? Sean R Eddy 
https://ww.nature.com/articles/nbt1004-1315 

4 NASA Ames Research Center, 1998 Introduction of Markov Modelling: Concepts and Uses, Mark A. Boyd 
https://ntrs.nasa.gov/api/citations/20020050518/downloads/20020050518.pdf 

5 2016 Study on Transition of Primary Energy Structure and Carbon Emission Reduction Targets in China Based 
on Markov Chain Model and GM (1,1) Feng Ren and Lihong Gu 
https://www.hindawi.com/journals/mpe/2016/4912935 

6 IPCC, 2014 Fifth Assessment Report (AR5) https://www.ipcc.ch/assessment-report/ar5/ 
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The original four pathways, RCP2.6, RCP4.5, RCP6 and RCP8.5, were published in the IPCC Fifth 
Assessment Report (2014). They are possible scenarios defining a potential greenhouse gas emissions 
trajectory in the future. The label is specifically the radiative force in the year 2100 (a ‘force’ or ability 
to alter the balance of income and outgoing energy in the Earth-atmosphere system measured in 
Watts per square metre or “the additional heat that is being trapped in the atmosphere”).7 8 
 
To put these pathways into context, let’s consider global targets. The Paris Climate Agreement on 
2015 set a goal of limiting the rise of the Earth’s atmosphere to “well below 2˚C” and to pursue efforts 
to limit the rise to 1.5˚C. The first goal of achieving below 2˚C requires future emissions to follow the 
RCP4.5 pathway, while the more difficult goal of 1.5˚C would require future emissions to be even more 
limited than they are in RCP2.6. As the four original pathways covered only a limited range of 
possibilities, three more were added (RCP1.9, RCP3.4 and RCP7). RCP1.9 represents a pathway to 
warming limited to 1.5˚C. All the pathways up to RCP6 rely on considerable removal of carbon dioxide 
from the atmosphere. 9 10 
 

A summary of the RCP scenarios 

Name Summary description 

RCP1.9 Limits warming to below 1.5˚C by 2100.  

RCP2.6 Limits global warming to below 2˚C by 2100.  

RCP3.4 Requires greenhouse emissions to drastically decline from 2020.  

RCP4.5 Emissions peak around 2040 and then decline. Limits global warning to between 2˚C and 
3˚C with a mean sea level risk 35% higher than in RCP2.6 

RCP6 Emissions peaks around 2080 and then decline. 

RCP7 Represents the medium to high end of the range of future emissions and warming. 

RCP8.5 Emissions continue to rise throughout the 21st century 

 

These pathways deliberately exclude ‘socioeconomic’ factors. The Shared Socioeconomic Pathways 
(SSPs) are combined with these pathways to model factors such as population, economic growth and 
rate of technological development on global warming. The RCPs and SSPs are intended to be 

 

7 Skeptical Science 2013 The Beginner’s Guide to Representative Concentration Pathways G.P. Wayne  
https://skepticalscience.com/rcp.php 

8 International Institute for Applied Systems Analysis, 2014 Representative Concentration Pathways Database 
https://iiasa.ac.at/web/home/research/researchPrograms/TransitionstoNewTechnologies/RCP.en.html 
9 Verisk, 2019 Climate Change: RCPs and the Emissions Gap Peter Sousounis  
https://www.air-worldwide.com/blog/posts/2019/11/climate-change-rcps-and-the-emissions-gap/    
10 IPCC, 2021 Sixth Assessment Report (AR6) https://www.ipcc.ch/assessment-report/ar6/ 
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complementary with the RCPs showing the possible extent of global warming and the SSPs showing 
the likely ease of mitigating climate change. 11 

Combining the Markov models with RCPs 
How can we use the RCPs? There are of course many ways to slice the data but we could choose to 
export CO2 emissions trajectories for each of the RCPs for a particular geographic area. We could then 
apply a Markov model to model switching between the RCPs, with each RCP representing a different 
state, over a discrete time interval (e.g. each year). We can use forward-looking analysis and the 
Markov model to model the likelihood of being in a state (or RCP) at a certain time before 2100. We 
could also model retrospectively for historic time periods by incorporating cumulative emissions.    
 
We know that the movements between RCPs are not solely down to CO2 emissions and there are 
various other factors that affect the radiative forces. However CO2 emissions might be a good one to 
pick if we are just looking at one factor as we know it could possibly be the most influential as well as 
being one we have substantial control over.  
 
The matrix of possibilities for any given year would therefore be 7x7 if we were to take into account 
all the RCPs. (Note we might want to exclude certain RCPs if we think they are unrealistic for example 
RCP 8.5 has attracted some criticism as it has been interpreted as an extreme worst case scenario by 
some experts.)12 
 
Let’s look at simple example with one year with some made-up data: 

 

11 Carbon Brief, 2018 Explainer: How ’Shared Socioeconomic Pathways’ explore future climate change Zeke 
Hausfather  
https://www.carbonbrief.org/explainer-how-shared-socioeconomic-pathways-explore-future-climate-change 
12 Resources Radio, Episode 65 2020 Which Climate Path Are We On? Zeke Hausfather 
https://www.resources.org/resources-radio/which-climate-path-are-we-zeke-hausfather/ 
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We need to calculate the transition rates or “forces of transition” for each of the arrows above. How 
can we define these transitions? We could perhaps use ranges, for example: “If emissions in 2021-
2022 are between amounts A and B, then go to state Y.”  

Each of the RCPs are completely different scenarios, each with their own pathway of emissions and 
what we are effectively doing with this example of using the Markov model is linking them together 
and expanding them out into a matrix with probabilities attached to them.  

Actuaries’ role could be to determine the conditions (or in this case the CO2 emissions) that trigger a 
state change for each year. We would apply our judgement and analysis to compare actual CO2 
emissions emitted13 vs RCP projected emissions (under the different pathways) and apply probabilities 
or probability distributions to them. These can then be used to project into the future. 14 

Decision useful output 

The overall desired outcome is to achieve the goal set out in the Paris Agreement. We therefore need 
a way of  not only tracking where we are now but also projecting where we could be in the future if 
we make certain decisions, to see if we are expected to reach the goal. 

The RCPs in their current state show possibilities but there is no indication of how likely they are to be 
borne out in reality. Adding in the element of probabilities provides some sense of likelihood. 

If we know by how far we are straying away from say RCP 4.5, there could be a stronger reason for a 
certain level of mitigations to be enacted now. As mentioned in our “Time value of money and carbon” 
paper15, there is a time value of carbon i.e. reducing CO2 emissions by a tonne now has a larger impact 
than reducing CO2 emissions by a tonne in the future. In the same paper, we referred to the carbon 
system as “non-ergodic” i.e. there is a carbon budget that we can be exhausted and the process is 
irreversible. Using a Markov model can help us track the carbon emissions in the short term to enable 
change now.  

Limitations to consider 
Our actuarial training teaches us to be aware of the limitations of the tools we consider. The tool 
considered here includes the following limitations: 

 Decision on the probabilities to use for projecting into the future – This is a challenge rather 
than a limitation and would rely on thoughtful analysis, studying the individual RCPs as well 
as potential events in the future. 

 Assumption of memoryless property – Are emissions in any one year linked to years before 
it? The assumption of the memoryless property may not be unreasonable as the present 
state may itself inherently reflect history. However, there could be cases when the present 

 

13 Keeling Curve: A graph of the accumulation of CO2 in the Earth’s atmosphere from 1958 to today 
https://keelingcurve.ucsd.edu/ 

14 Our World in Data, 2020 Future greenhouse gas emissions Hannah Ritchie, Max Roser 
https://ourworldindata.org/future-emissions 
15 Actuaries’ Carbon Collaboration, 2021 ACC discussion paper 1 Time value of money and carbon Louise Pryor 
https://carbon.ifoagroups.org.uk/category/discussion-paper/ 
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state does not reflect a trend that might be occurring e.g. if annual emissions are growing, is 
this apparent from being in a particular state? 

 Is it sensible to assume that annual CO2 emissions alone can warrant a change of RCP? There 
are many other factors at play which interact with each other. 

 The limited carbon budget and the concept of ergodicity – Should be a maximum limit for 
carbon emissions be built into the model ? 

Conclusions 

Markov models can be used to project in which RCP we may be at future points. From the current 
level of emissions, we can determine the state or RCP we are currently in. By using Markov models, 
we can project the potential switching between states (i.e. RCPs) in future years by using estimated 
transitions between states based on future decisions. This analysis enables us to estimate how likely 
we are to end up in a particular state, or RCP, by 2100.  

  

This would allow us to use the models to project what might happen in the future (in particular 
whether the Paris Agreement goal remains attainable) if certain decisions are made. This would rely 
on actuaries making some careful assumptions on relative probabilities for the transition rates 
between states/RCPs.  

 

 


