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Introduction
In 2015, I was one of the three presenters of the award winning 
BBC documentary called Climate Change by Numbers.1 The con-
cept of the programme was to take a new look at the climate 
change debate by focusing on three key numbers from what was 
then the most recent IPCC report. The numbers were:

•	 0.85 degrees Centigrade – the amount of warming the 
planet has undergone since 1880;

•	 95% – the degree of certainty climate scientists have that at 
least half the warming in the last 60 years is man-made;

•	 one trillion tonnes – the cumulative amount of carbon that 
can be burnt, ever, if the planet is to stay below ‘dangerous lev-
els’ of climate change.

The idea was to get mathematicians/statisticians who had 
not been involved in the global warming debate to explain in lay 
terms how and why climate scientists had arrived at these three 
numbers. The other two presenters were Professor Hannah Fry 
(UCL) and Professor Sir David Spiegelhalter (Cambridge), and 
we were each assigned approximately 25 minutes on one of the 
numbers. My number was 95%.

On Bayesian and classical statistics
Being neither a climate scientist nor a classical statistician (my 
research uses Bayesian probability rather than classical statistics 
to reason about uncertainty), I have to say that I found the com-
plexity of the climate models and their underlying assumptions 
to be daunting. The relevant sections in the IPCC report were 
extremely difficult to understand and they use assumptions and 
techniques that are very different to the Bayesian approach, in 
which we build causal models that combine prior expert knowl-
edge with data. 

In attempting to understand and explain how the climate 
scientists had arrived at their 95% figure, I used a football analogy,  
both because of my life-time interest in the sport and because – 
along with my colleagues Anthony Constantinou and Martin Neil 

– I have worked extensively on models for football prediction. 
The climate scientists had performed what is called an ‘attri-

bution study’ to understand the extent to which different factors – 
such as human carbon dioxide emissions – contributed to chang-
ing temperatures. This was analogous to my work in football, 
where we try to understand the extent to which different factors 
contribute to changing success of premiership football teams, as 
measured by the total number of points they achieve season-by-
season. So, for the programme, we drew out this analogy, gener-
ating a model of football success in terms of various factors (but 
using classical rather than Bayesian statistical methods, so as to 
be consistent with the climate scientists’ approach). 

http://www.bbc.co.uk/programmes/p02jsdrk
http://www.ipcc.ch/report/ar5/wg1/
http://www.bayesianrisk.com/
http://www.bayesianrisk.com/
http://probabilityandlaw.blogspot.co.uk/2013/08/the-problem-with-predicting-football.html
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Unlike the climate models, which involve thousands of vari-
ables, we had to restrict ourselves to a very small number (due to 
a combination of time limitations and lack of data). Specifically, 
for each team and each year we considered:

•	 wages (this was the single financial figure we used)

•	 total days of player injuries

•	 manager experience

•	 squad experience

•	 number of new players.

The statistical model generated from these factors produced, 
for most teams, a good fit of success over the years for which we 
had the data. Our ‘attribution study’ showed wages was by far 
the major influence; when it was removed from the study, the 
resulting statistical model was not a good fit. This was analogous 
to what the climate scientists’ models were showing when the 
human carbon dioxide emissions factor was removed from their 
models; the previously good fit to temperature was no longer 
evident. And, analogous to the climate scientists’ 95% derived 
from their models, we were able to conclude there was a 95% 
chance that an increase in wages of 10% would result in at least 
one extra Premiership point. This football model was extremely 
crude and, after the programme, we produced a more realis-
tic peer-reviewed attribution model using Bayesian networks, 
which showed that wages offered was one of the many factors 
(and not even the greatest) influencing performance.2

The issues with my number
Obviously, there was no time in the programme to explain either 
the details or the limitations of my hastily-put-together football 
attribution study, but the programme also did not have the time 
or scope to address the complexity of some of the broader statis-
tical issues involved in the climate debate (including issues that 
lead some climate scientists to claim the 95% figure is underesti-
mated and others to believe it is overestimated). In particular, the 
issues that were not covered were:

•	 Any real details of the underlying statistical methods and 
assumptions. For example, there has been controversy about 
the way a method called Principal Component Analysis 
was used to create the famous ‘Hockey Stick’ graph, which 
appeared in previous IPCC reports. 

•	 Assumptions about the accuracy of historical temperatures. 
Much of the climate debate (such as that concerning the 
exceptionalness of the recent rate of temperature increase) 
depends on assumptions about historical temperatures dat-
ing back thousands of years. There has been some debate 
about whether sufficiently large variances were used.

•	 Variety and choice of models. There are many common 
assumptions in all of the statistical models used by the IPCC 
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and it has been argued that there are alternative models not 
considered by the IPCC which provide an equally good fit to 
climate data, but which do not support the same conclusions.

But the most important flaw concerns the real probabilistic 
meaning of the 95% figure. This is considered in the next section.

What the number does and does not mean
Recall that the particular ‘climate change number’ that I was 
asked to explain was the number 95: specifically, relating to the 
assertion made in the IPCC 2013 Report of ‘at least 95% degree of 
certainty that more than half the recent warming is man-made’. 
The ‘recent warming’ related to the period 1950–2010. So, the 
assertion is about the probability of humans causing most of this 
warming.

Before explaining the problem with this assertion, we need 
to make clear that (although superficially similar) it is very dif-
ferent to another more widely known assertion (still promoted 
by NASA) that ‘97% of climate scientists agree that humans are 
causing global warming and climate change’. That assertion was 
simply based on a flawed survey of authors of published papers 
and has been thoroughly debunked.3,4

The 95% degree of certainty is a more serious claim. But the 
case made for it in the IPCC report is also flawed. To explain why, 
it is useful to illustrate the flaw with a simple motivating example.

The fundamental flaw: coin tossing example
Imagine that there are known to be some double-headed coins 
in circulation. Suppose a coin is randomly selected and, without 
inspecting it, it is tossed five times. Each time the result is heads. 
What is the probability that the coin is double-headed? Most 
people intuitively believe it is very likely to be one of the double-
headed coins. But that is a fallacy.

In classical statistical hypothesis testing, it is not possible to 
make any direct conclusions about the hypothesis that the coin 
is double-headed. Instead, the observation of the five consecu-
tive heads is used to either accept or reject the ‘null hypothesis’ 
(the ‘opposite’ statement to the one believed to be true, so in this 
case that the coin is not double-headed) at some agreed level 
of significance. Specifically, we compute the probability that 
we would have observed five consecutive heads if the coin was 
not double-headed. In this case the probability is 1/32 which is 
about 3%. So that is indeed very unlikely. Typically, a 5% level of 
significance (also called the p-value) is used, meaning that we 
‘reject’ the null hypothesis in this case because the probability is 
less than 5%.

Note that we can equivalently conclude that there is a very 
high probability (97%) that we would not have observed five 
consecutive heads if the coin was not double headed.

Unfortunately, people often conclude (wrongly, as we will 
show) that rejecting the null hypothesis at the 5% significance 

https://www.ipcc.ch/site/assets/uploads/2018/03/WG1AR5_SummaryVolume_FINAL.pdf
https://climate.nasa.gov/faq/17/do-scientists-agree-on-climate-change/
https://www.fraserinstitute.org/article/putting-the-con-in-consensus-not-only-is-there-no-97-per-cent-consensus-among-climate-scientists-many-misunderstand-core-issues
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level means there is less than 5% probability that the coin is not 
double-headed. And hence they further conclude that we can be 
at least 95% confident that the coin is double-headed. But that 
is wrong.

While the evidence of the five consecutive heads certainly 
provides support for the hypothesis that the coin is double-
headed, it tells us nothing about the probability that it really 
is double-headed. The only way we can make any firm conclu-
sion about that probability is if we have some knowledge of the 
‘prior probability’ that the coin was double-headed; in this case 
that means knowing what proportion of coins in circulation are 
double-headed. It will make a big difference if is 1 in 2, 1 in 100, 1 
in 1000, 1 in a million etc.

If we know the proportion of double headed coins in circula-
tion, then Bayes’ theorem can be used to calculate the answer 
we seek. Let’s suppose, for example, that we know there are 1 in 
500 double headed coins in circulation (so the prior probability 
a coin is double-headed is 1 in 500 which is 0.2%). The formal 
calculation is set out in the appendix, but we can give an intuitive 
explanation without resorting to the Bayes formula:

•	 Imagine a bag of 500 coins in which exactly one is double-
headed (i.e. a typical bag of coins in this case). Suppose we test 
each coin by tossing it five times. Then we are certain that the 
(one) double-headed coin will result in 5 heads.

•	 But, 1 in every 32 of the other 499 fair coins - that is about 16 
fair coins - will also result in five consecutive heads.

•	 So for every 17 coins recording five consecutive heads, there 
is only one which is double-headed.

•	 So, if we know that a coin has recorded five consecutive 
heads what we can conclude is that there is a 1 in 17 chance 
(that is about 6%) that it is double headed, i.e. about a 94% 
chance it is not double-headed.

So, whereas it is very unlikely to observe 5 consecutive 
heads if the coin is not double headed (probability 3%), it is still 
very likely that the coin is not double headed (probability 94%).

The fallacy of concluding that there was only a small prob-
ability that the coin is not double headed is called the ‘fallacy of 
the transposed conditional’ (or the ‘prosecutor fallacy’) because 
we have assumed that:

•	 the probability of an assertion E given an assertion ‘not H’

is the same as

•	 the probability of ‘not H’ given E.

In this case:

•	 H is the hypothesis: ‘selected coin is double-headed’

•	 E is the evidence: ‘5 consecutive heads tossed’

And we have shown that:

https://youtu.be/HMAxrY8Ob9Y
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•	 Probability of (E given not H) = 3%

whereas:

•	 Probability of (‘not H’ given E) = 94%

The flaw in the IPCC summary report
It turns out that the assertion that ‘at least 95% degree of cer-
tainty that more than half the recent warming is man-made’ is 
based on the same fallacy. In my article about the programme, 
I highlighted this concern as follows:

The real probabilistic meaning of the 95% figure. 

In fact it comes from a classical hypothesis test in which observed 
data is used to test the credibility of the ‘null hypothesis’. The 
null hypothesis is the ‘opposite’ statement to the one believed 
to be true, i.e. ‘Less than half the warming in the last 60 years 
is man-made’. If, as in this case, there is only a 5% probability of 
observing the data if the null hypothesis is true, the statisticians 
equate this figure (called a p-value) to a 95% confidence that we 
can reject the null hypothesis. But the probability here is a state-
ment about the data given the hypothesis. It is not generally the 
same as the probability of the hypothesis given the data (in fact 
equating the two is often referred to as the ‘prosecutors fallacy’, 
since it is an error often made by lawyers when interpreting sta-
tistical evidence).

The claim that there was at least 95% probability that more 
than half the warming was man-made was made in the ‘Sum-
mary for Policymakers’ section of the 2013 IPCC Report.

It is extremely likely [defined as 95–100% certainty] that more 
than half of the observed increase in global average surface 
temperature from 1951 to 2010 was caused by the anthropo-
genic [human-caused] increase in greenhouse gas concentra-
tions and other anthropogenic forcings together.

They defined ‘extremely likely’ as at least 95% probability.
The basis for the claim is found in Chapter 10 of the detailed 

Technical Summary, which describes various climate change 
simulation models, which reject the null hypothesis (that more 
than half the warming was not man-made) at the 5% significance 
level. Specifically, in the simulation models, if you assumed that 
there was little man-made impact, then there was less than 5% 
chance of observing the warming that has been measured. In 
other words, the models do not support the null hypothesis of 
little man-made climate change. The problem is that, even if the 
models were accurate (and it is unlikely that they are) we cannot 
conclude that there is at least a 95% chance that more than half 
the warming was man-made, because doing so is the fallacy of 
the transposed conditional.

All we can conclude is that there is at least a 95% probability 
we would not observe the warming we have seen based on the 

http://www.agenarisk.com/resources/probability_puzzles/prosecutor.shtml
https://www.ipcc.ch/site/assets/uploads/2018/03/WG1AR5_SummaryVolume_FINAL.pdf
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climate change model simulations and their multiple assump-
tions. Just like there was a 97% probability we would not observe 
five consecutive heads on a coin that was not double-headed.

The illusion of confidence in the coin example comes from 
ignoring (the ‘prior probability’) of how rare the double-headed 
coins are. Similarly, in the case of climate change there is no 
allowance made for the prior probability of man-made climate 
change, i.e. how likely it is that humans rather than other factors 
such as solar activity cause most of the warming. After all, previ-
ous periods of warming certainly could not have been caused by 
increased greenhouse gases from humans, so it seems reason-
able to assume – before we have considered any of the evidence 

– that the probability humans caused most of the recent increase 
in temperature to be very low; only the assumptions of the simu-
lation models are allowed, and other explanations are absent. In 
both of these circumstances, classical statistics can then be used 
to deceive you into presenting an illusion of confidence when it 
is not justified.

Conclusion
Although I obviously have a bias, my enduring impression from 
working on the programme is that the scientific discussion about 
the statistics of climate change would benefit from a more exten-
sive Bayesian approach. Recently, some researchers have started 
to do this, but it is an area where I feel causal Bayesian network 
models could shed further light, and this is something that I 
would strongly recommend.

Appendix: Bayes’ Theorem calculation for dou-
ble-headed-coin example

•	 H is the hypothesis: ‘selected coin is double-headed’

•	 E is the evidence: ‘5 consecutive heads tossed’

We are assuming P(H) = 1/500, so P(not H) = 499/500, and we 
we know P(E|not H) = 1/32 and P(E|H) = 1.
Then:

P(not H|E)	=	 P(E|not H) × P (not H)
		 P(E|not H) × P(not H) + P(E|H) × P(H) 

	 =	 (1/32) × (499/500)
		  (1/32) × (499/500) + 1 ×(1/500)

	 =	 0.94 = 94%
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