
IS CLIMATE CHAOTIC OR RANDOM?

Abstract

Predictions of climate models a century into the future are now commonplace in both the

scientific literature and in the media. On the other hand, similar models predicting

oceanic phenomena such as El Nino, do so for no more than a few months ahead.

Similarly, local weather predictions are for no more than a week or so ahead. This

paradox is accounted for by climate modellers by an appeal to chaos theory and the idea

of the strange attractor. Chaos is intimately associated with a determinist view of physics

in sharp distinction to a stochastic view. An alternative, stochastic description of weather

and climate, under which climate is regarded as a random walk, implies a variance which

increases monotonically into the future, consistent with paleoclimate data. The key idea

informing “climate science”, that deterministic chaos underlies climate, derives from a

confusion of scientific and pre-scientific meanings of the word "chaos".



IS CLIMATE CHAOTIC OR RANDOM

Two meanings of “chaos”

Since Newton we have become accustomed to scientists taking common English words

and assigning to them precisely defined scientific meanings, e.g. "force", "energy",

"work". How we interpret such words is dichotomous, depending on context. So "the

artist did more work on her painting" means something quite different to "the work done

by the force, F, acting on the mass, m".

Likewise, the term "chaos" also has two meanings. The Shorter Oxford Dictionary

defines "chaos" as (along with other, rather biblical meanings), 3. A state of utter

confusion and disorder: a confused mass. Since Lorenz the term "chaos" has come to

have an additional, precise, mathematical meaning, describing the behaviour of certain

classes of ordinary differential equations. In this second sense, chaos describes how

deterministic mathematical equations can exhibit quasi-random behavior whereby

infinitesimal changes in starting conditions amplify into large changes in future

behaviour.

Deterministic and Stochastic

Another dichotomy is relevant here, between "deterministic" and "stochastic". The

ordinary differential equations mentioned above are deterministic in that, for a given



initial state, every future state of the system is completely determined (at least in theory).

The Navier-Stokes equations of fluid mechanics are examples of ordinary differential

equations which are deterministic but which can, under some circumstances, give rise to

chaotic behaviour.

The term "stochastic" means "governed by the laws of probability". Non-scientists use

the word "random" rather than "stochastic" but they mean the same thing. Stochastic

equations formally resemble ordinary differential equations but differ fundamentally in

that each dependent variable is a random variable rather than a real or complex number.

A random variable does not have a fixed value at a given place and time, but rather

describes a statistical distribution of values. The Fokker-Planck equation is an example of

a stochastic equation.

Stochastic equations are more difficult to deal with than ordinary equations. In practice,

scientists emulate stochastic behaviour by integrating ordinary equations again and again

from differing starting conditions. Such a group of solutions is known as an ensemble.

The method is sometimes called the "Monte Carlo" method.

Philosophically, there are two ways of looking at the world: is it fundamentally

deterministic or fundamentally stochastic? Different people have different ideas and

hence give different answers to this question. Einstein was a determinist. He famously

said "I refuse to believe that God plays dice with the Universe". For a determinist, tossing

a coin is a deterministic event, because for him (or her) if we only knew the force exerted



by the thumb on the coin and so on, we could determine theoretically how the coin would

land. To a determinist, random behaviour is merely the outcome of our ignorance of the

underlying physics and not a property of the Universe itself.

A new term "stochasticist" could perhaps be coined to describe someone who is not a

determinist. A stochasticist believes that the world is fundamentally unknowable at a fine

scale in a way which has nothing to with Heisenberg. Numerical experiments with

chaotic systems of equations show that, in order to predict future behaviour, one needs to

know the starting conditions precisely. However, it is impossible to measure anything

precisely, that is, to an infinite number of decimal places, and even if it were,

computation with such precise numbers would be impossible with any known or

conceivable computer. Any deterministic equation can be regarded as a special case of an

equivalent stochastic equation, the case in which the variance of each dependent variable

is vanishingly small. Chaotic behaviour can be regarded as an anomaly that occurs when

this assumption is not justified.

At a fundamental level, this issue is not resolvable by any experiment or observation. The

deterministic-stochastic dichotomy is ultimately about what we believe about the

Universe. Any selection either way is a synthetic a priori postulate not accessible to

science. What matters is whether the choice is a useful description. The stochastic

description has proved extremely useful in the development of 20th century science,

whereas the deterministic description leads to the weird behaviour of chaos theory and

the intractability of the full Navier-Stokes equations.



The deterministic description came out of astronomy and celestial mechanics. It is indeed

possible to predict the motion of heavenly bodies with a high degree of accuracy. The

predicted return of the eponymous comet by Halley was a great triumph of the

determinist view. However, we now realize this was a lucky accident. It was possible

only because friction and turbulence have negligible effects on the motion of heavenly

bodies and because these bodies are sparsely distributed in space. Nevertheless, this lucky

accident gave early scientists a necessary insight into the role of mathematics in

describing the physical world.

The fundamental concern of all science is the testing of theory against observation. A

theory which cannot be made to fit observation must be rejected. But what do we mean

by "fit"? A deterministic model may be said to fit "within experimental error" but

generally such fitting is a matter of experience, of know-how and intuition within a

particular discipline.

The great strength of a stochastic description is that it allows a formal process to be

undertaken by means of which the fitting process can be carried out with great

objectivity. This process, known as "hypothesis testing", underlies the great advances in

the "soft" sciences which took place in the second half of the 20th century.

Hypothesis testing is less widely used in physics, perhaps because of the widespread

belief in the underlying deterministic nature of the physical world and, more recently,



because of the deterministic nature of the numerical models used to express theories

about the physical world on electronic computers.

Predictive Climate Models

Consider the following statement by the IPCC Working Group I:

This considerable advance in model design has not diminished the existence of a range of

model results. This is not a surprise, however, because it is known that climate

predictions are intrinsically affected by uncertainty (Lorenz, 1963). Two distinct kinds of

prediction problems were defined by Lorenz (1975). The first kind was defined as the

prediction of the actual properties of the climate system in response to a given initial

state. Predictions of the first kind are initial-value problems and, because of the

nonlinearity and instability of the governing equations, such systems are not predictable

indefinitely into the future. Predictions of the second kind deal with the determination of

the response of the climate system to changes in the external forcings. These predictions

are not concerned directly with the chronological evolution of the climate state, but

rather with the long-term average of the statistical properties of climate. Originally, it

was thought that predictions of the second kind do not at all depend on initial conditions.

Instead, they are intended to determine how the statistical properties of the climate

system (e.g., the average annual global mean temperature, or the expected number of

winter storms or hurricanes, or the average monsoon rainfall) change as some external

forcing parameter, for example CO2 content, is altered. Estimates of future climate

scenarios as a function of the concentration of atmospheric greenhouse gases are typical

examples of predictions of the second kind. However, ensemble simulations show that the



projections tend to form clusters around a number of attractors as a function of their

initial state.

They do not specifically say so, but the reference to Lorenz and the use of “attractor”

imply that chaos theory is being invoked here. The paragraph can be paraphrased as

follows:

1. Weather is chaotic, but that does not make climate (the long-term average)

chaotic.

2. It is a characteristic of systems exhibiting "deterministic chaos" that they

fluctuate chaotically about an “attractor” that is fairly steady.

3. Weather is chaotic, and its fluctuations are intrinsically unpredictable more than

a week or so in advance, because the inevitable uncertainties in our knowledge of present

conditions amplify exponentially with time in a chaotic system.

4. The slower evolution of the mean is not subject to this limitation. So, paradoxical

as it might seem, climate (the slowly evolving mean) is predictable whereas weather is

not.



This is a summary of the, rarely clearly stated, statistical assumptions underlying

predictive climate modeling. It is the statistical model on which climate prediction is

based. Many climate modellers share this view, e.g. Stainforth et al (2007), viz.:

weather is chaotic and climate may be taken as some 'attractor' of weather.

Consider the opening phrase "Weather is chaotic ...". What does this mean? It all

depends on the meaning of the word "chaotic". If by "chaotic" the dictionary definition is

implied, i.e. "a state of utter confusion and disorder", then few would disagree here.

However, the scientific context suggests the word is being used in its mathematical,

chaos-theoretical sense. When a system is described as "chaotic" in this sense, it means

that although the system behaves in a random manner in the short term, nevertheless it

will never stray too far away from a fixed state known as a "strange attractor".

Importantly, this proposition that weather and climate are chaos-theoretical is proposed as

an obvious fact, with neither mathematical proof nor experimental evidence. It is the

outcome of a deterministic world view; indeed the term "deterministic chaos" is often

specifically used. It attempts to fool us into accepting a particular hypothetical model via

the ambiguity inherent in the word "chaos".

Furthermore, the idea of appealing to chaos theory to support the idea that climate is

somehow predictable is itself flawed. For example, in their seminal article on chaos

theory, Crutchfield et al (1986) state: The existence of chaos affects the scientific method



itself. The classic approach to verifying a theory is to make predictions and test them

against experimental data. If the phenomena are chaotic, however, long-term predictions

are intrinsically impossible. This has to be taken into account in judging the merits of the

theory. The process of verifying a theory thus becomes a much more delicate operation,

relying on statistical and geometric properties rather than on detailed prediction.

Climate as a Random Walk

Now suppose weather and climate are not chaos-theoretical processes. Suppose they are

the outcome of a stochastic process such as tossing a coin or rolling a die. Furthermore,

suppose that climate is not just the average of weather, but the integral or sum of weather.

Thus the advance and retreat of a glacier depends on adding up the effects of all the

melting events and all the snow accumulation events. The accumulation of heat in a lake

or an ocean gyre is the summation of the heat transferred in and out during all the

warming days and cooling nights. This description requires that there be integrators, i.e.

storage mechanisms, within the system such as ice sheets and oceans.

Such a description of climate is called a random walk. If we throw a die repeatedly we

know, a priori, that the average throw will be around 3.5. Suppose we add up the

successive scores (and subtract 3.5 each time to keep the numbers sensible). What will

happen to the sum over time? We also know, a priori, that the sum will have an

expectation mean of zero but as the number of throws increases the sum will wander

further and further away from zero. The expectation variance of the sum increases



without limit as the number of throws increases. Furthermore, the variance of the sum is

always larger than the variance of a single throw.

The two models of climate are thus radically different. Under the deterministic chaos

model, the variance does not increase with time (i.e. the number of throws). However,

under the random walk model, the variance does increase with time, and climate becomes

less predictable the further we go into the future. Here the term “variance” is used

generically to describe the variance of any measurable quantity associated with weather

and climate.

Evidence

There is no evidence to support the deterministic chaos theory of climate. The IPCC

WG1 statement, above, produces no evidence. It reads “ensemble simulations show that

the projections tend to form clusters around a number of attractors” This is hardly

surprising since the numerical models used to simulate those projections are

deterministic. It tells us nothing about the climate of the real world.

On the other hand, there is some evidence to support a random walk theory of climate. In

the case in which individual weather "events" are random and independent of one another

(i.e. are "white noise"), then certain climate parameters will exhibit a particular type of

variance spectrum called an inverse-square, red noise, frequency spectrum. Such spectra

are observed in some climate systems (e.g. Frankignoul and Hasselmann,1977, Wunsch

2003, Wunsch 2004).



If we look at past climate on different timescales then if the chaos-theoretical model is

true there should be no increase in variance with increasing time span; whereas if the

random walk model is true variance should increase with increasing time span. The latter

is indeed observed. If the time span is large enough to encompass ice age phenomena the

variance becomes very large indeed. A determinist might speculate that it is because

other deterministic processes come into play at longer time scales, but this is surely

special pleading; an auxiliary ad hoc hypothesis after Popper.

It may be argued that because climate is “the average of weather”, its variance will be

considerably less than the variance of weather. Sample variance is always less than the

variance of the random variables within the sample. The variance of the average of 30

throws of a die is 1/30th of the variance of an individual throw. In the random walk

model the variance of future climate, defined as the average of weather over a fixed time

interval, will still increase without limit nonetheless.

Conclusion

The idea that deterministic chaos underlies climate results from confusion between the

scientific and pre-scientific meanings of the word “chaos”; a confusion that supports the

belief that climate is somehow predictable while weather is not.
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