VOLUME 3

JOURNAL OF CLIMATE

JANUARY 1990

Information Theory and Climate Prediction

LAI-YUNG LEUNG AND GERALD R. NORTH

Meteorology Department, Texas A&M University, College Station, Texas
(Manuscript received 15 March 1989, in final form 24 July 1989)

ABSTRACT

This paper introduces the use of information theory in characterizing climate predictability. Specifically, the
concepts of entropy and transinformation are employed. Entropy measures the amount of uncertainty in our
knowledge of the state of the climate system. Transinformation represents the information gained about an
anomaly at any time ¢ with knowledge of the size of the initial anomaly. It has many desirable properties that
can be used as a measure of the predictability of the climate system. These concepts when applied to climate
predictability are illustrated through a simple stochastic climate model (an energy balance model forced by
noise). The transinformation is found to depict the degradation of information about an anomaly despite the
fact that we have perfect knowledge of the initial state. Its usefulness, especially when generalized to other

climate models, is discussed.

1. Introduction

In climate studies, efforts have been devoted to find-
ing a way of describing or measuring the predictability
of the first kind (Lorenz 1975). This is the predictability
of a system with knowledge only of the initial condi-
tions (boundary conditions are fixed). The signal-to-
noise ratio has often been used as such a quantity (e.g.,
Barnett and Hasselmann 1979). The signal is the
change of some climatic variable which we want to
predict, and the noise represents a random or unpre-
dictable fluctuation about the value of the climatic
variable that obscures the signal in which we are in-
terested. The noise might arise from daily weather
variations which cannot be predicted beyond a few
weeks (National Academy of Sciences, 1975). Leith
(1973) hasalso referred to such a quantity in his study
of climate predictability in which signal is the change
in any climatic mean, and noise arises from unpre-
dictable fluctuations in finite time average estimates of
the mean. Madden (1981) used the signal-to-noise ratio
as a quantitative measure of long-range prediction. The
noise, which can be obtained from data, is further di-
vided into two parts. First, there is climatic noise which,
as mentioned, is due to fluctuations resulting from fi-
nite sampling; it is considered to be virtually unpre-
dictable. The rest of the variance is then potentially
predictable. The percentage of the potentially predict-
able part is found as a function of location to determine
where predictability can be improved. Finally, Shukla
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(1981) designed an F-test to detect the change of cli-
mate (signal ) in a general circulation model experiment
by detecting any change of the variance of an ensemble
of runs each started with nearly the same initial con-
ditions. He argued that the detectability of a signal de-
parting from climatology was evidence of predictability.

In order that a quantity be a satisfactory measure of
predictability of climate, it should possess some im-
portant properties. In many predictability studies, the
initial anomaly is forced very large to see how long it
takes for the prediction interval to end. However, large
anomalies do not occur very often in the real atmo-
sphere, by definition. There should be an objective way
of weighting the different anomalies by their frequen-
cies of occurrence. By using the signal-to-noise ratio,
we can measure the predictability of climate for dif-
ferent situations or locations, but there is no formal
way of combining the ratios to give predictability of
climate as a whole. It is hard to interpret what is meant
by simply adding up the ratios at different locations or
weighting the ratios by the frequency of occurrence of
the signal since both numerator and denominator may
be changing. Hence, it is also difficult to interpret in-
terpolating the signal-to-noise ratio between different
locations on a map to give the predictability at inter-
mediate positions. How is the signal-to-noise ratio
changed when new information is added? Finally, when
the signal is equal to zero (i.e., the state of the climate
is the climatological mean state), does it mean that
there is no predictability? Certainly, we believe that we
can still predict the climate if we have an initial con-
dition exactly equal to the ensemble mean. Thus, in
that case, the signal-to-noise ratio fails to measure the
predictability of climate. From the above discussion,






