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scientifically outravcous prediction. Hansen said™ (Science, 1990).
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expressed as a function of the 1992 temperature value, which 1s now known to have
been almost 0.3 °C cooler than recent years. The probability expressed as a func-
tion of 1992 temperatures permits comparison of record probabilities over a range
of alternative 1992 temperature values including one in which 1992 is as warm as
recent years, as if the 1992 cooling had not occurred. We are thus able to see how
much the probabilities decrease as a result of the cooling due to Mt. Pinatubo.

The next section presents a brief description of the statistical models that are
used to represent temperature and that are the basis of the probability calculations.
This is followed by presentation of record probabilities under alternative model
specifications.

2. Temperature Models

Global temperature values, denoted by c(¢), are expressed as the deviation in
degrees Celsius from the 19501979 average. The temperature values are assumed
to be realizations of random variables C(r) that are described below. The tempera-
ture values for r= 1880, ..., 1992 are known and the maximum temperature value
of 0.46 °C occurred in 1990; see Figure 1.° The temperature of 0.39 °C for 1991
would have been higher except for a cooler second half of the year that has been
attributed to Mt. Pinatubo.

Record probabilities arc obtained for a range of alternative 1992 temperatures.
Bv computing the probabilities for a range of values we are able to compare proba-
bilities as a function of 1992 values and assess the impact of the Mt. Pinatubo
cooling on the probability of a record.

Temperature values are assumed to be generated by:

C(1)=a+brte(s) (1)

where a and b are parameters. The random variables e(r) are assumed to follow the
first-order autoregressive process

e(t)=pe(t— 1)+ v(r) | (2)

where the v(s)s are independent with a common normal distribution that has
mean zero and variance o-(v). The o parameter is the correlation between succes-
sive e(t)'s. The variance of C(¢)is o°(C) = o*(v)/[1 — p*].

Cooling due to the volcano is represented by a decreased value for v(1992); the
v(r)s, for r = 1993 and beyond, are assumed unaffected by Mt. Pinatubo. Hence,

> The data from [880-1990 is from Trends '91. CDIAC, Oakridge National Laboratory and was
compiled by James Hansen, Helene Wilson. and Reto Ruedy, NASA Goddard Space Flight Center.
The four warmest vears (temperature values) in this series occurred in 1990 (0.46 °C). 1991 (0.39 °C).
1981 (0.39 °C) and 1988 (0.33 °C). The senes has been revised frequently in the past few vears and
this has resulted in some revisions in the vears when records were set. 1988 15 not a record vear in the
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Fig. 1. Temperature 18801991,

the direct impact of the volcano is assumed to last only one year. (See Minnis et al.
(1993) for a recent report on the impacts of the volcano). When p is assumed to be
zero this means the volcano’s impact is only felt in 1992. When p is positive there
are indirect effects due to 1992 having been cooler than otherwise.

We consider four different models by restricting various parameters to be zero;
unconstrained parameters are estimated from the historical data. The first two
models are specified without serial correlation p =0, while the third and fourth
have a positive o that is estimated from the historical data. The estimated values of
the free parameters used in the record probability computations are summarized in
Table L.

3. Record Probabilities

We consider each model and its implied probability of a record; formulas used for
the computations are the same as in Bassett (1992).

3.1. No Linear Trend and Independence
14 {

For this model b and o are restricted to be zero so that temperature is given by.
C(1)=—-0.08620+ v(¢); o(v)=0219

(The negative mean is due to temperature being expressed in terms of vearly devia-
tions from the 1950-1979). Temperature behaves in this model as if it were a
drawing from an urn with values that do not change over time and where each
drawing 1s independent of previous values.

Since there is no serial correlation there is no impact from Mt. Pinatubo. except
that (1992} is lower than otherwise. In this case the probalbilitv of a record within
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Fig. 1. Temperature 1880-1991.

the direct impact of the volcano is assumed to last only one year. (See Minnis er al.
(1993) for a recent report on the impacts of the volcano). When p is assumed to be
zero this means the volcano’s impact is only felt in 1992. When p is positive there
are indirect effects due to 1992 having been cooler than otherwise.

We consider four different models by restricting various parameters to be zero;
unconstrained parameters are estimated from the historical data. The first two
models are specified without serial correlation o = 0, while the third and fourth
have a positive p that is estimated from the historical data. The estimated values of
the free parameters used in the record probablhty computations are summarized in
Table 1.

3. Record Probabilities

We consider each model and its implied probability of a record; formulas used for
the computations are the same as in Bassett (1992).

3.1. No Linear Trend and Independence

For this model b and p are restricted to be zero so that temperature is given by,
C(t) =—0.08620 + v(¢); o(v)=0.219

(The negative mean is due to temperature being cxpressed in terms of yearly devia-
tions from the 1950-1979). Temperature behaves in this model as if it were a
drawing from an urn with values that do not change over time and where each
drawing is independent of previous values.

Since there is no serial correlation there is no impact from Mt. Pinatubo. except
that ¢(1992) is lower than otherwise. In this case the probability of a record within



IABLE It Parameter estmates pased on  133u—1yv.s Gdld  ywil
c(1992)=0.13)

Model [ Modet 11 Model III Model IV
a -0.08620 -10.480 -(.08620 —10.389
b 0 0.005369 0 0.005320
0 0 0 0.7940 04262
o(v) 0.216 0.131 0.134 0.119

three years after 1992 is 0.02.% For this model a temperature record within thre
years is a rarc event; it is this model that Hansen was thinking about when h
described hlS original prediction as ‘outrageous’.

3.2. Linear Trend and Independence

Here p is restricted to be 0 and the b parameter is set as its estimated value,
C(r)=-10.480 + 0.005369¢ + v(t); o(v) = 0.131

For this model there is a linear trend, but each year’s temperature is independent ¢
previous values. The estimate for b corresponds to the appr0x1rnate 2 °C warmin
that has occurred over the past hundred years.

Since there is no correlation there is again no impact from the volcano and th
srobability of a record is 0.11.*

3.3. No Trend and Serial Correlation

This is the same as Model I except that deviations from average temperature follo
1 first-order scheme, '

C(r)=-0.086+ ¢(¢)
T e(r)=0.7940¢(r — 1) + v(1); o(v) = 0.134

Under this specification there is no upward trend; the apparent global warmin
seen in Figure 1 is induced entirely by positive serial correlation. Positive correl:
1on can produce apparent trends, which however will gradually dissipate over tim:

Figure 2 shows the relationship between 1992 temperature and the probabilif
f a record. The point A on the temperature axis at about 0.45 °C is the 1991 rea
zed temperature and the point B at 0.13 °C is the actual 1992 temperature. Tk
igure shows that the probability of a record decreases substantially as the 199

This is lower than the previously reported probability of 0.06. The lower value of 0.02 is due to tt
ngher record value setin 1990 (the earlier paper was based on data through 1988).

This differs from the value reported in the previous paper because of the higher record value set
990,
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Fig. 2. Record probability as a function of 1992 temperature.

temperature falls. The cool 1992 moved the series away from the top of its histori-
cal range, thus decreasing the chances of a subsequent jump to a new record value.

The figure illustrates what happens if there had been no cooling. If 1992 tem-
perature had been around point A in the figure the temperature series would have
stayed near the top of its historical range. In this case it would have been better than
50-50 for a record within three years whereas when 1992 temperature is at point B
the probability falls all the way to 0.15.

3.4. Linear Trend and Serial Correlation

In this model positive serial correlation is combined with an upward trend,

C(ry=-10.39 +0.0053¢ + e(¢);
e(t)=0.426e(t— 1)+ v(t); 6(v)=0.119

Figure 2 also shows the relation between 1992 temperature and the probability
of setting a record for Model IV. The curve lies above the previous case because of
the linear trend that is in this model. The figure shows that while the probability
decreases with a decreasing 1992 temperature, it does not change by as much as in
Model I1I. The upward trend in temperature means that there is a smaller change in
record values as 1992 temperature decreases.

4. Conclusion

The probabilities of a record are summarized in Table IL. It shows the probabilities
for all four models at two different 1992 temperature values. The 0.45 °C casc cor-

responds to what might have occurred without Mt. Pinatubo. while (.13 °C 1s the
. ' . T T | T N2 TSR B A 18 2
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TABLE i

Case | Case 1 . Case [II Case 1V

Prob. of record: with 0018y 0.1069 0.1 508 0.4300
Mt. Pinatubo eruption
(1992 =0.13°C)

Prob. of record: wathout 00227 (1340 .3990 0.7451
Mt. Pinatubo cruption
(1992 =045 °C)

The table shows that the probability of a record differs in the four cases. Models
[II and I'V with positive serial correlation generate relatively high record probabili-
ties. The table also shows the differences due to Mt. Pinatubo. With models [ and I]
there is almost no change in the record probability due to the cool 1992 (the slighi
change comes from estimating the paramcters with the alternative 1992 tempera-
ture values). This contrasts with the autocorrelation models where the 1992
cooling produccs greatly diminished values for record probabilities.

The table shows that the probability of records depends on the model for tem-
peraturc. Records are rare when there is no trend and little correlation. They
become more likely when there is an increasing temperature trend and when tem-
perature is positively correlated with past values. We also see that the Models III
and IV produce very different results depending on the current temperature.

Finally, for the wagering purposes that motivated consideration of the original
record breaking problem we find that cooling due to Mt. Pinatubo makes the
Hansen wager, which says a record will occur in three years, much more lucrative
for those betting against a record in the next three years.
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