
ABSTRACT

Predictions of global climate change are based on large computer-simulation models that are 
“history-matched” to weather records compiled from the early nineteenth century onward. Cli-
mate-change model forecasts would be more convincing if they were based on the natural records
of the Holocene (≈10,000 years) and were capable of simulating climate characteristics of this
epoch. Temperature records estimated from δ18O measurements on ice cores from the Greenland
ice cap and the Antarctic could be used to develop models based on geochronological data rather
than historically brief weather records.

The 20-year average record of δ18O values from the Greenland Ice Sheet Project 2 (GISP2) ice
core exhibits a long-term trend of declining temperatures over most of the Holocene, except during
the last 100 years, when temperatures have increased—a change widely blamed on carbon-dioxide
(CO2) emissions from fossil fuels. However, the range in temperatures since the start of the indus-
trial age is typical for the Holocene, and the current rate of increase in temperatures is unusual but
not unprecedented. Past periods of consistently increasing (or decreasing) temperatures have not
persisted much longer than the current interval, so temperature trends may well reverse in the near
future. There are distinct cyclic patterns in temperatures recorded in the GISP2 ice core, including a
pronounced sawtoothed 560-year sequence of relatively abrupt change followed by a gradual re-
versal. The present trend may be the initial phase of such a pattern. In summary, the present climate
does not appear significantly different from the past climate at times prior to industrialization.
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INTRODUCTION

Predictions of global climate change are primarily the result of extrapolations made by global cli-
matic models. These models are very large dynamic computer simulations of the interactions be-
tween the global atmosphere and the oceans (a typical simulation model is described by Russell
et al., 1995). Almost all global climate change models in current use are deterministic, comprised
of such familiar modeling elements as diffusion equations, mass-transfer equations, and mass-
balance conditions (Hansen et al., 1983). In design, these models consist of an array of two- or
three-dimensional cells representing the atmosphere linked to equations representing various in-
puts and transfers to and from the oceans. The variables in the model include heat, atmospheric
gases such as CO2 and water vapor, airborne particulate material, and other constituents. Inter-
actions between cells are controlled by equations that represent atmospheric circulation induced
by pressure gradients that result from the Coriolis force, differences in topography, and differ-
ences in air density caused by insolation and other factors. The models are conditioned to the his-
toric record of weather conditions and other proxy variables measured at stations scattered
around the world (Mann et al., 1998). Both the number of stations and the lengths of the historic
records are very limited. 

Global climate change models have many parallels with models for petroleum reservoir pro-
duction and groundwater flow. These geologic models are also deterministic and attempt to pre-
dict the movement of fluids in response to pressure gradients (reviews of reservoir modeling are
provided by Mattax, 1990, and Peaceman, 1977; a review of hydrologic flow models is given in
Anderson and Woessner, 1991). The geologic models are similar to climatic models in complexity,
size, and structure, because they also are composed of a very large number of cell elements linked
by fluid-flow and mass-balance equations. They are subject to the same scaling problems, be-
cause conditions measured at points—whether they represent weather stations or wells—must
be extended somehow over very large cells. The models are tuned by the same history-matching
process (Boberg et al., 1990), which consists of comparing the behavior of the model to known
conditions recorded at observation points. Finally, the geological models used to forecast the fu-
ture state of a reservoir or aquifer serve the same purpose as climate models that predict atmos-
pheric changes (Jacks, 1990). Because of these broad similarities, the experience of petroleum
geologists and hydrologists may be relevant for addressing the problems of global climate
change modeling.

All models, which by their very nature are nonunique, share certain inherent problems and
limitations. The failure of a model to match an observed history demonstrates that the model is in-
correct, but a successful match indicates only that a specific model is among the class of feasible so-
lutions. Even if a model produces a perfect simulation of the observed history, it is always possible
to specify an alternative model that will match equally well.

All models are based on highly simplified conditions and physical assumptions. When com-
pared with reality, whether in the myriad details of a reservoir or the atmosphere, the models are
seen to be extremely crude in both resolution and behavior. Models suffer from a “degrees-of-
freedom problem”—there are many parameters, but little data from which to estimate the values of
the parameters. Finally, in most models, the forecasts are either unconstrained or only partially
constrained. Once the model has been run past the end of the history on which its parameters have
been conditioned, there are few, if any, limitations on the output. Good behavior during the his-
tory-matching phase of modeling is no guarantee that a model will continue to behave in a reason-
able manner when extrapolations beyond the limits of the data are attempted.
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Petroleum geologists and hydrologists have learned the value of experience in modeling. Cre-
ating and carrying out thousands of simulations have demonstrated the value of reservoir and
aquifer characterization studies that examine spatial and temporal variations in real reservoirs and
aquifers to help specify realistic parameters and set limits on models. Climate change models
would benefit from similar studies, but unfortunately there is only one earth and only a short his-
toric record to examine. Rather than relying on meager information gathered by human observers,
climate modelers must identify and use more complete sources of data.

THE HOLOCENE RECORD

As a geochronologic unit, the Holocene is defined as the youngest epoch of the Cenozoic. Al-
though the Holocene has no defined initial boundary, by general agreement it represents the in-
terval of modern “postglacial” conditions following the rapid, final collapse of continental ice
sheets in Scandinavia and North America (Jackson, 1997). The Holocene began approximately
10,000 years ago. From natural records formed during the Holocene, we can infer climatic condi-
tions that could be used to condition global climate change models. Such natural records are al-
most two orders of magnitude longer than the historical records of meteorological measurements,
so they should provide valuable insight into the changes we see in global climate at the present
time if the natural records can be interpreted with sufficient accuracy. Natural records include ice
cores such as those from Greenland and the Antarctic, varved lake and seafloor deposits, and
growth rings from trees and corals—all of which preserve time records of some aspect of the cli-
mate (see Mann and Bradley, 1999).

The most extensive natural records that reflect Holocene climate change are contained in the
ice cores drilled through the Greenland ice sheet and in the Antarctic. The Greenland Ice Sheet
Project (GRIP) ice core was drilled through the ice cap in central Greenland in 1991 by a consor-
tium of European research institutions. The GISP2 core was drilled somewhat later, in 1993, by the
U.S. National Science Foundation. Both drilling sites are located near the summit of the Green-
land ice sheet where lateral ice flow was expected to be at a minimum. Annual layers in the ice are
discernable as cloudy bands caused by microscopic inclusions, allowing precise age dating of the
cores by simply counting layers downward from the surface. (Ice-core ages are expressed in years
Before Present (B.P.), where the “Present” is defined as 1950; thus, the year 2000 in the Gregorian
calendar is –50 B.P.)

The Greenland ice sheet probably became established about 2.4 million years ago, but the
ice-core record does not extend nearly so far into the past. The GISP2 core is almost 3000 m in
length, representing about the last 240,000 years of ice deposition. However, the reliably inter-
pretable portion of the ice cores (where annual layers can be counted) includes only the last
110,000 years. The perfect correlation between the GISP2 and GRIP ice cores down to this depth
confirms that the ice has been preserved in a relatively undisturbed state in the uppermost part
of the cores.

The ice cores have been meticulously sampled and analyzed for many chemical and physical
properties, but the most significant of these, from a climatic point of view, is the ratio between the
isotopes of oxygen, 16O and 18O. These two isotopes occur in an almost constant ratio in seawater,
but are fractionated during evaporation and subsequent precipitation in a manner that is tem-
perature dependent. The ratio of the two oxygen isotopes in snow records the temperature of for-
mation of the snow, a record that is preserved as the snow is buried and turns to glacial ice
(Robin, 1983). The measure of the isotopic ratio is expressed in relation to the mean ratio of 
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seawater and is called δ18O. The relationship between δ18O and temperature in Greenland has
been empirically calibrated by comparing the ratios measured in snowfall to air temperatures at
the time of snowfall. 

In the GISP2 core, annual values of δ18O have been measured for the last 4000 years. Below this
depth, diffusion of water molecules makes it impractical to determine variations in δ18O at an an-
nual scale. To extend the temperature record beyond this limit, analyses have been determined as
averages for successive 20-year intervals. It is this record of 20-year average values of δ18O from the
GISP2 ice core that we have used for our study.

Both long- and short-term trends in temperature patterns are detectable in the Holocene
record. If the climate has changed as a result of anthropogenic causes, this should be expressed as
different trends before and after the industrial revolution. Great significance has been attached to
an apparent increase of global temperatures over the past 30 years, which is interpreted to be the
result of a “greenhouse effect” attributed to higher levels of atmospheric CO2 caused by the burn-
ing of fossil fuels.

Have there been comparable intervals of increasing temperature in the past when anthro-
pogenic causes were not operative, and how long did these increases persist? In spite of the noise
in the ice-core records, it should be possible to detect recurring patterns (regardless of their form)
in the Holocene portion of the ice cores and to estimate the probability of occurrence of specific pat-
terns. The “memory” or persistence of the patterns of temperature change can be estimated, which
should help judge the reliability of forecasts made by global climate change models.

The Pleistocene epoch of the Cenozoic is characterized by several well-known climatic fluctu-
ations, the most prominent of which are correlated with orbital phenomena—the Milankovitch 
cycles—that affected insolation (see Imbrie and Imbrie, 1980; Paul and Berger, 1999). More subtle,
short-term fluctuations (Dansgaard-Oeschgar events) can be detected within the glaciated phases
of the Pleistocene and may be the result of time lag in oceanic heat storage (Grootes et al., 1993).
There are faint indications of similar fluctuations in the Holocene.

The Greenland ice cores have been analyzed not only for δ18O, but also for deuterium, CO2,
ammonia, sulfates, nitrates, various chemical elements, dielectric properties, laser light scattering,
volcanic ash, ice-crystal size, layer thickness, and numerous other variables (National Snow and
Ice Data Center User Services, 1997). Relationships among these variables may substantiate both
the physical and statistical significance of features detected in the record. Ice cores from different
localities also may be compared with each other to determine the persistence and consistency of
features or patterns. Finally, the ice cores may be compared with other environmentally sensitive
records from the Holocene, such as seabottom and lacustrine cores from stratified water bodies
where varves were deposited, growth rings from corals and trees, and other records of the recent
past (a survey of these records is provided by Lowe and Walker, 1997).

Because of the great length of natural records in comparison with the brief interval of man-
made recordings of meteorological fluctuations, sources such as ice cores should provide invaluable
information for studies of climate change. Statistical analyses of these data should provide better
input for climate change models than may be derived from the historical record. Although nu-
merous statistical analyses have been made of the ice-core data, most of these have either examined
entire cores or have concentrated on specific intervals within the Pleistocene. Representative statis-
tical studies are referenced in Yiou et al. (1998). By confining our analyses solely to the Holocene
portion of the ice-core record, we have avoided many of the problems of nonstationarity and
nonuniform sampling that have forced others to resort to “exploratory” methods. Also, we believe
that results based on Holocene data are most pertinent to present climatic conditions.
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LONG-TERM TRENDS IN TEMPERATURE

The present relationship between the δ18O ratio in glacial ice and temperature, as determined by
measurements in Greenland (Johnsen et al., 1992), is

δ18O = 0.67T – 13.7

or approximately 1°Celsius change in temperature for every 1.5 parts-per-thousand change in the
δ18O ratio. We can examine the 20-year average data from the GISP2 ice core for the Holocene in-
terval to see if present-day temperatures are unusually high. The record of 20-year averages of δ18O
consists of 502 values ranging in age from –30 B.P. (A.D. 1980) to 9990 B.P. (on the ice-core age scale,
P (present) is defined as 1950). Because these values are averages over 20-year intervals, the data
are considerably smoother than annual δ18O measurements; nonetheless, the ice-core record is
highly erratic.

If we plot the values as a cumulative distribution on a normal probability scale (Figure 1), we
can see how typical (or atypical) our modern temperatures are. The data fall on an almost perfectly
straight line, indicating that temperatures throughout the Holocene have followed a normal, or
Gaussian, distribution—an interpretation confirmed by statistical tests. Individual 20-year average
δ18O values measured on the GISP2 core since the start of the industrial revolution are indicated.
Most of these measurements lie below the Holocene median value of δ18O = –34.77 (equivalent to
–31.76°C at Summit, Greenland), indicating that modern temperatures have tended to be in the
low part of the temperature range for the entire Holocene. The variation in 20-year average tem-
peratures during the industrial age has been less than 1°C, and the median temperature during this
time has not been significantly different from the median temperature throughout the Holocene.
(These statistical tests assume that temperatures have been stationary during the Holocene, when
actually they exhibit a trend of progressively lower temperatures with time. The δ18O data can be
made stationary by converting the 20-year averages to deviations from a linear trend fitted by least
squares. This transformation does not alter the test results.)

Some investigators (e.g., Mann and Bradley, 1999) have expressed concern that although tem-
peratures in the twentieth century were not unusually high, there is an ominous trend toward
higher temperatures. We can examine this possibility by using the time series formed by 20-year
average δ18O values from the GISP2 ice core. A scatter plot can be constructed of δ18O 20-year aver-
ages against the year B.P. which each average represents, as shown in Figure 2. Then, using linear
regression, we can calculate lines of best fit from the past to the present over successively shorter
intervals. These fitted lines, as shown in Figure 2, estimate the slopes of any trends in temperature
over time (the time scale has been transformed so that positive slopes indicate increasing tempera-
tures). A comparison of the different fitted lines indicates how temperature trends have changed
since the start of the Holocene.

As recorded in the GISP2 ice core, the Holocene began with a change in ratios that corresponded 
to an abrupt increase of about 7.5°C in average temperature. Starting at about 10,000 B.P., δ18O ratios
have tended downward at a rate of –0.000024 δ18O per year (line A on Figure 2). This trend toward
lower temperatures is statistically significant,1 meaning that the trend is highly unlikely to be a result
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1”Significant” has its usual statistical meaning of p = 0.05; the probability is 0.05 or less that an equal or greater test
result will occur by chance when the hypothesis that the regression slope is zero is true. Sequential tests of shorter
intervals have lower significance because the intervals are not independent.



of random fluctuations in the record. Since the start of the Christian era, at about 2000 B.P., there has
been an even steeper trend (–0.000196 δ18O per year) toward lower temperatures (line B); this trend
also is statistically significant. In the period since the start of the “Little Ice Age” at approximately 700
years B.P., temperatures have remained essentially constant (line C). The trend in δ18O ratios is not sig-
nificantly different from zero (slope = –0.000067 δ18O).

The industrial revolution began approximately 100 years B.P., and over the past century and a
half, the 20-year average temperatures have tended toward higher values (as shown in Figure 2,
line D, slope = +0.00351 δ18O per year). However, the trend is not statistically significant because
there are so few observations in this short interval. In summary, throughout most of the Holocene,
values and temperatures have declined. In recent years this trend has reversed, but the interval of
time is too brief to determine whether the change is statistically meaningful.

We can determine whether the modern trend of increasing temperature is unusual by exam-
ining the Holocene for similar trends over periods of time whose lengths are equal to the duration
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Figure 1 Cumulative distribution of 20-year average δ18O ratios measured on the GISP2 Green-
land ice core, plotted on a normal probability scale. Measurements of δ18O for 20-year intervals
since the start of the industrial revolution are indicated. Equivalent Greenland temperatures are
determined by using the equation of Johnsen et al. (1992).
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Figure 2 Long-term trends in 20-year δ18O ratios measured on the GISP2 Greenland ice core. 
A = Trend since start of Holocene, 10,000 B.P. Slope = –0.000024**. B = Trend since start of Christian
era, 2000 B.P. Slope = –0.000196**. C = Trend since start of Little Ice Age, 700 B.P. Slope =
–0.000067NS. D = Trend since start of industrial revolution, 100 B.P. Slope = +0.003518NS. Positive
slope indicates rising temperatures. ** = highly significant (p = 0.01), NS = not significant.
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of the industrial age (which we have taken as 1980 – 1840 = 140 years, or seven 20-year average in-
tervals). Figure 3 shows the cumulative distribution of the slopes of lines fitted over all such pe-
riods; the slope for the industrial age (+0.00351) is indicated, as is the median of the slopes of all
periods of the same length in the Holocene. About 20%, or one out of every five intervals of time in
the Holocene that were equal in length to the duration of the industrial age, were characterized by
temperatures that increased at least as rapidly as during the present.

An alternative way of examining the uniqueness of recent trends in temperature can be made
by looking at the record of “first differences.” We start at the beginning of the Holocene at 10,000
years B.P. and compare each 20-year average δ18O value to the average value during the preceding
20-year interval. If an interval is warmer than the interval that preceded it (that is, the interval has
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a higher average δ18O value than the preceding interval), it is assigned a plus (+) sign. If an interval
is cooler than the preceding interval, the interval is assigned a minus (–) sign. We then count the
number of “runs,” or successions of the same sign. The histogram in Figure 4 summarizes the runs
of changes in temperature for the Holocene, based on 20-year average δ18O values. The most recent
run consists of four successive 20-year periods of increasing average δ18O, which is a positive run
of length four, or 80 years (indicated by the arrow in Figure 4).

There are simple nonparametric tests to determine if a sequence of runs is random (see Con-
nover, 1980). In the Holocene record of 20-year average δ18O values, there are many more observed
runs than would be expected in a random sequence, indicating that relatively warm and cool 
20-year intervals alternate far more frequently than would be expected by random chance. In addi-
tion, periods of persistently increasing or decreasing δ18O ratios (and hence temperatures) are rare.
Longer runs do occur, however. If we assume the Holocene record provides a guide to the present,
we can estimate there is about a 5% probability that an interval of rising average δ18O ratios will
last for more than 60 years, and a 2% probability that such an interval will last for more than 80
years. The longest interval of increasing temperatures in the Holocene had a duration of 140 years.

PERSISTENCE OF CONDITIONS

Although a runs analysis provides a simple way of examining the persistence of trends, runs suffer
from the shortcoming that even a slight reversal will break what otherwise might be a long-term
pattern of increasing or decreasing values. Another approach is to borrow a procedure familiar to
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Figure 4 Histogram of lengths of runs of increasing or decreasing δ18O ratios for the GISP2 20-
year average ice-core record. Negative runs indicate increasing temperatures; positive runs indi-
cate decreasing temperatures.
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geophysicists and estimate the autocorrelation function. Autocorrelation is a basic measure of tem-
poral continuity in time-series analysis as well as seismology. It quantifies the similarity in a time
series between observations and other observations that are separated by equal increments of time.
The higher the autocorrelation, the greater the similarity between observations being compared.
Because the time series is observed at uniform intervals (averages over 20-year segments in the
Holocene ice-core data used here), the autocorrelation can be plotted against lags, or the number of
intervals separating the observations being compared. Because the autocorrelation for a specific in-
terval of time is calculated over all possible intervals of the same duration in the record, the char-
acteristics of a specific, individual interval have a limited impact on the computed autocorrelation.
The autocorrelation function expresses the average behavior of the δ18O ratio as a function of time.

Figure 5 shows the autocorrelation of 20-year average δ18O ratios for the Holocene portion of the
GISP2 ice core. To produce an unbiased estimate of the autocorrelation function, the record should
be stationary, or have the same average value over its entire length. A nonstationary time series can
be leveled by subtracting a linear trend such as that shown by line A in Figure 2. The autocorrelation
is calculated based on the residuals that remain after the fitted line has been removed. A theoretical
autocorrelation function for an infinitely long random sequence will begin at 1.0 for lag 0, then im-
mediately drop to a value of 0.0 for all successive lags. This means there is no relationship between
values at a given time and values at the immediately following time, or at any other time. Even
though in theory we expect the autocorrelation of a random sequence to be 0.0 for all lags, a real se-
quence of limited length will yield an empirical autocorrelation function that fluctuates around zero.
By considering the sampling error, which is a function of the number of observations in the sequence
and their variability, we can estimate confidence intervals for the autocorrelation function. The
dashed horizontal lines above and below the zero line in Figure 5 represent upper and lower 95%
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cates duration of statistically significant (95% probability) autocorrelation.



confidence limits. If the process that gave rise to the observed sequence of 20-year average δ18O
values were truly random and created a large number of  alternative realizations, we would expect
the autocorrelation functions of 95% of these sequences to fall within the confidence limits.

The most obvious characteristic of the autocorrelation function shown in Figure 5 is that lags 
1 through 4 (20 through 80 years) exceed the upper 95% confidence limit. This indicates that there
is a statistically significant tendency for similar δ18O values to persist over an interval of about 80
years. The autocorrelation function does not drop to zero until about lag 10 (200 years), although
the autocorrelations at longer lags are not significant. How can these findings be reconciled with
results from the runs analysis? First, the autocorrelation reflects persistence without regard to
whether δ18O values are increasing or decreasing, so runs up and runs down both contribute to the
magnitude of the autocorrelation. Second, a temporary reversal in the middle of what otherwise
would be a sequence of persistently increasing or decreasing δ18O values will not greatly affect the
autocorrelation but will terminate a run. Perhaps a collective interpretation of these two analyses is
that the Holocene climate has tended to maintain stable patterns of 80 to 200 years’ duration, but
superimposed on these are rapid alternations of increasing or decreasing temperature.

RECURRENCE OF PATTERNS

To search ice-core records for patterns of greater complexity than simple long- or short-term trends,
we must resort to methods that are mathematically more sophisticated. We have employed two
methods in an attempt to identify recurring patterns in the 20-year average δ18O data from the
Holocene portion of the GISP2 ice core. The first procedure is spectral, or Fourier, analysis, another
technique familiar to geophysicists and to statisticians as well. The record of δ18O ratios can be con-
sidered a “signal” that we can decompose by a Fourier transformation into a set of sinusoids, each
having a specific frequency and phase angle. The ice-core record is characterized by a total amount
of variation, which is apportioned among the different sinusoids. The power, or proportion of 
variation associated with each of the different periodicities, can be estimated and displayed as a
spectrum, or plot of power versus periodicity.2

Figure 6 is the power spectrum of the 20-year average δ18O ratios from the Holocene portion of
the GISP2 ice core. Figure 7 is the spectrum for the record of 2-m average δ18O data from the GISP2
ice core in which measurements of δ18O are averaged in sets representing 2 m of core. (This second
ice-core record contains values averaged over fixed intervals of depth rather than fixed intervals of
time. Both records are based on measurements made on the same physical ice core.) The periods
corresponding to selected peaks in the spectrum are indicated on the figures. Note that the periods
identified on the spectrum of the 20-year average data (Figure 6) are not integer multiples of 20
years, as might be expected as a result of the 20-year interval between observations. The use of
“oversampling” in the frequency domain permits this to occur.
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2The spectral analyses presented here have been made using Schulz and Statteger’s (1997) program, SPECTRUM,
which averages several Welch-overlapped segments to produce smooth spectra. This procedure divides the sequence
of observations into overlapping subsegments, performs a Fourier transform on each subsegment, and averages the
resulting spectra. Each subsegment is individually detrended and windowed prior to computing the Fourier trans-
forms. Windowing consists of multiplying each subsegment by a function (in this instance, a Hanning window)
which smoothly tapers the data at the ends of the subsegments in order to reduce frequency leakage that results from
segmenting the entire time series. Random variation in the individual spectra tends to cancel out when averaged
together, so the resulting average transform is smoother and it is easier to identify significant peaks. This procedure
avoids many of the problems caused by nonstationarity and nonuniform sampling in conventional spectral analysis.
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Figure 6 Power spectrum of 20-year average record of δ18O ratios measured on the Holocene
portion of the GISP2 ice core. Wavelengths, in years, of dominant peaks are labeled.

Figure 7 Power spectrum of 2-m average record of δ18O ratios measured on the Holocene por-
tion of the GISP2 ice core. Wavelengths, in years, of dominant peaks are labeled.



Clearly prominent peaks on both Figures 6 and 7 represent periods of 1113 or 950 years, 155 or
164 years, and 61 or 62 years, depending on the data series. The peaks for periods of 334 and 243
years on the spectrum calculated from the 20-year average data (Figure 6) seem to correspond to
less prominent peaks for 324-year and 242-year periods on the spectrum calculated from 2-m 
average data (Figure 7). The prominent peak at 554 years on the spectrum of the 2-m average data
appears to correspond to the less pronounced 514-year peak on the spectrum from the 20-year av-
erage data. The resolution of spectral analysis decreases with decreasing frequency, so these two
spectra seem to contain essentially the same fundamental periodicities, as we might anticipate, 
because the data come from the same ice core. It is possible that the 334-year peak (324-year peak
on the 2-m spectrum) is a multiple of the 155-year (164-year) peak, and the 242-year (243-year)
peak is a multiple of the 61-year (62-year) peak. If we consider both spectra to be estimates of an
underlying signal recorded in the ice core, we can summarize the results of the spectral analysis as
revealing periodicities in the signal at approximately 1000 years, 160 years, and 60 years, with pos-
sible harmonics at about 320 years and 240 years.

Figure 8 shows the spectrum for the 1-year average δ18O data from the GISP2 Holocene core,
computed in a similar manner to spectra shown in Figures 6 and 7. Because of increasing diffusion
in the ice, it is possible to determine 1-year average δ18O only to 1132 years B.P., so the earliest year
in the annual record is A.D. 818. Periods are identified for several of the prominent peaks on
the spectrum. The approximate 160-year peak in the spectrum for the 20-year averaged δ18O data

(Figures 6 and 7) appears to be present as a 156-year peak in the spectrum for the one-year average
δ18O data. Peaks at higher frequencies represent periodicities of 71, 40, and 28 years. There is no
peak corresponding to the 60-year periodicity apparent in the 20-year or 2-m average records.
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Figure 8 Power spectrum of annual average record of δ18O ratios measured on the GISP2 ice core
for years between A.D. 818 and A.D. 1980. Wavelengths, in years, of dominant peaks are labeled.
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Other methods may be used to discern climatic patterns in natural records. In Fourier analysis,
any continuous signal is regarded as the sum of a series of sinusoidal waveforms whose contribu-
tions are expressed in the power spectrum. If the original signal contains periodic constituents that
are not sinusoidal in form (square or sawtoothed waves, for example), an inordinately large
number of high-frequency sinusoids may be required to duplicate the abrupt changes in the signal.
This problem is avoided in the optimal eigenstate method proposed by Ralston (1998), which can
decompose a time series such as the record of 20-year average δ18O ratios into a set of orthogonal
basis functions (that is, functions that are mutually independent of each other) of arbitrary form.

In Fourier analysis, the basis functions are the set of sines and cosines which define the spec-
trum, while in the optimal eigenstate method the basis functions are found from patterns within
the data themselves. Because the eigenstate functions are not constrained to be sinusoids (and, in
fact, can be of any shape), fewer functions may be required to reproduce the signal. Calculations
for the optimal eigenstate method begin by dividing the record of δ18O ratios into nonoverlapping
segments. Next, each segment is premultiplied by its transpose and the resulting square matrices
are summed to form a composite matrix. The eigenvalues and eigenvectors of this matrix are ex-
tracted and examined. If there are recurring patterns in the ice-core record, the durations of which
correspond to the length of time represented by the segments, the patterns will be expressed by the
eigenvectors associated with the largest eigenvalues of the composite density matrix. By specifying
a succession of segments of different lengths, the optimal eigenstate method can be used to extract
from the record characteristic patterns that correspond to these lengths. In essence, the segment
lengths correspond roughly to the periods or wavelengths of spectral analysis.

We used Ralston’s optimal eigenstate method to search the 20-year average δ18O ice-core record
for patterns corresponding approximately to the three most pronounced peaks of the spectra shown
in Figures 6 and 7, which represent periods of about 160, 560, and 960 years. The optimal eigenstate
method works best on a stationary time series with a mean of zero, so the data were transformed
into residuals from a linear trend of the 20-year average δ18O data. Figure 9A is a plot of the succes-
sive eigenvalues extracted using a segment length of 28, corresponding to a period of 560 years. The
first eigenvalue is the largest of any extracted from the ice-core data, and it accounts for 27% of the
variation in the entire Holocene record of 20-year average δ18O values. The second and third eigen-
values account for substantially less variation (13% and less than 10%, respectively). 

If we plot the loadings on the eigenvectors associated with each eigenvalue, we see the patterns
that the optimal eigenstate method has found in the ice-core record. The plots are constructed so
that younger dates appear on the left. For example, Figure 9B is the first, or dominant, pattern
found within segments of 560 years’ duration. The pattern is a “sawtooth” with an abrupt increase
in the δ18O ratio, followed by a gradual decrease. This pattern may be either positively or negatively
present in any particular segment. About half of the 560-year segments in the Holocene record are
positively correlated with this eigenvector, meaning that they tend to show an abrupt increase in
δ18O values followed by a gradual decrease. The remaining segments are negatively correlated, in-
dicating that they tend to show an abrupt decrease in δ18O followed by a gradual increase. 

The patterns formed by the second and third eigenvectors of the 560-year segments (Figures
9C and 9D) are much less distinctive. However, the second eigenvector accounts for only about
13% of the total variation in the record, and the third eigenvector accounts for less than 10% of the
total variation. Thus, we do not anticipate that their patterns will be conspicuous in the record.
Figure 10 shows the Holocene sequence of δ18O ice-core residuals in comparison with a recon-
structed sequence built from the three eigenvectors of Figure 9. The reconstruction accounts for
50% of the total variation in the original record and essentially reflects the sawtooth, “abrupt
change–gradual recovery” pattern seen in Figure 9B.
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SUMMARY

National environmental policies are being formulated on the basis of predictions made by global
climate change models that are, for the most part, conditioned only on brief historical records of
climate (e.g., see Office of Science and Technology Policy, 1997). These models emphasize anthro-
pogenic causes and sometimes extrapolate dire predictions of extreme climate change in the near
future (Wigley, 1989). Global climate modelers are limited to one world—the earth—and have
chosen to use only the short, man-made historical record for history-matching. Experience with
reservoir and geohydraulic models, which are comparable to global climate change models in both
complexity and construction but which have been applied to thousands of reservoirs and aquifers,
suggests that global climate forecasts lack sufficient constraints due to the limited amount of data
available for model conditioning. Unfortunately, there are no other worlds comparable to earth, no
“laboratory” where we can test global climate simulation models. But there are much more exten-
sive climatic histories at our disposal from our own planet. Ice cores and other natural records of
climatic variables provide such histories. A cursory examination of one ice-core record for the
Holocene shows that there are trends, patterns, and other features that must be accounted for if
any climate change model is to be deemed convincing.

The temperature record of the Holocene epoch, based on 20-year average δ18O values mea-
sured on the GISP2 ice core, indicates that present-day temperatures are typical for the Holocene.
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Figure 9 Optimal eigenstate analysis for 560-year periods in GISP2 20-year record of average
δ18O data. (A) Magnitudes of eigenvalues 1 through 17. (B) Loadings on eigenvector 1. (C) Load-
ings on eigenvector 2. (D) Loadings on eigenvector 3.
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Over the past 140 years, Greenland temperatures, as recorded in the ice core, have risen at an un-
usually steep rate. However, such an increase is not unprecedented, because periods of similar or
greater increase in temperature and of similar or greater duration have occurred before in the
Holocene. Autocorrelation analysis suggests that the present trend may already be past its midpoint.
The modern weather record may be the latest instance of patterns that have repeated throughout 
geologic history, as demonstrated by pre-industrial age Holocene examples. Blaming the current
warming trend of earth’s climate on human activity may simply be anthropocentric hubris.
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Figure 10 (A) Original sequence of 20-year average residuals of δ18O from linear trend. (B) Re-
constructed sequence of estimated 20-year average residuals of δ18O is based on an optimal eigen-
state analysis for a segment length of 560 years.
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