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Modeling the Climatic Response
to Orbital Variations
John Imbrie and John Z. Imbrie

The astronomical theory of the
Pleistocene ice ages holds that variations
in the earth's orbit influence climate by
changingthe seasonal and latitudinaldistributionof incomingsolar radiation(13). Because these changes can be calculated with great precision for the past
several million years, it is possible in
principleto test the theory by comparing
the record of Pleistocene climate with a
predictedpatternof climatic change. As
summarizedin the first part of this ar-

climate that are continuous, well correlated, and reasonablywell fixed in time.
As a result, it has been possible to bypass some of the theoreticalproblemsresultingfrom our imperfectknowledge of
the mechanismsof climatic response by
testing the astronomical theory in the
frequency domain. For example, it is
now clear that a significantpart of the
observed climatic varianceover the past
730,000 years is concentratedin narrow
frequency bands near cycles of 19,000,

Summary.Accordingto the astronomicaltheoryof climate,variationsin the earth's
orbitare the fundamentalcause of the succession of Pleistocene ice ages. This article
summarizeshow the theoryhas evolved since the pioneerstudies of James Crolland
MilutinMilankovitch,reviews recent evidence that supportsthe theory, and argues
that a majoropportunityis at hand to investigatethe physicalmechanisms by which
the climate system responds to orbitalforcing.Aftera survey of the kinds of models
that have been appliedto this problem,a strategy is suggested for buildingsimple,
physicallymotivatedmodels, and a time-dependentmodel is developedthat simulates
the historyof planetaryglaciationforthe past 500,000 years. Ignoringanthropogenic
and other possible sources of variationacting at frequencies higherthan one cycle
per 19,000 years, this model predictsthat the long-termcooling trend which began
some 6000 years ago willcontinue for the next 23,000 years.
tide, early attemptsto make such a test
encounteredboth observationaland theoretical difficulties.On the one hand, geologists found that their climatic records
were discontinuousand difficultto date
with sufficient accuracy. On the other
hand, climatologistswere uncertainhow
the climate system would respond to
changes in the income side of the radiation budget.
Duringthe past 25 years, and particularly over the past decade, the situation
has improved dramatically.On the observationalside, new techniques for acquiring, interpreting,and dating the paleoclimatic record-particularly as applied to deep-sea piston cores-have
yielded many records of late Pleistocene
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23,000, and 41,000 years-as predicted
by the simplest and most general(linear)
model of climatic response (4-10). If the
response is indeed only linear, then statistical analysis suggests that as much as
25 percent of the observed variance is
explained by orbital forcing (11, 12). If
the response is significantly nonlinear,
then the percentage of explained variance may well be larger (13). In any
event, there is substantialempiricalevidence both in the frequency domainand
in the time domainthat orbitalinfluences
are actually felt by the climate system.
At the same time, significantadvances
have been made in climate theory. A
new generation of radiation-balance
models has recently been applied to the
ice-age problemwith results that support
the astronomicaltheory (14-17). These
theoretical developments, combined
with advances in paleoclimatology, indicate that there is an opportunity to

make a fundamental shift in research
strategy(17). Specifically,we shouldaim
to identify mechanisms by which different parts of the climate system respond to changes in radiative boundary
conditions. The importance of this opportunity is that both the temporal and
the spatialstructureof these changes can
be specified exactly (18, 19). Except for
studies of the annualcycle, we know of
no other problem in climate dynamics
where the primaryexternalforcingterms
are known so precisely.
This opportunity can be exploited
most effectively by comparinggeological
observations with predictions derived
from physicallybased models of climate.
In the second part of this article we review the available models and distinguish between two types: an equilibrium
model of the form y = f(x), where the
climaticstate (y) has come to equilibrium
with the fixed orbitalboundarycondition
(x), and a differentialmodel of the form
dy/dt = f(y,x), where integrationyields
a history of climatic response to changing boundaryconditions.
In the third section of this article, we
recommenda strategyfor developingdifferentialmodels that are physically motivated yet simple enough so that theirfull
explanatory powers can be determined
by comparinga wide rangeof model variants with geological observations. Applying this strategyin the fourth section,
we develop a differentialmodel of the
form dy/dt = (1/Ti)(x - y). Here, the
inputx is a single function of time representingthe orbitalforcing, y is a measure
of the total volume of land ice, and Tiis a
pair of constants at our disposal. The
output of this model comparesfavorably
with the geological record of the past
250,000years. Thus, the model's prediction for the next 100,000years is useful
as a basis for forecasting how climate
would evolve at orbital frequencies in
the absence of anthropogenic disturbance. For intervals older than about
250,000 years, however, the match between actualand model climates deteriorates with age. In a final section, we
compare existing differential models,
suggest some improvements that could
be incorporated in future models, and
discuss the fundamentalquestions of climatic sensitivity and predictability.
AstronomicalTheoryof Climate
Orbital control of irradiation. If the

solar output is assumed to be constant,
the amountof solar radiationstrikingthe
top of the atmosphereat any given latitude and season is fixed by three ele-
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ments of the earth's orbit: the eccentricity (e), the obliquity of the ecliptic (e),
and the longitude of perihelion (t) with
respect to the moving vernal point (19).
Integrated over all latitudes and over an
entire year, the energy influx depends
only on e. However, the geographic and
seasonal pattern of irradiation essentially
depends only on e and on e sin tw, a parameter that describes how the precession of the equinoxes affects the seasonal configuration of earth-sun distances (20). When the value of e sin o for
A.D. 1950 is subtracted, the resulting
precession index, L(e sin to), is approximately equal to the deviation from the
1950 value of the earth-sun distance in
June, expressed as a fraction of the (invariant) semimajor axis of the earth's orbit (19, 21).
Orbital variation. Each of these orbital
elements is a quasi-periodic function of
time (Fig. 1). Although the curves have a
large number of sinusoidal components,
calculated spectra are dominated by a
small number of peaks. The most important term in the series expansion for eccentricity has a period calculated by Berger (22) to be 413,000 years. Eight of the
next 12 terms range from 95,000 to
136,000 years. In low-resolution spectra,
these terms contribute to a peak that is
often loosely referred to as the 100,000year eccentricity cycle. In contrast, the
spectrum of obliquity is relatively simple, dominated by components with periods near 41,000 years. The main components of the precession index have
periods near 23,000 and 19,000 years.
In low-resolution spectra, these are seen
as a single peak near 22,000 years.
The geometry of past and future orbits
has been calculated several times (23);
the most recent work is that of Berger
(19), whose results are used in this article
(24). The present value of e is 0.017.
Over the past million years, this value
944

plying the laws of radiation to the orbital
calculations of Pilgrim (25), he drew a set
of curves showing how the irradiation
intensity during the summer and winter half-years varies as a function of
time and latitude over the past 600,000
years. At all latitudes, the calculated
range of variation exceeds 5 percent of
modern values. Following a suggestion of
Koppen and Wegener (26), Milankovitch
concluded that the intensity of radiation
1950 value of the
earth-sun distance in
received at high northern latitudes durJune, expressed as a ing the summer was critical to the growth
- fraction of the semiand decay of ice sheets (27). Accordmajor axis of the
ingly, he focused attention on a curve
200
150
earth's orbit.
250
representing variations in radiation received during the summer half-year at
65?N (3, 26). Here, variations exceed 8
percent of modern values (28). This parhas ranged from 0.001 to 0.054. Over the ticular version of the astronomical theosame interval, the value of E (now 23.4?) ry is often referred to as the Milanhas ranged from 22.0? to 24.5?; and the kovitch theory of the ice ages.
Since the work of Croll and Milanprecession index (defined as zero for
A.D. 1950) has ranged from -6.9 to 3.7 kovitch, many investigations (29) have
been aimed at the central question of the
percent.
Climatic impact of orbital change.
astronomical theory of the ice ages: Do
The income side of the earth's annual ra- changes in orbital geometry cause
diation budget is the solar energy re- changes in climate that are geologically
ceived at the top of the atmosphere each detectable? On the one hand, climatoloyear. By determining how this income is gists have attacked the problem theoretidistributed in time and space, the geome- cally by adjusting the boundary conditry of the orbit controls both the march tions of energy-balance models, and then
of the seasons and the latitudinal ar- observing the magnitude of the calcurangement of climatic zones. Therefore, lated response. If these numerical experany change in the three orbital elements iments are viewed narrowly as a test of
that fix the irradiation pattern must bring the astronomical theory, they are open
about some climatic change. For ex- to question because the models used
ample, if eccentricity and obliquity were contain untested parameterizations of
both reduced from their present values important physical processes. Work with
to zero, the seasonal cycle would vanish early models suggested that the climatic
and pole-to-equator contrasts would response to orbital changes was too
sharpen. Or if the summer solstice were small to account for the succession of
shifted toward perihelion and away from Pleistocene ice ages (30, 31). But experiits present position relatively far from ments with a new generation of models
the sun, summers in the Northern Hemi- (14-17) suggest that orbital variations are
sphere would become warmer (and win- sufficient to account for major changes in
ters colder) than they are today.
the size of Northern Hemisphere ice
Evolution of ideas. In 1864, Croll (1) sheets.
On the other hand, geologists have
pointed out that orbitally driven variations in the annual energy influx depend proceeded empirically; that is, they have
only on eccentricity and are on the order attempted to match the historical record
of e2, or 0.1 percent. Like others who of climate against astronomical predichave considered the matter since (14, tions. For many years, these investiga19), he concluded that the direct influ- tions met with three difficulties: inence of these variations was probably completeness of the stratigraphic record,
too small to be detectable. However, he uncertainties in Pleistocene chronology,
argued that variations in the seasonal in- and ambiguities stemming from a priori
flux-which is a joint function of the assumptions about response mechathree orbital elements-were
large nisms. Since 1955, however, these diffienough to trigger a substantial climatic culties have been largely resolved (32,
response, namely the cycle of Pleisto- 33), and a substantial body of evidence
cene ice ages.
has been presented that changes in orbitMilankovitch
had
transal
1930,
By
(2)
geometry do cause changes in climate
formed Croll's semiquantitative argu- that are geologically detectable. In 1968,
ment into the mathematical framework Broecker et al. (34, 35) pointed out that
of an astronomical theory of climate. Ap- the curve for summertime irradiation at
Fig. 1. Variations in
orbital geometry as a
functionof time (K =
1000), according to
calculations by Berger (19). The climatic
effect of precessionis
recorded as an index
(Ae sin co)that is ap- proximately equal to
the deviationfrom its
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45?N was a much better match to the paleoclimatic records of the past 150,000
years than the curve for 65?N chosen by
Milankovitch. [Although subsequent
studies in the time domain have confirmed this correlation (21, 36), it should
be kept in mind that statistical correlations of this type do not point unambiguously to an underlying physical mechanism (37).] More recently, spectral analysis of climatic records of the past
450,000 (5, 6) and 730,000 (7-10) years
has provided substantial evidence
(summarized below in the subsection on
the response spectrum) that at least near
the frequencies of variation in obliquity
and precession, a considerable fraction
of the climatic variance is driven in some
way by insolation changes accompanying changes in the earth's orbit.
Moreover, certain phase relations between orbital forcing and climatic response are reasonably well defined. At a
frequency of one cycle per 41,000 years,
for example, isotopically recorded
changes in ice volume lag obliquity by
about 9000 years (5, 6).
Current status. This is not to say that
all important questions have been answered. In fact, one purpose of this article is to contribute to the solution of
one of the remaining major problems: the
origin and history of the 100,000-year climatic cycle. At least over the past
600,000 years, almost all climatic records
are dominated by variance components
in a narrow frequency band centered
near a 100,000-year cycle (5-8, 12, 21,
38). Yet a climatic response at these frequencies is not predicted by the Milankovitch version of the astronomical theory-or any other version that involves a
linear response (5, 6). This follows from
the fact that irradiation spectra are characterized almost completely by frequencies reflecting changes in obliquity E and
precession (e sin w). Eccentricity controls only the amplitude of the precession effect; its frequency components
do not appear in the precession spectrum
(39, 40). Because changes in insolation
that depend directly on eccentricity are
generally considered to be quantitatively
insignificant, it would not be reasonable
to formulate a model in which the climatic response depends directly on this parameter. Another problem is that most
published climatic records that are more
than 600,000 years old do not exhibit a
strong 100,000-year cycle. For example,
it is virtually absent from isotopic records of planetary ice volume that date
from earlier parts of the Pleistocene
Epoch (41), although it is probably an
important component of soil records
from Central Europe that span the past 2
29 FEBRUARY 1980

sponded to orbital forcing at the frequencies of variation in obliquity and precession. Therefore, we argue that the
time has come to make a fundamental
shift in research strategy: instead of using numerical models of climate to test
the astronomical theory, we should use
the geological record as a criterion
against which to judge the performance
of physically motivated models of climate (14, 17). Before proceeding further,
it is desirable to review the kinds of models that are available (46-52).

million years (42). As more detailed studies of older marine sequences become
available, it will be interesting to see if
the 100,000-year cycle is really absent
from this climatic record.
Strategy shift. Whatever the outcome
of future research on the 100,000-year
problem may be-and whatever stochastic (43, 44) or deterministic (45) processes may operate in addition to the astroconclusion seems
nomical causes-the
inescapable that for at least the past
730,000 years, the climate system has re-
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Fig. 2. System functionsof fourclimatemodels. Each panelis a stabilitydiagram-that is, a plot
showing how the rate of change in ice volume (dyldt)depends on ice-sheet size (y) at various
combinations(xi)of orbitalobliquity,eccentricity,andlongitudeof perihelion.The combination
most favoringice-sheet growth,x4, has e = 22.1?,e = 0.05, and o = 90?(perihelionin December). For given values of x, the system either tends to a stable equilibrium(@) or remainsin
unstableequilibrium(0). If a curve terminateson the axis of zero ice in such a way that for
smallvalues ofy the curve lies to the left of the dy/dt = 0 axis, then zero ice is also a stablefixed
point. (A) Stabilitydiagramfor Pollard'smodel(16), takenfromhis originalcurves but with the
scales transformedto match(B) to (D). (B) Stabilitydiagramfor Weertman'smodel (15). In the
neighborhoodof zero ice, the curves have a differentcharacterandare not shown. (C) Stability
diagramfor our optimumnonlinearmodel. The lines continue above the axis of zero ice. (D)
Stabilitydiagramfor Calder'smodel (59).
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Table 1. Complexityof some differentialmodels.

Survey of Response Models
Equilibrium models. Much of the theoretical work done to date has been with
equilibrium models of the form y = f(x),
where a system function (f) relates the
equilibrium climatic state (y) with the orbital boundary condition (x). In some
models, the output (y) is a vector quantity representing the climatic response at
different sites or in different parts of the
system, and the orbital input is specified
as a vector x = x(e,E,w).
Two classes of system functions have
been used. The first involves setting the
output equal to a linear combination of
insolation curves. This approach has
been widely used by geologists searching
for correlations between geological and
astronomical time series (53, 54). In
more complex models, f is generated
from a system of differential equations
designed to capture the fast physics of
the response process. The response f(x)
is obtained by integrating the equations
to equilibrium at fixed values of x. Several investigators have used models of this
type (14, 17, 30, 31). In the model developed by Suarez and Held (14), the response is forced by seasonal variations
in incident radiation at all latitudes. The
system function includes albedo feedback and heat storage in an isothermal
ocean 40 meters deep. Although the
model lacks an ice sheet, the output is a
set of latitudes representing the season-

Numberof adjustable
parameters(75)
Model

System
omInput function
plexity
function
(Ci)

This article
Linearmodel
Nonlinear
model
Calder(59)
Weertman(15)
Pollard(16)

f)

(Cf

index
(c)

2
2

1
2

3
4

2
3
0

2
5
12

4
8
12

al limits of snow cover and sea ice. The
model was run at 5000-year intervals
over the past 150,000 years, with successes as well as failures that are typical
of equilibrium models. During a model
ice age, the latitude of the Northern
Hemisphere snow limit shifts southward
by a realistic 20?. However, as would be
expected with an equilibrium model, the
geological record of climate lags significantly behind the model's response.
Differential models. To understand the
time-dependent behavior of the system,
including the observed lags between orbital forcing and the climatic response, a
differential
model
of
the
form
dy/dt = f(x,y) is required (55). As before, f represents the system function, x
is the orbital input, and y is some mea-

sure of the climatic state. Such a model
is necessary because the characteristic
time scales of the growth and decay of
ice sheets are known to be of the same
order of magnitude as the time scales of
orbital forcing (56, 57).
In a pioneering study of this kind,
Weertman (15) modeled the fluctuations
of a continental ice sheet as a function of
changing solar radiation. The profile of
this model ice sheet is governed by the
assumptions that ice flows as a perfectly
plastic solid and that the crust subsides
isostatically. Input to the model is the radiation received at 50?N during the summer half-year; output is the extent of the
ice sheet (in kilometers). The system
function is a set of equations containing
five parameters, each of which may be
adjusted within physically reasonable
limits. A typical system function is
shown in Fig. 2B. Experiments designed
to simulate the glacial response to orbital
variations over the past 2 million years
indicate that the model physics is adequate to account for the magnitude of the
known fluctuations in ice-sheet dimensions. The structure of the model response in the time domain is quite sensitive to small adjustments in certain parameters, although the response of the
model in the frequency domain is more
robust (58). In addition to significant responses at the forcing periods (near
19,000, 23,000, and 41,000 years),
spectra calculated from the model output
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K years ago
inputs explored in this article. Each curve is a functionx = e + a e
sin (w - O)),wherethe orbitalelementsE,e, andcoarefunctionsof timeanda and (4are adjustableparameters.Each curvecorrespondsin shapeto
some irradiationcurve. For example, curve B correspondsto the irradiationcurve for July at 65?N(37). Curveshave been normalizedto have
zero mean(indicatedby marks)and unit standarddeviation. Values of Q)are given in thousandsof years, with the conventionthat 27I= 22,000
years.
Fig. 4 (right).Response characteristicsof the system functionof our optimummodel. This functionhas a meantime constant Tm=
17,000 years, and a ratio of 4 : 1 between the time constants of glacial growth and melting. (A) System response to a step input. (B) System
response to an orbitalinput(a = -2 and 4) = 2000years) correspondingto an irradiationcurve for July at 65?N.As in Fig. 3, the inputcurve is
normalizedto zero mean and unit standarddeviation.The response curve is not normalizedhere as it is in Figs. 5 to 8.
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exhibit significantlong-periodresponses
in the range 100,000to 400,000 yearsresponses which Birchfield and Weertman (58) attributeto nonlinearitiesassociated with the growth and decay of ice
sheets.
A considerable advance in modeling
complexity was recently made by Pollard (16), who coupled Weertman'sicesheet model to an energy-balancemodel
of the atmosphere. The model extends
over 180?of latitude, is averaged over
360?of longitude, and has two polar ice
caps. The weatherduringany given year
is a joint function of the incomingradiation and the extent of the ice sheets.
Model input is the radiation received
each month at all latitudes;output is the
latitude of the equatorwardtip of the
Northern Hemisphere ice sheet. The
system functionis a set of equationswith
12 adjustableparametersto describe energy transfers and ice-sheet dynamics
(Fig. 2A). As in Weertman'smodel, simulation experiments covering the last
300,000years reveal substantialsensitivity to parameterization.One choice of
parametersgives a reasonably accurate
simulation of the climate record of the
past 150,000years, but the earlierrecord
is not well simulated.
A much simplerdifferentialmodel was
proposedby Calder(59). Here, the input

is the radiationreceived at 50?N during
the summerhalf-year, and the output is
an estimate of global ice volume. The
system function is derived by fixing the
values of two parameters(a criticalvalue
of the input, and a ratio of response rates
above and below this value) and by imposing an upperlimit on the output (Fig.
2D). Accordingto experimentswe have
performed,the output is quite sensitive
to small changes in the values of these
parameters.For one choice of parameters, Caldergives a simulationextending
over the past 800,000 years. The results
for the past 150,000years are quite good.
As documentedbelow, the spectrum of
this output contains significantpower at
cycles of 100,000years and longer.

sponse are of the same order as the time
scales of the orbital forcing (57). If the
history of the ice sheets could be successfully simulated,the extent of the ice
sheets and the configuration of the
earth's orbit could be used as boundary
conditions for modeling the faster responses of the atmosphere and the
ocean.
One possible strategy for understanding the behavior of the Pleistocene ice
sheets is to applyall availableknowledge
of climate physics to the creation of the
most realistic model possible. As described above, Pollard and Weertman
have made considerableprogress in this
direction-yet results fall short of an
adequatesimulation.In the remainderof
this article, we will follow an alternative
strategy which attempts to capture the
essential featuresof more complex modDeveloping Differential Models
els in a class of simple models. Perhaps
Development strategy. We wish to for- the chief virtue of this strategy is that it
mulatea strategythat takes advantageof becomes possible to uncover the full exour knowledgeof the history of climate's planatorypower of a given class of modresponse to changes in the irradiation els by tuning-that is, by adjustingthe
pattern.As a startingpoint, we choose to model parametersover a range of physmodel globalice volume because there is ically reasonable values until the optia continuous isotopic record of this mum model variant is identified. If the
quantity over the past million years (7, optimum model is unable to predict im33), and because the cryosphere is prob- portantfeaturesof the paleoclimaticrecably the only part of the climate system ord, then its failurescan be used to sugwhose characteristictime scales of re- gest improvementsin the basic structure
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model without destroying its predictive
abilities (60). We propose to simplify
at the outset.
Model complexity. Tuning a model to
the climatic record is an essential feature
of our strategy for developing a simple
class of differential models. To see how
drastically complexity affects one's ability to tune a model, define the complexity
(c) to be the total number of adjustable
parameters. We include in this total any
parameter that can be adjusted within

of the mo)del. At each stage in the development process, knowledge of more
complex models should provide useful
ideas abo)ut what new features ought to
be incorp orated into the model.
Anothe r reason for developing simple
models is that even if a complex model
yields a successful simulation, it may
be difficult to understand what features
of the model are the basis of its success. To achieve this understanding,
it would be necessary to simplify the

Table 2. Radiometricestimates for the age of climaticevents comparedwith model estimates.
Ages are given in thousandsof years beforepresent. Eventswith radiometricages were used in
tuningour model. Uncertaintylimits for radiometricages includeanalyticaland other sources
of error.
Climaticevent

Radiometric
year)
(

Reference

6+ 1

(76)

6

18 - 2
1862
82 ? 6

(77)

17

(78)

105 + 6

(78)

125 ?+ 6
127 ? 6

(78)
(21)

80
88
100
107
122
1227
127
133
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335

Holocenelthermalmaximum(nearthe sites of
Northenn Hemisphereice sheets)
Last glaciad maximm
maximum
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(stage
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imof stage Sa
Ice maximum of stage 5b
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Ocean(5). (D) Oxygenisotope curve for deep-seacore V28-238(7) fromthe PacificOcean [Pee
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the constraints of physical plausibility to
make significant changes in the system
function. Some of these parameters may
vary over a large range and make large
changes in the system function, while
others may be relatively restricted. For
purposes of comparison, however, we
count all of them equally. Some of the
parameters (Cf) will occur in the system
function. As explained in the next section, others (ci) will occur in the input, so
that c = cf + ci. In the models previously discussed, c ranges from 4 to 12
(Table 1). If each parameter is adjusted
over only three levels, then 3c experiments are necessary. Such a search procedure for Calder's model (81 experiments) is relatively easy, but for Pollard's it would require more than 500,000
experiments.
Parameterizing the input. At higher
levels in the modeling hierarchy, where
responses to incoming radiation are calculated for all latitudes and months, the
orbital input x = x(e,e,w) has no adjustable parameters. At lower levels, linear
combinations of irradiation curves at
various latitudes and seasons are the
most natural choices for input. How
many parameters are required to scan all
possible inputs of this form? If the scale
of the input makes a difference to a model
(as it does for Weertman's), three parameters are required because, to an excellent approximation, any insolation curve
is a linear combination of e, e sin co, and
e cos co (61). However, if only the
shape of the input curve is important
^ the scale is arbitrary, then the numand
ber of parameters is reduced to two.
To take advantage of this fact, the input to our model is defined as a single
function of time x = E + a e sin(co - )),
where a and 0 are adjustable parameters
and E, e, and Xcare the orbital elements
previously defined (normalized to unit
variance). The parameter 0 controls the
phase of the precession effect, aand is
linked to the season of the in~
solation curve that x would represent
(20). To facilitate comparison with the
geological record, we have chosen to define ( with respect to the number of
years in an average precessional cycle,
so that 2rr radians equals 22,000 years.
The parameter a controls the ratio of
precession and obliquity effects, and is
therefore related to the latitude of the insolation curve that x would represent.
The effect on the input curves of exploring the two-parameter space is shown in
Fig. 3.
The system function. In accordance
with our general strategy for developing
differental models, one should keep
both physical principles and the climatic
SCIENCE, VOL. 207

record in mindwhen designinga class of
system functions. In addition, a minimum of complexity is desirableto allow
for the tuningprocess, and the functions
should have the potential for producing
output spectra close to the known climatic spectra.
A good forum for designing and comparing system functions is the stability
diagram(Fig. 2), first introducedin the
present context by Pollard(16). The stability diagramis a plot of dy/dt = f(x,y)
againsty at several fixed values of x. At
constant x, points where the curves
cross the dy/dt = 0 axis are either stable
or unstable fixed points of the system,
dependingon the direction of crossing.
The plot is useful in visualizing the behavior of a given system in response to
orbitalforcing. Thus it can also be used
to construct functions that realize a
mechanismunder consideration.
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Oxygenisotope curve for deep-sea cores RC11-120and E49-18fromthe southernIndianOcean
Designing the system function. As an (5). (C) Oxygen isotope curve for deep-sea core V28-238(6) fromthe PacificOcean (PDB stanapplicationof the ideas presented in the dard). Curves B and C are plotted against the TUNE-UP time scale of Hays et al. (5). (D)
last section, we begin by constructing Outputof a model due to Calder(59). Ice-volumescales in (A) and (D) matchthose in Fig. 2C
and D.
the
model
of
A Simple Nonlinear Model

simplest
capable simulating
the geologically observed lag between
orbital variation and climatic response.
Considerthe radiation-climatesystem as
a pot of water over a fire, with the heat
inputvaryingover time. If the inputwere
constant, the water would approachan
equilibriumtemperaturewith some characteristic time constant, T. In a first approximation,the system is linear;that is,
the rate of approachtoward equilibrium
is proportionalto the differencebetween
the momentaryand equilibriumtemperatures. Such a system would be described by the equation

initial condition to die out before reaching the intervalstudied(the past 500,000
and next 100,000 years). The resulting
simulationof the real isotopic curve was
poor. Moreover, because the model is
linear, the spectrum of the output contained power only at the forcing periods
(near 19,000, 23,000, and 41,000 years).
None was present at the longer periods
associated with eccentricity.
To extract eccentricity frequencies
from any model in a physically reasonable way, some form of nonlinearityis
1
dy
There are several indications
(X
(1)
required.
y)
dt=
T
dt
that one source of nonlinearbehavior is
A time lag of 9000 ? 3000 years has been the tendency for ice sheets to shrinkfasmeasured between the orbital input and ter than they grow. On the one hand, thethe 41,000-year component of the isotop- oretical arguments suggest that growth
ic response (5). By solving Eq. 1 for a times of land-basedice sheets are consinusoidal input with a period equal to siderably longer than shrinkage times
that of the obliquity cycle (41,000 years), (62), and that instabilities in marinewe calculate that the time constant based ice sheets probably augment this
needed to produce such a lag would be dynamic asymmetry (63). On the other
greater than 8500 years, in rough agree- hand, there is abundant historical eviment with time constants derived from dence from studies of isotopic curves
physical models of ice sheets (57).
(21) that majorglaciationsterminatefasTo test this linear model against the ter than they begin (64). These physical
geologic record, we used a wide selec- considerationslead us to a simple, nontion of orbital inputs, a range of T be- linear model of the form dy/dt =
tween 3000 and 30,000 years, and a mean (1/Ti)(x - y), where the rate of climatic
value of x as an initial value for y. In- change is now made inversely proportegration was carried out numerically at tional to a time constant that assumes
time steps of 1000 years starting 1 million one of two specifiedvalues dependingon
years ago, thus allowing the effects of the whether the climate is warming(Tw)or
29 FEBRUARY 1980

cooling (To).As with the linear model, if
x is held fixed, the output y approaches
equilibrium response at y = x. The
way in which such a model respondsto a
step input is shown in Fig. 4.
In testing this model we found it convenient to rewritethe system equationas
1+ b
dy

dt

y)

if x - y

1 - b (x - y)

if x < y

Tm

Tm

(x

-

(2)

where Tmis the mean time constant of
the system, and b is a nonlinearitycoefficient (0 < b < 1) defined in such a way
that larger values of b correspond to
larger values of T/T,. Thus, if b = 0,
Eq. 2 reduces to Eq. 1. As b varies between 1/3 and 2/3, the ratio of time constants varies between 2 and 5.
Tuning: The past 150,000 years. The
model's four adjustable parametersare
the mean time constant (Tm),the nonlinearitycoefficient(b), and two parameters
that fix the latitudinal(a) and seasonal
(P) characteristicsof the orbital input.
We first explored this four-parameter
space with a reasonably coarse mesh,
and found by makingrough comparisons
of the output against the geological record of the last 500,000years thatthe optimummodel would lie in the followingregion: Tmfrom 7000 to 30,000 years, b
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from 0.3 to 0.75, a from -1 to -3, and (
from 0 to 6000 years.
Because the chronology and form of
the younger climatic record are better
known than those of older intervals, and
because we wished to allow for the possibility that climate is a nonstationary
system, we elected to fine-tune the model against certain features of the geological record of the past 150,000 years. We

found that the general form of the model's response was rather robust against
the parametric adjustments performed in
tuning the model (Figs. 5 and 6). The timing and relative magnitude of the six climatic events for which radiometric ages
are given in Table 2 were compared visually with model outputs. These tuning
experiments indicate that the optimum
model lies in the neighborhood of the fol-
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lowing values: Tm = 17,000 years, b =
0.6 (corresponding to Tc = 42,500 years,
Tw = 10,600 years, and Tc/Tw = 4),
a = -2, and 0 = 2000 years (65). The
corresponding system function is shown
in Fig. 2C. Expressed in terms of radiation for a single month, the orbital input
to our optimum model corresponds to
the curve for July at 65?N. The same input could also be expressed as combinations of other latitudes and seasons. For
example, the insolation for the summer
half-year centered on July at 50?N is very
close to our input curve.
This simple model's simulation of the
past 150,000 years of climate is reasonably good (Table 2 and Fig. 6)-in fact,
somewhat better than that achieved by
the more complex but untuned models
discussed previously. Not only are the
calculated ages for the main features of
the isotopic curve reproduced rather
closely, but also the relative magnitudes
of all of the major features of the climate
curve are reproduced satisfactorily back
through isotopic stage 6. Figure 4 shows
that the absolute magnitude of the model's cooling responses would be very
large if the input were fixed at a typical
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output spectra of two climate-responsemodels (80). (A) Solid peaks are the spectrumof
the input to our optimummodel. Open peaks
are the spectrumof variationsin eccentricity
calculatedfromdataof Berger(19). The dominantperiodsof these orbitalvariations,calculated by Berger (22), are indicated in thousandsof yearsandby dottedverticallines. (B)
Spectrumof the outputof our optimummodel. Note the low-frequencypeaks not foundin
the model input. (C) Solid line shows spectrumof variationsin 8180froma 468,000-year
record in the southernIndianOcean. Dashed
line shows spectrumof same data after prewhiteningwith a first-differencefilter to emphasizedetailsin the higherfrequencies.Data
are from Hays et al. (5), with the spectrum
calculatedon their TUNE-UP time scale. (D)
Solid line shows spectrum of variations in
6880 from a 730,000-yearcore record in the
PacificOcean. Dashedline shows spectrumof
the same datalifter prewhiteningwith a firstdifference filter to emphasize details in the
higher frequencies. Isotopic data are from
Shackletonand Opdyke (7). Time scale and
unprewhitenedspectrumare from Kominzet
al. (8, 9). (E) Spectrumof the outputof a response model due to Calder (59). Note the
low-frequencypeaksnot foundin this model's
orbitalinput, whose spectrumis almost identical to that shownby solid peaks in (A). Data
for (A), (B), and (E) span approximatelythe
last million years. The bandwidth (BW) of
each spectrum is indicated by horizontal
lines. Horizontalbars withinpeaks in (C) and
(D) are the lower boundsof one-sided90 percent confidence intervals attached to estimates of peak heights. For each prewhitened
spectrumin (C) and (D), the level of a rednoise continuumis markedby arrows.
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low value. Such extreme responses do
not occur in model outputs because the
input oscillates relatively rapidly.
Model predictions. Radiometric ages
for six of the climatic events listed in
Table 2 were used in tuning the model.
Calculated ages for the six other events
may therefore be considered as predictions to be checked against the results of
independent research. In addition, the
model contains a prediction for the
course of future climate (Fig. 7). Specifically, we take the model output to indicate that orbital forcing will act over
the next 23,000 years to continue the
general cooling trend that began some
6000 years ago. This effect must be superimposed on variations that will occur
at frequencies higher than one cycle per
19,000 years, and on anthropogenic effects such as a possible warming due to
an increase in carbon dioxide levels.
This conclusion is robust against substantial parametric adjustments (Figs. 4
and 5) and consistent with many (21, 59,
66) but not all (54, 67) earlier predictions.
The past 500,000 years. As noted
above, the model's simulation of the isotopic record of ice volume over the past
150,000 years is quite good. But results
for earlier times are mixed, and parametric adjustments do little or nothing to improve matters (Figs. 7 and 8). Between
150,000 and 250,000 years ago, most features are reasonably well simulated, and
as far back as 350,000 years there are significant correlations. But beyond 350,000
years, the correlation with the geologic
record diminishes significantly.
It is useful to analyze two aspects of
the model's performance separately.
First, we are interested in its ability to
simulate the four sharp upward excursions of the isotope record known as terminations I, II, IV, and V (21), which occur at the base of stages 1, 5, 9, and 11,
respectively (Fig. 8). Of these, I, II, and
IV are well simulated, but V is not. Second, we are interested in the model's
ability to simulate the relative magnitude
of the main peaks and valleys of the isotope curve. This ability decreases systematically with age, although in some
cases (for example, the exaggerated
model peak at 170,000 years before present) minor but as yet unresolved discrepancies among published 8180 curves
make it difficult to evaluate the seriousness of model failures. Older instances of
model failure occur in isotope stage 8,
the upper part of stage 9, the upper part
of stage 11, and stage 12. We note that
Calder's model does significantly better
in stages 8 and 11, but has problems similar to ours in other parts of the older record (Fig. 8).
29 FEBRUARY 1980

0.04

-

0.02

-

-/\A /~-

-2

_.

0
o,

-1 V
I
0

2

y
I

I
4

Years ago (x105)

Response spectrum. Another way of
evaluating the model's performance is to
examine the spectrum of its response. To
simplify the discussion, we will refer to
the period of spectral peaks in units of K
(= 1000 years). As discussed above, the
input to our model has periodicities only
near 19K, 23K, and 41K, and lacks power at the 100K and 413K eccentricity cycles (Fig. 9A). Yet the isotopic record we
are trying to simulate has a dominant periodicity near 100K, in addition to the
components near 19K, 23K, and 41K
(Fig. 9, C and D). As would be expected
from the nonlinearity in our model, the
output contains power not only at the
forcing periods but also at both periods
of the eccentricity cycle (Fig. 9B). Although the resulting spectrum is a better
simulation than could be obtained with
any linear model, it has too much power
at 413K and too little at 100K. Power at
10OKhas also been found in the models
of Weertman (15) and Calder (59). The
spectrum of Calder's model (Fig. 9E)
contains less 413K power than does the
spectrum of our model. However, this is
achieved at the expense of introducing
spurious power near 200K, which arises
as the second harmonic of the 413K
cycle when that cycle is clipped by the
cutoff in his model. Both models exaggerate the amount of power at 23K and
19K compared with that at 41K.

Improving the Model
The goal of our modeling effort has
been to simulate the climatic response to
orbital variations over the past 500,000
years (68, 69). The resulting model fails
to simulate four important aspects of this
record. It fails to produce sufficient 100K
power; it produces too much 23K and
19K power; it produces too much 413K

I'
6

' 1

Fig. 10. Eccentricity
and global ice volume
over the past 730,000
years. (A) Variations
in orbital eccentricity
calculated by Berger
(19). (B) Oxygen isotope curve for deepsea core V28-238
from the Pacific
Ocean. Data from
Shackleton and Opdyke (7) are plotted
againstthe PDB standardon the time scale
of Kominz et al. (8,
9). Note the phase coherence between the
100,000-year eccentricity cycle and all
but the oldest major
isotopic fluctuation.

power; and it loses its match with the
record around the time of the last 413K
eccentricity minimum, when values of e
were low and the amplitude of the 1OOK
eccentricity cycle was much reduced.
All of these failures are related to a fundamental shortcoming in the generation
of 1OOKpower. Since the model needs
23K and 19K power to produce its IOOK
power, there must be a trade-off between
the goals of copious 1OOKpower and
sparse 23K and 19K power. Moreover,
the model cannot distinguish the 413K
and 1OOKeccentricity cycles, so another
trade-off takes place here. Finally, a
comparison of the warm climatic excursion of 340K to 450K years ago with the
eccentricity during that interval (Fig. 10)
shows why the model loses its match
with the record at that point, and why
termination V is not simulated.
A resonance in the climatic system or
an intrinsic tendency to oscillate at 1OOK
might resolve all these problems. Unfortunately, the physical basis for such response characteristics seems to be lacking (70).
Another approach to the problem is
suggested by comparing the stability diagrams of our model with those of Weertman and Pollard (Fig. 2). Their system
functions, when examined at constant input x, typically possess two stable fixed
points with an unstable point between
(71). One stable point is at full glaciation,
the other at zero ice. An attractive idea
for solving some of the problems cited
above would be to use the slow-coolingrapid-warming mechanism to set up a
model that would flip-flop back and forth
between stable points in response to
changes in the envelope of the precession curve. The stable points would
move about and even disappear as x varied, thus allowing the high-frequency
components of the input to show up in
951

the fine structure of the output. In addition, a pair of stable points would provide natural upper and lower limits to the
output-an

appealing feature of the mod-

els of Weertman and Pollard.
The existence of an unstable fixed
sensipoint makes tuning
point
tuning an extremely
extremely sensitive task. For example, Weertmannotes

that changingthe value of one parameter
by less than 1 percent

of its physically

5. J. D. Hays, J. Imbrie, N. J. Shackleton, Science
194, 1121 (1976).
6. D. L. Evans and H. J. Freeland,ibid. 198, 528
(1977); J. D. Hays, J. Imbrie, N. J. Shackleton,
ibid., p. 529.

7. N. J. ShackletonandN. D. Opdyke,Quat.Res.
(N. Y.) 3, 39 (1973).
8. M. A. Kominz, G. R. Heath, T.-L. Ku, N. G.

Pisias, EarthPlanet. Sci. Lett. 45, 394 (1979).
9. E. A. Mankinenand G. B. Dalrymple,J. Geophys. Res. 84, 615 (1979).
10. c. G. H. Rooth, C. Emiliani,and H. W. Poor

the rest virtually unrun while leaving
n~run,
WUIeeaingmeretirtaly
changed (15). Such sensitivity has ren-

ences operatingover a frequencyrangefrom 1

dered unsuccessful our preliminary efforts to produce a good system function
.
^ 3a 3-n
.ba^
o.
t
based on the flip-flopprinciple.
it
Indeed,
is possible that no function will yield a
good simulation of the entire 500,000here,
year record under consideration
because
nonorbitally forced high-frequency fluctuations may have caused the

system to flip or flop in an unpredictable
fashion. This would be an example of
Lorenz's concept (72) of an almost intransitive system (one whose characteristics over Iong but finite
isicslonge
over
iintervals s of
time depend strongly on initial conditions).

It is tempting to call upon an unpredictable shift of this kind to explain
warm excursions

at times when eccen-

tricity was continuously low (the fourth
problem

mentioned

above).

However,

the regularityof the 1OOKclimaticcycle,
and particularlyits phase coherence with
the 1OOK eccentricity

cycle over the last

650,000 years (Fig. 10), argue for predict-

ability. Thus, there is a basic conflictbetween the apparent predictability of the
record and the sensitivity that models

will need in order to reproducethe record accurately. It is therefore very important to decide how many features of
the record can be simulated by a deterministic model forced by orbital variations (73). Progress in this direction will
indicate what
indicate
what
long-term variations need
to be explainedwithin the frameworkof
a stochastic model (74), and provide a
basis for estimating the degree of unpredictability

in climate.
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DNA Gyrase and the
Supercoiling of DNA
Nicholas R. Cozzarelli

Virtually all duplex DNA exists naturally in a negatively supertwisted form.
This supertwisting is an important facet
of the processes of DNA replication,
transcription, and recombination. Just 4
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years ago, a bacterial enzyme that introduces negative supertwistsinto DNA
was discovered by Gellert et al., who
christened it DNA gyrase (1). This article describes how the rapidly advanc-

functionthat can be specifiedexactly, it is best
to exhaust the explanatorypower of the astronomicaltheoryfirst.
74. Building stochastic models to understandthe
variationsunexplainedby deterministicmodels
is a relativelyundevelopedfield for the rangeof
frequencies under considerationin this article
(12). A modelproposedby Hasselmann(43)generates a red-noise oceanic response to whitenoise atmosphericforcing. Almost-intransitive
models (72) provide anotherpotentiallyfruitful
avenue of research.
75. Two input parameters, correspondingto the
choice of latitudeand season (or a and b), are
assignedto modelsthatuse a singleinputcurve.
If the scale of the inputis important,then a third
parameteris assigned.All other parametersare
counted in cf. For the linear model there is one
time constant only; for the nonlinear model
there are warmingand cooling time constants;
for Calder'smodel there is a ratio of warming
andcoolingresponseratesand a criticalvalueof
the input;and for Weertman'smodel there are
accumulationand ablation rates, basal shear
stress, slope of the snow line, and a criticalvalue of the input.
76. J. Iversen, Dan. Geol. Unders. 5 (1973);J. C.
Bernaboand T. Webb. Quat. Res. (N.Y.) 8, 64
(1977); H. E. Wright, Jr., Annu. Rev. Earth
Planet. Sci. 5, 123 (1977).
77. N. G. Pisias, Geol. Soc. Am. Mem. 145 (1976),
p. 375, table 2.
78. K. J. Mesolella,R. K. Matthews,W. S. Broecker, D. L. Thurber,J. Geol. 77, 250 (1969).
79. N. J. Shackleton, Proc. R. Soc. London. Ser. B

174, 135 (1969).
80. All spectra have been calculatedby using standard autocorrelationprocedures identical to
those describedin (5). Let N be the numberof
sample points, m be the numberof lags, At be
the samplingintervalin K years, and C be the
constantof a first-difference
filter.For the model
in Fig. 9, A andB, N =
inputandoutputspectra
501, m = 199,and At = 2K. For the eccentricity
spectrumin Fig. 9A, N = 551, m = 199, and At
= 2K. In Fig. 9C, N = 157, m = 50, At = 3K,
and C = 0.998 for the prewhitenedspectrum.In
Fig. 9D, N = 122,m = 61, and At = 6K for the
unprewhitenedspectrumandN = 122,m = 47,
At = 6K, and C = 0.998 for the prewhitened
spectrum.In Fig. 9E, N = 367, m = 133,and At
= 3K. Confidence intervals and bandwidths
have been calculatedby proceduresgiven in G.
M. Jenkinsand D. G. Watts [Spectral Analysis
and its Applications (Holden-Day, San Francisco, 1968)].
81. Supported by NSF grants OCD75-14934and
ATM77-07755to Brown University. K. Bryan,
I. M. Held, J. M. Mitchell,Jr., T. C. Moore,Jr.,
W. F. Ruddiman,T. WebbIII, andJ. Weertman
criticallyread an earlier version of this article
and madevaluablesuggestionsfor improvingit.
We thankR. M. MellorandT. A. Petersfor preparingthe typescript.This paperwill be presented as a RichardFoster Flintlectureat Yale University, New Haven, Conn., on 4 March1980.

ing studies of gyrase have traversed a
spectrumof topics of contemporaryinterest includingthe mechanismof supercoiling, the energetics of macromolecular movement, the conversion of DNA
into complex topological forms, the sitespecificbindingof enzymes to DNA, the
reversible association of enzyme subunits, and the mechanismof inhibitorsof
DNA synthesis. It is a propitious time
for a review of gyrase, since criticalfeatures of the enzyme can now be explainedsatisfactorilyby the recentlyproposed mechanismtermed sign inversion
(2). This article focuses on the enzyme
from Escherichia coli about which most
is known (3).
The authoris a professor of biochemistryat the
Universityof Chicago,920 East 58 Street, Chicago,
Illinois60637.

0036-8075/80/0229-0953$01.75/0
Copyright? 1980AAAS

953

