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Abstract The mid-Pleistocene climate transition is a
complex global change leading to Late Pleistocene ice
ages with increased mean ice volume and dominant
100-ka cycle. A thorough understanding of this
transition demands quantitative investigations in the
time and frequency domains, and in the ‘‘stochastic
domain’’. Three methods of time-series analysis are
presented which have been adapted for this purpose.
They are tested by means of predefined, artificial time
series and applied to benthic oxygen isotope (d18O)
records which serve as ice volume indicator. Results are
as follows: (a) The time-dependent mean shows an
increase of 0.35& vs PDB from 942 to 892 ka. (b)
Evolutionary spectral analysis reveals an abrupt in-
crease of 100-ka cycle amplitude at approximately
650 ka. (c) Probability density function exhibits a bifur-
cation behavior at approximately 725 ka. These find-
ings point to a multiple transition from a more linear
climate system to a strong nonlinear system. The signif-
icant lead of the transition in mean, in relation to the
100-ka amplitude change and bifurcation is left open
for explanation.

Key words Climate transition · Pleistocene · Oxygen
isotopes · Time-dependent mean · Evolutionary
spectral analysis · Probability density function

Introduction

Oxygen isotope data from deep-sea sediment cores are
widely used as a proxy for estimating ice volume and
seawater temperatures in the geologic past. Astronomic

tuning of the isotope record, in addition to high-
precision 40Ar/39Ar ages, provides a time resolution
down to a few thousand years on average for Plio-/
Pleistocene sedimentary sequences. In such data, short-
term changes are detectable in addition to long-term
trends and oscillations.

In several deep-sea cores we observed the general
cooling trend during the Pliocene corresponding to the
formation of northern hemisphere’s ice cap which led to
the ‘‘icehouse’’ state 2.5 million years ago (e.g., Shackle-
ton et al. 1984; Raymo 1994; Tiedemann et al. 1994).
The latest part of the Pliocene and the Quaternary
period are characterized by large oscillations, abrupt
changes, and further cooling in the Early Pleistocene.
The mid-Pleistocene climate transition, sometimes
called mid-Pleistocene revolution, which brought the
system into the Late Pleistocene ice ages, consists of
changes in both mean value (time domain) of ice vol-
ume, and in strength of the 100-ka cycle (frequency
domain). Statements about timing of the mid-
Pleistocene climate transition disagree, both concern-
ing the position of the midpoint and the rate of change
(Tables 1, 2).

To better define the transition, therefore, we under-
took quantitative investigations in the time and fre-
quency domains. In addition, we use the stochastic
concept of time-dependent probability density function
(PDF) which can exhibit bifurcation behavior. The
PDF describes the distribution of the ice volume values
(shape, range). Bifurcation means the transition from a
one-modal density to a PDF with two distinct modes.
Such a transition would indicate that the dynamic state
of the climate system has changed. For example, unsta-
ble, irregular states may be attained by the system upon
exceeding a threshold value for a certain climate para-
meter (e.g., Maasch and Saltzman 1990; Matteucci
1990; Saltzman 1990). Based on climate model ana-
lyses, the mid-Pleistocene climate transition has been
considered as bifurcation behavior (Maasch and Saltz-
man 1990; Ghil 1994).



Table 1 Previous results (time
domain) on the mid-Pleistocene
climate transition, using d18O
records, compared with the
results from this study

Mean Standard deviation Reference

Increase at 915 ka, Increase at 915 ka Prell (1982)!
duration: )50 ka,
amplitude: (0.36&

Increase at 915 ka, Increase at 915 ka Maasch (1988)!
duration: (abrupt),
amplitude: 0.18&

Increase at 900 ka, Gradual increase (by a factor of DeBlonde and
duration: (abrupt) &1.6) between 1100 ka, or 850 ka, Peltier (1991)

respectively, and 650 ka

Increase at 910 ka Berger and
duration: 20 ka Jansen (1994)

Increase at 917$19 ka, Increase (by a factor of 1.3$0.1) at This study"

duration: 50$10 ka, 850 ka, or 625 ka, respectively,
amplitude: 0.35$0.07& duration: 275$35 ka

! Quoted ages were corrected corresponding to an actualized magnetostratigraphic timescale (Top
Jaramillo"915 ka; Spell and McDougall 1992)
"Error quotations are 1 p of the weighted average (maximum of internal/external error). Since the
errors of start and end time are positively correlated, the errors of duration and midpoint do not
follow from simple error propagation, but are smaller. Based on the calculations in the ‘‘automatic
mode’’ of the regression (see text), we used the following individual results for averaging. Mean:
midpoint"920$35 ka (DSDP 607) and 915$23 ka (ODP 659) respectively; duration"70$
10 ka (DSDP 607) and 45$5 ka (ODP 659), Standard deviation: midpoint"625$50 ka (DSDP
607) and 850$50 ka (ODP 659), respectively; duration"250$50 ka (DSDP 607) and 300$50 ka,
respectively (ODP 659)

Table 2 Previous results
(frequency domain) on the mid-
Pleistocene climate transition,
using d18O records, compared
with the results from this study

100-ka amplitude 41-ka amplitude Reference

Distinct increase at 900 ka General increase from Pisias and Moore
1300 to 600 ka, marked (1981)!
decrease at 600 ka

Progressive increase from Pestiaux and Berger
[940 ka; 1340 ka] to (1984)!
[0; 740 ka]
Clear increase from Nearly constant since 1300 ka Shackleton et al.
[550 ka; 1300 ka] to (1988)!
[0; 550 ka]
Increase between 920 and Decrease between 1180 and Ruddiman et al.
750 ka, strong increase between 590 ka (1989)!
750 and 640 ka
Gradual increase between Gradual decrease between 1250 Berger and Wefer
1250 and 620 ka and 620 ka (1992)
Increase at 1000 ka Nearly constant since 3000 ka Birchfield and Ghil

(1993)
Gradual increase between Decrease at 1000 ka Park and Maasch
1000 and 500 ka (1993)
Increase between 1000 and Decrease between 1000 and Tiedemann et al.
500 ka 500 ka (1994)
Multi-step transition since Persistent, through variable, Bolton et al. (1995)"
900 ka, strongest change since 2000 ka
at 750 ka
Abrupt increase at 700 ka Abrupt decrease at 700 ka Lau and Weng

(1995)"

Abrupt increase at 650 ka Nearly constant since 1100 ka This study

! Quoted ages were corrected corresponding to an actual magnetostratigraphic timescale
(Brunhes/Matuyama"778 ka; Singer and Pringle 1996), Top Jaramillo"915 ka (Spell and
McDougall 1992), Base Jaramillo"1010 ka (Spell and McDougall 1992), Cobb Mountain"
1172 ka (Spell and McDougall 1992; Turrin et al. 1994)
"Method: wavelet analysis
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Fig. 1 Assumed ramp form of a transition; transition parameters

The Grassberger-Procaccia algorithm, another tool
for analyzing nonlinear dynamic systems, was applied
to oxygen isotope records in order to estimate the
dimension of the Plio-/Pleistocene climate system
(Mudelsee and Stattegger 1994; Mudelsee 1995). The
limited amount of data (less than ca. 1200 points)
turned out to be a principal obstacle, allowing merely
an estimated lower bound of approximately five signific-
ant climate variables.

In this paper, three methods of time-series analysis
(time-dependent mean and standard deviation, evolu-
tionary spectral analysis, time-dependent probability
density function) are presented. By means of pre-
defined, artificial time series the abilities of the methods
and the uncertainities of the estimated parameters are
evaluated. The structure of the mid-Pleistocene climate
transition is explored by applying these methods to
published benthic oxygen isotope records.

Data and methods

Oxygen isotope values, measured on benthic foramini-
fera, correspond mainly to continental ice volume (glo-
bal signal) and to bottom-water temperatures (Emiliani
1955; Shackleton 1967). Mix (1987) discusses the global
vs local signal proportion. The d18O value is the per-
mil-deviation of atomic ratio 18O/16O of a sample with
respect to a standard (PDB). Two high-resolution d18O
records from Deep Sea Drilling Project (DSDP) site
607 (Ruddiman et al. 1989; location 41 °N, 33 °W, water
depth 3427 m, the astronomically tuned timescale cor-
responds to that of Shackleton et al. 1990), and Ocean
Drilling Program (ODP) site 659 (Tiedemann et al.
1994; location 18 °N, 21 °W, water depth 3070 m, astro-
nomically tuned timescale) provide basis for exploring
the mid-Pleistocene climate transition.

The climate transition should be reflected by system-
atic changes in the following time-dependent statistical
quantities: mean and standard deviation (std), ampli-
tudes of predominant cycles (i.e., 41- and 100-ka
cycle), and PDF. In order to detect bifurcation behav-
ior, emphasis is laid on the number of modes of the
PDF.

These climate records also contain the precession
cycle (&21 ka) as well as other, unknown signal compo-
nents, i.e., noise. Therefore, an averaging procedure is
required to extract the principal signal and to reduce
the noise. This averaging procedure is also necessary
for estimating the time-dependent standard deviation.
We choose a rectangular window which is shifted suc-
cessively along the time axis. The data points within the
window are used for estimating the statistical quantit-
ies. The accompanying time value is calculated as the
average of the time values of the collected data points
(Ezekiel 1950, p. 52; Tukey 1977, p. 307). The running
rectangular window is a more objective procedure than

arbitrarily choosing certain distinct time intervals for
comparison.

Since it is the most simple model to describe the rate
of change, we assume a transition in the statistical
quantities to be a ‘‘ramp function’’ (Fig. 1). Applied to
measured time series, this assumption has to be exam-
ined for the presence of systematic errors. A drawback
of a running average is the systematic broadening of
a transition range due to the nonzero window width
(see Fig. 2b). Hence, we face a trade-off problem (statist-
ical vs systematic error). Our guidelines for the appro-
priate window width are explained separately for each
method. It is important to test the methods by means of
artificial time series, with predefined transitions in
mean, standard deviation, 41- and 100-ka amplitude,
or number of modes of PDF.

Time-dependent mean and standard deviation

The time-dependent mean quantifies the principal, lon-
ger-term climate course. The mid-Pleistocene climate
transition is reflected by a transition in time-dependent
mean towards higher ice volumes, i.e., higher d18O
values (Table 1). The temporal strength of the overlying
climate fluctuations (Milankovitch and other determin-
istic fluctuations, and noise) is quantified by the time-
dependent standard deviation.

The running rectangular window (width H) smoo-
thes overlying short-term fluctuations and reveals prin-
cipal trends. This is illustrated by an artificial time
series with an abrupt transition in mean (Fig. 2a). The
reduction in the statistical error is, however, accom-
panied by a broadened ($H/2) transition range
(Fig. 2b), i.e., the duration appears longer than it is. In
addition, the standard deviation shows enhanced
values within $H/2 around the transition range which
do not correspond to enhanced fluctuations but result
from the transition in mean (Fig. 2c).

In the case of the artificial time series (Fig. 2a), a
value of H"100 ka has been found by means of
Monte-Carlo simulations as best compromise between
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Fig. 2a–c ¹hin lines artificial time series with an abrupt, predefined
transition in mean (from 1.0 to 2.0 at ¹"500 ka) and constant
standard deviation (std; Gaussian noise of strength 0.5). The time
resolution is 1 ka. a Unsmoothed presentation; b, c smoothed pre-
sentation of mean, and standard deviation, using a window of
optimal width H"100 ka. Broadening of the transition range
($H/2). ¹hick lines estimated transition (optimal solution) in un-
smoothed presentation (a). In the smoothed presentation (b, c) the
1!p error bands around the estimated optimal solution are shown.
For estimated parameter values see text

statistical and systematic errors. In these simulations
the optimal window width is determined by minimizing
the absolute distance between a predefined transition
and its estimate (Mudelsee 1995); hence, transitions
should be best detectable. We carried out the simula-

tions for a variety of parameters (time resolution,
duration of a transition, and signal/noise ratio, i.e.,
amplitude of a transition divided by the average stan-
dard deviation), since we expect the concept of optimal
window width to be useful also for detecting and quan-
tifying other climate transitions, e.g., the glaciation of
the northern hemisphere (Mudelsee 1995).

In order to quantify the detected transition (mid-
point time, duration, and amplitude) a three-phase re-
gression (constant phase— linear phase—constant phase;
see Fig. 1) is carried out on the original time-series
points. In other words, different hypotheses about
transitions in mean and standard deviation are exam-
ined. For this purpose, measures are used that compare
a hypothetical course in mean, or standard deviation,
with the original course in mean, or standard deviation.
These measures constitute the sum of absolute devi-
ations (L

1
norm) between the respective courses.

A minimized measure corresponds to optimal values
for transition parameters. An error estimate for the
parameter values is made by varying the values of
transition parameters around their optimum and ana-
lyzing the influence on the measures. The regression is
carried out twofold: In the first, interactive part the
results from optimal smoothing (Fig. 2b, c) are recog-
nized and the parameter values varied manually. This
aids in detecting possible local minimum solutions of
the measures. Secondly, in an automatic mode only
midpoint time, and duration, respectively, of the hypo-
thetical transition is varied, yielding more precise estim-
ates and additional error estimates for these two crucial
transition parameters. The methods used in previous
studies (Table 1) estimate the duration only ‘‘by eye’’
and, further, provide no error estimation.

The result (optimal solution) for an artificial
transition is presented in unsmoothed form (Fig. 2a). In
the smoothed presentation (Fig. 2b, c) the 1!p error
bands around the optimal solution are shown which
cover the true courses sufficiently. The optimal solution
for the artificial transition (Fig. 2a) is estimated to
consist in a transition from a mean of 1.00$0.05 at
time ¹"530$18 ka to a mean of 1.90$0.05 at
¹"490$18 ka (all error quotations are 1 p). The
standard deviation is estimated to have a constant
value of 0.535$0.010. The result may be compared
with the true parameter values (Fig. 2a).

The method is applied to the d18O records from
DSDP site 607 and ODP site 659. Since the temporal
spacings of these time series (Figs. 3a and 4a) are larger
than that of the artificial time series (Fig. 2a), and since
the signal/noise ratio of the assumed transition is lower
than that of the artificial time series, a higher value for
optimal window width [H"220 ka (DSDP 607),
H"200 ka (ODP 659)] results. In practice, we use
a running mean over a number of points equal to
H divided by the average temporal spacing. Since the
time-series values are distributed nearly homogeneous-
ly on the time axis, the differences are negligible.
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Fig. 3a–c ¹hin lines d18O time series from DSDP site 607. The
average time resolution within the plotted interval is 3.9 ka. a Un-
smoothed presentation; b, c smoothed presentation of mean, and
standard deviation (std), using a window of optimal width
H"220 ka. ¹hick lines estimated transition (optimal solution) in
unsmoothed presentation (a). In the smoothed presentation (b, c) the
1!p error bands around the estimated optimal solution are shown.
All units are & vs PDB. For estimated parameter values see text

Fig. 4a–c ¹hin lines d18O time series from ODP site 659. The
average time resolution within the plotted interval is 4.7 ka. a Un-
smoothed presentation; b, c smoothed presentation of mean, and
standard deviation (std), using a window of optimal width
H"200 ka. ¹hick lines estimated transition (optimal solution) in
unsmoothed presentation (a). In the smoothed presentation (b, c) the
1!p error bands around the estimated optimal solution are shown.
All units are & vs PDB. For estimated parameter values see text

The result for the DSDP 607 time series (Fig. 3)
shows no major systematic errors. In case of time-
dependent mean, the 1!p error band around the opti-
mal solution, which consists of a transition from a
mean d18O of 3.79$0.01& at ¹"955$35 ka to a
mean d18O of 4.07$0.01& at ¹"885$35 ka, covers
the true course (Fig. 3b). In the case of time-dependent

standard deviation, an increase is estimated, from
std"0.38$0.01& at ¹"750$30 ka to std"0.55$
0.05& at ¹"500$50 ka (Fig. 3c). The systematic
deviation in standard deviation for ¹'ca. 1100 ka can
be explained by the assumed ramp transition model
(Fig. 1) which is too simple to model the course of
standard deviation in the whole time interval.
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Fig. 5 a Artificial times series (thick lines), composed of 100- and
41-ka signal components (thin lines), with a transition (41- to 100-ka
dominance) at ¹"1000 ka. The time resolution is 1 ka. b Estimated
temporal course of the amplitude of the 100-ka cycle, using a run-
ning window of width"400 ka. c Same as b for the 41-ka cycle.
Note broadening of estimated transition

The result for the ODP 659 time series (Fig. 4) also
shows no major systematic errors. In the case of time-
dependent mean, the 1!p error band around the opti-
mal solution, which consists of a transition from a
mean d18O of 3.10$0.01& at ¹"937$23 ka to a
mean d18O of 3.52$0.01& at ¹"892$23 ka, covers
the true course (Fig. 4b). In the case of time-dependent
standard deviation, a slow increase is estimated, from
std"0.37$0.01& at ¹"1000$50 ka to std"0.44
$0.01& at ¹"700$50 ka (Fig. 4c). The higher
values around ¹"900 ka, due to the transition in
mean, can successfully be modeled. The systematic de-
viation in standard deviation for ¹'ca. 1200 ka can
also be explained by the assumed ramp transition form.
The average transition parameter values, calculated
from the results for both time series, are summarized in
Table 1.

Evolutionary spectral analysis

The mid-Pleistocene climate transition also involves
changes in the frequency domain (Table 2), namely
from a mid-Pleistocene 41-ka cycle to a dominant
100-ka cycle in the Late Pleistocene. Therefore, the
amplitude for each of these two cycles is studied in its
temporal evolution.

For testing and validating purposes, an artificial time
series is composed of 41- and 100-ka cycles with a
transition from 41 ka dominance towards 100 ka domi-
nance at ¹"1000 ka (Fig. 5a). A rectangular window
is shifted along the time axis and the amplitudes of the
two cycles estimated within. The estimation follows the
algorithm of Ferraz-Mello (1981). Thereby the time
series values, X(¹), are split into a part X

f
(¹) corre-

sponding to frequency f and a remaining part X
r
(¹). By

least-squares sine/cosine fits the amplitudes of X
f
(¹),

for f"1/(41 ka) and f"1/(100 ka) are estimated. In
contrast to the methods used in previous studies
(Table 2), this method offers the advantage of directly
processing the original, unevenly spaced data. No inter-
polation, which may distort spectral characteristics
(e.g., Schulz 1996), is necessary. By visual inspection
a window width of H"400 ka has been found as best
compromise (statistical vs systematic error). The pre-
defined amplitudes of 41- and 100-ka cycles (Fig. 5a)
are estimated correctly (Fig. 5b, c). A broadening of the
transition occurs due to the nonzero window width.

The application to the d18O record from DSDP site
607 (Fig. 6a) shows an abrupt transition of 100-ka am-
plitude at ¹+650 ka (Fig. 6b), in accordance with
Schulz (1996) who used the same data and a window of
500-ka width. The enhanced values at ¹+1000—
1200 ka are assessed as significant. The 41-ka ampli-
tude is nearly constant since &1100 ka (Fig. 6c).

The application to the d18O record from ODP site
659 (Fig. 7a) also shows an abrupt transition of 100-ka
amplitude at ¹+650 ka (Fig. 7b). The enhanced values

at ¹+1000—1200 ka are assessed as significant. The
41-ka amplitude likewise shows no pronounced transi-
tion (Fig. 7c). Possibly, lower values around ¹+400
and ¹+1000 ka are significant. In general, however,
the mid-Pleistocene climate transition, in the frequency
domain, consists of a pronounced, abrupt increase
towards a dominant Late Pleistocene 100-ka cycle
at ¹+650 ka. About the same results have been
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Fig. 6 a d18O time series from ODP site 607. The average time
resolution within the plotted interval is 3.6 ka. b Estimated temporal
course of the amplitude of the 100-ka cycle, using a running window
of width"400 ka. c Same as b for the 41-ka cycle. All units are & vs
PDB

Fig. 7 a d18O time series from ODP site 659. The average time
resolution within the plotted interval is 4.2 ka. b Estimated temporal
course of the amplitude of the 100-ka cycle, using a running window
of width"400 ka. c Same as b for the 41-ka cycle. All units are & vs
PDB

obtained when using untuned timescales, with the
exception of generally reduced 41-ka amplitudes
(Mudelsee 1995).

Time-dependent probability density function

The probability density function, PDF(x), denotes the
chance to find a certain time-series value, X. Math-

ematically, PDF(x"X)]dx, with dxP0, is the prob-
ability for a time-series value to lie within [X; X#dx].
In case of climate time series, the temporal evolution of
the PDF (shape of the function, range of X-values)
informs about the evolution of climate as a ‘‘statistical
system’’ (e.g., Hasselmann 1976). Particularly, the num-
ber of modes of PDF is of interest since it can reveal
bifurcation behavior (Maasch and Saltzman 1990;
Matteucci 1990; Saltzman 1990; Ghil 1994), i.e., the
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Fig. 8 b Artificial time series, derived in [0; 500 ka] from the
predefined two-modal probability density function (PDF) shown in
a, in [500 ka; 1000 ka] from a three-modal PDF (a). The time
resolution is 1 ka. Only every third point is plotted. d Estimated

probability for the number of modes of PDF against time. The test is
carried out on a 200-point running window. c Estimated PDFs for
the two detected time intervals

change from a one-modal PDF to a density function
with two distinct modes.

The artificial time series (Fig. 8b) is derived in the
lower part ([0; 500 ka]) from a predefined two-modal
PDF (Fig. 8a), and in the upper part ([500 ka; 1000 ka])
from a three-modal PDF. A running window is used to
investigate the temporal evolution of the PDF. A stat-
istical test for the number of modes of PDF for the time
series values within the window is performed. We en-
hanced further (Mudelsee 1995) the test of Silverman
(1981, 1986) which is based on kernel density estima-
tion and bootstrap simulation. [In addition to his test
criterion for the number z of modes, namely (cf. Silver-
man 1986, p. 147), the proportion of samples generated
from the estimated z-modal density PDF

z
(x) which

yield 'z modes, we use the proportion of samples
which yield *z modes when generated from PDF

z
(x)

and )z!1 modes when generated from PDF
z~1

(x).
This should help to better estimate the true number of
modes.] The number of points within the window must
be held constant for yielding comparable results. We
found a number of 200 points as good compromise
between statistical demands and systematic errors (e.g.,
broadening of a transition). The statistical test allows

only to estimate the probability P that the number of
modes is 2, 3, etc. The case of one mode is characterized
by low values of P(two modes), P(three modes), etc. We
made extensive test calculations with artificial time
series to assess the power of the statistical test, i.e., the
ability to detect certain predefined modes. We con-
firmed quantitatively that a higher number of modes,
or a weaker separation between them, results in a re-
duced power (Mudelsee 1995). On the other hand, the
test power increases with a larger number of data
points.

The predefined change from three to two modes at
¹"500 ka (Fig. 8a, b) is detected by the statistical test
to be at ¹+550 ka (Fig. 8d). This deviation is most
likely due to the fact that the test is biased towards
lower numbers of estimated modes. This test result
allows an approximate error quantification (&50 ka) of
the estimated transitions. The estimated PDFs (Fig.8c)
may be compared against the true PDFs (Fig. 8a).

Application of PDF analysis to the d18O record
DSDP 607, from which the time-dependent mean
(compare above) has been subtracted, is shown in
Fig. 9. This detrending is necessary in order to quantify
the distribution of time series values around the
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Fig. 9 b d18O time series from DSDP site 607 with subtracted
time-dependent mean. The average time resolution within the plot-
ted interval is 3.6 ka. d Estimated probability for the number of
modes of PDF against time, using a 200-point running window. a,
c Estimated PDFs [units: (& vs PDB)/ka] for the two detected time
intervals. For the interval [700 ka; 1500 ka] the one- and three-
modal PDFs are plotted (c)

principal course, i.e., to prevent the broadening influ-
ence of a change in mean onto the PDF. The statistical
test (Fig. 9d) clearly indicates a two-modal PDF for
¹(ca. 700 ka (Fig. 9a). For ¹'ca. 700 ka we have
a broad, nearly one-modal density (Fig. 9c). Short in-
tervals exist with a high P(three modes) (Fig. 9d) and
P(four modes) (not shown). However, we are skeptical
as to whether the number of data points allows detec-
tion of such a high number of modes. We could not
divide the series into a higher number of shorter time
intervals (each with a certain number of modes of
PDF), because a lower number of data points would
result in too low a power of the test. All estimated
PDFs for the time interval [700 ka; 1500 ka] look
similar (Fig. 9c, plotted for one and three modes).
Therefore, we favor a broad PDF without small peaks
(one modal) instead of a PDF with small, possibly
spurious peaks (three or four modal).

The application to the d18O record ODP 659, from
which the time-dependent mean has been subtracted, is

shown in Fig. 10. The statistical test (Fig. 10d) indicates
a three-modal PDF for ¹(ca. 750 ka (Fig. 10a). For
the interval [750 ka; 1350 ka] the test indicates a two-
modal PDF (Fig. 10c). However, excluding the data
point (860 ka, !1.3&; see Fig. 10b) and reanalyzing
the time series yields a one-modal PDF for that time
interval (not shown), without the mode at !1.31& (see
Fig. 10c). This means that this mode at !1.31& is
probably an artifact, due to a single point, caused by
the ‘‘tendency for spurious noise to appear in the tails
of the [kernel] estimates’’ (Silverman 1986, p. 18). Thus
far, we have found one-modal mid-Pleistocene PDFs
and multimodal PDFs for ¹(700—750 ka.

Discussion

Our results on the mid-Pleistocene revolution in the
time domain concur with the results from previous
studies (Table 1) and, in addition, provide error estim-
ates for the transition parameters. We find that on
average the change in mean was at 917$19 ka, with
a duration of 50$10 ka, and an amplitude (increased
ice volume) of 0.35$0.07&. The change in standard
deviation was more gradual. Higher values around
900 ka (Fig. 4c) should not be confused with a jump in
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Fig. 10 b d18O time series from ODP site 659 with subtracted
time-dependent mean. The average time resolution within the plot-
ted interval is 4.2 ka. d Estimated probability for the number of
modes of PDF against time, using a 200-point running window, a,
c Estimated PDFs [units: (& vs PDB)/ka] for the two detected time
intervals

standard deviation, since they are caused by the change
in mean (see Fig. 2). Reliable estimates of the standard
deviation transition midpoint require the investigation
of more records. Our results in the frequency domain
are in agreement with most of the results from previous
studies (Table 2), particularly with those from studies
using wavelet analysis. We consider this method and
our method superior to choosing certain distinct time
intervals for comparison, as was done in some studies
listed in Table 2. In addition, other studies listed in
Table 2 possibly have neglected the broadening influ-
ence when using a running window (see Fig. 5). Hence,
an abrupt increase of 100-ka amplitude seems most
likely to us, at ¹+650 ka. Time-dependent 41-ka am-
plitude appears not to have varied strongly since the
Early Pleistocene. Possibly, an interval of stronger clim-
ate fluctuations was around ¹+1200 ka [higher 100-
ka amplitude (Figs. 6b and 7b); higher 41-ka amplitude
(Figs. 6c and 7c); higher standard deviation (Figs. 3c
and 4c]. We speculate that this interval was a first, but

unsuccessful, ‘‘attempt’’ of the climate system to attain
a nonlinear ‘‘Late Pleistocene ice ages’’ state.

In the ‘‘stochastic domain’’ both records show a clear
change in PDF at &725 ka. The DSDP 607 record
exhibits bifurcation behavior which leads from a one-
modal mid-Pleistocene PDF (Fig. 9c; we favor the one-
modal PDF; see above) to a Late Pleistocene PDF with
two distinct modes (at #0.31& and !0.42& relative
to time-dependent mean; Fig. 9a).

Also the ODP 659 record shows a one-modal mid-
Pleistocene PDF (Fig. 10c; the mode at !1.31& is
interpreted as artifact; see above). The Late Pleistocene
PDF for this record has three modes (Fig. 10a), at
#0.27, !0.26, and !1.33& relative to time-depend-
ent mean. The latter of these modes corresponds to the
interglacial extreme values of the time series (Fig. 10b).
An additional analysis of the benthic d18O record from
the nearby located ODP site 658 (Sarnthein and
Tiedemann 1990; location 21 °N, 19 °W, water depth
2263 m, ages 0—728 ka, average temporal spacing
1.8 ka) revealed a three-modal Late Pleistocene PDF
(not shown) similar to that of the ODP site 659 record,
also with a mode corresponding to the interglacial
extreme values. This feature of preferred interglacial
values in the Late Pleistocene does not occur in the
DSDP 607 record (Fig. 9a), and also not in the benthic
d18O record from ODP site 677 (Shackleton et al. 1990;
location 1 °N, 84 °W, water depth 3461 m) whose PDF
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Fig. 11 The mid-Pleistocene climate transition, as deduced from
statistical analyses of d18O time series, in schematic, simplified
representation. A significant delay is ascertained between the change
in mean, and the changes in amplitude of the 100-ka cycle and PDF.
The amplitude of the 41-ka cycle may have overestimated due to the
tuned timescales

exhibits bifurcation behavior at approximately 800 ka
(Mudelsee 1995). It is possibly a local feature of the
subtropical deep East Atlantic, although we cannot
offer a paleoceanographic explanation. As another pos-
sibility, it may be spurious noise in the tail of the PDF
(compare above), introduced by the kernel density es-
timation method. Analyzing the PDFs with ordinary
histogram method, using various bin widths, yielded no
clear result on that possibility. A sampling bias, i.e.,
preferential sampling of interglacial sections of the
ODP 658/659 sediment cores which could account for
the ‘‘interglacial extreme’’ modes, seems unlikely since
the linear correlation coefficient between depth spacing
and d18O value is zero for both cores. Independent of
the cause of that feature, the global signal proportion of
the d18O record from ODP site 659 shows bifurcation
behavior. However, separation of the Late Pleistocene
PDF modes is weak (Fig. 10a).

The observed bimodality for Late Pleistocene global
climate is considered to reflect a bistability generated
by nonlinear climate processes (e.g., calving) which
are able of transferring the system rapidly between
a glacial and an interglacial mode (cf. Matteucci 1990).
This bimodality is not caused by an eventual sinu-
soidal form of the signal since the corresponding
modes are not located at the extreme values of the time
series (Figs. 9b and 10b). In addition, the dominat-
ing Late Pleistocene d18O signal, i.e., the 100-ka cycle,
is sawtooth-shaped (Broecker and van Donk 1970;
see Figs. 6a and 7a) than sinusoidal. Like any
periodic function, the sawtooth has an uniform PDF.
The bimodal structure, however, is blurred [broad
PDF maxima (Fig. 9a); weak mode separation
(Fig. 10a)] by fluctuations, which may indicate that
a considerable number of climate variables are inter-
acting.

The bifurcation behavior we observe at 700—750 ka
is corroborated by Matteucci (1990) who found bifur-
cation in the SPECMAP standard d18O record at
600 ka but, due to prechosen time intervals, regarded
this timing as uncertain. A more accurate estimation of
the bifurcation timing needs more records of still higher
resolution to be investigated. Our result is further cor-
roborated by Maasch and Saltzman (1990), Saltzman
(1990), and Ghil (1994) who, based on climate model
analyses, considered the mid-Pleistocene climate
transition as a change from a principally linear to a
complex, nonlinear climate system reflected by (rapid)
changes in mean, standard deviation, periodicities, and
bifurcation behavior.

Considering uncertainties in the timescales of climate
records, estimation errors and powers of the statistical
methods, as deduced from testing with artificial time
series, we find that the transition in mean significantly
leads the changes in 100-ka amplitude and PDF,
by approximately 200—250 ka. These latter changes
cannot be differentiated with sufficient temporal
accuracy.

Conclusions

The present study has revealed that the mid-Pleis-
tocene climate transition is a multiple transition
phenomenon. This has to be accounted for when con-
sidering physical explanations. In our view, the course
of this global climate change towards Late Pleistocene
ice ages is as follows (Fig. 11):
1. Pretransition, ¹*ca. 942 ka. The 41-ka obliquity

cycle accounts for a high proportion of signal vari-
ance. This cycle has a symmetric signal form (Ruddi-
man et al. 1986). The probability density is broad
and approximately one-modal, and the climate fluc-
tuations are centered around the mean value. All
these observations point to a climate system which
responds linearly to forcing.

2. Climate step, ca. 892(¹(ca. 942 ka. This state is
characterized by an increase in ice volume which
lasted &50 ka. An explanation for this increase may
be that atmospheric CO

2
fell below a threshold

value, permitting a higher rate of ice accumulation
(Saltzman and Verbitsky 1993).
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3. Delay, ca. 650—725 ka)¹)ca. 892 ka. The climate
system ‘‘needs’’ this delay interval to ‘‘find’’ the two-
modal solution after the initial disturbance in form
of increased ice volume. Cyclicity (41 ka) still exists.
We speculate that relaxation processes in some com-
partments of the climate system, e.g., bedrock
(Emiliani and Geiss 1957), contribute to this delay.
Currently, we are experimenting with an ice-bedrock
climate model (Saltzman and Verbitsky 1993) to
investigate the effects of a prescribed increase in ice
accumulation rate (corresponding to the change in
d18O mean) on cyclicity evolution.

4. Late Pleistocene ice ages, ¹(ca. 650—725 ka. The
100-ka cycle starts nearly abruptly. This cycle has
a sawtooth shape. The 41-ka cycle continues with no
appreciable change in amplitude. The probability
density function shows bifurcation behavior, leading
to a Late Pleistocene density with two distinct
modes. The climate fluctuations have become stron-
ger (enhanced standard deviation). Two distinct
dynamic solutions to external forcing and new
boundary conditions are attained: strong glacials
and interglacials. These findings indicate a climate
system with a strong nonlinear character.
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