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Abstract. Large, abrupt changes between warm and cold modes of North Atlantic climate exhibit spectral power
at ~1500 years, yet some climatic changes were linked to outburst floods and other events that are unlikely to have
been truly periodic. We hypothesize that a weak periodic forcing has combined with “noise”™ from ice sheet-related
events to cause the observed mode switches. This stochastic resonance hypothesis predicts a recurrence pattern
between warmings that is distinct from the predictions of simple periodic and stochastic models and at least some

other models. The ice isotopic data from central Green

land ice cores arc consistent with the stochastic resonance

hypothesis but not with other models we have tested. We thus support arguments for the existence of a p_eriodicity
of ~1500 years in the North Atlantic climate system and for the importance of ice sheet events in forcing North

Atlantic changes.

1. Introduction

Many climate records covering the last 110,000 years and
beyond are dominated by large, abrupt, widespread changes
with millennial spacing (Figure 1) {e.g., Johnsen et al., 1992;
Alley et al., 1993; Taylor et al., 1997, Mayewski et al., 1997,
Severinghaus et al., 1998; McManus et al.,, 1999]. These
changes are typically believed to be linked to switches in
mode of operation of oceanic circulation focused on the north
Atlantic [c.g., Stocker et al., 1992} forced by periodic {c.g.,
Broecker et al., 1990; Sakai and Peltier, 19957 or stochastic
le.g., Weaver and Hughes, 1994] processes.

Numerous obscrvational and modeling studies [e.g., Bryan,
1986; Broecker et al., 1990; Stocker et al., 1992, Sarnthein et
al., 1994; Rahmstorf, 1995} support the existence of two
modes of North Atlantic behavior characterized by vigorous
and reduced transport of warm waters to high latitudes, with
most time spent in onc of these modes and comparatively
rapi¢ transitions between modes, especially on warmings.
This view is not universaily accepted but is guite widespread
and well documented, and we adopt it here. (Below we note
that the proposed third or Heinrich mode [Sarnthein et al.,
1994; Alley and Clark, 1999], with cven greater reduction in
northward flow of warm waters in the Atlantic, is muted in
the Greenland ice isotopic records we consider and so does
not figure in our analyses.)

Some coolings occurred immediately after occasional
outburst floods, which probably freshened North Atlantic
surface waters, slowed or shifted sites of deepwater
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formation, and reduced northward flow of warm waters {e.g.,
Broecker et al., 1988; Barber et al., 19991, This suggests
stochastic forcing because outburst floods depend not only on
climate affecting ice marginal positions [Licciardi et al.,
19997 but also on details of bedrock-sill Jocations that almost
certainly include random elements. However, strong spectral
power in relevant paicoclimatic records at ~1450-1500 years
[Denton and Karlen, 1973; Keigwin and Jones, 1989, Bond et
al., 1997, Grootes and Stuiver, 1997, Mayewski et al., 1997,
Yiou et al., 1997] argues for periodic forcing.

Many analyses, including ours reported here, show that this
millennial periodicity is a feature of the climate system and
not the result of aliasing of the annual cycle as a result of the
sampling or interpolation scheme adopted, as was suggested
by Wunsch [20001. The possibility of aliasing certainly
should be borne in mind. However, an cxtensive
demonstration that this possibility docs not explain results
from Greenland ice cores is given by L. D. Meeker et al.
(Comment on “On sharp Spectral lines in the climate record
and the milleniel peak” by C. Wunsch, submitted to
Palcoceanography, 2000), and our resuits support theirs.
Bricfly, for the data we analyze herce the upper part of the
Greenland Ice Sheet Project 2 (GISP2) ice core was sampled
to obtain approximately biannual resolution, but lower parts
were sampled on the basis of depth interval with 2 variable
aumber of years per sample depending on layer thinning and
changes in snow accumulation rate. The nearby Greenland
Ice Core Project (GRIP) core was sampled on the basis of a
different depth intervel.  We have conducted several
interpolations with different intervals, including nonintegral
numbers of ycars. As shown below, all interpolations
produce similar results, with warmings preferentially spaced
~1500 years apart in both older and younger portions of both
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Figure 1. GRIP ice isotopic data (bottom) [Johnsen et al., 1997}, and the same data after resampling and high-pass filtering (top. where

the isotopic values have been scaled to zero mean and extrema of +4 and -4).

Data provided by the National Snow and fee Data Center,

University of Colorado at Boulder, and the World Data Center-A (WDC-A) for Palcoclimatology, National Geophysical Data Center,

Boulder, Coiorado, from The Greenland
hitp//www.ngde.noza.gov/paicolicecore/greeniand/summit).

GISP2 and GRIP data.  Because significantly different
interpolation schemes applied to data collected with
significantly different sampling schemes all produce the same
result, we reject the possibility that our signals have been
produced by aiiasing.

The clear evidence for periodic behavior in the one to two
miliennial or Dansgaard-Oeschger band of climate variability
together with the evidence for meltwater outburst foreing of
certain events argues cither that there are different types of
miliennial events or, as we hypothesize, that both “signal” and
“noise” have contributed to the observed climate change
history. Systems in which a weak periodic signal combines
with other signals (typically white noise or some other noise)
t0 cause mode switches are often studied under the heading
“stochastic resonance”. The ideas of stochastic resonance
were originally developed to model climate change {Benzi et
al., 1982] but have since found widespread application in
diverse fields.

As reviewed by Gammaitoni er al. {1998], the simplest
stochastically resonant system spends most of its time in one

Summit fce Cores CD-ROM (1997, see

of two stable modes. A periodic forcing plus noise, which
separately arc too weak to cause frequent mode switches,
typically combine to cause transitions when the phase of the
periodic forcing is favorable. If a transition is missed, the
next mode switch usually waits onc or more periods 7.
Waiting times between successive transitions in a chosen
direction can be measured, and a histogram can be formed
showing how often different waiting times arc observed. For
a stochastically resonant system, such a recurrence histogram
will exhibit peaks near 7, 27, 37, ..., with the peak heights
decreasing exponentially with increasing time between
transitions and with few transitions ncar intermediate times
T2, 3772, 5772, ... (Figure 2), A truly periodic system wiil
cxhibit 2 single peak on such 2 plot at the period 7, and 2
white noise system will exhibit an exponential decrease with
increasing time but with no significant peaks.

We test the hypothesis that both signal and noise
contributed to millennial oscillations in North Atlantic climate
records using the recurrence histograms of different waiting
times between mode switches.
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Plate 1. Sensitivity of transition times to variables in analysis, for (a-¢) GRIP? and (d) GISP2 [Grootes and Stuiver, 19977 ice isotopic
data. Sample length (Plate 1a), high-pass filter cutoff (Plate 1b), and transition limit & (Plate 3¢) for GRIP and sample length for GISP2
(Plate 1¢) were varied around 150-year samples, high-pass cutoff of 7000 years, and ¢=0.25 or ~20% of the standard deviation of the
resampled and high-pass-filtered data. For display, results were normalized by dividing by the expected number of occurrences from the
exponentially decaying curve of a white noise process with a mean spacing between transitions of 3000 years, the observed time for GRIP
data with a transition [imit of between 0.35 and 0.4, “Hot” colors (red and orange) indicate favored transition spacings compared 1o
“cool” colors (purple and blue). The normalization causes a stochastically resonant system with millennial-order mean waiting time to
appear as vertical “hot” bands near times T, 27, 37, ..., separated by “cool” bands near 772, 37/2, 5T/2, ..., as observed. Data provided by
the National Snow and Ice Data Center, University of Colorado at Boulder, and the WDC-A for Paleociimatology, Nationa! Geophysical
Data  Center, Bouider, Colorado, from The Greenland Summit Ice Cores CD-ROM (1997, see
http://www.ngde.noaa.gov/paleo/icecore/ greenland/summit/)
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Plate 2. Evolution of the times between successive warmings in the GRIP ice-isotopic data with 150-year samples, d=0.25, and high-pass
cutoff of 7000 years. Frequency of occurrence of a particular transition length in 2 20,000-year-long window shifted 5000 years at 2 time
is color-coded, with hot colors (red and orange) indicating frequent occurrence and cold colors (purple and blue) indicating rare
occurrence in that interval. Also shown is the estimated ice volume on Earth based on the SPECMAP stack, in which lighter or more
negative isotopic values of foraminifera shells indicate less ice and warmer conditions. Data provided from J. Imbrie, ez al., (1990),
SPECMADP Archive 1, IGBP PAGES/World Data Center-A for Paleociimatology Data Contribution Series 90-001, NOAA/NGDC
Pajcoclimatoiogy Program, Boulder Colorado.
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Figure 2. Number of occurrences of different waiting times between warmings for: (figure 2a) a simulated stochastically r
series 100 times longer than the GRIP data; (2b-d) subsets of that simulated time series that are 10x fonger than GRIP (figure
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the same length as GRIP (figures 2¢ and 26,); and (figure 2¢) the observed GRIP ice-core data (150-year samples, high-pass cutoff of
7000 years, and d=0.25 or ~20% of the standard deviation of the resampled and high-pass-filtered data). The long-simulated series has
the expected stochastically resonant pattern. The shorter subsets display deviations from this pattern related to the smaller sample size.

The GRIP data are more similar ¢
GRIP-iength subsets examined, based on chi-square testing,

2. Methods

Ice isotopic ratios are primary paleoclimatic indicators
le.g., Cuffey et al., 1995; Jouzel et al., 1997]. We analyzed
the separately sampled and dated ice isotopic ratios from the
GRIP LJohnsen et al., 1997} (Figure 1a) and GISP2 [Grootes
and Stuiver, 1997} central Greenland ice cores, using only the
last 110,000 years undisturbed by ice flow [dlley et al.,
1995b; Chappellaz et al., 1997}, We have analyzed other
North Atlantic climate records from ocean sediments and icel
and obtained broadly consistent results to those presented
here. We focus in this paper on the GRIP and GISP2 ice
isotopic records as having the most suitable combination of
great length, accurate dating, sampling with high time
resolution, and strong tics between proxy and climate. In
subsequent work we hope to assess the spatial pattern of the
results obtained here, but wish to cstablish the temporal
pattern of variability for these “best” records first,

As noted above, layer thinning from ice flow causes older
ice isotopic samples to span more years. We resampled the

the long-simulated series than one of the two shorter subscts shown and than about one quarter of al}

data in equal time increments at approximately the coarsest
resolution present, by fitting a spline to the data, sampling the
spline in subannual increments, and then combining those
increments to the desired resolution. This resampling is
sufficiently coarse that correction for diffusive smoothing of
the paleoclimatic records is not needed [Johnsen et al., 19971
The resampling also serves as a low-pass filter to remove
secasonal cycles, anomalous storms, and other situations in
which a variable changed from “low” to “high” and back
without recording a persistent modce switch of the North
Atlantic climate system.

Carbon-dioxide and land-ice changes associated with the
tens-of-millennial Milankoviteh orbital variations caused
miilennial oscillations to rcach different levels at different
times. We removed variations in the orbital band, while
preserving the timing and size of millennial events, using the
high-pass zero-phase Butterworth filter impicmented in the
software package MATLAB (Figure 1b). The few-millennial
Bond cycles, comprising successively colder millennial
Dansgaard-Oeschger oscillations culminating in a2 Heinrich
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event (reviewed by Alley and Clark, {1999}), arc sufficiently
subtle that they do not dominate our transition analysis of
Greenland ice isotopic ratios; we obtain similar results
whether the high-pass cutoff is longer or shorter than the
typical Bond cycle length. We thus focus on the millennial
Dansgaard-Oeschger oscillations.

Asymmetry in these Dansgaard-Oeschger osciliations, with
cooling in a few steps and warming in one larger step, causes
the times of coolings to depend on the threshold chosen to
define a cooling, whercas times of warmings are less sensitive
to the threshold chosen. Thus, we chose to analyze time
intervals between warmings.  Analyzing only coolings
produces similar results, and analyzing 2all transitions
produces resuits broadly consistent with the analysis of only
warmings.

We defined a warming transition to have occurred when a
paleoclimatic variable rose above its mean vaiue by more than
a specified threshold level d after falling more than d below
the mean. We calculated waiting times between successive
warmings, and formed histograms of how often different
waiting times occurred. We then assessed sensitivity of these
recurrence histograms to the thrce main parameters in the
analysis: threshold ¢ resampling interval; and the high-pass
level separating orbital from millennial changes. We varied
onc of these parameters at a time about a “standard”
calculation with 150-year samples, high-pass cutoff of 7000
years, and d~20% of the standard deviation of the resampled
and high-pass-filtered data (¢=0.25, with the filtered data
arbitrarily scaled to fall between +4 and -4). High sensitivity
to small variations in these parameters would cast doubt on
our results; insensitivity to variations in these parameters
would suggest that the results are robust.

To assess significance of the results, we used chi-square
tests to compare the observed recurrence histograms to results
from a synthetic time series formed by adding random noise
(using the randn function in MATLAB) to a sinec wave with
1470-year period, sampled every 130 years to match the GRIP
data. The threshold level d for the synthetic data was sct 50
that the mean waiting time between warmings matches that
obscrved from the ice cores. We calculated an 1i-miliion-
year synthetic time series, or 100 times 2s long as the ice core
records, to approximate an ensemble average.

3. Results

Figurc 2 compares the histograms of number of
occurrences of various waiting times between warmings for
the 0.11-million-ycar GRIP record, the 1l-million-year
synthetic time scries, and one 1.1-million-year and two 0.11-
million-year subscts of that synthetic time serics. The 11-
million-year synthetic data show the stochastic resonance
pattern of histogram peaks at 7, 27, 37, ..., with peak height
decreasing cxponentially with increasing waiting time
between warmings. The subsets of this synthetic data set
gencrally show the same pattern but with some mismatches
owing to random fluctuations in the shorter time series. The
GRIP data 2also exhibit this same basic pattern; foew warmings
arc spaced less than a millennium apart or 3772 or 57/2 apart,
with 7~1450-1500 yecars, but many warmings arc spaced
about T or 27 apart.
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The chi-square test indicates that the recurrence histegram
for the GRIP data is consistent with that for the synthetic
stochastic resonance data.  Some grouping of neighboring
histogram cells is required to obtain enough occurrences in
cach cell for reliable statistics, and the results are somewhat
sensitive to the groupings chosen. In general, we find that the
GRIP data arc more similar to the long synthetic stochastic
resonance time series than are ~25% of GRIP-length subsets
chosen from that synthetic time serics.

The observed pattern for GRIP is statistically quite distinet
rom that of a simple sinusoid, of simple white noise, of the
output of our analysis if the GRIP data arc replaced by
normally distributed random numbers with stationary
variance, and of other models we have tested (such as a
subharmonic response hypothesis, in which noisy climate
responds nonlincarly to an oscillator of period 7' with
generation of a 2:1 subharmonic; the power spectrum can
have lines at T and 27, and the recurrence histogram can have
exactly two peaks but not at T and 27, and docs not contain
the 7, 27, 37 structure).

Piatc 1 shows that our results are robust against small
variations in important parameters in the analysis, for both
GRIP and GISP2 data. The color code indicates the number
of occurrences of 2 particular waiting time between
warmings, normalized to improve display by dividing by the
number of occurrences expected for a white noise process
with a mean waiting time between warmings of 3000 years.
On this piot the ensemble average of a stochastically resonant
system with millennial mean spacing between warmings
would produce vertical red-orange-yellow bands at waiting
times 7, 27, 37, ..., showing more-frequent occurrence than
expected for a random system. These would be separated by
purple-blue bands showing rare occurrence in comparison 0 a
random system. Any finite realization of 2 stochastically
resonant system would produce a noisy approximation of this
ideal behavior. A white noise process would produce a single
color gradient across the plate, with red on the left for mean
waiting time iess than the normalizing interval of 3000 years,
red on the right for longer waiting times, and the plate entirely
green for a mean waiting time of 3000 years. A sine wave
would produce a single red band at the frequency, in @ purpic
background.

The short length of the ice core time serics typically aliows
only 40-50 total transitions, depending on the transition
threshold chosen and other details of the analyscs. Because of
the roughly exponential decrease in number of occurrences
with increasing waiting time in the recurrence histograms, the
histogram peaks at 47 and 5T typically have either zero or one
events, whereas the expected number of events for a white
noise process falls between 0 and 1. This unavoidable
granularity associated with the short length of the data set
causes the data to appear “poisy” at long waiting times; we
chose a normalizing time of 3000 years siightly longer than
the mean waiting time in the observed time series to avoid
further amplifying this noisc at long waiting times.

Relative dating errors in the GISP2 data range from <i%
in young samples to as much as 10% between older peaks
[Alley et al., 1997; Meese et al., 1997], with simiiar
uncertainty for GRIP [Johnsen er al., 1992}, introducing
additional uncertainty to longer waiting times but having littic
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cffect on the peaks at short waiting times. This dating
uncertainty prevents us from asscssing whether the phase of
the signal has been stationary over tens of thousands of years.
Note, however, that aithough GRIP and GISP2 total ages may
differ by morc than a 1500-year cycle in older parts of the
records, interval ages between successive warmings typically
differ by only a few percent or less between the two
timescales [Meese et al., 1997; Johnsen et al., 1997]. Hence,
we would expect the independent records to yield similar
recurrence histograms, as observed.

The observed purple bands in Plate 1 near 750, 2250, 3750
years and beyond, separated by red-orange-yeliow bands near
1500, 3000, 4500 years and beyond, are fully consistent with
the expected behavior from a system with characteristics of
stochastic resonance and with 7 between 1450 and 1500
years, and show that the resuits are insemsitive to small
changes in the paramecters used in our analyses. Insensitivity
to the interpolation or sampling interval shows that the results
are not causecd by aliasing of an annual or other high-
frequency signal [cf. Wunsch, 2000]. The shortest sampling
intervals chosen for the GISP2 data (which were sampled
more finely than the GRIP data available to us) and the lowest
transition thresholds in the GRIP data (d near zero) do
approach white noise behavior with short mean waiting time
because these parameters include rapid and small changes that
do not indicate persistent mode switches [Ditlevsen, 1999].
Except near these “noisy” limits, however, the data are
consistent with the stochastic resonance hypothesis.

4. Discussion

Do these results prove that the north Atlantic is a
stochastically resonant system? Of course not. No finite data
sequence ever uniquely defines the process that produced it.
This was illustrated by Roc and Allen [1999], who showed for
ice-age cycles that available data cannot distinguish between
the six distinct models they tested, which all fit the
observations adequately. Although we have not identified
another model that fits the ice-core data for Dansgaard-
Oeschger cycles, we expect that other models are possibie.

We note, however, that we were led to the signal plus
noise, stochastic resonance hypothesis by the evidence that an
~1500-year periodicity exists in North Atlantic records, and
by the evidence that events from the ice sheets around the
north Atlantic contributed to important climate changes. This
hypothesis makes a very specific prediction about the shape
of the histogram of the number of occurrences of specific
waiting times between warmings, and as discussed above, this
prediction is distinct from the predictions of at least the
simplest forms of previous hypotheses. We find that
histograms for Greenland ice core data are fully consistent
with the stochastic resonance hypothesis and not consistent
with the simplest forms of the competing hypotheses. We
thus argue that there is good support for a stochastically
resonant North Atlantic and that this model merits further
consideration.

With some variability, there is a tendency for the waiting
times to have been long in the early part of the record and
during the modern warm interval, with shorter waiting times
during the colder parts of the ice age (Plate 2). This may

indicate that a colder climate has a higher noise ievel, 2 lower
transition threshold, or a stronger periodic osciliation.

Of these, we infer at least a higher noise fevel during times
with more ice, on the basis of comparison to the estimated ice
volume curve in Plate 2. lIce sheets store fresh water as ice
and as icc-marginal or subglacial iakes dammed by ice. Ice
and ice-dammed lakes typically grow slowly but shrink
rapidly; Heinrich events in the North Atlantic and outburst
floods from ice-dammed lakes are spectacular examples of
this asymmetry. Occan models indicate that rapid release of
large volumes of fresh water could trigger reduction or
coliapse in North Atlantic circulation, producing cooling [¢.g.,
Broecker et al., 1990; Stocker et al., 1992; Weaver and
Hughes, 1994; Sakai and Peltier, 1995]. The ability of ice to
supply fresh water must scale crudely with the ice volume;
more ice can feed a bigger surge, and bigger ice can dam
more rivers to make more and bigger ice marginal lakes.
Thus, variability in freshwater supply was probably higher
when ice sheets were bigger. Time changes in variability
might causc deviation from a rigidly exponential fall-off of
peak height with increasing waiting time on the recurrence
histogram, but our data sct is not long ecnough to detect any
such trend reliably.

We have treated the ice shect cvents as being entirely
stochastic. This is probably not strictly correct; the timing of
outburst floods will depend on locations of bedrock sills and
other factors that are not synchronized with climate, but it
also will depend on rates of ice marginal change, which may
be related to climate [Alley and Clark, 1999; Licciardi et al.,
19991, More-sophisticated modeling would be required to
handle this additional complication.

That both “signal” and “noise” arc significant is hardly a
surprising resuit for almost any system. Nonetheless, if the
stochastic resonance hypothesis is correct, it has several
implications beyond providing a new “buzz word” for
processes occurring in or around the North Atlantic. Our
results suggest that 1) there is a 1450- to 1500-year climate
cycle, as argued by many previous workers but 2) this cycie
by itself is too weak to cause North Atiantic mode switches at
most or all times and 3) the “noise” generated by ice sheet or
other processes also is too weak to causc mode switches at
most or all times and hence 4) both the weak periodicity and
the ice sheet or other processes are required to explain North
Adtlantic behavior.

Again, we note that the presence of the ~1500-year
preferred spacing between warmings in both younger and
older parts of the GISP2 and GRIP records collected with
different sampling schemes and robust against variation in the
interpolation scheme (see Plates la and 14, and the older and
younger parts of Plate 2) demonstrates that we are not being
misied by aliasing of the annual cycle or of any other higher-
frequency signal [Wunsch, 2000]. However, the 1500-year
peaks in our recurrence histograms are rather broad, perhaps
more consistent with Wunsch's [2000] expectations about the
climate system than are some other published records. Owing
to the great differences in analysis betwcen spectral
techniques and our simple crossover analysis, we do not
pursue this further here.

Existence of a periodic forcing raises the obvious question
of its origin, which we cannot answer. The time-scale of the
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osciilator is consistent with deep-ocean processes [Broecker
et al., 19901, but solar [Mayewski et al., 1990}, tidal [Keeling
and Whorf, 2000}, and El Nifio-Southern Oscillation (ENSO)
processes perhaps related to orbital changes [Cane and
Clement, 1999] have also been suggested. It s intriguing that
the Little Ice Age may be related to the 1500-year cycle [e.g.,
Bond et al., 1999], and although volcanism or other processes
may have contributed, the Littie Ice Age may have involved
solar influence [e.g., Crowley and Kim, 1996]. Additionally,
the '"Be data presented by Alley et al. [19952] indicate a
decrcase in Greenlandic atmospheric loading of this
cosmogenic isotope between the beginning and end of the
Younger Dryas cold event, which could have several
cxplanations, including an increase in solar activity leading up
to the termination of the event. If the solar model is
applicable, we might expect to sec ~1500-ycar power in
Holocene records of cosmogenic isotopes in ice cores; some
such power might also occur in radiocarbon records.

Existence of a periodic forcing also invites specuiation on
the future. If we follow carlier workers {e.g., Denton and
Karlen, 1973; Keigwin and Jones, 1989; Bond et al., 1997;
19997 in taking the Little Ice Age as the most recent cold
phase of the periodic oscillation and if we assume that the
warming from the Little Icc Age began naturally sometime
between 100 and 250 years ago, then the modern north
Atlantic would be warming naturally. However, the Little Ice
Age did not achieve a switch into a glacial occan mode. If the
periodic osciilation is a sine wave, then the climate would not
yet have passed into the haif of the cycie most stable against
being forced into such a mode switch, opening the possibility
that human-induced freshening of the north Atlantic could
force a mode switch [e.g., Stocker and Schmittner, 19971,
These speculations probably do not greatly advance our
predictive ability.

5. Conclusions

Much previous work has shown that the North Atlantic
region and surroundings have expericnced large, abrupt
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