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It seems like magic. In an attempt to make it audible,
you feed a faint signal, a wave of a particular frequency,
through an amplifier - a strange black box which you
bought at a junk yard, because your proposal to buy a
proper one was turned down once again. Of course you
hear nothing. The darn thing doesn't seem to work. Out of
sheer destructive frustration you add some random noise
to your signal, and voila: suddenly you hear it. The noise,
rather than blurring your signal, makes it come through
loud and clear. Take the noise away and the signal vanish-
es again.

This phenomenon is called ‘ stochastic resonance’, and
the climate system may behave just like that black box
from the junk yard. Though counter-intuitive, stochastic
resonanceisactually quitesimple. All it takesisan ampli-
fier that does nothing with signalsthat are below acertain
threshold, but strongly amplifies signals above it. Feed in
a sub-threshold signal and nothing happens. But add
noise, and the input strength (signa plus noise) can belift-
ed above the threshold value. The output thenis noisy, but
the signal also comes through. Too much noise drowns
out the signal, too little noise and the signal doesn't make
it through the amplifier at all, so there is an optimal
amount of noiseto produce the best results. Thisiswhy it
is called stochastic resonance: the system resonates at a
particular noise level. Y our experiment thus tells you one
thing about that black box: it must be quite a non-linear
amplifier with somekind of critical threshold. Not as nice
as that linear amplifier you wanted to buy, but still better
than nothing.

The theory of stochastic resonance was first devel oped
in an attempt to explainice-age cycles[Benz et al., 1982],
although subsequent data have not strengthened this early
hypothesis. But biological evolution seems to have dis-
covered stochastic resonance long before modern scien-
tists did. Crayfish sensory cells detect weak pressure
variations caused by the approach of predatory fish with
the aid of environmental noise and noise between nerve
cellsthemselves[Douglass and et al., 1993]. On the pred-
atory side, the ahility of paddle fish to detect planktonic
prey through their weak neurological €lectrical emissions
is enhanced by appropriate levels of electrica noise,
which in nature may arise from large aggregations of the
prey [Russdll, Wilkens and Moss, 1999]. Humans are bet-
ter at detecting aweak periodic touch to their fingerswhen
an appropriate level of random touching noise is added,
opening the possibility of aiding those with impaired tac-
tile sense [Collins, Imhoff and Grigg, 1996].
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FIG. 1. Schematic of the two glacial climate states, from [Gan-
opolski and Rahmstorf, 2002]. Bottom: the stable ‘cold’ or ‘sta-
did’ mode. Top: the metastable ‘warm’ or ‘interstadial’ mode.
Contours show the surface air temperature differencerelativeto
the stable state. Ocean circulation is shown schematically, sur-
face currents in red and deep currents in light blue. |ce sheets
shown are prescribed from [Peltier, 1994].

Surprisingly, while the field has grown in such diverse
ways (see [Gammaitoni et al., 1998] for a review), from
guantum oscillators with tunneling noise to communica-
tions systems, applications in the climate sciences have
been much slower to develop. Recently, however, mode-
ling results and data suggest that stochastic resonance did
existintheglacial climate system (seeFig. 1), althoughin
the millennia spacing of abrupt climate changes rather
than the slower cycles of ice ages.

Abrupt Climate Flips

Large, abrupt and widespread climate changes punctu-
ated the most recent ice age, and probably earlier ice ages
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(Fig. 2). Some of these climate changes, such as the
Younger Dryas cold interval and the cold event about
8200 years ago, immediately followed spectacular floods
of ice-dammed lakesinto the North Atlantic ocean, which
could have shut down the heat transport of the Atlantic
‘conveyor-belt’ circulation. Y et the dozens of abrupt cli-
mate changes that occurred throughout the last ice age are
difficult to explain with outburst floods. Sudden warm-
ings from ice-age conditions were especially prominent
(Dansgaard-Oeschger or D/O events). Furthermore, time-
series anaysesfind aperiodicity of about 1500 years(e.g.,
[Grootes and Suiver, 1997]). If random variations in
freshwater fluxes or other factors combined with some
weak periodicity in the climate system, then stochastic
resonance may provide an explanation for this puzzling
behavior.

A simple test for stochastic resonance is to look at the
waiting times between events. As shown in Fig. 3, a sto-
chastically resonant system most frequently produces
events separated in time by one period of the forcing.
Transitions also are commonly observed spaced two,
three, and more periods apart, with the number of occur-
rences decreasing exponentially with increasing waiting
time and with few occurrences between. As shown in Fig.
3, one needs a rather long time-series to demonstrate this
pattern clearly. The bottom panel, derived from the GRIP
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FIG. 2: Record of 880 (per mil, scale on |eft) from the GRIP
ice core, aproxy for atmospheric temperature over Greenland
(approximate temperature range, in °C relative to Holocene
average, is given on the right). Note the relatively stable
Holocene climatein Greenland during the past 10 kyr, and be-
fore that the much colder glacia climate punctuated by Dans-
gaard-Oeschger (D/O) warm events (numbered). The lower
panel shows a close-up of several of the more recent events
superimposed (coloured lines). The black line shows amodel -
simulated D/O event [ Ganopolski and Rahmstorf, 2001].
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FIG. 3. Interspikeinterval distribution (or waiting time between
warm events) for a simulated stochastic resonance process, for
different lengths of thetime series (IMa=1 million years). The
bottom panel is from the 110,000 year-long Greenland ice core
record. From [Alley, Anandakrishnan and Jung, 2001].

ice-core isotopic record, shows that the available data are
fully consistent with stochastic resonance [Alley,
Anandakrishnan and Jung, 2001]. A variety of other
ocean and ice data sets yield similar results [Alley et al.,
2001].

In order to get stochastic resonance, we need the follow-
ing three ingredients: afeeble periodic signal, noise, and a
threshol d-type amplifier. The origin of the periodic signal
should ultimately be revealed by further paleoclimatic da-
ta. A possible cause could be aweak periodic variation in
the output of the sun. Noise, on the other hand, is ubiqui-
tousintheclimate system dueto the variability of weather
and other processes. But what could the non-linear ampli-
fier be?

Shifty Currents

A number of clues point to the Atlantic ocean circula
tion. Since the seminal work of Stommel [Stommel, 1961],
we believe that the thermohaline (i.e., temperature- and
salinity-driven) circulation is a highly non-linear system.
Stommel's simple model showed two possible stable cli-
matic states, with or without deep water forming in the
north. The Atlantic would thus be a bistable system, likea
ball in a double-well potential. Recently, Vélez-Belchi et
al. [Véez-Belchi et al., 2001] demonstrated that oscilla
tions from oneto the other state in this model could occur
asaresult of stochastic resonance. Theforcing required to
push the Atlantic circulation between North Atlantic Deep
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Water (NADW) formation ‘on’ and ‘ of f’ statesishowever
rather large, so that it is debatable whether ordinary cli-
mati c noise could do thetrick, or whether thisdoesrequire
large episodic forcing events like the meltwater floods
mentioned above.

A more subtle mechanism for D/O events was recently
proposed by Ganopolski and Rahmstorf [ Ganopolski and
Rahmstorf, 2001]. Rather than switching NADW forma-
tion ‘on’ and ‘ off’, this mechanism involves geographical
shifts in the location of NADW formation; these can be
triggered much more easily. Based on experiments with a
coupled climate model of intermediate complexity, the
authors argue that the stability of the Atlantic currentswas
fundamentally different in cold and warm climates, and
that this accounts for the climatic roller-coaster ride of the
glacid climate as compared to the (at least in Greenland)
warm stable Holocene. Present-day climate is bistable in
their model, but glacial climateis not: it has one stableand
an unstable state as pictured in Fig. 1. Physicists call this
an excitable system; by perturbing the system, you can ex-
citeit to go to the unstable state for awhile. Such asystem
is prone to stochastic resonance.

Indeed, when this climate model is driven by random
noise of realistic amplitude, combined with a very weak
climate cycle of 1,500 years, Dansgaard-Oeschger events
result which are very similar to those recorded in the
Greenland ice and other paleo-climatic archives (Fig. 2).
What is more, the histogram of recurrence times resem-
bles that shown in Fig. 3 [Ganopolski and Rahmstorf,
2002]. Thisshows how the Atlantic ocean currents can act
like athreshold amplifier, turning afeeble signal into dra-
matic climate swings.

Earlier proposed mechanisms for D/O events have also
invoked variations in the thermohaline circulation (e.g.,
[Sakai and Peltier, 1995]), but in the form of self-sus-
tained oscillations in its strength, rather than shifts be-
tween different deep water formation sites triggered by
stochastic resonance. Oscillating solutions can befoundin
ocean models in some parts of parameter space. Paleocli-
matic data thus provide a benchmark for distinguishing
between fundamentally different physical mechanisms:
while state transitions through stochastic resonance show
secondary maxima at multiples of the main frequency as
shown in Fig. 3, interna oscillations do not share this
characteristic.

We remain many data sets and simulations away from
confident characterization of a stochastically resonant cli-
mate. But for the first time, dataanalysis has shown strong
hints and model simulations have provided a possible
guantitative mechanism for stochastic resonance causing
some of the most abrupt climate shifts known. Identifying
the source of the weak periodicity, and learning whether
natural or human-caused noise might affect the systemin
the future, remain interesting challenges. In the mean-
time, after straying from ice-age cycles into widely di-

verse fields from biology to physics, stochastic resonance
appears to be coming home to climate.
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A movie of computer-simulated Dansgaard-Oeschger
events can be watched at www.pik-potsdam.de/~stefan



