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frequency of the climate model, C. the ocean’s
thermal overturning time, and C; the ice cap’s
relaxation time. There are at least two ways to
include external forcing in Eq. 4: with an addi-
tive term of the form F cos w,f, which intro-
duces the possibility of resonance when w, —
Q, and/or with -a time-varying parameter
(parametric excitation), assuming that ()
changes with the dimension of the ice sheet
(21) through C,, which is proportional to a
critical dimension of the ice sheet (22).

If C; is of the form C; (1 + AC,/C; cos )
where AC; << C; and o is the modulating
frequency, Eq. 4 becomes

EL/de + Q2 [1 + 2(AQ/Q)coswt] L = 0
)

which is the Mathieu equation (23), whose
periodic solutions are frequency-modulated
sinusoids (24) of the form

L ~ A sin[Qt + (AQ/w)sin of + ] (6)

where A and ¢ are integration constants. The
solution to Eq. 6 is of the same form as each of
the terms of Eq. 3 used to simulate the §'80
records. Nonlinear forms of Eq. 5 are known to
develop instabilities, bifurcations, and period-
doubling cascades into chaos (25).
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The Role of Sub-Milankovitch
Climatic Forcing in the
Initiation of the Northern

Hemisphere Glaciation
K. J. Willis,™* A. Kleczkowski,? K. M. Briggs,? C. A. Gilligan?

Mechanisms responsible for the initiation of major glaciation in the Northern
Hemisphere at about 2.75 million years ago are poorly understood. A laminated
terrestrial sequence from Pula maar, Hungary, containing about 320,000 years
in annual layers between 3.05 and 2.60 million years ago, provides a detailed
record of rates of climatic change across this dramatic transition. An analysis
of the record implies that climatic variations at sub-Milankovitch frequencies
(Less than or equal to 15,000 years) were an important driving force during this
transitional interval and that, as the threshold was approached, these increased
in frequency and amplitude, possibly providing the final trigger for the ampli-
fication of Northern Hemisphere ice sheets.

The late Pliocene was a time of major climatic
cooling resulting in the growth of large terres-
trial ice sheets and the onset of Northern Hemi-
sphere glaciation (NHG) at ~2.75 million years
ago (Ma). What triggered this dramatic period
of global environmental change has been un-
certain (/). Suggestions include climatic change

associated with changing continental positions
and altered deep ocean circulation (2, 3), a
long-term decline in atmospheric CO, levels
resulting in greenhouse cooling (4), climate
change associated with tectonic uplift (5), and
decreased rates of sea-floor spreading (6). It has
also been suggested that the onset of NHG was
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at least partially controlled by long-term peri-
odic variations in incoming solar radiation (4,
7); calculations indicate that climatic variations
associated with orbital forcing may have deter-
mined the timing of glacial episodes (/) and
that incremental increases in obliquity between
~3.1 and 2.5 Ma provided the final trigger for
amplification and expansion of the Northern
Hemisphere ice sheets (3). Here, we present
results from a high-resolution terrestrial record
that demonstrates that, in addition to climate
change at orbital frequencies, substantial varia-
tions were also occurring at much higher fre-
quencies (=15,000 years) (sub-Milankovitch
cycles) during this critical period of global en-
vironmental change.

The 45-m terrestrial sequence from Pula
maar crater lake in Hungary represents
~320,000 years of accumulation between
3.05 and 2.60 Ma (8). The sediments are
composed of alternating light and dark layers;
a pair of layers represents a single year’s
deposition. The light layers are a calcium
carbonate matrix and represent summer accu-
mulation, whereas the dark layers contain the
algae Botryococcus braunii and represent
deposition during the winter months (8—10).

Measurements of the laminations at set inter- -

vals down the core indicate that an accumu-
lation rate of 80 + 10 years/cm was relatively
constant throughout the sequence. K/Ar dat-
ing, in conjunction with magnetic polarity
reversal data, indicates that the sequence is
located in the Gauss epoch (polarity chron
C2An.1n), dated between 3.05 and 2.60 Ma.
This allows the placement of the boundaries
with an accuracy of +40,000 years while
maintaining an accurate time scale within the
record.

The core was subsampled at intervals of
~2500 years throughout and analyzed for
fossil pollen. Terrestrial vegetation dynamics
are clearly represented in the record by cycles
alternating . between subtropical-temperate
forest and boreal forest (8). Increases in bo-
real pollen percentages correlate with de-
creases in global temperature demonstrated in
the marine oxygen isotope record [3!80 from
Ocean Drilling Program (ODP) site 846 (11)]
for this time period (Fig. 1).

At the broadest scale, the record shows a
long-term decline in subtropical-temperate
forest and an increase in boreal forest (Fig.
1A). Superimposed on this trend is a transi-
tion between ~2.75 and 2.64 Ma, represented
by the rapid increase in boreal forest, a dra-
matic decline in temperate tree taxa, and the
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final demise of subtropical types from the
lake area (Fig. 1B, lines A and B). The age of
this transition relates to a time when there
was a substantial growth of large terrestrial
ice sheets and an intensification of the NHG
7, 11, 12).

To analyze the character of the vegetation
dynamics across this NHG transition, we cal-
culated the rates of change of boreal pollen
percentage by taking the first differences (Figs.
1C and 2A) [a procedure similar to that used in
(13)]. Spectral analysis of these differenced
data revealed strong climatic variability at sub-
Milankovitch time scales (=15,000 years)
throughout the whole sequence (Fig. 2C, lines
A through D). However, the periodicity is not
distributed evenly, and there is a sharp transi-

Fig. 1. (A) Summary pol-
len percentage diagram
with data from Pula
maar, Hungary. Samples
were analyzed for pollen
at an interval of ~2500
years. The sequence rep-
resents ~320,000 years
of accumulation be-
tween 3.05 and 2.60
Ma (8). Measurement
of the laminations indi-
cated that the accumu-

A

tion from low-amplitude low-frequency cycles
before 2.75 Ma to high-amplitude high-fre-
quency oscillations from 2.75 to 2.64 Ma. Thus,
between 2.93 and 2.75 Ma (Fig. 2C, lines C and
B), the spectral power is concentrated at periods
of 15,000 years in addition to a period of 23,000
years (8) (Fig. 2, C and D). This is in contrast
to the section of the core between ~2.75 and
2.64 Ma (Fig. 2E, lines A and B), which is
dominated by oscillations with periods of
<10,000 years (Fig. 2F). The results from
this core imply that, as the NHG transition
was approached, climatic variability at sub-
Milankovitch time scales became more pro-
nounced and more frequent.

Variations at these time scales are absent
from the calculated orbital insolation (/4).
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Fig. 2. Spectral analysis of the differenced boreal pollen
percentage data. The differencing of the data enhances the
detectability of the sub-Milankovitch cycles in the spectra
otherwise dominated by low-frequency components (8). (A
and B) The whole record, (C and D) the record between
2.93 and 2.75 Ma, and (E and F) the record between 2.75
and 2.64 Ma. The pollen data shown in Fig. 1B were
interpolated to the equal time step of 3000 years (resulting
in the time series of the same length as the original),
differenced [(A), (C), and (E)], and subsequently analyzed
with the Burg [maximum entropy (77)] method, which
involves fitting an autoregressive (AR) process to the data
and estimating the power spectrum of this process|(B), (D),
and (F)]. Other interpolation methods (including smooth-
ing) and spectral analysis techniques [including Blackman-
Tukey, periodogram, maximum likelihood, least squares,
and Lomb (77)] were also tested, but these did not sub-
stantially affect the principal inferences. The order of the
AR processes was determined as the minimal order for
which the spectrum was consistent with other methods,
notably the Lomb method (which does not require inter-
polation). Approximate Milankovitch bands for periods of
19,000 to 23,000 years, 38,000 to 44,000 years, and
90,000 to 140,000 years are shown in spectral plots (gray).
Confidence limits for the spectra were calculated by sim-
ulating white noise, and 0.025, 0.5, and 0.975 quantiles are
shown as dashed lines in (B), (D), and (F). In each spectral
plot, the oscillations corresponding to a leading frequency
were identified (marked by a triangle), and the correspond-
ing sine signals are shown for comparison in (A), (C), and
(E) with an arbitrary phase. A combination of the cyclicity
inherent in the sequence and the sampling procedure leads
to a(se)lection of discrete peaks at high frequencies in (B)
and (F).

Fig. 3. The calculated
changes in the preces-
sion signal (74) for the
periods (A) 5.00 Ma to
present and (B) 3.05
to 2.60 Ma, compared
with (C) the differ-
enced boreal pollen per-
centage data. The period
covered by the pollen
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This has led to the conclusion (/5) that, in the
Pleistocene, the climatic variability at sub-
Milankovitch time scales is at least partly
nonlinearly transferred from the precession
band (19,000 to 23,000 years). To explore the
possibility for a similar mechanism in the late
Pliocene, we compared the pollen record with
the calculated precession signal between 3.05
and 2.60 Ma. The orbital forcing is charac-
terized by three distinct periods: A period of
low-amplitude oscillations (2.93 to 2.75 Ma)
(Fig. 3, A and B, lines B and C) is framed by
two periods of high-amplitude cycles (Fig.
3B, lines A and B and C and D). Qualitative-
ly, the same behavior is thus observed in the
differenced signal of the boreal pollen per-
centage (Fig. 3C), suggesting that the dynam-
ics of the terrestrial vegetation at sub-Mi-
lankovitch frequencies in the late Pliocene
may be linked to the precession signal. How-
ever, the Pula maar sequence is responding at
much higher frequencies (=15,000 years as
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opposed to 19,000 to 23,000 years in the
insolation record), indicating a more compli-
cated relation (735, 16).

Our results demonstrate that embedded
within the long-term climatic changes were
much finer scale variations at sub-Milanko-
vitch time scales (Fig. 2). We therefore pro-
pose that, in addition to the climatic changes
associated with the linear response to the
orbital forcing, a nonlinear response at sub-
Milankovitch frequencies may have been re-
sponsible for the initiation of the NHG. Per-
haps an incremental increase in amplitude
and frequency of these sub-Milankovitch os-
cillations across the transition resulted in a
shortening of the length of time between
subsequent cold stages. This would have re-
duced the time for climatic “recovery” be-
tween each cycle, thereby providing a mech-
anism for the buildup of large terrestrial ice

REPORTS

sheets. Thus, a combination of factors at dif-
ferent time scales within a nonlinear frame-
work may be responsible for the changes
leading to the NHG.
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Superradiant Rayleigh
Scattering from a Bose-Einstein

Condensate

S. Inouye,* A. P. Chikkatur, D. M. Stamper-Kurn, J. Stenger,
D. E. Pritchard, W. Ketterle

Rayleigh scattering off a Bose-Einstein condensate was studied. Exposing an
elongated condensate to a single off-resonant laser beam resulted in the
observation of highly directional scattering of light and atoms. This collective
light scattering is caused by the coherent center-of-mass motion of the atoms
in the condensate. A directional beam of recoiling atoms was built up by matter

wave amplification.

Rayleigh scattering, the scattering of a pho-
ton off an atom, is the most elementary pro-
cess involving atoms and light. It is respon-
sible for the index of refraction of gases, the
blue sky, and resonance fluorescence. This
process can be divided into absorption of a
photon and subsequent spontaneous emis-
sion. Photon scattering imparts a recoil mo-
mentum to the atom. Because of the random
nature of spontaneous emission, the direction
of the recoil is random, leading to momentum
diffusion and heating of the atomic motion.
With the realization of Bose-Einstein con-
densation (BEC) (1), it is now possible to
study the interactions of coherent light with
an ensemble of atoms in a single quantum
state. The high degree of spatial and temporal
coherence of a condensate was confirmed in
several experiments (2, 3). This raises the
important question of whether the coherent
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external motion of the atoms can alter the
interactions between atoms and light. Here
we show that the long coherence time of a
Bose-Einstein condensate introduces strong
correlations between successive Rayleigh
scattering events. The scattering of photons
leaves an imprint in the condensate in the
form of long-lived excitations that provide a
positive feedback and lead to directional Ray-
leigh scattering.

The gain mechanism for Rayleigh scatter-
ing from a condensate can be derived semi-
classically. When a condensate of N, atoms is
exposed to a laser beam with wave vector k,,
and scatters a photon with wave vector k,, an
atom [or quasi-particle, also called momen-
tum side mode in (4)] with recoil momentum
iK, = fi(k, — k,), where fi is Planck’s con-
stant divided by 2, is generated. Because
light propagates at a velocity about 10 orders
of magnitude greater than the atomic recoil
velocity (3 cm/s for sodium), the recoiling
atoms remain within the volume of the con-
densate long after the photons have left and
affect subsequent scattering events. They in-
terfere with the condensate at rest to form a
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moving matter wave grating of wave vector
K, which diffracts the laser beam into the
phase-matching direction k; (= k, — K).
This diffraction is a self-amplifying process
because every diffracted photon creates an-
other recoiling atom that increases the ampli-
tude of the matter wave grating.

When N, recoiling atoms with momentum
#K, interfere with N, condensate atoms at

rest, the density modulation comprises
Nioa = 2 VNN, atoms. The light scattered

by these atoms interferes constructively in the
phase-matching direction with a total power
P of

N2 4
P = hofiR == )
~ sin’6;
fi: 81/3 J (2)

Here, R is the rate for single-atom Rayleigh
scattering, which is proportional to the laser
intensity, and o is the frequency of the radi-
ation. The angular term in Eq. 2 reflects the
dipolar emission pattern with 6, being the
angle between the polarization of the incident
light and the direction of emission. Because
of the finite size of the sample, the phase-
matching condition is fulfilled over the solid
angle Qj. ~ N?/A, where A is the cross-sec-
tional area of the condensate perpendicular to
the direction of the light emission and \ is the
optical wavelength. More rigorously, (), is
given by the usual phase-matching integral
for superradiance in extended samples (5):

BN C))

0= J dm«)\ J pr)e™ ¥ ar

where |kl = Ik, and p(r) is the normalized
spatial density distribution in the condensate
(J p(r) dr = 1).

Because each scattered photon creates a
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