of such a structure is responsible for the first
discontinuity on the simulated Hugoniot
(1). With respect to the following analysis, it
is not essential what exactly occurred—re-
crystallization or melting. Structures in both
cases can be indistinguishable (5, 6). The
important point is that this is definitely not
a solid-solid transition, and there is a discon-
tinuity on the Hugoniot.

4) In my report (1), I state that calcula-
tions have been checked by doubling the size
of the cross section, and no significant
changes of results were observed. Because
the dependence of the results on the number
of particles (in this case, on the number of
unit cells in the x and y directions) is asymp-
totic (the results do not change after exceed-
ing some sufficiently large number), it is
clear that if I did not see any changes of the
results when doubling the size from five to
ten unit cells, then the results would not
change with further increase in size. The
Lindemann (7) criteria for melting is a first
approximation, and for Ar it is a good one
(8). Mean square displacement of atoms [this
is within the Lindemann criteria; see (9) for
details] depends on the number of unit cells
in a computational cell of cubic shape (Fig.
1). Ten cells are more than enough for ob-
taining reliable results. Dubrovinsky’s refer-
ence (reference 12 in the comment) to the
data, without providing details, is not con-
vincing because properties of small particles
could be different from bulk properties for
several reasons (for example, the structure of
adsorbate is that of the adsorbent).

5) The calculated melting temperature
from the Hugoniot (that is, one of the
points on the liquid Hugoniot) is in agree-
ment with experiments and calculations,
and Dubrovinsky is not correct on this
point. Ross (10, table 5) gives T = 4235 K
at P = 22.53 GPa as a point on the liquid
branch of the Ar Hugoniot. This is the
highest pressure within the range of my
calculations. Figure 2A in my report gives T
= 3700 K at the same P. Therefore, the
difference is about 500 to 600 K, which is
definitely less than “at least 2000 K” and
can be accounted for by different potentials
and methods used in the calculations.

6) Argon and iron are, of course, differ-
ent substances. In my report, | reasoned
that if two discontinuities on the Ar Hugo-
niot (1) do not require an assumption about
solid-solid transition, it is not necessary to
presume that the two discontinuities on the
Fe Hugoniot (11) are the result of a solid-
solid transition. Two discontinuities can ex-
ist without a solid-solid structural transition
of the material, in accord with the theory of
shock waves in solids. In addition, my sim-
ulations (1) showed the approximate size of
discontinuities one could expect in Ar,
which was comparable with the size of dis-
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continuities in Fe (11). The corresponding

figures showing discontinuities in curves of

velocities of rarefaction waves in Ar (1) and

in Fe (11) are similar (12). This comparison
supports my original conclusion (1).

Anatoly B. Belonoshko

Institute of Earth Sciences,

Uppsala University,

Uppsala S-75236, Sweden
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Intertropical Latitudes and Precessional and
Half-Precessional Cycles

A. Mclntyre and B. Molfino, in their re-
port about the forcing of Atlantic equato-
rial and subpolar millennial cycles by pre-
cession, suggest that climatic changes in
high polar latitudes (which are related to
Heinrich iceberg surges) may be caused by
events that occur in low latitudes (1). This
suggestion is based partly on a quasi cycle
of about 8400 calendar years that they
found in the relative abundance of a trop-
ical marine algae and that they relate to
precession. Our comment is about their
attempt to give this period an astronomi-
cal origin. (I, p. 1869).

1) In the intertropical zone, the sun pass-
es directly overhead twice in a year at each
latitude, but this does not imply that “[o]ver
one precessional cycle, this produces two
intervals during which perihelion is coinci-
dent with the solstice in Northern Hemi-
sphere summer,” as stated by Mclntyre and
Molfino (1, p. 1869). By definition of the
precessional cycle, perihelion can coincide
only once with the Northern Hemisphere
summer solstice during one cycle. What pro-
duces half a precession cycle in the tropics
can only be explained if we accept the prop-
osition that, in the tropics, the climate is
responding principally to the largest maxi-
mum of insolation, independently of the
date it occurs during the year. At the equa-
tor, for example, the sun passes overhead at
both equinoxes. The evolution of the daily
insolation at the equator at the spring and
autumn equinoxes can be graphed (Fig. 1).
This insolation is given by [see formula 30 in

(2)]

\X/ spring

; equinox = —
autumn €9 T 1 — eZ

S (1 +e cos(]f))z

(1)

where W is the insolation; S is the absolute
solar constant, estimated at a distance equal
to the semimajor axis of the Earth orbit
around the sun; e the eccentricity; and ®
the so-called longitude of the perihelion (&
= 0 when the spring equinox occurs at the
perihelion; & is currently equal to 282°).

These insolations do not depend at all
on obliquity. Their spectrum is dominated
by precession [about 23- and 19-kyr (thou-
sand-year) periods], but displays also, with
much less power, half-precessional periods
(11.5 and 9.5 kyr), eccentricity periods, and
combination tones. To a good approxima-
tion, equation (1) can be written

S
WW/sping o~ + ~
autumn - 1 * Zecos®

e’ 5¢?
+ = cos2® + 5 (2)

2
Equation 2 shows also that, with an excel-
lent approximation,

3)

_ S
Weering = p- (1 + e cos®)

(4)

\X/alltumn =— (1 - e COS(I))

o
and therefore that the insolations at spring
and autumn equinoxes are out of phase by

half a precession cycle. Selecting for each
date of the past, the largest of the two
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values, leads to a curve (Fig. 2) that is
dominated by half-precessional cycles.

This result conceptually remains valid
for intertropical latitudes ¢ : —e = b = &g,
although it is then slightly more complicat-
ed because of the additional role played by
obliquity outside the equator.

2) We agree that the primary compo-
nents in the tropics are the precessional
periods. But this holds also for high polar
latitudes (except for those very close to
where the polar night occurs [see figures
10B and 14B in (2)].

Moreover, the periods of the two largest
amplitude terms in the trigonometrical ex-
pansion of climatic precession are 23,716
and 22,428 years (3), which average
(weighted or not) is about 23,100, not
22,000 years, as considered by Mclntyre and
Molfino (1) with a first harmonic of 11,550
years, not 11,000 years. 22,000 years is much
more related to the average period of the
precessional parameter itself than to its spec-
tral components. This period is not stable in
time and, over the last 60 kyr, we observe its
progressive shortening (Fig. 3) : the minima
of the climatic precession occur at —61,
—33, =12, and +9 kyr, respectively, which
leads to periods that are 28, 21, and 21 kyr
long, respectively; if we consider the inter-
distances between maxima (which occur at

— Spring equinox
460r  ~-- Autumn equinox

T——

Time (kyr)

Fig. 1. Long-term variation of the daily insolation
at the spring and autumn equinoxes at the equa-
tor, 100 kyr BP to 100 kyr AP (3).
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Fig. 2. Long-term variation, 100 kyr BP to 100 kyr
AP, of the largest of the two values of the daily
insolation at the spring and autumn equinoxes at
the equator (3); see also (8).
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—47, =22, —1, and +18 kyr), we arrive at
25, 21, and 19 kyr.

One reason for this result is the rather
particular behaviour of eccentricity as quot-
ed by the authors [see also (4)]. The minima
of e occur at —158, —45, and +27 kyr,
leading to a length of the period equal to
113 and 72 kyr; the maxima occur at —115,
—14, and 87 kyr, leading to two periods of
101 kyr (Fig. 3). Asymmetry, damping, and
associated shortening of the eccentricity cy-
cle are therefore important because they
influence significantly the length of the
precessional cycle. If 22 kyr is important in
the finding of Mclntyre and Molfino (1),
we would suggest that it corresponds to an
average value of the precessional cycle over
the last 45 kyr.

This result is not without having con-
sequences on the spectral components of
precession themselves. The eccentricity
cycle and all the spectral components of
eccentricity are obtained as combinations
of the precession frequencies. For exam-
ple, we see (5, p. 638) that the second
period of e (94,945 years) comes from the
periods of terms 3 and 1 of the expansion
of precession:

1 1 1

94,945 ~ 18,976 23,716

(5)

If we consider the shortening of the eccen-
tricity and precession cycles over the period
between roughly 100 kyr BP and 30 kyr AP,
we may give an astronomical interpretation
to the additive combination tone calculated
by Mclntyre and Molfino. By calculating
(1/72 + 1/22 = 1/16.85) they tentatively
compute one of the spectral component of
precession (16,850 years), provided it is as-
sumed that 72 kyr is the eccentricity period
and 22 kyr is the other spectral component
of precession.

This result might be tested by analysing
the spectra of precession and eccentricity
over the last 100 kyr. Although it is not
easy to compute accurately a high-resolu-
tion spectrum from limited data, we per-
formed a moving maximum entropy spec-

Fig. 3. Long-term variation
of eccentricity, climatic pre-
cession, and obliquity be-
tween 100 kyr BP and 100
kyr AP. See the damping
and shortening of the cycle
of eccentricity and preces-
sion between now and 50 }
kyr AP (3, 9).
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TECHNICAL COMMENTS

tral analysis [for example, (6)] from 100 kyr
BP to 100 kyr AP with a window of 60 kyr
moving by steps of 5 kyr. For the whole 200-
kyr period, the main precessional peaks
were found at 24.86, 21.17 and 18.45 kyr
(over the last 1 Myr they are 23.71, 22.41,
and 18.98). From the moving spectrum
analysis, we see a progressive decrease of the
main period from 25.36 kyr between 75 and
15 kyr BP to 18.45 kyr between 15 kyr BP
and 45 kyr AP, with 21.96 kyr found be-
tween 45 kyr BP and 15 kyr AP. For all
these spectra, the multitaper method by
Thomson (7) gives only one significant
peak. But because of the considerable short-
ening and damping of the eccentricity cycle
and the exceptional low value of eccentric-
ity now and over the next 50 kyr, this
method shows clearly two peaks for the five
sub-intervals from (10 kyr BP to 50 kyr AP)
to (10 kyr AP to 70 kyr AP). These spectral
peaks are (29.7 and 17.5 kyr), (31.15 and
17.4 kyr), (31.63 and 17.39 kyr), (30.68 and
17.47 kyr), and (28.35 and 18.41 kyr), re-
spectively. The negative combination tones
leading to the eccentricity cycle, as in equa-
tion (5), are, in these cases, 42.6, 39.4, 38.6,
40.6, and 52.5 kyr, respectively, which ex-
presses a considerable shortening of the ec-
centricity cycle.

Although these results do not give any
information about the bipartition of the
precessional period over the period of inter-
est by Mclntyre and Molfino (the last 40
kyr), they tend to confirm that the additive
combination tone they calculated may be
related to the spectral components of pre-
cession that would, therefore, confirm their
proposal that 8.43 kyr is related to preces-
sion (I).

However, the instability of the preces-
sion spectrum and the difficulty to compute
it numerically over two precession cycles
point to more work to be done. If the
eccentricity cycle is larger than assumed by
Mclntyre and Molfino over the period of
interest (let us assume 85 kyr instead of 72
kyr—what our data tend to show), such a
length of 85 kyr and a spectral precession
component of 16.85 kyr would lead to 21

~-=—0.06
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-0.02
-0.04
1-0.06

9 ol !
1<)
g = ]
S ‘
100 80 60 40 20 0 20 -4  -60 -80  -100
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kyr for the other component of precession:
1 1 N 1
16.85 85 21

If, on the other hand, we assume that one
component is 22 kyr (as did McIntyre and
Molfino) and allows for a larger eccentricity
cycle, we are left with an additive combi-
nation tone that is longer than 16.85 kyr
(17.48 kyr):

1 1 1

85 22

17.48

and leads to 8.74 kyr for the first harmonic,
not 8.43 kyr, which was stressed as impor-
tant. But is that difference really significant?
A sensitivity analysis gives a half-tone rang-
ing between 9.3 and 8.1 kyr. Within the
range of uncertainty in the data, can we
consider that these values are significantly
different from 8.43 kyr? We would guess not.

But because, according to our data, the
length of the precession cycle can hardly be
less than 19 kyr, 16.85 kyr has to be con-
sidered as a spectral component of preces-
sion, the other one being of the order of 22
kyr. This implies that one big problem re-
mains: Why would this period of precession,
which does not appear to be the most im-
portant in spectral analysis of precession,
play such an important role in the climate
of the last 40 kyr?

A. Berger

M. F. Loutre

Institut d’ Astronomie et de Géophysique
Georges Lemaitre (Unité ASTR),
Département de Physique,

Université Catholique de Louvain,
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Response: We agree with Berger and
Loutre’s first remark. We made a mistake
(I, p. 1896, column 2, lines 14-17) in
transferring the concept from a paper by
Short et al. (2, pp. 169-170). We should

have used a direct quote.

We are pleased that Berger and
Loutre’s computations indicate that our
documentation, in the equatorial Atlantic
paleoceanographic record, of 1/2 of a com-
bination tone, 8.4 kyr, of eccentricity and
precession may be valid. One approach to
proving validity of this atypical period
would be to examine older intervals of
time that are forced by essentially the
same orbital geometry.

The comment by Berger and Loutre and
our report both indicate that modern insola-
tion-forced climate is influenced by rhythms
that differ in period from the primary periods
of precession. Accurate prediction of future
climate change on millennial scales may re-
quire use of these atypical harmonics. A
point made in our report, but not addressed
in the comment, is that the perceived wis-
dom of high-latitude, Northern Hemisphere
control of climate at millennial scales may in
fact be low-latitude modulated.

Andrew Mclntyre
Lamont-Doherty Earth Observatory,
Columbia University,

Palisades, NY 10964, USA
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Beginning in 1998, summaries of technical comments will appear in the
printed journal; full text and figures will appear only online.
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“This Week in Science” in the printed journal, with a heading that gives the Web address
for the full text.
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This change will allow:

B Free access to the full text of technical comments and responses for all Science Online readers.

m Continued full citation, with technical comment titles and authors continuing to be listed in
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