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Modeling 100,000-Year Climate Fluctuations in

Pre-Pleistocene Time Series

THaOMAS J. CROWLEY, KWwANG-YUL KM, JoHN G. MENGEL,

Davip A. SHORT

A number of pre-Pleistocene climate records exhibit significant fluctuations at the
100,000-year (100-ky) eccentricity period, before the time of such fluctuations in
global ice volume. The origin of these fluctuations has been obscure. Results reported
here from a modeling study suggest that such a response can occur over low-latitude
land areas involved in monsoon fluctuations. The twice yearly passage of the sun across
the equator and the seasonal timing of perihelion interact to increase both 100-ky and
400-ky power in the modeled temperature field. The magnitude of the temperature
response is sufficiently large to leave an imprint on the geologic record, and simulated
fluctuations resemble those found in records of Triassic lake levels.

INCE THE PUBLICATION OF THE HIS-

toric Hays, Imbrie, and Shackleton paper

in 1976 (1), a great deal of attention has
been given to the origin of the dominant
100-ky orbital eccentricity signal in late Pleis-
tocene time series of ice volume. Additional
studies (2) demonstrated that 100-ky fluctua-
tions also occur in other late Pleistocene climate
series. Although most modeling studies have
linked the 100-ky ice volume fluctuations to

T. J. Crowley and K.-Y. Kim, Applied Research Corpo-
ration, 305 Arguello Drive, College Station, TX 77840.
J. G. Mengel, Applied Research Corporation, 8201
Corporate Drive, Landover, MD 20785.

D. A. Short, Laboratory for Atmospheres, Code 913,
National Aeronautics and Space Administration, God-
dard Space Flight Center, Greenbelt, MD 20771.

nonlinear interactions between the climate sys-
tem and ice sheets (3), a puzzling dilemma
arises from examination of climate time series
from periods earlier than the late Pleistocene.
Records from the Pliocene and early Pleis-
tocene (~1.0 to 2.4 Ma, million years ago),
Miocene (~15 Ma), Cretaceous (~100 Ma),
and Triassic (~200 Ma) also indicate that
100-ky and sometimes 400-ky climate fluctua-
tions were occurring, but either there is little
evidence for the presence of extensive ice sheets
during these times or the ice sheets were fluc-
tuating at other dominant periods (4). Astro-
nomical times series (5) indicate that the most
important term in the series expansion for
eccentricity is at 413 ky. Furthermore, many
of the proxy records are from tropical regions,
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that is, they are far removed from influence by
any undiscovered pre-Pleistocene ice sheets.
In this paper we propose an explanation for
at least some of the tropical 100-ky and 400-ky
changes that involves variations in the response
of the monsoon system on equatorial land areas
subject to twice yearly peaks in solar forcing.
We extend an earlier study that examined how
the present land-sea distribution filters orbital
forcing in the frequency domain (6). Both
studies utilized a seasonal, two-dimensional
energy balance climate model (EBM) that does
a reasonable job of resolving the present sea-
sonal cycle (7). A number of tests have demon-
strated that the model has a sensitivity to
seasonal changes in forcing comparable to at-
mospheric general circulation models [GCMs
(8)]. Because the EBM is very efficient, it can
be used to generate long time series of the
seasonal temperature response to orbital inso-
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Fig. 2. Geography for two different time intervals of
Pangaea unification, the Induan epoch (bold lines) in
the Triassic (~225 Ma) and the Pliensbachian epoch
(dotted lines) in the Jurassic (~195 Ma). These time
periods straddle the interval of lake level deposition
(4) that is the target test for our model. Geographies
are from (10).
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lation changes, something that could not be
done with a GCM.

The earlier study (6) showed that a 100-ky
response in yearly maximum temperature
(Tax) 1 amphﬁed in equatorial land areas as
a result of the twice yearly passage of the sun
across the equator. In mid- and high-latitude
regions, the timing of T, consistently oc-
curs in mid-to-late summer. However, in
equatorial land areas, the model shows sub-
stantially more variance in the seasonal timing
of this index. For example, Fig. 1 illustrates
the relation between modeled seasonal temper-
atures at the equator (Africa) and predicted

2 for a well-studied interval—the last in-
terglacial period. This interval includes three
sea level highs and is bracketed by glaciations
at approximately 70,000 and 135,000 years
ago. Eccentricity values are relatively high
(0.04 to 0.05) for this time interval, so there
are also three well-defined insolation peaks
related to the precession cycle.

The effect of the three insolation peaks on
Tomax varies by season (Fig. 1). The T,
diagnostic generally tracks the September
time series (second of the two overhead pas-
sages of the sun). However, there is one
major difference between the T.,,, and Sep-
tember records. Whereas the September tem-
perature record displays a typical eccentricity-
modulated precession cycle that shows no
significant 100-ky power, the T,,, time se-
ries is “clipped,” that is, it contains a second
set of peaks of lower temperature as a result of
the presence of weaker warming peaks in the
vernal equinox time series 10,000 years later.
Thus, T,,,, can be reached near either the
vernal or the autumnal equinoxes, depending
on orbital configurations. These variations
should represent changes in monsoon forc-
ing, which are significantly affected by preces-
sion variations (9).

Two reasons justify use of a temperature
index that characterizes more than one sea-
son. First, in a region such as the equator,
the net climate effect of monsoon variations,
either locally or far-field, may require assess-
ment of the total changes that occur over the
spring-autumn half-year. The T, index
takes a step in that direction. Second, geo-
logic records (for example, dust in deep-sea
cores) sometimes represent an integrated
signal that, in equatorial regions, might well
originate from more than one season. For
these reasons, we believe T, can be used
as a proxy index of monsoon activity.

Long time series (800 ky) of the T,
response on the equator (6) indicate that the
clipping, or the presence of the second peak
in the time series, results in a rectified re-
sponse that transforms power to the modu-
lating frequency. For the Pleistocene, the
magnitude of the temperature amplification
was only marginally large enough to yield a
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Fig. 3. Comparison of modeled time series for the
present and late Triassic. The former record is
from (6). (A) Time domain; (B) frequency do-
main.

significant climatic response. However, be-
cause the amplification is a function of land-
sea distribution (6), we postulated that con-
siderably greater amplification would occur
on larger landmasses, for example, Pangaea.
To test this hypothesis, we generated an
800-ky time series of maximum summer tem-
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Fig. 4. Comparison of modeled and observed
time series for the late Triassic. The latter record is
a modified version (14) of an earlier time series
(4). (A) Time domain; (B) frequency domain.
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peratures at the equator on Pangaea, at the
time when Triassic lake deposits from eastern
North America record 100-ky fluctuations. In
order to isolate the effects of geography, we
used the orbital forcing of the last 800 ky (5)
for all runs. Geographic reconstructions (10)
were available for two time intervals (Fig. 2)
bracketing the deposition of the lake sedi-
ments, and we illustrate results for the earlier
time interval. Because there were relatively
small changes in equatorial geography over
the interval examined, model-generated time
series for both intervals are almost identical.
Paleogeography is therefore not a major un-
certainty in our simulations.

Because of the presence of the large Pan-
gacan landmass in the Mesozoic, the T,
response was substantially greater then than in
the Pleistocene (Fig. 3). In addition to higher
frequency cycles, a nearly 2.5°C peak-to-peak
change in amplitude at 100-ky intervals is evi-
dent in the 225-Ma time series. Such fluctua-
tions, especially in the core of the Intertropical
Convergence Zone (ITCZ), may well be large
enough to leave a significant imprint on the
geologic record (9). Comparison of the spectra
of the two model time series (Fig. 3B) demon-
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Fig. 5. Assessment of the potential effects of a
nonlinear recording system on relative amounts of
100-ky and 23-ky power. The original time series
(6) represents the T, response to orbital forcing
at 60°N, 100°E (central Eurasia). This series
typifies a standard eccentricity-modulated preces-
sion cycle that has no significant power at 100 ky
(6). In the “clipped” time series (A) all original
values <18°C were reset to 18°C in order to
mimic the effect of, for example, low lake levels. In
neither this case nor others (not shown) were we
able to generate 100-ky power in excess of 23-ky
power in the time series (B).
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strates the greater power at 100 ky on the
Pangaean landmass. Because numerous mete-
orological investigations have also demonstrat-
ed that fluctuations in tropical rainfall also
affect climate in higher latitudes, the tempera-
ture fluctuations we simulate may well be man-
ifested in other phenomena that we cannot
examine with the EBM.

The predicted time series for equatorial
Pangaea is similar to those observed for
records from Triassic lakes at 5°N, 10°W
(Fig. 4A) (4). A spectral comparison (Fig.
4B) indicates that both records have similar
statistical properties. One difference is that
the 23-ky peak is larger than the 100-ky
peak in the observations, whereas the latter
is the case in the model. However, because
other time series from the same area (4)
show more power at 100 ky than at 23 ky, it
is not clear whether this discrepancy is a
major cause of concern.

One potential problem with interpreta-
tion of 100-ky power in the Triassic lake
series is that our analysis suggests that “clip-
ping” the time series on the cold end will
increase 100-ky or 400-ky power in any time
series. Such clipping could conceivably re-
flect nonlinearities in the recording system
rather than nonlinearities in the climate sys-
tem. For example, although lakes may well
record relative levels in high stands, during
times of increased net evaporation they may
not record relative levels of low stands. A
lake cannot get any lower than empty. Ex-
treme dry periods might not be recorded,
and any time series would tend to show the
same clipped features that contribute to
strengthening of 100-ky or 400-ky power.

To test the above possibility, we conduct-
ed sensitivity tests on a model time series for
60°N, 100°E for present geography (central
Eurasia). This record shows a strong eccen-
tricity-modulated precession cycle and no
significant 100-ky power (6). Artificial clip-
ping of the time series at various levels both
reduced power in the precession band and
enhanced power at 100 ky and 400 ky (Fig.
5). In none of our clipping experiments
were we able to produce 100-ky cycles with
more variance than at 23 ky—a pattern
evident in some geologic time series. How-
ever, because other sedimentary processes
may also generate substantial 100-ky power
(11), this topic warrants more study.

Our hypothesis requires more testing before
it can be accepted (for example, with atmo-
spheric GCMs that have explicit moisture cy-
cles). As modeled herein, we only generate
significant 100-ky responses on large land-
masses in low latitudes. However, monsoon-
induced changes in atmospheric circulation
could cause changes in high latitudes. They
could also affect upwelling or weathering pat-
terns, which might translate terrestrial changes

to the marine realm. It may be that 100-ky and
400-ky cycles in the tropics are also affected by
other phenomena (for example, variations in
the carbon cycle). Diurnal variations in forcing
at 100-ky periods (12) may also be important
for understanding the evolution of the mon-
soon system.

We initially discovered enhanced 100-ky
and 400-ky power in our Quaternary time
series as a result of investigations of the
filtering effect of geography on Milanko-
vitch insolation cycles. That was a serendip-
itous discovery, which involved no a priori
tuning of the model to conform to precon-
ceived notions of how the system should
respond. Even if subsequent studies modify
our conclusions, the results emphasize the
importance of full seasonal-cycle runs in the
study of paleomonsoon systems (most earli-
er studies have considered only January and
July responses). Whether such equatorial
variations might also influence late Pleis-
tocene 100-ky ice volume fluctuations re-
quires further investigation.
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