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Abstract. Climate over the past million years has been 
dominated by glaciation cycles with periods near 23,000, 
41,000, and 100,000 years. In a linear version of the 
Milankovitch theory, the two shorter cycles can be explained 
as responses to insolation cycles driven by precession and 
obliquity. But the 100,000-year radiation cycle (arising from 
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eccentricity variation) is much too small in amplitude and too 
late in phase to produce the corresponding climate cycle by 
direct forcing. We present phase observations showing that 
the geographic progression of local responses over the 
100,000-year cycle is similar to the progression in the other 
two cycles, implying that a similar set of internal climatic 
mechanisms operates in all three. But the phase sequence in 
the 100,000-year cycle requires a source of climatic inertia 
having a time constant (--15,000 years) much larger than the 
other cycles (--5,000 years). Our conceptual model identifies 
massive northern hemisphere ice sheets as this larger inertial 
source. When these ice sheets, forced by precession and obliq- 
uity, exceed a critical size, they cease responding as linear 
Milankovitch slaves and drive atmospheric and oceanic 
responses that mimic the externally forced responses. In our 
model, the coupled system acts as a nonlinear amplifier that is 
particularly sensitive to eccentricity-driven modulations in the 
23,000-year sea level cycle. During an interval when sea level 
is forced upward from a major low stand by a Milankovitch 
response acting either alone or in combination with an inter- 
nally driven, higher-frequency process, ice sheets grounded on 
continental shelves become unstable, mass wasting accelerates, 
and the resulting deglaciation sets the phase of one wave in the 
train of 100,000-year oscillations. 

Whether a glacier or ice sheet influences the climate 
depends very much on the scale .... The interesting aspect 
is that an effect on the local climate can still make an 

ice mass grow larger and larger, thereby gradually 
increasing its radius of influence. 

Johannes Oerlemans [1991, p. 155] 

1. BACKGROUND AND PURPOSE 

Climate over the past half-million years has been dominated 
by glacial cycles with periods near 23, 41, and 100 kyr [Hays 
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et al., 1976]. Each cycle is linearly correlated with one of the 
parameters of the Earth's orbit that control the amount and dis- 
tribufion of incoming radiation: the precession index cycle, the 
obliquity cycle, and the 100-kyr cycle of eccentricity [Imbfie et 
al., 1984]. These statistical correlations support the 
Milankovitch theory, the central tenet of which is that astro- 
nomically driven variations in insolation cause significant 
changes in climate [Milankovitch, 1930]. In an earlier paper 
[Imbrie et al., 1992 (hereafter referred to as Part 1)] we exam- 
ine the 23- and 41-kyr cycles in a geographic array of time 
series spanning the past 400 kyr (Table 1). From observations 
in this array, we conclude that each of these glaciafion cycles 
can be explained as a linear response to variations in summer 
insolation at high northern latitudes, as in classic 
Milankovitch theory (section 6.1). The influence of insolation 
at other latitudes and seasons is discussed in section 3.2.2. 

Our purpose in this paper is to describe and explain the 
100-kyr glaciation cycle by examining an array of oceanic time 
series that monitor different components of the global system 

over the past 400,000 years. In one of these time series, the 
•5•80 record of global ice mass, the 100-kyr cycle has roughly 
twice the amplitude of the other two cycles combined. A 
search for a satisfactory explanation of this dominant feature of 
late Pleistocene history has been a major research theme since 
its discovery [Kukla, 1968; Mesolella et al., 1969; Broecker 
and van Donk, 1970; Shackleton and Opdyke, 1973; Hays et 
al., 1976]. At first glance, the strong correlation between 
eccentricity and 8•80 in the 100-kyr band suggests that the 
solution to the 100-kyr problem would fit neatly into 
Milankovitch theory. In fact, finding a satisfactory explana- 
tion has proved to be a major scientific challenge. One basic 
difficulty is that the amplitude of the 100-kyr radiation cycle 
seems much too small and its phase too late to drive the 100- 
kyr glaciation cycle (section 2). 

Dozens of explanations have been suggested (section 4). 
Some models explain the cycle as a free, self-sustaining oscil- 
lation with no Milankovitch forcing [e.g., Saltzman and 
Maasch, 1988]. In models of this type, the 100-kyr cycle is 

TABLE 1. Climatic Records Examined in This Paper 

Code Core Data Depth, m 
2 5-core stack Planktonic 8•80 3100 

3 3-site stack Magnetic susceptibility measure -1240 
of aridity 

4 RC27-61 Dust flux from Arabia 1893 
5 K708-1 SST estimate from forams 4053 
7 RC11-120/E49-18 SST estimate from radiolaria 

[7] RC11-120 SST estimate as above 3193 
[7] E49-18 SST estimate as above 3254 

8 V19-30 A•5•3C (surface minus deep) 3091 
9 5-core stack A•5 •3C (surface minus deep) 3019 
12 P6408-9 CO3 dissolution index 4098 
14 DSDP607 A•5•3C index of ventilation 3427 

[14] DSDP607 •5•3C (benthic) 3427 
[14] DSDP552 •93C (benthic) 2301 
[14] ODP677 b•3C (benthic) 3461 
15 AII107-131/-65 Cd/Ca phosphate proxy 2860 

[15] AII107-131 Cd/Ca phosphate proxy 2925 
[15] AII107-65 Cd/Ca phosphate proxy 2795 
16 CH82-24-4PC Cd/Ca phosphate proxy 3427 
17 V19-30 b•3C (benthic) 3091 
18 V19-30 A•j•80 index of deep temperature 3091 

[18] RC17-177 b•80 (planktonic) 2600 
19 K-11 Planktonic b•80; percentage of 2900 

G. hulloides; foram 
assemblage 

20 RC13-229 and Ab•3C (deep AA values minus 4194 
[20] RC13-110 deep Pacific values) 3231 
21 EN120-GGC-1 Cd/Ca phosphate proxy 4450 
22 PS21295-4 Planktonic b•80 3112 
24 Troll 3.1 Planktonic forams 332 

25 HM79-6/4 Diatom flux 900 

26 57-5 Diatom assemblage 1892 

Main Reference 

Imbrie et al. [1984] 
Kukla et al. [1990] 

Clemens and Prell [ 1990] 
Ruddiman and Mcintyre [1984] 
Hays et al. [ 1976] 

Shackleton and Pisias [1985] 

Curry and Crowley [1987] 
Peterson and Cofer-Shabica [1987] 

Raymo et al. [1990] 

Boyle [ 1984a, b] 

Boyle and Keigwin [ 1985] 
Shackleton and Pisias [1985] 
Shackleton [1987] 
Shackleton [1987] 
Kellogg et al. [ 1978] 

Oppo et al. [1990] 
Mix et al. [ 1991] 
Keigwin et al. [1991] 
Jones and Keigwin [ 1988] 
Lehman and Keigwin [1992a] 
Karpuz and Jansen [1992] 
Karpuz and Schrader [1990] 

.27 V28-56 Planktonic forams/gram 2941 Kellogg et al. [1978] 
Codes in brackets indicate an individual record combined with others to form a single climatic index. Table 

data is from Imbrie et al. [1992]. 
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forced by internal climate system processes so that its phase is 
arbitrary with respect to eccentricity. Other models explain the 
cycle as a nonlinear interaction between orbitally forced 
responses (in the 23- and 41-kyr bands) and the internal dynam- 
ics of the atmosphere, oceans, ice sheets, and lithosphere [e.g., 
Maasch and Saltzman, 1990; Gal16e et al., 1992]. In these, 
the phase of the 100-kyr cycle is orbitally influenced. Numer- 
ical models of this type, which are able to account for the sta- 
tistical linkage that clearly exists between eccentricity and cli- 
mate, provide the basis for our own conceptual model of the 
100-kyr cycle (section 7). 

The climatic processes that comprise our model are inferred 
from phase observations documenting the geographic progres- 
sion of local responses over the 100-kyr cycle. As described in 
section 3 of Part 1, our focus is on the process of glaciation, 
especially on the role that the ocean at high latitudes and at 
depth plays in the complex of climatic mechanisms that lead to 
the growth and decay of great ice sheets. This focus has one 
unfortunate consequence, namely, that our array of me series 
is very sparse in low latitudes, where previous work has shown 
that changes in monsoon circulation and equatorial wind fields 
dominate local climate history [e.g., Prell and Kutzbach, 1987]. 

Our sampling strategy may well exclude evidence of low-lati- 
tude processes that could influence glaciation by changing the 
concentrations of water vapor and methane -in the atmosphere. 

2. THE 100-kyr CYCLE PROBLEM 

Essential features of the 100-kyr cycle problem can be seen 
by partitioning climatic and radiation time series into their 
dominant periodic components (Figure 1). In both the 23-kyr 
•recession) and 41-kyr (obliquity) bands, the strong, linear 
correlations between radiation and iS•sO are now fairly obvi- 
ous. The statistical significance of each correlation is easily 
confirmed by calculating the coherency, a correlation measure 
that allows for phase differences. In the 100-kyr band, how- 
ever, the correlation is not Obvious, owing to the small •pli- 
tude of the radiation oscillation. Yet from a statistical point of 
view, the linear relationship (coherency equals 0.91) is nearly 
as significant as that between iS•sO and insolation in the 23- 
and 41-kyr bands (0.95 and 0.90, respectively)(see Table 2). 
Moreover, the correlation in the 100-kyr band is a persistent 
feature of Earth history over the past several million years 
[Shackleton et al., 1990; Shackleton et al., 1993]. 
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Fig. 1. The 100-kyr cycle problem as seen by partitioning radiation and climate time series into their dominant 
periodic components (in the precession, obliquity, and 100-kyr eccentricity bands). Radiation mime series-are from 
Berger [1978a]; iS•sO data are from Imbrie et al. [1984]. Partitioning is done using Hamming band-pass filters with 
a bandwidth of 0.019 kyr' i for the 41- and 100-kyr bands and 0.036 kyr' 1 for the 23-kyr band [Jenkins and Watts, 
1968]. The iS•sO cycles at periods near 23, 41, and 100 kyr are so strongly correlated with astronomically •ven 
radiation cycles as to suggest a causal linkage in all three bands. But these correlations for the 23-, 41-, and 100-kyr 
bands (coherencies of 0.95, 0.90, and 0.91, respectively, in Table 2) hide an intriguing physical problem. Why is 
the system's response so strong in the 100-kyr band? There the amplitude of the radiation signal (2 W m -2) is 1 
order of magnitude smaller than in the other two bands. 
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Despite the strength and persistence of this correlation, 
attempts to use it as the basis for developing a theory of the 
100-kyr cycle have experienced major difficulties. A review of 
these difficulties will provide a useful background for evaluat- 
ing proposed models. 

1. One difficulty in finding a simple Milankovitch expla- 
nation is that the amplitudes of all 100-kyr radiation signals 
are very small [Hays et al., 1976]. As an example, the ampli- 
tude of the 100-kyr radiation cycle at June 65øN (a signal often 
used as a forcing in Milankovitch theories) is only 2 W m '2 
(Figure 1). This is 1 order of magnitude smaller than the same 
insolation signal in the 23- and 41-kyr bands, yet the system's 
response in these two bands combined has about half the 
amplitude observed at 100 kyr. Another 100-kyr insolation 
signal that has often been proposed as a forcing is the total 
radiation received by the planet over 1 year. Because the major 
axis of the Earth's orbit is a constant, increases in eccentricity 
cause an increase in this total. But the amplitude of this sig- 
nal is also very small (less than 0.1% of the modern value). 
Thus, if the 100-kyr cycle is in fact forced externally by radia- 
tion changes having this periodicity, some form of resonance 
would be required to explain the heightened sensitivity in this 
frequency band (some mechanism broadly comparable, say, to 
the resonance responsible for the 4.1-day sea level cycle in the 
equatorial Pacific [Wunsch and Gill, 1976]). Hagelberg and 
Pisias [1991] have examined the statistical properties of Plio- 
Pleistocene time series in detail and have shown that these 

properties are, in fact, consistent with a linear resonance. The 
difficulty has been to find a physically plausible resonance 
mechanism that could amplify a low-amplitude free oscillation 
and achieve steady state in only three 100-kyr oscillations 
(section 7.1). 

2. Another fundamental difficulty is that variations in ec- 
centricity are not confined to periods near 100 kyr (Figure 2). 
In fact, during the late Pleistocene, eccentricity variations at 

periods near 100 kyr are of the same order of magnitude as 
those at 413 kyr (Figure 3). (In estimating the phase and 
amplitude of orbital variations over the past 400 kyr, we have 
used the calculations of Berger [1978a], which are slightly 
more accurate for this interval than those of Berger and Loutre 
[1991].) Yet the 8•80 record for this time interval has no cor- 
responding spectral peak near 400 kyr. Like the "curious inci- 
dent" of the dog that did not bark in the night, the absence of a 
response to a stimulus is an important clue. Thus any model 
of the 100-kyr cycle that depends on eccentricity must account 
for the lack of a response at periods near 400 kyr (the "400-kyr 
problem" of Imbrie and Imbrie [1980]). Again, one way 
around the problem is to postulate that the climate system 
exhibits some form of resonance at periods near 100 kyr. 

3. As shown in Figure 2, the high coherency (0.91) ob- 
served between 100-kyr eccentricity and 8•80 signals is an 
average that hides significant amplitude mismatches, notably in 
Stage 11 about 400 ka (ka = 1000 years ago). Over this part of 
the record, as well as in Stage 1 (where digital filtering is not 
an accurate way of analyzing the problem), the •80 response 
is clearly not proportional to the postulated forcing. Moreover, 
if climatic responses other than •80 are examined, the dispar- 
ity in amplitude of the responses in Stage 11 is even more 
apparent [e.g., Part 1, Figure 7, variables 6, 7, 12, 14, and 20]. 
Clearly, some differences in the amplitudes of individual waves 
in the train of 100-kyr cycles are caused by internal mecha- 
nisms that operate independently of any Milankovitch forcing. 

4. These difficulties are compounded when we look back 
over the past two million years (Figure 3) and see that after its 
onset about one million years ago, the 100-kyr • 80 cycle con- 
tinues to increase in amplitude as the 100-kyr eccentricity cycle 
decrmse•. 

5. Finally, if one assumes that the 100-kyr cycle is a linear 
response to a 100-kyr forcing, there is a significant dynamic 
problem in accounting for the small phase lag (13 ø) of the 
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Fig. 2. Eccentricity and the 100-kyr 8180 cycleß With its dominant 413-kyr component (e4•:• t,y,.) removed from 
eccentricity e, the residual signal e-too •r, calculated as e - e4•:• •r, is dominated by variance over a moderately 
broad band of periods near 100 kyr [Berger, 1978a, b]. Averaged over the entire interval, this part of the eccentric- 
ity signal is coherent with the 100-kyr •80 cycle aM leads it systematically by -13 ø. But the •]80 response is not 
proportional to eccentricity i•i Stage 11. 
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Fig. 3. Major orbi• and glaciation cycles over the past two million years [Imbrie et al., 1993a], (Top) A sacked 
benthie 5180 record •ased on data from Imbrie et al: [1992, Figure 5])is combined with a benthic SiSOre, cord from 
Ocean DriUing Program (ODP)site 677 [Shackleton et al., 1990]. Re dashed line is the 100-k• cycle as defined 
by a band-pass filter. (Middle) Re/980 spectra of intervals A, B, andC. Variability 'm the. 19-to• 23-kyrband is 
shad•: to emphas•e that increases here are nearly proportional m increases in, the, 100-kyr band, (BoOm)•cen- 
tricity spectra of the same intervals, calculated from time series of Berger and Loutre [1991]• The l•-kyr eccen- 
tricity sig• diminishes as the 100-kyr climatic cycle increases. 

response (Table.2). Several •nes of evidence (section 5)show 
that large ice sheets have a mean time constant of the order of 
15 kyr. Without resonance or without an 8-k• delay in the 
system's response, a lin•, single-exponential system with a 
time consrot of 15 k• would be expected to lag any 100-kyr 
foming by 43 ø (equation given in section 5,2). This is 30 ø 
more than the 13 ø •Pønse actuaUy observed. 

From the pers•ctive of the Milankovitch theory, therefore, 
the essence of the }00-kyr problem is •e: difficulty of finding a 
physically plausible linear mechanism that would amplify 'the 

system's response m a small insolation forcing in a narrow 
band of periods n•: !• kyr, In other words, the difficulty has 
been to propose a reasonable model whose response is governed 
by a differential equation with linear coefficienm. As noted, 
one possibility is a linear resonance. But as review• in sec- 
tion 4, most theories of the l•,kyr cycle invoke either (I)a 
large-amplitude, self-sustaining, free '.OScillation that operates 
independently of any Milankovitch forcing, but which may 
interact with it to set the phase or (2) nonlinear interactions. 
between orbitally forced responses and the dynamics of the 
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atmosphere, oceans, ice sheets, and lithosphere. These models 
are able to account for the statistical linkage that clearly exists 
between eccentricity and climate through the control that eccen- 
tricity e exerts on the amplitude of the 23-kyr precession index 
cycle, P (P = e sin •0, where •0 is the longitude of perihelion 
measured from the moving vernal point [Berger, 1978a]). 

3. STRATEGY AND METHODS 

3.1. Partitioning the Record 

The basic strategy we use in this paper is to partition each 
climatic record into its dominant frequency components in the 
23-, 41-, and 100-kyr bands (Figure 1). This makes it possi- 
ble to examine each of the three major cycles separately and to 
obtain evidence about the way in which the system responds to 
the forcing in each band. In studies of modern climate, the 
same statistical methods we use have been helpful in sorting 
out and evaluating the physical mechanisms that are responsi- 
ble for cyclic phenomena at periods ranging from days to sev- 
eral years [Wunsch and Gill, 1976; Horel, 1982; Rasmusson 
and Carpenter, 1982]. On timescales ranging from thousands 
to millions of years, the approach has been used to show that 
quasi-periodic cycles in the Milankovitch and tectonic bands 
are superimposed on a simple background continuum that is 
presumed to originate stochastically [Shackleton and Imbrie, 
19901. 

Two circumstances make a partitioning strategy particularly 
appropriate for the Milankovitch problem. First, the nonlinear 
mechanisms driving the 100-kyr cycle must be very different 
from the linear mechanisms driving the 23- and 41-kyr cycles 

(section 2). Second, the geographic and seasonal pattern of 
insolation forcing in the precession band is very different from 
that in the obliquity band [Berger, 1979; Kukla and Gavin, 
1992; Imbrie et al., 1993a]. For example, high obliquity 
results in greater insolation in the high latitudes of both hemi- 
spheres at the expense of low latitudes. These effects are 
strong in summer, negligible in autumn and spring, and in 
phase between the two polar hemispheres. These seasonal 
changes are accompanied by significant changes in the annual 
total insolation at all latitudes. In contrast, the precession of 
the equinoxes modifies seasonal insolation simultaneously 
over a broad band of latitudes that extends from one pole well 
into the opposite hemisphere. Moreover, the seasonal effects 
of precession are out of phase between the hemispheres, and 
the annual insolation totals are not affected. 

Quite apart from these theoretical considerations, we have 
good stratigraphic evidence that the 41-kyr glaciation cycle has, 
in fact, evolved independently of the other two cycles over the 
past two million years (Figure 3). 

Another line of evidence demonstrates the physical reality of 
climatic processes acting independently at each of the primary 
frequencies (1/23 kyr, 1/41 kyr, 1/100 kyr). In spectra of cer- 
tain climatic variables, this evidence takes the form of discrete 
peaks that occur at frequencies representing nonlinear interac- 
tions between pairs of the primary climatic cycles. These 
peaks (interaction tones) suggest an origin similar to those 
which reflect nonlinear interactions between pairs of primary 
musical tones [Taylor, 1965] and pairs of primary tidal con- 
stituents [Munk and Cartwright• 1966]. In paleoclimatic spec- 

tra, observed interaction tones include 1/23 + 1/41 = 1/14.7, 
1/41 + 1/100 = 1/29.1, and 1/23- 1/100 = 1/29.9 [Pisias and 
Leinen, 1984; Pestiaux et al., 1988; Pisias and Rea, 1988; 
Ghil, 1989; Imbrie et al., 1989; Clemens and Prell, 1991]. 
Although the climatic processes responsible for such interac- 
tions have yet to be modeled satisfactorily, their existence does 
show that significant variation must originate as processes act- 
ing independently in the narrow frequency bands associated with 
major glaciation cycles. 

3.2. The Phase Sequence 

The remainder of this paper is an attempt to apply what we 
have observed and inferred in Part 1 about the mechanisms of 

the 23- and 41-kyr cycles, for which external forcings are 
clearly identified, toward a solution of a problem in which the 
identity of the forcing is one of the major unknowns. The 
approach is based on our finding that the geographic progres- 
sion of 11 of the system's local responses in the 100-kyr 
cycle, relative to the phase of the global õ•80 response, is 
approximately the same as the progression in the 23- and 41- 
kyr cycles (Figure 4). From these observations, which are 
based on an admittedly very limited database, we draw an 
important inference that guides further analysis: all three 
cycles involve the same set of atmospheric, oceanic, and 
cryospheric processes. We draw a second important inference 
from the phase separation that occurs between the groups of 
early and late responses. From this two-step response pattern 
we infer that the early responses are paced by elements in the 
climate system with short time constants, while the late 
responses are paced by the longer time constant of the northern 
hemisphere ice sheets. 

The observational basis for these inferences is the sequence 
of phases we have determined by cross-spectral analysis 
between õ•80 and each of the 14 other proxy records which are 
long enough to provide meaningful statistics. As discussed in 
section 4.4 of Part 1, it is important to know how much each 
of the climatic responses varies around its mean as the system's 
characteristics change over a climatic cycle. An estimate of 
this range, given in Table 2 as an 80% confidence interval, can 
be compared with observations made in section 8.1. 

Although the phases given in Table 2 and the methods used 
to estimate these quantifies are described in detail in Part 1, it 
may be helpful at this point to summarize what the features of 
this phase sequence are, to review the way in which we have 
chosen to record this sequence, and to summarize the methods 
used to obtain this information. 

3.2.1. Sequence of climate responses. Of the 14 long cli- 
mate records examined (Table 2) (Part 1, Figure 10), 11 dis- 
play approximately the same phase sequence in all three cycles 
(Figure 4d). Each of the three remaining variables exhibits a 
response in one frequency band that is either incoherent with 
õ•80 or has a position in the phase sequence that is different 
from its position in the other bands. These are variables 6 
(Atlantic sea surface temperature (SST) at 41øN), 10 
ventilation index of Pacific intermediate water), and 13 
(CaCO3 preservation index at 45øS). As in Part 1, we set 
these responses aside for later investigation and focus on the 
11 climatic variables that exhibit a similar phase sequence. 
The elimination of variable 6 from our array of sites is particu- 
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Fig. 4. Phases and amplitudes of Milankovitch insolation cycles at 65øN and 65øS compared with the phases of 
major glaciation cycles. (a and b) Angles of vectors with heads show the phases of maximum seasonal insolation at 
the solstices and equinoxes; vectors without heads show midmonth phases for other parts of the seasonal cycle; vec- 
tor lengths show the amplitudes of insolation cycles of the past 400 kyr [Berger, 1978a, b]. (c) Orbital configura- 
tions defining zero phase in each band. (d) Phases of climatic variations in the three major glaciation cycles over 
the past 400 kyr (Table 2) (Part 1, Figure 10). See sections 3.1 and 3.2.2 for a discussion of insolation phases. 

larly unfortunate, because it records a conspicuous but puz- 
zling feature of the precession-driven climate cycle: a warming 
of one part of the surface Atlantic that lags the ice minimum 
by nearly a quarter of a cycle so as to be essentially out of 
phase with the high-latitude radiation signal [Ruddiman and 
Mcintyre, 1984]. As noted in section 5.3 of Part 1, this 
"lagging warmth" pattern of the 23-kyr SST response can be 

mapped over a quadrant of the northeast Atlantic that extends 
from 54øN to 18øN and as far west as 21øW [Imbrie et al., 
1989]. Although none of the hypotheses that have so far been 
advanced to explain this phenomenon strikes us as satisfactory, 
it seems probable that the transfer of moisture and heat to the 
atmosphere in this area plays an important role in the physics 
of the 23-kyr glaciation cycle. 
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3.2.2. Plotting conventions and the Milankovitch link. 
The three vector fans in Figure 4, each of which represents the 
sequence of local climatic responses as measured against the 
phases of õ•80, could be oriented in different ways. For 
example, we might choose to orient the fans with respect to 
the phase of insolation at some particular latitude and season. 
However, given the complexity of the full Milankovitch forc- 
ing field (Figures 4a and 4b), and the likelihood that the sys- 
tem responds to insolation at many different places and seasons 
(with sensitivities changing as the glacial cycle progresses), 
we choose instead to use a more objective set of reference vec- 
tors. These are the orbital configurations noted in Figure 4c 
(maximum eccentricity, maximum obliquity, and June perihe- 
lion). 

With these definitions, zeros on the insolation phase wheels 
(Figures 4a and 4b) correspond to mid-June insolation for 
65øN, which is a forcing we have good reason to believe is 
important in driving the glaciafion cycles [Kukla et al., 1981]. 
In fact, from the evidence and physical arguments reviewed in 
section 6.3 of Part 1 we conclude that northern hemisphere 
summer radiation is an important, but by no means exclusive, 
element in the external forcing for the glaciation cycles. Inso- 
lation curves for other latitudes and seasons must also play 
significant roles in forcing the glaciation cycles. For example, 
insolation in the equatorial belt of the oceans could play an 
important role in the first part of the glacial cycle [Crowley et 
al., 1992; Kukla and Gavin, 1992]. And Genthon et al. [1987] 
argue for the importance of the total annual insolation at high 
southern latitudes. Because this high-latitude signal has spec- 
tral power only at 41 kyr and is exactly on phase with obliq- 
uity, it is unfortunately not possible to distinguish statisti- 
cally between its influence and the influence of 41-kyr annual 
or seasonal cycles at any latitude poleward of 14 ø [Imbrie et 
al., 1993a]. Thus the mid-June 65øN time series shown in 
Figure 1 (like the early June 65øN time series used later in this 
paper as a forcing for our model) should properly be regarded 
only as a proxy for a combination of physically important sea- 
sonal and latitudinal elements in the full insolation forcing 
field. 

3.2.3. Methods. The stratigraphic methods we have used 
to obtain the phase information in Figure 4 are fully discussed 
and referenced in Part 1. In essence, we use the oceanic •5180 
record in each core to construct a common temporal framework 
within which to measure the timing and phase of local cli- 
matic events with respect to the timing and phase of global 
•5180 events. The precision with which this framework can be 
used is affected by a number of factors, including variations in 
the magnitude of the local component of the •5180 signal (see 
sections 4.1 and 4.4 in Part 1). 

To convert measurements made in the depth domain into 
estimates of absolute phase, we have chosen to transfer the 
Spectral Mapping Project (SPECMAP)chronology [Imbrie et 
al., 1984] to the •5180 record observed in each core. If a differ- 
ent •5180 chronology were chosen, the observed order of cli- 
matic events and phases would be unchanged. As an experi- 
ment, we have transferred the chronology developed for a 
groundwater •5180 record in Nevada [Winograd et al., 1992] to 
the 11 cores in Figure 4. Although there is good evidence that 
the transfer of this quite different chronology to ocean cores is 
inappropriate [Imbrie et al., 1993b], this experiment confirms 
our expectation that essential features of the phase sequence 

would be unchanged. Thus the two-step response pattern that 
forms the basis of our analysis is a very robust feature of the 
data. 

3.3. Data. The observations on which this study is based 
have already been published (see Table 1 in Part 1). Our con- 
tribution is to place these records in a common chronology and 
to analyze them statistically in exactly the same way. All 
time series described in this paper are available in digital form 
as SPECMAP Archives 2 and 4 at the National Center for 

Atmospheric Research and at the National Geophysical Data 
Center, both in Boulder, Colorado. For each oceanic record, 
the archives contain not only the original depth-in-core obser- 
vations, but also the •4C or õ•80 measurements we have used 
to convert the depth series into a time series. 

4. REVIEW OF 100-kyr MODELS 

Two theoretical studies by J. Weertman form the basis of 
many models that simulate the time-dependent behavior of 
Pleistocene ice sheets. The first study [Weertman, 1964] 
shows that large ice sheets have time constants of the order of 
10-20 kyr. Because these calculated values are of the same 
order as the characteristic times of precession and obliquity 
cycles (11.5 kyr and 20.5 kyr), the response of the climate sys- 
tem cannot be linear with respect to the buildup and decay of 
large ice sheets, unless that response involves a linear reso- 
nance [Imbrie and Imbrie, 1980; Oerlemans, 1991]. The key 
role that ice sheet time constants play in glacial dynamics is 
illustrated by models that generate free oscillations at periods 
near 100 kyr. The "restoring force" that produces such oscilla- 
tions is simply the delayed interaction between negative feed- 
backs (which have long time constants because they are linked 
to ice mass) and positive feedbacks which have short time con- 
stants [Saltzman, 1978]. 

The second study [Weertman, 1974] shows that 
Milankovitch insolation variations may indeed create large ice 
sheets through a feedback between ice accumulation rate and 
surface elevation. The importance of this feedback has been 
demonstrated in experiments with more detailed models [e.g., 
Le Treut and Ghil, 1983; Gal16e et al., 1992]. Although many 
other feedbacks must influence the glaciation process, includ- 
ing those involving the albedo of periglacial areas, the temper- 
ature and chemistry of the ocean, the isostatic depression of the 
crust, subglacial meltwater, and the grounding-line dynamics 
of marine ice sheets, Oerlemans [1991] concludes that key pro- 
cesses initiating the growth and decay of ice sheets are linked 
not to the global energy budget but to the local climatological 
conditions at the surface of ice sheets. 

Most models of the 100-kyr problem can be placed in one 
of seven groups (Table 3). Although some key assumptions 
are very different, these models are alike in that each invokes a 
set of internal feedbacks to convert some of the system's avail- 
able potential energy, which originates externally and is 
assumed t9 be constant, into kinetic form and channel that 
energy into the 100-kyr band [Peixoto and Oort, 1984; Ghil 
and Childress, 1987]. 

4.1. Models With Free Oscillations (Class I) 

In models of class I, sets of feedbacks are designed so that 
the system, when subjected to any broadband forcing, yields a 
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TABLE 3. A Short List of 100-kyr Cycle Models 

Conceptual Model Numerical Example 

Class I. Models With Free Oscillation* 

Group 1. Nonlinear resonance with a damped oscillation 
(Pi ~50 kyr) 

Group 2. Nonlinear resonance with a self-sustaining oscillation 
(Pi < < 100 kyr) 

Group 3. Large, free oscillation (Pi ~100 kyr) with an arbitrary phase 

Group 4. Large, free oscillation (Pi -100 kyr) with its phase set by 
orbitally forced responses at 23 kyr and 41 kyr 

Birchfield and Ghil [1993] 

Le Treut and Ghil [1983] 
Ghil [1991] 

Oerlemans [1982] 
Saltzman et al. [1982] 
Saltzman and Sutera [1987] 

Oerlemans [1982] 
Saltzman et al. [1984] 
Maasch and Saltzman [1990] 

Class II. Models Without Free OscillationS' 
Group 5. Simple rectification models (asymmetrical responses which 

extract power from the precession envelope) 
Calder [1974] 
Imbrie and Imbrie [ 1980] 
Pisias and Shackleton [1984] 

Group 6. Models which rectify the response to the orbital forcing by 
resolving regional components of the seasonal energy budget 

Short et al. [1991] 
Crowley et al. [ 1992] 

Group 7. Ice sheet models in which the isostatic response and ice mass 
balance are explicitly calculated 

Group 7a. Snow budget prescribed by a snow line related 
parametrically to insolation 

Birchfield and Weertman [1978] 
Oerlemans [1980] 
Birchfield and Grumbine [1985] 
DeBlonde and Peltier [ 1991] 

Group 7b. Snow budget calculated by an atmospheric model coupled to Pollard [1983] 
an ice sheet model Gal16e et al. [1991; 1992] 

* Interactions between orbitally forced oscillations and free oscillations of the air-sea-ice,crust system with 
period P i. 

t Other nonlinear interactions between orbitally-forced responses and the dynamics of atmosphere, oceans, ice 
sheets, and asthenosphere. 

free oscillation with period P i that is either damped (group 1) 
or self-sustaining (groups 2-4). For one type of nonlinear res- 
onance (group 1), P i~50 kyr. For another type (group 2) a 
self-sustaining oscillation with Pi << 100 kyr interacts with 
the external forcing in such a way that some of the energy of 
the internal oscillation is transferred to the 100-kyr band. 

The distinctive feature of models in groups 3 and 4 is that 
the system's internal feedbacks maintain an oscillation at a 
period near 100 kyr in the absence of any band-limited external 
forcing. For example, in models proposed by Saltzman and 
his colleagues [e.g., Saltzman et al., 1982, 1984], feedbacks 
among three system elements (representing the ice sheets, 
ocean, and atmospheric CO2) interact to produce a 100-kyr 
oscillation, even though the longest time constant (for the ice 
sheets) is set at a realistic value of 10 kyr. Although the 
model yields a 100-kyr cycle in the absence of any forcing 

(group 3), in the presence of orbital forcing the phase of this 
cycle is set by interactions between the internally driven cycle 
and the forced responses (group 4). 

4.2. Models Without Free Oscillations (Class II) 

When models of class II are forced away from equilibrium, 
negative feedbacks provide only a simple damping and return 
to equilibrium without oscillating. The 100-kyr cycle origi- 
nates as a nonlinear response to orbital forcing and occurs only 
when this forcing is applied. 

Models in group 5 explain the 100-kyr cycle by postulating 
a simple form of nonlinearity in which the system responds 
asymmetrically to forcings applied in "upward" and 
"downward" directions. Such a system extracts power from the 
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envelope of any amplitude-modulated forcing function. In the 
extreme case, where the response is zero to all forcings less 
than (or greater than) the mean, the output signal is said to be 
"rectified" or "clipped" [Short et al., 1991]. But any degree of 
asymmetry in the response will yield spectral peaks that are 
proportional to all the periods in the envelope (and their har- 
monics). Because the precession envelope in any 
Milankovitch forcing is precisely proportional to eccentricity 
(section 2) [Berger et al., 1992], all peaks in the eccentricity 
spectrum (and their harmonics) will appear in a rectified s-:•al. 
This fact leads to a significant problem with all simple recti- 
fier models of the late Pleistocene glaciation record. Although 
the output of these models contains significant 100-kyr power, 
their spectra are dominated by power extracted from the larger 
eccentricity peak near 400 kyr. As mentioned previously, such 
a dominance of 400-kyr power is not found in Pleistocene 
$•80 records. For this reason, we rule out mechanisms in 
group 5 as the main cause of the 100-kyr glaciation cycle. 

But we do not rule out the possibility that a rectification 
mechanism of the type described in group 6 might act in com- 
bination with processes described in our model (see section 7) 
to explain the 100-kyr glaciation cycle of the late Pleistocene 
[Pisias and Shackleton, 1984]. Models in group 6 are consid- 
erably more realistic than those discussed so far in that they 
resolve geographic components of the seasonal energy budget. 
Although they lack winds, ocean currents, and ice sheets, the 
simplicity of these models makes it possible to simulate time- 
dependent responses over long intervals. For example, using a 
linear version of the two-dimensional seasonal energy balance 
model, Short et al. [1991] show how regional patterns of 
yearly maximum temperatures vary over the past 800,000 
years. These authors consider that this response in their model 
is a proxy for the seasonally integrated response of the mon- 
soon system. In most geographic regions only 23- and 41-kyr 
peaks dominate the spectrum of this proxy, as would be 
expected from a linear model. But in equatorial areas, where 
the seasonal response results in temperature peaks at both 
equinoxes and the equinox nearest perihelion has the largest 
peak, the model's maximum-temperature response to the pre- 
cessional forcing yields a rectified signal in which the ampli- 
tudes of 400- and 100-kyr peaks rival the amplitude of the peak 
in the 23-kyr band [Short et al., 1991' Crowley et al., 1992]. 
Because we find that the 100-kyr component of this signal is 
on phase with eccentricity, the possibility is worth considering 
that the climatic process represented in this model is part of 
the train of mechanisms that drives the 100-kyr glaciation 
cycle or determines its phase. 

Models in group 7 explain the 100-kyr cycle by more com- 
plex forms of nonlinearity in the system's response to orbital 
forcing. The dynamics of selected parts of the climate system 
are simulated by feedback chains and allowed to interact with 
each other and (where appropriate) to respond to the 
Milankovitch forcing. To date, experiments with models of 
this type have concentrated on understanding three interacting 
elements in the dynamics of ice sheets: orbitally forced 
changes in the snow budget, the flow of ice, and the bedrock's 
response to ice loading. Each of the models in group 7a cou- 
ples a different ice sheet--bedrock model to a simple snow 
budget model. Experiments aimed at simulating the ice-vol- 
ume history of the late Pleistocene show that although this 
type of model can simulate the 100-kyr cycle, its ability to do 

so depends crucially on how the isostatic response is modele•. 
Unhappily, the use of a more realistic isostatic model does not 
lead to a better simulation [DeBlonde and Peltier, 1991]. 

Models which couple a less realistic ice sheet--bedrock 
model to a more realistic model of the snow budget (group 7b) 
can also simulate the 100-kyr cycle. Pollard's [1983] integra- 
tion is long enough to show that the complex of feedbacks 
included in his model, which is simpler than the model of Gal- 
16e et al. [1992], is able to simulate the 100-kyr cycle without 
generating unwanted 400-kyr power. In one set of experi- 
ments, the latter model gives a reasonably satisfactory simula- 
tion of the past 120 kyr [Gal16e et al., 1992]. Other experi- 
ments simulate the past 200 kyr [Gal16e et al., 1993]. It 
remains to be seen if longer integrations will yield the 100-kyr 
ice volume cycle with a realistic Stage 11 and without produc- 
ing an unrealistic 400-kyr cycle. 

4.3. Conclusions 

We draw two conclusions from this review. First, the 
essential condition for developing a 100-kyr cycle is the exis- 
tence of northern hemisphere ice sheets large enough to exert a 
strong influence on global climate and sluggish enough to 
pace feedbacks that drive oscillations at periods longer than 41 
kyr. In experiments reported by Oerlemans [1982], for exam- 
ple, free oscillations appear in model runs whenever ice thick- 
ness exceeds a critical value. Depending on how model param- 
eters are set, free oscillation periods range between 70 and 130 
kyr. The appearance of oscillations as ice sheet size increases 
is discussed more fully by Ghil [1984] and by Ghil and Chil- 
dress [1987]. 

Our second conclusion is that the most likely explanation 
for the late Pleistocene 100-kyr glaciation cycle lies some- 
where in the dynamic continuum between two model groups in 
Table 3: groups 3 and 7. Models of group 3 explain the 100- 
kyr cycle as a self-sustaining, internal oscillation paced by the 
large time constant of ice sheets. Here external forcing plays 
no role, and the phase of the oscillation is arbitrary with 
respect to orbital variations. However, Hagelberg and Pisias 
[1991] find that the higher-order statistical properties of models 
of this type are inconsistent with data. 

Models of group 7, like those of group 1, explain the cycle 
as a nonlinear response to orbital forcing. Here the system 
acts as a nonlinear amplifier that channels energy into the 100- 
kyr band through feedbacks paced by the large time constant of 
ice sheets. In this case, the phase is set primarily by the 
attainment of thresholds in the system's response to the pre- 
cessional forcing. Between the extremes of groups 3 and 7, in 
models of group 4, the 100-kyr cycle occurs as an internal, 
self-sustaining oscillation whose phase is set by the externally 
forced response to precession. Conceivably, the climate sys- 
tem has evolved in such a way that at different times in Earth 
history, a different balance of mechanisms is responsible for 
setting the phase of a particular 100-kyr oscillation (section 
8.2.2). 

5. MODELING THE PHASE SEQUENCE 

As indicated in section 3, our approach to the 100-kyr prob- 
lem is based on the progression of responses observed in phase 
spectra of the three major glaciation cycles. The qualitative 
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similarity of the three phase sequences provides a basis for 
developing a conceptual model of the governing processes (see 
section 7 and Part 1, section 6.5). Our aim in this section is 
to build a highly pammeterized "system model" that will pro- 
vide a quantitative explanation for the observed phase sequence 
in all three cycles. As a first step in this modeling enterprise 
we take advantage of the phase clusters documented in our data. 
Specifically, we simplify the modeling problem by postulat- 
ing n discrete sources of inertia in n discrete climatic subsys- 
tems (n being the smallest number consistent with our data). 
Eventually, it may be possible to predict the 9bserved phases 
with a set of coupled differential equations. Such a model 
would be capable of predicting a continuum of responses in 
phase spectra. 

In the remainder of this section we will reexamine the evi- 

dence for phase clustering (section 5.1), extend the model 
developed in Part 1 so that it includes the 100-kyr cycle 
(sections 5.2 and 5.3), and then consider the implications of 
the resulting system model (section 5.4). 

5.1. The Phase Pattern 

When observations of mean phases obtained from cross 
spectra are displayed on phase wheels (Figure 4d), they fall in 
two clusters, one representing a group of responses that lead 
•5•80 significantly (the "early response group") and the other 
representing responses that are on phase with or lag slightly 
•5•80 (the "late response group"). Because each measurement 
has a statistical uncertainty (Table 2), it is desirable, before 
extending our quantitative model, to examine the mean phases 
and their confidence intervals (Figure 5). This display shows 
that the observations in our limited data set are, in fact, consis- 
tent with the two-cluster hypothesis. But it is now also clear 
that four of the responses in the late group actually lag 
in all three cycles. These laggards are variables 3 (Chinese 
dus0, 4 (the flux of dust from Arabia), 5 (Atlantic SST at 
50øN), and 14 (Ab•3C index of deep Atlantic ventilation at 
4 IøN). Significantly, each variable reflects a property of the 
land, the sea surface, or the deep ocean (Table 1) that can be 
reasonably interpreted as a response to wind field and water 
budget changes driven by the growth and decay of northern 
hemisphere ice sheets [Manabe and Broccoli, 1985]. For mod- 
eling purposes therefore, we designate the average phase of this 
subset of late responses as R4, the b•sO response as Rs, and 
the average of early responses as R2. The symbol R• is re- 
served for the (as yet unobserved) initial response. 

5.2. Modeling the Phase of 8t80 in the 
23- and 41-kyr Cycles 

Consistent with our conclusions in Part 1, we start the 
modeling by assuming that the 23- and 41-kyr cycles are 
responses of a linear, single-exponential system with one 
input (radiation) and one output (•5•80). For these cycles, we 
have, in fact, good evidence from the coherency spectrum that 
the •5•80 ice volume proxy is linear in the radiative forcing 
(coherencies of 0.95 and 0.90). If such a system is forced at 
frequency f, the phase lag { depends on the nature of the sys- 
tem's response. We will assume that the system has a single- 
exponential response that can be characterized by a delay d and 

a mean time constant T. Then { = 2r•fd + arctan 2r•fT 
[Jenkins and Watts, 1968]. If d = 0, the phases observed at 23 
and 41 kyr yield independent estimates of T (70 kyr and 37 kyr 
for the two bands, respectively) which are not only much 
larger than values estimated by ice sheet models [Weertman, 
1964; Oerlemans, 1991] but are also inconsistent between the 
two cycles. However, if we solve simultaneously for d and T 
at both frequencies, the best fit solution we obtain by iteration 
(d = 1 kyr and T = 17 kyr) gives phase lags (93 ø and 78 ø) that 
match rather well the lags observed in both cycles (87 ø and 
80ø). This estimate of the time constant (17 kyr) lies well 
within the theoretical range and matches an empirical estimate 
made by a different method [Imbrie and Imbrie, 1980]. 

In the next section, where we expand this first-order dynam- 
ic model to include phase information about the 11 local 
responses, we will retain the idea (discussed in Part 1) that the 
initial (but as yet unobserved) response to forcing has a delay 
of 1 kyr. But to explain the entire phase sequence, it will then 
be necessary to replace the single 17-kyr time constant of our 
first-order model with a set of time constants that reflect the 

combined inertia of all modeled subsystems. 

5.3. Modeling the Phase of 8tsO and 11 Local Responses 

The system as a whole can now be modeled as a chain of 
four subsystems, Si, each having a quantity of climatic inertia 
parameterized either as a delay d or time constant T. In devel- 
oping this model, the structure of which is described in Figure 
6, we take advantage of our finding that all three cycles are 
characterized by the same geographic progression of responses. 
From this we infer that the same subsystems control the 
responses in all three cycles. But we allow for the possibility 
that the quantity of climatic inertia in a particular subsystem 
may differ from one cycle to another. To account for an initial 
response R•, as well as responses R2, R3, and R4, we require 
four subsystems acting in series. As speculations to guide 
research, model subsystems with particular elements in the real 
global system are identified in Figure 6. 

When $• is subject to forcing, the response R• becomes the 
forcing for other subsystems further down the causal chain. 
Thus the phases of variables designated R2 -R4 reflect the 
time constants of a chain of subsystems (S• -S4) driven by 
the initial response R•. The numerical problem of accounting 
for the phase observations is now reduced to finding three time 
constants which, added to the delay, yield a cumulative pattern 
of responses that matches observations. Because responses are 
calculated at three frequencies simultaneously, this inverse 
problem is rather tightly constrained. For subsystems S•, S3, 
and S4 our iterative, best fit numerical solution to this prob- 
lem gives values of 3, 5, and 0.5 kyr, respectively, for the 23- 
and 41-kyr bands. Significantly, in the 100-kyr band this 
solution gives the same values for subsystems S2 and S4, but 
a much larger value for S• (15 kyr). 

We interpret the 1-kyr delay as reflection of the largest 
source of inertia in the interacting cluster of initial-response 
mechanisms within subsystem St (and suggest that these 
mechanisms include variations in northern hemisphere snow 
fields, sea ice, winds, boreal vegetation, and ice sheet mar- 
gins). Expressed as a phase angle, the delay in the R• 
response is 16 ø at 23 kyr, 9 ø at 41 kyr, and 4 ø at 100 kyr 
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Fig. 5. Mean time and phase lags of 14 system responses measured with respect to õ•80 at the main periods of 
oscillation (Table 2). Responses of 11 variables are consistent over the three frequency bands. Statistically, these 
11 responses fall into two groups. On Figures 6 and 7, the early responses are designated R• and the õ]80 response 
is designated Rs. Four late responses, designated R4, lag õ]80 in all three cycles. Locations are given in Figure 11 
and documentation in Table 1 and in Part 1 (Table 1). 

(Table 4). In the 23- and 41-kyr bands, these phase angles can 
be used to begin the construction of phase portraits, that is, 
the model phase wheels in Figure 7 that display the subsystem 
responses to the forcing in each band. The 23- and 41-kyr por- 
traits are easily completed, because the phase angles with 
respect to the radiative forcing Q can be obtained from the 

measurements in Table 2 (Q versus R.•,R.• versus R•, and R• 
versus R4). In the 100-kyr band, however, matters are not so 
simple, because we have purposely avoided identifying the 
forcing function or making assumptions about its phase. Here 
eccentricity is only a convenient and somewhat arbitrary refer- 
ence signal against which to measure the phase of responses 
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Fig. 6. System model of major glaciation cycles. To explain the observed phases in the response sequence R i, 
sources of inertia (underlined) are postulated that control the rate at which changes are propagated through a chain 
of linear subsystems Si, each having either a delay d or a time constant T. In the 23- and 41-kyr cycles, the initial 
response is driven by incoming radiation Q. In the 100-kyr cycle, the driving is a set of feedbacks operating when- 
ever ice mass and sea level (R3) depart significantly from the mean. These feedbacks combine to generate an inter- 
nal thermal forcing (ITF in Figure 7). The same subsystems account for the observed responses in all three cycles, 
but a larger time constant is assigned to S3 to account for the observed phase of R3 in the 100-kyr cycle. 

R2 -R4. To find the phase of the initial, unknown forcing 
we calculate the cumulative phase angle R•- R3 (Table 4). 
The result of this calculation (58 ø) fixes the phase of the forc- 
ing function required by our linear model of the 100-kyr glacia- 
tion cycle. It is this forcing that we now identify with the 
theoretical concept of internal thermal forcing (ITF) developed 
in section 5.4.1. 

As shown in Figure 7, the predicted phase sequence fits 
within the confidence intervals of the observations in all three 

cycles--provided we make a small change in one of our basic 
assumptions about insolation forcing due to precession. This 
assumption, described in section 3.2.2 and shown in Figure 4, 
is that the global insolation field that occurs when the moving 
perihelion point coincides with the northern hemisphere (June) 
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TABLE 4. Gain and Phase of the SPECMAP Systems Model 

Model Inertial Normalized gain G Cumulative phase 
Element Parameter, at frequency ./' at frequency f, deg 

kyr 
1/23. kyr 1/41 kyr 1/100 kyr 1/23 kyr 1/41 kyr 1/100 kyr 

forcing .... 0 0 0 
S• d= 1 1 1 1 16 9 4 
S2 T = 3 0.773 0.909 0.983 55 33 14 
Ss T = 5 0.591 0.794 - 109 71 - 
Ss T = 15 - - 0.728 - - 58 
S4 T = 0.5 0.991 0.997 1.000 117 75 59 

Cumulative Gain, G 0.457 0.722 0.715 - - - 
(S•-Ss) 

The inertia of each subsystem is parameterized as a simple delay d or time constant T. Columns 3-5 give 
the normalized, steady state gain G of single-exponential subsystems S i in response to unit changes in the 
forcing at different frequencies, where G = { 1 + (2•fT)2} 'm. Bottom row shows the cumulative normalized 
gain of the ice mass response S3, given by the triple product IIGi (i = 1-3). The phase lag {i = 2•fd + arc 
tan 2•fT, and the cumulative phase = 7_•i [Jenkins and Watts, 1968]. 

solstice is the maximum radiative forcing toward a full inter- 
glacial response (section 3.2.2). The insolation curve referred 
to as the "mid-June" insolation at 65øN is a time series repre- 
senting one important geographic element in this forcing field 
(Figure 1). It is the assumption about mid-June perihelion 
that determines the zero point of the 23-kyr phase wheel in 
Figure 4. If, for example, we had assumed that the maximum 
interglacial forcing were the insolation field that occurs when 
perihelion coincides with the northern hemisphere (March) 
equinox, 90 ø would be added to all our phase measurements 
(Figure 4a). However, the phase of insolation time series in 
the 41-kyr obliquity band would be unaffected. 

To produce the best fit between the 23-kyr phase measure- 
ments and our systems model, we have only to rotate the fan 
of model vectors counterclockwise about 20 ø . This corre- 

sponds to an assumption that the maximum forcing toward an 
interglacial is tile radiation field striking the Earth when peri- 
helion occurs in late May or early June. More precisely, we 
take the maximum precessional forcing as the insolation field 
occurring when the perihelion point has an angular distance of 
21 ø from the summer solstice. This position is attained now 
on June 1, but during the past 600 kyr covered by our study, 
its calendar equivalent would have fallen at varying dates in 
late May or early June. Conveniently, the algorithm widely 
used for calculating radiation time series [Berger, 1978b] can 
be set for any desired season. 

As discussed in section 3.2.2, the fact that we use the early 
June radiation curve for 65øN as the forcing for our highly 
parameterized model should not be taken to indicate that this 
element in the planetary radiation field is the only one of 
importance. We regard this curve simply as the most conve- 
nient single proxy for the combination of forcings which oper- 
ate at many latitudes and seasons and actually cause global 
climate to change. 

5.4. Implications of the System Model 

5.4.1. Internal thermal forcing. Whatever the actual phys- 
ical mechanisms of the 100-kyr cycle are, and whatever its 
primary cause, variations of thermal energy within the system 
are required to drive and modulate the processes that grow and 
melt ice sheets. In Figure 7 we designate this internal forcing 
as the "internal thermal forcing" (ITF) and calculate its posi- 
tion in the phase sequence as the cumulative phase produced by 
the inertia of the chain of subsystems that drives the ice sheets 
in our model (S• -S3). As shown in Table 4, this model 
estimates that the phase of ITF with respect to ice volume is 
58 ø. This inference is inconsistent with the idea that the 100- 

kyr cycle of glaciation is caused by an eccentricity-driven 100- 
kyr insolation cycle. Why? Because the 100-kyr radiation 
cycle leads •J•80 (R•) by only 13% whereas ITF leads •j180 by 
58 ø . Thus the phase of eccentricity is too late by about one- 
eighth of a cycle (58 ø - 13 ø = 45ø), or by -12 kyr, to be con- 
sidered the main driver. 

As shown in Figure 7, the postulated internal thermal forc- 
ing occurs within the quadrant of the 100-kyr sea level cycle 
that starts when the rate of sea level rise (dR•/dt) reaches its 
maximum and ends when sea level (R•) reaches its maximum. 
We note that this internal forcing need not and probably does 
not represent a single process but rather the sum of several 
100-kyr processes, each with a particular amplitude and a par- 
ticular phase (e.g., a methane process, a CO2 process, an 
albedo process, a water vapor process, and a thermohaline pro- 
cess). In section 6.3 we review •j180 evidence from the deep 
Pacific that supports the idea of a thermohaline process that 
changes deepwater temperatures at the predicted phase. 

5.4.2. Critical ice sheet size. Oscillations of ice sheets in 

the 100-kyr cycle involve a larger quantity of climatic inertia 
(T = 15 kyr) and so have a more sluggish pace than oscilla- 



714 Imbrie et al.' The 100,000-Year Cycle 

(23 KYR) • (41 KYR) • (1 O0 KYR) 

e R3 P œ 
R 4 

R 2 

R 3 [t 3 

•:-, ,-.., ,::,::• :,,., .:• R 3 R 4 
,.,.:::::. 

R 4 

LU 

! 
R' Q R"I 

Q •' R' R' R' ' 2 R 

2 ITF 

R•S 
R' 3 R•4 :3 
R•4 

P œ e = ORBITAL PARAMETERS 

R 2 R :3 I• 3 R 4 = OBSERVED RESPONSES 
Q = EXTERNAL RADIATIVE FORCING 

ITF = INTERNAL THERMAL FORCING 

R',. = INFERRED INITIAL RESPONSE 
R'3 = ICE VOLUME RESPONSE 

•"3 R'2 R'3 R'4 = OTHER MODEL RESPONSES 

Fig. 7. Observed phase sequences compared with sequences calculated by the model described in Table 4 and Fig- 
ure 6. Within uncertainties indicated by shading, each model sequence (R '2, R '3, and R '4) matches the observed 
sequence of mean responses (R2, R3, and R4) in all three cycles (Figure 5). R3 is the ice mass response; its farst 
derivative in the 100-kyr band is shown by the heavy dotted symbol. Q is the radiative forcing proxy, taken as 
insolation for early June at 65øN. The vector ITF shows the calculated phase of the internal thermal forcing. An 
arrowed arc shows the model's forcing and response in each cycle. 

tions in the 23- and 41-kyr cycles (where T = 5 kyr). We take 
this to indicate that beyond some critical size, the behavior of 
ice sheets changes dramatically, as suggested by the modeling 
review in section 4.3. Our conceptual model uses this infer- 
ence to help explain many features of the 100-kyr cycle, 
including its onset, pacing, and amplitude (section 7). 

5.4.3. Maximum ice sheet size. According to the inertial 
parameters of our model, the maximum size an ice sheet will 
actually achieve in response to 100-kyr forcing is only 72% of 
the size it would achieve if allowed to reach equilibrium (Table 
4). This might explain the discrepancies noted by W. R. 
Peltier (personal communication, 1992) between equilibrium 
estimates of ice distribution at the last glacial maximum and 
geophysical reconstructions based on sea level history. 

5.4.4. Ice sheets as climatic drivers. Our system model, 
which is based on the phase observations shown in Figures 5 

and 7, emphasizes the active role that ice sheets play in driving 
responses farther down the causal chain (R4) by steering the 
winds and altering their properties [Manabe and Broccoli,' 
1985; Kutzbach and Guetter, 1986; Lautenschlager and Herr- 
erich, 1990]. A similar point is made by Oerlemans [1991]. 

6. LINEAR AND NONLINEAR COMPONENTS 

OF LONG TIME SERIES 

6.1. Linearity of Responses to Precession and Obliquity 

In studying physical systems that operate on an input to 
yield an output, the steady state response to a unit change in 
the input is defined as the gain [Jenkins and Watts, 1968, p. 
12]. In many engineering applications it is usually easier and 
more meaningful to measure the gain of an operating system 
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Fig. 8. Variations in the amplitude of õ1•:) and radiation cycles. These modulations are linearly correlated in both 
the 23- and 41-kyr bands. (a) Eccentricity e as a function of time. The right-hand scale shows how eccentricity 
modulates the amplitude of the 23-kyr radiation cycle. (b) An enlarged view of the 23-kyr õ•80 cycle in Figure 1. 
The strong, nearly linear relationship between the amplitude of this cycle (dashed lines) and eccentricity shows that 
the glaciation process is essentially linear in this band. (c and d) Enlarged views of the 41-kyr radiation and 080 
cycles in Figure 1. The approximately linear relationship between the envelopes of these cycles (dashed lines) 
shows that the process of glaciation is also essentially linear in this band. Orbital time series are from Berger 
[1978a, b] and õ•80 data are from Imbrie et al. [1984]. The 23-kyr and 41-kyr signals are obtained from Hamming 
filters with bandwidths of 0.036 kyr- • and 0.019 kyr •, respectively. [Jenkins and Watts, 1968]. Dotted lines show 
where the exact form of the f'fitered curve is uncertain. Envelopes are obtained from Hilbert transforms of the lU- 
tered time series [Mesk6, 1984]. 

by cross-spectral analysis of input and output data rather than 
by conducting experimental runs with a step change in the 
input. In this case, the steady state gain at a given frequency 
can be calculated as the ratio aR/aF, where aR is the amplitude 
of the oscillating response and aF is the amplitude of the forc- 
ing. Since the gain in linear systems is exactly proportional 
to the forcing, we can use astrogeological data (insolation and 
6180) on the operating climate system to measure its gain and 
see how linearly the system has behaved at the frequencies of 
precession and obliquity over the past 400 kyr. In fact, when 
time series of õ180 and June insolation at 65øN are appropri- 
ately filtered, the amplitudes of the input and output signals 
are remarkably close to an exact proportionality (Figure 8). 

This is equivalent to saying that the system's gain during the 
late Pleistocene has been remarkably constant in the precession 
and obliquity bands or that the system has been linear and sta- 
tionary (Figure 9). When examined in detail, however, the 
long-term trend in these curves suggests that the system has 
slowly evolved since -250 ka so as to become more sensitive 
to the obliquity forcing. 

6.2. Components of the •so Record 

The evidence for linearity just presented suggests a way of 
examining the 100-kyr cycle without the "distractions" pro- 
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Fig. 9. Gain as a function of time in the precession and 
obliquity bands. Using the amplitude of the radiation signal at 
June 65øN in a given band as a measure of the forcing and us- 
ing the amplitude of the corresponding õ•80 signal as a mea- 
sure of the system's response, smoothed estimates of the sys- 
tem's gain are obtained from the envelopes in Figure 8. Val- 
ues have remained fairly constant, the gain at 41 kyr being 
generally twice that at 23 kyr. 

duced by the responses to precession and obliquity. We start 
by partitioning the õ•80 record into two components: a linear 
response to Milankovitch forcing and a residual (Figure 10). 
The linear component is the sum of 23- and 41-kyr responses 
obtained by digital filtering (Part 1, Figure 9). The residual 
component, which for brevity we will refer to as the 
"nonlinear component," is the sum of all variations that are 
not linearly related to the precession and obliquity forcing. 

6.3. Components of Other Climate Records 

Our next objective is to partition the 11 local climate 
records examined in this paper into their linear and nonlinear 
components. In Part 1 we describe each of these time series in 
some detail. Here we provide a map (Figure 11) and in Figure 
12 display three time series that play important roles in our 
model of the 100-kyr cycle: SST at 44øS (variable 7), SST at 
50øN (variable 5), and a deepwater Aõ•3C record from the 
southern hemisphere (variable 20). Using the procedure shown 
in Figure 10, we now partition these time series into linear 
and nonlinear components (Figure 13a and c). As with 
the nonlinear components of the local climate variables are 
dominated by 100-kyr cycles. These cycles range widely in 
phase with respect to ice volume and (not surprisingly) exhibit 
the same phase sequence that we obtained from cross spectra 
(Figures 4 and 5). The combined linear responses to the two 
Milankovitch forcings (Figure 13c) display the same phase 
sequence as the nonlinear responses (Figure 13a). However, 

0.9 
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TOTAL RESPONSE (data) 

- LINEAR MILANKOVITCH RESPONSE (41KYR + 2$KYR) 

= RESIDUAL 
0.9 

-0.9 

AGE (ka) 
Fig. 10. Partitioning the õ•80 record into two components: a linear response to Milankovitch forcing and a resid- 
ual. The linear component is the sum of the individual 23- and 41-kyr responses obtained by digital filtering. The 
residual, nonlinear component is the sum of all variations which are not linearly related to the precession and obliq- 
uity forcing. Roman numerals designate terminations of five major glaciations. 
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Fig. 11. Location of climate proxy time series. A repeated site number indicates that individual records have been 
combined by patching, stacking, or differencing to form a single climatic index (Table 1). Open circles indicate 
long records (-400 kyr). Open squares indicate short, high-resolution records (10 to 200 kyr). 

the spectra of the nonlinear (residual) components of variables 
5, 7, and 20 (Figure 13d) exhibit significant concentrations of 
variance at frequencies well above the Milankovitch band, 
including small peaks near 10 kyr. Conceivably, these might 
reflect the cyclic process identified by Heinrich [1988] in North 
Atlantic sediments and shown by Bond et al. [1993] to consist 
of warm-cold oscillations with recurrence times ranging from 
10 to 15 kyr. Our •5•80 spectrum is flat in this region, owing 

in part to the stacking procedure designed to smooth out local 
effects. 

Using the procedure shown in Figure 10, we have parti- 
tioned all long time series investigated in this paper into their 
linear and nonlinear components. To simplify display, we 
have chosen to present a set of curves obtained by processing 
the original time series with a band-pass filter (described in 
Part 1, Figure 8) centered at 100 kyr (Figure 14). In effect, 

v•-• 0 

planktic foram index 
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Fig. 12. Patterns of climate change over the past 500 kyr. These time series are selected for display, because they 
monitor system parameters that play important roles in our model of the 100-kyr cycle, namely, the position of 
high-latitude ocean fronts, the carbon chemistry of deep waters, and global ice volume. As in Imbrie et al. [ 1992], 
we have reversed the signs of observations as needed to give each curve a positive upward sense of change toward 
an interglacial condition. For curve 20, for example, an upward shift means that deep waters in the Antarctic are 
becoming more enriched than in the Pacific. 
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Fig. 13. Comparison of the linear and nonlinear components of four climate records. Each record in Figure 12 has 
been analyzed into linear and nonlinear components by the procedure shown in Figure 10. (a) The 100-kyr oscilla- 
tions that dominate these nonlinear components display phases that range from early to late with respect to 
(-47 ø and -35 ø for variables 7 and 20 respectively; +6 ø for variable 5). (b) Radiation at June 65øN [Berger and 
Loutre, 1991]. (c) The combined linear responses to Milankovitch forcing display the same phase sequence as the 
nonlinear responses. (d) Spectra of nonlinear components of the SST and A$ih2 records exhibit significant varia- 
tion at frequencies well above the Milankovitch band, including small peaks near 10 kyr. 

these curves are smoothed versions of the nonlinear compo- 
nents. Lines drawn with a slope of 360ø/100 kyr through the 
downward zero-crossings of •5•80 show that this train of oscil- 
lations progresses systematically through the system with 
respect to the local changes in 15•80 that are used to align the 
records (Part 1, Figure 5). When the filtered data are phase- 
aligned and superposed, the set of oscillations is seen to be 
mutually coherent. 

To help place this phase information in a stratigraphic con- 
text, we show in Figure 14 the first derivative of 15•80, that is, 
the position in the 100-kyr cycle that marks the maximum rate 
of ice melting. One time series shown in this figure (variable 

18) contains important information about Pacific deepwater 
temperature. In Figure 6 of Part 1, we show how these obser- 
vations compare with other patterns of climate change over the 
past 150 kyr. Because this record is too short to be filtered, 
we plot the smoothed data on Figure 14 and estimate the phase 
in the 100-kyr band (-58 ø) by means of a cross spectrum 
against •80. In this way we obtain a very rough estimate of 
the phase of an important dement in the global heat budget. 
(See also Broecker and Denwn [1989, Figure 3]). Signifi- 
canfly, this is precisely the phase our system model estimates 
for the internal thermal forcing of the 100-kyr cycle (Figure 7 
and Table 4). Although the estimate obviously has large un- 
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Fig. 14. Sequence of 100-kyr climate cycles. The 100-kyr component of each time series is extracted with a band- 
pass filter, normalized, and placed on the y axis according to the phase difference (in degrees) with respect to/5180 
(number 2). In effect, the curves based on geological data are smoothed versions of nonlinear components like 
those shown in Figure 13a. Lines drawn with a slope of 360ø/100 kyr show that the local climatic responses (Table 
1) progress systematically through the system with respect to the local changes in/5180 that are used to align the 
records (Part 1, Figure 5). In the phase wheel (righ0, climate variables are plotted with respect to the maximum of 
the 100-kyr eccentricity cycle e [Berger, 1978a, b]. The position of •]80 and its first derivative (dashed line) mark 
a quadrant of the 100-kyr sea level cycle that starts with maximum melting and ends with maximum sea level. 

certainties owing to the short record length, we believe the cal- 
culation does support a link between the concept of internal 
thermal forcing developed in the context of our phase model 
(section 5.4.1) and the concept of a shift in the mode of ocean 
circulation developed by Broecker and Denton [1989]. 

Figure 14 also shows the filtered, 100-kyr component of 
the upper envelope of the 23-kyr •80 cycle (Figure 8b). The 
phase of this envelope indicates that the maximum amplitude 

of the 23-kyr •5•80 cycle occurs ahead of eccentricity and early 
in the sequence of climatic responses (-47ø). This suggests 
how a systematic interaction might occur between the 23- and 
100-kyr cycles. The highest sea levels in the 23-kyr sea level 
cycle must occur at or near the maxima in this envelope. 
Thus, averaged over many cycles, the most rapid and extensive 
rises in the 23-kyr sea level curve will coincide with times 
when the 100-kyr sea level curve is approaching its maximum. 
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In section 7.3.2 we suggest that the combination of these two 
cyclic patterns yields a condition which, by fostering destruc- 
tion of ice sheets grounded on continental shelves, would 
influence the phase of the 100-kyr cycle. 

7. A PROCESS MODEL OF TH• 100-kyr CYCLE 

7.1. A Two-Million-Year Perspective 

To examine the origin of the 100-kyr cycle, we first look at 
a two-million-year, high-resolution benthic /5•80 record 
(Figure 3). The chronology of the older part was obtained by 
orbital tuning of data from an eastern equatorial Pacific site, 
Ocean Drilling Program (ODP) 677 [Shackleton et al., 1990]. 
This timescale has since been verified at two key points by 
radiometric dating of magnetic reversals [Baksi et al., 1992; 
Tauxe et al., 1992]. Dominance of the 100-kyr cycle began 
shortly after one million years ago, a transition seen also in 
other climatic records that are displayed on the same chronol- 
ogy (e.g., North Atlantic SST and CaCO3 [Ruddiman et al., 
1989], South American vegetation [Hooghiemstra and Melice, 
1993], and Chinese soils [Kukla et al., 1990]). The transition 
to this new regime required about 0.3 m.y. Significantly, the 
variance increase in ODP 677 occurred mainly as an enrich- 
ment of/5•80 values during the glacial phase of each cycle. 
The fact that an isotopic enrichment of about the same magni- 
tude occurred in both the planktonic and benthic records at the 
same site [Shackleton et al., 1990] suggests that the onset of 
the 100-kyr cycle regime coincided with an increase in the size 
of northern hemisphere ice sheets. Thus the isotopic evidence 
for the onset of a regime with larger ice sheets confirms the 
same inference made earlier from observations of ice-rafted 

detritus in a three-core, north-south transect of North Atlantic 
cores [Ruddiman et al., 1986a]. At glacial extremes between 
about 1 Ma and 0.8 Ma, this debris is found much farther 
south than previously. This observation implies that a 
southward shift of the polar front, and therefore of the southern 
margin of the great ice sheets [Keffer et al., 1988], marked the 
onset of the 100-kyr regime. 

Another important feature of the benthic foraminiferal/5•gO 
record in Figure 3 is evidence that the system has evolved dif- 
ferently in the three frequency bands where variance is concen- 
trated. In contrast to the 100-kyr cycle, the 23- and 41-kyr 
cycles have been significant features of climate for the past 
two million years. And despite the fact that the amplitudes of 
the 23- and 41-kyr radiation cycles were essentially constant 
over the entire interval [Berger and Loutre, 1991], the 23- and 
41-kyr climate cycles evolved quite differently. After 1 Ma, 
the strength of the 23-kyr cycle increased, while that of the 41- 
kyr cycle gradually declined [Imbrie et al., 1993a]. 

What caused the amplitude of the 100-kyr cycle to increase• 
about one million years ago? We suggest that part of the 
answer lies in the ocean--specifically, in the increased ability 
of the deep ocean to trap and release carbon in response to 
glacial-interglacial changes in the export of North Atlantic 
Deep Water (NADW) [Raytoo et al., 1990]. Why this should 
be so is a problem beyond the scope of this paper, in which 
we aim only to understand how the 100-kyr cycle has been 
driven over the past 400 kyr. One possibility is that the 
Tibetan Plateau, which gradually increased its height during 

the late Cenozoic, eventually reached a critical elevation that 
forced long-wave patterns of atmospheric flow favoring the 
production of NADW [Ruddiman and Kutzbach, 1989]. 

The problem of explaining the onset of the 100-kyr cycle, 
and how this event might be related to the passing of thresh- 
olds in long-term tectonic and climatic trends, has been 
addressed in a number of studies [Ruddiman et al., 1989; 
Saltzman and Maasch, 1990; Raytoo, 1992; Saltzman and 
Verbitsky, 1993]. In one way or another, these studies link 
the growth of large ice sheets to a global cooling trend, long 
recognized as a major feature of Earth history during the past 
40 million years [Savin et al., 1975; Miller et al., 1987; 
Crowley and North, 1991]. We consider it likely that this 
trend is driven by uplift of the Tibetan Plateau and by the posi- 
tive feedbacks this trend must have initiated, including 
increases in chemical weathering that gradually lowered the 
atmospheric concentration of CO2 [Raytoo et al., 1988; 
Raytoo and Ruddiman, 1992]. 

Long-term trends seen in three of our carbon-system proxies 
(Part 1, Figure 7, variables 13, 14, 15) show that the mean 
chemical state of the ocean has continued to evolve over the 

past half-million years. 

7.2. The Influence of Large Ice Sheets 

The evidence from •5 •80 and ice-rafted detritus just presented 
indicates that the onset of the 100-kyr cycle regime coincided 
with the appearance of large northern hemisphere ice sheets. 
This finding agrees with theoretical studies showing that the 
essential condition for developing a 100-kyr cycle in a time- 
dependent model is the existence of northern hemisphere ice 
sheets large enough to exert a strong influence on global cli- 
mate and sluggish enough to pace key feedbacks of a long- 
period oscillation (section 4.3). It also confirms the inference 
we drew from our phase spectra that the 100-kyr cycle exhibits 
significantly more inertia than the 23- and 41-kyr cycles 
(section 5.4.2). Our model of the 100-kyr cycle therefore 
emphasizes two important roles that large ice sheets play in 
climate dynamics. First, they influence the spatial pattern of 
climate by controlling the timing of atmospheric and oceanic 
feedbacks [Ruddiman et al., 1986b]. Second, an instability in 
their response to a rising sea level increases the rate of climate 
change during deglaciation. 

The impact ice sheets have on the atmosphere has been 
evaluated by equilibrium experiments with general circulation 
models in which the only prescribed boundary condition 
change was the insertion of large (last glacial maximum) ice 
sheets into standard models [Manabe and Broccoli, 1985; Broc- 
coli and Manabe, 1987]. The resulting changes in model cli- 
mate are confined almost exclusively to the northern hemi- 
sphere. In areas never covered by ice, zonal mean temperatures 
north of 50øN cool by 6ø-10øC. In winter, the troposphere has 
a split flow that straddles the North American ice sheet, the 
northern branch funneling extremely cold air over the Labrador 
Sea and downwind across the Atlantic [Kutzbach, 1987; Coop- 
erative Holocene Mapping Project (COHMAP) Members, 
1988]. Here sea ice forms and mean temperatures drop by as 
much as 20øC. Westerly flow in midlatitudes is strengthened 
from eastern North America across southern Europe and into 
central Asia, with increased precipitation falling mainly as 
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snow along a storm track that skirts the southeastern comer of 
the Laurentide ice sheet and the southern edge of the Scandina- 
vian ice sheet. This part of the response, 6xtrapolated to a 
time-dependent model, would constitute a positive feedback. 
The overall effect of the ice sheets on northern hemisphere 
hydrology is to reduce the mean rate of precipitation by 18%. 
This might act as a negative feedback, although some experi- 
ments with time-dependent models suggest otherwise [Gal16e 
et al., 1992]. Thus the ice budgets for both major ice sheets 
in these experiments show a negative mass balance, and 
decreases in soil moisture occur in a zone located just south of 
both ice sheets. Moreover, the balance of precipitation minus 
evaporation in the Nordic Sea shifts in favor of more evapora- 
tion in response to the increased flow of cold, dry air and other 
conditions associated with a full glacial state. These elements 
in the hydrologic response to a large ice sheet would also con- 
stitute a negative feedback. 

The behavior of any portion of an ice sheet during deglacia- 
tion depends crucially on its location. The key point is that 
parts of large polar ice sheets may be grounded on isostatically 
depressed continental shelves. In contrast to ice sheets based 
on land, these marine-based ice sheets are inherently unstable 
[Mercer, 1968; Weertman, 1974]. This is because grounding 
lines of the ice streams that drain the ice sheets can retreat 

rapidly behind low sills during deglaciation. When mechanical 
thresholds are passed during an interval when sea level is 
slowly rising as a response to slow ice sheet wasting, signifi- 
cant portions of a particular ice sheet can disintegrate rapidly 
by shedding icebergs into the ocean [Hughes, 1987]. 
Although the West Antarctic ice sheet is the only modem 
example of a marine ice sheet, at the last glacial maximum, 
ice sheets of this kind certainly occurred around Antarctica 
[Anderson and Thomas, 1991], occupied the Barents Sea 
[$olheim et al., 1990], and may well have existed in other 
parts of the northern continental shelf of Eurasia and North 
America [Grosswald, 1980; Denton and Hughes, 1981]. 

7.3. The 100-kyr Cycle 

7.3.1. Driving mechanisms. In Part 1 we present a sim- 
ple conceptual model of the internal mechanisms that drive 
each of the Milankovitch glaciation cycles forward (Part 1, 
Figure 3). This model is "generic" in the sense that the 
inferred sequence of responses will occur whenever an initial 
change in the freshwater budget of the Arctic Ocean and Nordic 
Sea is specified, and for whatever reason that initial change 
occurs. The model is also generic in the sense that the large 
amplitude and related special femures of the 100-kyr cycle are 
ignored. 

What drives the 100-kyr cycle? Having already concluded 
that the 100-kyr insolation signal is much too small (and its 
phase too late) to be a significant cause, we must look for an 
answer elsewhere. We find our answer in the dynamics of 
large ice sheets and in the influence these masses of ice exert 
on the rest of the climate system. Whenever the combination 
of 23- and 41-kyr cycles forces the size of ice sheets to depart 
too far from equilibrium, the ice sheets themselves trigger 
mechanisms that channel climatic energy into the 100-kyr 
band. The key feedback here is between ice elevation and ice 
accumulation rate (section 4). By changing the planetary 

albedo and steering and altering the properties of the winds, 
large ice sheets in our model force a chain of atmospheric and 
oceanic responses which, apart from being larger and paced by 
the inertia of large ice sheets, mimic many femures of the ex- 
ternally forced responses. 

For example, during the interglacial phase of each 100-kyr 
ice volume cycle, winds over the North Atlantic force warm, 
saline, surface water into the Nordic Sea, whereas during the 
glacial phase, ice sheets force a zonal wind pattern that tends to 
keep these warm waters out of the Nordic Sea and to bring 
polar air in contact with larger areas of the North Atlantic. 
Thus the influence exerted by large ice sheets is quite similar 
in at least one important way to the influence exerted by radia- 
tion in the precession and obliquity bands. In both cases, the 
flux of heat to the southern ocean is altered by changes in the 
density of surface waters in the North Atlantic and in the 
Nordic Sea. As outlined in Part 1, this alteration leads eventu- 
ally (in our model) to a redistribution of carbon among ocean 
reservoirs, with global consequences for atmospheric CO2 in 
all three cycles. 

7.3.2. Pacing mechanisms and ice sheet size. Once the 
growth of large ice sheets becomes possible, owing to the evo- 
lution of appropriate boundary conditions, positive feedbacks 
[Birchfield and Weertman, 1983; Le Treut and Ghil, 1983; 
Budd and Smith, 1987] are free to amplify the externally forced 
ice sheet response until it is damped by negative feedbacks [Le 
Treut and Ghil, 1983; Manabe and Broccoli, 1985; Gal16e et 
al., 1992]. The dynamics of ice-sheet growth will control how 
long it takes for that limit to be reached and therefore influence 
both the amplitude and periodicity of glaciation. In section 
5.3 we show that the process of growth and decay is well 
described by a time constant of 15 kyr. In a system so slug- 
gish, linear responses to precession and obliquity forcing must 
be quite modest (Figure 15). During the 11.5-kyr growth 
phase of a precession cycle, for example, the actual response 
an ice sheet would have in response to a step change in forcing 
is only 53% of its equilibrium response. For the longer, 
obliquity cycle the response would still be only 64 %. But dur- 
ing the 50-kyr growth time of a 100-kyr cycle, 96% of the 
equilibrium response would be achieved, leaving very little 
gain if the forcing were continued. 

7.3.3. Deglaciation. Near the glacial maximum of each 
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Fig. 15. Response of an ice sheet with a 15-kyr time constant 
to a step change in the forcing. DesignNed values of t are the 
characteristic times [Oerlemans, 1991] of major glaciation 
cycles. 
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100-kyr cycle in our model, large portions of polar ice sheets 
become grounded on isostatically depressed continental shelves 
in the Barents Sea, in other sectors of the northern polar ocean, 
and around Antarctica. The mechanical instability of this situ- 
ation sets the stage for a rapid deglaciation the next time a rela- 
tively slow, linearly forced trend of rising sea level crosses a 
threshold (section 7.2). Late in Stage 2 we have strong evi- 
dence in the form of a light õ•80 "spike" to show that such an 
event did occur in the Barents Sea [Part 1, Figure 13; Jones 
and Keigwin, 1988; Lehman and Keigwin, 1992a]. 

During some deglaciations it seems likely that the underly- 
ing Milankovitch deglacial trend would be reinforced by inter- 
nal mechanisms acting independently of orbital influences and 
at higher frequencies. Studies of modem tropical climate make 
it clear that interactions occur between processes having 
timescales of the order of 2 years and 3 to 7 years and the 
annual cycle [Barnett, 1991], and it would not be surprising to 
find similar interactions operating on geological timescales as 

well. An examination of high-resolution records of Termina- 
tions I and II supports this idea (section 8.1.1 and 8.1.3). An 
obvious example of an internal process interacting with the 
Milankovitch trend is a climatic oscillation that has a 

timescale of several millennia. This process includes the train 
of Dansgaard-Oeschger events documented in Greenland ice 
[Dansgaard et al., 1993] and the Younger Dryas oscillation 
[Berger, 1990]. Another example is the train of North Atlantic 
cooling cycles known as Heinrich events. These have recur- 
rence times ranging from 10 to 15 kyr [Bond et al., 1993]. 

We now review evidence that the rising sea level trend, 
which apparently triggered the deglaciation in the North 
Atlantic sector, was orbitally forced. The set of •4C-dated 
observations shown in Figure 16 supports this concept. Dur- 
ing the late glacial regime, time series recording the rise of sea 
level and the retreat of the southern margin of the Laurentide 
ice sheet are strongly coherent with the radiation curve (dotted 
area). Over this interval, climate lagged radiation by several 
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Fig. 16. Evidence that northern hemisphere deglaciation at the end of the last ice age was a response to orbital 
forcing. Curve a represents the eustatic sea level record from Barbados corals [Fairbanks, 1989]. Curve b repre- 
sents the õ•80 record of a meltwater event in the Nordic Sea [Jones, 1991]. Curves c and d are õ•80 curves, the cal- 
endar-year versions of time series in Figure 10. The transformation is made necessary by the fact that this part of 
the chronology of Imbrie et al. [1984] is •4C-controlled. The solid segment of curve e shows the observed position 
of the southern margin of the Miami Sublobe of the Laurentide ice sheet [Broecker and Denton, 1989]; dashed seg- 
ment shows the pattern we infer for the final retreat. Curve f represents the incoming early June radiation at 65øN 
[Berger, 1978a, b]. The •4C-based chronologies of curves a through e have been converted to calendar years with a 
calibration provided by E. Bard (personal communication, 1992) and based on data in Bard et al. [ 1993]. 
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Fig. 17. Model of a nonlinear amplification mechanism. The 
system's gain is sharply increased when the linear response to 
an external forcing crosses a threshold. 

thousand years. But around 16 kyr B.P., after the ice margin 
had retreated -300 km and sea level had risen -20 m, the cli- 
matic responses began to break out of this coherent pattern. 
The ice margin then began to retreat decisively back from the 
range of positions it had occupied during late glacial times, 
setting the stage some 2000 years later for the rapid decay of 
ice sheets that is recorded by the steepest part of the sea level 
curve [Fairbanks, 1989]. 

7.3.4. Mode shifts. The pattern of responses shown in 
Figure 16 is consistent with the view that the immediate cause 
of rapid changes marking the termination of the Stage 2 glacia- 

tion was a reorganization of the ocean-atmosphere system 
[Broecker and Denton, 1989]. The oceanic part of the reorga- 
nization involves a change in the mode of ocean overturning. 
The pace of deglaciation increases after this mode shift as more 
heat is pumped into the glaciated regions around the North 
Atlantic [Lehman and Keigwin, 1992b]. An increase in CO2 
that is linked to this change in ocean circulation acts as a 
strong positive feedback. We conclude that the shift in circula- 
tion mode, which in our model is triggered by changes in the 
Nordic Sea, acts as a nonlinear amplifier on the linearly forced 
Milankovitch responses (Figure 17). In this way a substantial 
fraction of the system's internal energy is channeled into the 
100-kyr band. 

In Figures 3 and 4 of Part 1 we expand the definition of cir- 
culation modes given by Broecker and Denton [1989]. In our 
model, each mode is identified with a particular combination of 
pathways in the Atlantic's warm-to-cold-water conversion pro- 
cess. These pathways are open ocean convection in the boreal 
Atlantic (the "boreal heat pump") and the overflow of Nordic 
intermediate waters (the "Nordic heat pump"). A two-pump 
mode occurs Whenever the exchange between surface waters of 
the North Ariantic and the Nordic Sea increases sufficiently to 
produce the overflows that form the core of lower NADW at 
the same time that deep convection occurs in the open boreal 
Atlantic. As shown in Figure 18, we assume that a shift from 
a one-pump to a two-pump mode occurred at Terminations I 
and II (and at other major deglaciations over the past 400 kyr). 

To tie the historical pattern of mode shifts shown in Figure 
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Fig. 18. Inferred circulation modes during the past 150 kyr. The curves are based on time series shown in Figure 
10, with a calendar-year correction applied where the dating is •4C-controlled. We suggest that the mode of ocean 
overturning is determined by the geography of the cold-to-warm-water conversion process that drives the North 
Atlantic heat pump (Part 1, section 3). The two main branches of this flow are referred to as the boreal heat pump 
(convection in the open boreal Atlantic) and the Nordic heat pump (overflow of Nordic intermediate waters). At 
times, the Nordic pump is turned off, leading to a one-pump mode of overtming. Note that the system has a strong 
linear response while in this mode; the interval of glacial growth between 80 and 60 ka is a linearly forced response, 
not a mode shift. 
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18 into our model of the 100-kyr cycle, we return to the con- 
cept of an internal thermal forcing (ITF) introduced in section 
5.4.1. In section 6.3, we present evidence linking ITF with 
observations on deep-ocean temperature that reflect the ocean's 
circulation mode. On this interpretation, the phase of ITF 
shown in Figure 7 corresponds also to the phase of oceanic 
mode shifts. 

8. DISCUSSION 

Our model of processes governing the glaciation cycles 
includes assumptions about mechanisms operating at two 
places in the ocean where we lack long time series. One of 
these is in the Nordic Sea. In this critical region we postulate, 
first, that there are significant variations in the production of 
overflow waters and, second, that these oceanic variations 
occur either as a direct response to Milankovitch forcing or as 
an indirect response induced by a change in ice sheets. The 
other place where we lack long time series is the deeper part of 
the western Atlantic Basin, where heat export linked to the 
deep overflow is concentrated in the modern ocean [Reid and 
Lynn, 1971; Lehman and Keigwin, 1992a, b]. 

In this section we use available data to test two aspects of 
the model's performance at specific times in the climate narra- 
five: its prediction of the sequence of system responses within 
the two critical areas just discussed and its prediction that cli- 
mate will lag early June radiation at 65øN. In section 8.1.1 we 
examine an independent, InC-dated set of high-resolution data 
over the past 25,000 years. In the three sections that follow 
we use the common temporal framework provided by •80 to 
examine the sequence of system responses during four intervals 
of major change that lie beyond the range of inc (Stage 4, the 
onset and termination of glaciations flanking Stage 5e, and the 
termination of the Stage 12 glaciation). As discussed in sec- 
tion 4.1 of Part 1, the precision of this correlation framework 
has an average uncertainty of the order of +2.5 kyr. The aver- 
age uncertainty of the absolute ages in this framework is esti- 
mated to be +5 kyr. Unfortunately, only a limited number of 
independent observations are now available to us for intervals 
older than 25 ka: a Cd/Ca proxy for deep ventilation (variable 
16), and several measures of conditions in the Nordic Sea 
obtained from cores 19 and 27. 

8.1. Testing the Model at Specific Places and Times 

8.1.1. Termination of the Stage 2 glaciation. How well do 
the nature and timing of events compare with our model? To 
make a valid comparison between geological observations 
dated by inc and an astronomically based radiation curve, it is 
necessary to convert inc years into calendar years [Stuiver et 
al., 1991]. For this we use a calibration provided by E. Bard 
(personal communication, 1992) that is based on the data of 
Bard et al. [1990] and Bard et al. [ 1993]. Given a inc age in 
kiloyears C, the calendar age is 1.39 C - 0.0056 C 2 - 1.81, 
where 6 < C < 25. The display in Figure 19 (like that in Fig- 
ure 16) confirms our expectation that an increase in Arctic 
insolation (curve h) precedes a sequence of oceanic responses 
that begins with a change in the character of surface waters in 
the Nordic Sea and ends with a change in the deep Atlantic. 
After the initial local deglaciation recorded (by curve d) as a 
brief meltwater event (ND), the blooming of diatoms (curve e) 

and the entry of Atlantic foraminifera into the eastern 
Norwegian Sea (record i) signal an increased exchange of saline 
Atlantic water (IE). We infer that the resulting increase in the 
production of overflow water culminated --16 kyr B.P. in a 
decisive increase in the ventilation of the deep Atlantic, as 
recorded in our phosphate proxies (curves f and g). Some 9 
kyr later, the deglaciation process culminated in the demise of 
the Laurentide ice sheet. Although the dating of the first 
decisive increase in CO2 (curve a) is not yet well constrained, 
the currently accepted chronology of this event [Leuenberger et 
al., 1992] is consistent with our expectation that it would 
follow shortly after an increase in deep NADW export. 

The details of the deep-ventilation time series (curve g), 
taken from Keigwin et al. [1991], show a pattern that might 
represent a damped oscillation (with a recurrence time of--2 
kyr) superposed on the underlying deglacial trend. Like these 
authors, we take this as evidence supporting the idea that a 
train of thermohaline oscillations was triggered by meltwaters 
from glaciated areas surrounding the North Ariantic [Birchfield 
and Broecker, 1990; Broecker et al., 1990]. An oscillating 
response of this type is dynamically consistent with our find- 
ing (Figure 6) that a delay of 1 kyr occurs in the system's ini- 
tial response [Bhattacharya et al., 1982]. Such a delay has the 
potential for initiating an oscillation with a recurrence time of 
the order of 2 kyr [Ghil et al., 1987; Wright et al., 1990]. 
Similar oscillations also seem to characterize older deglacia- 
tions [Sarnthein and Tiedemann, 1990]. 

Another interesting feature of the data in Figure 19 is that 
once the system has been forced into an interglacial state, there 
is considerable resistance to the Milankovitch forcing toward a 
glacial state. Only one time series in this figure can be inter- 
preted as a precursor of glaciation. This is the decrease in rela- 
tive abundance of Atlantic diatoms in the Iceland Sea (curve c) 
and an increase (not shown) of diatoms that are characteristic of 
polar waters [Karpuz and Schrader, 1990]. These trends in the 
phytoplankton suggest that the maximum exchange (ME) 
between Atlantic and Nordic Sea waters occurred around 7 kyr 
B.P. Under this interpretation, the decreasing exchange since 
then implies a lowering salinity that would favor a rerum to a 
one-pump circulation mode. 

8.1.2. Onset of the Stage 4 glaciation. The transition 
from Stage 5 to Stage 4 is defined by a relatively rapid shift in 
the 8•80 curve that implies a rapid interval of ice growth 
(Figure 20). At this climatic turning point, as at Termination 
I, there is no doubt that the change in ice volume (curve b) 
lags radiation (curve a). One feature of special interest in this 
figure is the demonstration that variable 5 (SST at 50øN) and 
variable 14 (deepwater A•3C ventilation index at 4 IøN) both 
lag slightly behind 8•80. This pattern is in agreement with 
our phase observations (Figure 5) that place variables 5 and 14 
in the group of late (R4) responses--responses we take to be 
driven by the wind field and therefore linked to the extent of 
the northern hemisphere ice sheets. Moreover, the Cd/Ca 
proxy for deep ventilation (variable 16), which has too short a 
record to be included in our phase analysis, is seen here to be 
essentially on phase with the A8•3C ventilation proxy 
(variable 14). 

8.1.3. Glaciations flanking Stage 5e. Geological records 
of events leading to and following the Stage 5e interglacial 
provide a unique opportunity to discover not only how a 
glacial age ends, but how one begins [Kukla and Went, 1992]. 
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Fig. 19. Changes in the surface waters of the Nordic Sea and deep North Ariantic during termination of the Stage 2 
glaciadon. Curve a is from Leuenberger et al. [1992], curve b from Fairbanks [1989], and curve c represents a 
diatom assemblage from Karpuz and Schrader [1990]. Curve d represents the Greenland Sea 8•80 minus global 
8180 [Jones, 1991], curve e indicates diatoms per gram of sediment from Karpuz and Jansen [1992]. Curve f is 
from Boyle and Keigwin [1985], curve g from Keigwin et al. [1991], curve h from Berger [1978a, b] and record i 
from Lehman and Keigwin [1992b]. The InC-based chronologies (curves b-g and record i) have been converted to 
calendar years with a calibration provided by E. Bard (personal communication, 1992) and based on data from Bard 
et al. [1993]. Figure 11 and Table 1 locate the cores (identified in numbered boxes). 

Before examining some of the evidence (Figure 21) it will be 
useful to review our basis for correlating and dating these time 
series. Unlike the time series examined in section 8.1.1, 
whose absolute chronologies are controlled by •nC, the 
chronologies for six curves shown in Figure 21 (curves a 
through f) have been developed by correlating the 8•80 in each 
core against the standard SPECMAP 8•80 chronology (curve 
b). As discussed previously, this procedure gives information 
on the sequence of events that is essentially independent of any 
absolute chronology that may be adopted. The precision of 
these correlations, expressed as a time difference between two 
deep-sea cores from the open ocean, averages about +3 kyr 
over a string of closely spaced observations. However, where 
observations are widely spaced, as they are in several records 
chosen for analysis here (because they provide crucial but hard- 
to-get information about these sites), the precision of the cot- 

relation is degraded. Thus in displaying curves a and h, we 
show the possible range of correlations during the deglaciation. 
This is not done with curve d, because the point to be made is 
simply that a foraminiferal species typical of the open 
Atlantic, G. bulloides, occurs in the Nordic Sea for only a 
short interval during Stage 5e. This conclusion is well docu- 
mented in other records which sample this interval in more 
detail [Kellogg et al., 1978]. 

Because information about CO2 displayed in Figure 21 
(curve h) is derived from an Antarctic ice core, the problem of 
correlating that record with marine 8•80 poses a different and 
very challenging stratigraphic problem. The correlation shown 
in Figure 21 is taken from Sowers et al. [1991], who base 
their correlation on observations of 8180 in air bubbles in the 
Vostok core. 

One other important matter remains to be considered, 
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Fig. 20. Changes in the surface and deep North At]antic during the Stage 4 interval of rapid glacial growth. Curve 
a represents early June insolation [Berger, 1978a, b]. Curve b is the SPECMAP 8•80 slack [Imbrie et at. 1984], 
curve c the foraminiferal index of SST in K708-1 [Ruddiman and Mcintyre, 1984], curve d is the Ccl/Ca proxy for 
phosphate concentration [Boyle and Keigwin, 1985; Imbrie et al., 1992], curve e the AS•aC measure of the contribu- 
tion of northern sources to North Atlantic Deep Water [Raymo et at., 1990], and record f the foraminiferal assem- 
blage in core K-11 [Kellogg et al., 1978]. Symbols are as in Figure 19. See text for a discussion of the precision 
and accuracy of the common temporal framework provided by $• sO stratigraphy (sections 3.2.3 and 8.2.1). 

namely the accuracy of age estimates for the marine records 
shown in Figure 21. These estimates are those of the 
SPECMAP chronology. In our view, the true ages are proba- 
bly as slated, within +5 kyr for individual points and within 
+3 kyr for the average of a long string of points. This view 
finds some support in a chronology recently developed for the 
Vostok ice core and in the correlation of that record with the 

marine 8180 record via the 8180 composition of air bubbles 
trapped in the ice [Jouzel et al., 1993]. However, other inves- 
tigators [Lainbeck and Nakada, 1992; Winograd et al., 1992] 
argue that the SPECMAP ages for events near Termination II 
are too young by some 15 kyr. As we proceed to draw cli- 
matic conclusions from the information in Figure 21, there- 
fore, we must keep in mind these differences of opinion about 
the absolute accuracy of the dating. In this section we will 
assume that the SPECMAP chronology is correct. In the next 
section we will examine the consequences for theories of the 
100-kyr cycle if the true ages of events late in Slage 6.2 prove 
to be considerably older than the ages assigned in the 

SPECMAP timescale [Imbrie et al., 1984; Martinson et at., 
1987]. 

Viewed on the SPECMAP chronology, the dala in Figure 
21 generally confirm the predictions of our model. For the 
glacial termination, a sequence of events in the Nordic Sea that 
is broadly similar to the sequence near the end of Slage 2 
(Figure 19) occurred near the end of Slage 6. An increase in 
radiation (Figure 21, curve g) led a local deglaciation event 
(ND) recorded locally by AS•sO (curve a), which in turn led 
the main termination (T) as recorded by a shift in the global 
$•80 slack (curve b). The termination clearly lagged not only 
radiation but also lagged an increase in Atlantic foraminifera 
(record i). This suggests that an increase in the exchange of 
saline Atlantic water (IE) turned on the Nordic pump, as in our 
model. But owing to uncertainties in correlating records from 
the Nordic Sea and from the Vostok ice core with the 8•80 
stack, it is not possible to conclude that event ND or 1E actu- 
ally led the increase in CO2 [Sowers et al., 1991]. 

The idea that the precise timing of a particular termination 
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Fig. 21. Changes in the surface waters of the Nordic Sea and deep North Atlantic during the termination and onset 
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salinity index derived from the planktonic •180 in Norwegian Sea core K-11 [Kellogg et al., 1978] by subtracting 
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might be influenced not only by an underlying Milankovitch 
trend but also by events reflecting an internal oscillation that 
occurs independently of this trend and at a higher frequency 
(section 7.3.3) is supported by two conspicuous light spikes 
in the high-resolution õ180 record (curve c). The larger spike, 
peaking around 132 ka, might correlate both with the meltwa- 
ter event in the Greenland Sea (curve a) and with the onset of 
the first major warm interval in the Greenland summit ice 
core, that is, the interval designated MIS-5e5 by the Greenland 
Ice-Core Project Members [1993]. 

Late in Stage 5e, during the earliest phase of glacier growth 
recorded by õ•sO, a species of Atlantic foraminifera that today 
is characteristic of the open North Atlantic diminished in 
abundance (curve d). This decline was followed by the loss of 
all foraminifera characteristic of the modem open Atlantic 
(record i). We take this as evidence that a decreasing exchange 
of Atlantic water (DE) following the maximum exchange 
(ME) led to a decrease in salinity which turned off the Nordic 
pump, as in our model. As expected, these events lag the ini- 
tial decline of radiation. 

Close examination of the phase relationships between our 
deepwater ventilation proxies (curves e and f) and õ•sO (curves 
b and c) is instructive. Late in Stage 6, these ventilation mea- 
sures slightly lead õ•sO, whereas they are essentially in phase 
from the õ•sO minimum of Stage 5e through Stage 5d. In 
late Stage 5 and Stage 4, the same ventilation measures lag 
õ180 (Figure 20), thus exhibiting there the average phase rela- 
tionship seen in cross spectra. We conclude that the lagging 
pattern, which was apparently typical during the moderate 
glaciation conditions of Stages 4 and 5d, dominates in the 
long-term average over the in-phase or leading patterns that are 
apparently typical only of full glacials. 

8.1.4. Termination of the Stage 12 glaciation. From a 
Milankovitch perspective, the deglaciation which terminated 
the maximum glaciation of Stage 12 and led to full interglacial 
conditions of Stage 11 is one of the major ice age puzzles 
(Figure 12). As noted in section 3, the essence of the puzzle 
is a mismatch between the amplitude of Stage 11 and the 
amplitude of the insolation change associated with it (Figure 
2). Figure 10 provides an opportunity to evaluate this mis- 
match by comparing the amplitude of the linear response to 
insolation with the amplitude of the total response. The linear 
response associated with Termination V is, in fact, the small- 
est of any termination. Two other unique features of this ter- 
mination are worth noting: its long duration and the presence 
of a conspicuous shoulder on the õ•80 curve. These features 
can be seen in more detail in Figure 22, which is plotted with 
the same scaling as Figures 19-21. Unfortunately, records 5 
(Atlantic SST at 50øN) and 16 (deep Atlantic Cd/Ca ventila- 
tion index at 42øN) are not long enough to be included in this 
figure. But the information we do have shows that the timing 
of two low-amplitude features in the insolation record (curve c) 
is broadly consistent with a Milankovitch interpretation of 
similar features in õ•80 (curve a) and deep ventilation (curve 
b). Moreover, the sudden increase in Norwegian Sea 
foraminifera (record d) indicates that as predicted by our model, 
the shift to interglacial conditions was led by an increase in the 
flow of saline Atlantic waters into the Nordic Sea. 

8.1.5. Summary. Although encouraged by the results of 
these limited tests, we regard it as important to obtain longer 

and more detailed observations from the deep basin of the 
western Atlantic (near site 16). As discussed next, it is also 
important to obtain more accurate dates for oceanic events that 
occurred late in Stage 6. 

8.2. Alternate Explanations 

Our review of major theories (section 4.3) concludes that 
the most likely explanation for the late Pleistocene 100-kyr 
glaciation cycle lies between two end-member models. The 
first is a self-sustaining, internal oscillation paced by the large 
time constant of large ice sheets. Here external forcing plays 
no role. The second end-member explains the cycle as a non- 
linear response to orbital forcing. In this case, the phase is set 
by the attainment of a threshold in the system's response. In 
principle, the crossing of this threshold might be caused in 
two ways: (1) by the externally forced responses acting alone 
("simple external pacing") or (2) by the externally forced 
responses acting in combination with an internally driven, 
higher-frequency process ("mixed pacing"). In the latter case, 
the Milankovitch response may be said to condition the sys- 
tem so that the relatively small-amplitude output of some 
internal process is sufficient to trigger a major deglaciation. 

8.2.1. Observations. In principle, it should be possible to 
choose between these models by comparing the timing and 
amplitude of the insolation forcing with our knowledge of 
climate history. Toward this end we now review the evidence 
for the major climatic turning points presented in section 8.1, 
with particular attention to unresolved questions of chronol- 
ogy. 

1. One of these turning points occurred during the last 
major deglaciation, about 16,000 calendar years ago (Figure 
19). Here there is no doubt that the •4C-dated observations are 
consistent with the idea that both the deglaciation and the sys- 
tem's shift to a different circulation mode were responses to a 
Milankovitch forcing. However, one coincidence of orbital 
and climatic events does not prove the case for this deglacia- 
tion or demonstrate that other deglaciations were caused in the 
same way. 

2. Another turning point was the rapid growth of ice sheets 
in Stage 4, an interval where no serious doubts have been 
expressed about the accuracy of the SPECMAP chronology. 
Here the evidence not only supports the idea of a Milankovitch 
response (Figure 20), but indicates that the ice-volume 
response is essentially linear (Figure 18). This orbitally forced 
onset of a new climatic regime that is marked by larger ice 
sheets seems to set the North Atlantic stage for a series of 
Heinrich oscillations [Bond et al., 1993]. 

3. Two major climatic turning points flank the penulti- 
mate interglacial (Figure 21). One of these is the onset of 
glaciation which began late in Stage 5e. According to the 
chronology adopted in this paper, this event (like the two just 
discussed) also lags the insolation forcing. The other climatic 
turning point is the major deglaciation known as Termination 
II. Here again, on the chronology adopted in this paper, the 
climate change recorded by global and local õ•80 curves lags 
the insolation forcing. Taken at face value, then, our chronol- 
ogy of these events also supports the Milankovitch response 
model. 

However, a universally accepted chronology for Termina- 
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Fig. 22. Changes in the surface waters of the Nordic Sea and deep North Atlantic during the termination of the 
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tion II is not yet available [Bard et al., 1991; Hamelin et al., 
1991]. Some studies have suggested the possibility that the 
sea level rise might have taken place before the radiation min- 
imum that occurred at 141 ka. Lambeck and Nakada [1992] 
draw this conclusion from a revised isostatic rebound model, 
while Winograd et al. [ 1992] base their views on studies of a 
groundwater 8•80 record from Devils Hole, Nevada. More- 
over, there remains considerable uncertainty about the timing 
of the CO2 increase relative to the changes in sea level and 
marine 8•80 [Sowers et al., 1991]. To help choose among 
alternative explanations, therefore, we need a more precise 
knowledge of the correlation [Turon, 1984] as well as the tim- 
ing of these events. If, for example, the date for a decisive 
shift of the •80 record out of Stage 6 (135 +5 ka in the 
SPECMAP chronology) should prove to be older than 140 ka 
and therefore close to or older than the radiation minimum at 

141 ka, this finding would support the "mixed pacing" model 

discussed above. If, on the other hand, the date of this 
turnaround should remain within the stated uncertainty limits, 
the finding would support the "simple external pacing" model. 

Recently, two groups of investigators have developed (or 
improved previously existing) chronologies for polar ice cores 
in Greenland and Antarctica [Dansgaard et al. 1993; Jouzel et 
al., 1993]. These chronologies, obtained independently of the 
SPECMAP age model, support our view that the deglaciation 
which ended the penultimate (Stage 6) glaciation was orbitally 
forced by the increase in radiation that began about 141 ka. 
Assuming that both the ice core and SPECMAP chronologies 
are correct, we find that as expected, the local air-temperature 
response occurs first, followed by the global ice volume 
changes recorded by oceanic 8•sO. 

4. Finally, we consider the termination of the Stage 12 
glaciation. Unlike the termination of the Stage 6 glaciation, 
the date for this event (Termination V) is essentially the same 
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on the SPECMAP and Devils Hole chronologies: the heaviest 
oceanic •5•80 values occur in Stage 12 and the lightest values 
in the corresponding part of the Devils Hole record occur at 
about 435 ka. The associated minimum in early June radiation 
at 65øN precedes that date by 2 kyr. The potential theoretical 
problem here is not with the dating of this event, which fits 
the Milankovitch forcing model reasonably well, but with its 
amplitude. This is the "Stage 11 problem" identified in Figure 
2. The total amplitude of the linear response to the orbital 
forcing (Figure 10) is quite small compared to the amplitude of 
the 100-kyr response. In particular, the ratio between forcing 
and response is much smaller than it is for Termination I. 
However, since the model developed in this paper depends not 
on the total range of the linear response that triggers a mode 
shift, but only on the early part of the (sea level) response that 
triggers the marine ice sheet instability, there may be no fun- 
damental difficulty in accepting the Milankovitch forcing 
model. Time-dependent modeling experiments over the inter- 
val in question should shed light on this problem. 

8.2.2. Modeling experiments. Conceivably, the climate 
system has evolved in such a way that at different times in 
Earth history, a different balance of internal and external mech- 
anisms is responsible for setting the phase of a particular 100- 
kyr oscillation. Given the complexity of the system, we think 
it unlikely that acquisition of new data alone will suffice to 
determine how important a contribution any particular mecha- 
nism makes to any 100-kyr cycle. We need numerical models 
of candidate mechanisms, especially models that in addition to 
simulating the global ice volume curve make predictions of 
the phases of other internal responses so that these predicted 
sequences can be compared with data [Saltzman and Sutera, 
1987; Le Treut et al., 1988]. 

8.3. Unexplained Features 

The central feature of our model of the 100-kyr cycle is the 
influence that large northern hemisphere ice sheets exert on the 
rest of the climate system. If no other influences were at 
work, and if the links between ice and climate were linear, we 
would expect to find a nearly perfect correlation between the 
100-kyr cycle of •5•80 and the 100-kyr cycle of every other 
climate proxy. Not surprisingly, many of the correlations we 
observe are far from perfect. Thus many important features of 
climate history remain unexplained by our simple model. As 
one example, although the long-term NADW record from site 
607 (variable 14) shows a general trend toward stronger glacial 
NADW suppression after 1 Ma, the magnitude of glacial •5•80 
events is by no means perfectly correlated with the magnitude 
of NADW suppressions. 

9. CONCLUSIONS 

1. For at least the past two million years, cycles of glacia- 
tion with periods near 23- and 41-kyr have been forced by 
anomalies in the pattern of incoming radiation. Within each 
of these frequency bands, a significant portion of the response 
to this Milankovitch forcing is linear. 

2. About a million years ago, a large-amplitude 100-kyr 
cycle began to dominate the •5•80 record of glacial variability. 
But a simple Milankovitch origin of this cycle is ruled out, 

because the eccentricity-driven 100-kyr radiation cycle is much 
too small and its phase too late to force the corresponding 
climate cycle directly. 

3. The onset of this regime coincides with the appearance 
of large northern hemisphere ice sheets. This inference from 
observations on ice-rafted detritus and •5•80, combined with 
modeling studies, suggests that large northern hemisphere ice 
sheets are an essential condition for the development of feed- 
backs to drive the 100-kyr ice volume cycle. In low latitudes, 
however, large 100-kyr cycles can be developed independently 
of large ice sheets. 

4. Oceanic changes associated with each of the three major 
glaciation cycles can be examined in a geographic array of 
time series that monitor ocean properties over the past 400 
kyr. Cross-spectral analysis of this array reveals that the geo- 
graphic progression of local responses in the 100-kyr cycle is 
similar to the progression in the other two cycles, implying 
that a similar set of internal mechanisms operates in all three. 

5. Quantitative modeling of the observed phase sequences 
shows that the 100-kyr cycle requires a source of inertia hav- 
ing a time constant (~15,000 years) much larger than the other 
cycles (~5000 years). Our conceptual model identifies massive 
northern hemisphere ice sheets as the larger inertial source 
which, by pacing interactions with the atmosphere, ocean, and 
lithosphere, produces the internal thermal forcing that drives 
the 100-kyr glaciation cycle. 

6. In this model, whenever the combination of the 41-kyr 
and 23-kyr cycles forces the size of the ice sheets to depart too 
far from equilibrium, the ice sheets themselves drive and pace 
mechanisms in the atmosphere and ocean that channel climatic 
energy into the 100-kyr band. By changing the albedo, steer- 
ing the winds, and altering the properties of air masses in con- 
tact with the ocean and land, the growth and decay of ice sheets 
cause changes in the mode of ocean circulation. These mode 
shifts amplify the system's initial, modest responses to exter- 
nal forcing by transporting heat to boreal latitudes and by 
changing the concentration of atmospheric CO2. 

7. When sea level is forced upward from major lows by a 
Milankovitch response acting either alone, or in combination 
with an internally driven, higher-frequency process such as the 
Heinrich oscillation, ice sheets grounded on continental 
shelves become unstable, mass wasting accelerates, and the 
resulting deglaciation sets the phase of one wave in the train 
of 100-kyr oscillations. 

8. In this view, the 100-kyr cycle is a response to the 
Milankovitch forcing in which the coupled air-sea-ice system 
acts as a nonlinear amplifier. However, from the evidence 
now in hand we cannot rule out the possibility that a self-sus- 
taining oscillation might also contribute to the strength of 
this cycle. 

9. In any case, when considered over the entire bandwidth 
of the Milankovitch signal, the climate system exhibits strong 
nonlinear behavior. It is, nevertheless, possible to construct 
simple but useful models of this complex behavior by parti- 
tioning the total response into the three band-limited cycles. 
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