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[1] The consequences of the hypothesis that Milankovitch forcing affects the phase (e.g., termination times) of
the 100 kyr glacial cycles via a mechanism known as ‘‘nonlinear phase locking’’ are examined. Phase locking
provides a mechanism by which Milankovitch forcing can act as the ‘‘pacemaker’’ of the glacial cycles.
Nonlinear phase locking can determine the timing of the major deglaciations, nearly independently of the
specific mechanism or model that is responsible for these cycles as long as this mechanism is suitably nonlinear.
A consequence of this is that the fit of a certain model output to the observed ice volume record cannot be used
as an indication that the glacial mechanism in this model is necessarily correct. Phase locking to obliquity and
possibly precession variations is distinct from mechanisms relying on a linear or nonlinear amplification of the
eccentricity forcing. Nonlinear phase locking may determine the phase of the glacial cycles even in the presence
of noise in the climate system and can be effective at setting glacial termination times even when the precession
and obliquity bands account only for a small portion of the total power of an ice volume record. Nonlinear phase
locking can also result in the observed ‘‘quantization’’ of the glacial period into multiples of the obliquity or
precession periods.
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1. Introduction

[2] Hays et al. [1976] established that Milankovitch
forcing (i.e., variations in orbital parameters and their
effect on the insolation at the top of the atmosphere)
plays a role in glacial cycle dynamics. However, precisely
what that role is, and what is meant by ‘‘Milankovitch
theories’’ remains unclear despite decades of work on the
subject [e.g., Wunsch, 2004; Rial and Anaclerio, 2000].
Current views vary from the inference that Milankovitch
variations in insolation drives the glacial cycle (i.e., the
cycles would not exist without Milankovitch variations),
to the Milankovitch forcing causing only weak climate
perturbations superimposed on the glacial cycles. A
further possibility is that the primary influence of the
Milankovitch forcing is to set the frequency and phase of
the cycles (e.g., controlling the timing of glacial termi-
nations or of glacial inceptions). In the latter case, glacial
cycles would exist even in the absence of the insolation
changes, but with different timing.

[3] Here we consider the possibility that Milankovitch
forcing could affect the phase of the glacial cycles via a
mechanism known as ‘‘nonlinear phase locking,’’ follow-
ing the pioneering work on the role of phase locking to
Milankovitch forcing by Saltzman and collaborators [e.g.,
Saltzman et al., 1984] and as more specifically proposed
by Gildor and Tziperman [2000]. We describe the nonlin-
ear phase locking mechanism and show how it could
permit Milankovitch forcing to ‘‘pace’’ the glacial cycles.
These ideas are demonstrated using a simple model of the
glacial cycles.
[4] Our main message, however, is that the timing of the

major deglaciations can be set by Milankovitch forcing
nearly independent of the specific mechanism (or model)
that is responsible for these cycles. Thus distinguishing
between different models by their fit to the ice volume
proxy record is therefore difficult.
[5] ‘‘Nonlinear phase locking’’ may be briefly summa-

rized with the help of Figure 1b which shows time series of
land ice volume from two model runs starting from two
different initial conditions (thin color lines). In the presence
of Milankovitch forcing (affecting ablation in the model),
the glacial cycle phase (e.g., termination times) is indepen-
dent of the initial conditions of the climate system after
some initial adjustment period.
[6] The purpose of this paper is to examine the case for

nonlinear phase locking setting the phase of the glacial
cycles and to study some of the consequences of this
hypothesis. A condition for the phase locking mechanism
to work is that the 100 kyr cycles are the result of some
nonlinear process of very general type. We will show that
the phase locking mechanism can explain why very differ-
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