
Chapter 1
Paleoclimate

Patrick J. Bartlein, Steven W. Hostetler and Jay R. Alder

1.1 Introduction

As host to one of the major continental-scale ice sheets, and with considerable
spatial variability of climate related to its physiography and location, North
America has experienced a wide range of climates over time. The aim of this
chapter is to review the history of those climate variations, focusing in particular on
the continental-scale climatic variations between the Last Glacial Maximum
(LGM, ca. 21,000 years ago or 21 ka) and the present, which were as large in
amplitude as any experienced over a similar time span during the past several
million years. As background to that discussion, the climatic variations over the
Cenozoic (the past 65.5 Myr, or 65.5 Ma to present) that led ultimately to the onset
of Northern Hemisphere glaciation at 2.59 Ma will also be discussed. Superim-
posed on the large-amplitude, broad-scale variations from the LGM to present, are
climatic variations on millennial-to-decadal scales, and these will be reviewed in
particular for the Holocene (11.7 ka to present) and the past millennium.

1.1.1 The Climate System and Its Controls

The climate system, a set of coupled environmental systems, whose controls,
interactions, state, and variability can be thought of as the subject matter of cli-
matology, can be described by a set of external controls, ‘‘fast-response’’ variables
that vary with characteristic time scales of seconds to years, a set of ‘‘slow-
response variables’’ with characteristic time scales of variation of years and longer,
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and a third set of environmental subsystems that vary in response to climate
(Fig. 1.1; Harrison and Bartlein 2012). The external controls that ‘‘force’’ the
climate system include solar radiation (insolation), which depends on the output
of the sun and the Earth’s orbital variations that govern the latitudinal and seasonal
variations of insolation, and geodynamics that influence topography and bathym-
etry of the globe, and the location and variability of volcanism. The slow-response
variables of the climate system include such components as the ice sheets, the deep
ocean, the thermohaline circulation of the ocean (otherwise known as the global
conveyor belt or AMOC, the Atlantic meridional overturning circulation), and the
major reservoirs of global biogeochemical cycles (for example, the terrestrial
biosphere and trace-gas composition of the atmosphere). Fast-response variables
include those components that are often thought of as weather, such as atmo-
spheric circulation and its control of precipitation and surface temperature, but
they also include the characteristics of the land-surface, i.e. snow, ice and water,
vegetation, variations in biogeochemistry and the surface layer of the ocean.

Also included in the climate system are the major environmental subsystems,
such as the surface hydrology, biosphere, and humans. In general, the state of the
climate system can be considered to be governed by a hierarchy of controls and
responses in which the external controls force the slow-response variations as in,
for example, the way that insolation controls global ice volume and ocean tem-
peratures; the slow-response variables, in turn, force the fast response variables as
in, for example, the way that the Laurentide Ice Sheet (LIS) controls atmospheric
circulation (see following sections). The fast-response variables in turn govern
individual environmental subsystems (Fig. 1.1). This hierarchy of control and
response is not strictly unidirectional, inasmuch as the ‘‘current state’’ of the ocean
and land surface can ultimately feed back to the slow response variables. The
specific roles the individual components play in generating climatic variation is
strongly dependent on the time and space scales under consideration. For example,
on the longest of time spans considered here, the Cenozoic (65 Ma to present),
continental-scale glaciation was controlled by the overall state of the climate, in
particular global-average temperature. On shorter time scales, such as the
Quaternary (2.59 Ma to present) the volume of ice varied with insolation as its
‘‘pacemaker’’, and the size of the ice sheets can be considered to be a general index
of the global climate. On still shorter interannual to decadal time scales, rather than
being considered a response variable, the size and shape of the large ice sheets
remain constant enough for them to be considered a large-scale control (e.g. of
atmospheric circulation). Individual components of the climate system thus may
play different roles depending on the time scale and the attendant state of the
system—acting as the responses on one time and space scale, but as controls on
another. Because, for example, the growth and decay of ice sheets is determined by
the balance between accumulation and melting at the surface, those responses
lower in the hierarchy, when integrated over time, become the proximate controls
of those components higher in the hierarchy of controls and responses.

There are two general approaches for the study of past climate, the recon-
struction of past climatic variations from various sources of paleoclimatic evidence,
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and the simulation of past climates using a range of different kinds of climate
models (Bartlein and Hostetler 2004). The two approaches are complementary:
paleoclimatic evidence documents what has happened in the past, but it cannot
explain the source or mechanisms that caused the variations without invoking some
kind of model, either conceptual, statistical or mechanical, whereas mechanistic
models can yield such explanations, but only if the models are known to be correct,
and this can be evaluated with paleoclimatic data. At first glance, this relationship
may appear circular, but it is in fact iterative, because our current understanding of
past climates is used to generate hypotheses that can be tested with models, leading
in turn to refinements in our understanding of climate and improvements to the
climate models, which allows for the development of further testable hypotheses.

1.1.2 Paleoclimate Data Sources

The evidence for past climatic variations is generally provided by environmental
subsystems that record the current state of their controls. Paleoclimatic data
sources include a range of biological and geochemical indicators retrieved from
sediments, as well as direct lines of geomorphic or geological evidence such as the
former shorelines of lakes or end moraines of glaciers. The data sources and
methods of paleoenvironmental reconstruction are described well in books by
Bradley (1999) and Cronin (2010), and are not discussed at length here.
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Fig. 1.1 The climate system (after Saltzman 2002; Harrison and Bartlein 2012)
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1.1.3 Paleoclimate Models

There are several classes of paleoclimate models (Bartlein and Hostetler 2004).
These classes include (a) conceptual models that describe the variability of
individual components of the climate system as well as the system as a whole,
(b) elemental models that mechanistically describe one or more components, but
usually in highly generalized ways, and current-generation ‘‘coupled’’ models that
describe several or more individual components of the climate system, including
(c) general circulation models of the ocean, atmosphere and terrestrial biosphere
(OAVGCMs), and (d) Earth System Models of Intermediate Complexity (EMICs)
that do the same at generally reduced spatial resolution and with a more stylized
representation of some key components than in GCMs (allowing long simulations
with many components to be made), and finally (e) the emerging Earth-System
Models (ESMs) that aim to include all of the climatically relevant processes and
subsystems that comprise the climate system.

In their application to simulate past climatic variation, the models are supplied
with a set of ‘‘boundary conditions’’ or the large-scale controls of climate, such as
atmospheric composition, insolation, and the topography of the major ice sheets,
and then ‘‘integrated’’ (run) to produce a large number of variables that are con-
sistent with the specified boundary conditions. This procedure in effect mimics in
the computer the experiments performed by Nature with the real climate system.

Our focus here will be on the results from a fully-coupled ocean–atmosphere
general circulation model (OAGCM) GENMOM (Alder et al. 2011), that are
pertinent to North America, and provide a sequence of simulations of a variety of
climate variables at 3 kyr intervals from the LGM to present. These new simula-
tions update previous simulations that were performed with models in which ocean
temperatures were specified (COHMAP Members 1988) or calculated using a
‘‘mixed-layer’’ ocean (Bartlein et al. 1998) and consequently did not adequately
represent key paleoclimatic controls such as the reorganization of ocean circulation.

We also use time series of temperature extracted from a ‘‘transient’’ climate
simulation conducted with the Community Climate System Model-3 (CCSM3)
(Liu et al. 2009) that was run continuously from 22 ka to present, with ‘‘realistic’’
variations in the controls, in particular the fresh-water forcing responsible for the
abrupt climate changes during deglaciation (Clark et al. 2012). These time series
illustrate seasonal changes in climate over the past 22 kyr, and also show the
regional variations in the expression of abrupt climate changes during this interval.

1.2 Long-Term Paleoclimatic Variations: Cenozoic
Cooling and the Onset of Glaciation

The pronounced glacial-interglacial climate variations of the Quaternary, which
have played a prominent role in shaping the landscape of North America (both
within and beyond the limits of glaciation), represent the culmination of a long
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period of cooling. Although large in amplitude, the long cooling trend and glacial-
interglacial variations have superimposed upon them equally significant variations
of climate on millennial-to-interannual time scales.

1.2.1 A ‘‘Powers-of-Ten’’ Review of Climate Variability

Climate varies continuously, and although the state of the climate tends to remain
within well-defined ‘‘corridors’’ over long periods of time, the concept of an
‘‘average’’ climate is an incomplete one–most of the time the climate system is in one
state or configuration, and trending toward another. This style of variation can be
seen by examining variations of climate on different time scales by the ‘‘powers-
of-ten’’ approach (Fig. 1.2). Although the curves described here represent global
climate, climatic variations over North America reflect those of globe. The indi-
vidual records will also show that there is a limit in resolution in any paleoclimatic
record that is a joint function of the intrinsic resolution of a record and of the analysis
approaches. Most terrestrial and marine records spanning many thousands or
millions of years generally cannot be analyzed at, for example, annual or decadal
resolutions because sedimentation rates are limiting (one sample may span hundreds
to thousands of years) or because analytical issues may arise (short-term variations
may be undetectable using common laboratory and analytical procedures). Like-
wise, high-resolution records are generally short, owing to interventions in the
particular observing system (e.g. annual-resolution dendroclimatic records extend
only to the life of individual trees or to those of cross-dated groups of trees).

Over the Cenozoic (the past 65.6 Myrs, Fig. 1.2a), the main change in global
climate has been a nearly monotonic trend toward cooler conditions, as indexed by
oxygen-isotope values in the composite record from marine sediments shown in
the Figure (Zachos et al. 2001). Other modes of climatic variability are evident
in the records (Bartlein 1997) including an abrupt (at the time scales described by
the curve) event or ‘‘spike’’ in temperatures around 53 Ma, known as the
Paleocene-Eocene Thermal Maximum (PETM), several downward ‘‘steps’’ in
temperature, such as those around 35 Ma when Antarctica became glaciated, and
in the past 5 Myrs accompanying the closure of the Central American seaway.

When that 5 Myr interval is expanded in a ‘‘stacked’’ or composite oxygen-
isotope record, again from marine sediments (Fig. 1.2b), the nature of the variability
that is superimposed on the Cenozoic trend is revealed (Lisiecki and Raymo 2005),
and what appears as a step in the Cenozoic time series is a trend over this 5 Myr
interval. As will be described further below, this variability is largely an expression
of the response of global climate to orbitally driven variations in insolation. Changes
in the variability of climate can also be noted, particularly around 2.5 Ma, and
again at 1 Ma. The persistence of these changes in variability demonstrates that the
climate of any interval cannot be simply described by only its long-term mean.

Figure 1.2c shows the oxygen-isotope record from the NGRIP (North Green-
land Ice Core Project Members 2004) ice core, and expands the last 100 kyr of the
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stacked marine record. In addition to the ‘‘saw-tooth’’ pattern of the last glacial-
interglacial cycle, the ice-core record reveals the frequent abrupt changes of
climate known as the Dansgaard-Oeschger ‘‘cycles’’. (Although repeated, these
variations are clearly not truly periodic or even quasi-periodic and so are not
cyclical). Figure 1.2d shows an expanded plot of the last 15 kyrs of the NGRIP
record, and illustrates the most recent large-amplitude variation of the longer
record, and the relatively (in this record) lower amplitude variations of climate in
Greenland over the Holocene (the past 11.7 kyr). The cool interval between 12.9
and 11.7 ka, known as the Younger Dryas climate reversal, will be discussed
further below. Although the Holocene seems far less variable than the earlier
intervals in the NGRIP record, there are still trends and abrupt ‘‘events’’, such as
that around 8.2 ka, evident in the record.

Reconstructed Northern Hemisphere temperatures (Fig. 1.2e), (Mann et al. 2009;
Mann et al. 2008) exhibit a general high-latitude cooling trend over the past mil-
lennium that is present in other records (Kaufman et al. 2009). There is a clear
reversal of that trend in the past 200 years, with the commencement of anthropogenic
warming (IPCC 2007). Relative to the past 1000 years, and to the Holocene as a
whole, this reversal appears more event-like than a change in trend. Global-average
monthly temperatures from observations (Fig. 1.2f) show the anthropogenic trend,
and also reveal the magnitude of interannual variations of climate, which are larger
for individual regions and locations than those in this globally averaged record.

When the individual records are compared with one another, two basic con-
clusions emerge: (1) the higher frequency variations evident in the shorter records
(e.g. Fig. 1.2e, f) are also present over longer time spans, but the resolution and the
nature of the longer-term records complicate their detection and (2) higher-
frequency variations are contingent on the long-term changes in the climate system
that are represented by the longer term, lower-frequency records.

1.2.2 The Last 3 Million Years and the Onset of Glaciation

The onset of Northern Hemisphere glaciation around 2.65 Ma was a major tran-
sition of climate that marks both the beginning of the Quaternary and the begin-
ning of the repeated climate variations that have shaped both the landscapes and
biota of North America (Lisiecki and Raymo 2005), Fig. 1.2b. Although there
were likely regional areas of glaciation in North America prior to this time that also

Fig. 1.2 Powers-of-ten depiction of climate variations over the past 65.5 Myrs. (Zachos et al.
2001; Lisieki and Raymo 2005; North Greenland Ice Core Project Members 2004; Mann et al.
2009; Mann et al. 2008), also (f) NOAA (http://lwf.ncdc.noaa.gov/sotc/) The oxygen-isotope
curves are plotted such that colder conditions are represented by the low values of each curve and
warmer conditions by the high values. a Composite Global Oxygen-Isotope Record (d18O %),
b Stacked Global Oxygen-Isotope Record (d18O %), c NGRIP Oxygen-Isotope Record (d18O %),
d NGRIP Oxygen-Isotope Record (d18O %), e Northern Hemisphere Temperature Anomalies and
Reconstruction Uncertainties (�C), f Global Monthly Temperature Anomalies (�C)

b
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varied in concert with insolation (see Cronin (2010), Chap. 4 for review), after
2.65 Ma there were repeated large-scale glaciations of North America, varying first
primarily on the 41 kyr time scale of obliquity (Fig. 1.3) from 2.65 Ma to around
1 Ma, and thereafter on the 100 kyr cycle of eccentricity (See Harrison and Bartlein
(2012) for a discussion of orbital time-scale variations in insolation, including the
variations in month and season lengths related to variations in Earth’s orbit.).

Global and regional climates (Fig. 1.3c, d) both show substantial variation on the
timescales of the orbital elements, but the onset of glaciation is difficult to attribute to
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at 65 N; c global oxygen-isotope record stack (Lisiecki and Raymo 2005), d eastern tropical
Pacific alkenone SSTs (Lawrence et al. 2006). The two marine records show the trend toward
cooler conditions, the steeper transition around 2.5 Ma signaling the onset of Northern
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a particular pattern of insolation variations, and instead is likely related to pro-
gressive changes in other controls of climate, in particular the long-term decrease in
atmospheric CO2 levels during the Cenozoic (Beerling and Royer 2011), and to
geodynamic variations, such as the closure of the ‘‘Panamanian Straits’’ (Haug et al.
2005; Haug and Tiedemann 1998). The general decrease in CO2 levels and associ-
ated change in radiative forcing favors glaciation through direct and indirect influ-
ence on surface temperatures. Changes in ocean circulation accompanying the uplift
of the Isthmus of Panama, which reduced the amount of heat transferred from the
tropical Atlantic to the Pacific, supported glaciation in a counter-intuitive way—a
warmer tropical Atlantic would have resulted in greater transport of warm water and
water vapor to the circum-North Atlantic region, thereby increasing snowfall in the
regions where the large Northern Hemisphere ice sheets develop.

That insolation variations pace the paleoclimatic variations on orbital time
scales is clear; however, the specific mechanisms that implement that pacing
remain unknown, despite over a century-and-a-half of research, except that it is
evident that the climate system must include mechanisms for amplifying insolation
and other forcing (Harrison and Bartlein 2012; Kohler et al. 2010), and for gen-
erating the characteristic 41 and 100 kyr variations of ice volume (Ruddiman
2006; Abe-Ouchi et al. 2013). A succinct review of some of the many hypotheses
that have been advanced is provide by Table 5.1 in Cronin (2010).

The influence of insolation variations is not limited to the regular pacing of the
growth and decay of ice sheets; the variations also force orbital-time scale vari-
ations of land–ocean temperature contrast, and hence modulate monsoonal cir-
culation systems and associated mid-continental moisture levels. Even in the
absence of large ice sheets, climatic variations have occurred on orbital timescales,
and considering that the monsoon regions encompass global areas more extensive
than glaciated regions, orbital time-scale variations of climate independent of
glaciation should be considered the principle mode of climate variability on times
scales from thousands to millions of years. These non-glacial, insolation-driven
variations are easily illustrated using the Holocene record of climate change of
North America, which will be discussed later.

An important perspective provided by the record of climatic variations over the
past few million years is that climate changes are both progressive and recurrent.
Over this interval, the long-term mean state exhibits gradual cooling together with
an increase in amplitude of the variation, with warm, interglacial intervals cooling
less than the cold, glacial intervals. On top of these progressive changes are
repeated and rapid (on this time scale) glacial/interglacial variations. Although
recurrent, the climate variations within a given cycle are not identical with those of
other cycles (nor in detail are the driving insolation variations), so while the
individual cycles broadly resemble one another, they are not exact replications.
One consequence of the recurrent nature of the orbital variations is that the ter-
restrial and marine biospheres (including both plants and animals) must have
evolved in way that lets them respond to the high-amplitude orbital variations with
only occasional extinctions (Bartlein and Prentice 1989; Bennett 1997).
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1.3 The Last Glacial Cycle: Orbital Time-Scale Variations
and Abrupt Climate Change

The last glacial cycle spans the interval from around 130 ka to present, and
paleoclimatic records show orbital time-scale variations and abrupt variations on
shorter time scales (Fig. 1.4). Figure 1.4 shows a selection of long paleoclimatic
time series from around North America, as well as January and July insolation
anomalies (differences from present) at 458N (Berger 1978), and the SPECMAP
(Imbrie et al. 1992) stacked-and-smoothed record of marine oxygen-isotopic
variations as an index of global ice volume (plotted on an inverse scale, with
warm, less-ice conditions at the top, and cold, more-ice conditions at the bottom).

1.3.1 The Previous Interglacial to the Holocene

The previous interglacial period in North America, known as the Sangamon, and
equivalent to the European Eemian (both outmoded, but frequently used terms
arising from the now obsolete idea that there were four glacial stages, separated by
interglacials, on both continents) is equivalent to marine oxygen-isotopic stage 5e
(MIS-5e, 128–122 ka). The July (boreal summer) insolation and global ice-volume
records illustrate two of the major controls of regional climates over the past
glacial-interglacial cycle (see the next section) and they serve as well as a general
index of global climate. Northern Hemisphere summers during the previous
interglacial were likely warmer than those of the present interglacial (the Holocene,
i.e. 11.7 ka to present), owing to the greater northern summer insolation then, as
well as sufficiently reduced global ice volume (relative to the current interglacial) to
create global sea levels that were 6 m higher than present (Overpeck et al. 2006;
Anderson et al. 2006). From the previous interglacial to the Last Glacial Maximum
(LGM), (26.5 to 19 ka; Clark et al. 2009) global climate cooled in stages, with
increases in ice corresponding to falling levels of July insolation, and slight
decreases accompanying increases in July insolation.

Paleoclimatic records from around North America, including the NGRIP ice-
core record from Greenland (North Greenland Ice Core Project Members 2004),
North Atlantic (Wolff et al. 2012) and Caribbean (Schmidt et al. 2004) sea-surface
temperature (SST) records, Santa Barbara Basin oxygen-isotope and marine taxon
records (Hendy and Kennett 2003; Hendy et al. 2002) and pollen records from
Utah (Jiménez-Moreno et al. 2008) and Florida (Donders et al. 2011a; Grimm
et al. 1993) are all either dominated by or reflect to some extent the general trends
of insolation and ice volume, a pattern that is typical of paleoenvironmental
records that extend over this interval (Webb and Bartlein 1992; see also Whitlock
and Bartlein 1997).
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Fig. 1.4 Representative time series that span the past 130 kyr—the last glacial/interglacial cycle.
a insolation in January and July at 458N (Berger and Loutre 1991); b global ice volume
(Martinson et al. 1987); c NGRIP oxygen-isotope values (North Greenland Ice Core Project
Members 2004); d a stack of North Atlantic SST records (Harrison et al., in prep); e Caribbean
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2003; Hendy et al. 2002); h Bear Lake, Utah pollen data (Jimenez-Moreno et al. 2007); i Tulane
Lake, Florida pollen data (Donders et al. 2011b)
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1.3.2 Abrupt Climate Changes

The most striking features of the individual records shown in Fig. 1.4, however,
are the many abrupt changes of climate with amplitudes that often exceed more
than half of the total range of variation between full glacial and interglacial
conditions. This is best illustrated by the NGRIP oxygen-isotope record, which
approaches annual resolution throughout (North Greenland Ice Core Project
Members 2004). During the interval from 80 ka to around 15 ka, around 25
individual fluctuations, known as Dansgaard–Oeschger (D-O) ‘‘cycles’’ occurred
(although the individual fluctuations vary considerably in duration and are there-
fore not really cyclical; Sanchez Goñi and Harrison 2010). The origin of these
fluctuations is likely related to variations in AMOC, and its influence on ocean
heat transport, initiated by freshwater discharges to the North Atlantic. However,
like the orbital variations, the specific mechanisms involved in the response have
yet to be fully articulated (Wolff et al. 2010). The individual fluctuations have a
characteristic sawtooth-curve shape, with abrupt warming steps, followed by
gradual cooling over varying time spans (Fig. 1.4).

Variations in terrestrial (Jiménez-Moreno et al. 2010) and marine (e.g. Hendy
and Kennett 2003; Hendy et al. 2002) conditions are evident around North
America, and their expression in paleo records depends chiefly on the resolution of
the records—those that have sampling resolutions of a few decades or less typi-
cally show these abrupt changes, although there are also some spatial variations in
the expression of the fluctuations that will be illustrated below.

The most recent abrupt change—and the last during glacial times—is the
Younger Dryas climate reversal (YDCR) that is characterized by a cooling trend
beginning around 14.5 ka with more rapid intervals of cooling around 13.5 and
12.9 ka, and was terminated by abrupt warming around 11.7 ka (Alley et al. 2003;
Steffensen et al. 2008). Like the earlier D-O cycles, the YDCR is expressed in
terrestrial records from North America (Shuman et al. 2002; Shuman 2012) and
also like the earlier fluctuations, the genesis of the YDCR has been related to the
shutdown of the AMOC, in particular by the rapid drainage of Lake Agassiz and
other proglacial lakes (in the midcontinent at the southern edge of the ice sheet)
and the consequent flow of fresh water to the Atlantic (Carlson et al. 2007;
Liu et al. 2012). Alternative explanations for the YDCR are that it was forced by
outflow of the proglacial lakes along the LIS into the Arctic Ocean by way of the
Yukon (Condron and Winsor 2012; Teller 2012), which is still consistent with the
idea of an AMOC shutdown, or that it resulted in some way from the impact of an
extraterrestrial object (Firestone et al. 2007).

Many of the individual lines of evidence claimed to support this latter expla-
nation have been difficult to reproduce (Pinter et al. 2011; Boslough et al. 2012) or
have much simpler alternative explanations (Marlon et al. 2009; Carlson 2010) but
perhaps the main challenge for the impact mechanism is that it is simply unnec-
essary—abrupt climate changes like the YDCR occur throughout the record, and
large climate reversals at the beginning of interglacial intervals are features of
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earlier deglaciations. Figure 1.5 shows two records of sufficient length to span
several glacial/interglacial cycles and sufficient resolution to record abrupt climate
changes: a composite speleothem oxygen-isotope record from China (Cheng et al.
2009). and a temperature and oxygen-isotope record from the North Atlantic
(Martrat et al. 2007). Although not specific to North America, there is nothing to
suggest that the climatic variations shown in the these records are regionally
unique or idiosyncratic (compare Figs. 1.4 and 1.5), and it is likely that abrupt
climate changes like those in China and the western Atlantic also occurred during
earlier glacial-interglacial variations in North America. These records clearly show
that abrupt climate changes during the last glacial/interglacial cycle are not
unprecedented, and that YDCR-like fluctuations often occur at glacial terminations
(Broecker et al. 2010), eliminating the need for an exceptional or special expla-
nation for the YDCR.

1.4 The Last Glacial Maximum to Present

Between the Last Glacial Maximum (LGM) and present, the climate system as a
whole, and North America in particular experienced a range of climates as large as
any that occurred during the past 2.65 Myr. The scope of these variations and the
changes in the large-scale controls of climate that generated them provide a set of
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Fig. 1.5 Abrupt climate changes during the past four glacial/interglacial cycles. a composite
speleothem oxygen-isotope record from China (Cheng et al. 2009); b marine records from the
Iberian Margin (North Atlantic; Martrat et al. 2007). The records show that the abrupt climate
changes like the Yonger Dryas Climate Reversal (YDCR) that occurred during the last glacial/
transition are ubiquitous in previous deglaciations, and therefore do not require special
explanations
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‘‘natural experiments’’ that can be exploited through the comparison of climate-
model simulations and paleoclimatic data syntheses. Such ‘‘data-model’’
comparisons can lead to mechanistic explanations for patterns recorded by the data
and can also be used to test the climate models. Although such an approach may
seem to be circular it is actually iterative, with one generation of data-model
comparisons leading to refinements of the hypotheses and the overall experimental
design and to the identification of particular features of climate that are well or
poorly simulated by the models (Harrison and Bartlein 2012; Harrison et al. 2013).

1.4.1 Boundary Condition Changes Over the Past 22 kyr

The most obvious control of regional climate changes in North America since the
LGM is the LIS (Fig. 1.6). At 21 ka, the ice sheet stretched from the Aleutians to
southeastern Canada, and extended into the northern tier of states south of the U.S./
Canada border (Dyke 2004), and at the same time, global sea level was *120 m
lower than present, exposing the continental shelves in general, and the Beringian
land bridge in particular. As the ice sheet retreated over time, large fresh-water
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5000 cal 4000 cal 3000 cal 2000 cal 1000 cal Present

Fig. 1.6 Deglaciation of North America (after Dyke 2004), with continental outlines inferred
from data in Peltier (2004)
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(proglacial) lakes formed along the southern margin, where Lake Agassiz attained
its maximum size between 12 and 9 ka. By 8 ka, the LIS had disintegrated enough
to open the present-day Hudson Bay, and the last remnants of ice (excluding
present-day ice on Baffin Island and Greenland) melted just after 6 ka.

On longer (orbital) time scales, the volume and area of the ice sheets can be
regarded as ‘‘dependent’’ or internal variables in the climate system. On shorter
time scales, ice sheets change slowly enough to be considered as an external
control of climate, in much the same way that Antarctica controls Southern
Hemisphere climate today. Concentrations of GHGs and aerosols in the atmo-
sphere, like the ice sheets, changed slowly enough on the time span of the last
22 ka so that they can also be regarded as controls as opposed to responses,
(Fig. 1.7). The one major control of climate that is truly external over all time-
scales is the latitudinal and seasonal distribution of insolation. Over the past
21 kyr, summer insolation in the Northern Hemisphere gradually increased as a
consequence of the shift of perihelion into the northern summer (a consequence of
the variations in precession), and the greater obliquity then. Summer insolation
peaked around 10 ka and decreased thereafter toward the present day. Winter
insolation showed the opposite behavior over the interval from 21 ka to present.

Together, the changing boundary conditions provide a set of somewhat ideal-
ized experiments in which some controls differ from present while others are
nearly the same as today (Fig. 1.7). For example, around the time of the LGM
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(e.g. 21 ka), the latitudinal and seasonal distribution of insolation was much the
same as at present while ‘‘glacial’’ boundary conditions were at extreme levels, with
large ice sheets, low sea levels, low GHGs and high aerosol concentrations. In
contrast, at 6 ka, the ice sheets were gone, GHGs and aerosols were near their pre-
industrial values, but there was still greater insolation in summer, and less in winter
than present. These two times, 21 and 6 ka, are frequently simulated in experiments
with climate models, owing to the relative simplicity of the differences in the
boundary conditions from those of the present day (Braconnot et al. 2012).

1.4.2 Spatial Variations in Simulated Climates,
21 ka to Present

Several studies have examined sequences of global climate-model simulations and
their implications for the LGM-to-present history of climate changes in North
America that have used progressively more comprehensive versions of climate
models and syntheses of paleo data. These studies focused on simulations using
early-generation atmospheric general circulation models (AGCMs) with pre-
scribed sea-surface temperatures, and ‘‘perpetual’’ January and July forcing (e.g.,
Webb et al. 1987; Barnosky et al. 1987; Webb et al. 1993; Thompson et al. 1993),
and later generation AGCMs with mixed-layer oceans (e.g., Bartlein et al. 1998;
Webb et al. 1998). Here we use a fully coupled Atmosphere–Ocean General
Circulation Model (AOGCM, Alder et al. 2011), that was employed to complete a
set of 700-yr ‘‘time-segment’’ simulations at 3 kyr intervals from 21 ka to present
(Alder and Hostetler In review). We will compare these simulations briefly with
data-based climate reconstructions from terrestrial pollen evidence for the LGM
(21 ka) and mid Holocene (6 ka). We also use results from a ‘‘transient’’ (con-
tinuous in time) simulation (Liu et al. 2009) to examine the temporal sequence of
variations in different regions from 22 ka to the present.

The simulated paleoclimates are shown as climatological differences (also
referred to as ‘‘anomalies’’) between the long-term means of the last 200 years of a
given paleo simulation and the pre-industrial ‘‘control’’ simulation, for January and
July. For reference, the control values are shown on each Figure. For surface and
upper-level winds ‘‘anomalous components’’ of the flow are shown, because these
more readily illustrate the change in circulation mechanism than would simply
plotting long-term average winds. Anomalous components represent the difference
in wind speed and direction between a paleo simulation and present, as opposed to
the prevailing winds at a particular time. In general, at locations where winds are
on average westerly today (i.e. west to east), stronger westerly winds in a paleo
simulation will appear as a longer (than for the present day) eastward-pointing
vector, whereas weaker-than-present westerly winds in the paleo simulation will
appear as a shorter eastward or westward-pointing vector. For any given location,
the wind vector anomalies should be compared to the control climatologies.
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The specific mechanisms that underlie the sequence of climate changes can be
inferred by examining the impact that variations in insolation, GHGs, and the
nature of the land surface have on the surface energy balance and, consequently,
temperature. Large-scale temperature gradients (and the physical dimensions of
the ice sheets) determine the patterns of atmospheric circulation, and hence its role
in moisture advection and the distribution of vertical-velocity anomalies (i.e.
large-scale uplift and subsidence), which jointly govern precipitation. Precipitation
and evapotranspiration, which are constrained by both moisture and energy
availability, in turn govern soil moisture. Energy, temperature and moisture
variations are ultimately registered by the kinds of environmental processes that
are recorded by paleoclimatic data.

1.4.3 Insolation, Net Radiation and Temperature

Insolation (solar radiation at the top of the atmosphere) is a calculable function of
latitude, time of year, and date (Berger 1978). Figure 1.8 shows the smooth variation
of insolation over time, and the general pattern of increasing seasonality from the
LGM to the early Holocene, and then decreasing seasonality toward present. There
are some interesting features superimposed on this overall trend. January insolation
anomalies (expressed as absolute values) are muted at high latitudes, owing to the
low inputs there, and they increase in magnitude toward the equator. July anomalies
reach their greatest amplitudes at high latitudes in the early Holocene and decrease
thereafter. These trends combine to produce annual anomalies between 12 and 9 ka
(not shown) that are negative equatorward of 458 (in both hemispheres) and positive
poleward of 458, as a consequence of the variations in obliquity, with the Northern
Hemisphere high-latitude positive anomalies in summer reinforced by the occur-
rence of perihelion in summer (Fig. 1.7).

The surface energy balance can be written as:

K# � K" þ L# � L" � QE � QH � DQS ¼ 0

where K; is the incoming (atmosphere to surface) and K: the outgoing (surface-to-
atmosphere) shortwave (solar) radiation, and L; and L: are the incoming and
outgoing longwave (atmospheric and terrestrial) radiation. Incoming shortwave
radiation is a function of insolation, clouds and aerosols, and outgoing shortwave
radiation is a function of the albedo of the surface. Incoming longwave radiation is
a function of atmospheric temperature, clouds, water vapor and other GHGs, and
outgoing longwave radiation is a function of surface temperature. QE is the flux of
latent heat and QH the flux of sensible heat from the surface, and DQS is the change
in heat storage in the substrate (land or water).

Net radiation at the surface (Fig. 1.9) is the sum of the incoming and outgoing
radiative components:

Qnet ¼ K# � K" þ L# � L";
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and can be thought of as being disposed of through evapotranspiration and heating
the air above the surface or substrate below the surface, i.e.

Qnet ¼ QE þ QH þ DQS

Net radiation has a strong latitudinal gradient (higher at low latitudes than high),
and a high-amplitude annual cycle.

Net radiation anomalies are generally negative in January throughout the
sequence of simulations, reflecting the general trends in winter insolation. Some
exceptions can be noted, such as in Beringia (the region surrounding the Bering
Strait, the Chukchi Sea, and the Bering Sea) from 21 to 9 ka, where the advection
of warm air masses from lower latitudes (see below) results in increased net
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Fig. 1.8 Top-of-the-atmosphere (TOA) insolation, 21 ka to present (0 ka), from GENMOM, a
coupled-ocean atmosphere climate model (OAGCM; Alder et al. 2011; Alder and Hostetler in
review). The simulated present-day values in January and July are shown in the last column of the
bottom two rows. All other maps are (paleo) experiment minus (present-day) control anomalies,
or differences in long-term means. The anomaly patterns are identical at all longitudes, for any
particular latitude or season or time
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longwave radiation. Net radiation anomalies in July also track the general trend in
summer insolation anomalies, with the important exception of the strongly neg-
ative values over the ice sheets, owing to the high albedo of the ice. Because the
surface at high latitudes is snow covered in winter at present, large albedo-related
net radiation anomalies do not occur in the January simulations.

Simulated 2 m air temperatures (Fig. 1.10) are generally colder than present at
21 and 18 ka, except in Beringia, where southerly winds induced by the influence
of the large ice sheet advect air that is warmer at a particular latitude than in
adjacent areas. This North Pacific/Beringia ‘‘warm-anomaly’’ is a robust feature of
both individual LGM simulations and ensemble averages of LGM simulations
(Izumi et al. 2013). Simulated January temperatures at 15 ka resemble those of 21
and 18 ka, while simulated 15 ka July temperatures begin to show the effect of the
increasing summer insolation in regions distant from the ice sheet. January
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Fig. 1.9 As in Fig. 1.8, except for net radiation, the sum of net shortwave and longwave
radiation at the surface. Note the effect of the high albedo of the ice sheets on July values. January
values are not similarly affected, because the regions occupied by the ice sheets are snow covered
in winter at present
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temperatures at 12 ka remain colder than the present-day, in response to the lower-
than-present winter insolation then, but with the important exception of Beringia
where the higher-than-present temperatures continue from earlier, and over the
Arctic Ocean, where the greater-than-present summer insolation results in the later
formation of seasonal sea ice (Figure not shown).

July temperatures increase everywhere (except over the ice sheet itself) at 12 ka
in response to the greater-than-present July insolation. This pattern of increased
seasonality is amplified further in the 9 ka simulations, when July temperatures are
greater than present nearly everywhere except over the residual ice sheet in eastern
Canada. From 9 ka to present, July temperatures generally decrease while January
temperatures increase, again reflecting changes in insolation. The sequence of
simulations also show some temperature patterns that are consistent across climate
models and simulations at particular times (Izumi et al. 2013). These include
greater cooling over the land than over the ocean at the LGM (and greater warming
over the land than over the oceans after the LGM), greater cooling at high latitudes
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Fig. 1.10 As in Fig. 1.8, except for near-surface (2 m) air temperature
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than at low latitudes at the LGM, and, despite the similarity in the seasonal
variations of insolation at the LGM and present, differences in the seasonality of
temperature, with lower values over the ice sheet at the LGM and higher values in
adjacent regions. As will be discussed further below, although temperature gen-
erally increases between the LGM and present day, there are substantial regional
and seasonal variations in that overall trend that would yield a rich variety of
deglacial temperature histories across the continent.

Near-surface (i.e. reference or anemometer height, usually 2 m) air tempera-
tures are controlled by both the local surface energy balance and the advection of
relatively warmer or colder air masses into a region. Comparison of the net
radiation anomalies (Fig. 1.9) and temperature anomalies (Fig. 1.10) allows these
two controls to be qualitatively separated: similarity in anomaly patterns generally
points to an energy-balance control (e.g., over the ice sheet), while divergence
generally points to advection of air from adjacent regions as the control (e.g.,
Beringia from 21 to 12 ka). The distinction between energy-balance and circula-
tion controls is important for understanding the mechanisms through which
changes in global-scale controls are registered in individual regions.

1.4.4 Upper-Level and Surface Atmospheric Circulation

Upper-level winds (Fig. 1.11) show the response of atmospheric circulation to the
joint effect of varying hemispheric temperatures, regional temperature gradients,
and the presence of the LIS, which acts as a topographic perturbation in the
generally westerly flow. The concentric patterns of slower (pink) and faster (blue)
wind speeds, particularly in January from 21 through 12 ka, reveal a pronounced
southward shift in the band of fastest westerlies (i.e., the jet stream) relative to their
present-day position. The slower-than-present westerly winds at the latitudes
where the fastest westerlies prevail today (Canada and the northern U.S.) can be
seen in the westward-pointing vectors, particularly in January. The eastward-
pointing vector winds in the band of faster winds south of the band of weaker
westerlies indicate that onshore flow over the southwestern part of the continent
was stronger in the simulations between 21 and 12 ka than in later time periods.
Even in the absence of the ice sheet, a southward shift in the westerlies during
glacial times is dynamically consistent with the steeper latitudinal temperature
gradients during glacial times (much as the westerlies shift equatorward in the
winter hemisphere at present).

Close inspection of the anomalous flow-component vectors and comparison
with the present day long-term mean patterns shows that in addition to the
equatorward displacement of the band of fastest westerlies, there is a tendency for
a split in the upper-level flow, with a second branch of the jet stream crossing the
continent poleward of the ice sheet. This split, which is caused by orographic
lifting and blocking, is particularly evident in July at 21 and 18 ka. The ‘‘split jet’’
is another feature that can be frequently observed in climate-model simulations,
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and is one of the robust features of paleoclimatic simulations over North America
(Bartlein et al. 1998). Overall the wind-speed and direction anomalies, while
spatially variable are quite similar over the interval from 21 to 12 ka, and the
general pattern is still evident at 9 ka. Thereafter, there is little change in the
upper-level circulation relative to the present day, with the small exception of a
strengthened subtropical ridge over the southwestern U.S. from 12 to 6 ka.

The general trends in sea-level pressure between the LGM and present
(Fig. 1.12) reflect the interplay of the ‘‘glacial-age’’ controls and the changing
seasonal and latitudinal distribution of solar radiation, which during the summer,
compete with one another in some ways during deglaciation. Between 21 and
15 ka, high pressure dominates over the ice sheet, while the Aleutian and Icelandic
low-pressure systems are more strongly developed than present, particularly dur-
ing winter. The surface-wind anomaly patterns clearly show the development of
the ‘‘glacial anticyclone’’ with the anomalous flow-component spiraling outward
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Fig. 1.11 As in Fig. 1.8, except for upper-level (i.e. 500 mb) wind speeds (color) and present-
day and anomalous components of 500 mb winds (arrows)
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in a clockwise direction from the center of the ice sheet, generating stronger-
than-present northeasterly winds along the southern margin of the ice sheet, and
stronger-than-present southerly and southeasterly winds along its western margin.
(The distinction between the anomalous-flow components at a particular time is
important, because the wind-flow anomalies could be read as ‘‘prevailing’’ or even
‘‘perpetual’’ winds, which they are not.) The influence of the ice sheet on surface
winds remains evident even along the relatively small ice sheet at 9 ka. As the
surface winds descend from the interior to the margins of the ice sheet they warm
adiabatically, not sufficiently to be apparent in the large-scale temperature
anomalies, but possibly enough to suppress precipitation (Webb et al. 1998).

By 12 ka, the summer insolation anomaly was sufficient to produce large
positive anomalies in net radiation (Fig. 1.9) and near-surface air temperature
(Fig. 1.10), except directly over the ice sheet, and this is reflected by low pressure
over the continents from 12 to 6 ka. The pattern of mid-continental heating and the
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Fig. 1.12 As in Fig. 1.8, except for sea-level pressure (color) and present-day and anomalous
components of surface winds
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development of lower-than-present pressure over the continents and attendant on-
shore flow is another robust feature of paleoclimatic simulations of Northern
Hemisphere summer climates during the insolation maximum (Kutzbach and
Guetter 1986; Kutzbach et al. 1993; Harrison et al. 2003). The onshore-flow
component of this package of responses to the insolation forcing is most evident
over the combined landmasses of Europe, northern Africa and Asia where it leads to
the enhanced early Holocene monsoon circulation in those regions, but it is also
expressed in southern and southwestern North America (Thompson et al. 1993;
Harrison et al. 2003; Alder and Hostetler in review), where the surface low pressure
is accompanied by the development of a stronger-than-present subtropical ridge in
summer from 12 to 6 ka (Mock and Brunelle-Daines 1999; Mock and Bartlein
1995; Harrison et al. 2003). After 6 ka, circulation patterns over North America
approach those at present, with only very small anomalies noticeable at 3 ka.

1.4.5 Precipitation, Soil Moisture and Their Controls

The availability of water for sustaining soil moisture levels and runoff, plant growth
and lake levels, depends on net moisture which is the difference between precipi-
tation inputs and evapotranspiration and evaporation outputs (P-E). Net moisture
variations are recorded directly and indirectly in paleoecological, geochemical,
hydrological and geomorphological records that, along with records that directly
reflect temperature, provide the bulk of the record of terrestrial paleoclimates.
There are two major controls of precipitation: (1) the availability of atmospheric
moisture, and (2) the mechanisms for the release of that moisture that typically
involve large-scale uplift and consequent adiabatic cooling and condensation. More
than 90 % of the total moisture is contained by the atmosphere below the 500 mb
level and approximately 50 % of the total moisture occurs below the 850 mb level
(Piexoto and Oort 1992). Atmospheric moisture thus can be indexed by the specific
humidity at the 850 mb level (typically around 1500 m). Specific humidity is
closely related to temperature though the Clausius-Clapeyron relation (saturation
vapor pressure is a function of temperature), but can also be limited by low
evaporation (Li et al. 2013). From the LGM to present, the GENMOM simulations
of specific humidity at the 850 mb level (Fig. 1.13) indicate that the lower atmo-
sphere was drier than present much of the time. In January over the interval from 21
to 12 ka, the only substantial positive anomalies of specific humidity are located
over Beringia, corresponding to the region of positive temperature anomalies. In
July, and particularly over the ice sheet, specific humidity anomalies again closely
track temperature, except in the region of strong onshore flow in the southwestern
part of the continent at 21 and 18 ka, and over the mid-continent from 12 to 6 ka,
where soil-moisture anomalies are negative (Fig. 1.17), suggesting atmospheric
moisture limitation through reduced evapotranspiration there.

The large-scale vertical motions (uplift or subsidence) in the atmosphere that
enhance or suppress precipitation are described by vertical velocity (omega) at the
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500 mb level (Fig. 1.14) which is expressed using pressure as opposed to altitude
as the vertical coordinate (in units of Pa s-1). Rising motions are of negative sign
and subsiding motions are of positive sign because atmospheric pressure decreases
with altitude. Rising motions in the atmosphere, and the consequent adiabatic
cooling enhances the formation of clouds and precipitation under and downstream
of upper-level troughs (negative 500 mb height anomalies), and in regions of steep
horizontal temperature gradients (fronts). In contrast, subsiding motions and the
associated adiabatic warming tend to suppress cloud formation and precipitation
under upper-level ridges (positive 500 mb height anomalies). The interpretation
of anomalies of omega is not as straightforward as is that for temperature or
atmospheric specific humidity, because a negative anomaly could indicate stronger
uplift or weaker subsidence (recall that omega is negative for rising motions), and
the positive anomalies could indicate greater subsidence or weaker uplift.

In comparison with the anomalies of specific humidity (Fig. 1.13), the coherent
anomaly patterns of omega (Fig. 1.14) are more limited spatially, reflecting the
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Fig. 1.13 As in Fig. 1.8, except for specific humidity at the 850 mb level
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greater range in scale of atmospheric circulation features that generate vertical
motions. From 21 to 12 ka, a strong contrast in the omega anomalies exists around
the LIS, with rising air on the northwestern quadrant of the ice sheet, and subsiding
air along the eastern and southern margin. South of the ice sheet, during this
interval a continent-wide region of rising motions prevails in both January and July
which is associated with the region of higher-than-present winds caused by
southward-displaced jet stream (Fig. 1.10). During the interval of high insolation
in July (15 to 6 ka) a distinct region of increased uplift is associated with the
enhanced North American monsoon (Mock and Brunelle-Daines 1999; see also
Harrison et al. 2003 for discussion).
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Fig. 1.14 As in Fig. 1.8, except for 500 mb omega (vertical velocity). The simulated present-day
values in January and July are shown in the last column of the bottom two rows, positive values
(orange) indicate broad-scale subsidence, negative values (blue) indicate uplift. All other maps
are (paleo) experiment minus (present-day) control anomalies, or differences in long-term means.
Positive anomaly values (orange) indicate greater subsidence or less uplift than present, while
negative values (blue) indicate greater uplift or less subsidence than present
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The anomaly patterns of precipitation (Fig. 1.15) follow those of omega closely
overall, but exhibit some greater smaller-scale variability, as well as an overall
tendency to be generally negative during glacial times. The resolution of GEN-
MOM is about 3.75� latitude 9 3.75� longitude which is relatively coarse and,
while it would be tempting to explain this finer-scale variability in precipitation
anomalies as consequence of equally fine-scale topography, the likely explanation
lies in the specific controls of precipitation. In any case, it is difficult to find any
substantial precipitation anomaly that is not also expressed by omega, leaving little
room for the anomalies of specific humidity to play a limiting or enhancing role on
the pattern of precipitation. Over the mid-continent in July from 12 to 6 ka, there is
a tendency for the precipitation anomaly to be more negative than would be
implied by the (positive, therefore greater subsidence) omega anomaly. As pointed
out previously, this is also a region where negative soil moisture anomalies prevail.

To fully understand the anomaly patterns of soil moisture, which more directly
influence the different kinds of paleoclimatic evidence that are used to reconstruct
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Fig. 1.15 As in Fig. 1.8, except for precipitation
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past climates, it is first necessary to examine the anomaly patterns of P-E
(Fig. 1.16). As previously discussed, evapotranspiration is controlled by both
energy and moisture availability, which can be gauged here by the net radiation
(Fig. 1.9) and precipitation anomalies (Fig. 1.15), and also by referring to omega
(Fig. 1.14). Although net radiation anomalies are driven largely by insolation (and
surface albedo, as over the ice sheets), the net–radiation anomalies also reflect to
some extent the anomalies of omega. In particular, regions of large-scale subsi-
dence, which tend to also feature negative anomalies of cloud cover (not shown),
may display positive net–radiation anomalies because reduced cloud cover leads to
positive incoming shortwave radiation anomalies that are greater than the negative
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Fig. 1.16 As in Fig. 1.8, except for P-E (precipitation minus evaporation). The simulated
present-day values in January and July are shown in the last column of the bottom two rows,
positive values (blue) indicate that long-term mean precipitation exceeds evaporation, negative
values (orange) indicate evaporation exceeds precipitation. All other maps are (paleo) experiment
minus (present-day) control anomalies, or differences in long-term means. Relative to present,
positive anomaly values (blue) indicate greater precipitation or less evaporation or both and
negative values (orange) indicate greater evaporation or less precipitation or both
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anomalies of incoming long-wave radiation associated with less cloud radiative
feedback. Examples of this effect can be seen in the eastern tropical Pacific in
January from 21 to 15 ka, and over Central America in July from 21 to 9 ka
(compare Figs. 1.9 and 1.14). As a consequence, except over the ice sheets where
net radiation is strongly affected by albedo, owing to the dominant control of
precipitation by omega, the anomaly patterns of P-E strongly resemble those of
omega (Fig. 1.16). A major deviation from this pattern is evident over much of the
conterminous U.S. in July during the interval from 12 to 6 ka, when the negative
omega anomalies (i.e. increased uplift) in the southwest are surrounded by regions
of positive anomalies (increased sinking, see Harrison et al. 2003, for further
discussion). In contrast, July P-E anomalies tend to be uniformly (weakly) nega-
tive across this region and interval.

Soil moisture anomalies (Fig. 1.17) generally follow the trends in P-E
(Fig. 1.16), with the exception of July anomalies in Beringia from 21 to 15 ka,
where soil moisture anomalies are positive and P-E anomalies are mostly negative
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Fig. 1.17 As in Fig. 1.8, except for soil-moisture fraction
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or mixed. This pattern is explained by fact that soil moisture (as defined in the
model output here) includes both free and frozen water. South of the LIS, January
soil moisture anomalies are generally negative over the interval from 21 to 12 ka
(particularly in the northwestern U.S.) and switch sign to positive anomalies along
the southern edge of the continent, in the region of enhanced westerlies and
precipitation. In July, soil moisture anomalies south of the ice sheet are positive
from 21 through 15 ka, reflecting the generally lower-than-present evaporation
rates then. After 9 ka, January soil moisture anomalies are relatively small, while
July anomalies are generally negative, except for the small region of positive
anomalies associated with the greater-than-present precipitation anomalies related
to the stronger North American monsoon then (Harrison et al. 2003).

When the individual variables are examined jointly (Figs. 1.8, 1.9, 1.10, 1.11,
1.12, 1.13, 1.14, 1.15, 1.16, 1.17), the January anomalies are seen to change
gradually from a ‘‘glacial mode’’ over the interval from 21 through 15 ka, to a
transitional or ‘‘deglacial’’ mode represented by the 12 and 9 ka simulations, and
then to a ‘‘Holocene’’ mode that shows a gradual relaxation of the anomalies to
present. July anomalies display more variations than those for January, with ele-
ments of the transitional patterns appearing as early as 15 ka (e.g. warming in
regions distant from the ice sheets). The transition culminates at 12 and 9 ka, when
the July insolation maximum is reached, and this ‘‘early Holocene’’ regime then
relaxes toward the present (with elements of its characteristic anomaly patterns
still noticeable for many variables at 6 ka). These different responses are to first
order a simple reflection of the magnitude of the insolation anomalies which are
quantitatively larger for July than for January. The impact of the ice sheet as well
as the lower GHGs during glacial times are registered in both January and July in
the first part of the sequence, but remain influential longer in July than in January
as the ice sheets retreat. We discuss the specific trajectories of seasonal climate
from the LGM to present in more detail below.

1.4.6 Comparisons of the Simulations with Paleoclimatic
Evidence

Although networks of time series of paleoclimatic data exist for North America
(e.g. pollen data, Williams et al. 2004), and quantitative reconstructions of past
climates have been made for many individual records, syntheses of reconstructions
are available only for the Holocene (Viau et al. 2006) or for the key periods of 21
and 6 ka (Bartlein et al. 2011). The latter synthesis provides reasonably good
coverage at 6 ka, and enough coverage at 21 ka to resolve continental-scale pat-
terns of temperature and precipitation (Fig. 1.18). The data shown in Fig. 1.18 are
registered on a 2� latitude 9 2� longitude grid, without interpolation, from the
individual site reconstructions. (See Bartlein et al. (2011) for a discussion of the
definitions of the two time slices and for the details of the synthesis.) Comparisons
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between the simulations and reconstructions must consider the different spatial
resolution of the model and of the reconstructions, which are able to ‘‘sense’’ much
finer-scale details of climate, such as those associated with topography that is
necessarily smoothed at the resolution of GENMOM. (See Bartlein and Hostetler
(2004) and Harrison and Bartlein (2012) for a discussion of the consequences of
model resolution in comparing simulations and observations.) At 21 ka, the tem-
perature reconstructions (mean annual temperature (MAT)), the mean temperature
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Fig. 1.18 Pollen-derived reconstructions paleoclimatic data, 21 la (LGM) and 6 ka (Mid-
Holocene) (Bartlein et al. 2011). The data shown are anomalies (past minus present-day) of
individual site reconstructions aggregated (without interpolation) onto a 2-degree grid
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of the coldest month (MTCO), the mean temperature of the warmest month
(MTWA) and growing degree-days, with a 5 �C base (GDD5) all display the
expected generally lower-than-present values. In Beringia, however, the recon-
structions are mixed, and some provide support for the warmer-than-present
conditions apparent in the simulations. Mean annual precipitation (MAP) and
plant-available moisture (alpha, the ratio of actual equilibrium evapotranspiration
to potential evapotranspiration) both show the latitudinal pattern of moisture
anomalies in the simulations, with generally drier-than-present conditions south of
the ice sheet, and wetter-than-present conditions at lower latitudes.

The reconstructions for MTWA and GDD5 at 6 ka show the higher-than-present
temperature anomalies apparent in the simulations, with a hint of lower-than-present
temperatures around Hudson Bay, which covered a larger area then than at
present due to isostatic depression by the LIS. Reconstructed summer temperatures
were cooler than present in the southwestern U.S., which is at odds with the simu-
lations. Reconstructed MAP and alpha show a consistent pattern of drier-
than-present conditions in the Pacific Northwest, wetter-than-present conditions in
the Southwest, and drier-than-present over the mid-continent and eastern North
America. Both the simulations and reconstructions provide support for enhancement
of the North American monsoon in the mid-Holocene as a consequence of greater-
than-present summer insolation, as elsewhere around the world (Liu et al. 2004), and
for mid-continental aridity. Overall, there do not seem to be any major discrepancies
between the reconstructions and simulations that would discount the use of the
simulations and reconstructions jointly for understanding the nature and controls of
the broad-scale changes in climate between 21 ka and present.

1.4.7 The Trajectory of Seasonal Climate Changes

Examination of the sequence of climate changes from the Last Glacial Maximum
to present using only January and July is somewhat oversimplified owing to the
diversity of the insolation anomaly time series for other months of the year (e.g.
for 45 8N, Fig. 1.19). Each month’s time series is a unique sinusoid and the phase
(evidenced by the time of the maximum insolation anomaly in each month over the
interval 22 ka to present) varies. The maximum anomaly occurs in January around
22 ka, in April around 14 ka, in July around 10 ka and in October around 4 ka.
The specific insolation curves also vary latitudinally (see Fig. 1.4 in Harrison and
Bartlein (2012) for illustration). The likely consequences of these variations in
insolation are corresponding variations in temperature, mediated by atmospheric
circulation patterns and surface water- and energy-balances. Such variations in
temperature can be examined with the transient climate simulations conducted
with CCM3 by Liu et al. (2009) which have been summarized by season over the
interval 22 ka to present. These transient simulations were ‘‘forced’’ with a set of
boundary conditions or controls similar to those used for GENMOM (e.g.
Fig. 1.7), with additional prescribed forcing of fresh-water inputs to the oceans to
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trigger abrupt changes in the AMOC (Fig. 1.5) as they do in the real climate
system.

The decadal time-step temperature simulations for the year (Ann) and indi-
vidual seasons (winter, December-March (DJF); spring, March–May (MAM);
summer, June–August (JJA); and autumn, September–November (SON)) are
shown in Fig. 1.20 for selected grid cells (to avoid spatial smoothing) around
North America for 22 ka to present (left-hand panels in each set) and 11 ka to
present (right-hand panels). Locations (grid cells) distant from the ice sheet and the
North Atlantic (i.e. the Southwest (Fig. 1.20e), Southeast (Fig. 1.20f) and Pacific
Northwest (Fig. 1.20d) display the smoothest curves overall, while the temperature
curves for the location adjacent to the North Atlantic (‘‘Northeast,’’ Fig. 1.20c) and
in Beringia (Fig. 1.20a) display abrupt changes, particularly during deglaciation.
The more abrupt changes include the rapid warming at the beginning of the
Bølling-Allerød chronozone (14.7 ka), variability within the chronozone, includ-
ing several sharp cooling trends, particularly those at the beginnings of the Inter-
Allerød cold period (13.2 ka), and the Younger Dryas chronozone (12.9 ka), and
the abrupt warming at the end of the Younger Dryas chronozone (11.7 ka). The
last abrupt change related to an imposed change in fresh-water input to the North
Atlantic occurs at 8.2 ka, and is clearly seen in the simulated temperatures for the
Northeast location.
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Fig. 1.19 Variations in monthly insolation at 458N, 25 ka to present
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In Beringia, a somewhat counter-intuitive abrupt cooling in all seasons occurs
around 13.5 ka (when the rest of the continent was warming) when the LIS
specified as a boundary condition became too small to induce the southerly flow
that sustained warmer-than-present conditions that persisted during early periods
of the simulations. Overall, the seasonal temperature simulations from 22 ka to
present reflect the combination of several components: (1) global climatic change
from the LGM to present, (2) changes in the latitudinal and seasonal distribution of
insolation, and (3) region-specific changes attributable to modified atmospheric
circulation related to the size of the ice sheets.

During the Holocene (right-hand panels in Fig. 1.20), regional variations in the
temperature trends during different seasons become evident. The simulated tem-
peratures for the Southwest location (Fig. 1.20e) show what might be regarded as
the canonical Northern Hemisphere temperature history, with summer (JJA)
temperatures reaching a maximum in the early Holocene and decreasing thereafter
and with winter (DJF) temperatures increasing steadily throughout the Holocene,
in opposition to the summer trend. Spring (MAM) temperatures increase in the late
Holocene, while autumn (SON) temperatures decrease. Summer temperatures in
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Fig. 1.20 Regional variations in transient simulations (Liu et al. 2009) of 2 m air temperature
for individual grid cells representing specific locations from 22 ka to present (left-hand panels)
and 11 ka to present (right-hand panels). a Beringia, b Midcontinent, c Northeast, d Pacific
Northwest, e Southwest, f Southeast. From top to bottom in each stack, the curves are for summer
(JJA), spring (MAM), autumn (SON) and winter (DJF), and annual values. The values shown are
seasonal (or annual) averages, plotted every ten years. Scales differ among regions, but have the
same ranges for the 22–0 ka and 11–0 ka curves
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the different regions are generally similar, showing a decrease over the Holocene
(except before 8.2 ka in the Northeast (Fig. 1.20c), when the impact of deglaci-
ation and ocean–atmosphere interactions were still dominating). The coherence of
the summer temperature trends among regions is likely related to the strong
summer insolation forcing. Autumn (SON) and winter (DJF) temperatures show
similar trends over the Holocene, but vary more than summer temperatures do
among regions, with little trend (but considerable variability) in Beringia and the
Pacfic Northwest (Fig. 1.20a, d), and a tendency for slight cooling in the late
Holocene in the midcontinent (Fig. 1.20b). The trends in spring (MAM) temper-
atures vary considerably among regions, decreasing over the Holocene in Beringia
(Fig. 1.20a), showing little trend in the Pacific Northwest (Fig. 1.20d), increasing
faster in the early Holocene and more slowly in the late Holocene in the mid-
continent and Northeast locations (Fig. 1.20b, c), decreasing in the early Holocene
and increasing in the late Holocene in the Southwest location (Fig. 1.20e), and
increasing almost linearly in the Southeast (Fig. 1.20f).

The variety of seasonal trends in the different regions (in these CCM3 simu-
lations) considerably broadens the range of potential climate changes that could be
invoked to explain the records of various paleoclimatic indicators. In the past,
recognition of the independence of the trends in different seasons has allowed
reconciliation of apparently contradictory records (Harrison et al. 1993; Bonfils
et al. 2004). However, just as quite complicated mathematical functions or time
series can be well approximated by Fourier series, the availability of a variety of
seasonal trends could lead to explanations of the trend in paleoenvironmental
indicators that fit the paleo data well, but lack any real mechanistic support.

1.5 The Holocene

During the Holocene (the past 11.7 kyr), the specific details of paleoclimatic
sequences have varied among regions (Viau et al. 2006, see their Fig. 1.3; also
Shuman 2012), which are all part of the general trend of climate toward the present
day following the demise of the LIS and the gradual approach of insolation and
atmospheric composition toward their present values. Superimposed on these
individual trends is the widespread phase of aridity in the interior of North America
between 8 and 4 ka (with some regional variation in its specific timing; Harrison
et al. 2003; Cook et al. 2008). A variety of paleoenvironmental indicators reflect the
spatial extent and timing of this ‘‘Mid-Holocene Drought’’ (Fig. 1.21), and in
general suggest that dry conditions increased in intensity during the interval from
11 to 8 ka, became widespread between 8 and 4 ka, and then gave way to increased
moisture after 4 ka. Lake-status indicators at 6 ka indicate lower-than-present
levels (and hence drier-than-present conditions) across much of the continent
(Shuman and Plank 2011), and quantitative interpretation of the pollen data in
(Williams et al. 2004) suggests a similar pattern of aridity, but again with some
regional and local variability, such as moister-than-present conditions in the
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Southwestern United States (Williams et al. 2010; Williams et al. 2009; Thompson
et al. 1993). Although the region of drier-than-present conditions extends into the
Northeastern United States and eastern Canada, most of the paleoclimatic evidence
for mid-Holocene drought is focused on the midcontinent, in particular the Great
Plains and Midwest, where the evidence for aridity is particularly clear. There, the
expression of middle Holocene dry conditions in paleoenvironmental records has
long been known, as for example the ‘‘Prairie Period’’ evident in fossil-pollen data
(see Webb et al. 1983), and the recognition of significant aeolian activity (dune
formation) on the Great Plains (Forman et al. 2001; Harrison et al. 2003) that would
be further favored by a decrease in stabilizing vegetation cover.

Temporal variations in the large-scale controls of North American regional
climates and some of the paleoenvironmental indicators of the moisture changes
are shown in Fig. 1.21. In addition to insolation forcing (Fig. 1.21a, b), the size of
the LIS was a major control of regional climates, and while diminished in size
from its full extent at the LGM (21 ka), the residual ice sheets at 12 and 9 ka
(Fig. 1.20d, e) still influenced atmospheric circulation over eastern and central
North America in climate simulations for those later times.

The records of aridity indicators for the midcontinent generally show relatively
dry conditions between 8 and 4 ka. Lake-status records (Fig. 1.21f, Shuman and
Plank 2011) show the highest frequency of lakes at relatively low levels during the
interval between 8 and 4 ka, and a higher frequency of lakes at relatively high
levels before and after that interval. Records of widespread and persistent aeolian
activity and loess deposition (dust transport) increase in frequency from 10 to
8 ka, and then gradually fall to lower frequency in the late Holocene, with a
noticeable decline between 5 and 4 ka. Pollen records of the vegetation changes
that reflect dry conditions (Fig. 1.21g; Williams et al. 2010; Williams et al. 2009)
show a somewhat earlier onset of dryness than do the aeolian or lake indicators,
reaching maximum frequency around 9 ka. Increased aeolian activity also
occurred during the last 2000 years (Fig. 1.21f; Forman et al. 2001; Miao et al.
2007), but was less pronounced than during the mid-Holocene.

The pollen record from Steel Lake, MN (Wright et al. 2004), expressed in terms of
tree–cover percentages (see Williams 2002, for methods) provides an example to
illustrate a pattern of moisture-related vegetation change that is typical of many sites
in the Midwest, with an abrupt decline in tree cover at this site around 8 ka, over an
interval equal to or less than the sampling resolution of the record (about 200 years).

Fig. 1.21 Synthesis of records from the mid-continent, showing the onset of aridity during the
mid-Holocene. Figure redrawn and updated from (Cook et al. 2008). a July insolation
(anomalies) at 458N; b January insolation (anomalies) at 458N (Berger 1978); c GISP2 d18O
(Grootes et al. 1993; Stuiver et al. 1995); d progress of North American deglaciation (Dyke
2004); e change in ice-sheet area (Dyke 2004); f lake status (Shuman and Plank 2011); g aeolian
activity (Forman et al. 2001; Miao et al. 2007); h pollen indicators of aridity onset (Williams
et al. 2010); i tree cover at Steel L. Minnesota (Williams et al. 2004; Williams 2002; Wright et al.
2004); j inferred precipitation anomalies from pollen for Elk L. Minnesota (Bartlein and
Whitlock 1993); k flood-magnitude variations from southwestern Wisconsin (Knox 2000)

b
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The decrease in tree cover and inferred moisture levels is followed by relatively
low, but slightly increasing, inferred moisture levels for about 4000 years, with
higher moisture levels after 4 ka. The magnitude of this moisture anomaly can be
statistically inferred from the fossil-pollen data using modern relationships between
pollen abundance and climate, as was done for the pollen record at Elk Lake, MN,
which is near Steel Lake (Fig. 1.21j; Bartlein and Whitlock 1993; see also Webb
et al. 1998). Expressed in terms of precipitation, the moisture decrease in the
midcontinent needed to support these vegetation changes is about 350 millimeters
per year (mm y-1), or about 1 millimeter per day (mm d-1), which are levels
between 50 and 80 % of the present-day values.

The GENMOM simulations produce general large-scale subsidence and hence
dry conditions in the interior of North America during the growing season (and an
enhancement of the North American monsoon; see Figs. 1.14, 1.15, 1.16, 1.17).
Like other GCM simulations, the GENMOM simulations are not quite as dry as
can be inferred from the paleoclimatic data, with anomalies smaller than 1 mm
d-1. In contrast, precipitation and soil moisture simulations from a regional
climate model (RCM; Diffenbaugh et al. 2006) are more comparable in magnitude
to those recorded by the paleoenvironmental data, and suggest that some of the
‘‘undersimulation’’ of drying by GCMs is related to the resolution of the models. In
general, simulations from both GCMs and RCMs are consistent with the paleo-
climatic evidence, and reinforce our conceptual model of the controls of drought in
the midcontinent (Shinker et al. 2006; Harrison et al. 2003). Although further
diagnosis of simulated climates is warranted, the ultimate control of the aridity is
likely the direct (through its impact on the surface energy and water balance) and
indirect (through the generation of large-scale uplift over southwestern North
America and subsidence in adjacent regions) effects of the summer insolation
anomaly (Fig. 1.19).

The midcontinental drought during the middle Holocene thus provides an
illustration of a significant hydrologic anomaly with relatively abrupt onset and
ending that occurred in response to gradual changes in the main driver of Holocene
climate change (insolation), reinforced by regional- and continental-scale changes
in atmospheric circulation related directly to deglaciation and surface feedbacks.
There are other examples of abrupt hydrological responses to gradual or large-
scale climatic changes during the Holocene. For example, the development of
wetlands and peatlands in the Northern Hemisphere began relatively early during
the course of deglaciation but accelerated during the interval of high summer
insolation between 12 and 8 ka (Charman et al. 2013; Gajewski et al. 2001; Yu
2012). Also, the frequency and magnitude of floods across a range of different
watershed sizes also tracks climate variations during the Holocene (Fig. 1.21j;
Knox 2000, 1993; Ely 1997), albeit in a complicated fashion, owing to dependence
of flooding on long-term climate and land-cover conditions as well as on short-
term meteorological events.

A second continental-scale trend in Holocene climate is long-term cooling in
the Arctic, driven by summer insolation (Kaufman et al. 2004; Kaufman et al.
2009). The timing of the Holocene temperature maximum was time-transgressive,
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starting earlier in Beringia and northwestern North America, and later in north-
eastern North America, with the delay there related to the residual LIS (Fig. 1.6),
and the general longitudinal asymmetry of atmospheric circulation and tempera-
ture in the Arctic. This long-term cooling is also apparent in Greenland ice-core
records (Fig. 1.2d), and in a variety of paleoenvironmental indicators that span the
past several thousand years (Kaufman et al. 2009). There is a tendency to regard
the high-latitude summer temperature record as a general record of Northern
Hemisphere temperatures; however, as the transient simulations in Fig. 1.20
suggest, the high-latitude summer temperature trends are really not generalizable
to other seasons and latitudes.

On time scales shorter than the slow (relative to the time span) variations in
insolation during the Holocene, there is abundant evidence of multidecadal-to-
century time scale variations of climate (Cook et al. 2008; see section 4.4). There
are several candidate explanations for these variations, including the continuing
influence of the insolation changes, the impact of variations in solar output, vol-
canism, land-surface changes and ‘‘unforced’’ internal variations of climate, which
will also be described below. One potential control of century-to-millennial time
scale variations that has not been excluded as their cause is variation of solar
output on similar time scales, and correlations between solar irradiance indicators
and North Atlantic climate variability (Bond et al. 1997) and variations in ter-
restrial records (Gavin et al. 2011; Shuman and Plank 2011; Asmerom et al. 2007;
Hu et al. 2003) have been established. However, there is no single index of solar
irradiance variability during the Holocene, and the correlations are often computed
only after considerable smoothing of the time series (which increases the likeli-
hood of obtaining spurious correlations), and so such correlations should be
regarded as interesting but not yet definitive (Committee on the Effects of Solar
Variability on Earth’s Climate 2012).

The Holocene record shows that even with boundary conditions or large-scale
controls of climate close to those of the present, large-scale, coherent variations of
climate can occur, sometimes abruptly (Shuman 2012). Overall, however, the
principal modes of climate variability, both global and regionally, continue to be
driven by the gradual changes in boundary conditions, particularly insolation
(Marcott et al. 2013).

1.6 The Last Millennium

The past thousand years or so provides another ‘‘natural’’ (albeit heavily human-
influenced) experiment that can be examined with a combination of climate-model
simulations and paleoclimatic data syntheses, and is therefore another focus for
data-model comparisons (Braconnot et al. 2012). The advantage of this interval
stems from a relatively well understood controls of climatic variations (Schmidt
et al. 2011), and the availability of paleoenvironmental data with annual resolution
(PAGES 2k Consortium 2013; Mann et al. 2008). The general variations in climate
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over this interval can be characterized as those that primarily result from the
natural variability in the controls of climate (and from internal variability) prior to
1700 or 1750 CE, and those that that result from strong anthropogenic forcing of
climate afterward, that lead to the prominent ‘‘hockey stick’’ (Committee on
Surface Temperature Reconstructions for the Last 2000 Years 2006) appearance of
many records of climate or other environmental systems (Steffen et al. 2011;
Cornell et al. 2012).

1.6.1 Controls of Climate Over the Past Millennium

The utility of the last millennium as a focus for climate-modeling experiments has
motivated the assembly of the boundary conditions required to produce simula-
tions of climate that can ‘‘track’’ observed climate on a year-to-year basis (Schmidt
et al. 2011). Such ‘‘forced-variability’’ simulations contrast with the other paleo–
experiments discussed above, where only the long-term mean values of the
boundary conditions are specified, and so the simulations can show only ‘‘unforced
(or ‘‘free’’) variability’’ from one year of the simulation to the next. (Simulation of
the last millennium is currently underway using a variety of different climate
models, nd the simulations are now being examined in detail, e.g. Bothe et al.
2013; Landrum et al. 2013.) The main controls of climate that varied over the past
millennium appear in Fig. 1.22 (left), and can be compared with one another by
expressing each in terms of its radiative forcing potential, i.e. as a perturbation of
the long-term mean Earth-Atmosphere energy balance (Forster et al. 2007). (Note
that the scales differ from curve to curve in Fig. 1.22.)

‘‘Well mixed’’ GHGs (CO2, CH4, etc.), exhibit the classic ‘‘hockey stick’’
pattern, varying little from their preindustrial values until around 1750 CE, when
they began to increase exponentially, contributing +2.5 Wm-2 to the global
energy balance over this period (relative to earlier) (Fig. 1.22). Solar irradiance
variability is shown as four curves to graphically illustrate the uncertainty that
exists in the specification of its record, but the amplitude of the radiation variations
are only about one-tenth of those of the GHGs. The curve labeled ‘‘LULC’’
represents the impact on the energy balance of the increases in albedo that
accompany the conversion of natural vegetation to agriculture, and has a negative
impact on the energy balance of roughly the same magnitude as that of solar
forcing but opposite in sign over the past 250 yrs. Reductions in atmospheric
transparency from volcanic eruptions force the largest amplitude of perturbations
in radiative forcing, but the perturbations are short in duration, lasting only a year
or so following large eruptions. Not shown on Fig. 1.22 are the orbitally driven
changes in insolation (e.g. Figs. 1.19 and 1.21), which include decreases of around
4 Wm-2 in late summer and increases of around 3 Wm-2 in spring at mid- and
high latitudes in the Northern Hemisphere. The important trend in the controls of
climate is therefore that of the GHGs, and its exponential increase after 1750 CE,
with volcanism having large, but short-term impacts on top of that trend.
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‘‘Natural’’ or ‘‘free’’ variability of the climate system—the variability of cli-
mate that arises even in the absence of changes in external forcing—also becomes
a consideration on the time-scales of variability that are evident over the past
millennium. Such variations (also called ‘‘internal variations’’) are common fea-
tures of long climate simulations, and could rival in magnitude those variations
that appear in simulations of the past millennium (Jungclaus et al. 2010). While
such variations have occurred throughout Earth history, the focus now is sepa-
rating these natural variations from anthropogenic ones, i.e., the task of ‘‘attri-
bution and detection’’ studies (Hegerl et al. 2007). This topic is discussed in detail
in the last chapter of this book.

1.6.2 Climate Reconstructions for North America
Over the Past Millennium

Continental-scale reconstructions of temperature have been made using various
kinds of paleoclimatic evidence, including pollen (Viau et al. 2006; PAGES 2k
Consortium 2013), tree-rings (PAGES 2k Consortium 2013), and networks of
multiple kinds of paleoclimatic evidence (so-called ‘‘multiproxy’’ data sources;
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Mann et al. 2009; Mann et al. 2008). The reconstructed temperatures (Fig. 1.22,
right) generally track the orbitally driven decrease in summer insolation over time
and increase in GHGs after 1750, with a cool episode between 1600 and 1800 CE,
known generally as the Little Ice Age (LIA), preceded by a generally warmer
interval prior to 1200 CE, often referred to as the Medieval Climate Anomaly
(MCA). The recent ‘‘PAGES 2k’’ synthesis (PAGES 2k Consortium 2013) sug-
gests that while similar warm and cold intervals exist in other regions they are not
strictly synchronous globally. Moisture variations, expressed as Palmer Drought
Severity Index (PDSI) values (Cook et al. 2004); Fig. 1.22, negative values
indicate drier conditions), have also been reconstructed from tree–ring networks
and show a tendency for episodic, multi-decadal droughts and wet intervals more
so than long-term trends. These multidecadal dry intervals, have been referred to
as ‘‘megadroughts’’ (Cook et al. 2004), and relative to droughts observed during
the instrumental period (the past 150 yrs), are greater in magnitude and duration.
Relative to Holocene droughts (Fig. 1.21), however, they are smaller, being reg-
istered by changes in the growth rate of living trees, as opposed to widespread tree
mortality and replacement of forest by steppe.

1.7 Key Findings

The focus of this chapter has been on the paleoclimate of North America, on time
spans that range from the Cenozoic to the last millennium. The main feature of that
climate history is the great variability that occurs on all time scales. Except on the
shortest of climatological time scales (interannual-to-decadal) the variations are
largely explainable by the external controls of climate (on a specific time scale)
and by internal feedbacks.

• Overarching findings:

– Climate varies on all time scales, with longer-term variations generally
larger in magnitude than shorter-term ones. There seems to be no particular
warm or cold state of the climate system nor time when variability is not
important.

– Climate variations over the past few million years are both progressive and
recurrent. Over this interval, the long-term mean state of climate shows both
gradual cooling and a general increase in the amplitude of variation, with
occasional abrupt changes in variability, such as the increasing importance
of 100 kyr variation over the past million years. Superimposed on these
general trends are repeated and rapid (on this long time scale) glacial/
interglacial variations, and while recurrent and broadly similar to one
another, the ‘‘cycles’’ differ in detail.

– The principal driver of the recurrent climate variations is the variation in
insolation related to changes in Earth’s orbit, which are amplified sufficiently
to generate glacial-interglacial cycles.
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– On shorter time scales, i.e. over the past 100 kyr, recurrent transitions
between warm and cold mean states are also the prominent mode of vari-
ability of climate, and again, while broadly similar, each fluctuation differs in
duration and character.

– The higher-frequency variations of climate that are apparent in shorter
records (e.g. for the last millennium) must also be present over longer spans
of time, but the nature and resolution of longer records generally precludes
their registration.

– Higher-frequency variations are contingent on the long-term changes in the
climate system that are expressed in longer term, and lower frequency records
(e.g. the size of the ice sheets, atmospheric composition, or latitudinal and
seasonal distribution of insolation).

• The last 21 kyr, from the Last Glacial Maximum to present, includes the full
range of variations in the large-scale controls of climate and states of the climate
system that have been experienced over the past million years and longer, and
the scope of these variations thus provides a set of ‘‘natural experiments’’ that
can be exploited through the comparison of climate-model simulations and
paleoclimatic data syntheses.

• The hierarchy of controls of the climate of individual locations or regions are
clearly illustrated by the GENMOM simulations, and include

– global and continental controls of climate (including the seasonal and lati-
tudinal distribution of insolation, ice sheets and atmospheric composition),
which govern the overall state of the climate and broad-scale net radiation
and temperature patterns, including land/ocean and high-latitude/low-lati-
tude contrasts;

– the impact of the broad-scale temperature gradients and the North American
ice sheets (when present) on upper-level and surface atmospheric circulation;

– the general control by temperature of atmospheric moisture content;
– the impact of atmospheric circulation on large-scale vertical motions (uplift

and subsidence) moisture flux, and in turn, on precipitation;
– the impact of the surface energy- and water-balances on evapotranspiration

and soil moisture.

• The general trends of North American climate change over the past 21 kyr differ
among seasons.

– Winter (January) conditions change gradually from a ‘‘glacial mode’’ over the
interval from 21 through 15 ka, to a transitional or ‘‘deglacial’’ mode rep-
resented by the 12 and 9 ka simulations, and then to a ‘‘Holocene’’ mode that
shows a gradual relaxation of the anomalies to present.

– Summer (July) conditions show more variation, with elements of the transi-
tional patterns appearing already at 15 ka (e.g. warming in regions distant
from the ice sheets). The transition culminates at 12 and 9 ka, when the July
insolation maximum is reached, and then this ‘‘early Holocene’’ regime also
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relaxes toward the present (with elements of its characteristic anomaly pat-
terns still noticeable for many variables at 6 ka).

– The different seasonal responses reflect the magnitude of the insolation
anomalies which are quantitatively larger for July than for January. The
impact of the ice sheets (as well as the lower GHGs during glacial times) are
registered in both January and July in the first part of the sequence, but remain
influential longer in July than in January as the ice sheets retreat, and atmo-
spheric composition approaches its ‘‘pre-industrial’’ state.

– There is considerable regional variability in the trends of temperature in all of
the seasons, reflecting the variations over time in the annual cycle of insola-
tion. This variability can provide the basis for more elaborate explanations of
the trends observed in paleoclimatic records, but also raises the prospect of
describing spurious correlations.

• Continental-scale climate anomalies largely related to insolation forcing are also
a principal feature of Holocene climates; these include:

– the development of widespread aridity in the midcontinent, likely related to
the direct (through the surface energy and water balances), and indirect
(through atmospheric circulation) response to the positive summer insolation
anomaly;

– a concomitant amplification of the North American monsoon;
– pervasive summertime cooling at high latitudes across North America.

• Over the past millennium, multidecadal and centennial-scale climate variations
have occurred, some in response to variations in insolation, atmospheric compo-
sition (GHGs and aerosols), and changes in land-use/land-cover, and likely some
in response to free or unforced variations. In the case of drought, these variations
over the past millennium are larger than those described by the instrumental
record, but small relative to those during the Holocene (the past 11,700 years).
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