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10 Holocene perspectives 
on future climate 
change
Raymond S. Bradley

Keywords

ENSO (or El Niño), monsoon (or Asian monsoon), climate forcing, drought

Introduction

Whatever anthropogenic climate changes occur in the future, they will be superim-
posed on, and interact with, underlying natural variability. Therefore, to anticipate
future changes, we must understand how and why climates varied in the past. This
requires well-dated records of forcing factors, as well as paleoclimate; both are
available from a variety of natural archives. Relying on instrumental data to under-
stand the spectrum of climate variability is completely inadequate; the record of
large-scale (hemispheric or global) temperature extends back only ca. 150 years
and the same can be said for most of the major modes of climate variability 
(Table 10.1). Even the longest instrumental records barely cover 300 years, and for
most of the world such records are rarely longer than 120 years. This means that
our understanding of climate system variability is largely limited to the interannual
to decadal scale. To examine longer term (centennial to millennial-scale) variabil-
ity requires much longer datasets. The Holocene provides a particularly relevant
period for such an endeavor, as large-scale boundary conditions (continental ice
extent, topography, sea-level) have remained very close to modern conditions for
much of the Holocene, and low frequency (orbital) forcing is well understood for
this period. Thus, Holocene paleoclimate data are able to resolve the full spectrum
of climate variability and to place the limited instrumental records in a long-term
perspective. This is particularly germane to the issue of anthropogenic climate
change, as it provides a context for recent changes. Mann et al. (1999) argued that,
for the Northern Hemisphere, the mean annual temperature of the past few
decades of the 20th century was the highest for at least 1000 years, and this hypo-
thesis has been supported by several later studies (National Research Council 2006).
Moreover, Osborn and Briffa (2006) showed that both the magnitude and spatial
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extent of recent warming was unprecedented in the past millennium. Such studies
provide a check on energy balance and general circulation models that seek to 
simulate temperature changes over multi-centennial periods in order to examine
the role of natural versus anthropogenic forcing (e.g. Crowley 2000; Ammann et al.
2003; Goosse et al. 2005). All of these studies conclude that the rise in temperature
during the 20th century (particularly the late 20th century) is unprecedented, and
the spatial pattern of warming cannot be explained by natural forcing alone; green-
house gases provide the necessary additional forcing to account for the recent
changes in temperature. Thus, paleoclimate data contribute to both detection and
attribution studies related to anthropogenic climate change.

Paleoclimate data are also important for the broader debate about the role of
greenhouse gases in recent climate change. Those who seek to dismiss concerns
over greenhouse gases frequently point to episodes in the past when temperatures
were higher (even though these episodes were commonly just in a limited geo-
graphic region and/or in a particular season). For example, critics sometimes point
to the early Holocene (a time when many Northern Hemisphere alpine glaciers
disappeared and Arctic sea-ice was of limited extent) as “evidence” that human-
induced climate change is a fiction and recent changes are merely a manifestation
of underlying natural variability. Paleoclimatic research, however, clearly shows
that orbital forcing (largely due to changes in precession) was responsible for the
pattern of early Holocene warming. Furthermore, the early Holocene was a time of
summer warmth mainly in the Northern Hemisphere; in that hemisphere, insola-
tion receipts steadily declined during the Holocene. In Northern Hemisphere 

..

Table 10.1 Examples of some key climatic time series, based on instrumental records
(Sources: http://www.cru.uea.ac.uk/cru/data/ and http://www.jisao.washington.edu/
data.html)

Instrumental data Starts Indices Starts

Central England temperature 1659 Southern Oscillation Index (Tahiti– 1866
Darwin pressure)

Global and hemispheric 1850 Global SST ENSO index 1845
temperatures

England and Wales precipitation 1766 Multi-variate ENSO 1950
NAO 1821
AMO 1860
Northern Annular Mode/Arctic 1899
Oscillation
PDO 1900
Southern Annular Mode/Antarctic 1948
Oscillation
Indian Monsoon 1844
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winters, and in the southern hemisphere summer and autumn (from December to
June), insolation receipts in the early Holocene were below modern values, but
increased through the Holocene. The rapid warming of the late 20th century is
unrelated to this forcing; rather, the rate, seasonal pattern, and geographic extent
of recent changes all point to greenhouse gases as the primary cause. Paleoclimate
research can thus help to differentiate the cause and effect of climate changes,
thereby elevating the discussion of strategies needed to deal with current environ-
mental problems above the noisy distractions of those more interested in diverting
attention from the issues at hand.

Although there has been an understandable emphasis on global (or hemis-
pheric) temperature reconstructions, regional hydrologic variability is likely to be
of most concern in the future, and so paleoclimatic reconstructions must pay particu-
lar attention to documenting past changes in precipitation and/or regional-
scale water balance (as discussed by Verschuren and Charman, this volume). The
Holocene record of climate variability is replete with examples of (largely unex-
plained) hydrologic instability. Multi-decadal- to multi-century-length droughts
often started abruptly, were unprecedented (in the experience of societies at the
time), and thus were highly disruptive to their agricultural, economic, and social
foundations (AUP episodes: abrupt, unprecedented [in magnitude/duration], and
persistent). One of the best documented examples is from Quintana Roo (Yucatan
Peninsula), Mexico where there were a series of AUP droughts between ca. ad 800
and ad 1000. These were accompanied by severe economic and social disruption,
leading to the “Classic Maya” collapse (Hodell et al. 1995, 2005). Future changes,
that involve both natural and unprecedented anthropogenic forcing, may be just as
disruptive if not more so. Furthermore, these changes will affect a world population
that is expected to increase from ca. 6 billion people today to ca. 9–10 billion by
2070. In spite of technological advances, most of these people will continue to be
subsistence or small-scale market agriculturalists, and will be just as vulnerable to
climatic fluctuations as late prehistoric/early historic societies were. In an increasingly
crowded world, moving on to greener pastures is not an option, making conflicts
more likely (Campbell et al. 2007). Paleoclimatologists have a responsibility to
ensure that the public, and politicians they elect, fully understand these issues so
that they can better appreciate the consequences of inaction over controlling green-
house gas emissions.

Holocene temperature changes

Long-term Holocene temperature changes largely reflect the dominant orbital
forcing, with high northern latitudes receiving positive summer insolation anom-
alies of ca. 8–10 percent (outside the atmosphere) at the beginning of the Holocene
(see Beer and van Geel, this volume). This led to warming that was especially 
pronounced in northern continental interiors, but there was also an increase in
sea-surface temperatures in the North Atlantic, especially in the Norwegian Sea
(Anderson et al. 2004) in the early Holocene. Orbital effects are clearly revealed,
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both in paleoclimate archives and in general circulation model simulations (see
Crucifix, this volume). In the tropics, the changes in orbital forcing were mani-
fested in large-scale circulation changes involving monsoon systems (as discussed
further below) and these resulted in dramatic hydrologic changes with important
consequences for regional hydrology and societies living in the regions (see
Verschuren and Charman, this volume; Oldfield, this volume). In the Southern
Hemisphere, the effect of an increase in summer insolation over the course of 
the Holocene was minimized by the strong buffering effect of the oceans and the
limited land area in that hemisphere.

As summer temperatures declined in the Northern Hemisphere over the course
of the Holocene, high mountain regions began to experience positive mass balance
conditions; this led to an increase in ice extent in most glacierized areas, and the
redevelopment of glaciers in many areas where ice had disappeared. The timing 
of this resurgence of glacial activity (neoglaciation) varies from region to region
(perhaps related to winter balance conditions, and the height of mountain ranges,
etc.) but in general glaciers across the Northern Hemisphere had a new lease of life
by ca. 4500 years BP, and ice shelves re-formed along the northern coast of
Ellesmere Island (Nunavut, Canada) (Bradley 1990). Many detailed studies of late
Holocene glacier variations have been carried out (see Grove (2004), Birks, this
volume, and Verschuren and Charman, this volume) and these show that the most
recent advance of glaciers was the most extensive in almost all areas. Again, the
exact timing of maximum ice advances varies from one region to another, but the
period between ad 1250 and 1850 (ca. 150–750 years BP) brackets this interval,
known as the Little Ice Age (LIA). Given that LIA ice extent in many mountainous
areas was the most extensive since the Younger Dryas (that is, the first moraines
encountered upslope from the Younger Dryas moraines commonly date from the
LIA) it is clear that this latest neoglacial episode was the coldest of the Holocene.
Since it was quite recent, we have abundant evidence of climatic conditions during
this period, including documentary records, paintings, and even photographs
from the mid-19th century. Many Dutch painters of the 17th century lived their
entire lives during the height of LIA conditions and so, not surprisingly, their land-
scape paintings reflect the snow-covered hills, frozen lakes, and icy canals that were 
simply normal conditions in those days. By contrast, temperatures in the interval
prior to the LIA were relatively warm in many areas, particularly in north-western
Europe in High Medieval time (ca. ad 1100–1200) (Bradley et al. 2003a). Evidence
for earlier warm intervals is also found (within the generally cool neoglacial
period), but with limited geographic coverage it is not possible to assess the global
nature of such episodes. Even for the most recent warm period, the global extent
and magnitude of temperature anomalies remains unresolved (cf. Broecker 2001;
Bradley et al. 2003b). One approach to a better understanding of past conditions is
to use paleoclimate model simulations that reproduce known patterns of tempera-
ture anomalies as a tool to estimate larger scale (hemispheric or global) tempera-
ture changes (see Goosse et al., this volume). Several multi-proxy temperature
reconstructions extend back into Medieval time (e.g. Mann et al. 1999; Moberg 
et al. 2006; Osborn and Briffa 2006). All show a sharp increase in temperatures

..
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after the LIA, to levels at the end of the 20th century that were unprecedented in 
the previous millennium (National Research Council 2006). Consequently, in the
brief interval of less than two centuries, the Northern Hemisphere (at least) has
experienced the warmest and the coldest extremes of the late Holocene (Bradley
2000).

The temperature spectrum of Holocene temperature change is dominated at the
low-frequency end by orbital forcing. At higher frequencies, there is evidence that
solar forcing may have played a role, not necessarily by direct radiative forcing, 
but probably via stratospheric changes (related to the absorption of ultraviolet
radiation) with subsequent effects on tropospheric circulation (Bradley 2003).
Solar irradiance changes may also affect modes of climate variability (ENSO,
NAO) with large-scale anomaly patterns as a result (discussed further, below).
Consequently, solar effects seem to vary geographically, and since the forcing is
small the response signal is easily lost within the ongoing variability of the climate
system, a fact that has made detection of solar forcing a contentious issue.
Moreover, explosive volcanic eruptions have also had radiative effects at various
times, further confusing the picture. Both solar forcing and volcanic forcing
appear to have played important roles at different times during the Holocene (see
further discussion in Beer and van Geel, this volume). Thus the higher frequency
part of the Holocene temperature spectrum is dominated by these two factors.
Most recently, within the past ca. 50 years, these underlying natural forcings have
become increasingly overwhelmed by anthropogenic forcing due to greenhouse
gases. If these gases continue to increase as currently envisaged, model simulations
indicate that orbitally modulated glaciations that might have been expected in the
millennia ahead may not occur (as discussed further in Crucifix, this volume). To
what extent anthropogenic land-use and land-cover changes might have affected
global temperature prior to the past century (Ruddiman 2005) remains an intrigu-
ing open question, and an area of very active research involving both modeling and
paleovegetation reconstructions (see Claussen, this volume; Birks, this volume;
Oldfield, this volume).

Precipitation and hydrologic variability

Because of the importance of assessing the global effects of greenhouse gas
increases, there has been much emphasis on reconstructing global or hemispheric
mean temperature change, in order to place recent variations in a long-term 
perspective. Global warming now appears to be inevitable for the foreseeable
future, but what is often overlooked are the associated changes in precipitation 
and hydrologic conditions that will certainly be associated with the rise in global
temperature. Placing such changes in context is more difficult than reconstructing
paleotemperatures because the correlation field for precipitation is much smaller
(more geographically restricted) than for temperature. Consequently, precipita-
tion and associated hydrologic variability must be considered on a regional scale.
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This perspective reveals that there were extremely large regional precipitation 
variations, exposing the fallacy of describing the Holocene as having experienced
very little change in climate. That unfortunate mantra emanates from studies of
isotopic variations in ice cores from Greenland, where indeed Holocene changes
were small. From a tropical perspective, however, the Holocene has been a time of
profound hydrologic and ecologic change, with critical consequences for societies
in many areas (see chapters by Claussen, this volume; Oldfield, this volume;
Verschuren and Charman, this volume). Here, two examples of regional hydro-
logic variability are considered, to illustrate the value of a Holocene perspective on
past precipitation changes in what are now some of the most densely populated
areas of the globe.

A Holocene perspective on the El Niño-Southern Oscillation

The full range of variations in the El Niño-Southern Oscillation (ENSO) is poorly
documented when the temporal perspective is limited to the instrumental period.
Variations in ENSO (and associated teleconnections via the atmosphere) affect
hundreds of millions of people, with economic impacts involving billions of 
dollars. Prediction of future ENSO variability rests on a thorough understanding
of past variability, on a wide range of time-scales. When viewed over the Holocene
as a whole, a number of proxy records indicate that ENSO, as we understand it
today, changed in character over the course of the Holocene, largely in response 
to orbital forcing. Precessional changes brought about a shift in seasonality, with
perihelion in the early Holocene close to the middle of Northern Hemisphere 
summer, compared with today when it is in January. Model simulations suggest
that this resulted in a steady increase in the amplitude of ENSO through the
Holocene (Clement et al. 2000). Early Holocene El Niños, although present, were
less frequent and of smaller magnitude (i.e. sea-surface temperature anomalies
were smaller). This is confirmed by various proxy records from Australia, New
Zealand, and elsewhere that reflect ENSO variability (McGlone et al. 1992). In
addition, isolated coral records (which provide a “snapshot” of conditions for ca.
6500 14C years BP) indicate that interannual variability in this area was greatly
reduced compared with modern values (e.g. Tudhope et al. 2001; Brown et al.
2006). Other evidence suggests that the intensification of El Niños crossed a critical
threshold around 5500 14C years BP, leading to heavy rainfall in south-western
Ecuador (especially after ca. 3500 years BP), as documented in lake sediments from
Laguna Pallcacocha (Rodbell et al. 1999; Moy et al. 2002). In fact, the greatest vari-
ability of the ENSO system may have been ca. 1000–1500 years BP, with somewhat
cooler El Niño events since then (cf. Clement et al. 2000; Moy et al. 2002).

On shorter time-scales, both solar and volcanic forcing appears to have import-
ant influences on conditions in the tropical and equatorial Pacific. Although the
relationship between solar irradiance and solar activity is not clearly understood
(Y.-M. Wang et al. 2005), the correlation between solar activity changes in recent
centuries and surface temperature varies geographically across the Pacific (Waple

..
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et al. 2001). Specifically, the western tropical Pacific warms more than the eastern
tropical Pacific (analogous to La Niña-like conditions) when solar activity is high;
this may be the result of a direct radiative effect, since cloudiness is lower over the
western Pacific warm pool. This relationship alone is not a very strong basis for 
a hypothesis that links solar forcing to an ENSO response, but it is somewhat 
supported by a similar pattern (albeit reversed in sign) associated with explosive
volcanic eruptions. These reduce incoming solar radiation and lead to greater
cooling (in response to the radiative perturbation) in the western tropical Pacific
than in the eastern tropical Pacific, as seen in both model simulations and empir-
ical data (Adams et al. 2003; Mann et al. 2005). In effect, explosive volcanism is
associated (statistically) with El Niño events, as first pointed out by Handler
(1984). Because ENSO has atmospheric teleconnections across the globe (Diaz and
Kiladis 1992), the El Niño response to such forcing is likely to have consequences
in many other parts of the world. For example, several paleoclimatic studies reveal
a strong relationship between prolonged and geographically extensive droughts in
the south-western USA (“megadroughts”; Stahle et al. 2000) and cold La Niña-like
conditions in the eastern Equatorial Pacific (Cole et al. 2002). These episodes are 
of particular interest because they were far more persistent than any drought 
experienced in the instrumental period, lasting at least a decade (and sometimes
extending over several decades within a particular century). The Mexican mega-
drought of the mid- to late 16th century led to crop failures and social disruption,
exacerbated by a fatal hemorrhagic fever (known to the Mayans as cocolitzli) 
spread by foraging rats that invaded houses in search of food. This led to the deaths
of as many as 15 million people (Acuña-Soto et al. 2002). No drought of this sever-
ity and duration has occurred in the past 150 years. Interestingly, historical records
from eastern China also record unprecedented climatic variability in the late 16th
century, with extensive droughts from 1585 to 1590 (Zhang 2005). This was the
most persistent and severe drought for at least 500 years, with many lakes, rivers,
and wells drying up across eastern China. A few decades later (1637–1643) another
devastating drought occurred, first in the north of China, then extending across the
south. From historical documentary records, it is clear that these two episodes
were the most extensive droughts of the past millennium in China (Figure 10.1),
and it may be no coincidence that the latter coincided with the end of the Ming
dynasty. Certainly, social disruption resulting from the 1637–1643 drought con-
tributed to the turmoil that led to the Qing assuming power in ad 1644. It is likely
that all of these severe and persistent anomalies, on both sides of the Pacific, reflect
ocean–atmosphere teleconnections associated with unusual ENSO conditions in
the late 16th and early 17th centuries, the like of which have not been experienced
in the period of instrumental records. This may have involved persistently cool
conditions in the eastern and/or central Equatorial Pacific, the cause of which is
unknown.

In the western USA, some of the most extensive and persistent droughts of the
past millennium occurred during a period that has been characterized elsewhere as
a “Medieval Warm Period” (Bradley et al. 2003b; Cook et al. 2004; Graham et al.
2007). Although there is evidence for warm episodes in Europe during High
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Medieval time (especially in the late 12th century; e.g. Pfister et al. 1998), in the
central Equatorial Pacific, at least, coral isotopic records show that this interval
could equally be termed a “Medieval Cold Period” (Cobb et al. 2003). This high-
lights the importance of documenting regional climate variations over as wide a
geographic area as possible, in order to ensure that evidence from one region is not
simply extrapolated to the global scale.

There are two other important points that relate to a La Niña–south-western
USA drought connection. The first is that the most significant climate variability in
the past may have involved regional hydrologic variability, related to regional
temperature anomalies. Such anomalies may not be at all apparent on a globally
averaged basis. Secondly, if the former megadroughts were indeed related to pro-
longed La Niña episodes, it begs the question as to what caused such episodes to
persist; there are no comparable examples of such long-lasting La Niñas in the
period of instrumental records. Furthermore, if there was indeed a globally extens-
ive Medieval Warm Period (cf. Broecker 2001), is it likely that future warm condi-
tions will lead to a repetition of regional anomalies like those recorded by proxy
records from the past? The droughts of the south-western USA that occurred dur-
ing High Medieval time affected an area that is now the fastest growing region in
the USA, where there is a burgeoning demand for water. If such persistent
droughts were to recur in this region, it would have severe economic and social
consequences. Given the stakes involved, improving our understanding of past
ENSO variability on all time-scales is of critical importance. Accounting for this
full spectrum of variability must be considered when constructing models of
future ENSO dynamics.

A Holocene perspective on the Asian Monsoon

Billions of people in East and South Asia rely on the seasonal regularity of rainfall
from the monsoons. Instrumental rainfall records in the region, however, rarely
extend back more than ca. 150 years, so long-term variability of the monsoon 
systems is poorly understood. Paleoclimatic records have greatly expanded our
perspective. A Holocene record of monsoon rainfall is provided by oxygen iso-
topes in a stalagmite from Dongge Cave, China (Figure 10.2; Y.J. Wang et al. 2005);
isotopic values reflect fractionation associated with monsoon rainfall, with lower
values indicating more rainfall (a “stronger monsoon”). This extremely well-dated
record clearly exhibits variability on a wide range of time-scales, from the millen-
nial scale down to just a few years (the minimum sampling interval is ca. 4.5 years).
Long-term changes related to orbitally induced insolation anomalies dominate the
overall series, with isotopically lighter rainfall signifying a stronger monsoon in the
early Holocene, when summer insolation was higher in the Northern Hemisphere.
Superimposed on the low-frequency, orbitally forced changes are multi-decadal to
centennial-scale variations that may be related to solar activity, and embedded in
these are even higher frequency changes (on the time-scale of a few years) that may
have been forced by major volcanic eruptions (e.g. ca. 6200–6250 cal. years BP; cf.
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Castellano et al. 2005), or simply random events that inevitably occur when long
intervals of time are being considered. There is also evidence that the East Asian
monsoon has strengthened over the past few hundred years (Figure 10.2), but
whether this signal is related to anthropogenic forcing is not clear.

The Dongge Cave stalagmite record does not have annual resolution, but other
proxies from the region can be used to extend our understanding of monsoon vari-
ability to the interannual scale. For example, an ice core from a high-elevation
glacier in the Himalayas (Dasuopu, China: 28°23′N, 85°43′E, 7200 m above sea-
level) provides a multi-proxy record of Indian monsoon precipitation for the past
millennium. The dust record in this core has a strong inverse correlation with 
summer rainfall in north-west India, but these records only extend back to the
mid-19th century (Thompson et al. 2000). The much longer ice-core record
reveals larger variations in monsoon rainfall than anything recorded in the past ca.
150 years. Of particular note is the period from ca. 1790–1796, which was excep-
tionally dry, as shown by large anomalies of dust, chloride ions, and oxygen 
isotopes (relatively enriched in the heavy isotope 18O, which is characteristic of
times of low rainfall) (Thompson et al. 2000). Historical records from India,
although sparse, confirm that this was indeed an exceptionally dry period, with
very low monsoon rainfall, leading to crop failures and starvation, with at least 
600 000 deaths as a result; in the northern Madras Presidency, half the population died
(Grove 1998). Furthermore, Grove notes that there were very unusual climatic
conditions in many other parts of the world at this time. We do not have a clear
understanding of what caused this sequence of monsoon failures in the late 18th
century, but it was probably related to strong and persistent El Niño conditions
(which lasted throughout the 1790s, according to historical records; Ortlieb 2000),
perhaps with the strongest SST anomalies in the central Pacific rather than in the
eastern Equatorial Pacific (cf. Kumar et al. 2006). Unfortunately, we do not yet
have any coral records from the Central Pacific that span this unusual period of time.
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Figure 10.2 (a) The oxygen
isotope record from a
stalagmite from Dongge Cave,
southern China (25°17′N,
108°5′E) (green line).
Thermal ionization mass
spectrometry dates are shown
along the bottom, with
age–depth model given by the
solid line (b). The overall
enrichment in δ18O reflects a
weakening monsoon rainfall
regime over the course of the
Holocene due to orbital
forcing (higher summer
insolation in the early
Holocene). Superimposed 
on this low-frequency trend
are short dry episodes
(highlighted, yellow bars) that
appear to correlate with ice-
rafting (“Bond”) events in the
North Atlantic. The gray bars
represent two other notable
weak Asian Monsoon events
that can be correlated to ice-
rafted debris events. The
complex drier interval around
4000–4200 years BP
corresponds to the collapse of
Neolithic cultures in China
(NCC). (From Y.J. Wang et al.
(2005). Reprinted with
permission from AAAS.)
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With these Holocene perspectives on monsoon rainfall in South and East Asia, it
is clear that the overall record of monsoon variability results from multiple forcing
factors acting on the climate system, producing a nested set of responses. With an
instrumental perspective of less than ca. 150 years, there is no way that a complete
understanding of monsoon variability can be acquired, and this may limit predic-
tions of future monsoon variability since anthropogenic effects will strongly modu-
late natural variability. To develop a comprehensive model of monsoon variability,
the full range of conditions experienced in the Holocene must be recognized.

Perspectives: past and future

People do not experience global mean conditions; they live in communities that
are subject to regional climate variability. Even modest changes in global climate
can lead to large changes in a particular region, and these changes may be much
larger than the global mean change. In particular, precipitation patterns will be
greatly affected as the atmospheric circulation adjusts to whatever new state
emerges. We can gain insight into the nature and magnitude of past regional
anomalies (and their human impacts) by examining the Holocene paleoclimate
record, and evaluating how those changes developed in relation to past forcing.
Gaining an understanding of unusual regional conditions is crucial in an increas-
ingly crowded world. With such a perspective, we can document past anomalies
that may not have been experienced in the recent period of instrumental records,
yet are part of the full spectrum of climate variability that will inevitably underlie
any future anthropogenic effects. Hydrologic changes are especially important,
given that many models now used for future climate simulations do not accurately
portray modern precipitation regimes. Demonstrating an ability to reconstruct
precipitation and hydrologic conditions in the past provides a critical test of 
models, in order to provide more reliable forecasts of future changes. Deciphering
the past, however, also requires a better understanding of how anthropogenic
influences may have affected the very records we seek to interpret for paleoclimatic
purposes. Until quite recently, such anthropogenic effects were thought to be fairly
local and limited in their impacts, but an increasing body of literature raises ques-
tions about whether humans had a more global impact on atmospheric composi-
tion and (through land-use changes) on the surface energy balance across large
areas. These are critical challenges ahead for research on both natural archives of
Holocene environmental change, and for modeling studies that seek to simulate
past (and ultimately, future) climatic conditions.
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