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Nonglacial rapid climate events: Past and future
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The paleoclimate record makes it clear that rapid climate shifts of the 20th century are only a subset of possible climate system behavior
that might occur in the absence of glacial conditions, and that climatic surprises could be a challenge for society even in the absence of

significant greenhouse warming.

aleoclimatologists have been aware

for decades that the climate system is
capable of behavior quite unlike that of
the present day. At the same time, how-
ever, paleoclimatology has tended to fol-
low the lead of the climate dynamics com-
munity, and to pursue research primarily
under the paradigm that the Earth’s cli-
mate tends to change gradually in re-
sponse to slowly changing climate forcing.
For example, the first major revolution of
modern paleoclimatology was the identi-
fication of a slowly oscillating Earth-Sun
relationship as the pacemaker of the Ice
Ages (i.e., “Milankovitch Theory”). On
the other end of the climate variance
spectrum, early successes with seasonal to
interannual climate prediction benefited

from a well described stable mode of the
El Nino/Southern Oscillation (ENSO)
variability in the late 1980s.

However, a new paradigm of climate
variability is emerging. Rapid step-like
shifts in climate variability that occur over
decades or less, as well as climatic ex-
tremes (e.g., drought) that persist for de-
cades, occurred repeatedly in recent earth
history. For example, a substantial
amount of work now focuses on abrupt
ice-age climate shifts (e.g., other papers in
the Rapid Climate Change special feature
of this issue of PNAS), and significant
research has also focused on the abrupt
climate shift that took place over the
Pacific basin in the mid-1970s (1). This
mid-1970s shift represents a transition
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Fig. 1.

Evolutionary variance spectra from a 375-year coral-based SST record from the Galapagos (eastern

Pacific) (a) and a 97-year coral-based precipitation record from the Tarawa Atoll (central Pacific) (b), illustrating
how the variance of tropical Pacific climate may have changed over the past four centuries. Note how the
variance of the last few decades appears unique with respect to the longer record, and how multiple different
variance states are visible over the last five centuries. A major objective is to produce centuries-long, coral-
based records at many sites and thus eliminate any potentially spurious variability in the proxy records that is
related to biological or other nonclimatic processes (from ref. 3, after refs. 4 and 5).
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into a mode of variability characterized by
frequent and strong El Nifio conditions
relative to earlier decades.

Here we review a representative sub-
set of the growing body of paleoclimatic
evidence regarding rapid climatic change
since the last deglaciation and highlight
the conclusion that climate variability in
the past has changed substantially in
response to altered climate forcing.
Building on a recent review (2), we focus
on rapid climate change of “warm cli-
mates” like those of today and the future,
rather than on the well described rapid
changes of glacial or deglacial climates—
periods of time when the Earth’s climate
system may have been heavily influenced
by large Northern Hemisphere ice
sheets. Equally important, we focus on
climate phenomena (e.g., El Nifo, mon-
soons, and drought) of primary interest
to society. The growing body of paleo-
climatic evidence indicates that the cli-
mate system may have many potential
surprises in store for scientists and soci-
ety alike.

Case Study 1: ENSO/Pacific Variability. Re-
cent well known shifts in Pacific climate
variability have heightened awareness that
seasonal to interannual variability is mod-
ulated by longer-period modes of climate
variation. Moreover, shifts between dif-
ferent “modes,” or “‘states,” of variability
have taken place without warning and
within a few years (e.g., mid-1970s). Major
questions remain to be answered. What
other modes or states of Pacific variability
are possible? What drives the climate sys-
tem to change from one mode to another?
Are the abrupt changes between modes
predictable? Was the 1976 ENSO shift
truly unprecedented? Paleoclimatic stud-

Abbreviations: ENSO, El Nifio/Southern Oscillation; SST,
sea-surface temperatures.
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Fig.2. Map showing sites with paleoclimatic data relevant to the mid-Holocene tropical Pacific climate
(i.e., 7,000 to 5,000 years before present; see Table 1 for key and descriptions of data). Although available
data indicate that climate variability at this time was distinctly different from today, the data are still too
sparse to define the exact nature of the differences or the reasons for them. Paleoclimatic records mapped
here suggest that interannual ENSO variability was substantially reduced, or even absent, during parts of
the mid-Holocene. Locations of mid-Holocene sites shown on map of SST anomalies are associated with

the 1982-1983 ENSO (red, warm; blue, cold).

ies are revealing that the 20th century
modes of variability and associated abrupt
changes are but a subset of the full range
of possible variability.

The chemistry and isotopic composi-
tion of annual growth bands of corals
provide records that closely match in-
strumental record of ENSO variability.
Pacific coral records spanning the last
several centuries indicate that synchro-
nous shifts in frequency domain variance
take place at annual, interannual, and
multidecadal periods (Fig. 1). Coral
records of the past several centuries are
revealing new modes of Pacific variabil-
ity, providing more evidence that ENSO
may change in ways that we do not yet
understand. Hints are also emerging
from coral, and other climate proxy data,
that still other modes of variability typ-
ified periods before the past several cen-
turies. An update (Fig. 2; Table 1) to a
previous review of published data (9) for
the mid-Holocene (=~7,000 to 5,000 years
before present), a period known to have
been characterized by seasonal insola-
tion external forcing that was distinct
from today (13), confirms that mid-
Holocene Pacific climate was also quite
distinct from the present day. Data from
mid-Holocene corals reveal that western

Pacific surface waters were substantially
warmer and saltier than present (Fig. 3).
When compared with a variety of paleo-
climatic data from around the tropical
Pacific basin (Fig. 2; Table 1), it becomes
even more apparent that the climate of
the mid-Holocene tropical Pacific was
distinct from that of the last several
centuries. Data from both the western
and eastern Pacific suggest that interan-
nual ENSO variability, as we now know
it, was substantially reduced, or perhaps
even absent (Fig. 2; Table 1). The exact
significance of this possibly unprece-
dented mode of tropical climate variabil-
ity is difficult to assess because the spa-
tial and temporal availability of paleocli-
matic data for this time period remains
relatively sparse. However, climate forc-
ing of the mid-Holocene was more sim-
ilar to today than are many of the pro-
jected forcing scenarios for the 21st cen-
tury. This suggests that significant shifts
in variability could take place in the
future, even given modest greenhouse
warming.

Case Study 2: African-Asian Monsoon Variabil-
ity. Just as ENSO and Pacific variability
seems to be susceptible to abrupt shifts,
variability of the Earth’s principal mon-

Table 1. Summary of evidence for altered tropical Pacific climate in the mid-Holocene

soon systems appears to be characterized
by substantial interdecadal, and often
abrupt, change. The sparse long records
of Sahel rainfall suggests that conditions
of the last couple decades may be un-
precedented in the context of the last
several centuries (ref. 14; Fig. 4) and also
that shifts from one variability state (e.g.,
“wet””) may shift to another (e.g., “dry”)
in the matter of a couple years. Over
longer time scales, a similar picture
emerges (Fig. 5). Moisture balance
records spanning the last 10,000 years
from both East and West Africa indicate
that large abrupt changes in monsoon
moisture availability have occurred mul-
tiple times in the past (15). This evidence
for unprecedented abrupt change is
clear; however, a lack of research pre-
vents precise reconstruction, explana-
tion, or modeling of the these changes.
Although abrupt reductions in monsoon
intensity during the last 6,000 year may
have contributed to the demise of an
entire civilization [i.e., the Indus Valley
Civilization (17, 18)], an understanding
of major abrupt change associated with
the Asian monsoon systems is even more
elusive because of the current lack of
research attention. The fact that more
than one quarter of the Earth’s popula-
tion depends on monsoon rainfall for
food and livelihood suggests that it is
imperative that we learn more about the
potential for future abrupt changes in
monsoon variability.

Case Study 3: North American Drought Vari-
ability. Droughts are one of the most
devastating natural hazards faced by the
United States today [e.g., the brief 2-year
drought ending in 1989 cost society more
than an estimated 7 billion dollars (19)].
The paleoclimatic record indicates the
droughts of the 20th century were rela-
tively minor compared with those in the
past, and opens up the possibility that
future droughts may be much greater as
well (20). The severe “Dust Bowl”
drought of the 1930s only involved limited
activation of eolian sand dunes and sand
sheets; however, paleoclimate evidence
indicates that much more severe and per-

Map
letter* Source of data Type of mid-Holocene anomaly Reference(s)
A Lake sediment and fossil pollen Stable, wet conditions; little or no interannual ENSO variability 6
B Lake sediment and fossil pollen Stable, wet conditions; little or no interannual ENSO variability 7
C Coral geochemistry Stable, warmer (1.5°C) SSTs; significantly reduced hydrologic (runoff) 8
variability
D Fossil marine fauna and terrestrial Consistently warm SSTs; reduced ENSO variability 9-11
sediment data
E Lake sediment Reduced hydrologic variability in modern interannual ENSO frequency band 12
*See Fig. 2.
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Fig. 3. Geochemically based SST data from a
5,800-year-old coral head from the Great Barrier
Reef (see Fig. 2 and Table 1, site C), indicating that
maximum SSTs were 1.5°C warmer than those of
today. Other data from the same coral head (not
shown) indicate the region was subject to much
higher evaporation at that time, as well as less
interannual variability (after ref. 8).

sistent droughts over the last two millen-
nia resulted in active sand movement
across significant portions of the agricul-
turally important U.S. High Plains (e.g.,
refs. 2 and 21-23). Given a wider North
American regional perspective, it is be-
coming clear that multidecadal drought
has also occurred in other water-sensitive
regions such as California, the U.S. South-
west and Central America (e.g., refs. 20,
24, and 25). Society would be impacted
substantially should a decade-or-longer
drought occur in the future in any of these
regions.

A recently produced paleodrought
record raises the possibility that a se-
quence of different relatively stable
states (or modes) of drought variability
has characterized the U.S. High Plains
over the last 2,000 years [Fig. 6 (26)].
This record suggests that the current
mode of drought variability in the High
Plains [and farther west (see ref. 20)] is
relatively wet and free of truly severe
drought. The current mode of drought
appears in sharp contrast with the period
before approximately A.D. 1200-1300
that was characterized by much longer
and more severe droughts. These results
indicate that the current mode of High
Plains drought variability encompassing
the modern instrumental record is not
representative of the full range of
drought variability. To understand the
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Fig. 4. Recent 20th century decadal Sahel

drought variability from the perspective of 200
years of Lake Chad level fluctuations (dark lines).
Lake levels inferred from less constrained data are
shown in lighter lines (adapted from ref. 14).
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Fig. 5. (a and b) Century-scale hydrologic bal-
ance reconstructed from two widely separated
sites in subtropical North Africa by using lake
sediments illustrates that monsoon variability
changessubstantially over the last 10,000 (adapt-
ed fromref. 15). Inresponse to insolation forcing,
the monsoon was much stronger than present
between 10,000 and 4,000 years ago, but it was
also subject to dramatic century-scale abrupt
changes for poorly known reasons, just as Sahel
precipitation has changed dramatically on inter-
decadal time scales in the late Holocene (Fig. 4).
Abrupt change in the North African monsoon
may have been in response to abrupt changes in
the North Atlantic, here represented (c) by sea-
surface density changes reconstructed from ma-
rine faunal and isotopic changes in sediment
cores (data from ref. 16). Although the deglacial
(i.e., 13,000 to 7,000 years ago) shifts have been
linked with meltwater discharge events into the
North Atlantic, the cause(s) of the later Holocene
aridity and sea surface density events remain
poorly understood.

full range of drought variability in the
High Plains, it is therefore imperative
that we develop the paleoclimate obser-
vations, explanations, and process mod-
eling that is needed to anticipate any
future possible “surprise” shifts in the
duration and severity of drought. For
example, a recent paleoclimatic investi-
gation (27) of the North Atlantic sug-
gests that a shift in Atlantic variability
may be linked to the rapid shift in
drought variability by some poorly un-
derstood mechanism of ocean-atmo-
sphere interaction.

A new paleoclimatic study of the rela-
tionship between ENSO/Pacific variabil-
ity and conterminous U.S. drought based
on tree-ring reconstructions (28) con-
firms the instrumental-based relation-
ship between Pacific sea-surface temper-
atures (SSTs) and U.S. drought (29, 30).
In addition, the paleoenvironmental
proxy data suggest that modes of Pacific
variability-drought relationship have
changed significantly through time. The

ENSO/tree ring (28) analysis suggests
that La Nifna-related droughts extended
throughout most of the conterminous
U.S. in the late 19th century while being
restricted to the southwestern U.S. for
the last century. Their results also sug-
gest that the modern relationship be-
tween El Nifo and droughts in the south-
eastern U.S. was absent before the 1920s.
Given the potential of drought to cause
extreme economic and other hardship on
U.S. society, there is an urgent need to
expand current efforts to examine the
paleoclimate record of the U.S. and ad-
jacent oceans much more carefully to
ensure that we are not surprised by a
mode of climatic extremes [e.g., one of
frequent decadal droughts (Fig. 6)] that
overwhelms the economic and emer-
gency management mechanisms society
has in place to deal with such natural
disasters.

Conclusions. Research focused on defining
and understanding seasonal to interdec-
adal climate variability of the last several
centuries by using seasonally to annually
resolved paleoclimatic proxies is gener-
ating much needed insight, as well as the
time series of past forcings and variabil-
ity, needed for climate change detection
and attribution. Nevertheless, our under-
standing of past abrupt climate change
under warm climate conditions remains
limited. Substantial progress in terms of
understanding the large abrupt “cold
climate” shifts of the last glacial and
deglacial periods has contributed to the
consensus that an abrupt shift in North
Atlantic circulation is possible in the
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Fig. 6. Lake salinity record reconstructed for

Moon Lake, ND, illustrating drought variability
over the last 2,000 years for an important agri-
cultural region of the U.S. The severe droughts of
the 1930s and 1890s (positive inferred salinity)
are well reconstructed but were eclipsed by more
extensive droughts before the beginning of the
instrumental period. There is a large abrupt
change in drought variability at approximately
A.D. 1200. Before A.D. 1200, the High Plains were
characterized by much more regular and persis-
tent (e.g., interdecadal) droughts; the current
wet climate mode did not always exist and could
thus also change or end abruptly in the future.
The mechanisms for major shifts in drought vari-
ability of the past are not well understood, and
no processes model has successfully simulated
these types of changes. Note that the gap in 17th
century data coverage represents absence of
data (data from ref. 26).
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future (31, 32). However, we still lack
even a basic understanding of the many
rapid climate shifts and events that have
taken place outside the North Atlantic
region during the Holocene. Investiga-
tion of warm climate rapid change and
associated forcings (i.e., that of the
present “Holocene” interglacial or in the
future) lags the study of cold climate
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